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Preface

The rising need for high-tech products and components and the emerging digital transfor‐
mation for smart spaces, smart monitoring, smart human-machines, sustainable ecosystems
and energies have stimulated the development of coating and thin-film technologies. This
development has always been inspired and nurtured by the introduction of novel materials
combined with advanced functionalities and innovative deposition and characterization
techniques from which the food, energy, electronic, wearables, and photovoltaic industries
benefit. The impact on the industry depends on training and knowledge transfer of the ac‐
tive community engaged in thin-film and coating technologies (TFCTs), and this book in‐
tends to expose the reader to the latest innovations and challenges for TFCT applications.

The book consists of its two sections: Characterization of Thin Films and Coatings, and Dep‐
osition Technologies. Since thin films and coatings properties are influenced by the material
deposition process and their properties are determined by the capacities of the characteriza‐
tion techniques, the book covers a fundamental selection of conventional and newly devel‐
oping processes and techniques. This controls the performance of the TFCTs and the
correlation of global and local multiphysics properties (electrical, optical, tribo-mechano-
electrical) of thin films and coatings. In the book the authors address a wide range of topics
related to flexible and rigid materials, including overviews of advanced ceramic and metal‐
lic coatings, surface modification, thermoelectric materials, solar energy materials, and mod‐
ern measurement techniques such as scanning thermal microscopy. The content reflects the
multidisciplinary strategy of the development of thin-film coating technologies and the in‐
terdisciplinary vision of the editors, authors, and researchers who have envisioned that at
the surface and near it there is an endless transformational integration of technologies.

Jaime Andres Perez-Taborda and Alba G. Avila Bernal
Department of Electrical and Electronic Engineering, Faculty of Engineering
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Abstract

One of the main challenges nowadays concerning nanostructured materials is the under-
standing of the heat transfer mechanisms, which are of the utmost relevance for many
specific applications. There are different methods to characterize thermal conductivity at
the nanoscale and in films, but in most cases, metrology, good resolution, fast time
acquisition, and sample preparation are the issues. In this chapter, we will discuss one of
the most fascinating techniques used for thermal characterization, the scanning thermal
microscopy (SThM), which can provide simultaneously topographic and thermal infor-
mation of the samples under study with nanometer resolution and with virtually no
sample preparation needed. This method is based on using a nanothermometer, which
can also be used as heater element, integrated into an atomic force microscope (AFM)
cantilever. The chapter will start with a historical introduction of the technique, followed
by the different kinds of probes and operation modes that can be used. Then, some of the
equations and heating models used to extract the thermal conductivity from these mea-
surements will be briefly discussed. Finally, different examples of actual measurements
performed on films will be shown. Most of these results deal with thermoelectric thin
films, where the thermal conductivity characterization is one of the most important
parameters to optimize their performance for real applications.

Keywords: scanning thermal microscopy, thermal probes, thermoelectric thin films,
thermal conductivity, local temperature measurements
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1. Introduction

In the last years, there has been a great improvement in thin film fabrication, with a reduction
in the costs, and an enhancement in their quality and performance, as it is shown in the
different chapters of this book. Therefore, there has been an increase in thin film applications
in different fields [1], which take advantage of the modification of electronic and thermal
transport when the dimensions of the material are reduced to lengths comparable to the mean
free path of phonons and charge carriers. Thin films with tailored thermal and electrical
properties are employed in solar cells [2], electronics [3], or thermoelectric conversion devices
[4], among other fields. Nevertheless, the optimization of the materials for these applications
requires measurement techniques that provide precise information of both the surface and the
properties at the nanoscale, with high local resolution. In this sense, scanning probe micros-
copy (SPM) methods fulfill these requirements, with a high spatial resolution, strong sensitiv-
ity, and in most cases, no previous preparation of the sample is needed. In this chapter, we will
focus on one type of SPM technique, namely scanning thermal microscopy (SThM). This
technique allows to study the thermal transport phenomena at the nanoscale, providing a pow-
erful tool to understand thermal properties of thin films.

Historically, the atomic force microscope (AFM) was developed by Binning et al. [5] in 1986.
The AFM was a new type of microscope that used the principles of the scanning tunneling
microscope (STM) and the stylus profilometer (SP), allowing the investigation of both conduc-
tors and insulators at the atomic scale (which could not be characterized by STM before) by
measuring interatomic and electromagnetic forces. Controlling the probe-sample gap by a
feedback loop that kept constant the force between the probe and the sample during the scan,
the topography of the sample was obtained from a contrast image given by the height of the
probe at each point. In the same year, only a few months later, a new noncontact high-
resolution surface characterization technique for topographic images was presented by Wil-
liams and Wickramasinghe [6], the scanning thermal profiler (STP). This was the beginning of
the scanning thermal microscopy. In this case, the probe was conical, with a thermocouple
nanojunction located at the end of its tip. The probe was then heated with a laser and brought
close to the surface of the sample, where it was cooled down due to the heat transfer to the
sample. In this case, the temperature of the probe was used in the feedback loop to control the
gap between tip and sample, keeping the probe temperature constant while varying its height.
Therefore, this information could not be used to provide thermal maps of the surface, but that
was not the objective of this technique, which tried to improve the topographic images
obtained by using the thermal interaction between the tip and the sample. In the next few
years, different techniques based on probe scanning microscopies were developed to measure
a variety of properties in the micro- and nanoscale: the scanning tunneling thermometer,
which was able to measure with 1 nm spatial resolution the optical absorption of thin metal
films, or to map the variations of the electrochemical potential at the nanometer scale [7, 8]; the
so-called Kelvin probe force microscopy (KPFM), which provided the work function or surface
potential of a sample [9], through the measurement of the contact potential differences. This
principle was also used while scanning the surface with a heated sharp probe, obtaining a
qualitative image of the changes at the subsurface on the thermal conductivity [10]. In this last
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work, dated in 1992, Nonnemacher and Wickramasinghe defined this period of time as one
with “a tremendous growth in scanned probe microscopies” [10].

The next breakthrough in the field took place in 1993 when Majumdar et al. went a step
further. They replaced the AFM probe by two wires (chromel and alumel) to form a thermo-
couple junction at the tip and, when scanning the surface with this modified probe, they
obtained simultaneously the thermal and topographical images with a sub-micrometric spatial
resolution [11]. From this moment on, different groups started working on improvements on
this type of measurements, such as Pylkki et al., who integrated a resistive thermal probe
within an AFM cantilever, in order to measure both the actual temperature and the thermal
conductivity [12]. These kinds of probes can work in two different modes, passive (where they
act as a thermometer) or active (acting also as a heater), which will be discussed in detail later
(Section 2). In the case of the first thermistor probe, the temperature of the probe was moni-
tored by measuring the changes in its electrical resistance [12]. Further works explored the
potential of this scanning thermal microscopy (SThM) technique to study the thermal response
of thin films and nanostructures, using different designs for the AFM probes modified with a
thermocouple to minimize the image distortion, temperature loss and, at the same time,
increase the imaging resolution, as it was made by Majumdar et al. [13]. Nevertheless, it is
worth to note that, at this point, the results obtained as far as the thermal properties were
concerned, were more qualitative than quantitative, given that the models used were quite
simple and did not take into account the geometry of the probes or the heat transfer character-
istics when working in contact or noncontact modes. One of the first quantitative results was
obtained in 1995 by Hammiche et al. They presented a work based on SThM performed with a
Wollaston cantilever (please see Section 2) to obtain subsurface imaging of copper metallic
particles embedded in polystyrene [14]. The thermal image was acquired in active mode,
keeping the temperature of the probe constant. In this mode, the probe acts as a resistive heater
that forms part of a Wheatstone bridge that, thanks to a feedback system, gives the appropriate
voltage to maintain a constant temperature of the probe. In this work, they also developed a
one-dimensional theoretical model to obtain quantitative information from the thermal maps,
obtaining information of the depth at which the inclusions were, and thermal conductivity
inhomogeneities. Although the results obtained did not match the expected thermal conduc-
tivity values and the precision of the location of the buried particles was very low, this was
probably due to a too simple heat transfer model. But this paved the way for further and better
theoretical models for these systems.

The SThM started to be present in overview articles of thermal analysis in the following years,
such as that published by Kölzer et al. [15], where different techniques used for thermal imaging
of electronic devices were reviewed. The influence of thermal stresses in the performance and
reliability of electronics, and thus the thermal characterization of micro- and nanoelectronic
devices, is quite relevant to carry out the device optimization and avoid malfunctioning due to
a bad management of heat. Among the different methods cited (thermography, optical beam
displacement, thermoreflectance, etc.), near-field techniques as SThM were discussed as the best
method to achieve the characterization at the micro- and nanoscale at high resolution (achiev-
ing down to 30 nm lateral resolution). In 1998, Gmelin et al. presented a review article on the
evolution of SThM [16], which together with the extensive review written by Majumdar in
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liams and Wickramasinghe [6], the scanning thermal profiler (STP). This was the beginning of
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qualitative image of the changes at the subsurface on the thermal conductivity [10]. In this last

Coatings and Thin-Film Technologies4

work, dated in 1992, Nonnemacher and Wickramasinghe defined this period of time as one
with “a tremendous growth in scanned probe microscopies” [10].

The next breakthrough in the field took place in 1993 when Majumdar et al. went a step
further. They replaced the AFM probe by two wires (chromel and alumel) to form a thermo-
couple junction at the tip and, when scanning the surface with this modified probe, they
obtained simultaneously the thermal and topographical images with a sub-micrometric spatial
resolution [11]. From this moment on, different groups started working on improvements on
this type of measurements, such as Pylkki et al., who integrated a resistive thermal probe
within an AFM cantilever, in order to measure both the actual temperature and the thermal
conductivity [12]. These kinds of probes can work in two different modes, passive (where they
act as a thermometer) or active (acting also as a heater), which will be discussed in detail later
(Section 2). In the case of the first thermistor probe, the temperature of the probe was moni-
tored by measuring the changes in its electrical resistance [12]. Further works explored the
potential of this scanning thermal microscopy (SThM) technique to study the thermal response
of thin films and nanostructures, using different designs for the AFM probes modified with a
thermocouple to minimize the image distortion, temperature loss and, at the same time,
increase the imaging resolution, as it was made by Majumdar et al. [13]. Nevertheless, it is
worth to note that, at this point, the results obtained as far as the thermal properties were
concerned, were more qualitative than quantitative, given that the models used were quite
simple and did not take into account the geometry of the probes or the heat transfer character-
istics when working in contact or noncontact modes. One of the first quantitative results was
obtained in 1995 by Hammiche et al. They presented a work based on SThM performed with a
Wollaston cantilever (please see Section 2) to obtain subsurface imaging of copper metallic
particles embedded in polystyrene [14]. The thermal image was acquired in active mode,
keeping the temperature of the probe constant. In this mode, the probe acts as a resistive heater
that forms part of a Wheatstone bridge that, thanks to a feedback system, gives the appropriate
voltage to maintain a constant temperature of the probe. In this work, they also developed a
one-dimensional theoretical model to obtain quantitative information from the thermal maps,
obtaining information of the depth at which the inclusions were, and thermal conductivity
inhomogeneities. Although the results obtained did not match the expected thermal conduc-
tivity values and the precision of the location of the buried particles was very low, this was
probably due to a too simple heat transfer model. But this paved the way for further and better
theoretical models for these systems.

The SThM started to be present in overview articles of thermal analysis in the following years,
such as that published by Kölzer et al. [15], where different techniques used for thermal imaging
of electronic devices were reviewed. The influence of thermal stresses in the performance and
reliability of electronics, and thus the thermal characterization of micro- and nanoelectronic
devices, is quite relevant to carry out the device optimization and avoid malfunctioning due to
a bad management of heat. Among the different methods cited (thermography, optical beam
displacement, thermoreflectance, etc.), near-field techniques as SThM were discussed as the best
method to achieve the characterization at the micro- and nanoscale at high resolution (achiev-
ing down to 30 nm lateral resolution). In 1998, Gmelin et al. presented a review article on the
evolution of SThM [16], which together with the extensive review written by Majumdar in
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1999 [17] gives a complete overview of the state of the art of this method at the end of the
twentieth century. At that point, the SThM technology was used for the thermal analysis
of micro- and nanostructured materials and devices. In fact, Majumdar made a distinction
between three different categories: SThM based in thermo-voltage, electrical resistance, and
thermal expansion measurements. In this review, the different probes, experimental setups
and specific applications for each of them are discussed. One of the most important issues to
interpret the measurements performed by SThM is to understand the fundamental heat trans-
fer phenomena between the tip and the sample, which controls the resolution, accuracy, and
artifacts. Therefore, the mechanics of heat transfer are also reviewed in depth in this work.

A further breakthrough in SThMwas achieved in 1999 by Fieged et al. when they combined an
SThM with the 3ω method in order to obtain quantitative thermal conductivity measurements
with high accuracy (less than 2% deviation), using a resistive probe as heater and thermometer
element [18]. The 3ω method was first used for thermal conductivity measurements by Cahill
and Pohl in 1987 [19], using a single element as both heater and thermometer. This method was
developed in close relation to the hot-wire and hot-strip methods for thermal conductivity
measurement, but with the main difference of using the frequency domain instead of the time
domain, thanks to the use of a lock-in amplifier. In brief, the 3ω method applied to the SThM
(known as 3ɷ-SThM) can be understood as follows: a thermistor probe is connected to an
alternating current (AC) at an angular frequency ω. This current will produce a heating of the
probe by Joule effect, which will go as the square of the current, that is, with a 2ɷ frequency.
Then, it will exchange heat with the ambient and with the surface of the sample, producing a
temperature oscillation. The rate of the heat transfer between the probe and the sample
depends on the thermal conductivity of the sample. Being the probe a thermistor, the changes
in its temperature will produce a change in its resistance at the same frequency, that is, at 2ɷ.
Finally, the total voltage will be proportional to the product of the resistance fluctuation at 2ɷ
and the excitation current at ɷ, that is, the voltage will oscillate at a frequency of 3ɷ. Then, the
amplitude of this voltage is measured by a lock-in amplifier and processed. The 3ɷ-SThM has
been employed in several works, along with experimental improvements, and an important
effort in the development of theoretical models was also performed in the following years
[20–24].

The latest improvements in the SThM technique have come from studying in depth on how
different materials react to local temperature rises. The heat transfer mechanisms that have to
be taken into account can be divided into solid-solid conduction between the tip and the
sample in contact; liquid conduction (if certain humidity which takes place in the real mea-
surements and formed liquid meniscus around the tip is present) and gas conduction (when
heat is transferred through the surrounding atmosphere from the tip to sample). One example
of these models, where the surrounding gas around the tip and the sample is taken into
account, shows how these effects can distort the thermal signal and diminish the spatial
resolution [25]. Therefore, experiments performed in vacuum were carried out. Nowadays,
SThM has evolved and is currently applied to many different micro- and nanosystems. Ther-
mal models to better understand the thermal transport and heat transfer mechanisms at the
micro- and nanoscale and how these influence the measurements, along with novel calibration
techniques to achieve better results, have been developed [26, 27]. These have also contributed
to a better understanding of the technique and to obtain quantitative measurements. Another
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method proposed in 2008 to perform measurements in ambient condition, was proposed
using a double scan technique [28]. Most of these contributions can be separated in applications
to 1D structures, such as nanowires [29, 30] or carbon nanotubes [31, 32], 3D materials [33],
thin films [34] (which are the objective of the present chapter), and in the last years, the
SThM technique has also been successfully applied to the study of the emerging field of 2D
materials [35].

As it was aforementioned, in this chapter, we will explore the characterization of the thermal
conductivity of thin films by SThM. Firstly, we will discuss the different operational modes of
the probe along with an overview of different kinds of probes that can be used, their applica-
tions, and their limitations. Then, we will focus on two different types of heating mechanisms
(AC and DC) implemented in thermistor probes, along with their theoretical models. Finally,
we will review some experimental results, most of them from our own group, devoted to
extract the thermal conductivity from the thermal response of SThM measurements in thermo-
electric thin films. For thermoelectric applications, where temperature gradients are converted
into electricity by the thermoelectric (TE) effect, the accurate characterization of the actual
thermal conductivity of thin films is fundamental to optimize their performance. The most
efficient TE materials are those which exhibit both high Seebeck coefficient and electrical
conductivity along with reduced thermal conductivity. One way of reducing the thermal
conductivity of a bulk material without affecting the transport properties is through reducing
its dimensionality [36], such as preparing thin films. This thermal conductivity reduction has
been reported for several materials, such as SiGe [37–39] Cu2Se [40] and Ag2Se [41] films,
among others.

2. Thermal probes: operational modes and types

As it was mentioned in the Introduction, once the SThM probe approaches the surface of the
sample and heat starts to be transferred, there are two different modes of operation: passive or
active. On the one hand, in the passive mode, the temperature of the probe is monitored while
scanning the surface, thanks to a constant current that passes through it. This provides a way
to detect changes in the temperature of the probe, but this current must be also small enough to
avoid self-heating. This measurement mode was implemented by Majumdar in 1993 [11]. On
the other hand, the active mode implies that high currents pass through the probe, in order to
be heated by Joule effect. Then, part of this heat will flow to the sample and this heat flow will
depend on the thermal conductivity of the sample and the temperature difference. Therefore,
in this mode, the probe is behaving as a heater. But, it also acts as a thermometer, given that the
temperature is monitored by measuring the voltage of the probe, and this can be related to the
thermal conductivity of the sample. This active mode can also be divided into two different
operation modes: operation at constant current or at constant temperature [12]. In the first
case, the active probe is connected to a constant current and the heat flux between the probe
and the sample is detected by changes in the resistance of the probe. In the second case, the
active probe works at a constant temperature by changing the applied voltage in the probe to
keep its electrical resistance constant. This last operation mode is known as active mode at a
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constant temperature. This mode has the fastest time response to reach local thermal equilib-
rium to operate.

These measurements can be done with a variety of probes. We will introduce two of the most
used kinds of probes: thermoelectric and thermistor. At the end of the section, the main
characteristics of those probes will be shown in Table 1.

2.1. Thermoelectric probes

The first type of thermal probe developed was a thermocouple placed at the end of a tungsten
STM tip, used by Williams [6] and Majumdar [11], to study temperatures of nonconductive
surfaces. These probes are being improved, and their properties are still under study. For
instance, to know if the contribution of radiative heat transfer between a SiO2-coated TE tip
and the SiNx-coated sample is negligible when compared with conductive heat transported by
solid contact [42]. In general, thermoelectric (TE) probes have a nanoscale thermocouple
junction at the tip. Further experimental and theoretical efforts were focused in obtaining
thermal images in the sub-100 nm of spatial resolution using a thin-film thermocouple junction
at the tip end [43]. New design and batch-fabricated TE probes were proposed in [44], to
simultaneously improve the thermal sensitivity, the tip radius, and the thermal time constant
(see the scheme in Table 2). In general, these tips can be used in active or passive mode, and
are quite adequate to study heat dissipation, temperature distribution, and thermoelectric
properties of both materials and devices. As far as the geometry and materials of these kinds
of tips, the cone is around 8 μm in height and 8 μm in width at the base, and it has to be made
of a low-thermal-conductivity material, such as silicon dioxide (SiO2), to avoid heat losses from
the TE junction to the cantilever. Then, the thermocouple junction films located at end of the tip
are usually around 200 nm and the metals used for the junction are typically gold and
chromium, isolated from each other along the probe with a Si3N4 film (see Figure 1).

With these kinds of probes, apart from studying the heat transport in different samples, other
thermal properties, such as the interfacial thermal resistance, can be determined with the
appropriate experimental setup and theoretical models. For instance, in Refs. [45, 46], these
probes were used in active mode and through the measurement of the 2ɷ signal, they obtained
thermoelectric properties of the samples. To this end, they heated the sample with a Peltier
element, while the TE probe was Joule heating and scanning the sample. The analysis of the
recorded signal was made by a steady periodic electrothermal model to obtain the thermoelec-
tric parameters of the sample. Some disadvantages that these probes present is a low thermal
sensitivity, which makes the temperature profiles obtained with them rather noisy. The resolu-
tion can be improved in vacuum, but working in these conditions can affect the temperature
gradient. Also, it is necessary to include a circuit and a modified setup for some measurements,
which complicates both the experimental implementation and the theoretical models needed
to extract the properties [44].

2.2. Thermistor probes

Thermistor probes were introduced by Pylkki et al. [12] in 1994. These probes have a thermis-
tor element, which can be a metallic thin film, a wire, or a highly doped semiconductor. This
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thermistor varies its resistance with temperature. Therefore, the temperature of the probe can
be monitored by recording its change in electrical resistance. Since then, the field of thermistor
probes has evolved, and here, we will introduce different types, which have been commercially

Specifications SThM probes

Thermoelectric Thermoresistive Semiconductor

Thermocouple
junction

Thermocouple
Wollaston wire
probe

Thermistor
Pd/ Si3N4

probe

Doped silicon resistor probes

Operation modes

Passive At constant
temperature

Active At constant
current

At constant
current

At constant
current

Thermal properties extracted

Thermal
conductivity, TE
properties

Thermal
conductivity,
Seebeck

Thermal
conductivity,
Seebeck

Nanolithography, nano-LTA, glass
transition, melting temperature

Probe characteristics

Cantilever materials Si3N4

SiO2,

Si

Ag shell
Al mirror

Si3N4

NiCr limiters
Au pads

Silicon (highly doped)

Spring Constant
(Nm�1)

0.35 5 0.5 1

Tip materials Au, Cr Pt90/Rd10 Pd Silicon low doped

Tip height (μm) 0.1 100 10

Tip radius (μm) 0.065–0.1 ≈ 2.5 <0.1 0.01–0.02

Electrical properties

Nominal electrical
resistance of the probe
(Ω)

≈ 600 ≈ 2 ≈ 350 ≈ 500

Thermal properties

Max. temperature (
�
C) 600–800 100 160 1000

Temperature coefficient
resistance (K�1)

0.00165 0.0012

Thermal cutoff
frequency 2 fc (Hz)

250 2750

Resolution

Thermal lateral
resolution (μm)

1–2 0.060–0.100

Topographic lateral
resolution (μm)

<0.03 <1 0.030–0.060 0.1

Table 1. Summary of the properties of the different SThM probes mentioned in the text.
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Probe scheme Advantages Disadvantages

Wollaston wire • Known since 1994 (exten-
sively used for heat trans-
fer studies)

• Theoretical works avail-
able on contact and
noncontact mode

• Implemented to act as
thermometers and
heaters

• Endurable (it is
difficult to mechanically
break it)

• Bending issues: the angle of the V-shape can
change after certain uses giving reproducibility
issues.

• No commercially available (Bruker does not
sell them anymore)

• After a certain number of scans, it is quite
probable to have the wire dirty (dust or parti-
cles)

Microfabricated metal thin film • High thermal and topo-
graphic resolution (down
to 100 nm)

• High cutoff frequency:
better for AC heating
mode.

• Reduced time image
acquisition.

• Commercially available
• Batch fabricated
• High sensitivity
• More used in active mode

• High static sensitivity: easy electrical break-
down.

• Higher price than normal probes.
• Complex calibration steps and models for AC

heating

Microfabricated thermoelectric • High thermal and topo-
graphic resolution (down
to 50 nm)

• Commercially available
• Batch fabricated
• High electrical resistance
• More used in passive

mode (but also used in
active mode)

• Robustness and high
durability can be found
with reasonable cost

• If the thermal sensitivity is not high, tempera-
ture profile can be noisy

• For some experiments, a new setup and circuit
may be necessary making complex the experi-
mental and theoretical development

• To obtain better resolution vacuum condition
can be useful, but this can affect the tempera-
ture gradient
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implemented: Wollaston wire, microfabricated (Pd/SiN), and highly doped semiconductor
probes. A summary of the advantages and disadvantages of each of the thermistor probes is
shown in Table 2.

2.2.1. Wollaston probe

The Wollaston probe was designed and implemented for SThM measurements in 1994 [12],
and it was commercialized by Bruker®, although they are not commercially available anymore.
This commercial probe was used in our group in different works, [33, 37, 48], which will be
discussed in Section 4.1. It consists of a 5 μm in diameter core wire alloy of platinum-rhodium
(Pt90/Rd10) with a silver shell of 75 μm. Around 200 μm of the Pt90/Rd10 core is exposed by an
electrochemical etching and bent into a V-shape (see Figure 2). This alloy of the core is the
thermistor element, and thus sensitive to the heating, and therefore, the changes in the resis-
tance of this filament are monitored during the scanning of the sample. A mirror for optical
beam detection is stuck to the probe by means of an aluminum-coated tape, stacked across the
arms of the cantilever, allowing detecting the cantilever deflection by an AFM system. With
this kind of probes, for example, memory alloys based on structural transformation have been
investigated, such as the studies on the thermal conductivity of NiTi microstructures through
their phase transitions carried out by Chirtoc et al. [49]. Moreover, depending on the operation
mode implemented during the experiment, not only thermal conductivity but also the Seebeck

Figure 1. (a) SEM image with the top view of TE probe. (b) Side view of the probe. (c and d) SEM images at different
magnifications of the tip. In (c), the detail of the thermocouple junction can be seen; (a), (b), and (c) are taken from http://www.
tspnano.com of TSP Nanoscopy, and (d) is taken from [47].
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beam detection is stuck to the probe by means of an aluminum-coated tape, stacked across the
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investigated, such as the studies on the thermal conductivity of NiTi microstructures through
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coefficient can be measured, as recently published in Refs. [33, 50], working in contact mode.
Also, recent publications dealing with Wollaston probes are focused in the quantification of the
thermal parameters by studying the theoretical heat transfer models in noncontact mode [51].

Among the advantages to use a Wollaston probe for thermal thin film characterization, it is
worth mentioning that they have been used for a long time, and consequently, they are quite
well known and they have been extensively used for heat transfer investigation. There are
several contributions that analyze theoretically and analytically their behavior. The calibration
processes and data reduction can be simplified as it was done in [33] for a scanning hot probe.
Besides, these probes can be useful in case that spatial resolution of no more than a few
microns is required, or if thermal and topographic images are not desired, since these probes
can be easily implemented in a piezoelectric system, acting as thermometer and heater for
different applications to perform thermal analysis with a simple experimental setup and fast
data acquisition time.

Nevertheless, the reproducibility and the repetition of the experiments can result complicated,
given that not only these probes have bending problems of the exposed core, but also the
V-shape can change after certain uses or number of scans (as it can be seen in Figure 2c).
Another disadvantage is that, as far as we know, currently, there are no companies that

Figure 2. Different images of Wollaston wire probes used in our measurements, where the exposed Pt90/Rd10 core bent in
a V-shape can be clearly seen, with increasing magnifications from an optical microscope image in (a) with a complete
view of the probe with the mirror and the silver legs to (b), where a scanning electron microscope (SEM) detail of the
exposed core with a V-shape can be seen. SEM images (c) and (d) show a Wollaston probe after several uses, presenting
dust attached to the wire in (c) and a distorted shape in (d).
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commercialize these probes, and thus, the only way to use these probes for thermal experi-
ments nowadays is to fabricate them in the laboratory.

2.2.2. Microfabricated metal thin film probes

These types of probes are specially designed for contact mode. They use a thin metal film (of
about 50 nm thick) as thermistor element. This film is located near the apex of the tip, and the
cantilever is made of silicon dioxide (SiO2) or silicon nitride (Si3N4). The probe has two current
limiters of nickel chromium and gold pads to perform the electrical connection. The tip height
is usually around 10 μm to maximize the separation between cantilever and sample as a way
to avoid heat losses by the cantilever-sample interaction. In the images of Figure 3, we can see
a microfabricated Pd/Si3N4–commercialized by Bruker® and used in our group to perform
thermal conductivity characterization of films, as it will be shown in Section 4.

One of the main advantages of using these types of probes is the high thermal and topographic
resolution that can be achieved. Also, the cutoff frequency when the probe is heated in AC
mode is higher in microfabricated probes than in Wollaston wire probes, as it was reported in
[24]. In the same works, the authors highlighted that image acquisition time could be reduced

Figure 3. Different scanning electron microscope (SEM) images of a microfabricated Pd/Si3N4–commercialized by
Bruker® used in our measurements, with increasing magnifications from (a) to (b). Images (c) and (d) show probes where
the Pd film of the tip has been removed after electrical breakdown. The angle of the tip can also be clearly seen in (c).
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from 1 h in the case of using a Wollaston probe to only 6 min when using a Pd/SiO2 probe, for
an image of 256 � 256 points.

Among the drawbacks that these probes have, one should mention that they are highly static
sensitive, so it is not recommended to measure their electrical resistance with conventional
resistance meters. Instead, a very careful management is recommended to avoid electrically
breaking the probe. In Figure 3d, it is shown how the probe looks when the Pd film has been
removed, which can occur due to its high static sensitivity. Another disadvantage, when
compared with Wollaston wire probes, is the price, which comes from the fact that this is a
microfabricated and highly specialized probe. Finally, it is worth mentioning that
implementing a heat model for these kinds of probes is also an issue, apart from the calibration
steps that have to be done in the probe prior to measure with them. In order to calibrate each
probe, many geometrical parameters and material properties must be taken into account to fix
the calibration curves, as it is shown in Ref. [29], for instance.

2.2.3. Microfabricated semiconductor probes

In the case of these microfabricated probes, the most used semiconductor material is silicon,
which are micromachined in a U-shape, that consists of a low doped platform, which will act

Figure 4. Scanning electron microscope images of microfabricated semiconductor probes, showing different magnifica-
tions in the case of (a) pyramidal and (b), (c) conical SEM image in (d) is a part of a whole array of microfabricated
cantilevers; (a) is taken from Ref. [56] and (b) is taken from Ref. [57], and (c) and (d) from [58].
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as the resistive element (heater) and two highly doped silicon microlegs. Then, the tip is
mounted on the resistive element, with a conical [52] or pyramidal [53] shape and curvature
radius as low as 10 nm (achieving 100 nm in spatial resolution). The fabrication of these tips is
based on microelectronics processes, and thus, batches of sharp probes can be fabricated (see
Figure 4). These probes were first developed for high-speed nanoscale lithography applica-
tions and data-storage systems by IBM, but working in active mode, nanothermal analysis can
be performed [54].

The main advantages of these probes are, as it was mentioned before, is the high resolution
that can be achieved, allowing even a three-dimensional analysis of nanoscale confinement of
certain effects, such as phase transitions (which is not possible when using Wollaston probes,
for instance) [53], serving as a highly localized heat source. Moreover, given that they can be
produced with scalable fabrication methods, predictable and repeatable thermal parameters in
all of them can be produced, along with an important cost reduction. Finally, another relevant
benefit of these doped silicon probes is that they can be used in biological media, as in Ref. [55],
where they were used to differentiate molecules based on their different heat conductivities.

As far as disadvantages when using these probes for thermal measurements, one has to take
into account that they are mainly used for nanolithography and data storage, given that they
can deliver up to 1000�C. This reverts to a difficult analysis of the experimental data obtained,
given the high thermal contact resistances at the end of the tip, as shown when measuring thin
films of polystyrene [53]. Another difficulty for their use in thermal conductivity characterization
is that the variation of their electrical resistance cannot be completely described by a linear
relation with temperature [56], as it could be done in the previous cases, which further
complicates the qualitative measurements.

3. Heating methods with thermistor probes

From now on, we are going to focus on SThM measurements where the local temperature and
thermal conductivity of the films are extracted using a thermistor probe. In such a way, while
scanning the surface of the sample, the probe can be used as a nanoscale thermometer, as in
passive mode operation. But as we saw in Section 2, the probe, if used in active mode, behaves
not only as a thermometer but also as a heater. Therefore, if one measures the voltage drop
across the probe while a known current passes through it, or if a Wheatstone bridge is used to
detect the changes in the resistance of the probe, the actual temperature of the probe can be
known, after certain calibration steps. Both of these modes, active or passive, allow the perfor-
mance of measurements heating the probe with a direct (DC) or an alternate current (AC). The
use of an AC current has the advantage of a high signal-to-noise ratio, mainly when combined
with lock-in detection, and it also allows the use of the 3ɷ-SThM technique. Nevertheless, DC
heating mode has the advantage of allowing an analytical model analysis of the thermal signal
recoiled. A brief overview of the thermal transport models implied in both DC and AC to
extract the thermal conductivity with thermistor probes will be discussed next.
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thermal conductivity of the films are extracted using a thermistor probe. In such a way, while
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passive mode operation. But as we saw in Section 2, the probe, if used in active mode, behaves
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across the probe while a known current passes through it, or if a Wheatstone bridge is used to
detect the changes in the resistance of the probe, the actual temperature of the probe can be
known, after certain calibration steps. Both of these modes, active or passive, allow the perfor-
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3.1. Direct current heating mode

Experimental SThMmeasurements performed in DCmode can be treated by analytical models
to extract the thermal transport properties of the samples. In the case of measuring thin films,
several parameters such as the thickness of the film and the influence of the substrate must be
taken into account, apart from other general parameters of the measurement system, such as
the geometry of the probe, the heat transfer exchange radius, among others. In order to
theoretically model the experimental setup when the probe is heated in DC mode, one can
simulate the tip by a fin of length L (which corresponds to half of the probe length) and apply
the steady-state heat transfer equation when this fin is heated. A detailed explanation of this
model is shown by Borca-Tasciuc in [59]. Here, we will give a brief description of the model,
starting with the heat transfer equation that has to be fulfilled:

d2T∗
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dx2
� 2heff

λPr
� r0I
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P

 !
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where the index P refers to the probe, T∗
P ¼ TP xð Þ � T0, λ is the thermal conductivity, A is the

total cross-sectional area, r0 is the electrical resistivity, I corresponds to the root-mean-square
electrical current applied to the probe, β is the temperature coefficient of the resistance;

heff ¼ hþ 4εσT3
0 and hence, h is the convective heat transfer coefficient in air, ε is the emissivity

of the probe, σ is the Stefan-Boltzmann constant, and T0 is the ambient temperature.

In order to obtain an analytical solution for Eq. (1), one has to assume certain boundary
conditions, such as keeping the end of the probe at ambient temperature. Also, the geometric
characteristics of the probe have to be known and uniform temperature distribution at the tip
region has to be assumed. Then, an expression for the average temperature of the probe can be
obtained as:

T∗
av,P ¼ 1

L

ðL
0
T∗
Pdx ¼ TDC�av,P � T0 (2)

where TDC�av,P is the DC average temperature of the probe. Then, the thermal resistance of the

probe can be expressed as Rth
P = T∗

av,P= I2Rele,P
� �

, being Rele.P the electrical resistance of the probe.
This RP

th can be compared with the experimental effective thermal probe resistance Reff . If the
tip is in contact with the film surface, and the thickness of this film is enough to consider it as a
semi-infinite medium as far as heat conduction is concerned (bulk or bulk-like thickness), the
thermal conductivity of the thin film can then be expressed as:

Rth
S ¼ 1

4bλS
(3)

where b is the thermal exchange radius (the area in which the heat transfer is assumed to occur,
see Figure 5), and Rth

S and λS are the thermal resistance and the thermal conductivity of the
sample, respectively. The limits of the thermal penetration depth are related to the heater
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exchange radius, and for the case of having a metal stripe as a heater, as Cahill described in the
solution of the diffusion equation for the 3ω method [60], if the sample is a thin film deposited
on a substrate, this film must have at least five times the width of the metal heater to avoid
influence from the substrate. In another case, that is, if the film is thinner, this expression
should be modified to take into account the substrate. Instead, a multilayer structure may be
taken into account such as described in [59] by Borca-Tasciuc. The thermal conductivity can be
then determined using the simplest case of series thermal resistances network of a film and a
substrate, assuming 1D heat transfer through the thickness of the film, if the thermal contact
parameters b and Rth

S are known (see Figure 5). The modified expression for our case results

Rth
S ¼ 1

4bλSub
þ tf
πb2λf

(4)

where tf is the film thickness and λSub and λf are the thermal conductivities of the substrate
and the film, respectively. In such a way, an analytic solution to extract the thermal conductiv-
ity of the film under study, λf , from the SThM measurements is obtained.

3.2. Alternating current heating mode

It is worth mentioning that AC heating is more workable with microfabricated probes, due to
their smaller thermal mass and higher cutoff frequency when compared with Wollaston
probes [59]. Then, in this case, if the thermistor probe is heated with an AC signal, the resulting
temperature is a contribution of both a DC and AC profiles. If we define the AC current as
I tð Þ ¼ I0 cos ωtð Þ, the temperature amplitude produced by Joule heating is related to the elec-
trical resistance of the probe and it can be expressed as:

Figure 5. Schemes of the thermal resistance network and thermal interaction between the probe and the sample.
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exchange radius, and for the case of having a metal stripe as a heater, as Cahill described in the
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taken into account such as described in [59] by Borca-Tasciuc. The thermal conductivity can be
then determined using the simplest case of series thermal resistances network of a film and a
substrate, assuming 1D heat transfer through the thickness of the film, if the thermal contact
parameters b and Rth

S are known (see Figure 5). The modified expression for our case results

Rth
S ¼ 1

4bλSub
þ tf
πb2λf

(4)

where tf is the film thickness and λSub and λf are the thermal conductivities of the substrate
and the film, respectively. In such a way, an analytic solution to extract the thermal conductiv-
ity of the film under study, λf , from the SThM measurements is obtained.

3.2. Alternating current heating mode

It is worth mentioning that AC heating is more workable with microfabricated probes, due to
their smaller thermal mass and higher cutoff frequency when compared with Wollaston
probes [59]. Then, in this case, if the thermistor probe is heated with an AC signal, the resulting
temperature is a contribution of both a DC and AC profiles. If we define the AC current as
I tð Þ ¼ I0 cos ωtð Þ, the temperature amplitude produced by Joule heating is related to the elec-
trical resistance of the probe and it can be expressed as:

Figure 5. Schemes of the thermal resistance network and thermal interaction between the probe and the sample.
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T2ω, av ¼
2V3ω, tip

I0ReleβP
(5)

where the V3ω, tip is the 3ω voltage component experimentally measured and βp is temperature
coefficient of the resistance of the probe. The heat transfer equations of the probe for this AC
temperature field should be developed taking into account the differences in the cross-
sectional areas for the heat and current flow. In the work of 2005, Lefèvre and Volz [21]
presented a theoretical model on AC heating, along with experimental results to validate it.
In this study, it was clear that a Wollaston-size wire does not allow reaching a transient thermal
behavior, which is needed for the classical 3ωmethod with a hot strip. In this study, they based
the model on the transient fin equation, including a source term due to the joule dissipation.
Several years later, based on the previous model, Puyoo et al. [29] presented a thermal descrip-
tion for the probe behavior under air conditions in both out-of-contact and in-contact modes.
In this case, they separated the cross-sectional areas corresponding to the probe and that of the
metallic Pd film (the heating element), with the aim to identify the geometric parameters
depending on the probe type. In this respect, the corresponding heat equation solved in the
Fourier space is:

d2T2ω,P

dx2
� 2iω

αP
þ hpP
λPAP

� �
T2ω,P þ rI20

2λPAPAM
¼ 0 (6)

where the index P denotes the probe, p is the perimeter and A is the total cross-section area of
the probe, AM is the cross-sectional area of the metallic film of the heater element, r is the
electrical resistivity, I0 is the current amplitude, h is the effective convective heat transfer
coefficient in air, α and λ represent the thermal diffusivity and the thermal conductivity,
respectively. It is important to remark that thermal radiation effects are negligible due to the
small amplitude of AC temperature, as it was pointed by Borca-Tasciuc [59]. When ω ! 0, the
equation of AC heating becomes a simplified DC heating equation, with no transient contri-
bution. If now one considers that the heat flux takes place only at the apex of the tip, the metal
pads of the tip can be taken as thermal sinks and the temperature variation at this junction can
be disregarded. Taking all these into account, when the probe is in contact, the heat flux can be
then defined as:

�λPAP
dT2ω,P

dx

����
x¼L

¼ T2ω,Pjx¼L

Rth
eq

(7)

L being the length of the metallic film and the Rth
eq the equivalent thermal resistance, which is

the contribution of the thermal resistances in series from both the tip-sample contact, Rth
C , and

the thermal resistance of the sample, Rth
S . When applying the boundary conditions for contact

or out of contact cases, the transient fin equation can be solved (details can be found in [21, 29,
59]) and an analytical expression for the 2ω varying tip temperature can be obtained. Then, the
final expression for the heat flux, assuming that the sample is a semi-infinite body heated by a
semispherical heat source of radius b becomes
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QS ¼ 2πbλST2ω,S 1þ b

ffiffiffiffiffiffiffiffi
2iω
αS

s !
(8)

where Q is the heat transfer rate and the index S refers to the sample. With this expression, it is
possible to obtain parameters such as the thermal conductivity (λS) of the thin film sample
analyzed.

4. Thin film measurements by SThM

As it has been seen along this chapter, the SThM technique is quite suitable for the measurement
of thermal properties of thin films. In the literature, one can find many examples, such as the
work from Oesterschulze et al. in 1996 [61], where they used a combination of a photothermal
SThM and STM setup. In such a way, they obtained at the same time the topography, the DC
image of the temperature, the AC temperature amplitude, and the phase image of thin poly-
crystalline diamond films. Thanks to the thermal images, some features that were not visible in
the topographical image could be studied. In this case, the thermovoltage map was correlated
with the single crystallites, where thermovoltage was constant. On the side planes, the decreas-
ing of thermovoltage was related to the laminar structures parallel to the edges of the top plane.
More recent works on thin film characterization by SThM [62] deal with the correlation of the
thermal properties of BaTiO3 thin films with their morphology. In order to give further exam-
ples of the application of the SThM technique, we will discuss next some examples of measure-
ments performed in thermoelectric thin films from our group.

4.1. Thermoelectric thin film measurements: Wollaston probes

To perform measurements with a Wollaston probe in thin films, a circuit as the one shown in
Figure 6a was implemented. Prior to the measurement, a thorough calibration of the system

Figure 6. (a) Electrical circuit used for the measurement with the Wollaston probe (reproduced from [33]) and (b)
calibration curves for obtaining Rc and b (from [37]).
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As it has been seen along this chapter, the SThM technique is quite suitable for the measurement
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work from Oesterschulze et al. in 1996 [61], where they used a combination of a photothermal
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was necessary. This calibration consists of measuring three different samples of known thermal
conductivity to determine the thermal exchange radius (b) and the thermal contact resistance
between the tip and the film (RC), as it is shown in Figure 6b. The measurements were
performed in contact mode and in air conditions. In these cases, no scanning was performed
to obtain thermal images, but the AFM system was used in order to position the tip on the
surface of the film. The values obtained could be influenced by the substrate, so a further
analysis of the results with COMSOL® software was necessary to extract the information of
the thin film in those cases. With this technique, the thermal conductivity of a variety of thin
films was characterized in the work by Wilson et al. [33]: SiGe (1.22 � 0.21 W/m�K) and Te
films (0.79� 0.04 W/m�K) on glass, Au film on silicon (104.2� 67.4 W/m�K), and polymer films
of PCDTBT on glass substrates, both Fe-doped (1.03 � 0.15 W/m�K) and undoped
(0.25 � 0.21 W/m�K). These values show a wide range of thermal conductivities that can be
measured when the calibration is carefully made, and the appropriate models are taken into
account. Following these results, the thermal conductivity of a large area of a nanomesh
Si0.8Ge0.2 film was also characterized [37]. In this case, the nanomesh structure produced a
reduction on the thermal conductivity with the decrease in the diameter of the pores forming
the mesh, from 1.54 W/m�K for around 300 nm in diameter pores to a value of 0.55 W/m�K for
pores of approximately 30 nm in diameter. This result is quite relevant for the field of thermo-
electricity, given that the reduction in thermal conductivity via nanostructuration without
affecting the other transport properties is a way to enhance thermoelectric efficiency. The
accurate measurement of the actual reduction in thermal conductivity in thin films provides a
way to really understand the thermal conductivity at the nanoscale.

4.2. Thermoelectric thin film measurements: microfabricated probes

In order to enhance the thermal image resolution to explore different thermoelectric thin films
and study their nanostructure, it was necessary to change the probes from Wollaston to
microfabricated probes. In this case, the electrical circuit used, which can be seen in Figure 7a,
consists of a home-made Wheatstone bridge, which will be used to detect the resistance
changes of the probe, connected to a lock-in amplifier from Zurich Instruments®. Finally, the
lock-in is connected with an AFM from Nanotec Electronica®, in which the tip is mounted. In
this way, topographic and thermal images of the sample are simultaneously obtained. The
thermal conductivity was obtained using an active mode at constant current and under ambi-
ent conditions. To obtain the geometrical parameters of the probe and its thermal response, it is
necessary to perform a prior calibration both in ambient conditions and in high vacuum
(10-5 mbar), as it was mentioned in Section 2.2.2 [29]. In order to analyze the thermal response
of the probe in out-of-contact mode, one varies the applied frequency while detecting the 3ω
voltage, both in vacuum and in atmospheric conditions, obtaining a graph such as that shown
in Figure 7b. This has to be made with special care to avoid any electrical breakdown of the tip.
These data have to be fixed with a theoretical curve, which takes into account the geometrical
parameters of the probe (length, thickness of the Pd and the SiNx, the convective coefficient,
electrical resistance, temperature coefficient resistance, etc.). With these geometrical parame-
ters fixed, a different model is used to determine the equivalent thermal response of the tip,
Req, as a function of the 3ω voltage. Finally, samples of known thermal conductivity [33] are
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measured in contact mode and in ambient conditions, and the obtained 3ω is modeled with a
further simulation, which takes into account all the parameters previously obtained, along
with the unknown thermal exchange radius, b, and thermal constant resistance, Rc, obtaining
curves as those shown Figure 7c. From the cross-point of these graphs, b, and Rc are obtained
for this particular tip.

This experimental setup was successfully implemented to obtain thermal images of different
thermoelectric films and to determine their thermal conductivity. For instance, in the work of
Perez-Taborda et al., a novel fabrication method to obtain thin films Cu2Se with high control
over the stoichiometry was achieved [40]. In this case, the thermal conductivity at room
temperature under ambient conditions obtained via SThM measurements, arouse a value as
low as 0.8 � 0.1 W/m�K, which results in a TE figure of merit of 0.4. A detail on these
measurements can be found in Figure 8, where the topographic and thermal images can be
seen. Apart from the good resolution of the images, the most important feature shown in these
images is that the V3ω voltage is not influenced by the artifacts or topographic effects. This can
be seen in Figure 7c and f when numbers 1 and 2 located inside of the images are compared.

Figure 7. (a) Scheme of the experimental setup and electrical circuit with the Wheatstone bridge, (b) experimental data
and model adjustment of the measurements of the 3ɷ response of the probe versus thermal frequency at atmospheric
conditions (from [41]), and (c) calibration curves to extract Rc and b.
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The V3ω voltage is quite homogeneous along the surface of the film, and it is not much
influenced by the topographical height. It is also worth mentioning that the highest values in
V3ω are the regions with the lowest thermal conductivity.

Microfabricated probes were also used for the measurement of Ag2Se films, which presented a
different morphology of bigger grains than in the previous case, which does not affect the
thermal conductivity (see Figure 9). These films, of around 700 nm in thickness, presented in

Figure 8. (a and b) Topography images at two different scales, and (c) shows a profile along the blue line in (b); (d) and (e)
show the thermal images at the same scale than (a) and (b); and (f) shows the corresponding profile along the blue line in
(e). Note that numbers 1 and 2 in these profiles indicate the same lateral displacement position for topography and V3ω

(images (a) and (d) are adapted from Ref. [40]).

Figure 9. (a) SEM, (b) topographical, and (c) thermal map images obtained with SThM using a Pd/Si3N4 microfabricated
probe (from [41]).
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[41], had a highly reduced thermal conductivity (0.64 � 0.1 W/m�K) when compared to the
same material in bulk (reported as 1.5 W/m�K [63]). In this case, this reduction in the thermal
conductivity, along with the good measured transport properties, arouses in a thin film with a
TE Figure of Merit (zT) of 1.2 at room temperature, comparable or even higher than other
thermoelectric materials that are commonly used for thermoelectric devices. It is worth noting
that this excellent value comes from the nanostructuration of the material into a thin film along
with a fabrication method that provides high control over its quality. Therefore, the accurate
characterization of the thermal conductivity was of the utmost importance to confirm the
optimization due to nanoscale thermal transport modification.

5. Summary and outlook

The thermal conductivity characterization and local temperature measurements at the nano-
scale of thin films are of the utmost importance in a great number of fields, such as in
electronics, where heat management is vital for the final efficiency of the devices, solar cells,
coatings, etc. Among those fields, thermoelectricity stands out, given that the reduction in the
thermal conductivity due to nanostructuration is one of the main objectives nowadays to
increase the thermoelectric performance of the materials.

Along this chapter, we have presented the SThM method applied to the measurement of
thermal properties of thin films. The main advantages of this method are the high resolution
(in the nanometer scale), the possibility to simultaneously obtain the topography and the
thermal image of the surface, and, from the experimental point of view, the sample preparation
process is easily compared with other thermal characterization techniques. The SThM tech-
nique was first implemented in an AFM in 1993, and since then a great deal of effort has been
devoted to understanding in depth both the heat transfer at the nanoscale and the phenomena
that have to be taken into account in these kinds of measurements. After a review of the
historical advances related to the development of the SThM, experimental details about the
operational modes and different kinds of probes were discussed. Then, the theories behind the
heating models involved in a certain type of probes were briefly introduced. At the end of the
chapter, results obtained in our group on the thermal conductivity of thermoelectric thin films
performed with SThM were shown, demonstrating the suitability of this technique for these
kinds of measurements.

One of the most appealing future directions based on these techniques would be the use of
multipurpose probes to obtain, at the nanoscale, simultaneous information about electrical,
thermal, chemical and mechanical properties, among others. The main challenge would then be
the understanding of the different transport phenomena at the nanoscale, and how to physically
represent the different interactions between the probes and the samples. Therefore, the develop-
ment of more complex models, along with the evolution of micro- and nanofabrication tech-
niques, opens the door to a new blooming of methods based on SThM for a full characterization
of thin film properties at the nanoscale.
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Abstract

The greater value of refractive index for high-index layers in thin-film interference filters
operating in the infrared has an incomparable advantage. Lead telluride (PbTe), which is
much superior to other infrared high-index coating materials due to its high index and
advantage of fundamental absorption edges, has played an important role in filters
employed in the infrared radiometer and other instruments launched in space atmosphere
sounding research projects. In this chapter, we summarized some recent achievements in
the investigations into another infrared high-index coating material—lead germanium
telluride (Pb1�xGexTe), a pseudo-binary alloy of PbTe and GeTe. It can be revealed that
the layers of Pb1�xGexTe exhibit the tunable optical properties, such as temperature
coefficient of refractive index and fundamental absorption edge, as well as mechanical
properties, such as the hardness and Young’s modulus, corresponding to its intrinsic
ferroelectric phase transition. Some important applications in thin-film interference filters
were also demonstrated for its tremendous potential, such as a stable narrow bandpass
interference filter without temperature-induced wavelength shift and a tunable infrared
short wavelength cutoff filter. Furthermore, it is also revealed that electron beam evapora-
tion is a more effective congruent-transfer technique to deposit the layers of Pb1�xGexTe.

Keywords: infrared, thin-film interference filter, lead-telluride, lead-germanium-telluride

1. Introduction

The rapid detection of the dynamites or explosives is of increasing importance in the anti-
terror campaign. A technology to detect the trace dynamites can be developed using the
electromagnetic radiation in the mid-wavelength infrared region, because many strong funda-
mental absorption bands with regard to “fingerprint” are included in this range [1]. Although,
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Abstract

The greater value of refractive index for high-index layers in thin-film interference filters
operating in the infrared has an incomparable advantage. Lead telluride (PbTe), which is
much superior to other infrared high-index coating materials due to its high index and
advantage of fundamental absorption edges, has played an important role in filters
employed in the infrared radiometer and other instruments launched in space atmosphere
sounding research projects. In this chapter, we summarized some recent achievements in
the investigations into another infrared high-index coating material—lead germanium
telluride (Pb1�xGexTe), a pseudo-binary alloy of PbTe and GeTe. It can be revealed that
the layers of Pb1�xGexTe exhibit the tunable optical properties, such as temperature
coefficient of refractive index and fundamental absorption edge, as well as mechanical
properties, such as the hardness and Young’s modulus, corresponding to its intrinsic
ferroelectric phase transition. Some important applications in thin-film interference filters
were also demonstrated for its tremendous potential, such as a stable narrow bandpass
interference filter without temperature-induced wavelength shift and a tunable infrared
short wavelength cutoff filter. Furthermore, it is also revealed that electron beam evapora-
tion is a more effective congruent-transfer technique to deposit the layers of Pb1�xGexTe.

Keywords: infrared, thin-film interference filter, lead-telluride, lead-germanium-telluride

1. Introduction

The rapid detection of the dynamites or explosives is of increasing importance in the anti-
terror campaign. A technology to detect the trace dynamites can be developed using the
electromagnetic radiation in the mid-wavelength infrared region, because many strong funda-
mental absorption bands with regard to “fingerprint” are included in this range [1]. Although,
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in recent years, a significant progress has been achieved toward the miniaturization of infrared
spectrometers, which can play an important role in the homeland security and law enforce-
ment, accompanied with the development of thermoelectrically cooled detectors and quantum
cascade lasers, a thin-film narrow bandpass interference filter, which has a passband coincid-
ing with and as narrow as the typical absorption line of “fingerprint,” is urgently needed to
increase sensitivities of the spectrometers. An order of magnitude larger angular dispersion
than gratings can be carried out due to the characteristic lines assigned to the trace dynamites
being distinguished using a thin-film bandpass filter. Therefore, the spectral fluctuation will be
reduced considerably and a greater level of miniaturization can be completely obtained with-
out the clumsy gratings [2]. Furthermore, more profits can also be gained out of thin-film
filters, because of their cost-efficient mass-production compared with the gratings.

According to Macleod [3], the simplest type one-cavity all-dielectric Fabry-Perot filter has the
form of [HL]N2mH[LH]N or H[LH]N2mL[HL]NH, where H and L being quarter-wavelength layers
with high and low refractive indices, respectively, m is the order of the spacer, and N is the
number of full periods in the reflecting stacks. Therefore, the expressions for the halfwidth of a
Fabry-Perot filter can be presented as Eq. (1) for high refractive index spacer,
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where λ0 being the central wavelength, and nH and nL being the indices of refraction of the
high-index layers, low-index layers in the filter, and respectively, and ns, that of the substrate.
Therefore, in order to reduce the halfwidth of a Fabry-Perot filter, it is almost always advanta-
geous for its high-index layers to use a coating material with the highest value of refractive
index available in the spectral regions of interest. That is, the greater the value of nH/nL is, the
narrower the halfwidth can be obtained.

Although, conveniently, germanium (Ge) is a preferred choice of coating material for the high-
index layers in the spectral region of mid-wavelength infrared due to its higher value (round
4.0) of refractive index, it is still expected that another material with an even higher index is
available to substitute for Ge in order to further reduce the halfwidth of a filter.

2. Properties and applications of PbTe

Lead telluride (PbTe) is one of lead chalcogenides, which has been widely investigated as a
conventional semiconducting material for many decades. The mineralogical name of PbTe is
Altaite, a yellowish white mineral with an isometric crystal structure, which was discovered in
1845 in the Altai Mountains [4].
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PbTe is a promising material candidate for mid-wave infrared detection because of their
superior chemical and mechanical stability over HgCdTe alloys [5–7]. In addition, as a simple
p-type thermoelectric material with the large Grüneisen parameter and high valley degeneracy,
PbTe has demonstrated exceptional thermoelectric performance with an optimized peak zT of
�1.4 [8–10].

However, PbTe is also one of high-index infrared coating materials. Currently, it dominates the
material selection for the design of infrared thin-film interference filters operating in the long
wavelength infrared both at room and reduced temperature. The combination of its high index
(above 5.5 in the spectral range of long wavelength infrared at room temperature) and its
advantage of a negative temperature coefficient of refractive index (�2.0 � 10�3 K�1) make it
much superior to other infrared coating materials [11–17].

In Figure 1(a), it can be illustrated that a layer of PbTe has a very high value of refractive
index [13], although it is lower than that of bulk single crystal of PbTe [18]. In Figure 1(b), it
can be also revealed that the foundational absorption edge of the layer of PbTe will shift
toward the longer wavelength with the decreasing ambient temperature. Therefore, a single
layer of PbTe can be regarded as a natural selective absorption longwave-pass cutoff filter to
omit the auxiliary filters which are necessary to block the unfavorable Planck emission from
hot resources.

Since the middle of the twentieth century, using PbTe as the infrared high-index coating
materials, Infrared Multilayer Laboratory at the University of Reading, Reading, United King-
dom, have completed spectral design and manufacture of high-quality infrared thin-film
interference filters for complex infrared radiometer and ground-based astronomical instru-
ments in over 30 major UK and international space and astronomical research projects [19]. In
Figure 2, the space and astronomical research projects being launched in the recent 5 years, in
which infrared thin-film interference filters were manufactured in Infrared Multilayer Labora-
tory using PbTe as the infrared high-index coating materials, were listed.

Figure 1. (a) A comparison of refractive index of a single layer of PbTe with that of bulk single crystal; (b) the shift of
foundational absorption edge of a layer of PbTe with the decreasing ambient temperature.
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However, if the conventional PbTe materials are used as the evaporants, which are prepared
from the stoichiometric proportions of pure constituents, a strong n-type Pb-rich layer will be
deposited even at a very low substrate temperature, for example, 100�C. Because an excess of
nonstoichiometric carrier absorption emerges, these Pb-rich layers are completely opaque
beyond 12 μm. Therefore, in order to obtain good-quality PbTe layers, a compensative process
is required, which is commonly carried out either by introducing oxygen into the evaporation
chamber in the course of the deposition of a PbTe layer or by baking the layers in air after
deposition has been finished. However, the practice of postdeposition annealing is not ideal
when the requirements for precise and reproducible spectral positioning and shape of a
required filter profile are tightly specified and the introduction of oxygen raises a complexity
in the technological process. In addition, both oxidizing processes cause the presence of lead
oxide on the surface of the layer [20].

Since the partial pressures of Pb and Te2 strongly depend on the properties of the evaporants, it
is possible to shift the characteristics of the deposited layers by using a PbTe material with a Te
dopant. Therefore, a kind of evaporable PbTe material with “mild” characteristics has been
developed in Shanghai Institute of Technical Physics, Chinese Academy of Sciences, Shanghai,
China [21, 22]. By “mild,”we mean that, in a rather broad region of substrate-temperature, the

Figure 2. The space and astronomical research projects in the recent 5 years, in which infrared thin-film interference filters
were manufactured in infrared multilayer laboratory using PbTe as the infrared high-index coating materials.

Figure 3. Some products of evaporation materials of “mild” PbTe.
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concentration of free carriers in the layers from such a material can be 25–40 times lower than
in normal PbTe materials. In Figure 3, some products of “mild” PbTe evaporation materials
were exhibited.

3. Properties and applications of Pb1�xGexTe

Lead germanium telluride (Pb1�xGexTe) is a pseudo-binary alloy of IV-VI narrow-gap semi-
conductor compounds, PbTe and GeTe [23].

Like some IV–VI compound semiconductors, for example, the tellurides of Sn and Ge and their
alloys, Pb1�xGexTe shows also a ferroelectric phase transition from a high-temperature cubic,
rock salt (Oh) structure above a Curie temperature TC to a low-temperature rhombohedral,
arsenic-like (C3v) phase. The rhombohedral structure originates from a displacement of two
sublattices along a <111> direction that becomes the c axis. In particular, for Pb1�xGexTe, the
Curie temperature TC increases steeply with increasing Ge concentration. The phase transition
is driven by off-center site occupation of Pb ion sites by Ge ions. Anomalies happen in the
electrical resistivity and specific heat of Pb1�xGexTe alloys corresponding to the ferroelectric
phase transition [24–32].

In this chapter, some investigations into the optical and mechanical properties of the layers of
Pb1�xGexTe, which have been carried out in Shanghai Institute of Technical Physics, Chinese
Academy of Sciences, Shanghai, China, were demonstrated; furthermore, some applications of
Pb1�xGexTe as the infrared high-index coating materials were also exhibited.

3.1. Low-temperature dependence of mid-infrared optical constants of layers of Pb1�xGexTe

Although many investigations, both theoretical and experimental, have been carried out on the
mechanism of ferroelectric phase transition of Pb1�xGexTe, the investigation into the optical
constants (refractive index n and absorption coefficient k) of the layers of Pb1�xGexTe as a
function of temperature remains to be done [33].

In our investigation, a layer of Pb1�xGexTe was deposited on a silicon wafer using molybde-
num boat heating the ingot of Pb1�xGexTe (x = 0.12), of which composition was analyzed using
proton-induced X-ray emission (PIXE) at the NEC 9SDH-2 pelletron tandem accelerator and
can be represented with Pb0.94Ge0.06Te. The optical transmission spectra of the layer were
measured using a Fourier-transform infrared spectrometer (BIO-RAD, FTS-40) in the range of
4000–400 cm�1 at normal incidence between 80 and 300 K accompanied by using a bath
cryostat (Oxford, DN1704). The optical constants of the layer were determined through the
fitting of transmission spectra recorded at different temperature using the Lorentz-oscillator
model as the dispersion model for the complex frequency dependent dielectric functions.

As a consequence, the temperature dependence of optical constants can be obtained at low-
temperature in the spectral range of 2.5–8.5 μm. It can be found that the layer of Pb1�xGexTe
has a refractive index with a value of 5.350–6.000 corresponding to different measured
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temperatures in the spectral range of 4.0–8.5 μm, in which dispersion originated from the
Reststrahlen and the absorption edge can be negligible. At room temperature, the layers of
Pb1�xGexTe have a value of refractive index approaching to that of layers of PbTe. A conclu-
sion can be drawn that Pb1�xGexTe is also an infrared high-index coating material.

In Figure 4(a), the change of refractive index of the layers of Pb0.94Ge0.06Te as a function of both
wavelength and temperature was shown. It can be seen that the maximum value of refractive
index occurs at 150 K, which can be regarded as the results of increased lattice polarizability that
is an indication of the ferroelectric nature of the phase transition. Therefore, a conclusion can be
drawn that anomalies in the refractive index, similar to those in the electrical resistivity and
specific heat, emerge at the Curie temperature TC of the layers of Pb0.94Ge0.06Te. In Figure 4(b),
the temperature coefficient of the refractive index, dn/dT, of the layers of Pb0.94Ge0.06Te is given,
from which one can find that the value of dn/dT is 20.006–0.002 K�1 in the spectral range of 3.0–
8.5 μm at all measured temperatures.

An empirical formula for the temperature coefficient of refractive index in the spectral range of
4.0–8.5 μm can be expressed as Eq. (3):

dn
dT

¼ f λ;Tð Þ ¼ A Tð Þ þ B Tð Þλ�C Tð Þ (3)

where

A Tð Þ ¼ �0:05964þ 0:00156T � 1:41679� 10�5T2 þ 5:24258� 10�8T3 � 6:76599� 10�11T4;
B Tð Þ ¼ 247:15385� 6:75508T þ 0:07137T2 � 3:69672� 10�4T3 þ 9:40269� 10�7T4

�9:37957� 10�10T5;
C Tð Þ ¼ 156:18266� 4:49072T þ 0:05023T2 � 2:65423� 10�4T3 þ 6:6734� 10�7T4

�6:44758� 10�10T5.

Figure 4. (a) The change of refractive index of the layers of Pb0.94Ge0.06Te as a function of both wavelength and
temperature and (b) the temperature coefficient of the refractive index, dn/dT, of the layers of Pb0.94Ge0.06Te (ref. [33],
reuse permission obtained from AIP).
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3.2. The stable narrow bandpass interference filters without temperature induced
wavelength shift

When the ambient temperature varies, the performance of an optical thin-film interference
filter will be also changed, such as the shift of center wavelength and the deterioration of peak
transmission [34–36]. In particular, when a long wavelength infrared narrow bandpass filter is
used in the spaceborne remote sensing instruments, the change of its spectral characteristics,
which will lead to the difficulty to sustain the precision radiometric measurements from space,
is not acceptable [37]. Addition of an auxiliary temperature control to the filters is not practical
in order to maintain its stable optical performance in spaceborne remote sensing systems.

There are two factors that cause the shift of wavelength accompanied by the change of ambient
temperature. One is the temperature-induced variations in the indices of refraction of the layers,
and another is the variations in the physical thicknesses of the layers. Since the bulk temperature
coefficients of linear expansion are an order of magnitude smaller than the temperature coeffi-
cients of the indices of refraction for substances similar to those usually employed for thin-film
interference filters, it may be speculated that the shift of wavelength should be ascribed to the
variations of temperature coefficients of the indices of refraction of the layers [38].

As far as the infrared filters employed in the spaceborne remote sensing systems are concerned,
the convenient materials used for the low-index layers are either ZnS (2.2) or ZnSe (2.3). More-
over, Seeley et al. [39] modeled the sensitivity of the narrow bandpass filter to the change of
temperature, showing that the spacer and the next two adjacent layers are dominant contribu-
tors relative to the other layers (and stacks). Therefore, when a negative shift in PbTe resulting
from the negative temperature coefficient of refractive index is suitably combined with a positive
shift in ZnS (or ZnSe) from its positive coefficient, temperature-invariant compensation becomes
possible; namely, to achieve a negligible wavelength shift with temperature.

However, as a matter of fact, the temperature coefficient of refractive index of PbTe cannot
exactly compensate for that of ZnS (ZnSe). Therefore, another solution to the problem is to seek
a coating material of which the temperature coefficient of refractive index can be tuned.

Since the maximum value of refractive index of layers of Pb1�xGexTe occurs corresponding to
the structural phase transition, as a consequence, at the designated low-temperature, the
temperature coefficient of refractive index of layers of Pb1�xGexTe can be tuned from negative
to positive by varying the Ge composition, that is, the layers of Pb1�xGexTe with the specific
composition may be used as the high-index layers in the thin-film interference filters.

Since the component elements in a multicomponent alloy system will evaporate at a different
rate, which causes changes in compositions of layers relative to the evaporants, and it is in
great necessity to designate directly the compositions in evaporated layers of Pb1�xGexTe. For
example, the corresponding stoichiometry of evaporated layers can be expressed by the for-
mula (Pb1�xGex)1-yTey.

In Figure 5, the spectral characteristics of a simple one-cavity Fabry-Perot filter on a Ge
substrate was demonstrated in the temperature range of 85–300 K, which was designed with
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index occurs at 150 K, which can be regarded as the results of increased lattice polarizability that
is an indication of the ferroelectric nature of the phase transition. Therefore, a conclusion can be
drawn that anomalies in the refractive index, similar to those in the electrical resistivity and
specific heat, emerge at the Curie temperature TC of the layers of Pb0.94Ge0.06Te. In Figure 4(b),
the temperature coefficient of the refractive index, dn/dT, of the layers of Pb0.94Ge0.06Te is given,
from which one can find that the value of dn/dT is 20.006–0.002 K�1 in the spectral range of 3.0–
8.5 μm at all measured temperatures.

An empirical formula for the temperature coefficient of refractive index in the spectral range of
4.0–8.5 μm can be expressed as Eq. (3):

dn
dT

¼ f λ;Tð Þ ¼ A Tð Þ þ B Tð Þλ�C Tð Þ (3)

where

A Tð Þ ¼ �0:05964þ 0:00156T � 1:41679� 10�5T2 þ 5:24258� 10�8T3 � 6:76599� 10�11T4;
B Tð Þ ¼ 247:15385� 6:75508T þ 0:07137T2 � 3:69672� 10�4T3 þ 9:40269� 10�7T4

�9:37957� 10�10T5;
C Tð Þ ¼ 156:18266� 4:49072T þ 0:05023T2 � 2:65423� 10�4T3 þ 6:6734� 10�7T4

�6:44758� 10�10T5.

Figure 4. (a) The change of refractive index of the layers of Pb0.94Ge0.06Te as a function of both wavelength and
temperature and (b) the temperature coefficient of the refractive index, dn/dT, of the layers of Pb0.94Ge0.06Te (ref. [33],
reuse permission obtained from AIP).
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3.2. The stable narrow bandpass interference filters without temperature induced
wavelength shift

When the ambient temperature varies, the performance of an optical thin-film interference
filter will be also changed, such as the shift of center wavelength and the deterioration of peak
transmission [34–36]. In particular, when a long wavelength infrared narrow bandpass filter is
used in the spaceborne remote sensing instruments, the change of its spectral characteristics,
which will lead to the difficulty to sustain the precision radiometric measurements from space,
is not acceptable [37]. Addition of an auxiliary temperature control to the filters is not practical
in order to maintain its stable optical performance in spaceborne remote sensing systems.

There are two factors that cause the shift of wavelength accompanied by the change of ambient
temperature. One is the temperature-induced variations in the indices of refraction of the layers,
and another is the variations in the physical thicknesses of the layers. Since the bulk temperature
coefficients of linear expansion are an order of magnitude smaller than the temperature coeffi-
cients of the indices of refraction for substances similar to those usually employed for thin-film
interference filters, it may be speculated that the shift of wavelength should be ascribed to the
variations of temperature coefficients of the indices of refraction of the layers [38].

As far as the infrared filters employed in the spaceborne remote sensing systems are concerned,
the convenient materials used for the low-index layers are either ZnS (2.2) or ZnSe (2.3). More-
over, Seeley et al. [39] modeled the sensitivity of the narrow bandpass filter to the change of
temperature, showing that the spacer and the next two adjacent layers are dominant contribu-
tors relative to the other layers (and stacks). Therefore, when a negative shift in PbTe resulting
from the negative temperature coefficient of refractive index is suitably combined with a positive
shift in ZnS (or ZnSe) from its positive coefficient, temperature-invariant compensation becomes
possible; namely, to achieve a negligible wavelength shift with temperature.

However, as a matter of fact, the temperature coefficient of refractive index of PbTe cannot
exactly compensate for that of ZnS (ZnSe). Therefore, another solution to the problem is to seek
a coating material of which the temperature coefficient of refractive index can be tuned.

Since the maximum value of refractive index of layers of Pb1�xGexTe occurs corresponding to
the structural phase transition, as a consequence, at the designated low-temperature, the
temperature coefficient of refractive index of layers of Pb1�xGexTe can be tuned from negative
to positive by varying the Ge composition, that is, the layers of Pb1�xGexTe with the specific
composition may be used as the high-index layers in the thin-film interference filters.

Since the component elements in a multicomponent alloy system will evaporate at a different
rate, which causes changes in compositions of layers relative to the evaporants, and it is in
great necessity to designate directly the compositions in evaporated layers of Pb1�xGexTe. For
example, the corresponding stoichiometry of evaporated layers can be expressed by the for-
mula (Pb1�xGex)1-yTey.

In Figure 5, the spectral characteristics of a simple one-cavity Fabry-Perot filter on a Ge
substrate was demonstrated in the temperature range of 85–300 K, which was designed with
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peak wavelength of 11.30 μm and fabricated using ZnSe as the low-index layer. For its high-
index layers, the ingots of Pb1�xGexTe (x = 0.21) were used as the evaporants, from which the
layers with corresponding stoichiometry of (Pb0.86Ge0.14)0.46Te0.54 can be obtained using
molybdenum boat evaporation. It can be observed that when ambient temperature changes
from 300 to 85 K, a shift of peak wavelength of 0.05935 nm K�1 has been achieved for this
narrow bandpass interference filter.

3.3. Homogeneity of composition in evaporated layers of Pb1�xGexTe

It is commonly believed that the existence of inhomogeneity of composition in layers of Pb1�xGex
Te will have a disadvantageous influence on the performance of thin-film interference filters,
because the existence of graded Ge concentration profile in Pb1�xGexTe layers will lead into the
coexistence of ferroelectric and paraelectric phases at a fixed temperature associated with phase
transition as a function of Ge concentration and temperature [40]. Although Partin [41] observed
the Ge concentration profile in the layers of Pb1�xGexTe grown on (100) oriented PbTe single
crystal by molecular beam epitaxy from PbTe, GeTe, and Te source ovens, to the author’s best
knowledge, it has still not been clarified whether or not a Ge concentration gradient exists in the
layers of Pb1�xGexTe evaporated directly from bulk alloys. Therefore, the investigation on com-
positional depth profile in evaporated layers of Pb1�xGexTe is of a great significance.

In our investigation, the layers were deposited on silicon wafers using molybdenum boat
heating the ingots of Pb1�xGexTe, of which compositions were analyzed using energy-
dispersive X-ray analysis (EDAX) in a Hitachi S-520 scanning electron microscope. Depth
distribution of elements was measured by using a Microlab 301F Scanning Auger Microprobe
(SAM) system combined with a discontinuous ion sputtering mode at a base pressure below
8.0 � 10�8 Pa.

Figure 5. The spectral characteristics of a simple one-cavity Fabry-Perot filter measured in the temperature range of 85–300 K,
which was fabricated using Pb0.79Ge0.21Te as high-index evaporation material and ZnSe as low-index layers (ref. [35], reuse
permission obtained from OSA).
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The results from our investigation are not in agreement with those reported by Partin. In
Figure 6, a representative compositional depth profile was illustrated for an evaporated layer of
Pb1�xGexTe, of which the measured elemental concentrations are 42.92 � 0.55 for Pb,
54.96 � 0.90 for Te, and 2.12 � 0.74 for Ge, respectively. It can be observed that the Ge concen-
tration at the surface is lower than that of the stoichiometry, meanwhile, the Pb concentration
was distinctly higher. However, the Ge concentration increases from a Ge-deficient state at near
surface to the Ge-rich one at near substrate. At same depth, all concentrations of elements remain
balanced, that is, the increase of the Ge concentration must be accompanied with a decrease
of the Pb concentration. After removal of the upper layers with a thickness of about 300 nm,
the layer of Pb1�xGexTe transforms to the Te-deficient characteristic from the Te-rich one.
In addition, a stepwise change of elemental concentrations in the depth profile cannot be
detected in the layer.

In fact, the mechanism of evaporating from an alloy is much more complicated than that from
a single metal because of the different vapor pressures of their individual components. It is
much more possible that Ge partial pressure will change with the increasing of deposition time
because Ge is more volatile than other components, Pb and Te, in the Pb1�xGexTe alloy.
Thereby, Ge concentration in the evaporants will be gradually depleted and the deposition
process will result in a compositional gradient in the layers. As a consequence, the results
obtained in the compositional depth profiles in evaporated layers of Pb1�xGexTe can be rea-
sonably explained.

Because it is often problematic to maintain a desired alloy in layers and over larger substrate
surfaces, therefore, an empirical procedure may be used to determine how to control the
composition of the layers by adjusting the composition of the bulk alloy.

Figure 6. A representative compositional depth profile for an evaporated layer, of which the measured elemental
concentrations are 42.92 � 0.55 for Pb, 54.96 � 0.90 for Te, and 2.12 � 0.74 for Ge, respectively (ref. [40], reuse permission
obtained from SPIE).
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peak wavelength of 11.30 μm and fabricated using ZnSe as the low-index layer. For its high-
index layers, the ingots of Pb1�xGexTe (x = 0.21) were used as the evaporants, from which the
layers with corresponding stoichiometry of (Pb0.86Ge0.14)0.46Te0.54 can be obtained using
molybdenum boat evaporation. It can be observed that when ambient temperature changes
from 300 to 85 K, a shift of peak wavelength of 0.05935 nm K�1 has been achieved for this
narrow bandpass interference filter.

3.3. Homogeneity of composition in evaporated layers of Pb1�xGexTe

It is commonly believed that the existence of inhomogeneity of composition in layers of Pb1�xGex
Te will have a disadvantageous influence on the performance of thin-film interference filters,
because the existence of graded Ge concentration profile in Pb1�xGexTe layers will lead into the
coexistence of ferroelectric and paraelectric phases at a fixed temperature associated with phase
transition as a function of Ge concentration and temperature [40]. Although Partin [41] observed
the Ge concentration profile in the layers of Pb1�xGexTe grown on (100) oriented PbTe single
crystal by molecular beam epitaxy from PbTe, GeTe, and Te source ovens, to the author’s best
knowledge, it has still not been clarified whether or not a Ge concentration gradient exists in the
layers of Pb1�xGexTe evaporated directly from bulk alloys. Therefore, the investigation on com-
positional depth profile in evaporated layers of Pb1�xGexTe is of a great significance.

In our investigation, the layers were deposited on silicon wafers using molybdenum boat
heating the ingots of Pb1�xGexTe, of which compositions were analyzed using energy-
dispersive X-ray analysis (EDAX) in a Hitachi S-520 scanning electron microscope. Depth
distribution of elements was measured by using a Microlab 301F Scanning Auger Microprobe
(SAM) system combined with a discontinuous ion sputtering mode at a base pressure below
8.0 � 10�8 Pa.

Figure 5. The spectral characteristics of a simple one-cavity Fabry-Perot filter measured in the temperature range of 85–300 K,
which was fabricated using Pb0.79Ge0.21Te as high-index evaporation material and ZnSe as low-index layers (ref. [35], reuse
permission obtained from OSA).
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The results from our investigation are not in agreement with those reported by Partin. In
Figure 6, a representative compositional depth profile was illustrated for an evaporated layer of
Pb1�xGexTe, of which the measured elemental concentrations are 42.92 � 0.55 for Pb,
54.96 � 0.90 for Te, and 2.12 � 0.74 for Ge, respectively. It can be observed that the Ge concen-
tration at the surface is lower than that of the stoichiometry, meanwhile, the Pb concentration
was distinctly higher. However, the Ge concentration increases from a Ge-deficient state at near
surface to the Ge-rich one at near substrate. At same depth, all concentrations of elements remain
balanced, that is, the increase of the Ge concentration must be accompanied with a decrease
of the Pb concentration. After removal of the upper layers with a thickness of about 300 nm,
the layer of Pb1�xGexTe transforms to the Te-deficient characteristic from the Te-rich one.
In addition, a stepwise change of elemental concentrations in the depth profile cannot be
detected in the layer.

In fact, the mechanism of evaporating from an alloy is much more complicated than that from
a single metal because of the different vapor pressures of their individual components. It is
much more possible that Ge partial pressure will change with the increasing of deposition time
because Ge is more volatile than other components, Pb and Te, in the Pb1�xGexTe alloy.
Thereby, Ge concentration in the evaporants will be gradually depleted and the deposition
process will result in a compositional gradient in the layers. As a consequence, the results
obtained in the compositional depth profiles in evaporated layers of Pb1�xGexTe can be rea-
sonably explained.

Because it is often problematic to maintain a desired alloy in layers and over larger substrate
surfaces, therefore, an empirical procedure may be used to determine how to control the
composition of the layers by adjusting the composition of the bulk alloy.

Figure 6. A representative compositional depth profile for an evaporated layer, of which the measured elemental
concentrations are 42.92 � 0.55 for Pb, 54.96 � 0.90 for Te, and 2.12 � 0.74 for Ge, respectively (ref. [40], reuse permission
obtained from SPIE).
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3.4. Compositional dependence of absorption edges in evaporated layers of Pb1�xGexTe
and tunable infrared short wavelength cutoff filters

An ideal cutoff filter should have small losses in the transmission region and high attenuation
or reflectance in the rejection region over an extended spectral range, which can be carried out
depending on interference or absorption [42]. Therefore, a cutoff filter may take a number of
different forms, such as interference cutoff filters and thin-film absorption filters.

A thin-filmabsorption filter usually has veryhigh rejection in the stop region and consists of a layer
of material which has an absorption edge at the required wavelength. It is usually short wave-
length cutoff in character. A layer of semiconductor that exhibits a very rapid transition from
opacity to transparency at the intrinsic absorption edge is a good example to make an excellent
thin-film short wavelength cutoff absorption filter. Nevertheless, as far as a layer of a certain
semiconductor, such as Ge or PbTe, is concerned, the absorption filter is inflexible in character and
the cutoffwavelength cannot be tuned, because of their fundamental optical properties. In order to
take advantage of the characteristic of deep rejection of thin-film absorption filters, it will be of
great significance to find out a semiconductor material, of which the absorption edge position can
be tuned bymeans of controlling the composition of its layers, to fabricate the absorption filter.

In our investigation, the layers were deposited on silicon wafers using molybdenum boat
heating the ingots of Pb1�xGexTe, of which compositions were analyzed using energy-
dispersive X-ray analysis (EDAX) in a Hitachi S-520 scanning electron microscope. The optical
transmission spectra of the layers were measured in the spectral range of 2.5–25 μm using a
Perkin Elmer Spectrum GX Fourier-Transform Infrared Spectrometer with a resolution of
8 cm�1 at normal incidence. The crystallographic structures of the layers were investigated by
X-ray-diffraction (XRD) using Cu Kα radiation on a D/max 2550 V diffractometer with an
accuracy of 0.02�. The single-phase nature and polycrystalline of the layers were revealed.
The composition dependence of positions of the fundamental absorption edges in the evapo-
rated layers of Pb1�xGexTe was explored. The aim is to elucidate that the tunability of the
cutoff wavelength in thin-film absorption filters can be reached if the controllability of the
composition of constituent layers can be carried out.

It is revealed that for the evaporated layers of Pb1�xGexTe with an identical Te concentration, the
absorption edges will shift toward short wavelength with the increase of Ge concentration x in
layers, an example was illustrated in Figure 7(a); furthermore, for those with a similar Ge concen-
tration within a small range of deviation, the edges will also shift toward the short wavelength
with Te concentration approach to stoichiometry, an example was illustrated in Figure 7(b).

Our investigation indicates that if the controllability of the composition of evaporated layers of
Pb1�xGexTe can be carried out, it will be possible to fabricate an infrared single-layer thin-film
absorption filter with the short wavelength cutoff at the required wavelength.

3.5. Compositional congruency, correlation and high-pressure polymorphism in electron-
beam evaporated layers of Pb1�xGexTe

Currently, evaporation, as a physical vapor deposition process, is still principally used in
optical coating industry, because of its simplicity, flexibility and relatively low cost; moreover,

Coatings and Thin-Film Technologies38

the enormous number of existing deposition systems [3]. However, it may be undesirable from
a practical viewpoint to evaporate compound semiconductors from a single source because the
vapor compositions of compound semiconductors are usually different from their nominal
compositions. As a consequence, the stoichiometry of the layers will differ generally from the
evaporants [43].

In our investigation, the ingots with different Ge concentrations were chosen and evaporated
using the molybdenum boat heating; meanwhile, the ingots with five Ge concentrations, x = 0.10,
0.14, 0.17, 0.20, and 0.22, together with PbTe, were evaporated using electron-beam heating. The
stoichiometry of the evaporated layers was determined using the energy-dispersive X-ray anal-
ysis from a Horiba EX-220 energy dispersive X-ray microanalyzer (model 6853-H) attached to a
Hitachi S-4300 cold field emission scanning electron microscope (FE-SEM) without coating the
surfaces.

In Figure 8(a), for the layers of Pb1�xGexTe evaporated using electron beam heating, the
change of Ge and Te concentration, that is, y and z, with the increasing of Ge concentration in
evaporants, x, was illustrated. Similarly, in order to make a clear comparison, for layers
evaporated using molybdenum boat heating, the dependence of y and z on x, was also
described in Figure 8(b).

It can be observed that Ge concentration y in layers evaporated using electron beam heating is
approaching to Ge concentration x of the ingots. A green line that designates an exact linear
relation y = x serves as a guideline for the eye in the figure. In comparison with the composi-
tional dependence presented in Figure 8(b) for the layers evaporated using molybdenum boat
heating, therefore, it can be concluded that electron beam evaporation is a more effective
congruent-transfer technique to deposit the layers of Pb1�xGexTe directly from the original
Pb1�xGexTe evaporants.

Furthermore, with an increasing of Ge concentration, it can be obviously observed that con-
centration of tellurium z gradually decreases in the layers evaporated using both electron beam

Figure 7. (a) An example to illustrate that the absorption edges will shift toward short wavelength with the increase of Ge
concentration x in layers and (b) an example for the edges will also shift toward the short wavelength with Te concentra-
tion approach to stoichiometry (ref. [42], reuse permission obtained from SPIE).
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3.4. Compositional dependence of absorption edges in evaporated layers of Pb1�xGexTe
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or reflectance in the rejection region over an extended spectral range, which can be carried out
depending on interference or absorption [42]. Therefore, a cutoff filter may take a number of
different forms, such as interference cutoff filters and thin-film absorption filters.
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of material which has an absorption edge at the required wavelength. It is usually short wave-
length cutoff in character. A layer of semiconductor that exhibits a very rapid transition from
opacity to transparency at the intrinsic absorption edge is a good example to make an excellent
thin-film short wavelength cutoff absorption filter. Nevertheless, as far as a layer of a certain
semiconductor, such as Ge or PbTe, is concerned, the absorption filter is inflexible in character and
the cutoffwavelength cannot be tuned, because of their fundamental optical properties. In order to
take advantage of the characteristic of deep rejection of thin-film absorption filters, it will be of
great significance to find out a semiconductor material, of which the absorption edge position can
be tuned bymeans of controlling the composition of its layers, to fabricate the absorption filter.
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heating the ingots of Pb1�xGexTe, of which compositions were analyzed using energy-
dispersive X-ray analysis (EDAX) in a Hitachi S-520 scanning electron microscope. The optical
transmission spectra of the layers were measured in the spectral range of 2.5–25 μm using a
Perkin Elmer Spectrum GX Fourier-Transform Infrared Spectrometer with a resolution of
8 cm�1 at normal incidence. The crystallographic structures of the layers were investigated by
X-ray-diffraction (XRD) using Cu Kα radiation on a D/max 2550 V diffractometer with an
accuracy of 0.02�. The single-phase nature and polycrystalline of the layers were revealed.
The composition dependence of positions of the fundamental absorption edges in the evapo-
rated layers of Pb1�xGexTe was explored. The aim is to elucidate that the tunability of the
cutoff wavelength in thin-film absorption filters can be reached if the controllability of the
composition of constituent layers can be carried out.

It is revealed that for the evaporated layers of Pb1�xGexTe with an identical Te concentration, the
absorption edges will shift toward short wavelength with the increase of Ge concentration x in
layers, an example was illustrated in Figure 7(a); furthermore, for those with a similar Ge concen-
tration within a small range of deviation, the edges will also shift toward the short wavelength
with Te concentration approach to stoichiometry, an example was illustrated in Figure 7(b).

Our investigation indicates that if the controllability of the composition of evaporated layers of
Pb1�xGexTe can be carried out, it will be possible to fabricate an infrared single-layer thin-film
absorption filter with the short wavelength cutoff at the required wavelength.

3.5. Compositional congruency, correlation and high-pressure polymorphism in electron-
beam evaporated layers of Pb1�xGexTe

Currently, evaporation, as a physical vapor deposition process, is still principally used in
optical coating industry, because of its simplicity, flexibility and relatively low cost; moreover,
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the enormous number of existing deposition systems [3]. However, it may be undesirable from
a practical viewpoint to evaporate compound semiconductors from a single source because the
vapor compositions of compound semiconductors are usually different from their nominal
compositions. As a consequence, the stoichiometry of the layers will differ generally from the
evaporants [43].

In our investigation, the ingots with different Ge concentrations were chosen and evaporated
using the molybdenum boat heating; meanwhile, the ingots with five Ge concentrations, x = 0.10,
0.14, 0.17, 0.20, and 0.22, together with PbTe, were evaporated using electron-beam heating. The
stoichiometry of the evaporated layers was determined using the energy-dispersive X-ray anal-
ysis from a Horiba EX-220 energy dispersive X-ray microanalyzer (model 6853-H) attached to a
Hitachi S-4300 cold field emission scanning electron microscope (FE-SEM) without coating the
surfaces.

In Figure 8(a), for the layers of Pb1�xGexTe evaporated using electron beam heating, the
change of Ge and Te concentration, that is, y and z, with the increasing of Ge concentration in
evaporants, x, was illustrated. Similarly, in order to make a clear comparison, for layers
evaporated using molybdenum boat heating, the dependence of y and z on x, was also
described in Figure 8(b).

It can be observed that Ge concentration y in layers evaporated using electron beam heating is
approaching to Ge concentration x of the ingots. A green line that designates an exact linear
relation y = x serves as a guideline for the eye in the figure. In comparison with the composi-
tional dependence presented in Figure 8(b) for the layers evaporated using molybdenum boat
heating, therefore, it can be concluded that electron beam evaporation is a more effective
congruent-transfer technique to deposit the layers of Pb1�xGexTe directly from the original
Pb1�xGexTe evaporants.

Furthermore, with an increasing of Ge concentration, it can be obviously observed that con-
centration of tellurium z gradually decreases in the layers evaporated using both electron beam

Figure 7. (a) An example to illustrate that the absorption edges will shift toward short wavelength with the increase of Ge
concentration x in layers and (b) an example for the edges will also shift toward the short wavelength with Te concentra-
tion approach to stoichiometry (ref. [42], reuse permission obtained from SPIE).
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and resistance heating. As a consequence, the Te-rich characteristics presented in the layers
will shift into the Te-deficient one with the increasing of Ge concentration.

Perhaps, the congruency in the process of evaporation of Pb1�xGexTe using electron beam
heating of ingots can be attributed to the “ablation” characteristics of electron beam evapora-
tion and lower thermal conductivity of the PbTe-based alloy. A significant feature of an
electron beam evaporator is its ability to concentrate a large amount of power onto a small
area of the surface of evaporants, independent of materials being heated. Usually when the
evaporants are heated, water cooling is supplied to the crucible to remove the heat which
escapes by conduction through the evaporants and liner. In addition, it has been well accepted
that PbTe-based alloys constitute a category of materials with excellent thermoelectric figure of
merit, zT, because PbTe has a rather lower value of thermal conductivity (2.3 W m�1 K�1) [44].
Therefore, when electron beam is focused on the surface of the ingots of Pb1�xGexTe, the heat is
hardly conducted out and a great temperature gradient is established in the ingots accompa-
nied by the water-cooled crucible. As a consequence, due to the absorption of high energy
density by only a small fraction of the ingots irradiated by electron beam, the evaporation
behaves like “ablation” with a nonequilibrium nature, at which energy absorbed is much
higher than that needed for evaporation, namely, vaporization is independent on the vapor
pressures of the constituents.

Furthermore, in our investigation, an assumption can also be proposed to explain the composi-
tional correlation observed in the layers of Pb1�xGexTe. It has been well known that the ionic
radii of Ge and Pb are 0.73 and 1.2 Å, respectively; therefore, Pb1�xGexTe belongs to a class of
alloys in which a substitutional atom has a size significantly smaller than that of the host atom it
replaces. In such a “diluted” alloy, the addition of even a very small number of substitutional
atoms will lead to a substantial change in their physical properties. For example, although PbTe
itself is not ferroelectric, the addition of even 0.05% Ge to PbTe will induce a structural transition
[24]. It is obvious that in such a ternary alloy, due to the substitution of Ge ions for Pb ions, two

Figure 8. The change of Ge concentration y and Te concentration z in the layers with the increasing Ge concentration in
evaporants x, (a) evaporated using electron beam heating, a green line that designates an exact linear relation y = x serves
as a guideline for the eye; (b) evaporated using molybdenum boat heating, a green line that designates an exact linear
relation y = x, and a blue line that represents an exact stoichiometry z = 50 for Te concentration in thin films serves as
guideline for the eyes, respectively (ref. [43], reuse permission obtained from Elsevier).
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types of nearest-neighbor bonds, Pb—Te and Ge—Te, must be concerned. Thus, if only the
strength of a Ge—Te bond is weaker than that of Pb—Te bond, the amount of Te ions which are
incorporated into the system of Pb1�xGexTe will decrease with the increasing of Ge concentration
in the layers.

Our assumption can be supported from the experimental data of bond energies reported
by Rao and Mohan [45]. It is pointed out that Ge—Te has a bond energy of 1.87 eV, whereas
Pb—Te has a bond energy of 1.90 eV; therefore, Ge ions cannot “hold” Te ions as tight as Pb
ions do. When the more Ge ions are placed on the Pb site, the more Te ions will “escape.”
Therefore, the gradual decreasing of Te concentration will make a Te-rich characteristic in
layers shift into a Te-deficient one.

In Figure 9, the patterns of XRD analysis were demonstrated for the layers evaporated using
electron beam heating the ingots with Ge concentration x = 0.10, 0.14, 0.17, 0.20, and 0.22,
respectively. It is worthwhile to note that the results for the layers evaporated from ingots with
x = 0.22 have some important features. First of all, a new peak can be found, which corre-
sponds to the strongest (111) reflection of rock salt-type structure of GeTe (space-group o5h) as
referred in JCPDS card number 65-0315. Although the intensity is weak, it can be revealed that

Figure 9. The patterns of XRD analysis for layers evaporated using electron beam heating from ingots with Ge concen-
tration x = 0.10, 0.14, 0.17, 0.20, and 0.22 (ref. [43], reuse permission obtained from Elsevier).
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and resistance heating. As a consequence, the Te-rich characteristics presented in the layers
will shift into the Te-deficient one with the increasing of Ge concentration.

Perhaps, the congruency in the process of evaporation of Pb1�xGexTe using electron beam
heating of ingots can be attributed to the “ablation” characteristics of electron beam evapora-
tion and lower thermal conductivity of the PbTe-based alloy. A significant feature of an
electron beam evaporator is its ability to concentrate a large amount of power onto a small
area of the surface of evaporants, independent of materials being heated. Usually when the
evaporants are heated, water cooling is supplied to the crucible to remove the heat which
escapes by conduction through the evaporants and liner. In addition, it has been well accepted
that PbTe-based alloys constitute a category of materials with excellent thermoelectric figure of
merit, zT, because PbTe has a rather lower value of thermal conductivity (2.3 W m�1 K�1) [44].
Therefore, when electron beam is focused on the surface of the ingots of Pb1�xGexTe, the heat is
hardly conducted out and a great temperature gradient is established in the ingots accompa-
nied by the water-cooled crucible. As a consequence, due to the absorption of high energy
density by only a small fraction of the ingots irradiated by electron beam, the evaporation
behaves like “ablation” with a nonequilibrium nature, at which energy absorbed is much
higher than that needed for evaporation, namely, vaporization is independent on the vapor
pressures of the constituents.

Furthermore, in our investigation, an assumption can also be proposed to explain the composi-
tional correlation observed in the layers of Pb1�xGexTe. It has been well known that the ionic
radii of Ge and Pb are 0.73 and 1.2 Å, respectively; therefore, Pb1�xGexTe belongs to a class of
alloys in which a substitutional atom has a size significantly smaller than that of the host atom it
replaces. In such a “diluted” alloy, the addition of even a very small number of substitutional
atoms will lead to a substantial change in their physical properties. For example, although PbTe
itself is not ferroelectric, the addition of even 0.05% Ge to PbTe will induce a structural transition
[24]. It is obvious that in such a ternary alloy, due to the substitution of Ge ions for Pb ions, two

Figure 8. The change of Ge concentration y and Te concentration z in the layers with the increasing Ge concentration in
evaporants x, (a) evaporated using electron beam heating, a green line that designates an exact linear relation y = x serves
as a guideline for the eye; (b) evaporated using molybdenum boat heating, a green line that designates an exact linear
relation y = x, and a blue line that represents an exact stoichiometry z = 50 for Te concentration in thin films serves as
guideline for the eyes, respectively (ref. [43], reuse permission obtained from Elsevier).

Coatings and Thin-Film Technologies40

types of nearest-neighbor bonds, Pb—Te and Ge—Te, must be concerned. Thus, if only the
strength of a Ge—Te bond is weaker than that of Pb—Te bond, the amount of Te ions which are
incorporated into the system of Pb1�xGexTe will decrease with the increasing of Ge concentration
in the layers.

Our assumption can be supported from the experimental data of bond energies reported
by Rao and Mohan [45]. It is pointed out that Ge—Te has a bond energy of 1.87 eV, whereas
Pb—Te has a bond energy of 1.90 eV; therefore, Ge ions cannot “hold” Te ions as tight as Pb
ions do. When the more Ge ions are placed on the Pb site, the more Te ions will “escape.”
Therefore, the gradual decreasing of Te concentration will make a Te-rich characteristic in
layers shift into a Te-deficient one.

In Figure 9, the patterns of XRD analysis were demonstrated for the layers evaporated using
electron beam heating the ingots with Ge concentration x = 0.10, 0.14, 0.17, 0.20, and 0.22,
respectively. It is worthwhile to note that the results for the layers evaporated from ingots with
x = 0.22 have some important features. First of all, a new peak can be found, which corre-
sponds to the strongest (111) reflection of rock salt-type structure of GeTe (space-group o5h) as
referred in JCPDS card number 65-0315. Although the intensity is weak, it can be revealed that

Figure 9. The patterns of XRD analysis for layers evaporated using electron beam heating from ingots with Ge concen-
tration x = 0.10, 0.14, 0.17, 0.20, and 0.22 (ref. [43], reuse permission obtained from Elsevier).
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a secondary phase GeTe emerges in the layers. Furthermore, the strongest reflection is different
from that in the layers of Pb1�xGexTe with a high temperature paraelectric phase. A strongest
peak is expected to occur at 2θ = 27.58�, which stands for the (200) plane in PbTe and discloses
a highly textured with (001) plane parallel to the silicon substrate. However, the strongest
reflection can be attributed to a (111) reflection of substrate silicon (space-group o5h) and (104)
reflection of a highly symmetric body-centered cubic (bcc) structure Te-V (space-group o9h). In
order to make a clear elucidation, the position and intensity of reflections given in the JCPDS
cards for rock salt-type PbTe and bcc structure Te-V were also added in Figure 9, respectively.
Therefore, it can be concluded that high-pressure phases for GeTe and Te compounds are also
presented in evaporated layers of Pb1�xGexTe, which are commonly generated at the higher
pressure applying hydrostatic pressure (such as diamond anvil cell) or shock loaded tech-
niques. Perhaps, the transition from the disorder to the order in the system of Pb1�xGexTe,
which is responsible for ferroelectric phase transition, induces high pressure polymorphism in
evaporated layers. Of course, more evidence is furthermore needed.

3.6. The mechanical properties of evaporated layers of Pb1�xGexTe

As far as the single-crystal of PbTe is concerned, the microhardness is relatively a constant of
�30 HV for the various carrier concentrations [46, 47]. To the author’s best knowledge, no data
is reported on hardness of layer of PbTe. However, a layer of PbTe is so soft that it can be
scratched easily. As a consequence, an infrared thin-film interference filters consisting of the
layers of PbTe is not robust enough to withstand the damage originated from standard wafer
dicing processing, such as “from wafer to chips,” even if more robust low-index materials, like
ZnSe or ZnS, are chosen as an outermost layer.

Therefore, as a solution to the problem in integrating of the standard semiconductor process
into the mass-production of infrared thin-film interference filters, a new infrared high-index
coating material is needed to deposit the more robust high-index layers to withstand the
damages in wafer dicing processing. It is necessary to investigate the mechanical properties of
evaporated layers of Pb1�xGexTe.

In our investigation, the layers of Pb1�xGexTe were deposited on silicon wafers using electron
beam evaporation, of which compositions were analyzed using energy-dispersive X-ray anal-
ysis (EDAX) in a Horiba EX-220 energy-dispersive X-ray microanalyzer (model 6853-H)
attached to the FE-SEM without coating the surfaces of the layers. Nanoindentation measure-
ments were performed using a Nano Indenter G200 with a three-side pyramidal Berkovich
diamond indenter of 50 nm radius under the continuous stiffness measurement (CSM) option.
At least 10 indents were performed on each layer with a maximum load of 13 mN, accompa-
nied with a corresponding indentation depth no more than 500 nm. Following the analytic
method proposed by Oliver and Pharr [48], the average values and standard deviations of the
hardness and Young’s modulus of thin films were extracted from the load–displacement
results.

It can be revealed that the layers of Pb1�xGexTe have greater values of hardness and Young’s
modulus compared with those of PbTe. For example, from Figure 10(a), it can be found that
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the hardness of the layer of Pb0.83Ge0.17Te is three times as great as that of PbTe; meanwhile,
Young’s modulus is twice greater than that of PbTe, as seen in Figure 10(b). Therefore, a
conclusion can be drawn that a mechanically robust infrared high-index layer can be obtained
using Pb1�xGexTe as evaporation materials.

These mechanical behaviors of layers of Pb1�xGexTe can be linked to the ferroelectric phase
transition. Moreover, the strength loss in the layers can be also explained in light of strong
localized elastic-strain fields in concentrated solid solutions.

4. Conclusion

Since Seeley et al. begun the employment of PbTe into the design and manufacture of infrared
thin-film interference filters in Infrared Multilayer Laboratory at the University of Reading in
1960s, half of a century has passed. Nowadays, PbTe is still the first choice for the design of
infrared thin-film interference filters operating in the long wavelength infrared both at room
and cryogenic temperature. In the beginning of this century, aiming at the further improve-
ment of the performance of PbTe, the investigations into Pb1�xGexTe were started up in
Shanghai Institute of Technical Physics, Chinese Academy of Sciences. Nowadays, many fruits
have been harvested after more than a decade passed.

First of all, it can be concluded that the electron beam evaporation can prove itself a promising
powerful tool to make sure the congruent-deposition of the layers of Pb1�xGexTe directly from
original Pb1�xGexTe evaporants. Therefore, because the controllability of the composition of
evaporated layers of Pb1�xGexTe can be carried out, Pb1�xGexTe will be a prospective infrared
high-index material in thin-film interference filters, due to its tunable optical properties
corresponding to its intrinsic ferroelectric phase transition, such as temperature coefficient of
refractive index and fundamental absorption edge. Furthermore, because the layers of Pb1�xGexTe

Figure 10. A comparison of the hardness and Young’s modulus of the layers evaporated from ingots with three Ge
concentrations x, 0.10, 0.17, and 0.22, to those of PbTe: (a) the hardness and (b) the Young’s modulus (ref. [46], reuse
permission obtained from Springer).
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a secondary phase GeTe emerges in the layers. Furthermore, the strongest reflection is different
from that in the layers of Pb1�xGexTe with a high temperature paraelectric phase. A strongest
peak is expected to occur at 2θ = 27.58�, which stands for the (200) plane in PbTe and discloses
a highly textured with (001) plane parallel to the silicon substrate. However, the strongest
reflection can be attributed to a (111) reflection of substrate silicon (space-group o5h) and (104)
reflection of a highly symmetric body-centered cubic (bcc) structure Te-V (space-group o9h). In
order to make a clear elucidation, the position and intensity of reflections given in the JCPDS
cards for rock salt-type PbTe and bcc structure Te-V were also added in Figure 9, respectively.
Therefore, it can be concluded that high-pressure phases for GeTe and Te compounds are also
presented in evaporated layers of Pb1�xGexTe, which are commonly generated at the higher
pressure applying hydrostatic pressure (such as diamond anvil cell) or shock loaded tech-
niques. Perhaps, the transition from the disorder to the order in the system of Pb1�xGexTe,
which is responsible for ferroelectric phase transition, induces high pressure polymorphism in
evaporated layers. Of course, more evidence is furthermore needed.

3.6. The mechanical properties of evaporated layers of Pb1�xGexTe

As far as the single-crystal of PbTe is concerned, the microhardness is relatively a constant of
�30 HV for the various carrier concentrations [46, 47]. To the author’s best knowledge, no data
is reported on hardness of layer of PbTe. However, a layer of PbTe is so soft that it can be
scratched easily. As a consequence, an infrared thin-film interference filters consisting of the
layers of PbTe is not robust enough to withstand the damage originated from standard wafer
dicing processing, such as “from wafer to chips,” even if more robust low-index materials, like
ZnSe or ZnS, are chosen as an outermost layer.

Therefore, as a solution to the problem in integrating of the standard semiconductor process
into the mass-production of infrared thin-film interference filters, a new infrared high-index
coating material is needed to deposit the more robust high-index layers to withstand the
damages in wafer dicing processing. It is necessary to investigate the mechanical properties of
evaporated layers of Pb1�xGexTe.

In our investigation, the layers of Pb1�xGexTe were deposited on silicon wafers using electron
beam evaporation, of which compositions were analyzed using energy-dispersive X-ray anal-
ysis (EDAX) in a Horiba EX-220 energy-dispersive X-ray microanalyzer (model 6853-H)
attached to the FE-SEM without coating the surfaces of the layers. Nanoindentation measure-
ments were performed using a Nano Indenter G200 with a three-side pyramidal Berkovich
diamond indenter of 50 nm radius under the continuous stiffness measurement (CSM) option.
At least 10 indents were performed on each layer with a maximum load of 13 mN, accompa-
nied with a corresponding indentation depth no more than 500 nm. Following the analytic
method proposed by Oliver and Pharr [48], the average values and standard deviations of the
hardness and Young’s modulus of thin films were extracted from the load–displacement
results.

It can be revealed that the layers of Pb1�xGexTe have greater values of hardness and Young’s
modulus compared with those of PbTe. For example, from Figure 10(a), it can be found that
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the hardness of the layer of Pb0.83Ge0.17Te is three times as great as that of PbTe; meanwhile,
Young’s modulus is twice greater than that of PbTe, as seen in Figure 10(b). Therefore, a
conclusion can be drawn that a mechanically robust infrared high-index layer can be obtained
using Pb1�xGexTe as evaporation materials.

These mechanical behaviors of layers of Pb1�xGexTe can be linked to the ferroelectric phase
transition. Moreover, the strength loss in the layers can be also explained in light of strong
localized elastic-strain fields in concentrated solid solutions.

4. Conclusion

Since Seeley et al. begun the employment of PbTe into the design and manufacture of infrared
thin-film interference filters in Infrared Multilayer Laboratory at the University of Reading in
1960s, half of a century has passed. Nowadays, PbTe is still the first choice for the design of
infrared thin-film interference filters operating in the long wavelength infrared both at room
and cryogenic temperature. In the beginning of this century, aiming at the further improve-
ment of the performance of PbTe, the investigations into Pb1�xGexTe were started up in
Shanghai Institute of Technical Physics, Chinese Academy of Sciences. Nowadays, many fruits
have been harvested after more than a decade passed.

First of all, it can be concluded that the electron beam evaporation can prove itself a promising
powerful tool to make sure the congruent-deposition of the layers of Pb1�xGexTe directly from
original Pb1�xGexTe evaporants. Therefore, because the controllability of the composition of
evaporated layers of Pb1�xGexTe can be carried out, Pb1�xGexTe will be a prospective infrared
high-index material in thin-film interference filters, due to its tunable optical properties
corresponding to its intrinsic ferroelectric phase transition, such as temperature coefficient of
refractive index and fundamental absorption edge. Furthermore, because the layers of Pb1�xGexTe

Figure 10. A comparison of the hardness and Young’s modulus of the layers evaporated from ingots with three Ge
concentrations x, 0.10, 0.17, and 0.22, to those of PbTe: (a) the hardness and (b) the Young’s modulus (ref. [46], reuse
permission obtained from Springer).
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have superior mechanical properties, such as the hardness and Young’s modulus, to those of
PbTe, an infrared thin-film interference filters consisting of them will be robust enough to with-
stand the damage originated from standard wafer dicing processing. As a consequence, the
integration of the standard semiconductor process into the mass-production of infrared thin-film
interference filters can be also realized.

In addition, one main challenge that needs to be addressed is the toxicity of lead and tellurium.
In particular, some issues are concerned regarding the massive use of them in technology due
to the toxicity, high costs, and scarcity. In fact, as far as an infrared thin-film interference filter is
concerned, the low-index materials, like ZnSe or ZnS, are chosen as an outermost layer so that
the layers of PbTe or Pb1�xGexTe are extremely well encapsulated between two adjacent layers
of ZnSe or ZnS, followed by careful edge sealing, in order to reduce the hazards of Pb and Te
exposure. Furthermore, at the end of the module lifetime, it is important to ensure that all
materials be recycled, as already happens for all of the products of infrared thin-film interfer-
ence filters. However, it would be desirable to find alternatives which retain the unique optical
properties of PbTe and Pb1�xGexTe. Currently, an investigation is in progress in Shanghai
Institute of Technical Physics, Chinese Academy of Sciences to seek an environmentally-
friendly, cost-efficient alternative to PbTe-based infrared high-index coating materials.
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Abstract

Organic coatings are widely utilized to protect metals from corrosion and inevitably suf-
fer degradation due to exposure to surroundings. Electrochemical technology is suitable 
for evaluating the protective performance of organic coatings since it has the advantages 
in rapidity and in-situ measurement. In this chapter, several electrochemical measure-
ment technologies including open circuit potential (OCP), linear polarization resistance 
(LPR), electrochemical impedance spectroscopy (EIS) as well as electrochemical noise 
(EN) are introduced as ideal methods for acquiring mechanistic information about the 
failure behavior of the painted metal. The research status on measuring configurations, 
choosing data acquisition parameters and analytical methods are also discussed.

Keywords: organic coatings, open circuit potential, electrochemical impedance 
spectroscopy, electrochemical noise

1. Introduction

Organic coatings mostly have dual uses of protecting the substrate and being decorative. 
Concerning the engineering purposes, organic coating is presumably only for the function 
of preventing metal corrosion, which is an effective means for the corrosion protection of 
marine, pipeline, bridge and so on [1]. However, coating degradation is always inevitable, 
due to the inherent nature and the preparation process of organic coatings. The protective 
function loses gradually when exposed to the corrosion environment, and it often cannot 
be detected in time, resulting in undetectable corrosion destruction of the metal beneath the 
coating. Therefore, developing an in-situ evaluation technique for the protective performance 
of coatings is an urgent demand presently.
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The principle of corrosion of bare metal (active dissolution) in the electrolyte aqueous solu-
tion or in the humid environment is the balancing electrochemical reactions, i.e., the anodic 
reaction, e.g., metal dissolution (M → Mn+ + ne−) and the associated cathodic reaction, e.g., 
oxygen reduction (O2 + 2H2O + 4e− → 4OH−). When it comes to the metal coated with an 
organic coating, the above electrochemical corrosion also occurs. Firstly, water permeates into 
the coating along the pores and defects of fillers/binder interface. Subsequently, the oxygen 
and the dissolved ions penetrate into the coating; thus, the corrosive medium solution forms 
on the coating/metal interface, resulting in the occurrence of electrochemical reactions [2]. The 
rate determining step in controlling the electrochemical reaction should be the diffusion rate 
of ions through the coating [3]. The locations of anode and cathode areas are separate on the 
surface of metal substrate, due to the inhomogeneity of transport of the corrosive medium 
(Figure 1). In conclusion, the protective performance of organic coating can be reflected by the 
corrosion of metal substrate. This is the reason that electrochemical measurement technolo-
gies are valid for the evaluation of the coated metals.

Compared with the routine test methods for coating evaluation, electrochemical measure-
ment technologies have many unique advantages [4]. First, the measuring process is fast, 
and the instruments are relatively simple. Second, electrochemical methods achieve the quan-
titative or semi-quantitative evaluation for the protection level. The accurate results of the 
analysis are superior to other performance tests. More importantly, the in-situ examination 
of organic coatings makes it possible for continuous monitoring in the field. In this chapter, 
several electrochemical measurement technologies including open circuit potential (OCP), 
linear polarization resistance (LPR), electrochemical impedance spectroscopy (EIS) as well 
as electrochemical noise (EN), are introduced for assessing the performance and acquiring 
mechanistic information on the failure behavior of the painted metal. Although application of 
these technologies is relatively mature in the lab, lots of significant challenges still exist in the 
field evaluation, and the corresponding considerations are required. The aim of this review is 
to summarize the specific characteristics of electrochemical technologies, the data parameters 
and the analytical methods, which can assist the application for anti-corrosive evaluation of 
organic coatings.

Figure 1. (a) Illustration diagram of electrochemical corrosion process of coating/metal system and (b) optical picture of 
the corrosion morphology of coated metal.
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2. Open circuit potential method

OCP is a simple but important parameter in the research of corrosion and protection, which is 
the potential of a working electrode (WE) when no external current is applied to the circuit [5]. 
As a fundamental electrochemical method for assessing the anti-corrosion performance of coat-
ing/metal system, it is generally recognized that the OCP of coated metal is more positive than 
that of the bare metal [6]. Gowri and Balakrishnan [7] confirmed that their greatest corrosion 
resistant specimen showed a more positive value in potential than other coated samples on gen-
eral levels. There are several factors that affect the potential of coated metals, and the resistance 
of the film is the most significant one. Besides, there are corrosion products of local anode and 
cathode (for example, rising concentrations of Fe2+ and OH− due to their slow dispersion), the 
cathodic protection by some active pigments, etc. Deya et al. [8] showed that the OCP of alkyd 
coating varied jointly with ionic resistance and changed toward less negative values in cases of 
coatings with high ionic resistance. Liu et al. [9] measured the OCP of aluminum alloy specimens 
coated with 2 wt.% polyaniline (PANI) epoxy coating over 40 h (Figure 2). During the initial 20 h, 
the potential rapidly became negative. After this period, the potential gradually increased up to 
48 h. It concluded that the protection mechanism of coating changed from barrier inhibition to 
ionic resistance by the formation of a complete oxide layer during immersion time.

A tracking measurement of OCP can reflect the corrosion process of metal substrate. Murray 
[6] reported the typical epoxy coated sample potential-time data through 3000 h of exposure 
to the ASTM-D-1141 substitute ocean water test solution. Figure 3 shows the OCP curve of 
epoxy mica coating/steel system in 3.5 wt.% NaCl solution under alternating hydrostatic pres-
sure (AHP) condition [10]. OCP of the coating as a whole has a negative relationship with 
immersion time. Three stages are found in the measurement. First, there is a large fluctuation 
appearing in the first 24 h, the OCP decreases to the minimum point from 0.52 V (vs. Ag/
AgCl) to −0.41 V (vs. Ag/AgCl), and then rebounds to about 0.2 V (vs. Ag/AgCl) rapidly. 

Figure 2. OCP curve for 2 wt.% PANI coated aluminum in 3.5% NaCl solution for 48 h [8].
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This may be attributed to the water permeation at this time, and the conductive paths for 
electrolyte diffusion have been created. From 25 h to about 130 h, the OCP shows decrease 
tendency in fluctuations. It suggested that the coating starts to deteriorate, and the substrate 
under coating is corroding at a low rate. However, a significant decline in the value of OCP 
can be obtained after 130 h, and the OCP reaches to −0.53 V (vs. Ag/AgCl). This implied that 
the steel suffered from serious corrosion and the coating obviously degenerated. The rapid 
changes in OCP are much earlier than visible corrosion products on the surface of substrate.

Sometimes OCP is observed to fluctuate up and down in the initial time. This can attribute to 
a change in the ratio of local anodic area to cathodic area. Mayne described OCP fluctuations 
of coated steel by the concept of an iR drop across the coating. It suggested that an iR drop 
at the anodic and cathodic areas is a criterion for determination of the corrosion potential of 
coated specimens [5]. In general, anodic areas are quite smaller than cathodic areas at the 
early stage. Thus, the potential is more positive. However, with an increase in anodic sites 
during immersion, the corrosion potential becomes more negative. In short, OCP is an effec-
tive semi-quantitative method for coating evaluation, which is also utilized to confirm the 
results of EIS in many researches.

3. Linear polarization method

Linear polarization (LP) is one of the most commonly used electrochemical methods for the 
rapid test of metal corrosion rate. The characteristics of LP are sensitive and fast, which are 
suitable for the corrosion system in any electrolytes. The surface state of the sample would 
not be damaged due to a small polarization current, which is appropriate for the measure-
ment of the anti-corrosion properties of the coated metals. The principle of LP technique is 

Figure 3. OCP curve for epoxy mica coating/steel system under AHP [9].
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applying current polarization on the WE, the electrode potential of WE would change near 
the self-corrosion potential (about ±20 mV); thus, a linear relationship between ΔE and ΔI can 
be obtained at this point according to the Stern and Geary theory [11]. In the active corrosion 
system, there is a mathematical relation as follows:

   R  p   =   ΔE ___ ΔI   =   
 b  a    b  c   __________ 2.303 ( b  a   +  b  c  ) 

   ×   1 __  i  c  
    (1)

where Rp is the polarization resistance, ΔE and ΔI are the polarization potential and polarization 
current density, respectively; ic is the self-corrosion current density, ba and bc are Tafel constants. 
The higher value of the resistance, the smaller corrosion rate, thus the corrosion resistance of 
the coating can be evaluated by Rp value. In general, the measured R values of the coating/metal 
system actually contain the polarization resistance, coating resistance, resistance of the lead, 
film resistance of the substrate and solution resistance, which are comprehensive test results. 
Therefore, the LP method provides comprehensive information for the evaluation of the coat-
ing/metal system, which can be used as a reference. It should be pointed out that a lot of heavy-
duty corrosion protective coatings tend to reach hundreds of micrometers thick. The LP method 
may not work very well due to a large coating resistance (above 106 Ω·cm2), but except some 
active pigment contained coatings, such as zinc-rich powder coatings [12]. The researches on 
long range change in the removal of current from the coating under cathodic protection condi-
tions and short range currents measured after pulsing the sample also have been reported [6].

4. Electrochemical impedance spectroscopy method

As early as 1980s, researchers have started using EIS to investigate the protective properties and 
deterioration of organic coatings. EIS can get the information of coating/metal systems in differ-
ent frequency bands. According to the calculation of coating capacitance and coating resistance, 
information of coating body can be quantitatively acquired. The double-layer capacitance and 
charge-transfer resistance also reflect the corrosion process of metal substrate. Therefore, EIS 
becomes the main method to assess coating performance among the electrochemical techniques.

The electrochemical behavior of measured coating/metal system (i.e., the coated metal elec-
trode) is different compared with that of bare metal. Due to a wider linear response region of 
coating/metal system, EIS tests were usually performed in the frequency range from 100 kHz 
to 10 mHz. In addition, organic coating is often a high impedance system, the impedance 
modulus of coating can reach 1011 Ω·cm2. Thus, a larger value in sinusoidal voltage is applied 
than that of bare metal, to avoid the errors caused by potential drift and improve the signal-
noise ratio. Generally, 20 mV (rms) amplitude coupled with OCP is enough for coating sys-
tem. When the coating has a higher impedance, a higher sinusoidal perturbance should be 
used. No more than 50 mV (rms) is accepted, otherwise the electrochemical process will be 
artificially changed. For the continued EIS tests, a special flat plate test cell was developed, 
which consists of a horizontally positioned coated-flat plate specimen, a clamped, O-ring seal 
and a glass tube [13]. A Faraday cage is often utilized to effectively reduce the instrumentation 
and ambience interferences when EIS is applied in the lab and in the field [14].
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This may be attributed to the water permeation at this time, and the conductive paths for 
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early stage. Thus, the potential is more positive. However, with an increase in anodic sites 
during immersion, the corrosion potential becomes more negative. In short, OCP is an effec-
tive semi-quantitative method for coating evaluation, which is also utilized to confirm the 
results of EIS in many researches.

3. Linear polarization method

Linear polarization (LP) is one of the most commonly used electrochemical methods for the 
rapid test of metal corrosion rate. The characteristics of LP are sensitive and fast, which are 
suitable for the corrosion system in any electrolytes. The surface state of the sample would 
not be damaged due to a small polarization current, which is appropriate for the measure-
ment of the anti-corrosion properties of the coated metals. The principle of LP technique is 
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may not work very well due to a large coating resistance (above 106 Ω·cm2), but except some 
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long range change in the removal of current from the coating under cathodic protection condi-
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deterioration of organic coatings. EIS can get the information of coating/metal systems in differ-
ent frequency bands. According to the calculation of coating capacitance and coating resistance, 
information of coating body can be quantitatively acquired. The double-layer capacitance and 
charge-transfer resistance also reflect the corrosion process of metal substrate. Therefore, EIS 
becomes the main method to assess coating performance among the electrochemical techniques.

The electrochemical behavior of measured coating/metal system (i.e., the coated metal elec-
trode) is different compared with that of bare metal. Due to a wider linear response region of 
coating/metal system, EIS tests were usually performed in the frequency range from 100 kHz 
to 10 mHz. In addition, organic coating is often a high impedance system, the impedance 
modulus of coating can reach 1011 Ω·cm2. Thus, a larger value in sinusoidal voltage is applied 
than that of bare metal, to avoid the errors caused by potential drift and improve the signal-
noise ratio. Generally, 20 mV (rms) amplitude coupled with OCP is enough for coating sys-
tem. When the coating has a higher impedance, a higher sinusoidal perturbance should be 
used. No more than 50 mV (rms) is accepted, otherwise the electrochemical process will be 
artificially changed. For the continued EIS tests, a special flat plate test cell was developed, 
which consists of a horizontally positioned coated-flat plate specimen, a clamped, O-ring seal 
and a glass tube [13]. A Faraday cage is often utilized to effectively reduce the instrumentation 
and ambience interferences when EIS is applied in the lab and in the field [14].
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4.1. Physical model of EIS and its evolution in the failure process of coating/metal 
system

There are two basic purposes of EIS measurement for organic coatings. One is the equivalent 
electrical circuit (EEC) model by fitting analysis. Furthermore, the evolution of failure pro-
cess of coating/metal system can be reflected by different equivalent circuit models. Another 
purpose is to obtain some of the electrical parameters for evaluating on the protective perfor-
mance of the coatings. The choice of physical model should follow the features of EIS plots 
and coating structure. Different kinds of organic coatings (involving the binder and even 
pigment) or the same coating in different service environments may have disparate EIS plots. 
Therefore, the physical models are impossible to have only a few fixed forms. Nonetheless, 
some typical stages in the coating failure process can be concluded by EIS analysis. It is gen-
erally accepted that the electrochemical behavior of coated metals during their exposure to 
aqueous solution at ambient temperature involves the penetration of water electrolyte, elec-
trochemical reaction on the interface and further deterioration of the protectiveness (forma-
tion of under film corrosion, growth of blisters, delamination of paint film and so on), which 
finally culminates in the complete failure of the coatings [15]. Liu et al. [16] measured the EIS 
of epoxy varnish coating at different immersion time. The result indicated that there were two 
basic stages of coating failure, i.e., the single capacitance arc stage and double capacitance arc 
stage, which implied that water was absorbed into the coating after initial immersion (the 
single capacitance arc stage), and then electrochemical corrosion started when water arrived 
at the interface between the coating and the steel (double capacitance arcs stage). During the 
second stage, the reaction rate determining step was controlled by corrosion.

Although the EEC models of coating systems are quite different, the failure process of coating 
can be determined according to some typical parameters, such as the time-constant, coating 
capacitance and coating resistance. At the initial period of immersion, the electrolyte perme-
ates in the coating but has not reached the coating/metal interface yet. The EEC model with 
only one time-constant can be used due to the great barrier properties of coating. The coating 
capacitance increases meanwhile the coating resistance decreases with increasing immersion 
time. In the medium term, water diffuses to the coating/metal interface, and then the electro-
chemical reactions occur, resulting in the appearance of two time-constants in the EIS plots or 
EEC models. There is no macroscopic corrosion product on the coating surface at this stage. 
When the corrosion products can be observed by naked eyes, the EEC models often return to 
the characteristic of one time-constant, which defines as the final stage. The coating capacitance 
reaches a steady value, which indicates that the water absorption of the coating gets a saturated 
state, and the coating losses its barrier function against electrolyte permeation [13, 17].

According to the above analysis of coating failure, several typical equivalent circuit models 
for EIS results of organic coatings are summarized. As shown in Figure 4a, the R(CR) model 
is often used in the initial immersion or for an intact coating, which means that the coating 
can act as an isolation layer and provide a good protective performance. When the electrolyte 
reaches the coating/metal interface, EEC models in Figure 4b and c may be selected. The 
model R(C(R(CR))) in Figure 4b is suitable for the majority of organic coatings, because the 
blisters or corrosion at the coating/metal interface are often localized. Concerning the R(CR)
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(CR) model in Figure 4c, the water should uniformly permeate into the coating, such as the 
zinc-rich coating. Two time-constants represent the dielectric properties of polymer and the 
corrosion of zinc particles, respectively. Sometimes, the mass transfer of reactive particles is 
postponed due to the addition of pigments and fillers, resulting in diffusion characteristics 
of EIS, such as the Warburg impedance. Two typical EEC models with Warburg impedance 
are given. In Figure 4d, the R(C(RW(CR))) model is commonly used in the medium-term 
immersion, because the electrolyte diffusion occurs in the gaps among the fillers. When the 
diffusion region is next to the coating/metal interface, the R(C(R(C(RW)))) model in Figure 4e 
is appropriate. In later stage of immersion, the R(C(RW)) model in Figure 4f is often used, 
because macroscopic pores and blisters make the coating ineffective, and the diffusion pro-
cess is mainly determined by the corrosion reactions of metal substrate.

When organic coating applies to a special environment, the fitting results may be different. 
Meng et al. [10] investigated the failure behavior of epoxy mica (EM) coating under AHP 
environment by EIS, which could be a typical example of organic coating with inert pigment. 
Four distinct stages of the coating deterioration were determined according to the evolution of 
EIS plots and the fitting results of EEC models (Figure 5a–d). At the first stage from 0 to 15 h 
(Figure 5a), the Nyquist plot reveals one capacitive characteristic, and the impedance modulus 
reaches 1011 Ω·cm2 during the initial periods of immersion. It demonstrated that the coating 
acted as a barrier layer with a parallel connection of a high-value coating resistance and a low-
value coating capacitance. The corresponding equivalent circuit A (in Figure 5a) was used to fit 
the impedance data, which included the solution resistance Rs, the coating capacitance Cc and 
the coating resistance Rc. The constant phase element (CPE) was used to replace the capacitance 
element, due to the “scattering effect” arising from the heterogeneity of the coating surface [18]. 
The gradually reduced capacitance arc suggested that water permeated the coating rapidly.

Figure 4. Several typical equivalent circuit models applied in the evaluation of organic coatings: (a) general model 
used at the first stage; (b) and (c) models with two time-constants; (d) and (e) models with two time-constants and 
characteristics of Warburg impedance; (f) model with Warburg impedance at the later stage of immersion.

Electrochemical Evaluation Technologies of Organic Coatings
http://dx.doi.org/10.5772/intechopen.79736

55



4.1. Physical model of EIS and its evolution in the failure process of coating/metal 
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single capacitance arc stage), and then electrochemical corrosion started when water arrived 
at the interface between the coating and the steel (double capacitance arcs stage). During the 
second stage, the reaction rate determining step was controlled by corrosion.

Although the EEC models of coating systems are quite different, the failure process of coating 
can be determined according to some typical parameters, such as the time-constant, coating 
capacitance and coating resistance. At the initial period of immersion, the electrolyte perme-
ates in the coating but has not reached the coating/metal interface yet. The EEC model with 
only one time-constant can be used due to the great barrier properties of coating. The coating 
capacitance increases meanwhile the coating resistance decreases with increasing immersion 
time. In the medium term, water diffuses to the coating/metal interface, and then the electro-
chemical reactions occur, resulting in the appearance of two time-constants in the EIS plots or 
EEC models. There is no macroscopic corrosion product on the coating surface at this stage. 
When the corrosion products can be observed by naked eyes, the EEC models often return to 
the characteristic of one time-constant, which defines as the final stage. The coating capacitance 
reaches a steady value, which indicates that the water absorption of the coating gets a saturated 
state, and the coating losses its barrier function against electrolyte permeation [13, 17].

According to the above analysis of coating failure, several typical equivalent circuit models 
for EIS results of organic coatings are summarized. As shown in Figure 4a, the R(CR) model 
is often used in the initial immersion or for an intact coating, which means that the coating 
can act as an isolation layer and provide a good protective performance. When the electrolyte 
reaches the coating/metal interface, EEC models in Figure 4b and c may be selected. The 
model R(C(R(CR))) in Figure 4b is suitable for the majority of organic coatings, because the 
blisters or corrosion at the coating/metal interface are often localized. Concerning the R(CR)
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(CR) model in Figure 4c, the water should uniformly permeate into the coating, such as the 
zinc-rich coating. Two time-constants represent the dielectric properties of polymer and the 
corrosion of zinc particles, respectively. Sometimes, the mass transfer of reactive particles is 
postponed due to the addition of pigments and fillers, resulting in diffusion characteristics 
of EIS, such as the Warburg impedance. Two typical EEC models with Warburg impedance 
are given. In Figure 4d, the R(C(RW(CR))) model is commonly used in the medium-term 
immersion, because the electrolyte diffusion occurs in the gaps among the fillers. When the 
diffusion region is next to the coating/metal interface, the R(C(R(C(RW)))) model in Figure 4e 
is appropriate. In later stage of immersion, the R(C(RW)) model in Figure 4f is often used, 
because macroscopic pores and blisters make the coating ineffective, and the diffusion pro-
cess is mainly determined by the corrosion reactions of metal substrate.

When organic coating applies to a special environment, the fitting results may be different. 
Meng et al. [10] investigated the failure behavior of epoxy mica (EM) coating under AHP 
environment by EIS, which could be a typical example of organic coating with inert pigment. 
Four distinct stages of the coating deterioration were determined according to the evolution of 
EIS plots and the fitting results of EEC models (Figure 5a–d). At the first stage from 0 to 15 h 
(Figure 5a), the Nyquist plot reveals one capacitive characteristic, and the impedance modulus 
reaches 1011 Ω·cm2 during the initial periods of immersion. It demonstrated that the coating 
acted as a barrier layer with a parallel connection of a high-value coating resistance and a low-
value coating capacitance. The corresponding equivalent circuit A (in Figure 5a) was used to fit 
the impedance data, which included the solution resistance Rs, the coating capacitance Cc and 
the coating resistance Rc. The constant phase element (CPE) was used to replace the capacitance 
element, due to the “scattering effect” arising from the heterogeneity of the coating surface [18]. 
The gradually reduced capacitance arc suggested that water permeated the coating rapidly.

Figure 4. Several typical equivalent circuit models applied in the evaluation of organic coatings: (a) general model 
used at the first stage; (b) and (c) models with two time-constants; (d) and (e) models with two time-constants and 
characteristics of Warburg impedance; (f) model with Warburg impedance at the later stage of immersion.
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The second stage (16–95 h) was identified by the fitting results of EEC. As the immersion 
time increased to 16 h, the EIS data is no longer satisfactorily fitted by model A. Obvious 
deviation is visible in the plot (Figure 5e). Considering the water and oxygen molecules 
reached the substrate surface through micro-pores in the coating, model B (see Figure 5b) was 
applied which added the double-layer capacitance CPEdl and the charge-transfer resistance 
Rct to fit the experimental data. A better fit was obtained (Figure 5e), it can reveal that the 

Figure 5. Nyquist plots of EM coating/steel system at different immersion time under AHP: (a) 0–15 h; (b) 16–95 h; (c) 
96–150 h; (d) 151–240 h (scatter points: experimental data, solid lines: fitting results according to corresponding EEC 
models); (e) 16 h experimental data and fitting results of model A and B [9].
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electrochemical reactions started at the coating/steel interface and developed with the water 
diffusion through the coating. Only one capacitive characteristic is shown in Figure 5b, it 
could be that the electrochemical reactions were quite weak during the immersion period, the 
order of magnitude of time-constant of the electrochemical reaction impedance is the same as 
that of the coating impedance [18].

After a period of immersion time under AHP, the diffusion character was added to the plot 
at low frequency from 96 to 150 h. The third stage shown in Figure 5c indicated that the cor-
rosion behavior of the coated steel has been altered. At this moment, corrosion products were 
visible by the naked eyes at the surface of steel. It is probably that the corrosion of the steel 
substrate was accelerated at the interface area, a new diffusion field appeared around the 
substrate. As a result, model C (in Figure 5c) containing a diffusion component was applied 
to fit the experimental data.

At the final stage (until 240 h), a capacitive loop with a characteristic of Warburg impedance 
arc is observed (Figure 5d). Water was mainly responsible for the measured diffusion in the 
EIS response at the initial stage. Since water absorption approached or reached saturation, 
the ions or products involved in corrosion process of coating/metal interface were mainly 
responsible for the diffusion in the EIS response. The impedance modulus (|Z|) has dropped 
to 107 Ω·cm2. By this time the epoxy coating cannot prevent the corrosion of metals from hap-
pening under AHP. The electrolyte has reached the surface of metal, and obvious corrosion 
has been observed when epoxy coating fell below 106–107 Ω·cm2, which was chosen as an 
indicator of poor protective performance empirically.

4.2. EIS analysis on water diffusion process and coating/steel interfacial reaction

As a multi-interface corrosion system, the coating/metal system often has complex failure 
process, due to inhomogeneous physical and chemical properties of binder/pigment and coat-
ing/metal interfaces [19]. Among several sub-processes of coating failure, there are two criti-
cal steps: the water diffusion process and the following electrochemical reactions happened 
at the coating/metal interface [20]. In order to investigate how electrical parameters of EIS 
quantitatively evaluate the protective performance of organic coating, the physical meaning 
of parameters and their correlation to two critical steps of coating failure behavior have been 
discussed in details as follow.

The process of water diffusion, i.e., the water impermeability of coatings is the key perfor-
mance indicators, which is closely related to Cc and Rc. Therefore, the two important param-
eters can be used to indicate the anti-corrosion performance of the coatings. Tian et al. [21] 
compared the fitted Rc of the epoxy glass flake coating under atmospheric pressure (AP) 
and AHP environments (Figure 6a). Because the electrical resistance of electrolyte (such as 
3.5 wt.% NaCl solution, 101 Ω order of magnitude at room temperature) is fairly smaller than 
that of the coatings (106–1011 Ω), thus the variation of Rc mainly depends on water permeation 
[18]. The decline of Rc suggested that water permeated into coatings quickly, due to the exis-
tence of initial micro-pores in the coating. For AP, the value of Rc decreased gradually from 
about 3.6 × 1010 to 1.4 × 108 Ω·cm2 after being immersed for 240 h. Meanwhile, the value of Rc 
declined from about 3.9 × 109 to 3.1 × 106 Ω·cm2 under AHP, which is smaller than that under 
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electrochemical reactions started at the coating/steel interface and developed with the water 
diffusion through the coating. Only one capacitive characteristic is shown in Figure 5b, it 
could be that the electrochemical reactions were quite weak during the immersion period, the 
order of magnitude of time-constant of the electrochemical reaction impedance is the same as 
that of the coating impedance [18].

After a period of immersion time under AHP, the diffusion character was added to the plot 
at low frequency from 96 to 150 h. The third stage shown in Figure 5c indicated that the cor-
rosion behavior of the coated steel has been altered. At this moment, corrosion products were 
visible by the naked eyes at the surface of steel. It is probably that the corrosion of the steel 
substrate was accelerated at the interface area, a new diffusion field appeared around the 
substrate. As a result, model C (in Figure 5c) containing a diffusion component was applied 
to fit the experimental data.

At the final stage (until 240 h), a capacitive loop with a characteristic of Warburg impedance 
arc is observed (Figure 5d). Water was mainly responsible for the measured diffusion in the 
EIS response at the initial stage. Since water absorption approached or reached saturation, 
the ions or products involved in corrosion process of coating/metal interface were mainly 
responsible for the diffusion in the EIS response. The impedance modulus (|Z|) has dropped 
to 107 Ω·cm2. By this time the epoxy coating cannot prevent the corrosion of metals from hap-
pening under AHP. The electrolyte has reached the surface of metal, and obvious corrosion 
has been observed when epoxy coating fell below 106–107 Ω·cm2, which was chosen as an 
indicator of poor protective performance empirically.

4.2. EIS analysis on water diffusion process and coating/steel interfacial reaction

As a multi-interface corrosion system, the coating/metal system often has complex failure 
process, due to inhomogeneous physical and chemical properties of binder/pigment and coat-
ing/metal interfaces [19]. Among several sub-processes of coating failure, there are two criti-
cal steps: the water diffusion process and the following electrochemical reactions happened 
at the coating/metal interface [20]. In order to investigate how electrical parameters of EIS 
quantitatively evaluate the protective performance of organic coating, the physical meaning 
of parameters and their correlation to two critical steps of coating failure behavior have been 
discussed in details as follow.

The process of water diffusion, i.e., the water impermeability of coatings is the key perfor-
mance indicators, which is closely related to Cc and Rc. Therefore, the two important param-
eters can be used to indicate the anti-corrosion performance of the coatings. Tian et al. [21] 
compared the fitted Rc of the epoxy glass flake coating under atmospheric pressure (AP) 
and AHP environments (Figure 6a). Because the electrical resistance of electrolyte (such as 
3.5 wt.% NaCl solution, 101 Ω order of magnitude at room temperature) is fairly smaller than 
that of the coatings (106–1011 Ω), thus the variation of Rc mainly depends on water permeation 
[18]. The decline of Rc suggested that water permeated into coatings quickly, due to the exis-
tence of initial micro-pores in the coating. For AP, the value of Rc decreased gradually from 
about 3.6 × 1010 to 1.4 × 108 Ω·cm2 after being immersed for 240 h. Meanwhile, the value of Rc 
declined from about 3.9 × 109 to 3.1 × 106 Ω·cm2 under AHP, which is smaller than that under 
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AP by two orders of magnitude. Obviously, the changes in Rc reflected the water permeation 
differences under two environments. On the other hand, the coating capacitance Cc is also 
quite useful to evaluate the water uptake in organic coatings, because water diffusion can 
modify the dielectric constant of the polymer. When the water diffusion meets law of Fick 
diffusion, the diffusion coefficient can be calculated according to Eq. (2).

    
 logC  t   ‐  logC  0   __________  logC  ∞   ‐  logC  0  

   =   2 __ l    √ 
__

   D __ π      √ 
_
 t    (2)

where Ct, C0, C∞ are the coating capacitance at immersion time t, before immersion, at satura-
tion, respectively. D is the diffusion coefficient, l is the coating thickness. The dependence of 
the fitted coating capacitance Cc in [21] is presented in Figure 6b. It can be seen that Cc under 
AP increased from 1.1 × 10−10 to 1.7 × 10−10 F·cm−2 gradually with immersion time. For that 
under AHP, it shows two stages: (1) a rapid increase from 1.04 × 10−10 to 1.42 × 10−10 F·cm−2, 
which showed a rapid rise and a quasi-stable stage (within 24 h); (2) a fluctuation stage (after 
24 h of immersion). The rapid increase of Cc suggested that water penetrated into the coating 
rapidly due to increase in pressure.

After a period of immersion, the interfacial reactions between coating and steel may occur. 
From the EIS data fitted by EEC, the interfacial reaction is mainly electrochemical reaction, 
while for that under AHP [21], the interfacial reaction includes water spread at the coating/
steel interface and electrochemical reaction. The charge-transfer resistance, Rct, is an indicator 
for the electrochemical reaction at coating/steel interface. The higher value of Rct implies the 
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researchers are hoping to utilize a nondestructive electrochemical measurement technique 
in the field. EN measurement is such an appropriate technique for the coating evaluation, 
which is expected to be comparable to EIS [22, 23]. The spontaneous fluctuations of electrode 
potential and current during electrochemical reactions are known as EN. High sensitivity 
to high resistance system and detection of localized corrosion are additional advantages of 
EN. Consequently, the application of EN has gained growing attention in corrosion research 
[24, 25]. In recent decades, studies on EN analysis of polymer coated metals also have been 
reported widely [3, 26, 27]. However, two issues restrict its application in the field. First, the 
on-site EN configuration and its reliability remain to be identified. Second, a quick and accu-
rate EN analysis method is needed for the in-situ coating evaluation.

5.1. Measuring methods and configurations for EN

Theoretically, the measuring instruments for EN are very simple. While EN configurations 
are complex in practical applications. Since EN research began in 1968 [28], the measuring 
mode and system of EN have experienced several stages of evolution. Two-electrode (work-
ing electrode and reference electrode) system was first adopted to measure potential noise 
under OCP or a certain constant current [28]. This simple configuration is mainly applied in 
the field of electro-deposition now. Then classical three-electrode system was applied so that 
the potential and current signals of WE can be separately measured through reference elec-
trode (RE) and counter electrode (CE). Due to the respective measurement, however, some 
correlation analyses between potential and current noise cannot be made, such as noise resis-
tance [29]. In order to overcome this, the three-electrode system was improved by researchers. 
Zero resistance amperometer (ZRA) was connected between two working electrodes (WE 1 
and WE 2), which were made of the same material to avoid polarization [24]. Consequently, 
the current noise was measured as galvanic coupling current between two WEs, the potential 
noise between coupled WEs and RE was measured simultaneously. This electrode system has 
become the basic approach for EN measurement until now [30]. As for organic coatings, the 
EN three-electrode configuration can also be utilized to evaluate the performance of organic 
coatings by measuring the corrosion reactions of substrate metal [22].

Based on the principle of EN measurement above, many attempts on the improvement of EN 
measuring methods for in-situ monitoring have been made in recent years. Mabbutt et al. [31] 
firstly designed a nonstandard EN configuration. Two saturated calomel electrodes (SCEs) 
were utilized as the WEs, and the substrate served as the RE. Jamali et al. [32] also proposed 
the so-called “single cell” configuration, since the SCE served as RE and CE consecutively but 
not simultaneously. It is noteworthy that this configuration belongs to asymmetric electrode 
configuration, and further investigation on the asymmetry of electrodes is still required to 
clarify. In addition, some in-situ test electrode techniques, such as microelectrodes or multiple 
electrodes, have been used for the application of EN in coating evaluation in the field or 
under some specific conditions. Bierwagen et al. [33] have used the microelectrodes to study 
EN measurement of the coatings in a cyclic salt fog test chamber. Simpson et al. [34] made 
a thin sheet of gold by electron-beam-deposition, which was deposited on the painted steel 
and served as the microelectrode. The coating degradation was tested by the electrochemical 
method in an atmospheric exposure chamber. Tan [35] measured the EN of various corro-
sion systems by the wire beam electrode, which not only detects noise signatures and noise 
resistance, but also provides unprecedented spatial and temporal information on localized 
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AP by two orders of magnitude. Obviously, the changes in Rc reflected the water permeation 
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 logC  t   ‐  logC  0   __________  logC  ∞   ‐  logC  0  

   =   2 __ l    √ 
__

   D __ π      √ 
_
 t    (2)

where Ct, C0, C∞ are the coating capacitance at immersion time t, before immersion, at satura-
tion, respectively. D is the diffusion coefficient, l is the coating thickness. The dependence of 
the fitted coating capacitance Cc in [21] is presented in Figure 6b. It can be seen that Cc under 
AP increased from 1.1 × 10−10 to 1.7 × 10−10 F·cm−2 gradually with immersion time. For that 
under AHP, it shows two stages: (1) a rapid increase from 1.04 × 10−10 to 1.42 × 10−10 F·cm−2, 
which showed a rapid rise and a quasi-stable stage (within 24 h); (2) a fluctuation stage (after 
24 h of immersion). The rapid increase of Cc suggested that water penetrated into the coating 
rapidly due to increase in pressure.

After a period of immersion, the interfacial reactions between coating and steel may occur. 
From the EIS data fitted by EEC, the interfacial reaction is mainly electrochemical reaction, 
while for that under AHP [21], the interfacial reaction includes water spread at the coating/
steel interface and electrochemical reaction. The charge-transfer resistance, Rct, is an indicator 
for the electrochemical reaction at coating/steel interface. The higher value of Rct implies the 
greater corrosion resistance and the slower development of corrosion under the coatings. The 
appearance of Rct under AHP is faster than that under AP, suggesting the earlier appearance 
of electrochemical corrosion at the coating/steel interface.

5. Electrochemical noise method

Although EIS is a well-established method for corrosion monitoring, applying artificial dis-
turbance to the measured system may affect the process of electrochemical reaction. Thus, 

Figure 6. (a) Rc and (b) Cc as a function of immersion time under AP and AHP [18].

Coatings and Thin-Film Technologies58

researchers are hoping to utilize a nondestructive electrochemical measurement technique 
in the field. EN measurement is such an appropriate technique for the coating evaluation, 
which is expected to be comparable to EIS [22, 23]. The spontaneous fluctuations of electrode 
potential and current during electrochemical reactions are known as EN. High sensitivity 
to high resistance system and detection of localized corrosion are additional advantages of 
EN. Consequently, the application of EN has gained growing attention in corrosion research 
[24, 25]. In recent decades, studies on EN analysis of polymer coated metals also have been 
reported widely [3, 26, 27]. However, two issues restrict its application in the field. First, the 
on-site EN configuration and its reliability remain to be identified. Second, a quick and accu-
rate EN analysis method is needed for the in-situ coating evaluation.

5.1. Measuring methods and configurations for EN
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the current noise was measured as galvanic coupling current between two WEs, the potential 
noise between coupled WEs and RE was measured simultaneously. This electrode system has 
become the basic approach for EN measurement until now [30]. As for organic coatings, the 
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electrodes, have been used for the application of EN in coating evaluation in the field or 
under some specific conditions. Bierwagen et al. [33] have used the microelectrodes to study 
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sion systems by the wire beam electrode, which not only detects noise signatures and noise 
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corrosion. In a word, further improvement of the EN configuration is still needed, particularly 
in the case of asymmetric electrode and the electrode with complicated shapes, since two 
identical coating/metal WEs tend to impractical in the field.

In the actual measurement of EN, it is also very important to select an appropriate sampling 
frequency, which is directly related to the reliability of the results. An excessively high sam-
pling frequency leads to the lower power spectral density of EN, which is close to the white 
noise and produces difficulty in the data analysis. If the frequency is excessively low, some 
useful information will be lost. The sampling frequencies at 0.5, 1 and 2 Hz are commonly 
used and suitable for the general corrosion system, the specific value should be determined 
according to the EN sources of the tested system. Regarding the coating/metal system, EN 
data are usually recorded with a data-sampling interval of 0.25 or 0.5 s.

For the original EN signals, data preprocessing before various theoretical analyzing is neces-
sary. The original data is composed of the real EN signals and the direct current (DC) drift 
signals. The drift can significantly affect the analysis results from time domain and frequency 
domain [36]. Considering that the generation of EN is a stable process, thus DC drift must be 
removed. At present, the DC drift removal method is still being explored. Tan et al. proposed 
the moving average removal (MAR) method to eliminate the DC drift of EN [37]. However, 
improper selection of filter window will make an obvious erroneous result [38]. In 2001, 
Mansfield proposed the linear fitting removal method and obtained satisfactory results in 
some corrosion systems [39]. This method is only suitable for the condition of DC drift with 
a linear feature. Meanwhile, Bertocci et al. proposed the polynomial method [38], which had 
satisfactory results as well as a wide range of application, despite the physical meaning of 
choosing polynomial exponent is still not clear.

5.2. EN data analysis and parameter acquisition for coating/metal system

Presently, a variety of analysis methods have been developed for the processing of EN sig-
nals, which include statistical analysis [40], spectral analysis [41], wavelet analysis [42], fractal 
analysis [43] and so on. These methods have successfully been applied to analyze many cor-
rosion or degradation mechanisms of coatings.

Meng et al. [44] measured EN of an epoxy coating/steel system under AHP condition. The 
characteristics of EN time records are related with different corrosion states of the substrate 
steel. Three distinct stages can be divided with different characteristics (Figure 7). In the first 
stage, the potential signal exhibited strong and stochastic fluctuations. The current signal 
displayed the characteristic of white noise with a narrow range of fluctuations, which always 
occurs in 0–36 h. In the second stage, the EN transients began to appear simultaneously in 
potential and current signals from about 37 to about 130 h. The transients may be caused 
by the localized corrosion which occurs on the surface of metal. Finally, a typical example 
of potential and current signals after 130 h is shown in the figure, which fluctuated in larger 
amplitude with quick ascending and slow recovery pattern.

Statistical analysis has several commonly used parameters [36], such as   E ¯   ,   I ̄   , σE, σI and noise 
resistance Rn. Regarding the physical meanings of these parameters, it is pointed out that the 
fluctuation of the average corrosion potential over the longer term may be directly related to the 
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changes of the corrosion process. The standard deviation can be used to describe noise inten-
sity. It is reasonable to expect that the values of σE and σI will increase as the corrosion becomes 
more serious or more localized. From Figure 8a it could be seen that both   E ¯    and σE exhibit high 
amplitude fluctuations at the beginning. After about 36 h, the absolute value of   E ¯    is steady at 
around 0 V with a sudden decrease and a slow recovery at each moment of adding pressure or 
releasing pressure; the value of σE is close to zero with sudden increases during the change of 
pressure. On the other hand,   I ̄    is relatively stable until around 132 h; after 132 h, the value has 
increased suddenly. The values of σI increase gradually at a low level and then fluctuate mark-
edly after about 126 h, as shown in Figure 8b. Therefore, it can be concluded that the early stage 
should be the water permeation period while 36–132 h should be the corrosion occurrence and 
development period, because the observable pits were found on the steel surface after 132 h. 
After 132 h, it should be the serious corrosion period. Rn is one of the most common used noise 
indicators, which defined as the ratio of a standard deviation of the potential to that of the cur-
rent noise [45], as shown in Eq. (3). It is generally considered that Rn is inversely proportional to 
the corrosion current density icorr.

   R  n   =   
 σ  E  

 __  σ  I      (3)

Wavelet analysis is the development and continuation of Fourier analytical method. For a 
large number of unsteady signals, the FFT transformation is not particularly appropriate. The 
wavelet transform is a time-scale analytical method of signal, which has the characteristics of 
multi-resolution analysis, and has the ability to characterize the local characteristics of the sig-
nal in time domain and frequency domain. Therefore, People tend to use wavelet transform 
to extract useful information of EN. In [44], wavelet analysis was applied and energy distribu-
tion plots (EDPs) of current noise at different immersion time were provided (Figure 9), to 
figure out the correlation between corrosion states of substrate and EN results. In Figure 9a 
(0–31 h immersion), the vast majority of energy distribution (ED) is in the crystal d7, d8. 
The scale range of time-constants of d7 and d8 is 32–128 s, it is considered that the diffusion 

Figure 7. Electrochemical noise records of epoxy coating in time domain after direct current trend removal [37].
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corrosion. In a word, further improvement of the EN configuration is still needed, particularly 
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pling frequency leads to the lower power spectral density of EN, which is close to the white 
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used and suitable for the general corrosion system, the specific value should be determined 
according to the EN sources of the tested system. Regarding the coating/metal system, EN 
data are usually recorded with a data-sampling interval of 0.25 or 0.5 s.

For the original EN signals, data preprocessing before various theoretical analyzing is neces-
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domain [36]. Considering that the generation of EN is a stable process, thus DC drift must be 
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the moving average removal (MAR) method to eliminate the DC drift of EN [37]. However, 
improper selection of filter window will make an obvious erroneous result [38]. In 2001, 
Mansfield proposed the linear fitting removal method and obtained satisfactory results in 
some corrosion systems [39]. This method is only suitable for the condition of DC drift with 
a linear feature. Meanwhile, Bertocci et al. proposed the polynomial method [38], which had 
satisfactory results as well as a wide range of application, despite the physical meaning of 
choosing polynomial exponent is still not clear.
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rosion or degradation mechanisms of coatings.
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occurs in 0–36 h. In the second stage, the EN transients began to appear simultaneously in 
potential and current signals from about 37 to about 130 h. The transients may be caused 
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of potential and current signals after 130 h is shown in the figure, which fluctuated in larger 
amplitude with quick ascending and slow recovery pattern.

Statistical analysis has several commonly used parameters [36], such as   E ¯   ,   I ̄   , σE, σI and noise 
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process often occurs during this period. Therefore, the first stage should be the water per-
meation period, which is in agreement with the other analysis results. In the second stage 
(Figure 9b), ED of d8 decreased and ED of d1, d3 increased obviously. The crystal d1, d3 
(scale range 0.25–0.5 s and 1–2 s) represent fast corrosion process, which could be attributed to 

Figure 9. EDPs of current noise of coating/steel system at different immersion time: (a) ED in the first stage; (b) ED in the 
second stage and (c) ED in the later stage [37].

Figure 8. Variation of (a)   E ¯    and σE as well as (b)   I ¯    and σI of EN for epoxy coating/steel system under AHP [37].
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pitting nucleation and metastable pitting process [46]. It indicated that the corrosion of metal 
occurred at this time, the failure behavior was dominated by the mixed mechanisms of water 
transport and charge-transfer reaction. In the third stage, the energy was stored predomi-
nantly in the crystal d1 and d3 (Figure 9c), which might indicate the fast corrosion process in 
this period, and the charge-transfer mechanism was the dominant process. It could be found 
that the EDPs were not only in accordance with, but also reflect more information about the 
corrosion mechanisms.

To enable the rapid and automatic monitoring of the coatings by EN, the combination with 
artificial intelligence method and theory of nonlinear mathematics should be explored. For 
example, pattern recognition (PR) is an important method of information science that focuses 
on the recognition of regularities in data and the data classification [47]. EN signals show 
different distribution characteristics in different stages of corrosion, thus the similarity and 
the difference of EN waveform features could be categorized by PR. A close correlation is 
expected to be established between the classification results and the corrosion states. Huang 
et al. [48] applied some PR procedures for identifying different pitting states for Q235 carbon 
steel in NaHCO3 + NaCl solutions. Meng et al. [44] applied PR method to the establishment 
of an evaluation model for EN statistical parameters. For the painted steel system, different 
failure stages can be conveniently identified. The unique role of new analytical method will 
be more pronounced in the future.

6. Conclusion

Since water penetrates to the coating/steel interface, the delamination of coating from steel 
and the corrosion of steel substrate lead to obvious changes in electrochemical signals. 
Therefore, for the state of coating/steel interface, electrochemical evaluation technique can get 
the first-hand information. In addition, defects in the coating body, such as pores and cracks 
of pigment/binder interfaces, are gradually increasing by the erosion environment. Enlarged 
conductive paths for electrolyte cause a decrease in permeability resistance of coating, which 
can be detected by electrochemical methods consequently. In short, coating adhesion and 
compactness are two critical parts in failure process of organic coating, which can be used to 
achieve in-situ evaluation by electrochemical measurement methods. As to the further inves-
tigation of electrochemical evaluation, the application of artificial intelligence analysis [49, 50] 
may be an essential trend.
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Abstract

Polystyrene has been utilized in biomedical purposes, interacting with various biologi-
cal molecules. The interactions can be physical adsorption or a long-lasting chemical 
bonding, depending on the surface characteristic and behaviors. The characteristic can 
be designed related to the targeted interactions with the molecules by creating certain 
roughness, morphology, and patterns of the surface. Original characteristics of the mate-
rial were usually enhanced by its surface modifications. Plasma treatments have been 
used to modify the polymer surfaces, resulting in a specifically targeted behavior such 
as hydrophobicity and molecule selectivity through the physical adsorption. A nitrogen 
plasma treatment is one of the effective and economical surface modification processes. 
The nitrogen gas is abundant in the atmosphere and generates nontoxic active plasma 
species for the polymer surface modification. The plasma treatment effectively changes 
the hydrophobicity and adsorption of the surface.

Keywords: nitrogen plasma, surface modification, adsorption, polystyrene

1. Introduction

Polystyrene (PS) has long been recognized and widespread in the world. It is a thermoplastic 
aromatic polymer. The polystyrene is conventionally utilized in a wide range of application 
such as packaging, laboratory ware, house items, building materials, and so on [1]. However, 
it is also known that PS has been developed as functional materials in the form of a thin film 
and a microsphere [2]. In the field of biomedical, PS is extensively utilized in vitro as cells 
or bacteria storage [3] or in vivo as a drug-delivery system [4]. In fact, the polystyrene has 
also been used in biosensors [5–7]. Most of the applications require a hydrophilic surface to 
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improve the interaction of the surface with proteins. Physical adsorption of protein on the 
surface is the key to how the PS will be utilized. In a biosensor, for example, selective adsorp-
tion is needed to immobilize a specific kind of biomolecule or protein [6]. The adsorption 
phenomenon is controlled by surface forces such as the weak van der Waals force and surface 
ionic force, hydrogen bonding, or surface wettability. In some cases, a long-lasting bonding is 
needed to immobilize the biomolecules involving stronger chemical covalent bonds. A cross-
linker, which is incorporated in the functional layer, provides a covalent bonding between the 
surface and the molecules. The cross-linker can also be produced by the chemical modification 
of the functional surface [8]. The adsorption of the polystyrene depends on its surface proper-
ties that can be designed widely to immobilize macromolecules such as proteins and enzymes.

However, PS originally has a low-surface energy and poor polarizability, resulting in a hydro-
phobic surface. On the polystyrene surface, the adsorption is caused by mainly the intermo-
lecular attraction forces. The forces often referred to the van der Waals forces originated from 
intramolecular electric polarities in the polymer chains. Two types of polarities exist, that 
is, alternating polarities and stationary polarities. The latter is often called the dipoles. The 
alternating polarities emerge when molecules come close to each other causing disruptions 
in the electron clouds. The alternating polarities are the solution of the disruptions, resulting 
in a kind of a molecular bond. Unlike the dipoles, the attraction forces due to the alternating 
polarities that drastically decrease with the increase of intermolecular distance. The hydro-
phobicity and protein adsorption are also affected by the combination of two polarities. The 
more alternating polarities result in the more hydrophobic surface and vice versa. Chemical 
functional groups such as –OH, =O, –NH2, =NH, and ≡N produce stationary polarities, result-
ing in hydrophilic property [9].

One way of designing the appropriate adsorption is controlling the surface topography and 
morphology of the polymer. The performance of a biosensor can be enhanced by optimizing 
the surface roughness of its functional polymer [6]. Surface roughness is the topographical 
material’s characteristic related to micro-profile of its surface. A higher surface roughness 
usually resulted in the wider contact area with other materials such as biomolecules on the 
surface. If the surface is adhesive to the biomolecules, the rougher the surface will attract more 
biomolecules. However, the physical adsorption is relatively weak, limiting the net attracted 
biomolecules by resorption (re-desorption) process [10]. The other way of controlling the 
adsorption was by surface activation [11].

In recent years, plasma treatment has been a common method to modify, activate, and func-
tionalize the surface of polymers [12]. The plasma is the fourth state of a material, consisting 
of energetic atoms, ions, molecules, and radicals. Free electrons in the plasma maintain its 
quasi-neutral and equilibrium conditions. However, internally, the plasma has unique prop-
erties which can be designed and controlled for many purposes. Plasma surface treatment 
for polymers generally utilizes low-temperature plasma which is non-destructive to the bulk 
of the polymers. The low-temperature plasma is generated at low vacuum or better in the 
atmospheric environment. Another technique of lowering the temperature is by utilizing a 
low-frequency plasma, for example, a 40-kHz plasma [13]. A number of gases are usually 
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used in the polymer plasma treatment including Ar, N2, O2, and NH3. The processing gas is 
selected related to its plasma-state characteristics required for the intended process. Foerch 
and Hunter, for example, showed that nitrogen plasma treatment resulted in additional nitro-
gen atoms in the hydrocarbon network of the treated polymer [14]. Another researcher used 
oxygen plasma to modify a hydrophobic polymer into a hydrophilic polymer [13].

Plasma treatment for the modification and functionalization of polymer surface is very effec-
tive since the plasma interacts physically and chemically with the surface. The short time 
shot for every treatment makes the technique more efficient than other surface treatment 
processes. Depending on the property and character of the plasma, the treatment is able to 
produce group functionalization, graft polymerization, or molecules cross-linking which can 
affect the polymer’s surface roughness [4].

This chapter discusses surface modification of polystyrene. Nitrogen plasma is utilized to 
control the wettability of the polystyrene surface. The wettability is related to the hydrophilic 
or hydrophobic character of the surface. Research has shown that hydrophilic surface can 
adsorb protein molecules twice as much as hydrophobic surface [15]. The wettability of the 
surface can be evaluated or determined by surface-water contact measurement or surface 
contact measurement in short. In general, the wettability of the surface depends on the surface 
roughness, morphology, and microstructure.

The polystyrene layer is a thin film produced by means of a spin-coating technique. A num-
ber of aspects of the procedure affect the properties of the thin film. Two aspects, which are 
solvent and raw polystyrene molecular weight, were considered importantly related to the 
nitrogen plasma treatment process and results. The plasma character was diagnosed using 
optical emission spectroscopy (OES). Specimen characterizations were intended to determine 
the surface roughness, surface wettability, and surface microstructure.

2. Experimental

2.1. Synthesis and deposition of polystyrene thin film

The polystyrene thin film was synthesized and deposited by a spin-coating method. 
Polystyrene raw material was dissolved into a polystyrene solution. Three raw materials, 
which were obtained from Sigma Aldrich with different molecular weights (MW), were uti-
lized in this work, that is, 35, 129, and 280 kDa. This work utilized four different solvents 
to investigate the relation between the solvent and the effect of the plasma treatments. The 
solvents, that is, chloroform, toluene, xylene, and tetrahydrofuran, were also obtained from 
Sigma Aldrich. Each of the solutions was then deposited on a substrate by the spin-coating 
method. The specific quantity of the solution drop and rotation per minute was optimized 
and set for all the specimens. The polystyrene films were then heated in an oven after the 
deposition. The treatment was carried out to dry the excess solvent and to enhance interfacial 
bonding between the film and the substrate.
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2.2. Plasma treatments

A mini plasma reactor was utilized to treat the surface of the deposited film. Nitrogen gas was 
introduced into the reactor after evacuation procedure. A flow meter controlled the quantity 
of the gas during the plasma treatment. The plasma was generated by a 40-kHz AC power 
source. Only a small power of 40 watts was set for this 2-min’ process. The schematic design 
of the plasma system is shown in Figure 1.

The character of the plasma was diagnosed with a spectrometer which has a range of  
200–900 nm. Optical emission from the plasma was detected through a quartz window of the 
chamber. A fiber optic picks up and delivers the light to the spectrometer. The spectrometer 
was connected to a computer for data acquisition and processing.

2.3. Characterizations

Observations and characterizations of the specimens were conducted before and after the 
plasma treatment. First, the specimen was characterized by means of a Fourier transform 
infrared (FTIR) spectrometer (Aurora 4000). The characterization identified functional groups 
of bondings, which specify the polystyrene microstructures.

The second measurement was the topographical measurement which was performed by an 
interferometric surface micro-profiler (TMS 1200 Polytech TopMap-μLab). The topographical 
measurement system provides non-destructive observation and measurement. The interfero-
metric system employed a Mirau objective. The Mirau objective is basically a combination of 
a microscope objective lenses and a special interferometer called Mirau interferometer. The 
interferometer is a modification of the Michelson interferometer for the practical function in 
the objectives of the microscope. The key difference between the two interferometers is that 
the Mirau exploits parallel arrangement of beam splitting rather than perpendicular beam 

Figure 1. A schematic design of plasma reactor for nitrogen plasma treatment.
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splitting in the Michelson interferometer [16]. Unlike the conventional profiler relying on a 
stylus which results in edging errors and damages, the interferometric system scans the sur-
face vertically and records the data without mechanical contact. The interference patterns are 
produced when the differences in the path lengths between the measurement beam and the 
reference beam are nearly zero. During the vertical scanning, then a correlogram is recorded 
at each pixel in the camera. The correlogram or the interference signal is then processed into 
the three-dimensional surface profile. Based on the profile metrology, surface roughness, 
irregularity, and other topographic features can be determined.

Finally, the wettability of the specimens was observed and characterized by contact angle 
measurement. The specimen was placed on the observation stage of the system. The stage can 
be adjusted so that the surface of the specimen is perfectly aligned horizontally. A small drop-
let (30 μL) of pure water is usually used in the measurement procedure. A camera captures 
the image of the droplet and sends it to a computer.

3. Results and discussions

Wettability is a critical property in the development of biosensors, especially during immo-
bilization of biomolecules. The immobilization of the molecules by physical adsorption can 
be realized by a thin film of polystyrene. However, optimization should be performed since 
the thin film serves the immobilization as well as mechanical interfacing. Both the functions 
strongly affect the overall performance of the biosensor. Modification of the thin film’s sur-
face is one of the methods to enhance the immobilization. Controlling the wettability means 
designing the surface roughness, morphology, and microstructure. It is obvious that hydro-
phobicity of surfaces is directly related to the roughness.

This chapter discusses a technique of the plasma treatment on polystyrene thin film. It is desir-
able that the modification process does not affect the bulk of the thin film. Nitrogen plasma 
was utilized to modify the polystyrene surface. The characteristics and states of the plasma 
strongly control the reactions on the surface. Furthermore, the final result of the treatment 
depends also on the compositions, microstructures, and characteristics of the original mate-
rial. The effects of the nitrogen plasma treatment on the polystyrene surface will be examined 
related to the original material produced with different raw materials’ molecular weight and 
with the different solvents used during the deposition.

3.1. The effect of solvent during deposition process on the polystyrene surface and 
microstructure

The polystyrene film was deposited by means of the spin-coating method. Polystyrene raw 
material was in the form of chips or granules. The raw material was dissolved into a polymer 
solution before spin-coated on the substrates. The solvents used to make the solution were 
chosen by considering the Hansen solubility parameters (HSPs) for the polymer and the sol-
vents. The HSP considers three interactions, that is, non-polar or dispersive interaction, polar 
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or dipole-dipole interaction, and hydrogen bonding interaction. The three parameters for the 
solvent and the solute are used to calculate the polymer solubility sphere, Ra

  Ra =  √ 
_______________________________

    4   ( δ  D   s −  δ  D   p)    2  +   ( δ  P   s −  δ  P   p)    2  +   ( δ  H   s −  δ  H   p)    2     (1)
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for polar interaction of the polymer,   δ  
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   s  is the HSP for hydrogen bonding interaction of the 

solvent, and   δ  
H
   p  is the HSP for hydrogen bonding interaction of the polymer.

The possibility of the polymer to be dissolved in the solvent is predicted by comparing the Ra 
with the radius of the interaction of the polymer, Ro. The ratio (Ra/Ro), which is often called 
RED affinity number, should be less than 1. Smaller RED means that the polymer is easier 
to be dissolved in the solvent [17]. Table 1 shows the HSP for the polystyrene and the four 
solvents [18]. The two last columns show the result of Ra and RED calculations based on the 
parameters and Ro = 12.7 for the polymer.

As previously described, this work examined four solvents. The results of spin-coating depo-
sition of the polystyrene on a glass substrate with the variation of solvent were observed using 
SEM imaging as shown in Figure 2. The SEM micrograph of the deposited films noticeably 
shows that the different solvent resulted in the different morphology of the film. The differ-
ence is caused by variation in the solvent evaporation during the spin-coating process. The 
mechanism of the solvent evaporation is controlled by the solubility parameters and vapor 
pressure [19]. Koenhen and Smolders found that the solubility parameter was proportional 
to the vapor pressure [20]. Since the solubility parameter represents the cohesive energy, 
the higher the cohesive energy results in higher vapor pressure or vice versa. The solubility 
parameters of the solvents, that is, chloroform, tetrahydrofuran, toluene, and xylene, are 18.7, 
18.5, 18.3, and 18.2 MPa1/2, respectively [21], while the pressure vapor of the above solvents 
is 669, 637, 577, and 562 mmHg, respectively. Measurements of the surface roughness of the 
polystyrene thin film produced using different solvents are shown in Figure 3. The axis rep-
resents different solvents sorted from its lowest pressure vapor to the highest one.

The effect of the solvent on the wettability of the surface of the deposited polystyrene was 
observed by contact angle measurement. The results are shown in Figure 4.

Material δd(MPa)1/2 δp(MPa)1/2 δh(MPa)1/2 Ra RED

Polystyrene 21.3 5.8 4.3 —

Xylene 17.8 1.0 3.1 8.57 0.67

Toluene 18.0 1.4 2.0 8.26 0.65

THF 16.8 5.7 8.0 9.73 0.77

Chloroform 17.8 3.1 5.7 7.63 0.60

Table 1. Relation of HSP and the RED number of solvents.
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The result shows that all of the polystyrene specimens were hydrophobic since their contact 
angles are above 90°. Polystyrene has a CH=CH2 bond interconnected to a benzene ring (C6H5). 
The molecule is non-polar which has a small electronegativity. This makes sense since the C 
and H atoms have similar electronegativity, that is, C = 2.25 and H = 2.20. On the other hand, 

Figure 2. SEM micrograph of polystyrene film produced with different solvents: (a) chloroform, (b) tetrahydrofuran, (c) 
toluene, and (d) xylene.

Figure 3. Graphical relationship between the solvent vapor pressure and surface roughness of the resulted polystyrene 
film.
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the polar water (H2O) molecule results in strong cohesive forces. The adhesive interaction 
between the polystyrene surface and water then is weaker than the cohesive water interaction.

Although the specimens were hydrophobic, the contact angle measurements showed differ-
ences related to the variation of solvent utilized during the deposition process. Considering the 
phenomena described in Figure 3 where the variation of the solvent significantly controlled 
the surface roughness, it can be seen that the difference of the wettability of the polystyrene 
depends on the surface roughness. Polystyrene thin film which produced using chloroform 
showed the highest surface roughness and surface contact angle, while the one produced 
using xylene showed the lowest.

3.2. The effect of nitrogen plasma treatment on the surface roughness and 
wettability of polystyrene produced with different solvents

The original hydrophobic property of the polystyrene film can be modified by a plasma treat-
ment. This section discusses the effect of the treatment on the surface roughness and wettabil-
ity of the polystyrene specimens produced with various solvents. As discussed earlier, plasma 
treatment is one of the effective methods to modify polymer surfaces. The plasma used in this 
work is the nitrogen plasma. The generated plasma was monitored using optical emission 
spectroscopy (OES) technique. Figure 5 shows a nitrogen plasma spectrum generated by our 
system as discussed in the previous section.

Typically, the plasma consists of some species such as an N2
+ ion, energetic N2, and NH radical 

as identified in the spectrum [22]. The existence of the NH was due to the small percent-
age of hydrogen gas left during the evacuation procedure. The surface modification can be 
controlled by physical and/or chemical processes. The physical process is effected by ion and 
atomic bombardment without any formation of new compounds. The ions and atoms will 
bounce back accompanied by some ejected ions and atoms from the thin film. On the other 
hand, the chemical processes are initiated by ions or radicals which significantly change the 
microstructure of the polystyrene.
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Both of the two processes can result in modification of the surface roughness. The changes 
of the surface roughness depend on the initial state of the specimen which was controlled by 
the solvent used in the deposition process. Figure 6 shows the topographical measurement of 
the polystyrene specimen produced with THF solvent before and after the plasma treatment.

The surface roughness of the polystyrene specimen before and after treatment was 637 and 
535 nm. Evidently, the plasma treatment decreases the surface roughness of all the specimens 
produced with different solvents as shown in Figure 7.

It can be seen from Figure 7 that the effect of the treatment greatly reduces the surface rough-
ness by 107 nm in average except for the polystyrene produced with xylene solvent. The 
changes of the surface were firstly caused by the physical process, where ion and atom bom-
bardments eroded the polystyrene surface. The threshed particles were then redeposited on 
the surface filling pits. Illustratively, the mechanism is described in Figure 8.

Figure 5. Nitrogen plasma spectrum.

Figure 6. Surface profile of polystyrene thin film produced with THF solvent before and after the plasma treatment.
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The effects of surface roughness on the wettability have been studied for long. Wenzel’s law, 
for example, concludes that the surface roughness amplifies the surface wetting property 
where the hydrophobic surface becomes more hydrophobic and hydrophilic surface becomes 
more hydrophilic [23]. The law was constructed by relating the macroscopic Young’s and the 
effective contact angles. Furthermore, it should be assumed that the liquid has full contact 
with the rough surface. The expression of Wenzel’s law is written with the equation:

Figure 8. Illustration of the surface process during the plasma treatment of the polystyrene thin film.

Figure 7. Comparison of the decrease in surface roughness of the polystyrene produced with different solvents before 
and after the plasma treatment.
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   cos  θ  m   = rcos  θ  y    (2)

where θm is the effective contact angle and θy is the contact angle calculated from the Young 
equation. The roughness parameter r, which is larger than 1, can be calculated by taking the 
ratio of the actual area of the polymer surface to the normally projected area.

Results of the contact angle measurements of the polystyrene film specimens show that all of 
them became hydrophilic after the plasma treatment. The relation between the contact angle 
and the variation of solvent is shown in Figure 9. It can be seen from Figures 7 and 9 that the 
decrease in surface roughness decreases the contact angle. The variation of solvent during the 
thin film production clearly affects the change of the wettability. The observation indicates that 
the effect of the solvent on the treatment and the resulted surface wettability were also influ-
enced by the chemical process. Nitrogen radicals in the plasma induce reactions on the surface of 
polymers. The reactions break some hydrogen bonds of the polystyrene molecules, resulting in 
the reactive surface. The neighboring reactive sites may produce new functional groups. Indeed, 
the functional group was observed and identified by means of FTIR spectroscopy (Figure 10).

The infrared spectra in Figure 10 show the effect of the plasma treatment noticeably at wave 
number between 2300 and 2400 cm−1. Two strong peaks appear after the plasma treatment. 
The two peaks were related to a complex C ≡ N bond [24]. The existence of the two stretch 
vibrations reflects the effect of the carbon or hydrogen environment to the carbon-nitrogen 
bonding. The carbon-nitrogen bonding is polar, which contributes to the wettability of the 
polystyrene surface by polar-to-polar interaction.

3.3. The effect of nitrogen plasma treatment on the surface roughness and 
wettability of polystyrene produced with different raw materials’ molecular weight

Further study, related to the contributions of the surface roughness and the functional group 
to the wettability due to plasma treatment, was carried out by observing the phenomena on 

Figure 9. Changes of the contact angle of specimens before and after plasma treatment.
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polystyrene thin film deposited with different raw materials’ molecular weight. Polystyrene 
has various molecular weights (MW) and its related polymerization degree [25]. The varia-
tion of the polystyrene’s molecule weight used in the thin-film production produces various 
surface properties as well. The surface roughness and the wettability will also be affected. 
During this study, three kinds of raw materials, which have different molecular weights, that 
is, 35, 129, and 208 kDa, were used to produce the polystyrene thin-film specimen. Surface 
profiles of the specimens, which were characterized using the topographical measurement, 
are shown in Figure 11.

Observations during the film production showed that larger molecular weight polystyrene 
made the polymer precursor solution more viscous. Figure 11a shows that larger MW resulted 
in a higher surface roughness. The thicker film was also apparently related to the higher 
roughness. The molecular weight affects the kinetic stabilization rate of the polystyrene dur-
ing the deposition [26]. Together with the vaporization rate, the deposition mechanism results 
in various morphologies and microstructures.

As described in the previous section, the plasma treatment induced the physical and chemical 
reactions on the surface of the polystyrene. The physical ablation of the surface has a different 
effect on different weight molecules. The effect of the plasma treatment on the surface rough-
ness is shown in Figure 11b. A greater effect was observed on the specimen with a larger 
molecular weight, that is, 97 nm.

The wettability represented by the contact angle of the untreated and plasma-treated speci-
mens with different MW is shown in Figure 12.

The contact angle measurement on untreated specimens shows that the increase in surface 
roughness due to the molecular weight is followed by only a small change in the contact 
angle. This indicates that the variation of surface roughness in the range of 300 to around 
500 nm has a small effect on the wettability.

Figure 10. Infrared spectra of untreated (red) and plasma-treated (blue) polystyrene thin film.
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After the plasma treatment, the surface roughness and the contact angle were greatly decreased. 
The decrease of the surface roughness was larger for the larger Mw, but the decrease of the 
contact angle was smaller for the larger Mw. The plasma treatment has less effect on chang-
ing the wettability of the larger Mw. While the physical ablation greatly changes the surface 
roughness, the chemical surface reactions seem to control the change of morphology and 
microstructure of the surface.

FTIR characterization of the plasma-treated specimens, which are shown in Figure 13, 
revealed the change of the two peaks between 2300 and 2400 cm−1. The peaks correspond to 
the polar C≡N complex group. The absorbance and the integrated area of the peaks increase 
with the increase of the Mw. The integrated area shows that the surface concentration of the 
complex or nitrile complex of the polystyrene thin film increases related to the higher MW. 
The breaking of polymer chains and of the hydrogen bonds attracts the nitrogen ions to the 
structure and creates new microstructures.

Beside the FTIR spectra, the OES data can also be used to confirm the surface reactions by 
observing the change of the plasma state and species [27]. The plasma generator used in this 
work is a low-frequency 40-kHz AC. There have been a number of researchers who studied 
the application of the low-frequency plasma, especially in polymer treatment [13]. Lower-
frequency plasma produces a higher ion density and a lower temperature [28]. This condition 
is beneficial for polymers having a low melting point. Figure 14 shows the optical emission 
of the nitrogen plasma at the range where the N2

+ intensities change with the variation of MW.

It can be seen from Figure 15 that the intensities of the peaks at 387.8 and 424.1 nm decrease 
with the increase of the polystyrene Mw. The peaks are associated to the existence of the N2

+ 

Figure 11. Surface profile of polystyrene with different molecular weights before (a) and after (b) plasma treatment.
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Figure 14. The effect of polystyrene Mw on the plasma optical emission spectrum during the treatment.

Figure 12. Contact angle of untreated and plasma treated polystyrene surface with different molecular weights.

Figure 13. Stretching band of C≡N complex appearing after the plasma treatment.
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ions which undergo B2Σu→X2Σu transitions (Δν = 0 at 387.8 nm and Δν = 1 at 424.1 nm). In the 
plasma, the ions are firstly produced by a complex ionization and excitation, resulting in the 
first negative band transitions. The simplified reaction can be seen as follows:

  e +  N  2   (X, 0)  → e + e +  N  2  +   (B,  ν   ′ )   (3)

The decrease of the peak indicates the reduction of the concentration of the N2
+ ions in the 

plasma which is related to the surface reaction. The reaction controlled by the N2
+ ions leads to 

the incorporation of the nitrogen into the polystyrene network. The larger molecular weight 
of the polystyrene, the more nitrogen atoms are needed in the network. The nitrogen atoms, 
which originally come from the N2

+ ions, have to be withdrawn from the plasma. This makes 
the concentration of the N2

+ ions to decrease with the increase of the polystyrene Mw.

Based on the FTIR and the OES spectra, a hypothetical model to predict the bond breaking 
and the restructuring of the polystyrene surface is shown in Figure 15.

When the nitrogen ions or radicals reach the surface of the polystyrene, a number of reactions 
can take place. The styrene monomer is composed of an aromatic ring of C6H5- and a vinyl –
CH=CH2. The polymerization separates the double bond into –CH2, resulting in a chain of the 
polystyrene. The energetic nitrogen ions or radicals substitute the –CH2. Depending on the 
ions and radicals energy, the substitution reactions can either break or combine the polymer 
chain. The larger MW polystyrene results in the larger number of nitrogen incorporated by the 
plasma treatment.

4. Conclusions

This work concludes the possibility of nitrogen plasma treatment to control the wettability of 
polystyrene surface. In general, the plasma effectively reduced the contact angle and hence 
increased the wettability or reduced the hydrophobicity of the surface. The solvents utilized 
during the deposition procedure affected the surface roughness of the resulted thin film. A 
solvent with a higher HSP or a vapor pressure produced the film with a higher surface rough-
ness. The plasma treatment greatly reduced the surface roughness by 107 nm in average. The 
contact angle of the surface after the treatment drastically reduced, depending on the surface 

Figure 15. A hypothetical model of the molecular restructuring of polystyrene by nitrogen incorporation.
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roughness before treatment. Further results of the plasma treatment on the film produced 
with various molecular weights revealed that the plasma treatment has more effect on chang-
ing the surface roughness but less effect on changing the wettability of the larger molecular 
weight. This indicates that the plasma treatment resulted in the modification of the surface 
microstructure and morphology beside the surface roughness. The modification was con-
trolled by the incorporation of the nitrogen from the plasma into the polystyrene’s molecules.
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Abstract

Information on the method for assessing the crack resistance of paint and varnish coat-
ings is given. A method is proposed, based on the ratio between the length of the crack, 
the Vickers indenter imprint, and the fracture toughness. Numerical values and stress 
intensity factor in coatings are given, depending on the type and duration of aging, 
porosity of the cement substrate, and the quality of the appearance of the coatings. It 
is established that with an increase in the roughness of the coating surface, the value of 
the stress intensity coefficient is increased. The increase in the moisture content of the 
substrate at the time of application of the paint composition leads to the appearance of a 
more defective structure of the contact layer “coating-substrate” and a greater propensity 
to cracking. It is revealed that there is a value of the optimum substrate moisture, for each 
particular coating in terms of its fracture toughness. It is shown that during the aging of 
protective and decorative coatings of the exterior walls of buildings, a mechanism of their 
destruction from elastic ductile to brittle changes occurs.

Keywords: coatings, crack resistance fracture intensity factor, failure mechanism

1. Introduction

Building and maintaining the working condition of buildings and structures require a large 
number of paint and varnish compositions. Growing competition in the market of finishing 
materials, increasing demands of consumers require manufacturers to obtain high-quality 
painted surfaces. However, the practice of finishing works shows that often the quality of the 
finish is bad. It leads to premature unscheduled repairs and additional costs.

Coatings for finishing facades of buildings must have a high-quality appearance. The condi-
tions for obtaining and the quality of the appearance of cured inking coatings largely depend 
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on the rheological properties of paint and are determined by the processes of wetting and 
application of paint. In literature, the quality of the appearance of coatings on metal substrates 
is studied. When selecting paint systems for concrete, the features of this material (strength, 
roughness, humidity, alkalinity, etc.) should be taken into account. Features of concrete affect 
the quality coating.

In this regard, the development of a methodology for ensuring the quality of the painted 
surface of building products and structures and control methods is an important scientific, 
technical, and economic problem. The solution of this problem as a whole will contribute 
to an increase in the service life of protective and decorative coatings. One of the common 
types of destruction of coatings of cement concrete is the appearance of cracks. There are 
known works [1–8] in which the regularities of the appearance of cracks in coatings on metal 
substrates are described. However, the resistance of coatings of cement concrete has not been 
studied sufficiently.

2. Stress state of coatings under exposure operational factors

For analysis, the reasons for the destruction of the paint and varnish facades of buildings were 
used, the Pareto diagram, allowing for a variety of existing defects to distinguish those that 
make a significant contribution to the assessment of the quality of the appearance of coatings. 
When analyzing the Pareto chart, the 80/20 rule was used. For example, priority factors were 
identified, which fall into 80% of the cumulative curve [9–16]. The survey was carried out on 
residential 5-storey houses, which are located in accordance with GOST 9.039–74 “Corrosive 
aggressiveness of the environment” in the climatic region IY (moderately cold) and GOST 
16350–80 “Climate of the USSR. Regionalizing and statistical parameters of climatic factors for 
technical purposes.” The facades were painted with calcareous and cement per chlorinated 
vinyl CPCV paints. Colorful compositions were applied to the plaster thickness of 1.5–2 cm. 
When inspecting the painted surface, the following types of defects were detected: cracking, 
flaking, weathering, dirt retention of coatings, wet spots, and different tonality. The number 
and types of defects were determined visually (GOST 9.407–2015 Unified system of protection 
against corrosion and aging. PAINTWOOD COATINGS. Appraisal method). The names of 
the types of defects and the number of their appearances for calcareous and CPCV coatings 
that take after different service lives are given in Table 1.

Pareto diagrams with all types of defects for their calcareous CPCV coatings are shown in 
Figures 1–3. Analysis of survey results indicates that the list of defects in coatings, constitut-
ing 80% of the cumulative curve, consists mainly of cracks along the vertical joint at the end 
of the building, different tonality of color, and peeling. All of these factors remain constant for 
both coatings. This allows us to consider them a source of “failure” regardless of the type of 
coating. In this case, such a defect as cracks in the coating along the vertical joint of the panels 
goes in the Pareto diagram in the first place and is 22.6–66.6% of the total number of defects, 
depending on the type of coverage and exploitation term.

As the coatings age, there is a change in the specific gravity of the priority defects that affect 
the quality of their appearance, as well as the appearance of new types of defects. Therefore, 
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after 3 years of operation of the calcareous coating, defects such as flaking of the coatings at 
the base of the metal roofs of the porch and at the ends of the fencing panels of the loggias 
are observed, the total specific gravity of which is 41.4%. The priority defects after 5 years 
of operation include cracks in the coating, along the vertical joint at the end of the building, 
exfoliation coating, and different tonality of color. A similar list of defects is also characteristic 
for CPCV coatings. Of this follows that the efforts of all specialists in developing the formula-
tion of building paint compositions, the technology of their application should be aimed at 
increasing the crack resistance of protective-decorative coatings, since this type of defect is the 
most characteristic and widespread.

№ 
defect

Defect denomination Numeric appearance of defects

Calcareous coating, 
1 year of operation

Calcareous coating, 
5 years of operation

CPCV coating, 
5 years of operation

1 Crack in the coating along vertical 
joint at the end of the building

80 100 100

2 Flaking of coatings on the ends 
enclosing panels of loggias

21 100 80

3 Flaking of coatings at the base of 
metal roofs of entrances

13 84 80

4 Flaking of coatings on the facade 3 72 35

5 Different tonality of coloring 2 31 30

6 Wet spots at the bottom joint of 
balconies with panels

— 26 30

7 Weathering of the color — 25 —

8 Other 11 12 25

Table 1. Types and number of defects of protective and decorative coatings.

Figure 1. Pareto chart for lime coating (1 year of operation).
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Results of the experimental researches testify that in use of protective-decorative coatings 
of external walls of buildings, there is a change of the mechanism of their destruction from 
elastic-plastic to friable, that is, “embrittlement” of coatings is observed. According to the 
linear mechanics of destruction, a cracking fissuring of coatings happens [17, 18], if

   К  1   ≥  К  1с    (1)

  К  
1
   -coefficient of intensity of tensions,

  К  
1с

   -critical value of coefficient of intensity of tensions.

Considering that a main type of destruction of protective-decorative coatings is cracking fis-
suring, it is of practical interest to estimate parameters of crack formation of coatings during 
an aging. At present, there are several methods for assessing the crack resistance of coatings 
[19–22]. The determination of critical coefficient of intensity of tensions   К  

1с
    was carried out by 

Figure 3. Pareto chart for CPCV coating (5 years of operation).

Figure 2. Pareto chart for the calcareous coating (5 years of operation).

Coatings and Thin-Film Technologies90

us according to the technique [23] based on a ratio between the crack length, a print of the 
Vickers indenter, and viscosity of destruction. We are invited to assess the cracking of poly-
mer coatings using the technique, based on the ratio between the crack length, the Vickers 
indenter print, and the fracture toughness. This technique is successfully used to assess the 
fracture toughness (K1c) of ceramics.

In this method, the value of the stress intensity factor K1c is determined from the length of the 
radial cracks formed in brittle materials from the corners of the Vickers indentation. To obtain 
a semi-empirical dependence of the length of radial cracks on crack resistance and hardness, 
the approach proposed by A. Evans and E. Charles is used. Dependence “normalized crack 
resistance (К1с/Нα1/2)⋅(Н/Е)1/2-normalized length of radial cracks С/α” is described by the fol-
lowing equation:

   ( К  1с   /  Н𝛼𝛼   1/2 )  ⋅   (Н / Е)    1/2  = А ⋅   (С / α)    −В ,  (2)

where H is Vickers hardness; A and B are empirical coefficients.

From expression (2), we obtain:

   К  1с   =  АН𝛼𝛼   1/2    (Е / Н)    1/2    (С / α)    −В .  (3)

If the value of hardness does not depend on the load on the indenter, then Eq. (3) can be 
written in the form:

   К  1с   = const   (E / H)    1/2  P /  C   B ,  (4)

where P is the load on the Vickers indenter.

The most common semi-empirical equation of this type is given as follows:

   К  1с   = 0.028  Н𝛼𝛼   1/2    (E / H)    0.5    (С / α)    −1.5   (5)

where H is Vickers hardness;

E: the modulus of elasticity;

C: half-length of radial cracks;

α: half-length of the diagonal of the print.

The critical coefficient of intensity of tensions was determined by a formula:

   К  1с   = 0.028  На   0.5    (Е / Н)    0.5    (С / а)    −1.5   (6)

where hardness by Vickers;

Р: loading on indents;
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С: semi-length of radial cracks;

a: semi-length of print diagonal.

As colorful structures in the work, polyvinyl acetate cement PVAC and polymer-calcareous 
paints were applied, and as a substrate—cement and sand solution. After curing, the painted 
solution exemplars were subjected to alternate freezing and thawing and also to humidifica-
tion and a thermal aging. During tests with the help of Vickers indenter, we measured a print 
diameter and length of radial cracks which are formed on both sides from a print. Hardness 
by Vickers was calculated on a formula:

  Н =   2P ___  d   2    sin   α __ 2  ,  (7)

where d: diameter of a print;

 α : angle at indenter top.

The dependence of the size of the semi-diagonal of the imprint on the load on the indenter is 
described by the equation:

  а = А ·  Р   0.5 .  (8)

The exponent is 0.5, as it should be when the hardness of the material does not depend on 
the magnitude of the load. The dependence of the length of radial cracks on the load is fairly 
accurately approximated by an equation of the form:

  С = В ·  Р   0.67 .  (9)

In order that the critical value of the intensity factor   К  
1с

   , measured by the method of indenta-
tion, did not depend on the load, exponent must be equal to 2/3 ( ≈ 0.67 ). The results of previous 
research work show that most protective and decorative coatings have a fragile character of 
destruction, which gives grounds to apply this technique to assess the crack resistance of 
paint and varnish coatings. From the experimental data obtained, a correlation was estab-
lished between the semi-diagonal of the imprint and the load on the indenter P, which is 
described by expression (8).

For the PVAC coatings tested after curing obtained dependence

  а = 0.087  Р   0.5 .  (10)

For polymer-calcareous coatings

  а = 0.124  Р   0.5 .  (11)

For coatings based on oil paint

  а = 0.097  Р   0.5 .  (12)
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For coatings KO-168

  а = 0.141  Р   0.5 .  (13)

Eqs. (10)–(13) indicate that the exponent a is a = 0.5, that is, this should be the case if the 
hardness is independent of the load in accordance with Eq. (8). After a certain duration of 
thermostating of the coatings, a decrease in coefficient A in Eq. (8) indicates an increase in 
their hardness. So, for example, after 100 h of thermostating, the following dependences were 
obtained:

For the PVAC coatings

  а = 0.065  Р   0.5 .  (14)

For polymer-calcareous coatings

  а = 0.085  Р   0.5 .  (15)

For coatings based on oil paint

  а = 0.073  Р   0.5 .  (16)

The analysis of the obtained results testifies that the dependence of the half-length of radial 
cracks C on the load P in the coatings is approximated by the equations:

For polymer-calcareous coatings

  С = 0.0327  Р   0.67 .  (17)

For the PVAC coatings

  С = 0.042Р  0   0.67 .  (18)

For coatings KO-168

  С = 0.252  Р   0.67 .  (19)

In the work applied, the following types of paints are listed in Table 2.

The results of experimental studies indicate that in the process of aging protective-decorative 
coatings of external walls of buildings, there is a change in the mechanism of their destruction 
from elastic-plastic to brittle, that is, “embrittlement” of coatings is observed [24–29]. Test 
results are provided in Table 3. It was established that in PVAC and the polymer-calcareous 
coatings on a solution substrate, the “embrittlement” occurs after a particular duration of 
impact of alternate freezing and thawing. The presence of a crack was determined visually 
and also with the aid of a magnifier at a magnification of 30 times.
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С: semi-length of radial cracks;

a: semi-length of print diagonal.
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  а = 0.085  Р   0.5 .  (15)

For coatings based on oil paint
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For coatings KO-168
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In the work applied, the following types of paints are listed in Table 2.

The results of experimental studies indicate that in the process of aging protective-decorative 
coatings of external walls of buildings, there is a change in the mechanism of their destruction 
from elastic-plastic to brittle, that is, “embrittlement” of coatings is observed [24–29]. Test 
results are provided in Table 3. It was established that in PVAC and the polymer-calcareous 
coatings on a solution substrate, the “embrittlement” occurs after a particular duration of 
impact of alternate freezing and thawing. The presence of a crack was determined visually 
and also with the aid of a magnifier at a magnification of 30 times.
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The critical coefficient of intensity of tensions was determined by formula (6). The size of the 
diagonal of the Vickers indenter print was measured using a magnifier. Cracks in coatings 
at cave-in of an indenter Vickers appear only after 15–20 testing cycles. The value of critical 
coefficient of intensity of tensions of PVAC coating is equal to K1c = 0.088 MH/m3/2, and for 
polymer-calcareous coating, K1c = 0.069 MH/m3/2.

Introduction into a compounding of PVAC paint, the fibrous asbestos increases crack resis-
tance of coatings. Thus, even after 20 cycles of alternate freezing-thawing, the “embrittle-
ment” of coating is not observed. The comparative analysis of data shows that at the same 
intensity of influences of the environment coatings with a fibrous asbestos possess the smaller 
value of coefficient of intensity of tensions, after eight cycles of alternate freezing-thawing 
K1(PVAC) = 0.078 MH/m3/2 and K1(PVAC with 1% of asbestos) =0.073 MH/m3/2.

Humidification of coatings leads to a decrease of an elastic modulus and hardness of coatings 
that reduces a danger of crack formation at deformation of a wall construction. Humidification 
of coatings for 30 days does not cause crack fissuring of coatings. The coefficient of intensity of 
tensions of PVAC coating after curing is equal to K1c = 0.06 MH/m3/2, and after humidification 
K1c = 0.054 MH/m3/2. Similar data are obtained and for the polymer-calcareous coatings.

At studying a thermo aging, it was recorded that the increase of time of thermoaging leads to 
natural increase of value of coefficient of intensity of tensions. For example, after a thermoaging 
of polymer-calcareous coatings for a 100-h increase, the value of coefficient of intensity of ten-
sions is observed from K1c = 0.044 MH/m3/2 (after curing) to KK1c = 0.053 MH/m3/2, and after 200 h 
value makes KK1c = 0.0546 MH/mm3/2. Considering that properties of a protective-decorative 
coatings are defined among other factors by properties of the painted construction and are 
heterogeneous on an extension, we followed up and carried out the calculation of tensions aris-
ing in coatings as a result of the influence of various factors according to a technique [30]. It will 
allow approaching the choice of materials research factors of the increase of crack resistance of 
coatings more reasonably. The conducted researches are justification for recommendations at 
developing the compounding of colorful structures, at carrying out research works with the use 
of technique of an assessment of crack resistance of coatings according to the offered scheme. 
It will allow to more reasonably predict firmness of coatings and also to optimize finishing 
structures for the purpose of receiving coatings with a complex of the given properties.

Type of paint Name of indicators

Viscosity, s Drying time, no less. h Adhesion, point Life, year

PF-115 60–120 24 1 5

MA-15 64–140 24

PVAC 40–100 3 1 5

Water dispersive (facade) 40–45 1 5

Nitrocellulose NC-123 60–100 3 1 3

Polymer-calcareous 40–60 24 2 5

Acrylate class “Universal” 40–60 3

Table 2. Technical characteristics of the paints.
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3. Persistence of varnish-and-lacquer coatings to cracking in the 
process of environmental impact

In accordance with the statistical theory of the strength of solids, the probability of destruc-
tion of coatings is determined by the presence and concentration of defects, including on the 
surface of the coatings. Thus, the quality of the appearance of the coatings among other factors 

Type of coatings Type of influence Loading 
P, Н

Hardness of 
coating, Н, 
Н/мм2

The relation of 
crack semi-length 
C to the size of 
semi-diagonal of 
print

Coefficient of 
intensity of 
tension, К1с,

МН/м3/2

PVAC After curing 47.39 61 1 0.06

Three cycles of 
freezing-thawing

137 1 0.075

Eight cycles of 
freezing-thawing

164 1 0.078

15 cycles of 
freezing-thawing

179 1.2 0.088*

Humidification 15 days 49 1 0.058

Humidification 30 days 37 1 0.054

Thermoaging 100 h 85 1 0.065

Thermoaging 200 h 104 1 0.068

Polymer- calcareous After curing 47.39 27 1 0.044

Three cycles of 
freezing-thawing

45 1 0.05

20 cycles of 
freezing-thawing

70 1.54 0.069*

Humidification 15 days 23 1 0.055

Humidification 30 days 16 1 0.040

Thermoaging 100 h 55 1 0.053

Thermoaging 200 h 62 1 0.0546

PVAC (1% asbestos 
by weight of 
cement)

After curing 47.39 44 1 0.055

Three cycles of 
freezing-thawing

130 1 0.073

Eight cycles of 
freezing-thawing

130 1 0.073

20 cycles of 
freezing-thawing

133 1 0.074

*Critical coefficient of intensity of tensions.

Table 3. Parameters of a crack for the formation of a protective-decorative coating.
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sions is observed from K1c = 0.044 MH/m3/2 (after curing) to KK1c = 0.053 MH/m3/2, and after 200 h 
value makes KK1c = 0.0546 MH/mm3/2. Considering that properties of a protective-decorative 
coatings are defined among other factors by properties of the painted construction and are 
heterogeneous on an extension, we followed up and carried out the calculation of tensions aris-
ing in coatings as a result of the influence of various factors according to a technique [30]. It will 
allow approaching the choice of materials research factors of the increase of crack resistance of 
coatings more reasonably. The conducted researches are justification for recommendations at 
developing the compounding of colorful structures, at carrying out research works with the use 
of technique of an assessment of crack resistance of coatings according to the offered scheme. 
It will allow to more reasonably predict firmness of coatings and also to optimize finishing 
structures for the purpose of receiving coatings with a complex of the given properties.
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Water dispersive (facade) 40–45 1 5
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3. Persistence of varnish-and-lacquer coatings to cracking in the 
process of environmental impact

In accordance with the statistical theory of the strength of solids, the probability of destruc-
tion of coatings is determined by the presence and concentration of defects, including on the 
surface of the coatings. Thus, the quality of the appearance of the coatings among other factors 
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Name of paint Type of corrosion 
attack

Number of defects Surface roughness,  
Ra, мкм

Coefficient of intensity of 
stresses К1, МН/м3/2

Alkyd enamel 
PF-115

Hardening 36 0.12 0.01561

30 0.10 0.01035

18 0.08 0.01002

Five freeze-thaw cycles 39 0.47 0.01708

32 0.36 0.01677

25 0.23 0.01076

10 freeze-thaw cycles There is a peeling of the coating

36 2.58 0.01913

31 2.21 0.01846

13 freeze-thaw cycles There is a peeling of the coating

56 3.10 0.02082

15 freeze-thaw cycles 57 3.26 0.02123

Oil paint MA-15 Hardening 29 0.23 0.01855

20 0.18 0.01177

10 0.14 0.01170

Five freeze-thaw cycles There is a peeling of the coating

23 0.59 0.02056

15 0.40 0.01864

10 freeze-thaw cycles 26 1.69 0.02653

20 1.46 0.02014

13 freeze-thaw cycles 30 1.83 0.02903

21 1.63 0.02134

15 freeze-thaw cycles 33 2.1 0.02985

26 1.95 0.02461

Nitrocellulose 
NC-123

Hardening 27 0.19 0.00986

19 0.17 0.00984

8 0.14 0.00824

Five freeze-thaw cycles 30 0.52 0.01377

21 0.48 0.01306

12 0.16 0.01061

Continuation of Table 4

Nitrocellulose 
NC-123

10 freeze-thaw cycles There is a cracking of the coating

28 2.78 0.01672

18 2.32 0.01543

13 freeze-thaw cycles 31 2.90 0.01802

24 2.51 0.01701

15 freeze-thaw cycles 28 2.65 0.01925

Coatings and Thin-Film Technologies96

determines the resistance of the coatings to failure, in particular, to cracking. To establish 
the connection between the fracture toughness indexes of coatings and the quality of their 
external type in the process of a corrosive environmental impact, we conducted the following 

Name of paint Type of corrosion 
attack

Number of defects Surface roughness,  
Ra, мкм

Coefficient of intensity of 
stresses К1, МН/м3/2

Water dispersive 
(facade)

Hardening 192 0.44 0.01688

113 0.34 0.01481

80 0.24 0.01308

Five freeze-thaw cycles 229 0.89 0.02103

135 0.76 0.01799

94 0.70 0.01409

10 freeze-thaw cycles 232 3.01 0.02305

141 2.55 0.01967

97 1.85 0.01503

13 freeze-thaw cycles 233 3.65 0.02636

148 3.10 0.02013

106 1.98 0.01723

15 freeze-thaw cycles 247 3.80 0.02752

153 3.40 0.02432

114 2.80 0.02056

Acrylate, class 
Wagon

Hardening 160 0.24 0.01283

120 0.22 0.01193

86 0.20 0.01137

Five freeze-thaw cycles 210 0.74 0.01716

134 0.60 0.01513

108 0.55 0.01391

10 freeze-thaw cycles 215 2.40 0.02146

150 1.77 0.01692

117 1.44 0.01403

13 freeze-thaw cycles 223 2.62 0.02342

161 1.83 0.01863

123 1.63 0.01608

Freeze-thaw cycles 228 3.30 0.25631

176 2.31 0.02018

129 1.96 0.01801

Table 4. Crack resistance of coatings depending on the quality of their appearance in the process of freezing-thawing.
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attack
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Continuation of Table 4
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the connection between the fracture toughness indexes of coatings and the quality of their 
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experiment. Colorful compositions were applied using a brush on the solvent substrates in two 
layers with intermediate drying for 24 h. The following color compositions were used: alkyd 
grade enamel PF-115, oil paint MA-15, nitrocellulose enamel НЦ-123, paint acryl ate class 

Name of the paint 
composition

The change in coefficient of intensity of stresses К1, МН/м3/2

Alter 
hardening

Five cycles Eight cycles 11 cycles 13 cycles 15 cycles

Alkyd enamel PF-115 0.01561

0.58

0.01804

0.83

There is a peeling of the coating

0.01035

0.4

0.01581

0.58

There is a peeling of the coating

0.01002

0.21

0.01264

0.32

There is a peeling of the coating

Oil paint MA-15 0.01855

0.8

0.02004

1.43

There is a peeling of the coating

0.01177

0.69

0.01658

0.94

There is a peeling of the coating

0.01170

0.46

0.01342

0.65

0.01532

0.93

There is a peeling of the coating

Nitrocellulose 
NC-123

0.00986

0.78

0.01564

1.02

There is a cracking of the coating

0.00934

0.6

0.01268

0.79

0.01586

1.12

There is a cracking of the coating

0.00824

0.32

0.01194

0.44

0.01302

0.68

0.01683

1.18

0.01968

1.32

There is a 
cracking of the 
coating

Water dispersive 
(facade)

0.01488

3.01

0.01568

3.42

0.01932

3.58

0.02236

3.72

0.02393

3.94

0.02538

4.16

0.01471

2.55

0.01496

2.76

0.01906

2.96

0.02198

3.16

0.02363

3.28

0.02506

3.34

0.01308

1.85

0.01386

1.94

0.01896

2.08

0.02106

2.34

0.02186

2.46

0.02483

2.61

Acrylate, class 
Wagon

0.01282

2.4

0.01462

2.62

0.01768

3.12

0.02068

3.28

0.02238

3.38

0.02368

3.52

0.01193

1.77

0.01266

1.94

0.01701

2.26

0.02032

2.43

0.02113

2.64

0.02309

2.83

0.01137

1.51

0.01204

1.63

0.01632

1.84

0.01958

1.96

0.02073

2.18

0.02298

2.31

Table 5. Crack resistance of coatings depending on the quality of their appearance in the process of moistening-drying.
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“Universal,” and acrylic water dispersion paint (facade). Different quality of the appearance of 
the coatings was created by changing the porosity of the substrate and the rheological proper-
ties of the paint compositions. During the tests, the colored solution samples were subjected to 
various types of corrosion attack, namely alternating freezing-thawing according to the regime: 
4 h freezing at a temperature of −18°C, 20 h of thawing, moistening-drying according to the 
regime: 20 h of moistening at room temperature and 4 h of drying at a temperature of 60°C.

During the experiment, the concentration of defects on the surface of the coating was also 
determined. The number of defects was determined on the surface area of 64 cm2. The coating 
surface roughness was determined by profilograph TR-100 state. The results of the studies are 
given in Tables 3 and 4. It was found that during the test, the cracks appear locally and are 
formed near the defects on the surface of the coating. In particular, after five test cycles on the 
surface of the coating based on MA-15 paint, surface roughness, Ra = 0.23 μm, surface cracks 
visible to the naked eye appeared, and on the coating with a roughness index Ra = 0.14 μm—
after 15 test cycles. Similar patterns are also characteristic for other coatings (Table 4). It is 
established that with an increase in the roughness of the coating surface, the value of the stress 
intensity coefficient is increased. Therefore, for example, the surface roughness of a coating 
based on PF-115 ink is Ra = 0.12 μm, the stress intensity factor K1 = 0.01561 MN/m3/2, a decrease 
in the roughness of the coating surface Ra = 0.08 μm leads to a decrease in the stress intensity 
factor to K1 = 0.01002 MN/m3/2. Similar patterns are also characteristic for other types of coatings.

The results (Table 5) show that the nature of the destruction of the coatings during the cor-
rosive action of the medium is not the same. Therefore, coatings based on oil and alkyd paint 
are characterized by peeling, coatings based on acrylate class Universal, nitrocellulose, and 
water dispersion paint-cracking. Regardless of the type of coating and the corrosive effect 
of the medium, there is an increase in the roughness of the coating surface and coefficient of 
intensity of stresses.

4. The influence of the porosity of the substrate on crack resistance 
of protective-decorative coating

The operational stability of protective-decorative coatings of the outer walls of buildings is 
significantly influenced by processes occurring both in the coating itself and at the interface of 
the “substrate-coating” contact [6]. The strength of the adhesion of protective-decorative coat-
ings to the concrete substrate depends significantly on the quality of the substrate. The quality 
of the substrate, first of all, is understood as its macro- and microstructure, the degree of its 
homogeneity, providing the desired solidity contact layer, its density, and porosity. Features 
of the porous substrate, such as cement concrete, mortar, and so on, have a significant effect 
on the formation of the structure and properties of the coatings applied. The analysis of the 
results (Table 6) indicates that the porosity of the substrate has a great influence on the nature 
of the destruction of the protective and decorative coating. At the same time, it should be noted 
that the nature of the destruction, for example, of PVAC coatings, has a significant difference 
from polymer-based coatings. Thus, for example, an increase in the porosity of the substrate 
from 20 to 28% leads to a reduction in the crack resistance of polymer-calcareous coatings. 
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experiment. Colorful compositions were applied using a brush on the solvent substrates in two 
layers with intermediate drying for 24 h. The following color compositions were used: alkyd 
grade enamel PF-115, oil paint MA-15, nitrocellulose enamel НЦ-123, paint acryl ate class 

Name of the paint 
composition

The change in coefficient of intensity of stresses К1, МН/м3/2

Alter 
hardening

Five cycles Eight cycles 11 cycles 13 cycles 15 cycles

Alkyd enamel PF-115 0.01561

0.58

0.01804

0.83

There is a peeling of the coating

0.01035

0.4

0.01581

0.58

There is a peeling of the coating

0.01002

0.21

0.01264

0.32

There is a peeling of the coating

Oil paint MA-15 0.01855

0.8

0.02004

1.43

There is a peeling of the coating

0.01177

0.69

0.01658

0.94

There is a peeling of the coating

0.01170

0.46

0.01342

0.65

0.01532

0.93

There is a peeling of the coating

Nitrocellulose 
NC-123

0.00986

0.78

0.01564

1.02

There is a cracking of the coating

0.00934

0.6

0.01268

0.79

0.01586

1.12

There is a cracking of the coating

0.00824

0.32

0.01194

0.44

0.01302

0.68

0.01683

1.18

0.01968

1.32

There is a 
cracking of the 
coating

Water dispersive 
(facade)

0.01488

3.01

0.01568

3.42

0.01932

3.58

0.02236

3.72

0.02393

3.94

0.02538

4.16

0.01471

2.55

0.01496

2.76

0.01906

2.96

0.02198

3.16

0.02363

3.28

0.02506

3.34

0.01308

1.85

0.01386

1.94

0.01896

2.08

0.02106

2.34

0.02186

2.46

0.02483

2.61

Acrylate, class 
Wagon

0.01282

2.4

0.01462

2.62

0.01768

3.12

0.02068

3.28

0.02238

3.38

0.02368

3.52

0.01193

1.77

0.01266

1.94

0.01701

2.26

0.02032

2.43

0.02113

2.64

0.02309

2.83

0.01137

1.51

0.01204

1.63

0.01632

1.84

0.01958

1.96

0.02073

2.18

0.02298

2.31

Table 5. Crack resistance of coatings depending on the quality of their appearance in the process of moistening-drying.

Coatings and Thin-Film Technologies98

“Universal,” and acrylic water dispersion paint (facade). Different quality of the appearance of 
the coatings was created by changing the porosity of the substrate and the rheological proper-
ties of the paint compositions. During the tests, the colored solution samples were subjected to 
various types of corrosion attack, namely alternating freezing-thawing according to the regime: 
4 h freezing at a temperature of −18°C, 20 h of thawing, moistening-drying according to the 
regime: 20 h of moistening at room temperature and 4 h of drying at a temperature of 60°C.

During the experiment, the concentration of defects on the surface of the coating was also 
determined. The number of defects was determined on the surface area of 64 cm2. The coating 
surface roughness was determined by profilograph TR-100 state. The results of the studies are 
given in Tables 3 and 4. It was found that during the test, the cracks appear locally and are 
formed near the defects on the surface of the coating. In particular, after five test cycles on the 
surface of the coating based on MA-15 paint, surface roughness, Ra = 0.23 μm, surface cracks 
visible to the naked eye appeared, and on the coating with a roughness index Ra = 0.14 μm—
after 15 test cycles. Similar patterns are also characteristic for other coatings (Table 4). It is 
established that with an increase in the roughness of the coating surface, the value of the stress 
intensity coefficient is increased. Therefore, for example, the surface roughness of a coating 
based on PF-115 ink is Ra = 0.12 μm, the stress intensity factor K1 = 0.01561 MN/m3/2, a decrease 
in the roughness of the coating surface Ra = 0.08 μm leads to a decrease in the stress intensity 
factor to K1 = 0.01002 MN/m3/2. Similar patterns are also characteristic for other types of coatings.

The results (Table 5) show that the nature of the destruction of the coatings during the cor-
rosive action of the medium is not the same. Therefore, coatings based on oil and alkyd paint 
are characterized by peeling, coatings based on acrylate class Universal, nitrocellulose, and 
water dispersion paint-cracking. Regardless of the type of coating and the corrosive effect 
of the medium, there is an increase in the roughness of the coating surface and coefficient of 
intensity of stresses.

4. The influence of the porosity of the substrate on crack resistance 
of protective-decorative coating

The operational stability of protective-decorative coatings of the outer walls of buildings is 
significantly influenced by processes occurring both in the coating itself and at the interface of 
the “substrate-coating” contact [6]. The strength of the adhesion of protective-decorative coat-
ings to the concrete substrate depends significantly on the quality of the substrate. The quality 
of the substrate, first of all, is understood as its macro- and microstructure, the degree of its 
homogeneity, providing the desired solidity contact layer, its density, and porosity. Features 
of the porous substrate, such as cement concrete, mortar, and so on, have a significant effect 
on the formation of the structure and properties of the coatings applied. The analysis of the 
results (Table 6) indicates that the porosity of the substrate has a great influence on the nature 
of the destruction of the protective and decorative coating. At the same time, it should be noted 
that the nature of the destruction, for example, of PVAC coatings, has a significant difference 
from polymer-based coatings. Thus, for example, an increase in the porosity of the substrate 
from 20 to 28% leads to a reduction in the crack resistance of polymer-calcareous coatings. 
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Name of 
coating

Impact type Hardness 
H, N/mm2

The ratio of the half-length of the crack C to 
the size of the semi-diagonal of the imprint a

Coefficient of intensity 
of stresses, К1, МН/м3/2

1 2 3 4 5

PVAC on glass Hardening 37 1 0.051

Five freeze-thaw 
cycles

76 1 0.072

Eight freeze-
thaw cycles

85 1.27 0.083*

(P = 20%)

PVAC

Hardening 85 1 0.065

Five freeze-thaw 
cycles

125 1 0.08

10 freeze-thaw 
cycles

140 1 0.084

11 freeze-thaw 
cycles

180 1.4 0.088*

Continuation of Table 6

1 2 3 4 5

(P = 28%)

PVAC

Hardening 75 1 0.065

Five freeze-thaw 
cycles

80 1 0.066

10 freeze-thaw 
cycles

102 1 0.08

15 freeze-thaw 
cycles

174 1.23 0.083*

PVAC on a 
brick substrate 
(P = 40%)

Hardening 73 1 0.077

Five freeze-thaw 
cycles

176 1.3 0.085*

(P = 20%)

Polymer-
calcareous

Hardening 21.7 1 0.024

Five freeze-thaw 
cycles

47.6 1 0.05

10 freeze-thaw 
cycles

52.2 1 0.052

20 freeze-thaw 
cycles

60.8 1.54 0.06*

(P = 28%)

Polymer-
calcareous

Hardening 27 1 0.029

Five freeze-thaw 
cycles

38 1 0.04

14 freeze-thaw 
cycles

57 1.2 0.056*

(P = 20%)

Acrylate class 
“Universal”

Hardening 61 1 0.027

Curing on 
preliminary 
putty surfaces

22 1 0.004

*Critical coefficient of intensity of stresses.

Table 6. Parameters crack education of protective-decorative coatings depending on the porosity of the substrate.

Coatings and Thin-Film Technologies100

The appearance of cracks in indentation of the Vickers indenter in a polymer-calcareous coat-
ing on substrates with a porosity of P = 20% is observed after 20 cycles of freezing-thawing. 
The critical coefficient of intensity of stresses is   K  

1c
    = 0.06 MN/m3/2. At porosity of the substrate, 

P = 28%, the appearance of cracks in indentation of the Vickers indenter occurs in the coatings 
after 14 cycles of freezing-thawing. This is explained by the appearance of a more inhomoge-
neous stress state in the coating. For PVAC coatings, it is characteristic that the fracture tough-
ness increases with increasing porosity of the substrate from 20 to 28%. The critical value of 
coefficient of intensity of stresses for PVAC coatings in substrate porosity of 20% is   K  

1c
    = 0.088 

MN/m3/2. In this case, the appearance of cracks in the coating during the introduction of the 
Vickers indenter was recorded after 11 cycles of freezing-thawing. With a substrate porosity 
of 28%, the appearance of cracks is observed only after 15 cycles of freezing-thawing.

However, the change in the coefficient of intensity of stresses for PVAC coatings is extreme. 
So, for example, when using as a substrate of brick samples with a porosity of P = 40%, the 
fracture toughness of PVAC coatings is significantly reduced. Thus, the presence of cracks at 
the indentation of Vickers indenter is observed after five cycles of freezing thawing.

Preliminary preparation of the substrate surface has a significant effect on the crack resis-
tance of protective and decorative coatings. So, for example, priming the surface of the 
substrate leads to an increase in the crack resistance of the coatings. At the same time, 
the appearance of cracks with the indentation of the Vickers indenter in the PVAC coat-
ing on a substrate with a porosity of P = 20% was observed after 15 cycles of alternating 
freezing-thawing. For some types of coatings PF-115 and water dispersive acrylate paint 
of the “Universal” class, it is very important in advance application of putty to the surface 
before staining to reduce the porosity of the substrate. This leads to an increase in the crack 
resistance of these coatings. Thus, the coefficient of the intensity of stresses of the acrylate 
coating applied to the surface of the substrate after its preliminary preparation was 0.004 
MN/m3/2, while without preparation—0.027 MN/m3/2.

It was found that in coatings, “embrittlement” occurs after a certain time of moistening. Thus, 
cracks in the coatings with the indentation of the Vickers indenter appear on the coating of 
PF-266 on a substrate with a surface porosity of P = 0% and on a substrate with a surface 
porosity of P = 6.2% and humidity at the application of paint of 9.9%. For coatings MA-115 on 
a substrate with P = 6.7% and humidity at the time of application of paint W = 10.2%, peeling 
of the coating after 2 months of moistening is characteristic. Analysis of the experimental 
data (Table 7) shows that with increasing surface porosity of the substrate, a decrease in the 
stress intensity factor is observed up to a certain limit. Thus, with a load П = 25.39 N, the 
value of the stress intensity factor Kc for coating PF-115 on a substrate with a surface porosity 
P = 0.13–1.2% after 2 months of moistening is Kc = 0.0376МН/m1.5, and on a substrate with a 
surface porosity, P = 10.5%—0.0256 МН/m1.5, and for the MA-15 coating, the values of the 
stress intensity factor are, respectively, 0.0257 МН/м1.5 and 0.02147 МН/m1.5..

Obviously, this is due to the fact that the pores on the surface of the substrate to some extent 
“extinguish” internal stresses and reduce the tendency to crack coatings. Increasing the sub-
strate moisture at the time of application of the paint results in a more defective structure of 
the contact layer “coating-substrate” and a greater propensity to cracking. The stress intensity 
factor for PF-115 coatings at substrate moisture at the time of application of a paint composi-
tion equal to W = 10.4% after 2 months of wetting is Kc = 0.404 МН/m1.5. Among other factors, the 

Crack Resistance of Paint Coatings, Cement Concretes
http://dx.doi.org/10.5772/intechopen.78537

101



Name of 
coating

Impact type Hardness 
H, N/mm2

The ratio of the half-length of the crack C to 
the size of the semi-diagonal of the imprint a

Coefficient of intensity 
of stresses, К1, МН/м3/2

1 2 3 4 5

PVAC on glass Hardening 37 1 0.051

Five freeze-thaw 
cycles

76 1 0.072

Eight freeze-
thaw cycles

85 1.27 0.083*

(P = 20%)

PVAC

Hardening 85 1 0.065

Five freeze-thaw 
cycles

125 1 0.08

10 freeze-thaw 
cycles

140 1 0.084

11 freeze-thaw 
cycles

180 1.4 0.088*

Continuation of Table 6

1 2 3 4 5

(P = 28%)

PVAC

Hardening 75 1 0.065

Five freeze-thaw 
cycles

80 1 0.066

10 freeze-thaw 
cycles

102 1 0.08

15 freeze-thaw 
cycles

174 1.23 0.083*

PVAC on a 
brick substrate 
(P = 40%)

Hardening 73 1 0.077

Five freeze-thaw 
cycles

176 1.3 0.085*

(P = 20%)

Polymer-
calcareous

Hardening 21.7 1 0.024

Five freeze-thaw 
cycles

47.6 1 0.05

10 freeze-thaw 
cycles

52.2 1 0.052

20 freeze-thaw 
cycles

60.8 1.54 0.06*

(P = 28%)

Polymer-
calcareous

Hardening 27 1 0.029

Five freeze-thaw 
cycles

38 1 0.04

14 freeze-thaw 
cycles

57 1.2 0.056*

(P = 20%)

Acrylate class 
“Universal”

Hardening 61 1 0.027

Curing on 
preliminary 
putty surfaces

22 1 0.004

*Critical coefficient of intensity of stresses.

Table 6. Parameters crack education of protective-decorative coatings depending on the porosity of the substrate.

Coatings and Thin-Film Technologies100

The appearance of cracks in indentation of the Vickers indenter in a polymer-calcareous coat-
ing on substrates with a porosity of P = 20% is observed after 20 cycles of freezing-thawing. 
The critical coefficient of intensity of stresses is   K  

1c
    = 0.06 MN/m3/2. At porosity of the substrate, 

P = 28%, the appearance of cracks in indentation of the Vickers indenter occurs in the coatings 
after 14 cycles of freezing-thawing. This is explained by the appearance of a more inhomoge-
neous stress state in the coating. For PVAC coatings, it is characteristic that the fracture tough-
ness increases with increasing porosity of the substrate from 20 to 28%. The critical value of 
coefficient of intensity of stresses for PVAC coatings in substrate porosity of 20% is   K  

1c
    = 0.088 

MN/m3/2. In this case, the appearance of cracks in the coating during the introduction of the 
Vickers indenter was recorded after 11 cycles of freezing-thawing. With a substrate porosity 
of 28%, the appearance of cracks is observed only after 15 cycles of freezing-thawing.

However, the change in the coefficient of intensity of stresses for PVAC coatings is extreme. 
So, for example, when using as a substrate of brick samples with a porosity of P = 40%, the 
fracture toughness of PVAC coatings is significantly reduced. Thus, the presence of cracks at 
the indentation of Vickers indenter is observed after five cycles of freezing thawing.

Preliminary preparation of the substrate surface has a significant effect on the crack resis-
tance of protective and decorative coatings. So, for example, priming the surface of the 
substrate leads to an increase in the crack resistance of the coatings. At the same time, 
the appearance of cracks with the indentation of the Vickers indenter in the PVAC coat-
ing on a substrate with a porosity of P = 20% was observed after 15 cycles of alternating 
freezing-thawing. For some types of coatings PF-115 and water dispersive acrylate paint 
of the “Universal” class, it is very important in advance application of putty to the surface 
before staining to reduce the porosity of the substrate. This leads to an increase in the crack 
resistance of these coatings. Thus, the coefficient of the intensity of stresses of the acrylate 
coating applied to the surface of the substrate after its preliminary preparation was 0.004 
MN/m3/2, while without preparation—0.027 MN/m3/2.

It was found that in coatings, “embrittlement” occurs after a certain time of moistening. Thus, 
cracks in the coatings with the indentation of the Vickers indenter appear on the coating of 
PF-266 on a substrate with a surface porosity of P = 0% and on a substrate with a surface 
porosity of P = 6.2% and humidity at the application of paint of 9.9%. For coatings MA-115 on 
a substrate with P = 6.7% and humidity at the time of application of paint W = 10.2%, peeling 
of the coating after 2 months of moistening is characteristic. Analysis of the experimental 
data (Table 7) shows that with increasing surface porosity of the substrate, a decrease in the 
stress intensity factor is observed up to a certain limit. Thus, with a load П = 25.39 N, the 
value of the stress intensity factor Kc for coating PF-115 on a substrate with a surface porosity 
P = 0.13–1.2% after 2 months of moistening is Kc = 0.0376МН/m1.5, and on a substrate with a 
surface porosity, P = 10.5%—0.0256 МН/m1.5, and for the MA-15 coating, the values of the 
stress intensity factor are, respectively, 0.0257 МН/м1.5 and 0.02147 МН/m1.5..

Obviously, this is due to the fact that the pores on the surface of the substrate to some extent 
“extinguish” internal stresses and reduce the tendency to crack coatings. Increasing the sub-
strate moisture at the time of application of the paint results in a more defective structure of 
the contact layer “coating-substrate” and a greater propensity to cracking. The stress intensity 
factor for PF-115 coatings at substrate moisture at the time of application of a paint composi-
tion equal to W = 10.4% after 2 months of wetting is Kc = 0.404 МН/m1.5. Among other factors, the 
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state of the painted surface of the facades of buildings is determined by the time of application 
of the paint. So, for example, if the paint is applied in April-May, when the moisture of the 
substrate and the coating is high due to moisture migration from the side of the wall material, 
this can lead to premature failure of the coating. We evaluated the effect of substrate moisture 
on the properties of protective and decorative coatings, in particular, on their crack resistance. 
The analysis of the results (Table 8) shows that the substrate moisture at the time of applica-
tion of paint has a significant effect on the crack resistance of the coatings. For example, when 
PVAC coating is applied to a dry surface, the appearance of cracks in the coating when Vickers 
indenter is introduced occurs after 20 cycles of freezing-thawing, the critical value of the stress 
intensity factor being K1c = 0.09 MN/m3/2. An increase in the initial moisture content of the sub-
strate to W = 1% leads to a significant increase in the fracture toughness of the PVAC coating, 
with the appearance of cracks in the introduction of the Vickers indenter only after 25 cycles 
of freezing-thawing. A further increase in the substrate moisture during painting leads to the 
appearance of a more defective structure of the contact layer “coating-substrate” and a greater 
tendency of the coating to crack formation. Thus, an increase in substrate moisture to W = 4% 
led to the appearance of cracks in the introduction of the Vickers indenter after 10 cycles of 
freezing-thawing.

The results of the analysis of fracture toughness indexes of coatings PF-115 indicate that 
after 15 cycles of freezing-thawing, the coefficient of intensity of stresses in coatings on 
absolutely dry substrate is K1 = 0.057 MN/m3/2, whereas for substrate moisture W = 4%—
K1 = 0.026 MN/m3/2.

Coatings PF-115 on a dry substrate are characterized by peeling after 15 cycles of freezing-
thawing, while at substrate moisture content W = 4%, peeling is not observed and after 35 

Kind of colorful 
composition

Substrate 
moisture, %

Porosity of the 
substrate, %

Load, N Coefficient of intensity of stresses, К1с, МН/m1.5

1 2 3 4 5

Alkyd PF-115

Alkyd PF-268

Oil MA-15

0

0

0

10.5

0

0

0

10.4

0

0

9.9

0.13

0.9

10.5

6.4

0.13

0.9

10.5

6.4

0.33

6.4

6.4

25.39 0.0379

0.0379

0.0256

0.0404

0.0554

0.0554

0.048

0.054

0.0257

0.02147

Peeling

Table 7. Parameters crack education of protective-decorative coatings.

Coatings and Thin-Film Technologies102

freeze-thaw cycles. The obtained results make it possible to assume that an increase in the 
moisture content of the substrate leads to a significant decrease in internal stresses in the 
coating, which is apparently due to a decrease in the adhesion strength due to the presence 
of moisture on the surface of the substrate. However, for different types of coatings, the opti-
mum moisture content of the substrate is characteristic. Increasing the optimum moisture 
content of the substrate leads to a decrease in the crack resistance of coatings.

Thus, the value of the moisture content of the substrate, established in the regulatory and 
technical documentation, in particular, W = 8% for water paint, is not correct. There is a value 
for the optimum moisture content of the substrate for each particular coating in terms of its 
fracture toughness. It is necessary to conduct extensive research to create a databank on the 
influence of substrate moisture on the crack resistance of protective and decorative coatings. 
This will help in the future to develop measures to create crack-resistant coatings.

Name of coating Moisture of 
the substrate, 
W, %

Impact type Hardness 
H, N, mm2

The ratio of the 
half-length of the 
crack C to the size of 
the semi-diagonal of 
the imprint a

Coefficient of 
intensity of 
stresses, К1с, МН/
m1.5

1 2 3 4 5 6

PVAC 0 Hardening 62 1 0.06

Five freeze-thaw 
cycles

112 1 0.08

10 freeze-thaw 
cycles

125 1 0.084

20 freeze-thaw 
cycles

180 1.1 0.09*

PVAC 1 Hardening 32 1 0.018

Five freeze-thaw 
cycles

80 1 0.022

10 freeze-thaw 
cycles

102 1 0.08

25 freeze-thaw 
cycles

112 1.08 0.09*

4 Hardening 44 1 0.053

Five freeze-thaw 
cycles

80 1 0.066

10 freeze-thaw 
cycles

131 1.2 0.088*

Continuation of Table 8

1 2 3 4 5 6
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state of the painted surface of the facades of buildings is determined by the time of application 
of the paint. So, for example, if the paint is applied in April-May, when the moisture of the 
substrate and the coating is high due to moisture migration from the side of the wall material, 
this can lead to premature failure of the coating. We evaluated the effect of substrate moisture 
on the properties of protective and decorative coatings, in particular, on their crack resistance. 
The analysis of the results (Table 8) shows that the substrate moisture at the time of applica-
tion of paint has a significant effect on the crack resistance of the coatings. For example, when 
PVAC coating is applied to a dry surface, the appearance of cracks in the coating when Vickers 
indenter is introduced occurs after 20 cycles of freezing-thawing, the critical value of the stress 
intensity factor being K1c = 0.09 MN/m3/2. An increase in the initial moisture content of the sub-
strate to W = 1% leads to a significant increase in the fracture toughness of the PVAC coating, 
with the appearance of cracks in the introduction of the Vickers indenter only after 25 cycles 
of freezing-thawing. A further increase in the substrate moisture during painting leads to the 
appearance of a more defective structure of the contact layer “coating-substrate” and a greater 
tendency of the coating to crack formation. Thus, an increase in substrate moisture to W = 4% 
led to the appearance of cracks in the introduction of the Vickers indenter after 10 cycles of 
freezing-thawing.

The results of the analysis of fracture toughness indexes of coatings PF-115 indicate that 
after 15 cycles of freezing-thawing, the coefficient of intensity of stresses in coatings on 
absolutely dry substrate is K1 = 0.057 MN/m3/2, whereas for substrate moisture W = 4%—
K1 = 0.026 MN/m3/2.

Coatings PF-115 on a dry substrate are characterized by peeling after 15 cycles of freezing-
thawing, while at substrate moisture content W = 4%, peeling is not observed and after 35 

Kind of colorful 
composition

Substrate 
moisture, %

Porosity of the 
substrate, %

Load, N Coefficient of intensity of stresses, К1с, МН/m1.5

1 2 3 4 5

Alkyd PF-115

Alkyd PF-268

Oil MA-15

0

0

0

10.5

0

0

0

10.4

0

0

9.9

0.13

0.9

10.5

6.4

0.13

0.9

10.5

6.4

0.33

6.4

6.4

25.39 0.0379

0.0379

0.0256

0.0404

0.0554

0.0554

0.048

0.054

0.0257

0.02147

Peeling

Table 7. Parameters crack education of protective-decorative coatings.

Coatings and Thin-Film Technologies102

freeze-thaw cycles. The obtained results make it possible to assume that an increase in the 
moisture content of the substrate leads to a significant decrease in internal stresses in the 
coating, which is apparently due to a decrease in the adhesion strength due to the presence 
of moisture on the surface of the substrate. However, for different types of coatings, the opti-
mum moisture content of the substrate is characteristic. Increasing the optimum moisture 
content of the substrate leads to a decrease in the crack resistance of coatings.

Thus, the value of the moisture content of the substrate, established in the regulatory and 
technical documentation, in particular, W = 8% for water paint, is not correct. There is a value 
for the optimum moisture content of the substrate for each particular coating in terms of its 
fracture toughness. It is necessary to conduct extensive research to create a databank on the 
influence of substrate moisture on the crack resistance of protective and decorative coatings. 
This will help in the future to develop measures to create crack-resistant coatings.

Name of coating Moisture of 
the substrate, 
W, %

Impact type Hardness 
H, N, mm2

The ratio of the 
half-length of the 
crack C to the size of 
the semi-diagonal of 
the imprint a

Coefficient of 
intensity of 
stresses, К1с, МН/
m1.5

1 2 3 4 5 6

PVAC 0 Hardening 62 1 0.06

Five freeze-thaw 
cycles

112 1 0.08

10 freeze-thaw 
cycles

125 1 0.084

20 freeze-thaw 
cycles

180 1.1 0.09*

PVAC 1 Hardening 32 1 0.018

Five freeze-thaw 
cycles

80 1 0.022

10 freeze-thaw 
cycles

102 1 0.08

25 freeze-thaw 
cycles

112 1.08 0.09*

4 Hardening 44 1 0.053

Five freeze-thaw 
cycles

80 1 0.066

10 freeze-thaw 
cycles

131 1.2 0.088*

Continuation of Table 8

1 2 3 4 5 6
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5. Conclusion

A method for evaluating the fracture toughness of coatings of cement concrete is proposed. 
This is a method based on the relationship between the crack length, the Vickers indenter 

Name of coating Moisture of 
the substrate, 
W, %

Impact type Hardness 
H, N, mm2

The ratio of the 
half-length of the 
crack C to the size of 
the semi-diagonal of 
the imprint a

Coefficient of 
intensity of 
stresses, К1с, МН/
m1.5

PF-115 0 Hardening 48 1 0.006

Five freeze-thaw 
cycles

87 1 0.033

10 freeze-thaw 
cycles

111 1 0.05

15 freeze-thaw 
cycles

142 1 0.057

Peeling of the 
coating is observed

1 Hardening 24 1 0.019

Five freeze-thaw 
cycles

45 1 0.026

15 freeze-thaw 
cycles

65 1 0.04

20 freeze-thaw 
cycles

99 1 0.049

30 freeze-thaw 
cycles

108 1 0.053

35 freeze-thaw 
cycles

126 1 0.055

Peeling of the 
coating is observed

4 Hardening 18 1 0.017

Five freeze-thaw 
cycles

37 1 0.024

15 freeze-thaw 
cycles

44 1 0.026

20 freeze-thaw 
cycles

63 1 0.038

30 freeze-thaw 
cycles

86 1 0.045

35 freeze-thaw 
cycles

97 1 0.05

*Critical coefficient of intensity of stresses.

Table 8. Parameters crack education of protective-decorative coatings depending on the initial moisture content of the 
substrate.
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imprint, and the fracture toughness that is proposed. The numerical values of the coefficient 
of intensity of stresses in coatings are given, depending on the type and duration of aging, the 
porosity of the cement substrate.

It is established that with an increase in the roughness of the coating surface, the value of 
the stress intensity coefficient is increased. Increasing the substrate moisture at the time of 
application of the paint composition results in a more defective structure of the contact layer 
“coating-substrate” and a greater propensity to cracking. It has been revealed that there 
exists a value for the optimum substrate moisture for each particular coating in terms of its 
fracture toughness. It is shown that during the aging of protective and decorative coatings 
of the exterior walls of buildings, a mechanism of their destruction from elastic-ductile to 
brittle changes occurs.

The conducted researches are justification for recommendations at developing paints, at car-
rying out of research works with use of technique of an assessment of crack resistance of 
coatings according to the offered scheme. It will allow to more reasonably predict firmness of 
coatings and also to optimize finishing structures for the purpose of receiving coatings with a 
complex of the given properties.

Author details

Valentina Loganina

Address all correspondence to: loganin@mail.ru

Penza State University of Architecture and Construction, Penza, Russia

References

[1] Sanzharovsky AT. Physical and Mechanical Properties of Polymer and Paint Coatings. 
Moscow: Chemistry; 1978. 183 p

[2] Karyakina MI. Testing of Paint and Varnish Materials and Coatings. Moscow: Chemistry; 
1988. p. 272

[3] Zimon AD. Adhesion of Films and Coatings. Moscow: Chemistry; 1977. p. 351

[4] Suhareva LA. Durability of Polymer Coatings. Moscow: Himiya; 1984. p. 240

[5] Shen WD, Sun J, Liu ZQ. Methods for studying the mechanical and tribological prop-
erties of hard and soft coatings with a nano-indenter. 81st Annual Meeting of the 
Federation-of-Societies-for-Coatings-Technology. Philadelphia, PA 2003. Journal of Coa-
tings Technology and Research. 2004;1(2):117-125

[6] Koryagin SI, Builov SV. Crack resistance assessment of a reinforced polymer coating 
applied to a metal surface. Industrial Laboratory. 1996;62(10):638-640

Crack Resistance of Paint Coatings, Cement Concretes
http://dx.doi.org/10.5772/intechopen.78537

105



5. Conclusion

A method for evaluating the fracture toughness of coatings of cement concrete is proposed. 
This is a method based on the relationship between the crack length, the Vickers indenter 

Name of coating Moisture of 
the substrate, 
W, %

Impact type Hardness 
H, N, mm2

The ratio of the 
half-length of the 
crack C to the size of 
the semi-diagonal of 
the imprint a

Coefficient of 
intensity of 
stresses, К1с, МН/
m1.5

PF-115 0 Hardening 48 1 0.006

Five freeze-thaw 
cycles

87 1 0.033

10 freeze-thaw 
cycles

111 1 0.05

15 freeze-thaw 
cycles

142 1 0.057

Peeling of the 
coating is observed

1 Hardening 24 1 0.019

Five freeze-thaw 
cycles

45 1 0.026

15 freeze-thaw 
cycles

65 1 0.04

20 freeze-thaw 
cycles

99 1 0.049

30 freeze-thaw 
cycles

108 1 0.053

35 freeze-thaw 
cycles

126 1 0.055

Peeling of the 
coating is observed

4 Hardening 18 1 0.017

Five freeze-thaw 
cycles

37 1 0.024

15 freeze-thaw 
cycles

44 1 0.026

20 freeze-thaw 
cycles

63 1 0.038

30 freeze-thaw 
cycles

86 1 0.045

35 freeze-thaw 
cycles

97 1 0.05

*Critical coefficient of intensity of stresses.

Table 8. Parameters crack education of protective-decorative coatings depending on the initial moisture content of the 
substrate.

Coatings and Thin-Film Technologies104
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Abstract

Epitaxial nitride thin films and heterostructures are one of the most celebrated class of
materials not only due to their utility in fundamental materials science and device physics
studies, but also for their numerous industrial applications from hard coating technology
to solid-state lighting. Transition metal nitrides such as TiN and others have been utilized
for decades in hard coating and tribology applications. The last two decades have also
seen the emergence and dominance of GaN for solid-state lighting and power electronic
applications. Though TiN, and other wurtzite III-nitride semiconductor such as GaN
remain the most important nitride coating materials for a range of applications, several
other rocksalt nitride thin film and superlattice heterostructures such as ScN, CrN, and
TiN/(Al,Sc)N metal/semiconductor superlattices have attracted significant interests in
recent years for applications in thermoelectricity, plasmonics, solar energy conversion,
and in high temperature electronic, optoelectronic, and plasmonic devices. In this chapter,
we present an up-to-date summary of rocksalt nitride thin film and heterostructure coat-
ing materials for their applications in energy transport and conversion research fields. The
suitability and usefulness of such nitride coating materials in the most recent scientific and
engineering advances related to the energy transport and conversion research fields are
highlighted.

Keywords: transition metal nitrides, epitaxy, superlattice, refractory electronics,
thermoelectric, plasmonics

1. Introduction

Epitaxial nitride thin film and superlattice heterostructures are one of the most celebrated
materials class, not only for their wide ranging industrial applications such as in corrosion
resistant hard coating, light emitting diode (LED) and power electronic devices, but also for
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their utility as model systems for fundamental materials science studies as well as device
physics research. Transition metal nitrides (TMNs) such as TiN have long been used as a
coating material in every day home appliances such as watches and others, while III-Nitride
semiconductors such as AlN is used in many devices as a dielectric and piezoelectric mate-
rial. The last 20–30 years have also seen the emergence of GaN as one of the most celebrated
nitride semiconductors for its applications in LED and power-electronics/optoelectronics
devices.

Such wide-ranging applications of nitride thin film and superlattice heterostructures are inher-
ently related to their excellent properties, which are scarce in most other class of materials.
Some of these interesting properties are

a. Diversity in electronic properties: nitrides comprise materials having a full spectrum of
electronic properties (from highly conductive metals to excellent dielectric or insulators).
For example, TMNs such as TiN, ZrN and others are highly conductive metals with their
electrical conductivity as high as traditional noble metals such as Cu, Ag, Au and others in
some cases. AlN, BN and others are insulators with large bandgap (>5 eV) and highly
resistive, which makes them essential parts in many devices as dielectric layers. GaN, InN,
ScN and others are excellent semiconductors with bandgap ranging from few 100 s of meV
to several eV. Because of such great diversity in electrical properties nitride have attracted
many industrial applications.

b. High melting temperature: nitrides usually possess extremely high melting temperature in
�2000–3000�C temperature range, which make them suitable for several high-temperature
electronic, optoelectronic and plasmonic applications. For example, TiN has a melting tem-
perature of about 2600�C, while the same for GaN is �2500�C.

c. Corrosion resistant and high mechanical hardness: nitride thin film and multilayer heterostr-
uctures are well-known to be corrosion resistant and mechanically hard materials with
hardness at room temperature ranging more than�25 GPa for thin film to�40 GPa or more
for multilayers. Such high hardness and corrosion resistant properties of are extremely
useful for many applications such as cutting tools, bearings and in tribology, especially for
harsh conditions.

d. Potential for large acoustic impedance mismatch: due to the mass difference of metal atoms
forming mono-nitrides, the nitride family of materials offer tremendous opportunity to
create large acoustic impedance mismatch. Acoustic impedance mismatch in a heterostru-
cture material creates phonon bandgap, which help in reducing thermal conductivity neces-
sary for several applications such as thermoelectricity. For example, the acoustic impedance
mismatch between HfN and ScN resulting from the mass difference between Hf (178.49 u)
and Sc (44.95 u) atoms, results in a significantly lower cross-plane thermal conductivity in
HfN/ScN multilayers compared to the individual thin films.

e. Low homologous growth temperature: deposition temperature of nitrides is typically much
smaller in comparison to their melting temperatures, which assist in uniform thin film and
superlattice heterostructure growth with standard deposition methods such as magnetron
sputtering, molecular beam epitaxy, chemical vapor deposition and others.
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Given such excellent set of physical properties, it is not surprising that nitrides are researched
and developed for decades, and many industrial products are available in commercial market
having nitride materials as components.

However, more recently, a large number of new properties and functionalities that were previ-
ously neglected and were relatively unexplored have emerged with nitrides. TMN semiconductor
ScN, and its solid state alloys (Al1�xScxN and others) [1] and superlattices ((Hf, Zr)N/ScN
and TiN/(Al, Sc)N) [2] have emerged as attractive materials for solid state energy transport and
conversion research fields with applications ranging from thermoelectricity, plasmonics, and solar
thermo-photovoltaics . Though several books, books chapter and research articles have addressed
the broader implications of nitrides in materials science and solid-state physics, a detailed discus-
sion on the most recent advances of TMNs thin film and superlattice heterostructures on energy
transport and conversion research fields are lacking. In this chapter, we will discuss the recent
progress and development on the epitaxial nitride thin film and superlattice heterostructures for
applications in solid state energy conversion and transport.

2. Nitride thin film and heterostructure growth

Traditionally nitride thin film and superlattice heterostructures are deposited by a variety of
deposition techniques such as molecular beam epitaxy (MBE), chemical vapor deposition
(CVD), magnetron sputtering, arc discharge method and others. Each of these deposition
methods have their own advantages, and both research and development in academia and
industries employ deposition techniques suitable for specific applications. For example, corro-
sion resistant hard coating technology, which has traditionally been the most prevalent appli-
cation space for nitrides usually employ magnetron sputtering and arc discharge methods. The
use of sputtering and arc discharge for hard coating applications are justified as several of such
materials such as TiN, Ti1�xAlxN and others are TMNs having metallic characteristics, and
controlling electronic defects are not of great concern. Instead the sputtering and arc discharge
methods allow industries large volume scalability, which may not be possible with some of the
other methods.

LED and other optoelectronic industries, however, prefer several types of CVDmethods due to
their high through-puts and industrial scalability. Use of CVD are also necessary due to the
requirement of controlling defects in epitaxial nitrides, and selective doping of the materials to
n-type or p-type. For example, GaN based LED and power electronic devices are generally
deposited via. Metal organic chemical vapor deposition (MOCVD) technique in industries.

Research and development of nitrides, however, employ almost all available techniques inclu-
ding ultra-high vacuumMBE, magnetron sputtering and others. As unwanted impurities such
as oxygen, carbon, halogens, and others could significantly alter the electronic properties of
semiconducting nitrides, device research with nitride thin film and heterostructures usually
require ultra-high vacuum-based methods. A detailed discussion on each of these deposition
techniques are beyond the scope of this book chapter, however, readers could refer to [2] for
further details.
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their utility as model systems for fundamental materials science studies as well as device
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Given such excellent set of physical properties, it is not surprising that nitrides are researched
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3. Historical perspective: TiN as hard coating and GaN as solid-state
lighting materials

3.1. Hard coating materials

Hard coating industries are one of the early adopters of nitride thin film and heterostructures.
Since tribology applications require materials that are mechanically hard, chemically stable at
elevated temperatures with low wear rate and coefficient of frictions over wide working
conditions, TMNs such as TiN found immediate attention and applications. Titanium nitride
(TiN) is a leading coating material and is used for edge retention and corrosion resistance on
machine tooling, such as drill bits and milling cutters, often improving tool lifetime by a factor
of three or more (Figure 1). However, the hardness of TiN is relatively low (�20–24 GPa) and
the oxidation resistance of TiN in air is limited to temperatures below 700�C, beyond which
TiN forms TiO2 and nitrogen bubbles, which significantly limits its application range [3, 4]. To
overcome these limitations, several ternary nitrides thin film coating material have been
developed starting from 1980s by solid state alloying TiN with other metals such as aluminum
(Al), vanadium (V), molybdenum (Mo), zirconium (Zr), etc. (see Table 1).

Titanium-aluminum-nitride (Ti1�xAlxN) is the most celebrated among these ternary nitrides,
as it overcomes several limitations of TiN as a coating material. Aluminum atoms exhibit
higher mobility compared to titanium atoms, therefore, exposure of Ti1�xAlxN in air or in
oxygen environment results in the formation of thin aluminum oxide layer on Ti1�xAlxN
surfaces at elevated temperatures [3]. Aluminum oxide layer acts as a barrier for further
oxygen diffusion inside the Ti1�xAlxN thin film, thus preventing further oxidation of the
nitride film. Such oxidation resistant properties of Ti1�xAlxN makes it an effective tooling
material at elevated temperatures, where TiN fail to operate. Apart from the oxidation resis-
tant behavior, Ti1�xAlxN also exhibits enhanced hardness (�35 GPa) in comparison to TiN
(�24 GPa) necessary for tribology applications. Ti1�xAlxN coated cutting tools have also
shown excellent wear resistance in machining sticky metals such as aluminum alloys and
austenite stainless steel, and widely used in other industries.

Apart from Ti1�xAlxN, several other ternary nitrides have found applications in tribology
applications such as titanium-vanadium-nitride (Ti1�xVxN), titanium-molybdenum-nitride

Figure 1. Nitride coating materials used in hard coating applications (adapted from Advanced Coating Service, Roches-
ter, NY, USA).
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(Ti1�xMoxN), etc. [4]. Ti1�xVxN is a technologically important thin film coating and it is used in
a diverse range of areas such as the packaging industry, transparent barrier coatings, micro-
electronics and others. Magnetron sputtered Ti1�xVxN thin films have high hardness
(�28 GPa) and excellent thermal stability [4]. Similarly, Ti1�xMoxN is also an effective alterna-
tive ternary thin film coating material and is used in industries improve the mechanical
properties of TiN. Ti1�xMoxN have a lower friction coefficient and wear rates compared to
TiN thin film. The hardness of Ti1�xMoxN is significantly high at �30 GPa [4].

Apart from these ternary nitride coating materials, recent study on quaternary titanium-
aluminum-scandium-nitride (Ti1�x�yAlxScyN) has shown significantly higher hardness of
�46 GPa at room temperature [5]. Experimental results showed that incorporation of a small
amount of scandium nitride (ScN) inside Ti1�xAlxN matrix improved the crystal quality and
the hardness of the alloy thin film. The exact mechanism of the hardness enhancement,
however, still remains to be addressed in details.

Thin-film multilayers and superlattices are also a potential configuration that realize extraor-
dinarily hard materials with long lifetime at high operating temperatures. Koehler had pro-
posed in the 1970s that the interfaces in multilayers should act as high energy barriers for
dislocation motion, thereby increasing hardness [6]. Based on that suggestion, several nitrides

Material Deposition technique Hardness
(GPa)

Challenges

TiN Magnetron sputtering �24 Oxidation above �700�C

Arc discharge method �25

Ti1i�xAlxN Magnetron co-sputtering �24 High temperature stability and AlN cubic-to-wurtzite phase
transformation

Cathodic arc vapor
deposition

�27

Multiple arc vapor
deposition

�35

Ti1�xVxN Magnetron sputtering �28 Lower hardness values

Cathodic arc ion plating �26

Arc ion plating �24

Ti1�xMoxN Magnetron sputtering �30 Low solubility of Mo in TiN

TiN/NbN Magnetron sputtering �48 Porosity at column boundary weakens the multilayer

TiN/VN Magnetron sputtering �54 –

TiN/CrN Magnetron sputtering �37 Poor oxidation resistance and interdiffusion at interface above
700�C

TiN/AlN Pulsed laser deposition �30 Extremely low AlN layer thickness

TiN/
Al1�xScxN

Magnetron sputtering �46 –

Significant challenges of each of these coating materials are also highlighted.

Table 1. Hardness of various TMN coating materials are presented along with the deposition methods.
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nitride film. Such oxidation resistant properties of Ti1�xAlxN makes it an effective tooling
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tant behavior, Ti1�xAlxN also exhibits enhanced hardness (�35 GPa) in comparison to TiN
(�24 GPa) necessary for tribology applications. Ti1�xAlxN coated cutting tools have also
shown excellent wear resistance in machining sticky metals such as aluminum alloys and
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(Ti1�xMoxN), etc. [4]. Ti1�xVxN is a technologically important thin film coating and it is used in
a diverse range of areas such as the packaging industry, transparent barrier coatings, micro-
electronics and others. Magnetron sputtered Ti1�xVxN thin films have high hardness
(�28 GPa) and excellent thermal stability [4]. Similarly, Ti1�xMoxN is also an effective alterna-
tive ternary thin film coating material and is used in industries improve the mechanical
properties of TiN. Ti1�xMoxN have a lower friction coefficient and wear rates compared to
TiN thin film. The hardness of Ti1�xMoxN is significantly high at �30 GPa [4].

Apart from these ternary nitride coating materials, recent study on quaternary titanium-
aluminum-scandium-nitride (Ti1�x�yAlxScyN) has shown significantly higher hardness of
�46 GPa at room temperature [5]. Experimental results showed that incorporation of a small
amount of scandium nitride (ScN) inside Ti1�xAlxN matrix improved the crystal quality and
the hardness of the alloy thin film. The exact mechanism of the hardness enhancement,
however, still remains to be addressed in details.

Thin-film multilayers and superlattices are also a potential configuration that realize extraor-
dinarily hard materials with long lifetime at high operating temperatures. Koehler had pro-
posed in the 1970s that the interfaces in multilayers should act as high energy barriers for
dislocation motion, thereby increasing hardness [6]. Based on that suggestion, several nitrides

Material Deposition technique Hardness
(GPa)

Challenges

TiN Magnetron sputtering �24 Oxidation above �700�C

Arc discharge method �25

Ti1i�xAlxN Magnetron co-sputtering �24 High temperature stability and AlN cubic-to-wurtzite phase
transformation

Cathodic arc vapor
deposition

�27

Multiple arc vapor
deposition

�35

Ti1�xVxN Magnetron sputtering �28 Lower hardness values

Cathodic arc ion plating �26

Arc ion plating �24

Ti1�xMoxN Magnetron sputtering �30 Low solubility of Mo in TiN

TiN/NbN Magnetron sputtering �48 Porosity at column boundary weakens the multilayer

TiN/VN Magnetron sputtering �54 –

TiN/CrN Magnetron sputtering �37 Poor oxidation resistance and interdiffusion at interface above
700�C

TiN/AlN Pulsed laser deposition �30 Extremely low AlN layer thickness

TiN/
Al1�xScxN

Magnetron sputtering �46 –

Significant challenges of each of these coating materials are also highlighted.

Table 1. Hardness of various TMN coating materials are presented along with the deposition methods.
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multilayer system (e.g., TiN/NbN, TiN/VN, and TiN/CrN) have been developed in 1990s and
2000s that showed improved hardness compared to TiN and Ti1�xAlxN thin films (see Table 1).
However, all of the nitride multilayers mentioned above are miscible at temperatures exceed-
ing 800�C, which significantly limits their usefulness in cutting tool applications, where the
surface temperature can reach as high as 1000�C during the cutting process. Cubic (rocksalt)-
TiN/AlN superlattices were developed to overcome the miscibility problem since TiN/AlN
superlattices are immiscible up to �1000�C. TiN/AlN superlattices also exhibit excellent oxi-
dation resistance, relatively high hardness compared to TiN, and they are already used com-
mercially as a coating material.

However, TiN/AlN superlattice coatings have a significant drawback. The hardness of TiN/
AlN superlattices is around 33–35 GPa when the thickness of the AlN layers is less than 2–
3 nm but decreases sharply to 23–24 GPa as the AlN layer thickness is increased [5]. This large
reduction in hardness is attributed to the transition from the epitaxially stabilized metastable
cubic-AlN phase to the stable wurtzite-AlN phase when the AlN layer thickness exceeds the
critical thickness of 2–3 nm [7]. The formation of wurtzite-AlN breaks the epitaxial relationship
with cubic-TiN leading to polycrystalline grain growth and a significant hardness reduction.
The same cubic-AlN to wurtzite-AlN transition is also the cause for deteriorating hardness in
industrial Ti1-xAlxN tool coatings at times.

Saha et al. have successfully addressed this challenge by developing nominally single crystal-
line cubic-TiN/(Al, Sc)N epitaxial superlattices on MgO substrates, where the (Al, Sc)N is in
metastable cubic (rocksalt) phase for more than 120 nm thickness [5]. The lattice-matched
superlattices showed increased hardness as a function of the decreasing period thickness
proposed by Koehler [6] and for a period thickness of 3 nm, a maximum hardness of 42 GPa
was achieved at room temperature. Further analysis related to the temperature dependent
hardness evolution and other mechanical properties are needed for TiN/(Al, Sc)N superlattices
before its full potential for industrial applications can be realized. Therefore, nitrides are a
reliable coating material for more than four-to-five decades, and significant research and
development is currently underway with nitrides for their applications as coating materials.

3.2. Solid state lighting materials

While the coating industry continues to develop and utilize nitrides, the last two-to-three
decades have seen the emergence of semiconducting GaN for solid state lighting applications
and dominated the research and industrial materials development space. GaN have been
attractive for blue emission from 1950s owing to its direct gap of 3.4 eV. However, high quality
GaN growth on common substrates like Si and Sapphire was a significant challenge. Large
lattice-mismatch of GaN with several common substrates rendered poor quality thin films,
therefore, sub-standard electronic and optical properties. Moreover, development of p-type
GaN necessary for LED and other electronic and optoelectronic and optoelectronic devices
were also significantly difficult.

Significant breakthroughs were achieved in 1970s when using newly developed molecular
beam epitaxy (MBE) and metal organic chemical vapor deposition (MOCVD) techniques,
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researchers started to grow high quality GaN films. The most significant of these efforts could
be attributed to the work of Amano et al. where they deposited high quality GaN thin films by
using a polycrystalline AlN as a buffer layer [8]. Similarly, Nakamura et al. at Nichi Chemical
Company deposited high quality GaN films by using a low temperature GaN buffer layer with
low background of n-type doping [9]. Development of low temperature GaN as a buffer layer
proved to be an attractive and industry wide approach for mass production of GaN based light
emitting devices.

Apart from the materials quality issue, another important challenge in early years was on how
to develop p-type GaN thin films. Though the idea of p-type doping of GaN through the
incorporation of Mg was known, most experimental efforts to achieve p-type GaN were
unsuccessful. Amano et al. managed to develop p-type GaN by electron beam irradiation [10].
However, the electron beam irradiation technique was an inefficient method and required a lot
of time for hole-doping. Efforts to develop p-type GaN with Mg incorporation via chemical
vapor deposition methods were also unsuccessful initially. Important breakthrough was made
when modeling work showed that Mg bonds with hydrogen (H) thus forming Mg-H complex
during the CVD growth process, which prevent the hole-doping activity of Mg and render
development of p-type GaN difficult. Nakamura et al. addressed this important challenge by
annealing Mg-doped GaN in N2 environment, where Mg frees up from the Mg-H complex and
enable p-type GaN [11].

The development of high quality GaN thin film growth technique and of p-type GaN lead to
the ultimate discovery of blue LEDs, which has significantly changed our society. Akasaki,
Amano and Nakamura were awarded the 2014 Noble Prize in Physics for their pioneering
work on GaN LED development. GaN today is the workhorse for producing blue emission
and along with a suitable dye, most commercially available LED light sources employ GaN.
Significant efforts are also currently underway to develop GaN based electronic and optoelec-
tronic devices for power-electronic applications.

4. Recent advances in energy transport and conversion

4.1. Thermoelectrics

Thermoelectric materials convert waste heat energy directly into electrical power and are
attractive for harvesting energy in automobiles, power plants, and for deep space exploration.
Such materials could also be used as a Peltier cooler in microelectronic chips and devices,
where unwarranted heat generation (hot spots in integrated circuits (IC)) limit device efficien-
cies. Devices made from thermoelectric elements are environmentally friendly and they do not
have any movable parts except for a fan in most cases. The efficiency of a thermoelectric
material is represented by its dimensionless figure-of-merit, ZT = (S2σ T)/ (κe + κp), where S is
the Seebeck coefficient, σ is the electrical conductivity, κe and κp are the electronic and lattice
contributions to the thermal conductivity, respectively, and T is the absolute temperature. The
higher the thermoelectric figure-of-merit (ZT) of a material, the more efficient the energy
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superlattices showed increased hardness as a function of the decreasing period thickness
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before its full potential for industrial applications can be realized. Therefore, nitrides are a
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While the coating industry continues to develop and utilize nitrides, the last two-to-three
decades have seen the emergence of semiconducting GaN for solid state lighting applications
and dominated the research and industrial materials development space. GaN have been
attractive for blue emission from 1950s owing to its direct gap of 3.4 eV. However, high quality
GaN growth on common substrates like Si and Sapphire was a significant challenge. Large
lattice-mismatch of GaN with several common substrates rendered poor quality thin films,
therefore, sub-standard electronic and optical properties. Moreover, development of p-type
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conversion is. To be competitive with conventional power-generator and refrigeration technol-
ogy, thermoelectric materials need to exhibit a ZT of about 3–4 over a wide temperature range.
However, extensive research in the last decade has only improved the ZT to �2 at high
operating temperatures [12]. Designing high-efficiency thermoelectric materials having ZT > 2
is particularly challenging due to the mutually conflicting design parameters. While the indi-
vidual thermoelectric materials must exhibit high ZT values at the required temperature
ranges of interest, practical thermoelectric devices require both n-type (electron conducting)
and p-type (hole-conducting) materials with high ZTs, as well as effective methods to integrate
them with metals having low contact resistances. Such restrictions naturally impose additional
challenges in terms of material selection and device fabrication techniques.

Traditionally nitrides are regarded as poor thermoelectric materials, primarily because of their
higher thermal conductivity. For example, GaN has a room temperature thermal conductivity
in excess of 100 W/m-K, which is about two orders of magnitude higher compared to the most
celebrated thermoelectric materials like Bi2Te3, having a thermal conductivity of �1 W/m-K at
room temperature [2]. Other traditional III-nitride semiconductors (AlN, etc.) also have high
thermal conductivity, which significantly limits their suitability in thermoelectricity. Apart
from the high thermal conductivity, most commonly known nitrides also do not possess
electronic properties that are commensurate for high ZT, such as (a) asymmetric distributions
of density of states near the Fermi energy, (b) suitable carrier density (electron or hole) of
�1019/cm3 and others, which has limited the exploration of nitrides as thermoelectric materials
for a long time.

This situation has changed significantly in recent years with the emergence of scandium
nitride (ScN) as a rocksalt (cubic) semiconducting material. ScN is a promising group III
(B)-nitride semiconductor with an indirect bandgap and octahedral coordination [2]. Like
most other transition metal nitrides (TMNs), ScN is structurally and chemically stable,
mechanically hard (23 GPa), corrosion resistant, and possesses high melting temperatures
in excess of 2873 K. Due to its rocksalt (cubic) crystal structure, ScN also offers a materials
platform for engineering the band structure of alloys with the III–V nitride semiconduc-
tors (AlN, GaN, and InN, which adopt the wurtzite crystal structure without ScN)
for applications where integration of the semiconductor with cubic(rocksalt) metals is
required.

Although controversies persisted about the nature of its electronic structure during the 1990s and
early 2000s, recent experimental results and theoretical modeling have demonstrated conclu-
sively that ScN has an indirect bandgap of 0.9–1.2 eV and a direct gap of 2.2 eV. Kerdsongpanya
et al. have demonstrated an extremely large power factor of 2.5� 10�3 W/m-K2 in ScN thin films
grown on Al2O3 substrates [13]. While later research by Burmistrova et al. have improved the
power factor values to �(3.3–3.5) � 10�3 W/m-K2 at 600–850 K in sputter deposited n-type ScN
thin films grown on MgO substrates [14]. These power factors at 600–850 K temperature ranges
are higher than those of Bi2Te3 and its alloys at 400 K, as well as the best high-temperature
thermoelectric materials such as La3Te4 at 600 K and compare well with undoped crystalline
SiGe in the same temperature range. The origin of such large power factors can be explained by
the changes in ScN’s electronic structure with respect to the presence of point defects and
impurities (such as Sc and N vacancies, and doping effects of O and C on N-sites, and Ca and
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Ti on Sc sites on ScN’s electronic structure). For sputter deposited ScN grown onMgO substrate,
Burmistrova et al. have showed that as-deposited ScN thin films exhibit a large n-type carrier
concentration of (1–6)� 1020 cm�3 due to the presence of oxygen as unwanted dopant impurities
incorporated during deposition [14]. Several other studies have also reported the presence of
carbon (C) and fluorine (F) as impurities inside sputter-deposited ScN thin films, which could
potentially be electronically active [15].

The high electrical mobility of �100 cm2/Vs at room temperature and �3 � 1020 cm�3 carrier
concentration creates a favorable condition for high thermoelectric power factors in ScN,
evidenced by the measured Seebeck coefficient of �156 μV/K, and an electrical conductivity
of �1300 S/cm at 840 K [13] (Figure 2). Modeling analysis have showed that unwanted impuri-
ties such as oxygen incorporation during growth process dope the material heavily n-type and
shift the Fermi level from inside the bandgap to inside the conduction band. Though the thermal
conductivity of ScN thin films (�14W/m-K) are not as high as many other traditional III-nitrides,
it is still higher than the values suitable for achieving high ZT. The best obtained ZT values for
ScN is 0.18 at 800 K temperature.

Significant efforts have been made in recent years to reduce the thermal conductivity of ScN
with the development of ScCrN and ScNbN solid-solution alloys, which exhibit reduced
thermal conductivities due to increased alloy scattering [16, 17]. However, like the challenges
encountered in most other thermoelectric materials systems, the reduction in thermal conduc-
tivity must be attained without reducing the power factor, for achieving higher figure-of-merit
(ZT). In this regard, incorporation of nanoparticles, phase separation, a small amount of heavy
element inclusion, and other approaches may be explored. For example, incorporation of rare-
earth metallic nanoparticles such as ErAs inside GaAs and InGaAlAs matrix have already
demonstrated enhanced thermoelectric performance in such semiconductors [12]. Similarly,
heavy metallic nitrides such as ZrN, HfN or WN could be incorporated inside ScN matrix, and
the thermoelectric properties could be explored.

Figure 2. Temperature dependence of (a) Seebeck coefficient, (b) resistivity and (c) power factor of n and p-type of ScN.
Reprinted with permission from Saha et al. [15]. Copyright 2018 American Physical Society.
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conversion is. To be competitive with conventional power-generator and refrigeration technol-
ogy, thermoelectric materials need to exhibit a ZT of about 3–4 over a wide temperature range.
However, extensive research in the last decade has only improved the ZT to �2 at high
operating temperatures [12]. Designing high-efficiency thermoelectric materials having ZT > 2
is particularly challenging due to the mutually conflicting design parameters. While the indi-
vidual thermoelectric materials must exhibit high ZT values at the required temperature
ranges of interest, practical thermoelectric devices require both n-type (electron conducting)
and p-type (hole-conducting) materials with high ZTs, as well as effective methods to integrate
them with metals having low contact resistances. Such restrictions naturally impose additional
challenges in terms of material selection and device fabrication techniques.

Traditionally nitrides are regarded as poor thermoelectric materials, primarily because of their
higher thermal conductivity. For example, GaN has a room temperature thermal conductivity
in excess of 100 W/m-K, which is about two orders of magnitude higher compared to the most
celebrated thermoelectric materials like Bi2Te3, having a thermal conductivity of �1 W/m-K at
room temperature [2]. Other traditional III-nitride semiconductors (AlN, etc.) also have high
thermal conductivity, which significantly limits their suitability in thermoelectricity. Apart
from the high thermal conductivity, most commonly known nitrides also do not possess
electronic properties that are commensurate for high ZT, such as (a) asymmetric distributions
of density of states near the Fermi energy, (b) suitable carrier density (electron or hole) of
�1019/cm3 and others, which has limited the exploration of nitrides as thermoelectric materials
for a long time.

This situation has changed significantly in recent years with the emergence of scandium
nitride (ScN) as a rocksalt (cubic) semiconducting material. ScN is a promising group III
(B)-nitride semiconductor with an indirect bandgap and octahedral coordination [2]. Like
most other transition metal nitrides (TMNs), ScN is structurally and chemically stable,
mechanically hard (23 GPa), corrosion resistant, and possesses high melting temperatures
in excess of 2873 K. Due to its rocksalt (cubic) crystal structure, ScN also offers a materials
platform for engineering the band structure of alloys with the III–V nitride semiconduc-
tors (AlN, GaN, and InN, which adopt the wurtzite crystal structure without ScN)
for applications where integration of the semiconductor with cubic(rocksalt) metals is
required.

Although controversies persisted about the nature of its electronic structure during the 1990s and
early 2000s, recent experimental results and theoretical modeling have demonstrated conclu-
sively that ScN has an indirect bandgap of 0.9–1.2 eV and a direct gap of 2.2 eV. Kerdsongpanya
et al. have demonstrated an extremely large power factor of 2.5� 10�3 W/m-K2 in ScN thin films
grown on Al2O3 substrates [13]. While later research by Burmistrova et al. have improved the
power factor values to �(3.3–3.5) � 10�3 W/m-K2 at 600–850 K in sputter deposited n-type ScN
thin films grown on MgO substrates [14]. These power factors at 600–850 K temperature ranges
are higher than those of Bi2Te3 and its alloys at 400 K, as well as the best high-temperature
thermoelectric materials such as La3Te4 at 600 K and compare well with undoped crystalline
SiGe in the same temperature range. The origin of such large power factors can be explained by
the changes in ScN’s electronic structure with respect to the presence of point defects and
impurities (such as Sc and N vacancies, and doping effects of O and C on N-sites, and Ca and

Coatings and Thin-Film Technologies118

Ti on Sc sites on ScN’s electronic structure). For sputter deposited ScN grown onMgO substrate,
Burmistrova et al. have showed that as-deposited ScN thin films exhibit a large n-type carrier
concentration of (1–6)� 1020 cm�3 due to the presence of oxygen as unwanted dopant impurities
incorporated during deposition [14]. Several other studies have also reported the presence of
carbon (C) and fluorine (F) as impurities inside sputter-deposited ScN thin films, which could
potentially be electronically active [15].

The high electrical mobility of �100 cm2/Vs at room temperature and �3 � 1020 cm�3 carrier
concentration creates a favorable condition for high thermoelectric power factors in ScN,
evidenced by the measured Seebeck coefficient of �156 μV/K, and an electrical conductivity
of �1300 S/cm at 840 K [13] (Figure 2). Modeling analysis have showed that unwanted impuri-
ties such as oxygen incorporation during growth process dope the material heavily n-type and
shift the Fermi level from inside the bandgap to inside the conduction band. Though the thermal
conductivity of ScN thin films (�14W/m-K) are not as high as many other traditional III-nitrides,
it is still higher than the values suitable for achieving high ZT. The best obtained ZT values for
ScN is 0.18 at 800 K temperature.

Significant efforts have been made in recent years to reduce the thermal conductivity of ScN
with the development of ScCrN and ScNbN solid-solution alloys, which exhibit reduced
thermal conductivities due to increased alloy scattering [16, 17]. However, like the challenges
encountered in most other thermoelectric materials systems, the reduction in thermal conduc-
tivity must be attained without reducing the power factor, for achieving higher figure-of-merit
(ZT). In this regard, incorporation of nanoparticles, phase separation, a small amount of heavy
element inclusion, and other approaches may be explored. For example, incorporation of rare-
earth metallic nanoparticles such as ErAs inside GaAs and InGaAlAs matrix have already
demonstrated enhanced thermoelectric performance in such semiconductors [12]. Similarly,
heavy metallic nitrides such as ZrN, HfN or WN could be incorporated inside ScN matrix, and
the thermoelectric properties could be explored.

Figure 2. Temperature dependence of (a) Seebeck coefficient, (b) resistivity and (c) power factor of n and p-type of ScN.
Reprinted with permission from Saha et al. [15]. Copyright 2018 American Physical Society.
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While the large power factor in the as-deposited n-type ScN is attractive for thermoelectricity,
practical devices also require a highly efficient p-type material. Reducing the carrier concentra-
tion in ScN, and eventually turning it into a p-type semiconductor was also important for a
host of other applications. Saha et al. have demonstrated p-type Sc1�xMnxN and Sc1�xMgxN
thin film alloys by solid-state alloying of ScN with MnxNy and MgxNy, respectively [2]. The p-
type ScxMg1�xN thin film alloys were found to be (a) substitutional solid solutions without any
detectable MgxNy precipitation, phase segregation, or secondary phase formation; (b)
exhibited a maximum hole-concentration of 2.2 � 1020 cm�3 and hole mobility of 21 cm2/Vs;
(c) did not show any defect states inside the direct gap of ScN, thus retaining its basic electronic
structure; and (d) exhibited impurity scattering by Mg addition that dominated hole conduc-
tion at high temperatures. The p-type ScxMg1�xN thin film alloys also exhibit very high
Seebeck coefficients, in excess of 200 μV/K. However, due to the reduced mobility, the electrical
conductivities are an order of magnitude lower, which results in a lower power factor values.

Apart from ScN, chromium nitride (CrN) has shown great promise for thermoelectric applica-
tions. Thermal conductivity of CrN is much smaller compared to ScN thin film, and as a result
it may be possible to engineer CrN for high thermoelectric figure-of-merits (ZT). Similarly YN
and several other rare-earth nitrides such as GdN, ErN, etc. exhibit semiconducting properties.
Due to their higher atomic mass, such materials should exhibit lower thermal conductivity,
and could be explored for thermoelectric applications.

4.2. Plasmonics

Traditionally noble metals such as Au and Ag are regarded as the best plasmonic materials in
the visible spectral range both for research as well as for limited number of industrial applica-
tions. However, noble metal-based plasmonic components have materials properties that
significantly limit realization of practical plasmonic devices [18]. Some of the severe materials
challenges with noble metals are (a) incompatibility with standard complementary metal oxide
semiconductor (CMOS) fabrication processes, (b) noble metals are morphologically not stable
at high temperatures >500�C, (c) the real part of the dielectric permittivity (ε0) for noble metals
are too large for several applications, (d) because of their high surface energies noble metals are
difficult to fabricate in thin film or ultrathin film form, and (e) it is difficult to engineer optical
properties of noble metals though materials engineering. Due to such materials challenges real
life applications of plasmonics as a research field with noble metals have been extremely
limited to only a handful of applications.

Transition metal nitrides and their epitaxial metal/semiconductor superlattices have enor-
mous promise and potential in the plasmonics research field as they overcome several of the
shortcomings of noble metals [18]. Optical characterizations have showed, that TiN and ZrN
are excellent plasmonic materials in the visible spectral range (500–900 nm) [19]. The real
part of the dielectric permittivity (ε0) of TiN and ZrN (Figure 3) are smaller compared to
noble metals (such as Au and Ag films) due to their relatively lower carrier concentrations.
For several practical applications such as in devices for transformation optics, or in hyper-
bolic metamaterials, lower values of ε0 are a necessity and the nitrides have already attracted
significant interest in that pursuit. The imaginary parts of the dielectric permittivity (ε00) of

Coatings and Thin-Film Technologies120

the nitrides (Figure 3) however, are larger compared to noble metals due to increased inter-
band transitions, which is a limitation.

Detailed studies on the plasmatic properties of TMNs (TiN and ZrN) such as surface plasmon
polariton (SPP) propagation length, SPP mode size, second harmonic generation, absorption
and emission have already demonstrated superior plasmonic qualities of nitrides (e.g. TiN,
ZrN and others) in comparison to Au and Ag. Vigorous research activity is currently under-
way to convert the wonderful optical properties of nitrides into device applications.

4.3. Solar selective coating technology

Solar selective coatings are spectrally selective layers which has high absorptance in visible
region and high reflectance (or low thermal emittance) in IR region of solar spectrum. These
spectrally selective coatings are used to efficiently capture sunlight as heat in solar thermal
converters, which has variety of applications such as solar water heating, solar thermal elec-
tricity generation, solar thermoelectric generator, solar thermophotovoltaics, etc. Though solar
thermal conversion has been used for water heating purposes for several years, currently this
technology is gaining significant attention in electricity production as it has achieved overall
efficiency >30% and more suitable technology for large scale electricity production. In addition,
solar thermal technology has efficient ways to store heat energy so that it can be used to
generate power in overcast conditions and also at night.

Conversion of solar radiation into useful heat energy is dependent on the optical properties of
the solar selective materials such as α, the solar absorptance (fraction of the solar energy
absorbed by a surface) and ε, the thermal emittance (faction of radiant energy emitted from
the surface with respect to energy radiated by a blackbody at same temperature). Ideally a

Figure 3. (a) Real (ε0) and (b) imaginary (ε00) parts of the dielectric permittivity of TMNs such as TiN, ZrN and TCOs
(AZO, GZO and ITO) are plotted along with those of gold and silver. The arrows show the wavelength ranges in which
nitrides and TCOs are respectively metallic. Reproduced with permission from Naik et al. [19]. Copyright 2011 Optical
Society of America.
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While the large power factor in the as-deposited n-type ScN is attractive for thermoelectricity,
practical devices also require a highly efficient p-type material. Reducing the carrier concentra-
tion in ScN, and eventually turning it into a p-type semiconductor was also important for a
host of other applications. Saha et al. have demonstrated p-type Sc1�xMnxN and Sc1�xMgxN
thin film alloys by solid-state alloying of ScN with MnxNy and MgxNy, respectively [2]. The p-
type ScxMg1�xN thin film alloys were found to be (a) substitutional solid solutions without any
detectable MgxNy precipitation, phase segregation, or secondary phase formation; (b)
exhibited a maximum hole-concentration of 2.2 � 1020 cm�3 and hole mobility of 21 cm2/Vs;
(c) did not show any defect states inside the direct gap of ScN, thus retaining its basic electronic
structure; and (d) exhibited impurity scattering by Mg addition that dominated hole conduc-
tion at high temperatures. The p-type ScxMg1�xN thin film alloys also exhibit very high
Seebeck coefficients, in excess of 200 μV/K. However, due to the reduced mobility, the electrical
conductivities are an order of magnitude lower, which results in a lower power factor values.

Apart from ScN, chromium nitride (CrN) has shown great promise for thermoelectric applica-
tions. Thermal conductivity of CrN is much smaller compared to ScN thin film, and as a result
it may be possible to engineer CrN for high thermoelectric figure-of-merits (ZT). Similarly YN
and several other rare-earth nitrides such as GdN, ErN, etc. exhibit semiconducting properties.
Due to their higher atomic mass, such materials should exhibit lower thermal conductivity,
and could be explored for thermoelectric applications.

4.2. Plasmonics

Traditionally noble metals such as Au and Ag are regarded as the best plasmonic materials in
the visible spectral range both for research as well as for limited number of industrial applica-
tions. However, noble metal-based plasmonic components have materials properties that
significantly limit realization of practical plasmonic devices [18]. Some of the severe materials
challenges with noble metals are (a) incompatibility with standard complementary metal oxide
semiconductor (CMOS) fabrication processes, (b) noble metals are morphologically not stable
at high temperatures >500�C, (c) the real part of the dielectric permittivity (ε0) for noble metals
are too large for several applications, (d) because of their high surface energies noble metals are
difficult to fabricate in thin film or ultrathin film form, and (e) it is difficult to engineer optical
properties of noble metals though materials engineering. Due to such materials challenges real
life applications of plasmonics as a research field with noble metals have been extremely
limited to only a handful of applications.

Transition metal nitrides and their epitaxial metal/semiconductor superlattices have enor-
mous promise and potential in the plasmonics research field as they overcome several of the
shortcomings of noble metals [18]. Optical characterizations have showed, that TiN and ZrN
are excellent plasmonic materials in the visible spectral range (500–900 nm) [19]. The real
part of the dielectric permittivity (ε0) of TiN and ZrN (Figure 3) are smaller compared to
noble metals (such as Au and Ag films) due to their relatively lower carrier concentrations.
For several practical applications such as in devices for transformation optics, or in hyper-
bolic metamaterials, lower values of ε0 are a necessity and the nitrides have already attracted
significant interest in that pursuit. The imaginary parts of the dielectric permittivity (ε00) of
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the nitrides (Figure 3) however, are larger compared to noble metals due to increased inter-
band transitions, which is a limitation.

Detailed studies on the plasmatic properties of TMNs (TiN and ZrN) such as surface plasmon
polariton (SPP) propagation length, SPP mode size, second harmonic generation, absorption
and emission have already demonstrated superior plasmonic qualities of nitrides (e.g. TiN,
ZrN and others) in comparison to Au and Ag. Vigorous research activity is currently under-
way to convert the wonderful optical properties of nitrides into device applications.

4.3. Solar selective coating technology

Solar selective coatings are spectrally selective layers which has high absorptance in visible
region and high reflectance (or low thermal emittance) in IR region of solar spectrum. These
spectrally selective coatings are used to efficiently capture sunlight as heat in solar thermal
converters, which has variety of applications such as solar water heating, solar thermal elec-
tricity generation, solar thermoelectric generator, solar thermophotovoltaics, etc. Though solar
thermal conversion has been used for water heating purposes for several years, currently this
technology is gaining significant attention in electricity production as it has achieved overall
efficiency >30% and more suitable technology for large scale electricity production. In addition,
solar thermal technology has efficient ways to store heat energy so that it can be used to
generate power in overcast conditions and also at night.

Conversion of solar radiation into useful heat energy is dependent on the optical properties of
the solar selective materials such as α, the solar absorptance (fraction of the solar energy
absorbed by a surface) and ε, the thermal emittance (faction of radiant energy emitted from
the surface with respect to energy radiated by a blackbody at same temperature). Ideally a

Figure 3. (a) Real (ε0) and (b) imaginary (ε00) parts of the dielectric permittivity of TMNs such as TiN, ZrN and TCOs
(AZO, GZO and ITO) are plotted along with those of gold and silver. The arrows show the wavelength ranges in which
nitrides and TCOs are respectively metallic. Reproduced with permission from Naik et al. [19]. Copyright 2011 Optical
Society of America.
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selective surface must have α close to 1 in the wavelength range of 0.3–2 μm of the solar
emission spectrum, which covers the 95% of the solar energy and ε close to 0 beyond 2 μm
(Figure 4a).

However, in practice most material surfaces do not meet these requirements perfectly. There-
fore, the research has been focused on materials in order to maximize α at the same time
reducing ε as lower values. Since solar thermal electricity production requires high operating
temperatures in excess of 500�C, in addition to these optical properties the solar selective materials
must be stable at such operating temperature. Several types of spectrally selective coatings have
been developed based on the following concepts (Figure 4b): (a) intrinsic absorber, (b) metal-
semiconductor tandem, (c) multilayer absorbers, (d) multi-dielectric composite, (e) textured sur-
face, and (f) selectively solar-transmitting coating on a blackbody-like absorber, etc.

Intrinsic absorbers such as W, Mo doped-MoO3, ZrB2, etc. inherently have spectral selectivity
induced by dielectric dispersion as a function of wavelength. Though such materials are easy
to fabricate, their spectral selectivity is less than ideal and require some kind of structural and
compositional modification to achieve near-ideal spectral selectivity. Therefore, combination of
design concepts such as metal-semiconductor tandem, multilayer absorbers, metal-dielectric
composites, etc. are most widely studied. In metal-dielectric composites, cermets (metal
nanoparticles dispersed in dielectric matrix) such as Mo-Al2O3, W-AlN, Mo-AlN, Mo-SiO2,
W-Al2O3, Cr-Cr2O3, etc. have been investigated as selective coatings for high temperature
applications. These composite coatings exhibit excellent solar selectivity and are thermally
stable in vacuum. Hence they are already commercialized by many manufactures such as Luz
International Ltd., USA, Siemens (formerly Solel), Germany, Archimede Solar Energy, Italy
and Schott, Germany [20]. Major concerns with these cermets based coatings is their thermal
stability in air above 400�C. Beyond this temperature the optical properties, emittance in
particular, starts degrading due to oxidation and/or diffusion of metal particles.

TMNs possess a good combination of chemical, mechanical properties, and are extremely stable
at high-temperatures. Until last decade the optical properties of the TMNs were rarely studies.
Initial studies on optical properties of TiAlN and TiAlON have exhibited high absorption coeffi-
cient and low reflectance in visible region [21, 22]. Further studies on TiN based compounds

Figure 4. (a) Spectral reflectance for an ideal solar selective surface (green line) compared with solar spectrum (red line)
and black body radiation (blue line) and (b) schematic diagram of different type of solar selective coating.
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showed that the refractive index, absorptance or reflectance, can be tuned from that of metallic to
dielectric characteristic by varying the composition and/or by incorporating O, N, C and Si. This
can be attributed to changes in the electronic structure and bonding nature (i.e., metallic to
covalent) with the change in stoichiometry of TiN based compounds and incorporation of
elements such as Al or O, respectively [20]. In addition, these TMNs can act as diffusion barrier
for metals, which may diffuse into the absorbers or oxidize at high operating temperatures
(above 400 �C). Consequently, preventing the degradation of optical properties of the coatings
[23]. These properties give TMNs an edge over cermets for high temperature (i.e., above 500�C)
solar selective applications.

Taking advantage of these properties, several groups have developed TMN based tandem (metal/
dielectric) solar selective coatings. For instance, Barshilia et al. fabricated TiAlN/TiAlON/Si3N4

solar selective tandem absorbers on copper substrate demonstrating high solar selectivity 0.95/0.06
and thermal stability up to 525�C in air (50 h) and 800�C in vacuum [23]. In this case, TiAlN
(metallic in nature) acts as a main absorber, TiAlON (with low metallic content) acts as a semi-
absorber and Si3N4 as an antireflection coating. The tandem absorber was fabricated such that the
refractive index (in visible region) gradually increases from the coating surface to substrate. Such
graded refractive index ensures that reflectance is minimized in visible region and absorptance is
increased. Following this many other transition metals-based nitride, oxynitride, carbonitrides
coatings have been developed in order to improve solar selectivity and thermal stability further,
which are listed in Table 2. Detailed review on various combination of TMNs based solar selective
coatings, their optical properties and growth methods can be found in Ref. [20].

4.4. Hot-electron collection for solar water splitting

Solar water splitting is a well-known photocatalytic process used to produce molecular hydro-
gen, which is an attractive source of energy as it can be stored, transported and consumed as a
fuel on demand. The photocatalytic reaction is driven by the electrons and holes generated in a
semiconductor in response to the absorbed photons. Efficiency of such a solar-to-fuel conversion

Absorber α ε Thermal stability (�C)

Air Vacuum

TiAlN/TiAlON/Si3N4 0.93–0.94 0.15–0.17 550 600

NbAlN/NbAlON/Si3N4 0.93–0.95 0.07 500 (2 h) 600 (2 h)

TiAlN/CrAlON/Si3N4 0.94–0.95 0.05–0.07 500 (2 h) 800 (2 h)

HfMoN/HfON/Al2O3 0.94–0.95 0.13–0.14 475 (34 h) 600 (450 h)

TiAlC/TiAlCN/TiAlSiCN/TiAlSiCO/TiAlSiO 0.96 0.07 500 (2 h)
325 (400 h)

900 (2 h)
650 (100 h)

NbTiON/SiON 0.95 0.07 – 500 (40 h)

Mo/ZrSiN/ZrSiON/SiO2 0.94 0.12 – 500 (500 h)

Table 2. TMNs based metallic/dielectric tandem absorber along with their absorptance, emittance and thermal stability
at different ambiences.
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selective surface must have α close to 1 in the wavelength range of 0.3–2 μm of the solar
emission spectrum, which covers the 95% of the solar energy and ε close to 0 beyond 2 μm
(Figure 4a).

However, in practice most material surfaces do not meet these requirements perfectly. There-
fore, the research has been focused on materials in order to maximize α at the same time
reducing ε as lower values. Since solar thermal electricity production requires high operating
temperatures in excess of 500�C, in addition to these optical properties the solar selective materials
must be stable at such operating temperature. Several types of spectrally selective coatings have
been developed based on the following concepts (Figure 4b): (a) intrinsic absorber, (b) metal-
semiconductor tandem, (c) multilayer absorbers, (d) multi-dielectric composite, (e) textured sur-
face, and (f) selectively solar-transmitting coating on a blackbody-like absorber, etc.

Intrinsic absorbers such as W, Mo doped-MoO3, ZrB2, etc. inherently have spectral selectivity
induced by dielectric dispersion as a function of wavelength. Though such materials are easy
to fabricate, their spectral selectivity is less than ideal and require some kind of structural and
compositional modification to achieve near-ideal spectral selectivity. Therefore, combination of
design concepts such as metal-semiconductor tandem, multilayer absorbers, metal-dielectric
composites, etc. are most widely studied. In metal-dielectric composites, cermets (metal
nanoparticles dispersed in dielectric matrix) such as Mo-Al2O3, W-AlN, Mo-AlN, Mo-SiO2,
W-Al2O3, Cr-Cr2O3, etc. have been investigated as selective coatings for high temperature
applications. These composite coatings exhibit excellent solar selectivity and are thermally
stable in vacuum. Hence they are already commercialized by many manufactures such as Luz
International Ltd., USA, Siemens (formerly Solel), Germany, Archimede Solar Energy, Italy
and Schott, Germany [20]. Major concerns with these cermets based coatings is their thermal
stability in air above 400�C. Beyond this temperature the optical properties, emittance in
particular, starts degrading due to oxidation and/or diffusion of metal particles.

TMNs possess a good combination of chemical, mechanical properties, and are extremely stable
at high-temperatures. Until last decade the optical properties of the TMNs were rarely studies.
Initial studies on optical properties of TiAlN and TiAlON have exhibited high absorption coeffi-
cient and low reflectance in visible region [21, 22]. Further studies on TiN based compounds

Figure 4. (a) Spectral reflectance for an ideal solar selective surface (green line) compared with solar spectrum (red line)
and black body radiation (blue line) and (b) schematic diagram of different type of solar selective coating.
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showed that the refractive index, absorptance or reflectance, can be tuned from that of metallic to
dielectric characteristic by varying the composition and/or by incorporating O, N, C and Si. This
can be attributed to changes in the electronic structure and bonding nature (i.e., metallic to
covalent) with the change in stoichiometry of TiN based compounds and incorporation of
elements such as Al or O, respectively [20]. In addition, these TMNs can act as diffusion barrier
for metals, which may diffuse into the absorbers or oxidize at high operating temperatures
(above 400 �C). Consequently, preventing the degradation of optical properties of the coatings
[23]. These properties give TMNs an edge over cermets for high temperature (i.e., above 500�C)
solar selective applications.

Taking advantage of these properties, several groups have developed TMN based tandem (metal/
dielectric) solar selective coatings. For instance, Barshilia et al. fabricated TiAlN/TiAlON/Si3N4

solar selective tandem absorbers on copper substrate demonstrating high solar selectivity 0.95/0.06
and thermal stability up to 525�C in air (50 h) and 800�C in vacuum [23]. In this case, TiAlN
(metallic in nature) acts as a main absorber, TiAlON (with low metallic content) acts as a semi-
absorber and Si3N4 as an antireflection coating. The tandem absorber was fabricated such that the
refractive index (in visible region) gradually increases from the coating surface to substrate. Such
graded refractive index ensures that reflectance is minimized in visible region and absorptance is
increased. Following this many other transition metals-based nitride, oxynitride, carbonitrides
coatings have been developed in order to improve solar selectivity and thermal stability further,
which are listed in Table 2. Detailed review on various combination of TMNs based solar selective
coatings, their optical properties and growth methods can be found in Ref. [20].

4.4. Hot-electron collection for solar water splitting

Solar water splitting is a well-known photocatalytic process used to produce molecular hydro-
gen, which is an attractive source of energy as it can be stored, transported and consumed as a
fuel on demand. The photocatalytic reaction is driven by the electrons and holes generated in a
semiconductor in response to the absorbed photons. Efficiency of such a solar-to-fuel conversion

Absorber α ε Thermal stability (�C)

Air Vacuum

TiAlN/TiAlON/Si3N4 0.93–0.94 0.15–0.17 550 600

NbAlN/NbAlON/Si3N4 0.93–0.95 0.07 500 (2 h) 600 (2 h)

TiAlN/CrAlON/Si3N4 0.94–0.95 0.05–0.07 500 (2 h) 800 (2 h)

HfMoN/HfON/Al2O3 0.94–0.95 0.13–0.14 475 (34 h) 600 (450 h)

TiAlC/TiAlCN/TiAlSiCN/TiAlSiCO/TiAlSiO 0.96 0.07 500 (2 h)
325 (400 h)

900 (2 h)
650 (100 h)

NbTiON/SiON 0.95 0.07 – 500 (40 h)

Mo/ZrSiN/ZrSiON/SiO2 0.94 0.12 – 500 (500 h)

Table 2. TMNs based metallic/dielectric tandem absorber along with their absorptance, emittance and thermal stability
at different ambiences.
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is limited by the (a) short-range of light response of the semiconductor catalysts (used
as photoelectrode) dictated by their bandgap and (b) smaller diffusion length of the photo-
generated carriers than the photon absorption depth resulting in carrier recombination, instead
of contributing in solar-to-fuel conversion. In order to overcome these limitations several strate-
gies have been developed such as (a) doping/alloying of the semiconductor to tune its band
structure, (b) fabrication of heterostructures to efficiently separate charge carrier at the junctions,
(c) decreasing the particle size of the catalysts to efficiently collect carriers before they could
recombine and (d) synthesize faceted nanostructures that are catalytically more active.

Tian and Tatsuma developed a new strategy to use plasmonic metal nanoparticles to enhance
the photocurrent, and thereby improve solar-to-fuel conversion efficiency [24]. While tradi-
tionally plasmonics are used to confine light into nanoscale volume to provide intense electro-
magnetic localization and improved light scattering, in this work the plasmon decay was used
to generate energetic electrons (hot electrons) and metal-semiconductor interface for charge
separation. Using such phenomena in Au-TiO2 photoelectrode, the authors demonstrated an
improvement in incident photon to current conversion efficiency (IPCE) by more than 20� in
the presence of suitable donors. Advantage of using plasmonic photoelectrode over that of
semiconductor is that photons with energy lesser than bandgap can also be absorbed through
plasmon resonance, hence, has a broadband photo-response. In Au-TiO2 case, photon absorp-
tion and carrier generation for TiO2 takes place at UV region (≈380 nm) and that for Au at its
plasmon band (≈520 nm). This will result in enhanced photocatalytic efficiency.

Several plasmonic based photocatalysis systems have been developed in terms of metal-
semiconductor combinations and their structural configurations such as Au (nanoroad)/TiO2-Co-
borate (oxygen evolution catalyst) grown electrochemically using anodized alumina templet [25],
Au/CeO [26], Au decorated 3D structured ZnO [27], etc. However, in such plasmonic structures,
the extraction of hot electron (generated due to plasmon decay) frommetal nanoparticle is limited
by the Schottky barrier. The electrons with energy higher than the potential barrier (ϕB) can only
be collected at electrode. This limitation is imposed by the larger difference between work
function and electron affinity of largely used noble metal (i.e., Au and Ag) and semiconductors
(TiO2 and ZnO), respectively.

In order to overcome the limitation imposed by large Schottky barrier, Naldoni et al., developed
a novel photoanode using TiN based plasmonic nanoparticle decorated on TiO2 nanoroads [28].
With TiN(nanoparticle)/TiO2, they have demonstrated twice as many hot electrons as Au nano-
particle injection into TiO2, i.e., 25% increase in photocurrent in comparison to Au/TiO2. The
observed enhancement in performance has been attributed to the broadband absorption (500–
1200) of cubic TiN as well as lower work function of TiN (ϕM ≈ 4 eV) in comparison to Au (ϕM ≈
5.2 eV) (see Figure 5). This work has opened up a new avenue for several other metallic TMNs
similar to TiN and ZrN, which found to exhibit Au-competitive optical properties.

4.5. Refractory electronics and plasmonics

TMNs are well known refractory materials that are chemically, structurally, and morphologi-
cally stable at high temperature. Further, the TMNs are electronically diverse with insulators,
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semiconductors, metals, and their heterostructures offering novel electronic and optoelec-
tronic properties that are not present in other material systems. For high-temperature and
high-power applications materials must have high melting point, large breakdown voltage,
ability to dope preferentially n- and p-type and ability to form stable metal/semiconductor or
metal/dielectric contacts (interface) for high temperature operations. Diverse properties of
TMNs makes it a suitable candidate for such applications. Previously, stable epitaxial and
low resistive contacts for high temperature applications with traditional metals was difficult
due to their high surface energy and lack of crystal structure compatibility leading to misfit
dislocations and defect states. However, recent efforts to grow epitaxial TMNs have shown
that wide range of binary and ternaries such as TixMe1�xN and TaxMe1�xN (Me = Ti, Zr, Hf,
Nb, Ta, Mo, W) with stable cubic rocksalt structure [29, 30]. With ternary alloying of TMNs,
tunable lattice parameter (0.416–0.469 nm) and electronic properties such as bandgap, con-
ductivity, work function (3.7–5.1 eV), etc. can be achieved [31]. This flexibility of TMNs in
lattice parameter (also, close to III–N) and work function has made them attractive for
electronic device application such as diffusion barriers [32], metallization and lattice mat-
ched growth templet for wide bandgap semiconductors [33], which are used in high power
devices. Apart from these passive components, TMNs are also finding application in nanoe-
lectromechanical systems (NEMS) such as TiN cantilever-type nanoelectromechanical switch
fabricated using CMOS process [34]. The fabricated switches exhibited excellent perfor-
mance and TMNs gives robustness to such devices at harsh environment such as radiation
and high temperature.

Until recent years, realization of electronic devices with TMNs as active a component was not
possible due to the fact that most known TMNs are metallic and non-availability of suitable
semiconducting TMNs. However, recent research works revealed that ScN (indirect bandgap
0.9 eV) and rocksalt-AlxSc1�xN (direct bandgap 2.2–3.7 eV) are semiconductors and can be
doped preferentially both n- and p-type [15]. This has opened up a new direction for the
development of new refractory electronic devices fully based on TMNs. Future research on
the epitaxial growth of rocksalt nitride semiconductors heterostructures will be useful for the
exploring device properties such as intersubband absorption and emission, confinement of
electrons in metallic wells, photodiodes, photo-conductors, and terahertz devices.

Figure 5. Schematic representation of plasmon induced hot electron collection in (a) Au-TiO2 photoelectrode and (b) TiN/
TiO2 photoelectrode.
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is limited by the (a) short-range of light response of the semiconductor catalysts (used
as photoelectrode) dictated by their bandgap and (b) smaller diffusion length of the photo-
generated carriers than the photon absorption depth resulting in carrier recombination, instead
of contributing in solar-to-fuel conversion. In order to overcome these limitations several strate-
gies have been developed such as (a) doping/alloying of the semiconductor to tune its band
structure, (b) fabrication of heterostructures to efficiently separate charge carrier at the junctions,
(c) decreasing the particle size of the catalysts to efficiently collect carriers before they could
recombine and (d) synthesize faceted nanostructures that are catalytically more active.

Tian and Tatsuma developed a new strategy to use plasmonic metal nanoparticles to enhance
the photocurrent, and thereby improve solar-to-fuel conversion efficiency [24]. While tradi-
tionally plasmonics are used to confine light into nanoscale volume to provide intense electro-
magnetic localization and improved light scattering, in this work the plasmon decay was used
to generate energetic electrons (hot electrons) and metal-semiconductor interface for charge
separation. Using such phenomena in Au-TiO2 photoelectrode, the authors demonstrated an
improvement in incident photon to current conversion efficiency (IPCE) by more than 20� in
the presence of suitable donors. Advantage of using plasmonic photoelectrode over that of
semiconductor is that photons with energy lesser than bandgap can also be absorbed through
plasmon resonance, hence, has a broadband photo-response. In Au-TiO2 case, photon absorp-
tion and carrier generation for TiO2 takes place at UV region (≈380 nm) and that for Au at its
plasmon band (≈520 nm). This will result in enhanced photocatalytic efficiency.

Several plasmonic based photocatalysis systems have been developed in terms of metal-
semiconductor combinations and their structural configurations such as Au (nanoroad)/TiO2-Co-
borate (oxygen evolution catalyst) grown electrochemically using anodized alumina templet [25],
Au/CeO [26], Au decorated 3D structured ZnO [27], etc. However, in such plasmonic structures,
the extraction of hot electron (generated due to plasmon decay) frommetal nanoparticle is limited
by the Schottky barrier. The electrons with energy higher than the potential barrier (ϕB) can only
be collected at electrode. This limitation is imposed by the larger difference between work
function and electron affinity of largely used noble metal (i.e., Au and Ag) and semiconductors
(TiO2 and ZnO), respectively.

In order to overcome the limitation imposed by large Schottky barrier, Naldoni et al., developed
a novel photoanode using TiN based plasmonic nanoparticle decorated on TiO2 nanoroads [28].
With TiN(nanoparticle)/TiO2, they have demonstrated twice as many hot electrons as Au nano-
particle injection into TiO2, i.e., 25% increase in photocurrent in comparison to Au/TiO2. The
observed enhancement in performance has been attributed to the broadband absorption (500–
1200) of cubic TiN as well as lower work function of TiN (ϕM ≈ 4 eV) in comparison to Au (ϕM ≈
5.2 eV) (see Figure 5). This work has opened up a new avenue for several other metallic TMNs
similar to TiN and ZrN, which found to exhibit Au-competitive optical properties.

4.5. Refractory electronics and plasmonics

TMNs are well known refractory materials that are chemically, structurally, and morphologi-
cally stable at high temperature. Further, the TMNs are electronically diverse with insulators,
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semiconductors, metals, and their heterostructures offering novel electronic and optoelec-
tronic properties that are not present in other material systems. For high-temperature and
high-power applications materials must have high melting point, large breakdown voltage,
ability to dope preferentially n- and p-type and ability to form stable metal/semiconductor or
metal/dielectric contacts (interface) for high temperature operations. Diverse properties of
TMNs makes it a suitable candidate for such applications. Previously, stable epitaxial and
low resistive contacts for high temperature applications with traditional metals was difficult
due to their high surface energy and lack of crystal structure compatibility leading to misfit
dislocations and defect states. However, recent efforts to grow epitaxial TMNs have shown
that wide range of binary and ternaries such as TixMe1�xN and TaxMe1�xN (Me = Ti, Zr, Hf,
Nb, Ta, Mo, W) with stable cubic rocksalt structure [29, 30]. With ternary alloying of TMNs,
tunable lattice parameter (0.416–0.469 nm) and electronic properties such as bandgap, con-
ductivity, work function (3.7–5.1 eV), etc. can be achieved [31]. This flexibility of TMNs in
lattice parameter (also, close to III–N) and work function has made them attractive for
electronic device application such as diffusion barriers [32], metallization and lattice mat-
ched growth templet for wide bandgap semiconductors [33], which are used in high power
devices. Apart from these passive components, TMNs are also finding application in nanoe-
lectromechanical systems (NEMS) such as TiN cantilever-type nanoelectromechanical switch
fabricated using CMOS process [34]. The fabricated switches exhibited excellent perfor-
mance and TMNs gives robustness to such devices at harsh environment such as radiation
and high temperature.

Until recent years, realization of electronic devices with TMNs as active a component was not
possible due to the fact that most known TMNs are metallic and non-availability of suitable
semiconducting TMNs. However, recent research works revealed that ScN (indirect bandgap
0.9 eV) and rocksalt-AlxSc1�xN (direct bandgap 2.2–3.7 eV) are semiconductors and can be
doped preferentially both n- and p-type [15]. This has opened up a new direction for the
development of new refractory electronic devices fully based on TMNs. Future research on
the epitaxial growth of rocksalt nitride semiconductors heterostructures will be useful for the
exploring device properties such as intersubband absorption and emission, confinement of
electrons in metallic wells, photodiodes, photo-conductors, and terahertz devices.

Figure 5. Schematic representation of plasmon induced hot electron collection in (a) Au-TiO2 photoelectrode and (b) TiN/
TiO2 photoelectrode.
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Refractory optics and plasmonics with TMNs is yet another emerging and immensely promis-
ing research direction. Traditional plasmonic materials i.e., noble metals have highly limited
absorption band width because of its resonant nature of plasmon excitation and high reflection
in non-resonant frequencies. In addition, noble metals have low melting point, hence, poor
thermal stability at high temperature and easily diffuses into surroundings. On the other hand,
refractory metals such as W, Mo and others exhibit plasmon resonance in IR region with
relatively high losses. Whereas TMN nitrides with their high melting temperatures and Au-
competitive optical properties could replace current polycrystalline refractory metals for high-
temperature applications. Making use of these superior properties, Li et al. developed a TiN-
SiO2-TiN broad band solar absorber, which can absorb 95% of light over the range of 400–
800 nm with 240 nm thick device [35]. Similarly, Ishii et al. fabricated TiN-ZnO-TiN structure,
which showed superior performance in comparison to gold in visible region [36]. Both these
devices were chemically robust, stable at high temperature and can be used in several emerg-
ing technologies such as solar-thermophotovoltaics (STPV), heat-assisted magnetic recording
(HAMR).

5. Transition metal nitride metal/semiconductor heterostructures

Transition metal nitrides have been utilized in recent years to develop the first epitaxial,
nominally single crystalline TiN/(Al,Sc)N metal/semiconductor superlattices on MgO sub-
strates. Rocksalt Al1-xScxN thin alloy films were developed with high AlN mole-fractions and
critical thickness on TiN/MgO substrates by solid-state alloying of ScN and AlN. The lattice-
matched TiN/(Al,Sc)N metal/semiconductor superlattices exhibit atomically sharp interfaces,
structurally stable at high temperatures (�950�C), and amenable to doping, alloying and
quantum size effects.

These novel (Ti,W)N/(Al,Sc)N metamaterials (Figure 6) have already exhibited lower ther-
mal conductivity (�1.7 W/mK at room temperatures) suitable for their thermoelectric appli-
cations. Coherent phonon thermal transport phenomenon was also demonstrated recently
in these materials. Saha et al. have demonstrated hyperbolic dispersion of photonic iso-
frequency surfaces in these materials and enhanced photonic densities of states. Significant

Figure 6. HRTEM and HAADF-STEM image of the superlattices (Ti,W)N/(Al,Sc)N. Reproduced with permission from
Saha et al. [37]. Copyright 2016 American Physical Society.
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research in currently underway to unlock several aspects of their physical properties to
develop practical devices.

6. Conclusions

TMNs have been the most important materials for industrial applications such as hard coatings,
corrosion and wear resistant coatings for many decades owing to their high mechanical strength,
thermal stability and chemical inertness. There has been significant progress in the understand-
ing of process-structure-properties relationship of TMNs over the years. Now it is possible to
fabricate wide variety of alloys and composites of TMNs with diverse and engineerable proper-
ties which were not available earlier. This has resulted in new device applications of TMNs such
as solar selective absorbers, refractory plasmonics, photocatalysis, etc. Further, the development
of stable epitaxial TMNs, heterostructures and superlattices has opened up new directions for
refractory electronic device applications. Particularly, recent development of semiconducting
rocksalt ScN and AlxSc1�xN and their high n- and p-type dopability has further widened the
scope for new device applications such as active components in thermoelectrics, electronic and
optoelectronic devices. Future research on the epitaxial growth of rocksalt nitride semiconduc-
tors heterostructures will be useful for many emerging and novel industrial applications. Nitride
superlattice heterostructures offer an excellent test bed for the exploration of refractory electronic
and optoelectronic device properties such as intersubband absorption and emission, confine-
ment of electrons in metallic wells, photodiodes, photo-conductors and terahertz devices.
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in non-resonant frequencies. In addition, noble metals have low melting point, hence, poor
thermal stability at high temperature and easily diffuses into surroundings. On the other hand,
refractory metals such as W, Mo and others exhibit plasmon resonance in IR region with
relatively high losses. Whereas TMN nitrides with their high melting temperatures and Au-
competitive optical properties could replace current polycrystalline refractory metals for high-
temperature applications. Making use of these superior properties, Li et al. developed a TiN-
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research in currently underway to unlock several aspects of their physical properties to
develop practical devices.

6. Conclusions

TMNs have been the most important materials for industrial applications such as hard coatings,
corrosion and wear resistant coatings for many decades owing to their high mechanical strength,
thermal stability and chemical inertness. There has been significant progress in the understand-
ing of process-structure-properties relationship of TMNs over the years. Now it is possible to
fabricate wide variety of alloys and composites of TMNs with diverse and engineerable proper-
ties which were not available earlier. This has resulted in new device applications of TMNs such
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Abstract

The II-IV semiconductor compound, CdTe, has suitable electrical and optical properties as
photovoltaic and high-energy radiation sensor material. As an absorber material for thin-
film-based solar cells, CdTe holds the potentiality to fabricate high-efficiency solar cells by
means of low-cost technologies. This chapter presents a comprehensive review on the
CdTe thin-film deposition techniques as well as on the several configurations for the solar
cell structures that have led the best efficiency conversion. Current CdTe thin-film deposi-
tion techniques include sputtering, close spaced vapor transport (CSVT), chemical spray
pyrolysis, and electrodeposition. These techniques have easily been adapted to deposit
polycrystalline CdTe films on various flexible and rigid substrates. In regard to the device
structure configuration, a variety of partner materials (transparent contact, optical win-
dow, buffer layer) were tested, and CdTe film thickness was varied to develop opaque and
semitransparent devices by some techniques mentioned above. In this chapter, we will
discuss about each technique used for CdTe thin-film deposition as well as its advantages
and disadvantages.

Keywords: CdTe, thin films, deposit techniques, solar cell, semiconductor

1. Introduction

Nowadays, the electrical power generation by photovoltaic conversion of solar light continu-
ously increases. This can be attributed to the development of new photovoltaic materials and
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polycrystalline CdTe films on various flexible and rigid substrates. In regard to the device
structure configuration, a variety of partner materials (transparent contact, optical win-
dow, buffer layer) were tested, and CdTe film thickness was varied to develop opaque and
semitransparent devices by some techniques mentioned above. In this chapter, we will
discuss about each technique used for CdTe thin-film deposition as well as its advantages
and disadvantages.

Keywords: CdTe, thin films, deposit techniques, solar cell, semiconductor

1. Introduction

Nowadays, the electrical power generation by photovoltaic conversion of solar light continu-
ously increases. This can be attributed to the development of new photovoltaic materials and

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.79578

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



inexpensive production technologies, which have led to the price reduction of the watt-hour
generated by photovoltaic means. An interesting approach to the solar cells cost reduction
consists of using polycrystalline semiconductor thin films.

A thin-film solar cell comprises different semiconductor layers as will be described below,
including the so-called absorber or active material. Among these, cadmium tellurium (CdTe),
silicon (Si), gallium arsenide (GaAs), CZTS, CIGS, and perovskites are currently used to
fabricate high-efficiency solar cells at industrial level [1].

The cadmium telluride (CdTe) semiconductor belonging to II-VI family has been studied for
many years. The oldest studies on CdTe synthesis and applications date 1890–1920 decades. In
the last 10 years, CdTe has been mainly studied as a polycrystalline thin film and as a quantum
dot. As a thin film, it has been prepared by close space vapor transport (CSVT) [2], laser
ablation [3], electrodeposition [4] and spray pyrolysis [5], and sputtering [6], and it has been
mostly used as the absorber material of thin-film solar cells. More recent deposition techniques
of CdTe are based on taking CdTe nanocrystals dispersed in water or organic solvents [5] and
transform them into CdTe thin films by using very simple and cheap deposition techniques
such as dip-coating or spin-coating and an annealing process [7].

1.1. Solar cell operation: a brief

As stated above, thin-film solar cells consist of various semiconductor materials, each one having
an important function in the solar cell functioning and performance [8]. Figure 1 sketches the
different semiconductor layers that compose typical thin-film solar cells. The absorber semicon-
ductor or optically active material has an optical bandgap in 1.0–1.45 eV range, an absorber
coefficient in the order of 104 cm�1, and a p-type conductivity. Table 1 lists the band structure
parameters and melting point of more important absorber semiconductors.

The generation of electric current, called photocurrent, occurs in two steps: first, photons are
absorbed from sunlight, which generates electron-hole pairs. Second, these pairs have to move
inside the depletion zone of solar cell to be separated, generating photocurrent. In solar cells
based on CdTe, this separation occurs in the p-n junction. As the solar cell generates electricity,
it is characterized by the Shockley equation:

I ¼ Iph � I0 e
qV
kBT � 1

� �
(1)

where kB is the Boltzmann constant, q is the electron charge, T is the temperature, and V is the
voltage between terminals of the solar cells.

The solar cell is a semiconductor device; as mentioned earlier, the most used semiconductors
for this application are cadmium tellurium (CdTe), amorphous silicon, gallium arsenide,
CZTS, CIGS, and perovskites. Table 1 shows the most relevant properties for these semicon-
ductor materials.

An important II-VI semiconductor is CdTe, which has been well studied and applied to solar
cell devices. CdTe has excellent electrical and optical properties for its application to solar cells.
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It has a bandgap of 1.42 eV (optimal for the solar spectrum), and it is a semiconductor of direct
band transitions that allows thin film applications. Other property is its absorption coefficient
of 104 cm�1, which allows 90% absorption with a 1 μm thickness of the thin films. Other
advantage is the possibility of obtaining p- and n-type conductivity in the films, enabling
formation of homojunctions. However, the material has some “disadvantages” when applied
to solar cells; for example, it is highly resistive that it does not allow excellent carrier collection.
Additionally, CdTe has a high work function of 5.7 eV, which affects the semiconductor-metal
junction. To improve this junction, it is necessary to find a metal with a work function greater
than that of the CdTe. Finally, the CdTe homojunction has a high surface recombination speed
that does not allow the manufacture of devices with homojunctions [2]. As a result, CdTe solar
cell devices have been commonly processed considering CdS/CdTe heterojunctions. The prop-
erties of each part of the solar cell will be explained later, and the deposit techniques for CdTe
films too.

For all of the reasons mentioned above, it is necessary to have a better understanding of all
components of the solar cells, which would allow improvements in CdTe solar cell effi-
ciency. In addition, since efficiency/cost ratio is an important figure of merit to be consid-
ered, it is mandatory to revise most commonly used processing routes for each component
of CdTe solar cells for reducing processing cost. In this chapter, we present a review on
CdTe solar cells where particular emphasis will be given to techniques used for depositing
each component of the solar cell. A comparison between the different deposition techniques
is presented.

1.1.1. Configuration of solar cells based on CdTe

The most known configuration of CdTe solar cells is the p-n junction. Some people have stated
that the MIS-type configuration improves solar cell efficiency [9]; however, for any of the
configurations, the structure of the solar cells is similar. CdTe solar cells are often fabricated
considering the superstrate structure, which is presented below:

Glass=substrate=TCO=CdS=CdTe=Black contact

Figure 1 shows the configuration of CdTe solar cells where each one of the components will be
explained below.

Semiconductor Eg (eV) Electron affinity (eV) Melting point (�C)

CdTe 1.45 4.28 1092

a-Si 1.12 4.05 1414

GaAs 1.424 4.07 1230

CZTS 1.45 4.5

CIGS 0.97–1.43 4.07 1400

Table 1. Properties of the principal semiconductor material with application in solar cells.
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to solar cells; for example, it is highly resistive that it does not allow excellent carrier collection.
Additionally, CdTe has a high work function of 5.7 eV, which affects the semiconductor-metal
junction. To improve this junction, it is necessary to find a metal with a work function greater
than that of the CdTe. Finally, the CdTe homojunction has a high surface recombination speed
that does not allow the manufacture of devices with homojunctions [2]. As a result, CdTe solar
cell devices have been commonly processed considering CdS/CdTe heterojunctions. The prop-
erties of each part of the solar cell will be explained later, and the deposit techniques for CdTe
films too.

For all of the reasons mentioned above, it is necessary to have a better understanding of all
components of the solar cells, which would allow improvements in CdTe solar cell effi-
ciency. In addition, since efficiency/cost ratio is an important figure of merit to be consid-
ered, it is mandatory to revise most commonly used processing routes for each component
of CdTe solar cells for reducing processing cost. In this chapter, we present a review on
CdTe solar cells where particular emphasis will be given to techniques used for depositing
each component of the solar cell. A comparison between the different deposition techniques
is presented.

1.1.1. Configuration of solar cells based on CdTe

The most known configuration of CdTe solar cells is the p-n junction. Some people have stated
that the MIS-type configuration improves solar cell efficiency [9]; however, for any of the
configurations, the structure of the solar cells is similar. CdTe solar cells are often fabricated
considering the superstrate structure, which is presented below:

Glass=substrate=TCO=CdS=CdTe=Black contact

Figure 1 shows the configuration of CdTe solar cells where each one of the components will be
explained below.

Semiconductor Eg (eV) Electron affinity (eV) Melting point (�C)

CdTe 1.45 4.28 1092

a-Si 1.12 4.05 1414

GaAs 1.424 4.07 1230

CZTS 1.45 4.5

CIGS 0.97–1.43 4.07 1400

Table 1. Properties of the principal semiconductor material with application in solar cells.
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1.2. Glass—substrate

This component is important because all films will be deposited on the substrate. For this
reason, the substrate has to endure the different deposition processes. The commonly used
substrate is soda lime with 3 mm of thickness that endures high temperature (deposition of
CdTe films) and presents chemical stability (deposition of CdS films). Other advantage of this
substrate is its cost that is 5 USD/m2.

1.3. Transparent conducting oxide (TCO)

The two most used TCOs are SnO2:F [10] and ITO [11]. Like glass substrate, TCO thin film has
to endure high temperature and present chemical stability because of configuration. Addition-
ally, the TCO must comply with:

• high bandgap (Eg > 4 eV)

• transmittance between 80% and 90%

• laminar resistance ≈ 5 Ω/□
The most commonly used TCOs in solar cells based on CdTe are SnO2:F, ITO, Cd2SnO4, and
ZnO:Al. Comparatively, ITO combines optical and electrical properties needed for good TCO
very well; however, the abundance of indium in the upper continental crust is low (about
0.05 ppm). Due to its stronger mechanical and chemical stability at high temperature, together
with the relative abundance of Sn, it makes SnO2:F one of the most used TCOs [12].

Properties that an adequate TCO must have are as follows:

• High transparence

• Low sheet resistance

• High surface quality (low density of pinholes and low roughness)

Figure 1. Configuration of the solar cell based on CdTe.
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Of course, the laminar resistance and transparency are parameters that depend on the opposite
of the thickness of the TCO, so the way to optimize a TCO as a function of its thickness is to use
the well-known figure of merit of Haccke [13]:

F:M: ¼ Taveð Þ10
Rsh

(2)

where Tave is the average transmittance and Rsh is the sheet resistance.

High resistance and transparent buffer layer between the TCO and the CdS is usually used in
the CdTe solar cell technology.

Properties that an adequate buffer layer must have are as follows:

• To decrease possible diffusion of atoms from the TCO to the rest of the films in the device

• To improve the surface morphology of TCO with respect to the roughness and pin-holes

• To ensure the deposition of CdS films with thicknesses lower than 100 nm with good
surface coating of the films

1.4. Cadmium sulfide (CdS)

Since the CdTe homojunction did not work, it was required to replace the n-type CdTe. For this
purpose, the material has to be transparent so that CdTe absorbs the greatest amount of light.
The cadmium sulfide is the right one.

For the CdTe films, the material should be transparent and should have two properties:
transmittance at least of 70% and the bandgap greater than that of the CdTe. The CdS has
these two properties: its band gap is Eg = 2.45 eV and its transmittance is controlled by its
thickness. The minimum thickness to guarantee the transmittance and an adequate morphol-
ogy is around 100 nm; however, the best thickness of the CdS is 120 nm with the efficiency of
21% [14]. This material has thermal and chemical stability to CdTe thin-film deposition.

At present, CdS thin films are deposited by chemical bath [15]. The more recent woks present a
variant to the chemical bath known as shallow where with this deposition technique the cost is
reduced [16]. On the other hand, some works show an improvement of the efficiency of the
solar cells when the CdS becomes intrinsic [17]; for this reason, the solar cells of CdTe are
sometimes considered as MIS configuration where the CdS is the intrinsic part.

1.5. Cadmium telluride (CdTe)

The most important material of the solar cells is the active or absorbent material and the p part
of the heterojunction. The properties of the CdTe are as follows:

• Its bandgap is the optimum for the absorption of the solar spectrum, i.e., it is Eg = 1.45 eV.
Additionally, its bandgap presents direct transitions that allow fabrication of thin films.
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1.2. Glass—substrate

This component is important because all films will be deposited on the substrate. For this
reason, the substrate has to endure the different deposition processes. The commonly used
substrate is soda lime with 3 mm of thickness that endures high temperature (deposition of
CdTe films) and presents chemical stability (deposition of CdS films). Other advantage of this
substrate is its cost that is 5 USD/m2.

1.3. Transparent conducting oxide (TCO)

The two most used TCOs are SnO2:F [10] and ITO [11]. Like glass substrate, TCO thin film has
to endure high temperature and present chemical stability because of configuration. Addition-
ally, the TCO must comply with:

• high bandgap (Eg > 4 eV)

• transmittance between 80% and 90%

• laminar resistance ≈ 5 Ω/□
The most commonly used TCOs in solar cells based on CdTe are SnO2:F, ITO, Cd2SnO4, and
ZnO:Al. Comparatively, ITO combines optical and electrical properties needed for good TCO
very well; however, the abundance of indium in the upper continental crust is low (about
0.05 ppm). Due to its stronger mechanical and chemical stability at high temperature, together
with the relative abundance of Sn, it makes SnO2:F one of the most used TCOs [12].

Properties that an adequate TCO must have are as follows:

• High transparence

• Low sheet resistance

• High surface quality (low density of pinholes and low roughness)

Figure 1. Configuration of the solar cell based on CdTe.
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Of course, the laminar resistance and transparency are parameters that depend on the opposite
of the thickness of the TCO, so the way to optimize a TCO as a function of its thickness is to use
the well-known figure of merit of Haccke [13]:

F:M: ¼ Taveð Þ10
Rsh

(2)

where Tave is the average transmittance and Rsh is the sheet resistance.

High resistance and transparent buffer layer between the TCO and the CdS is usually used in
the CdTe solar cell technology.

Properties that an adequate buffer layer must have are as follows:

• To decrease possible diffusion of atoms from the TCO to the rest of the films in the device

• To improve the surface morphology of TCO with respect to the roughness and pin-holes

• To ensure the deposition of CdS films with thicknesses lower than 100 nm with good
surface coating of the films

1.4. Cadmium sulfide (CdS)

Since the CdTe homojunction did not work, it was required to replace the n-type CdTe. For this
purpose, the material has to be transparent so that CdTe absorbs the greatest amount of light.
The cadmium sulfide is the right one.

For the CdTe films, the material should be transparent and should have two properties:
transmittance at least of 70% and the bandgap greater than that of the CdTe. The CdS has
these two properties: its band gap is Eg = 2.45 eV and its transmittance is controlled by its
thickness. The minimum thickness to guarantee the transmittance and an adequate morphol-
ogy is around 100 nm; however, the best thickness of the CdS is 120 nm with the efficiency of
21% [14]. This material has thermal and chemical stability to CdTe thin-film deposition.

At present, CdS thin films are deposited by chemical bath [15]. The more recent woks present a
variant to the chemical bath known as shallow where with this deposition technique the cost is
reduced [16]. On the other hand, some works show an improvement of the efficiency of the
solar cells when the CdS becomes intrinsic [17]; for this reason, the solar cells of CdTe are
sometimes considered as MIS configuration where the CdS is the intrinsic part.

1.5. Cadmium telluride (CdTe)

The most important material of the solar cells is the active or absorbent material and the p part
of the heterojunction. The properties of the CdTe are as follows:

• Its bandgap is the optimum for the absorption of the solar spectrum, i.e., it is Eg = 1.45 eV.
Additionally, its bandgap presents direct transitions that allow fabrication of thin films.
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• CdTe has an absorption coefficient around αCdTe ≈ 104cm�1 whereby 90% of the photons
are absorbed in 1 μm of the film.

• On the other hand, one property that is a disadvantage is its high resistivity and high
work function that affects the semiconductor-metal union in the back contact.

Currently, CdTe thin film is deposited by physical techniques such as CSVT, sputtering,
electrodeposition, and spray pyrolysis. It is known that the CdTe films need a thermal treat-
ment of CdCl2 to improve the morphology and to reduce the recombination centers [18]. Other
treatment is with fluorine [19].

1.6. Black contact

The ideal back contact meets two conditions: it has a p-type conductivity and it has a work
function greater than that of the CdTe; these conditions are most important because they
guarantee an ideal union in the band of the metal and the CdTe (see Figure 2). This part of
the solar cell is deposited by coevaporation.

The most used back contact is Cu-Au [20] alloy, but this back contact is not ideal for the
following reasons: first, these back contacts are, in general, Schottky barriers, and the other
reason is diffusion of the copper atoms inside the solar cell, which degrades the device. This
degradation occurs because the copper atoms create threads that connect the back contact with
frontal contact, short-circuiting the solar cell; additionally, the solar cell is exposed to solar
radiation whereby this problem increases [21]. Finally, the copper oxidizes with the environ-
ment; this problem is solved by depositing gold films on the copper, but the use of gold in
industrial scale can be expensive. Other metal alternatives as back contact are molybdenum
[22], nickel [20], etc. However, these metals are also expensive.

Another way to obtain a good back contact is by using compounds such as CuxTe [23–25] and
Bi2Te3 [26] for creating a p+ region.

With points mentioned above, it is important to know the technology used in the deposition of
each component of the solar cell. For example, the window materials are deposited by chem-
ical techniques because these techniques are of lower cost and the properties of the films

Figure 2. Bending of bands in the metal-semiconductor junction: (a) the metal work function is greater than that of the
semiconductor, and (b) the work function of the metal is less than that of the semiconductor.
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obtained by these techniques are suitable for the operation of the solar cell, while for the CdTe
films the best result was obtained when the film was deposited with physical technique.

The next section discusses the different techniques used to deposit CdTe film.

2. CdTe thin-film deposition

The first part about thin-film deposition is the classification of the deposition techniques as
physical and chemical techniques. The first technique starts with solid material which is subli-
mated to transport this gas and deposited on the substrate. This technique requires high
vacuum, and in some cases ultrahigh vacuum. The second technique starts the deposition with
reagents that by chemical reactions generate the material to deposit. The principal difference
between these techniques is the use of the vacuum during the deposition of the film. For this
reason, it is considered that the first technique is more expensive than the second one. Another
difference is the control of the deposition speed, which is more precise with the physical
technique. The consideration of the technique to be used is determined by the application of
the deposited film because the properties of the film depend on the technique used.

In the case of CdTe, at present, this film has been deposited by diverse techniques, for example,
CSVT, sputtering, laser ablation, spray pyrolysis, and electrodeposition, each with different
proprieties, and they are explained below.

2.1. Close spaced vapor transport (CSVT)

The CSVT is a physical technique that consists of sublimating the material to transport the gas
to deposit it on the substrate. One of the advantages is the close space, where the space to
transport the gas is close whereby the control of the growth rate improves. With this technique,
it is possible to obtain the films with thickness of 500 nm [2].

The deposition system consists of two blocks, which can be made of graphite or metal. These
blocks must be heated by halogen lamp or electrical resistance; for this reason, each block has
temperature control. The block below is known as source and the block above is named as
substrate. Between the blocks, a graphite boat is placed. The CdTe to deposit is placed inside it.
In this case, some people used powder or tablet of CdTe, and finally the substrate is placed on
the graphite boat. All system is in the vacuum chamber. Figure 3 shows a simple CSVT system.
The mechanics of growth consist of creating a temperature grading between the block, where
the source temperature is higher, in the case of the CdTe; the source temperature is around
500�C. When the CdTe is sublimated, this is transported to the substrate that has a lower
temperature causing the material to be deposited on the substrate. For this thin-film deposi-
tion, high vacuum around 10�6 Torr is necessary.

One advantage of this technique is the morphology because authors have reported grain size
around 5 μm [5]. Another advantage is that films are uniform in small area (1 inch2), but larger
areas are more complicated because a uniform heating in the substrate block is necessary.
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• CdTe has an absorption coefficient around αCdTe ≈ 104cm�1 whereby 90% of the photons
are absorbed in 1 μm of the film.

• On the other hand, one property that is a disadvantage is its high resistivity and high
work function that affects the semiconductor-metal union in the back contact.

Currently, CdTe thin film is deposited by physical techniques such as CSVT, sputtering,
electrodeposition, and spray pyrolysis. It is known that the CdTe films need a thermal treat-
ment of CdCl2 to improve the morphology and to reduce the recombination centers [18]. Other
treatment is with fluorine [19].

1.6. Black contact

The ideal back contact meets two conditions: it has a p-type conductivity and it has a work
function greater than that of the CdTe; these conditions are most important because they
guarantee an ideal union in the band of the metal and the CdTe (see Figure 2). This part of
the solar cell is deposited by coevaporation.

The most used back contact is Cu-Au [20] alloy, but this back contact is not ideal for the
following reasons: first, these back contacts are, in general, Schottky barriers, and the other
reason is diffusion of the copper atoms inside the solar cell, which degrades the device. This
degradation occurs because the copper atoms create threads that connect the back contact with
frontal contact, short-circuiting the solar cell; additionally, the solar cell is exposed to solar
radiation whereby this problem increases [21]. Finally, the copper oxidizes with the environ-
ment; this problem is solved by depositing gold films on the copper, but the use of gold in
industrial scale can be expensive. Other metal alternatives as back contact are molybdenum
[22], nickel [20], etc. However, these metals are also expensive.

Another way to obtain a good back contact is by using compounds such as CuxTe [23–25] and
Bi2Te3 [26] for creating a p+ region.

With points mentioned above, it is important to know the technology used in the deposition of
each component of the solar cell. For example, the window materials are deposited by chem-
ical techniques because these techniques are of lower cost and the properties of the films

Figure 2. Bending of bands in the metal-semiconductor junction: (a) the metal work function is greater than that of the
semiconductor, and (b) the work function of the metal is less than that of the semiconductor.
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obtained by these techniques are suitable for the operation of the solar cell, while for the CdTe
films the best result was obtained when the film was deposited with physical technique.

The next section discusses the different techniques used to deposit CdTe film.

2. CdTe thin-film deposition

The first part about thin-film deposition is the classification of the deposition techniques as
physical and chemical techniques. The first technique starts with solid material which is subli-
mated to transport this gas and deposited on the substrate. This technique requires high
vacuum, and in some cases ultrahigh vacuum. The second technique starts the deposition with
reagents that by chemical reactions generate the material to deposit. The principal difference
between these techniques is the use of the vacuum during the deposition of the film. For this
reason, it is considered that the first technique is more expensive than the second one. Another
difference is the control of the deposition speed, which is more precise with the physical
technique. The consideration of the technique to be used is determined by the application of
the deposited film because the properties of the film depend on the technique used.

In the case of CdTe, at present, this film has been deposited by diverse techniques, for example,
CSVT, sputtering, laser ablation, spray pyrolysis, and electrodeposition, each with different
proprieties, and they are explained below.

2.1. Close spaced vapor transport (CSVT)

The CSVT is a physical technique that consists of sublimating the material to transport the gas
to deposit it on the substrate. One of the advantages is the close space, where the space to
transport the gas is close whereby the control of the growth rate improves. With this technique,
it is possible to obtain the films with thickness of 500 nm [2].

The deposition system consists of two blocks, which can be made of graphite or metal. These
blocks must be heated by halogen lamp or electrical resistance; for this reason, each block has
temperature control. The block below is known as source and the block above is named as
substrate. Between the blocks, a graphite boat is placed. The CdTe to deposit is placed inside it.
In this case, some people used powder or tablet of CdTe, and finally the substrate is placed on
the graphite boat. All system is in the vacuum chamber. Figure 3 shows a simple CSVT system.
The mechanics of growth consist of creating a temperature grading between the block, where
the source temperature is higher, in the case of the CdTe; the source temperature is around
500�C. When the CdTe is sublimated, this is transported to the substrate that has a lower
temperature causing the material to be deposited on the substrate. For this thin-film deposi-
tion, high vacuum around 10�6 Torr is necessary.

One advantage of this technique is the morphology because authors have reported grain size
around 5 μm [5]. Another advantage is that films are uniform in small area (1 inch2), but larger
areas are more complicated because a uniform heating in the substrate block is necessary.
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Another disadvantage is the manipulation of the sample because the vacuum is broken
between each deposition; for this reason, this technique cannot be industrialized.

This technique is excellent in small laboratory and could be harnessed if uniform heating in the
blocks is guaranteed; for this, the halogen lamp is better than electrical resistance.

2.2. Sputtering

Sputtering technique is a physical technique which sublimates the material of the target; for
this, the target is bombarded by energetic ions. The ions are obtained from plasma that is
generated inside the system; this system has a vacuum chamber. When the ions strike on the
target, these change momentum with the atom of the target. When the ions strike with energy
greater than the binding energy, the atoms of the target are ejected; this process is named
sputtering. The variables to consider in this process are energy of ions, incident angle, mass of
ions, and mass of the atom in the target. Commonly, these ions are obtained from an ionized
gas, which can be argon. Figure 4 shows a simple sputtering system.

The advantage is the control of the growth speed; as same as CSVT, in this case, it is possible to
obtain ultrathin films. Arhlesh Gupta reported films with thickness of 600 nm and efficiency of
9.4% [6]. In this case, the grain size reported is around 2 μm [27]. At present, the efficiency is
14% [28].

In general, with this technique, it is possible to obtain “ultrathin films” or transparent CdTe
films that are the current trend, semitransparent technology. An advantage is the industriali-
zation of the technique. Other advantage is the possibility to use flexible substrate in this
process.

2.3. Laser ablation

Laser ablation is also a physical technique. It is similar to CSVT because the process of
deposition is done by sublimation of the material. The difference is the process of the sublima-
tion because in this case the material is sublimated with a laser beam. To get this, the laser

Figure 3. A simple CSVT system. This system generates a temperature gradient between the substrate and source where
the temperature of the source is higher. For this temperature difference, the material is deposited on the substrate; the
variable is substrate and source temperature.
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beam energy needs to be “small” so that the incident photons are absorbed by the material,
and this can be sublimated. This deposit process is controlled with the pulse and intensity of
the laser beam. Additionally, this technique is important because it can be used in the industry.
Figure 5 shows a simple laser ablation system. One advantage of this technique is that the
substrate maintains a low temperature being possible to use flexible substrate.

Figure 4. A simple sputtering system. The plasma is generated by electric shock with the used gas. The target is bombed
to release ions from it; these ions are deposited on the substrate. The variable is the electric current and the kind of gas.

Figure 5. Simple ablation laser system. The beam laser impacts in the target that absorbs the energy to sublimate; this gas
is deposited in the substrate. The variable is intensity of the laser beam.
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Another disadvantage is the manipulation of the sample because the vacuum is broken
between each deposition; for this reason, this technique cannot be industrialized.

This technique is excellent in small laboratory and could be harnessed if uniform heating in the
blocks is guaranteed; for this, the halogen lamp is better than electrical resistance.

2.2. Sputtering

Sputtering technique is a physical technique which sublimates the material of the target; for
this, the target is bombarded by energetic ions. The ions are obtained from plasma that is
generated inside the system; this system has a vacuum chamber. When the ions strike on the
target, these change momentum with the atom of the target. When the ions strike with energy
greater than the binding energy, the atoms of the target are ejected; this process is named
sputtering. The variables to consider in this process are energy of ions, incident angle, mass of
ions, and mass of the atom in the target. Commonly, these ions are obtained from an ionized
gas, which can be argon. Figure 4 shows a simple sputtering system.

The advantage is the control of the growth speed; as same as CSVT, in this case, it is possible to
obtain ultrathin films. Arhlesh Gupta reported films with thickness of 600 nm and efficiency of
9.4% [6]. In this case, the grain size reported is around 2 μm [27]. At present, the efficiency is
14% [28].

In general, with this technique, it is possible to obtain “ultrathin films” or transparent CdTe
films that are the current trend, semitransparent technology. An advantage is the industriali-
zation of the technique. Other advantage is the possibility to use flexible substrate in this
process.

2.3. Laser ablation

Laser ablation is also a physical technique. It is similar to CSVT because the process of
deposition is done by sublimation of the material. The difference is the process of the sublima-
tion because in this case the material is sublimated with a laser beam. To get this, the laser

Figure 3. A simple CSVT system. This system generates a temperature gradient between the substrate and source where
the temperature of the source is higher. For this temperature difference, the material is deposited on the substrate; the
variable is substrate and source temperature.
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beam energy needs to be “small” so that the incident photons are absorbed by the material,
and this can be sublimated. This deposit process is controlled with the pulse and intensity of
the laser beam. Additionally, this technique is important because it can be used in the industry.
Figure 5 shows a simple laser ablation system. One advantage of this technique is that the
substrate maintains a low temperature being possible to use flexible substrate.

Figure 4. A simple sputtering system. The plasma is generated by electric shock with the used gas. The target is bombed
to release ions from it; these ions are deposited on the substrate. The variable is the electric current and the kind of gas.

Figure 5. Simple ablation laser system. The beam laser impacts in the target that absorbs the energy to sublimate; this gas
is deposited in the substrate. The variable is intensity of the laser beam.
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Since 1994, there has been a report about this technique used to grow CdTe films, where solar
cells have 3% of solar cell efficiency [3]. At present, films with a thickness between 1.8 and
3 μm and an average grain size of 300 nm have been reported [29].

2.4. Spray pyrolysis

The spray pyrolysis is a chemical technique used mainly to deposit TCO film; this is a simple
technique where the material, that is in the solution, is pulverized by the pressure of a gas
(argon, air, nitrogen, etc.). For this process, it is important to control the flow of the solution
and the pressure of the gas. The pulverized solution is sprayed on the hot substrate to obtain
the film. At present, spray pyrolysis has two different systems, which are differentiated by the
kind of pulverization. The one described previously is named pneumatic and is shown in
Figure 6, and the other system is named ultrasonic as it uses an ultrasonic system to pulverize;
this system is not shown because there is no report on CdTe film deposited by this method.

One previous step to use this system is synthesis of the solution, because it is important to
prevent oxidation on the surface. For this, the use of ammonium is excellent as it supports the
protection of the ions. In this case, some authors use colloidal system of CdTe with reports on
nanoparticle around 20 and 60 nm, and with this solution, they can deposit films with 500 nm
thickness; the authors reported photovoltaic effect, but they did not manufacture solar cell.

Figure 6. Spray pyrolysis system. The solution moves through the tubes to meet the air in the nozzle to produce the spray,
which arrives on the substrate that is heated to deposit the material. The variables are concentration solution, pressure,
and the substrate temperature.
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Another effect reported is the change in the bandgap of the CdTe because it is formed by
colloidal particles [5].

For this technique, CdTe solution is necessary; usually, this solution is a colloidal system.
For this colloidal system, the stabilizing agent or surfactant is important because it stabi-
lized the CdTe molecule; for this reason, one surfactant is necessary, which, in addition to
the above, is easy to remove in the deposition process. The most used surfactant is TGA
[30] and oleic acid [31].

The TGA surfactant offers excellent protection to CdTe molecule and it is easy to remove, but
the problem with this stabilization agent is when it is removed, the CdTe molecule gets broken
and then this solution cannot be used for material deposition. The second surfactant, oleic acid,
protects CdTe molecule too, but it is difficult to remove it, this involves a chemical process with
ferrozine and an additional process [32]. Ammonium hydroxide can be an excellent surfactant
because it protects the CdTe molecule, supports with the pH solution, and is easily removed.
The authors did not report efficiency, but they obtained photovoltaic effect [5, 32].

Drop-casting is a chemical technique, which is reported as a spray pyrolysis, but the problem
with this technique is the formation of cracks [33].

On the other hand, it was possible to manufacture solar cells under the following configuration:

Glass=ZnO=CdTe=Au� Cu

The CdS was omitted for this device but it has 8.8% of efficiency [28]. With this technique, it is
possible to obtain large deposit areas and this technique can be industrialized.

2.5. Electrodeposition

Electrodeposition is a chemical technique in which an electric current is used in an electrolytic
solution with the objective that there is an ion movement toward the cathode. When the ions
arrive on the cathode then the material is deposited. The simple deposition system is shown in
Figure 7. We can observe that the deposition system is really simple.

With this technique, Mathew et al. manufactured solar cells. They reported efficiencies
between 8.6 and 11% [4]. Another thing they reported is the morphology; they obtained film
with 500 nm of size grain. This morphology is not appropriate for the electrical application
such as solar cells. This report is important because it is a disadvantage of the chemical
techniques; the morphology obtained by these techniques is not the best to make solar cells
but the reported efficiencies are acceptable. This topic is important and will be discussed later.

This technique has several advantages; for example, with this technique, it is possible to use
flexible substrates. Another advantage is that the substrate is not heated [4], and finally, this
technique can deposit larger areas and, therefore, can be industrialized.

All of the above are a short summary about the work around CdTe. It is important to know
about the advantages and disadvantages of these techniques. Generally, these techniques have
two differences: the cost and the properties obtained.
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Since 1994, there has been a report about this technique used to grow CdTe films, where solar
cells have 3% of solar cell efficiency [3]. At present, films with a thickness between 1.8 and
3 μm and an average grain size of 300 nm have been reported [29].

2.4. Spray pyrolysis

The spray pyrolysis is a chemical technique used mainly to deposit TCO film; this is a simple
technique where the material, that is in the solution, is pulverized by the pressure of a gas
(argon, air, nitrogen, etc.). For this process, it is important to control the flow of the solution
and the pressure of the gas. The pulverized solution is sprayed on the hot substrate to obtain
the film. At present, spray pyrolysis has two different systems, which are differentiated by the
kind of pulverization. The one described previously is named pneumatic and is shown in
Figure 6, and the other system is named ultrasonic as it uses an ultrasonic system to pulverize;
this system is not shown because there is no report on CdTe film deposited by this method.

One previous step to use this system is synthesis of the solution, because it is important to
prevent oxidation on the surface. For this, the use of ammonium is excellent as it supports the
protection of the ions. In this case, some authors use colloidal system of CdTe with reports on
nanoparticle around 20 and 60 nm, and with this solution, they can deposit films with 500 nm
thickness; the authors reported photovoltaic effect, but they did not manufacture solar cell.

Figure 6. Spray pyrolysis system. The solution moves through the tubes to meet the air in the nozzle to produce the spray,
which arrives on the substrate that is heated to deposit the material. The variables are concentration solution, pressure,
and the substrate temperature.
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Another effect reported is the change in the bandgap of the CdTe because it is formed by
colloidal particles [5].

For this technique, CdTe solution is necessary; usually, this solution is a colloidal system.
For this colloidal system, the stabilizing agent or surfactant is important because it stabi-
lized the CdTe molecule; for this reason, one surfactant is necessary, which, in addition to
the above, is easy to remove in the deposition process. The most used surfactant is TGA
[30] and oleic acid [31].

The TGA surfactant offers excellent protection to CdTe molecule and it is easy to remove, but
the problem with this stabilization agent is when it is removed, the CdTe molecule gets broken
and then this solution cannot be used for material deposition. The second surfactant, oleic acid,
protects CdTe molecule too, but it is difficult to remove it, this involves a chemical process with
ferrozine and an additional process [32]. Ammonium hydroxide can be an excellent surfactant
because it protects the CdTe molecule, supports with the pH solution, and is easily removed.
The authors did not report efficiency, but they obtained photovoltaic effect [5, 32].

Drop-casting is a chemical technique, which is reported as a spray pyrolysis, but the problem
with this technique is the formation of cracks [33].

On the other hand, it was possible to manufacture solar cells under the following configuration:

Glass=ZnO=CdTe=Au� Cu

The CdS was omitted for this device but it has 8.8% of efficiency [28]. With this technique, it is
possible to obtain large deposit areas and this technique can be industrialized.

2.5. Electrodeposition

Electrodeposition is a chemical technique in which an electric current is used in an electrolytic
solution with the objective that there is an ion movement toward the cathode. When the ions
arrive on the cathode then the material is deposited. The simple deposition system is shown in
Figure 7. We can observe that the deposition system is really simple.

With this technique, Mathew et al. manufactured solar cells. They reported efficiencies
between 8.6 and 11% [4]. Another thing they reported is the morphology; they obtained film
with 500 nm of size grain. This morphology is not appropriate for the electrical application
such as solar cells. This report is important because it is a disadvantage of the chemical
techniques; the morphology obtained by these techniques is not the best to make solar cells
but the reported efficiencies are acceptable. This topic is important and will be discussed later.

This technique has several advantages; for example, with this technique, it is possible to use
flexible substrates. Another advantage is that the substrate is not heated [4], and finally, this
technique can deposit larger areas and, therefore, can be industrialized.

All of the above are a short summary about the work around CdTe. It is important to know
about the advantages and disadvantages of these techniques. Generally, these techniques have
two differences: the cost and the properties obtained.
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3. Comparison of techniques

As mentioned in the beginning, the CdTe is an important material because it is applied to
solar cells or renewable energy. The thought around CdTe has changed over time. The first
idea about solar cell was “with CdTe solar cells the world will be saved,” after that the idea
was “the best efficiency,” and at present, the idea is “the best efficiency and cost ratio,”which
are the most important because of the presence of technological limitations; for example, in
the CdTe case, the efficiency stops for a few years around 16% because of technological
limitations.

On the other hand, manufacturing of CdTe solar cells consists of several processes; if the cost is
reduced for these processes, then the cost of the solar cells would be reduced. The best way to
do it is to implement chemical techniques; in the case of TCO and CdS, this is possible. But in
the CdTe case, this is more complicated because this film was deposited by physical technique.
The main reason is the relationship of efficiency with the morphology of the films. The best
morphology is obtained by physical technique; the disadvantage is the difficulty of scaling to

Figure 7. Simple deposition system of electrodeposition technique, the solution is an electrolyte that is deposited by
electric current and moved from the anode to the cathode where the material is deposited; the variables are electrolyte
concentration and amperage.
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large area because all of them need vacuum chamber and heating to the substrate in some
cases. Sputtering is the best technique in this case because this is feasible, but this technique has
long deposition time. For the CSVT, the difficulty is in escalation to large areas. Another
disadvantage of this technique is the time expenses due to the vacuum that the process
requires. The chemical technique eliminates this steep, but the efficiency of the solar cells is
reduced.

All techniques have advantages and disadvantages; in summary, the physical techniques are of
high cost, and the manufacturing process is not continuing because of vacuum chamber, while
chemical techniques are of lower cost, but the efficiency is lower. For this, it is necessary to
establish an efficiency/cost ratio, which should be high. The difference in efficiency between
physical and chemical techniques; the physical technique guarantees grain size greater than
that obtained through the chemical technique, which affects the electrical properties of the
material. When the grain size increases, the intergranular barrier potential decreases, allowing
better diffusion of the charged carriers toward the p-n union and enhancing thereby the
contribution of these photogenerated carriers to current density.

Table 2 shows the comparison of all the techniques used to deposit CdTe films. In this table,
the kind of technique, the pressure used, the temperature used in the process, the process time,
the grain size and thickness obtained, the efficiency, and finally if the technique is scaling to
large area or industrialization are given. And also, if the technique is not scaled, the reason is
written.

4. Conclusion

The objective of this chapter is to summarize the different techniques used for depositing thin
films of CdTe. All the techniques mentioned above are innovative because it is possible to
obtain thin films with different properties by these techniques; for example, physical tech-
niques are used to manufacture conventional solar cells, while chemical techniques can be

Technique Type Vacuum
(Torr)

Substrate
temperature
(�C)

Tmax

(c)
Process
time (h)

Thickness
(μm)

Grain
size
(nm)

Efficiency
(%)

Scaling

CSVT Physical 10�6 >400 600 3 5 5000 12 No
(system)

Sputtering Physical 10�6 No 600 2 2 2000 14 Yes

Laser ablation Physical 10�6 No 600 2 3 300 3 No
(efficiency)

Spray pyrolysis Chemical P0 <350 350 1.5 0.5 500 8 Yes

Electrodeposition Chemical P0 No 100 1 2 500 11 Yes

P0: atmospheric pressure.

Table 2. Differences between all the techniques used to deposit CdTe films.
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large area because all of them need vacuum chamber and heating to the substrate in some
cases. Sputtering is the best technique in this case because this is feasible, but this technique has
long deposition time. For the CSVT, the difficulty is in escalation to large areas. Another
disadvantage of this technique is the time expenses due to the vacuum that the process
requires. The chemical technique eliminates this steep, but the efficiency of the solar cells is
reduced.

All techniques have advantages and disadvantages; in summary, the physical techniques are of
high cost, and the manufacturing process is not continuing because of vacuum chamber, while
chemical techniques are of lower cost, but the efficiency is lower. For this, it is necessary to
establish an efficiency/cost ratio, which should be high. The difference in efficiency between
physical and chemical techniques; the physical technique guarantees grain size greater than
that obtained through the chemical technique, which affects the electrical properties of the
material. When the grain size increases, the intergranular barrier potential decreases, allowing
better diffusion of the charged carriers toward the p-n union and enhancing thereby the
contribution of these photogenerated carriers to current density.

Table 2 shows the comparison of all the techniques used to deposit CdTe films. In this table,
the kind of technique, the pressure used, the temperature used in the process, the process time,
the grain size and thickness obtained, the efficiency, and finally if the technique is scaling to
large area or industrialization are given. And also, if the technique is not scaled, the reason is
written.

4. Conclusion

The objective of this chapter is to summarize the different techniques used for depositing thin
films of CdTe. All the techniques mentioned above are innovative because it is possible to
obtain thin films with different properties by these techniques; for example, physical tech-
niques are used to manufacture conventional solar cells, while chemical techniques can be
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(c)
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Scaling
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(system)

Sputtering Physical 10�6 No 600 2 2 2000 14 Yes

Laser ablation Physical 10�6 No 600 2 3 300 3 No
(efficiency)

Spray pyrolysis Chemical P0 <350 350 1.5 0.5 500 8 Yes

Electrodeposition Chemical P0 No 100 1 2 500 11 Yes

P0: atmospheric pressure.
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used to manufacture transparent technology because their deposition time is low. In other
words, the technique used depends on the applications of the thin films.

At present, three different technologies are used in solar cells based on CdTe: rigid (conven-
tional), semitransparent, and flexible. The technology determines the technique to be used.
Additional, the configuration of the solar cell changes when the technology changes; in con-
ventional and semitransparent technology, the configuration is superstrate, while in flexible
technology, the configuration is substrate. This change on the substrate is due to application; in
the case of the first two technologies, the substrate used is soda lime that resists high temper-
ature, and in the last case, the substrate used is a polymer that can resist the temperatures used
to deposit CdTe films, which can be done by sputtering, electrodeposition, or laser ablation.
Besides, CdTe films could be deposited by spray pyrolysis, but it is necessary to adjust deposit
parameters. In the case of the semitransparent technology, it is necessary to have a low growth
speed; the most suitable techniques are sputtering, laser ablation, and spray pyrolysis. In the
case of the CSVT, it is necessary to adjust the deposition gradient. The conventional technology
and technique can be used, but the deposit time has to be considered; that is, it is not
reasonable to take a day to deposit a film.

The advantage of each technique depends on the technology used; that is, advantage and
disadvantage cannot be stated if the technology is not mentioned. In the conventional technol-
ogy, the low growth speed is a disadvantage, while this is an advantage in the semitransparent
technology.
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used to manufacture transparent technology because their deposition time is low. In other
words, the technique used depends on the applications of the thin films.

At present, three different technologies are used in solar cells based on CdTe: rigid (conven-
tional), semitransparent, and flexible. The technology determines the technique to be used.
Additional, the configuration of the solar cell changes when the technology changes; in con-
ventional and semitransparent technology, the configuration is superstrate, while in flexible
technology, the configuration is substrate. This change on the substrate is due to application; in
the case of the first two technologies, the substrate used is soda lime that resists high temper-
ature, and in the last case, the substrate used is a polymer that can resist the temperatures used
to deposit CdTe films, which can be done by sputtering, electrodeposition, or laser ablation.
Besides, CdTe films could be deposited by spray pyrolysis, but it is necessary to adjust deposit
parameters. In the case of the semitransparent technology, it is necessary to have a low growth
speed; the most suitable techniques are sputtering, laser ablation, and spray pyrolysis. In the
case of the CSVT, it is necessary to adjust the deposition gradient. The conventional technology
and technique can be used, but the deposit time has to be considered; that is, it is not
reasonable to take a day to deposit a film.

The advantage of each technique depends on the technology used; that is, advantage and
disadvantage cannot be stated if the technology is not mentioned. In the conventional technol-
ogy, the low growth speed is a disadvantage, while this is an advantage in the semitransparent
technology.
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several engineering applications. The majority of films produced by physical vapor depo-
sition (PVD) techniques use normal incidence and lead to the columnar growth normal to
the substrate. The typical columnar structure of sputter-deposited films is largely
influenced, among other parameters, by pressure, temperature, thickness, and the ion-to-
atom ratio incident at the substrate or substrate bias voltage. Another important experi-
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angle deposition (OAD) approach was used to grow YSZ with tilted columnar structures,
to study the impact of this deposition technique on the microstructure, morphology, and,
correspondingly, the thermal conductivity of YSZ films, in order to improve the insulator
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mination of the effective thermal conductivity of YSZ samples grown over thick substrates.

Keywords: physical vapor deposition, yttria-stabilized zirconia (YSZ), oblique angle
deposition (OAD), thermal conductivity, double-layer model

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.81905

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 8

Impact of the Glancing Angle Deposition on the Yttria-
Stabilized Zirconia Growth and Their Thermal Barrier
Coating Properties

Cesar Amaya, John Jairo Prıas-Barragan,
Julio Cesar Caicedo, Jose Martin Yañez-Limon and
Gustavo Zambrano

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.81905

Provisional chapter

Impact of the Glancing Angle Deposition on the
Yttria-Stabilized Zirconia Growth and Their
Thermal Barrier Coating Properties

Cesar Amaya, John Jairo Prıas-Barragan,
Julio Cesar Caicedo, Jose Martin Yañez-Limon and
Gustavo Zambrano

Additional information is available at the end of the chapter

Abstract

Yttria-stabilized zirconia (YSZ) is the most common material used as a thermal barrier in
several engineering applications. The majority of films produced by physical vapor depo-
sition (PVD) techniques use normal incidence and lead to the columnar growth normal to
the substrate. The typical columnar structure of sputter-deposited films is largely
influenced, among other parameters, by pressure, temperature, thickness, and the ion-to-
atom ratio incident at the substrate or substrate bias voltage. Another important experi-
mental parameter used to modify the film properties is the direction of the incident flux of
the depositing species with respect to the substrate surface. In this chapter an oblique
angle deposition (OAD) approach was used to grow YSZ with tilted columnar structures,
to study the impact of this deposition technique on the microstructure, morphology, and,
correspondingly, the thermal conductivity of YSZ films, in order to improve the insulator
potential of these thin films. Additionally, in the chapter, we present a detailed description
of the oblique angle deposition (OAD) technique and double-layer model used for deter-
mination of the effective thermal conductivity of YSZ samples grown over thick substrates.

Keywords: physical vapor deposition, yttria-stabilized zirconia (YSZ), oblique angle
deposition (OAD), thermal conductivity, double-layer model

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.81905

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1. Introduction

Yttria-stabilized zirconia (YSZ) coating systems are widely used for the thermal, oxidation,
and hot corrosion protection of high-temperature components in gas turbine and diesel
engines [1], and, additionally, the electrolyte YSZ is the standard ionic conductor [2] used in
fuel cells, being a brittle material due to its high hardness [3]. This thermal and oxidation
protection must be achieved without incurring excessive thermomechanical loading of the
coating system and the metal component to which it is applied.

For the thermal, oxidation, and hot corrosion protection of high-temperature components, the
multifunctional requirements of these coatings dictate the use of a coating system consisting of
three separate layers: a porous, 7–8 wt.% yttria-stabilized zirconia (7–8YSZ) thermal barrier
coating (TBC) which provides thermal insulation, a thermally grown (α-alumina) oxide (TGO)
layer which inhibits oxygen transport to the component, and a low-sulfur platinum aluminide
or MCrAlY (where M is Ni or Co) bond coat [4, 5]. Usually, the TBC thick layer (the thickness is
typically of hundreds of microns) is deposited either by air plasma spray (APS) [6] or electron
beam physical vapor deposition (EB-PVD) [7]. Low-pressure plasma spray (LPPS) [5] or pack
cementation [8] is used to apply the bond coat. Oxidation of the bond coat prior to or during
deposition of the TBC layer (and later during service) forms the (�1 mm) TGO layer. However,
for other applications the YSZ TBC thin films can be deposited by sputtering and pulsed laser
deposition (PLD). In both cases, the typical columnar structure of sputter or pulsed laser
deposited films is largely influenced, among other parameters, by pressure, temperature,
thickness, and the ion-to-atom ratio incident at the substrate or substrate bias voltage [9–11].
This morphology is expected to follow the structure zone model of Thornton [12] and could be
overcome by an increase of the deposition temperature.

YSZ is the currently preferred TBC layer material for gas turbine engine applications because
of its low thermal conductivity, k, its relatively high (compared to other ceramics) thermal
expansion coefficient, and its good erosion resistance [13]. The low thermal conductivity of
bulk YSZ is a result of the low intrinsic thermal conductivity of zirconia and the addition of
yttria [14]. An yttria concentration in the range of 6–8 wt.% is generally used since this
composition maximizes spallation life due to the formation of the metastable t´ phase [13]. This
phase yields a complex microstructure which resist crack propagation and transformation into
the monoclinic phase (4% volume change) upon cooling. The result is a thermomechanically
tough TBC layer with a room temperature, grain size dependent, and thermal conductivity of
2.2–2.6 W/m K in the densest (bulk) form [15]. The thermal protection and spallation lifetimes
of YSZ TBC layers produced via different deposition techniques differ significantly. TBC
coatings produced by APS have a thermal conductivity in the range of 0.8–1.0 W/m K at 25�C
[1, 14, 16]. This is significantly lower than the 1.5–1.9 W/m K reported for EB-PVD coatings at
25�C [1, 17]. On the other hand, for YSZ thin films obtained by different techniques, the
thermal conductivity values depend on the grain size, and these are in the range between 0.6
and 1.8 W/m K for grain sizes between 10 and 100 nm [18, 19].

Usually, there are two ways to reduce the thermal conductivity of YSZ TBC obtained by
physical vapor deposition (PVD). The first one is the addition of dopants, in this case the
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addition of rare earth oxides (REO). Klemens et al. [20] conclude that co-doping with REO can
solve the problems concerning the high-temperature (tetragonal) phase stability of ZrO2 and
important decreases in thermal conductivity can be achieved by approaching values obtained
by APS (k = 0.8 W/mK). The second way is to manipulate the microstructure of the coating,
which basically involves including fields of stresses and interfaces to the interior of the mate-
rial, in such a way that they act as centers of dispersion of the phonons. In the study conducted
by Soyez et al. [21] on YSZ nanocrystalline, the dependence of the thermal conductivity with
the grain size in nanocrystals of YSZ, for films with thicknesses of 0.5 and 1.2 μm and yttria
compositions between 8 and 15 mol.%, was observed. Another approach to the effect of the
structure variation to micro- and nanoscale is to use multilayers, since the value of the coating
thermal resistance in the form of multilayers is the sum in a series of the thermal resistances of
the interfaces where the interaction between the phonon and the scattering centers that are in
them occurs. For applications at high temperatures, coatings can be designed in nanostruc-
tured multilayer sequences. For example, studies have been conducted on multilayer systems
of Al2O3/YSZ obtained via EB-PVD and multilayer YSZ/SiO2 [22] obtained via ion beam-PVD,
but the thermal conductivity measurements obtained show no significant decreases, regardless
of the materials, the technique, and the number of layers used [23]. In addition to the grain size
and the generation of interfaces using multilayer systems, the effect of the thickness of the
coating on its thermal conductivity must be taken into account. In the model proposed by
Nicholls [24], two characteristic zones of the ceramic coatings obtained by the EB-PVD tech-
nique are presented: the internal zone of fine grain and the external zone of coarse grain. The
thermal conductivity of the internal zone of fine grain is much lower than the thermal conduc-
tivity of the external zone, due to a greater density of grain boundaries as well as to numerous
oblique columnar limits in the internal zone, since there is a multiple nucleation and subse-
quent growth of the columnar microstructure. Thus, the thermal conductivity in this area is
dominated by the dispersion of phonons with defects and grain boundaries in this part of the
coating, resulting in a low thermal conductivity of around 1.0 W/m K at room temperature. In
this way, the total thermal conductivity of the coating will be the result of the combined effect of
these two zones, so if the total thickness of the coating is equal to the thickness of the internal
zone, the total thermal conductivity will be equal to that of this area; therefore, it will be lower.
Obtaining this type of TBC microstructure can be achieved using the “shuttering” method,
which consists in the periodic interruption of the vapor flow of atoms. Using this technique
Wolfe et al. [25] reported a �10% decrease in the thermal conductivity of 8YSZ coatings depos-
ited by EB-PVD. Summarized, creating imperfections within the network, the phonons free path
could change producing a greater dispersion and decreasing the thermal conductivity.

In the same way, another important experimental parameter used to modify the micro- and
nanostructure is to change the direction of the incident flux of the depositing species respecting
the substrate surface. Most of films produced by PVD techniques use normal incidence and
lead to the columnar growth normal to the substrate. Depositions at oblique angles or sculp-
tured thin films were first reported in 1959 [26] and later by others [27–29] and are often
referred to as glancing angle deposition (GLAD). The structure is achieved when the substrate
is tilted and forms a high angle between the material flux and substrate surface. In this way, in
the microstructure, the column growth direction follows the orientation of the material flux,
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typically performed by directional deposition techniques, such as PVD. Several studies have
been conducted to elucidate the influence of the thin-film microstructure grown by PVD under
GLAD technique on the morphology and structure [30, 31] of different thin-film materials, as
well as on their mechanical, [3] electrical [31], and optical properties [33, 34]. On the other
hand, previously Hass et al. [35] conducted a study with a TBC layer deposited by electron
beam evaporation technique (EB-PVD), but placing the substrate inclined with respect to the
vapor flux, to obtain a zigzag-shaped pore microstructure that greatly reduced the thermal
conductivity.

In this chapter we present the sculpturing of YSZ thin films using radio-frequency (r.f.)
magnetron sputtering under oblique incidence with respect to the normal substrate surface.

2. Glancing angle deposition technique

In the last decades, the physical deposition in vapor phase (PVD) of films and coatings at
different incident angles of the steam flow has arisen as an alternative for the control of the
morphology, distribution, and shape of the pores present throughout the thickness of the
coating as a result of a “shading” effect which is influenced by the angle of incidence of the
atoms arriving on the substrate. All this leads to a challenge from the technological point of
view focused on obtaining an oblique angle deposit in situ, with sufficient versatility and
reproducibility that allows obtaining coatings with “customized” microstructures for various
applications. This approach is commonly referred to as glancing angle deposition (GLAD) or
oblique angle deposition (OAD), which in this case results in YSZ coatings with an inclined
columnar microstructure. In order to obtain this microstructure, the substrate is inclined at an
angle (α) with respect to the vapor incident flow on the substrate plane, as it can be seen
schematically in Figure 1.

When the coatings are deposited on substrates of low roughness, the films obtained by OAD
consist of randomly distributed columns with strong competition between the growing

Figure 1. Geometry of oblique angle deposition.
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columns, where some grow at the expense of the adjacent ones. The randomness of the
columns results in inhomogeneous properties of the film in the plane parallel to the substrate,
while the competition between the growing columns makes the films nonuniform in the
direction along the normal to the substrate. Since the shading effect is the main mechanism,
the higher values of α lead to a more pronounced porosity. This occurs because the shading
effect generates areas where the vapor flow cannot directly reach the nuclei of atoms on the
surface and, therefore, the shadow effect is widely favored [36] leading to a porous columnar
microstructure of isolated grains and inclined toward the vapor source. Therefore, the columns
do not grow parallel to the direction of the incident vapor flow, and the microstructure tilt can
be generated by changing the substrate inclination angle. Figure 2 shows a schematic illustra-
tion of the growth mechanism of micro-columnar structures.

To achieve a glancing angle deposition, the geometry of a conventional sputtering setup was
modified similar to some studies reported by others [31]. For this study, the deposition angle of
the substrate was fixed at 45o with respect to the incident flux. Additionally, in-plane rotations
of 180o were performed to obtain a “zigzag”-like morphology and stop the deposition when
the rotation was completed. Figure 3(a) and (b) shows the experimental setup used in the
present study for the in-plane rotations of 180o to obtain “zigzag”-like growth morphology

Figure 2. Schematic illustrations of the growth mechanism of micro-columnar structures by OAD: (a) nucleation, (b)
onset of self-shadowing, and (c) micro-columnar growth.

Figure 3. (a) Experimental setup used for the in-plane 180o rotations to obtain “zigzag”-like growth morphology. (b)
Scanning electron microscopy (SEM) cross-sectional view of YSZ thin film grown under this configuration at a period of
n = 1.
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atoms arriving on the substrate. All this leads to a challenge from the technological point of
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applications. This approach is commonly referred to as glancing angle deposition (GLAD) or
oblique angle deposition (OAD), which in this case results in YSZ coatings with an inclined
columnar microstructure. In order to obtain this microstructure, the substrate is inclined at an
angle (α) with respect to the vapor incident flow on the substrate plane, as it can be seen
schematically in Figure 1.

When the coatings are deposited on substrates of low roughness, the films obtained by OAD
consist of randomly distributed columns with strong competition between the growing

Figure 1. Geometry of oblique angle deposition.
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columns, where some grow at the expense of the adjacent ones. The randomness of the
columns results in inhomogeneous properties of the film in the plane parallel to the substrate,
while the competition between the growing columns makes the films nonuniform in the
direction along the normal to the substrate. Since the shading effect is the main mechanism,
the higher values of α lead to a more pronounced porosity. This occurs because the shading
effect generates areas where the vapor flow cannot directly reach the nuclei of atoms on the
surface and, therefore, the shadow effect is widely favored [36] leading to a porous columnar
microstructure of isolated grains and inclined toward the vapor source. Therefore, the columns
do not grow parallel to the direction of the incident vapor flow, and the microstructure tilt can
be generated by changing the substrate inclination angle. Figure 2 shows a schematic illustra-
tion of the growth mechanism of micro-columnar structures.

To achieve a glancing angle deposition, the geometry of a conventional sputtering setup was
modified similar to some studies reported by others [31]. For this study, the deposition angle of
the substrate was fixed at 45o with respect to the incident flux. Additionally, in-plane rotations
of 180o were performed to obtain a “zigzag”-like morphology and stop the deposition when
the rotation was completed. Figure 3(a) and (b) shows the experimental setup used in the
present study for the in-plane rotations of 180o to obtain “zigzag”-like growth morphology

Figure 2. Schematic illustrations of the growth mechanism of micro-columnar structures by OAD: (a) nucleation, (b)
onset of self-shadowing, and (c) micro-columnar growth.

Figure 3. (a) Experimental setup used for the in-plane 180o rotations to obtain “zigzag”-like growth morphology. (b)
Scanning electron microscopy (SEM) cross-sectional view of YSZ thin film grown under this configuration at a period of
n = 1.
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and the SEM cross-sectional view of YSZ thin film grown under this configuration at a period
of n = 1, respectively.

However, in practice the substrate rotation must be controlled by a mechanism that allows the
transmission of movement inside the vacuum chamber and at the same time be operative for the
deposit conditions such as pressure, temperature, bias voltage, etc. To achieve this goal, it was
necessary to design a mechanism that would allow to transmit this movement but without
modifying the location of the substrate surface with respect to the flow of evaporated material,
since if this occurs, the substrate would be in an area that would be outside of the material flow
affecting the deposition rate and the shading effect. To solve this problem, a device was designed
[37] based on a cylinder with three axes and two bearings that can withstand high temperatures.
On the other hand, to provide greater stability during the substrate holder movement, a tie is
added consisting of a threaded rod which passes through axis 3 and is coupled to a sheet on the
upper part of the device, which is not in contact with axis 1 (see Figure 4a). Figure 4b illustrates
the device inside the vacuum deposition chamber, indicating the arrangement that allows the
application of a polarizing voltage to the substrate (bias voltage).

A detailed description of the experimental procedure and deposition parameters used for
8 mol.% YSZ TBC film growth was previously reported by Amaya et al. [19]. To obtain the
“zigzag” structure, initially the period (n) like the repetition unit composed by two layers was
defined, each grown with an angle of +45o and �45o, respectively, and the spatial period (Λ),
the bilayer thickness. We systematically varied n (1, 2, 10, 30, 50, and 70), keeping the total
thickness (3.50 μm) of the multilayer constant. For this reason, the spatial period will be
smaller when n increases.

3. Thermal conductivity determination

High thermal conductivity materials are widely used in heat dissipation applications, and
materials with low thermal conductivity are used as thermal insulators, for example, the YSZ

Figure 4. (a) 3D model of the designed device. (b) Illustrative diagram of the device inside the vacuum deposition chamber.
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material studied in this work. In general, the thermal conductivity of a material may depend
on the temperature; however, in this work, all measurements of the thermal conductivity in
YSZ were made at room temperature.

Among the techniques used for the determination of thermal transport, parameters are the
techniques in steady-state and transient or frequency-dependent techniques. In the first case, the
thermal conductivity is directly determined, and in the second case, the thermal diffusivity (α) is
measured, through which the thermal conductivity (k) can be estimated if the density (r) and the
specific heat (cp) of the sample under study are known, by means of the expression α = k/rcp.

Within the transient and frequency-dependent techniques are the laser-flash technique [38],
thermal lens spectroscopy [39], photoacoustic spectroscopy in its different modalities of open cell
[40], closed cell [41], two-beam cell [42], etc.; as well as the photoelectric spectroscopy [43]. These
techniques are very appropriate in the case of bulk samples, but they have their instrumental
complication and limitations in the case of thin coatings. The techniques of 3w [44] and thermore-
flectance [45] are the most used in the determination of the thermal conductivity of coatings and
thin films, for which a sophisticated instrumentation is required in the case of thermoreflectance
and additionally adequate preparation of the smallmetallic elements deposited on thematerial to
be studied to heat and temperature monitoring in the case of the 3w technique.

In order to find the thin film’s thermal conductivity value, a hot plate technique as an appro-
priate thermal conductivity measurement system was used [46]. In this technique, it was
assumed that the transfer of heat is by conduction through the YSZ film; the thermal conduc-
tivity measurement experimental setup is shown in Figure 5. The sample is placed on the
heater, which increases the temperature to 373 K, where it remains stable, until that the heat
reservoir comes into contact with the sample and then the heat is transferred from the heater to
the heat reservoir through the sample; this variation is sensed using solid-state sensors.

Considering the heat energy conservation law in the thermal system as presented in Figure 5, it is
possible to obtain the thermal power differences between heater and heat reservoir as following:

PH � PR ¼ 0 (1)

Figure 5. Thermal conductivity measurement experimental setup [46].
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material studied in this work. In general, the thermal conductivity of a material may depend
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YSZ were made at room temperature.

Among the techniques used for the determination of thermal transport, parameters are the
techniques in steady-state and transient or frequency-dependent techniques. In the first case, the
thermal conductivity is directly determined, and in the second case, the thermal diffusivity (α) is
measured, through which the thermal conductivity (k) can be estimated if the density (r) and the
specific heat (cp) of the sample under study are known, by means of the expression α = k/rcp.

Within the transient and frequency-dependent techniques are the laser-flash technique [38],
thermal lens spectroscopy [39], photoacoustic spectroscopy in its different modalities of open cell
[40], closed cell [41], two-beam cell [42], etc.; as well as the photoelectric spectroscopy [43]. These
techniques are very appropriate in the case of bulk samples, but they have their instrumental
complication and limitations in the case of thin coatings. The techniques of 3w [44] and thermore-
flectance [45] are the most used in the determination of the thermal conductivity of coatings and
thin films, for which a sophisticated instrumentation is required in the case of thermoreflectance
and additionally adequate preparation of the smallmetallic elements deposited on thematerial to
be studied to heat and temperature monitoring in the case of the 3w technique.

In order to find the thin film’s thermal conductivity value, a hot plate technique as an appro-
priate thermal conductivity measurement system was used [46]. In this technique, it was
assumed that the transfer of heat is by conduction through the YSZ film; the thermal conduc-
tivity measurement experimental setup is shown in Figure 5. The sample is placed on the
heater, which increases the temperature to 373 K, where it remains stable, until that the heat
reservoir comes into contact with the sample and then the heat is transferred from the heater to
the heat reservoir through the sample; this variation is sensed using solid-state sensors.

Considering the heat energy conservation law in the thermal system as presented in Figure 5, it is
possible to obtain the thermal power differences between heater and heat reservoir as following:

PH � PR ¼ 0 (1)

Figure 5. Thermal conductivity measurement experimental setup [46].
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where these thermal powers are given by:

PH ¼ TC � Tð ÞKA
l

PR ¼ cM
dT
dt

(2)

where TC and T are the heater temperature and the variation of temperature, respectively; K is
the thermal conductivity of the material; l and A are the thickness and area of the sample,
respectively; and M and c are the mass and the specific heat of the heat reservoir, respectively.

Equating these thermal powers and solving the first-order differential expression, the temper-
ature evolution of the process can be described, given by

ΔTR ¼ THe
�t=τ þ TS (3)

where ΔTR, TH, and TS are the temperature variation in the heat reservoir, the temperature in
the heater, and the temperature in the sample, respectively, and t and τ are the time and the
inverse of the slope, which is directly related to the thermal conductivity of the sample.
Therefore, the thermal conductivity of the material can be calculated as

K ¼ l cM
τA

(4)

The effective thermal conductivity in the samples as film growth over substrates can be
obtained by using the double-layer method [47, 48]. In this method, the total thermal resistance
is the sum of the film and substrate thermal resistances, and knowing the sample geometry
and thermal conductivity of the substrate, it is possible to calculate the effective value of the
thermal conductivity in the film as was proposed by Mansanares et al. [47, 48].

The thermal conductivity of YSZ over glass substrates can be determined by considering the
double-layer model as follows.

Figure 6 shows a schematic representation of the total thermal resistance by the superposition
of thermal resistances between YSZ film and glass substrate. This representation can be written
as the sum of thermal resistances [46–48]:

RT ¼ RYSZ þ RGlass (5)

Here, RT, RYSZ, and RGlass are the total, YSZ film, and glass thermal resistances, respectively.
Each thermal resistance depends on geometry (its thickness and area A) and thermal conduc-
tivity of the sample; then, expression (5) is given by [46–48]:

RT ¼ lYSZ
KYSZ A

þ lGlass
KGlass A

(6)

where lYSZ, lGlass and KYSZ, KGlass are the YSZ and glass thicknesses and thermal conductivities,
respectively. The total thermal resistance also is

lT
KT A

¼ lYSZ
KYSZ A

þ lGlass
KGlass A

(7)
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Then, expression (7) can be written as

lT
KT

¼ lYSZ
KYSZ

þ lGlass
KGlass

(8)

Here, lT and KT are the total thickness and the total thermal conductivity, respectively. And
finally, from expression (8) the thermal conductivity in YSZ film can be determined as.

KYSZ ¼ lYSZ
lT=KTð Þ � lGlass=KGlassð Þ½ � (9)

Expression (9) requires knowing the thermal conductivity value of glass substrate, previously
measured by using expression (4).

To determine the thermal conductivity of the 8YSZ coatings, these were deposited on glass sub-
strates of known thermal conductivity values by using the procedure described by expression (9).

4. Effect of glancing angle deposition on the YSZ film properties

4.1. Film morphology

Cross-sectional images were carried out in a JEOL JSM-6490LV™ scanning electron micros-
copy. To show the effect of the oblique angle deposition on the microstructure of the thin films,
a series of cross-sectional SEM images (Figure 7) were obtained by cleaving the samples

Figure 6. Schematic representation of the heat flow through the YSZ/glass double-layer sample.
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Then, expression (7) can be written as
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To determine the thermal conductivity of the 8YSZ coatings, these were deposited on glass sub-
strates of known thermal conductivity values by using the procedure described by expression (9).
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copy. To show the effect of the oblique angle deposition on the microstructure of the thin films,
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parallel to the grown “zigzag” structure. Due to YSZ non-conductive nature, a 5-nm gold layer
was deposited to avoid charge accumulation during the measurements. A cross-sectional SEM
image of an 8YSZ thin film grown with the conventional PVD geometry is shown as a
reference in Figure 7(a), where we can identify the parallel columnar structure normal to the
surface, according to the Thornton diagram [12].

By applying an inclination of 45� between the vapor flow and the surface normal, the micro-
structure depicted in Figure 7(b) was obtained. The columnar structure is preserved but tilted
toward the direction of the plasma plume with a column width similar to the reference sample.
By turning the sample by 180� after half of the deposition, the column growth direction was
also turned in-plane by 180� (Figure 7(c)). This “zigzag” structure is repeated without any
degradation of the well-aligned columnar structure, as seen in Figure 7(d). In Figures 7(c) and
7(d), we observe that the thicknesses of the column growth to the left are larger than to the
right. This is because the thickness of the column growth depends greatly on the sample
position in the sample holder (see Figure 3a).

However, when the number of repetitions increased to 10 (n = 10) and more (n = 30), then the
“zigzag” structure appears within the columns, but the columns itself practically are not
inclined, as we see in Figure 8(a–d). In our case, the total coating thickness for all repetitions
remains approximately constant (close to 3.5 μm), and for this reason, the time between
repetitions is very short when n increases, for hence the columns do not reach to tilt as a whole.

Figure 7. SEM cross-sectional views of YSZ thin films grown under (a) perpendicular incidence of the vapor flow to the
substrate and (b)–(d) 45o of incidence [49].

Coatings and Thin-Film Technologies158

4.2. Transmission electron microscopy analysis

In order to analyze the samples further, transmission electron microscopy (TEM) images
recorded in cross-sectional lamellae of an 8YSZ thin film were carried out. Lamellae were
prepared by focused ion beam (FIB) technique using a FEI Helios NanoLab 600i. TEM images
were taken in a dedicated Hitachi HF-3300 (I2TEM-Toulouse) microscope operated at 300 kV.
This microscope is equipped with a cold field emission gun and an image-aberration corrector
(B-COR from CEOS), achieving a spatial resolution of 80 pm, in high-resolution TEM
(HRTEM) mode [50].

Figure 9(a) displays an overview image for an 8YSZ multilayer with n = 10. We can see the
substrate-multilayer interface and the zigzag microstructure. The total thickness of the multi-
layer is around 3.5 μm. In Figure 9(b), we showamagnified area of the TEM image of Figure 9(a)
around the kink (dashed lines) of the zigzag structure. Apparently, all columns continue to grow
through the kink without any evidence of a discontinuous crystal structure as we can see in the
high-resolution transmission electron microscope (HRTEM) micrographs (Figure 9(c) and (d))
corresponding to the zones labeled with red numbers 1 and 2 in Figure 9(b). In addition, the
contrast diffraction observed in such TEM images reveals that the oblique growth method
induces the inclination of the crystallographic planes at α = 45� and α = �45� in the “thin” and

Figure 8. SEM cross-sectional views of YSZ thin films grown for (a) n = 10 and (b) n = 30; (c) and (d) provide details of the
nanostructure within the columns [49].
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“thick” layers of the zigzag structure, respectively. Moreover, crystal diffraction patterns (Figure 9
(e) and (f)) obtained by applying a fast Fourier transform (FFT) on Figures 9(c) and 5(d), respec-
tively, show that themicrostructure of the YSZ films has a textured crystalline structurewhere some
crystal planes are well defined in the HRTEM image. The angle that forms the twin can be deter-
mined from the angles that form the pyramidal faces to each other, in the images of TEM

Figure 9. TEM micrographs for FIB lamella of a “zigzag”-structured YSZ thin film. (a) Low-magnification TEM image of
the “zigzag” structure for n = 10. (b) Zoom around the dashed line in the low-magnification micrograph (a). HRTEM
micrographs for the thickest region (c) labeled 1 in (b) and the thinnest (d) for the region labeled 2 in (b). Fast Fourier
transform (FFT) pattern for thick (e) and thin (f) layers [49].
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micrographs. From the TEM image in Figure 9b, this angle was calculated as 75.94� for the +45�

orientation.

4.3. X-ray diffraction microstructural analysis

For the microstructural analysis, X-ray diffraction (XRD) measurements were performed using
a powder diffractometer Panalytical X’Pert PRO™ with a Cu Kα radiation source
(λ = 1.54184 Å). Figure 10a and 11a present the 8YSZ XRD patterns recorded in Bragg–
Brentano geometry, for thin films deposited at a normal incident angle (α = 0�) and at different
repetition numbers of the “zigzag” structure (from n = 1 to n = 70), respectively. The XRD
pattern of the 8YSZ film deposited at a normal incident angle (α = 0�) shows a mixture of two
phases: tetragonal zirconium yttrium oxide (Zr0.94Y0.06O1.88) and monoclinic baddeleyite
(ZrO2) (JCPDF #01–089-9068 and #01–070-8739 cards, respectively). The preferred orientation
on (002) plane of tetragonal phase is detected when n = 1, and its relative diffracted intensity
increases gradually with n (Figure 10a). Moreover, (211) also shows a significantly preferred
orientation of samples with n = 1, 2, and 10 “zigzag” arrays. The presence of silicon reflections
of the substrate is very clear in the XRD pattern of the film growth at a normal incident angle
and those with n = 1, 2, and 70. Samples with a great number of n (i.e., n = 30, 50, and 70)
evolve toward a mono-axial preferential orientation on (002) plane; there is then a concomitant
loss of orientation from pyramidal facets of {112} form. This latter behavior is a probable
consequence of the increment of structural defects—disordered vacancies on Zr sites that affect

Figure 10. (a) XRD patterns of 8YSZ thin films deposited at a normal incident angle (α = 0) and at different repetition
numbers of the “zigzag” structure. (b) Schematic crystallographic simulation of the “zigzag” structure [49].
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pattern of the 8YSZ film deposited at a normal incident angle (α = 0�) shows a mixture of two
phases: tetragonal zirconium yttrium oxide (Zr0.94Y0.06O1.88) and monoclinic baddeleyite
(ZrO2) (JCPDF #01–089-9068 and #01–070-8739 cards, respectively). The preferred orientation
on (002) plane of tetragonal phase is detected when n = 1, and its relative diffracted intensity
increases gradually with n (Figure 10a). Moreover, (211) also shows a significantly preferred
orientation of samples with n = 1, 2, and 10 “zigzag” arrays. The presence of silicon reflections
of the substrate is very clear in the XRD pattern of the film growth at a normal incident angle
and those with n = 1, 2, and 70. Samples with a great number of n (i.e., n = 30, 50, and 70)
evolve toward a mono-axial preferential orientation on (002) plane; there is then a concomitant
loss of orientation from pyramidal facets of {112} form. This latter behavior is a probable
consequence of the increment of structural defects—disordered vacancies on Zr sites that affect

Figure 10. (a) XRD patterns of 8YSZ thin films deposited at a normal incident angle (α = 0) and at different repetition
numbers of the “zigzag” structure. (b) Schematic crystallographic simulation of the “zigzag” structure [49].
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directly the intensity of (211) reflection—as well as the profusion of both nano-porous and
microstructural dislocations; thus, subsequent vertical columnar arrangement in the stacking
arises, with the corresponding enhancement of the intensity on (002) diffraction peak.

Taking into account the predominance of the tetragonal structure and the multiaxial model of
preferred orientations, as well as the “zigzag” features observed in SEM and TEM micropho-
tographs for samples obtained from inclined experiments, a crystallographic simulation of the
“zigzag” structure is proposed and graphically shown in Figure 10b and 11b. The proposed
microstructural model is based on the key role of a specific substrate tilt (e.g., �α = 45�) in
promoting the growth of the tetragonal {211} bipyramidal facets on one side of the {001}
planes, for example, (002) plane. The (002) is the twin plane in a contact twin where individual
crystals are related by an inversion (i.e., 1). The growing direction is [001], and the surface of
the twinned crystals is formed by {211} facets. In accordance with this scheme, when the tilt
angle of the substrate is changed by 90� (from +45� to �45�), the {001} planes act as twin
boundaries, with the subsequent growth of the pyramidal faces in a parallel but opposite
direction. It is worth to note that a difference in length between both arms of twinned crystals
is due to a different time of deposition.

The arrangement of the “zigzag” structures within the same level or, in other words, along with
the direction [010], consists of a stacking of contiguous {211} facets. That is to say, the elbows are
inter grooved along the direction of the bisector of the angle between two facets of the {211}
form, for example, (�2–11) ^ (211) in Figure 11b, where complete bipyramidal morphologies are
represented. The elbow angle results in 145.44o and the (002) ^ (211) is 72.72�. When the stacking

Figure 11. (a) XRD experimental data for films deposited at a normal incident angle (α = 0), n = 1 and n = 2 repetition
numbers of the “zigzag” structure. (b) The schematic simulated crystallographic structure obtained from the experimental
data [49].
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of columnar twinned crystals is broken by profusion of defects as nano-porous, the relative
intensity of (211) diminishes. This packing efficiency loss is clearly related to the occurrence of
Si peaks in n = 70 XRD pattern. On the other hand, the enhancement of the intensity of twin
plane (002) is a function of the number of tilt changes or “zigzag” structures. Accordingly,
patterns show a dependence on the number of twin planes present in the film.

Thus, in our experiment, we obtain a polysynthetic twin. When α = 0�, neither preferred
orientation nor silicon-dependent 8YSZ epitaxial growth has been observed.

4.4. Thermal conductivity behavior

To determine the thermal conductivity of the 8YSZ coatings, these were deposited on glass sub-
strates of known thermal conductivity values by using the procedure described in paragraph 3.
Figure 12(a) and (b) present the typical temperature evolution curves for the films deposited at a
normal incident angle (α = 0) and at n = 10 number repetition of “zigzag” structure. In these
curves, we see excellent agreement between the experimental data (black circles) and the fit to
Eq. (3) (red curves). For the temperature evolution curves, three measurements for each sample
were carried out, and the tolerance temperature of the measurements was 1 K.

From this fit, it is possible to obtain τ, which is directly related to the thermal conductivity (K)
of the sample through Eq. (4) via procedure established by expression (9). Then, the effective
thermal conductivity in the samples as film growth over glass substrates is obtained by using
the double-layer method according to Eq. (9) [47, 48].

In Figure 12(c) summary of thermal conductivity behavior in all 8YSZ samples, for different
values of α and n, is presented. For α = 0, the thermal conductivity (K) presents a value of
0.74 � 0.05 W/mK, similar to that reported by Amaya et al. [19] of 0.57 � 0.06 W/mK. Both
values are for 8YSZ coatings grown via r.f. sputtering at equal deposition conditions with
density, thermal diffusivity, and specific heat separately determined. As shown in Figure 12(c),
for 8YSZ coatings deposited with “zigzag” structure, the thermal conductivity (κ) drastically
decreases in an order of magnitude when the number of bilayers n increases. However, for
n = 70, the thermal conductivity starts to increase.

Figure 12. Typical temperature evolution curves for the films deposited at (a) normal incident angle (α = 0) and (b) n = 10
number repetition of “zigzag” structure. (c) Thermal conductivity evolution for α (0) (normal incident angle), α1 (45�), α2

(�45�), and n ranging from 1 to 70 repetitions of the “zigzag” structure [49].
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Si peaks in n = 70 XRD pattern. On the other hand, the enhancement of the intensity of twin
plane (002) is a function of the number of tilt changes or “zigzag” structures. Accordingly,
patterns show a dependence on the number of twin planes present in the film.

Thus, in our experiment, we obtain a polysynthetic twin. When α = 0�, neither preferred
orientation nor silicon-dependent 8YSZ epitaxial growth has been observed.

4.4. Thermal conductivity behavior

To determine the thermal conductivity of the 8YSZ coatings, these were deposited on glass sub-
strates of known thermal conductivity values by using the procedure described in paragraph 3.
Figure 12(a) and (b) present the typical temperature evolution curves for the films deposited at a
normal incident angle (α = 0) and at n = 10 number repetition of “zigzag” structure. In these
curves, we see excellent agreement between the experimental data (black circles) and the fit to
Eq. (3) (red curves). For the temperature evolution curves, three measurements for each sample
were carried out, and the tolerance temperature of the measurements was 1 K.

From this fit, it is possible to obtain τ, which is directly related to the thermal conductivity (K)
of the sample through Eq. (4) via procedure established by expression (9). Then, the effective
thermal conductivity in the samples as film growth over glass substrates is obtained by using
the double-layer method according to Eq. (9) [47, 48].

In Figure 12(c) summary of thermal conductivity behavior in all 8YSZ samples, for different
values of α and n, is presented. For α = 0, the thermal conductivity (K) presents a value of
0.74 � 0.05 W/mK, similar to that reported by Amaya et al. [19] of 0.57 � 0.06 W/mK. Both
values are for 8YSZ coatings grown via r.f. sputtering at equal deposition conditions with
density, thermal diffusivity, and specific heat separately determined. As shown in Figure 12(c),
for 8YSZ coatings deposited with “zigzag” structure, the thermal conductivity (κ) drastically
decreases in an order of magnitude when the number of bilayers n increases. However, for
n = 70, the thermal conductivity starts to increase.

Figure 12. Typical temperature evolution curves for the films deposited at (a) normal incident angle (α = 0) and (b) n = 10
number repetition of “zigzag” structure. (c) Thermal conductivity evolution for α (0) (normal incident angle), α1 (45�), α2

(�45�), and n ranging from 1 to 70 repetitions of the “zigzag” structure [49].
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This thermal conductivity behavior of YSZ TBC is consistent with that obtained by Hass et al.
[35], placing the substrate inclined with respect to the vapor flux to obtain a similar “zigzag”
microstructure.

Heat thermal transport at nanometric scale is produced by phonons. Phonons have a wide
variation in frequency and an even larger variation in their mean free paths (mfps). However,
the bulk of the heat is often carried by phonons of a large wave vector, and they have mfps of
1–100 nm at room temperature.

Thereby, inmany systems similar to those studied here, the scale of the phonon scattering centers
has the same scale as the mfps of phonons, sometimes comparable to phonon wavelength. Due

Figure 13. Schematic illustrations of (I) microstructure and porosity of PVD coatings and (II) influence of the “zigzag”
microstructure on the YSZ coating thermal conductivity [49].

Coatings and Thin-Film Technologies164

to this, either the interfaces or twist boundaries of the same material can play a critical role in
nanoscale thermal transport [51, 52]. In this sense, we propose a phenomenological interpretation
to explain the reduction in thermal conductivity when the value of (n) for the “zigzag” columns
increases, with respect to the thermal conductivity of the coating deposited with a growth of
columns normal to the substrate surface.

Figure 13-I shows the parallel thermal flux incidence with respect to the growth of columns for
the 8YSZ coatings deposited with the normal direction of the incident flux of the species, with
respect to the substrate surface. In contrast, Figure 13-II(A) at n < 10 samples indicates that
when coatings are deposited under an oblique angle, a “zigzag” structure appears creating
inclined crystallographic interfaces. Taking the column as an individual element, (α = 0), the
heat flow is distributed in a longitudinal direction due to the growth direction that is normal to
the substrate; therefore, the phonon scattering is due to the presence of the oxygen vacancies.
When the oblique angle deposition takes place (n = 1), there is a change in the growth direction
of the column, and as a result of this, an interface is generated, with which the heat carriers
interact, scattering the heat flow into two components, a vertical component and a lateral
component, due to the inclusion of the zigzag microstructure. This makes the mean free path
of phonons to diminish due to the interaction of heat carriers with these interfaces, thus
decreasing the thermal conductivity of the sample.

However, at n ≥ 10 (Figure 13-II(B)), the zigzag structure appears within the columns, which
are practically not inclined but emerge the formation of nanopores between columns, and
crystallographic interfaces contribute to greater phonon dispersion. Finally, increased thermal
conductivity for n = 70 may be related to the fact that the total coating thickness for all
repetitions remains approximately constant (close to 3.5 μm). For this reason, the time between
repetitions is quite short, and the columns do not reach tilt as a whole, increasing the nanopore
size; therefore, the mfp of phonons begins to increase again.

5. Conclusions

The oblique angle deposition is a powerful technique to modify the microstructure of PVD
coatings deposited by sputtering in the micro- and nanometer scale, with high reproducibility
and repeatability as the period (n) varied. For low values of repetition number (n = 10), the
“zigzag” structure of 8YSZ coatings can be repeated without any degradation. However, when
n increases from 10 to 70, the well-aligned columnar structure with “zigzag” microstructure
has a columnar diameter refinement and the columns in the nanometer range growth perpen-
dicular to the substrate surface, changing the orientation of porosity in the coatings. From the
XRD and TEM analyses, it was established that twins are being produced to improve the
thermal insulation properties. In fact, the thermal conductivity study allows to establish that
the k value is strongly influenced by the “zigzag” microstructure of the PVD coatings, with a
decrease of the thermal conductivity in an order of magnitude, when the columns change from
normal growth orientation (α = 0) with respect to the substrate surface to a microstructure in a
“zigzag” pattern with n = 50 repetitions, showing the potential of growing YSZ thin films in
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to this, either the interfaces or twist boundaries of the same material can play a critical role in
nanoscale thermal transport [51, 52]. In this sense, we propose a phenomenological interpretation
to explain the reduction in thermal conductivity when the value of (n) for the “zigzag” columns
increases, with respect to the thermal conductivity of the coating deposited with a growth of
columns normal to the substrate surface.

Figure 13-I shows the parallel thermal flux incidence with respect to the growth of columns for
the 8YSZ coatings deposited with the normal direction of the incident flux of the species, with
respect to the substrate surface. In contrast, Figure 13-II(A) at n < 10 samples indicates that
when coatings are deposited under an oblique angle, a “zigzag” structure appears creating
inclined crystallographic interfaces. Taking the column as an individual element, (α = 0), the
heat flow is distributed in a longitudinal direction due to the growth direction that is normal to
the substrate; therefore, the phonon scattering is due to the presence of the oxygen vacancies.
When the oblique angle deposition takes place (n = 1), there is a change in the growth direction
of the column, and as a result of this, an interface is generated, with which the heat carriers
interact, scattering the heat flow into two components, a vertical component and a lateral
component, due to the inclusion of the zigzag microstructure. This makes the mean free path
of phonons to diminish due to the interaction of heat carriers with these interfaces, thus
decreasing the thermal conductivity of the sample.

However, at n ≥ 10 (Figure 13-II(B)), the zigzag structure appears within the columns, which
are practically not inclined but emerge the formation of nanopores between columns, and
crystallographic interfaces contribute to greater phonon dispersion. Finally, increased thermal
conductivity for n = 70 may be related to the fact that the total coating thickness for all
repetitions remains approximately constant (close to 3.5 μm). For this reason, the time between
repetitions is quite short, and the columns do not reach tilt as a whole, increasing the nanopore
size; therefore, the mfp of phonons begins to increase again.

5. Conclusions

The oblique angle deposition is a powerful technique to modify the microstructure of PVD
coatings deposited by sputtering in the micro- and nanometer scale, with high reproducibility
and repeatability as the period (n) varied. For low values of repetition number (n = 10), the
“zigzag” structure of 8YSZ coatings can be repeated without any degradation. However, when
n increases from 10 to 70, the well-aligned columnar structure with “zigzag” microstructure
has a columnar diameter refinement and the columns in the nanometer range growth perpen-
dicular to the substrate surface, changing the orientation of porosity in the coatings. From the
XRD and TEM analyses, it was established that twins are being produced to improve the
thermal insulation properties. In fact, the thermal conductivity study allows to establish that
the k value is strongly influenced by the “zigzag” microstructure of the PVD coatings, with a
decrease of the thermal conductivity in an order of magnitude, when the columns change from
normal growth orientation (α = 0) with respect to the substrate surface to a microstructure in a
“zigzag” pattern with n = 50 repetitions, showing the potential of growing YSZ thin films in
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glancing angle deposition, as an effective method to improve the thermal insulator property of
this material.
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Abstract

For several decades, the increasing productivity in many industrial domains has led to a
significant and ever-increased interest to protective and hard coatings. In this context,
titanium-aluminum nitrides were developed and are now widely used in a large range of
applications, due to their high hardness, good thermal stability, and oxidation resistance.
This chapter reviews the thermodynamical characteristics of the Ti-Al-N system by
reporting the progress made in the description of the Ti-Al-N phase diagram and the main
mechanical and chemical properties of Ti1�xAlxN-based coatings. As a metastable phase,
the existence of the fcc-Ti1�xAlxN depends on particular process parameters, allowing
stabilizing this desirable solid solution. The influence of process parameters, with a par-
ticular interest for chemical vapor deposition (CVD) methods, on morphology and crys-
tallographic structure is then described. The structure of Ti1�xAlxN thin films depends
also on the aluminum content as well as on the annealing temperature, due to the
spinodal nature of the Ti-Al-N system. These changes of crystallographic structure can
induce an improvement of the hardness, oxidation resistance, and wear behavior of these
coatings. The main mechanical and chemical properties of physical vapor deposition
(PVD) and CVD Ti1�xAlxN-based coatings are also described.

Keywords: TiAlN coatings, CVD, aluminum content dependence, mechanical properties,
oxidation resistance

1. Introduction

Hard coatings started to be used at an industrial scale in the 1970s [1]. It was then titanium
nitride (TiN) obtained by thermal CVD and deposited on tungsten carbide tools in order to
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improve not only the lifetime of tools but also their behavior during machining. Physical vapor
deposition technologies (PVD) were used in the mid-1980s for this type of application. “Vide et
Traitement Holding” started this activity in France in 1984 with cathodic arc deposition
technology, now widely used in this field. Titanium and chromium nitrides were the first
materials on the market in the field of coatings for cutting tools or molds. The evolution of
deposition reactors and research increasingly active on this issue has led to coatings with
multilayer architecture. Thus, titanium carbonitride (TiCN), whose layered architecture is
performed by modulating the introduction of reactive gases, led, in the early 1990s, to a
significant change of machining performances under severe conditions. The evolution of both
machining techniques, high-speed machining for example, and materials to be machined has
led to new alloy developments such as Ti1�xAlxN whose thermal stability and oxidation
resistance, in particular, are better than that of TiN. Ti1�xAlxN films are thus now industrially
used in a wide range of applications, from hard and barrier coatings on cutting tools or molds
[2] to electronic devices or optical coatings [3]. Since the late 1990s, new architectures have
been introduced on the hard coatings market. Indeed, the nanostructuring of deposited mate-
rials has allowed an increase of hardness while keeping Young’s modulus and internal resid-
ual stresses at relatively low values. These nanostructured coatings are essentially divided into
two kinds: at first, the heterostructures (superlattice, nanolayered films), stacks of two mate-
rials with thicknesses of nanometer size, and secondly, the nanocomposites consisting of
transition metal nitride crystallites of a nanoscale size in a matrix (nanocrystalline or amor-
phous) of a nonmetal covalent nitride [4]. This review chapter is focused mainly on the
Ti1�xAlxN material coatings. Thermodynamical basis and influence of the elaboration pro-
cesses, especially the thermal CVD, on the structure of the coatings are discussed. The main
properties (hardness, tribological properties, and oxidation resistance) of these coatings are
finally described regarding their dependence on Al content and deposition temperature. The
overall mechanisms related to these properties are also discussed. Information about other
properties as thermal and electrical conductivity, hydrogen permeation, or thermal expansion,
not presented here in details, should be found in [5–9].

2. Thermodynamical background

2.1. Phase thermodynamics basis

Phase stability (or metastability) is generally described using the change in Gibb’s free energy
G as a function of the concentration c. When ∂2Gð Þ=∂c2 ≥ 0, the system is thermodynamically
stable (or metastable). If ∂2Gð Þ=∂c2 < 0, the system is unstable and will decompose to form the
stable phases. Actually, for a two-phase system (or more), the free energy of the system is
described using a mixing term ΔGm. This free energy of mixing essentially defines the inter-
actions between the atoms and so the ability of the system to form a solid solution or to
segregate, i.e., to decompose into two distinct phases. This decomposition should be made by
two different ways, depending on the value of the system’s free energy. Figure 1 shows the
decomposition domains for a mixing of two elements A and B associated to the free energy
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curve at the temperature T. The curves 1 and 2 delimit the domain of the binodal decomposi-
tion. Below the curve 2, the decomposition will be spinodal, and above the curve 1, the solid
solution exists, regardless of the amount of the element B in the mixture. In the same way, on
the G curve (G vs. chemical composition, Figure 1), a demixing domain is identified by the
presence of a “hill” limited by two inflection points. Between these two points (points b and d
on Figure 1), the demixing will be spinodal. Between the inflection points and the two minima
of free energy (domains a-b and c-d on Figure 1), demixing will occur by nucleation-growth
mechanism [10]. This G curve is associated to the demixing curves of the TiN-AlN system.

2.2. Ti-Al-N system

2.2.1. Stable diagram

Thermodynamic calculations have mainly aimed at stabilizing, experimentally, the ternary
compounds as Ti3AlN, Ti3Al2N2, and particularly Ti2AlN, because of its Mn + 1AXn nature
(where M is a transition metal, A is an A-group element, and X could be C or N and 1 < n < 3)
[11–14]. Many authors have reported phase diagrams with rather good agreement with

Figure 1. Schematic representation of a typical free energy curve at a temperature T with the associated decomposition
domain. The two domains between the points “a-b” and “c-d” will show a nucleation-growth decomposition, while the
“b-d” domain is related to the spinodal decomposition [10].
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experimental results. Especially, Chen and Sundman achieved a quite complete modeling up
to 2500�C showing the evolution of the stability of these ternary compounds with temperature
and establishing a thermodynamical database with a good reliability compared to experiments
[15]. The pseudobinary diagram of the Ti-Al-N system is shown Figure 2 [16]. It is clearly
shown that mixing of AlN and TiN results in a biphased domain composed of the stable fcc-
TiN and hcp-AlN on the entire range of composition. It is only from 1250�C that a little
solubility of Al appears in the TiN structure.

2.2.2. Metastable diagram

As said previously, the thermodynamic aspects of the Ti-Al-N system do not predict the
existence of the solid solution, the solubility of Al in TiN is very low. It implies that the
experimentally observed Ti1�xAlxN solid solution is a metastable phase, i.e., it is kinetically
favorable to stabilize it rather than the stable phases. The metastable Ti1�xAlxN phases can
exist under two structures: an fcc-solid solution (also known as B1 structure), considered as the
mixing of the stable fcc-TiN and the metastable fcc-AlN, and an hcp-solid solution (B4 struc-
ture), considered as the mixing of the metastable hcp-TiN and the stable hcp-AlN. The depo-
sition kinetic then hinders the demixing and allows to stabilize these solid solutions [17, 18].

In order to better understand and discuss about the existence of the Ti1�xAl xN solid solu-
tion, a lot of thermodynamical studies, and more recently ab initio calculations, have been
realized for several decades. These calculations show that the shape of the ΔGm curve
clearly leads to demixing. More, the system is typically spinodal [19], i.e., the Ti1�xAlxN
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phase must spontaneously decompose into fcc-TiN and fcc-AlN. Then, with increasing time
or temperature, fcc-AlN forms its hcp-AlN stable phase by germination and growth. This
implies that fcc-TiN and fcc-AlN are thermodynamically immiscible (see Figure 2).

Considering that fcc-Ti1�xAlxN solid solution is the result of the mixing of fcc-TiN and fcc-
AlN, the thermodynamical modeling of this system is based on an equilibrium between
these two phases with a total solubility. Anderbouhr et al. proposed thus a metastable
ternary diagram of the Ti-Al-N system, showing the presence of the fcc-Ti1�xAlxN phase
on the whole range of aluminum content [20, 21]. Thermodynamic values for the lattice
stability of fcc-AlN were based on experimental study led by Stolten et al. [17, 22]. How-
ever, experimental studies show that it is possible to deposit single-phased fcc-Ti1�xAlxN
with a maximum x ≈ 0.7 for PVD processes as magnetron sputtering [23, 24] or cathodic arc
[25, 26] and up to x ≈ 0.9 for coatings deposited by thermal CVD [27] or PECVD [27–29]
(with x defined as the Al/(Al + Ti) molar ratio). Above these values (x = 0.7 for PVD
techniques and x = 0.9 for LPCVD), the deposition of a hexagonal phase occurs (hcp-Ti1-
�xAlxN for PVD techniques and hcp-AlN for CVD processes). Thus, it seems to be difficult
to correlate the modeling of the Ti-Al-N ternary phase diagram and these evolutions of
structure with aluminum content.

Based on experimental results, a pseudobinary diagram (Figure 3) was proposed by Cremer
et al. [30, 31] and confirmed by further experiments. This diagram is now widely accepted by
many researchers. Although this diagram comes from experimental PVD data from films
obtained by magnetron sputtering up to 700�C, other data for higher temperatures were
extrapolated and are not in agreement with the current results, where deposition of an fcc-
Ti1�xAlxN single-phased film was obtained by LPCVD and PECVD up to x = 0.9 [27, 28].

Figure 3. Metastable pseudobinary TiN-AlN diagram based on experimental results from films obtained by magnetron
sputtering up to 700�C [31] (from experimental study in [30]).
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experimental results. Especially, Chen and Sundman achieved a quite complete modeling up
to 2500�C showing the evolution of the stability of these ternary compounds with temperature
and establishing a thermodynamical database with a good reliability compared to experiments
[15]. The pseudobinary diagram of the Ti-Al-N system is shown Figure 2 [16]. It is clearly
shown that mixing of AlN and TiN results in a biphased domain composed of the stable fcc-
TiN and hcp-AlN on the entire range of composition. It is only from 1250�C that a little
solubility of Al appears in the TiN structure.
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As said previously, the thermodynamic aspects of the Ti-Al-N system do not predict the
existence of the solid solution, the solubility of Al in TiN is very low. It implies that the
experimentally observed Ti1�xAlxN solid solution is a metastable phase, i.e., it is kinetically
favorable to stabilize it rather than the stable phases. The metastable Ti1�xAlxN phases can
exist under two structures: an fcc-solid solution (also known as B1 structure), considered as the
mixing of the stable fcc-TiN and the metastable fcc-AlN, and an hcp-solid solution (B4 struc-
ture), considered as the mixing of the metastable hcp-TiN and the stable hcp-AlN. The depo-
sition kinetic then hinders the demixing and allows to stabilize these solid solutions [17, 18].

In order to better understand and discuss about the existence of the Ti1�xAl xN solid solu-
tion, a lot of thermodynamical studies, and more recently ab initio calculations, have been
realized for several decades. These calculations show that the shape of the ΔGm curve
clearly leads to demixing. More, the system is typically spinodal [19], i.e., the Ti1�xAlxN
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phase must spontaneously decompose into fcc-TiN and fcc-AlN. Then, with increasing time
or temperature, fcc-AlN forms its hcp-AlN stable phase by germination and growth. This
implies that fcc-TiN and fcc-AlN are thermodynamically immiscible (see Figure 2).

Considering that fcc-Ti1�xAlxN solid solution is the result of the mixing of fcc-TiN and fcc-
AlN, the thermodynamical modeling of this system is based on an equilibrium between
these two phases with a total solubility. Anderbouhr et al. proposed thus a metastable
ternary diagram of the Ti-Al-N system, showing the presence of the fcc-Ti1�xAlxN phase
on the whole range of aluminum content [20, 21]. Thermodynamic values for the lattice
stability of fcc-AlN were based on experimental study led by Stolten et al. [17, 22]. How-
ever, experimental studies show that it is possible to deposit single-phased fcc-Ti1�xAlxN
with a maximum x ≈ 0.7 for PVD processes as magnetron sputtering [23, 24] or cathodic arc
[25, 26] and up to x ≈ 0.9 for coatings deposited by thermal CVD [27] or PECVD [27–29]
(with x defined as the Al/(Al + Ti) molar ratio). Above these values (x = 0.7 for PVD
techniques and x = 0.9 for LPCVD), the deposition of a hexagonal phase occurs (hcp-Ti1-
�xAlxN for PVD techniques and hcp-AlN for CVD processes). Thus, it seems to be difficult
to correlate the modeling of the Ti-Al-N ternary phase diagram and these evolutions of
structure with aluminum content.

Based on experimental results, a pseudobinary diagram (Figure 3) was proposed by Cremer
et al. [30, 31] and confirmed by further experiments. This diagram is now widely accepted by
many researchers. Although this diagram comes from experimental PVD data from films
obtained by magnetron sputtering up to 700�C, other data for higher temperatures were
extrapolated and are not in agreement with the current results, where deposition of an fcc-
Ti1�xAlxN single-phased film was obtained by LPCVD and PECVD up to x = 0.9 [27, 28].
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2.2.3. The spinodal nature of the Ti-Al-N system

As previously enounced, thermodynamical and ab initio calculations have clearly shown the
spinodal nature of the Ti-Al-N system. They also demonstrated that this spinodal decomposition
occurs in a wide range of temperature. In their study concerning demixing behavior of the fcc-
Ti1�xAlxN structure, Mayrhofer et al. [32] have notably found that the free energy curve of the
TiN-AlN mixture shows the presence of the spinodal decomposition up to 4000�C (Figure 4).
Thus, the existence of the Ti1�xAlxN solid solution is thermodynamically not possible up to this
temperature. However, recent calculations of a metastable phase diagram taking into account the
influence of the lattice vibrations due to temperature on free energy of the fcc-Ti1�xAlxN struc-
ture showed a considerable reduction of maximum temperature of the demixing domain [33].
Nevertheless, this calculated temperature (≈2600�C) is still higher than the common temperature
range used for deposition of coatings by CVDmethods (600–1800�C).

Calculations are also focused on the chemical spinodal nature of Ti-Al-N in order to explain
why the solid solution fcc-Ti1�xAlxN remains stable up to 700�C. Actually, spinodal decompo-
sition is distinguished from nucleation and growth by the spontaneous isostructural demixing
[19]. The total free energy evolutions, associated to the spinodal decomposition, depend on
several factors, as shown in the Eq. (1) [34]:

ΔG ¼ 1
2
d2G
dc2

Δc2 þ K
λ2 Δc

2 þ E
1� ν

η2VmΔc2 (1)

where Δc is the compositional variation c� c0, λ, the period of the compositional fluctuations,
K, a constant that depends on the bonding energy of the atoms, E, the Young’s modulus, ν, the
Poisson’s ratio, η, the lattice mismatch per unit of compositional variations η ¼ 1=að Þ da=dcð Þ,
and Vm, the molar volume. The first term refers to the change in free energy associated to the

Figure 4. ΔG curve of the TiN-AlN mixture as a function of the AlN content for different temperatures [32].
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decomposition, the second term describes the compositional fluctuations inside the material
and represents then the driving force for the spinodal decomposition, and the last term is
related to the strain energy associated to the formation of the two domains resulting from
spinodal decomposition. During spinodal decomposition, the compositional fluctuations
inside the material are amplified to form two isostructural phases with coherent or incoherent
interfaces [35]. However, the formation of these interfaces is accompanied by strain energy,
related to the lattice parameter misfit between the two phases formed after demixing (about
200–500 mJ/m2 for a coherent interface and 500–1000 mJ/m2 for incoherent interfaces).
According to the Hilliard and Cahn theory [34, 36], if this strain energy is sufficiently large, it
is able to balance the driving force for spinodal decomposition (i.e., compositional fluctua-
tions) and then, able to hinder spinodal decomposition. Thus, Zhang et al. show that spinodal
decomposition in the Ti-Al-N system occurs exclusively if coherent domains are formed [34,
36]. This phenomenon is responsible of the age-hardening effect observed in Ti1�xAlxN coat-
ings. The relationship between the spinodal decomposition parameters (especially the wave-
length of the compositional fluctuations) and the microstructure of the Ti-Al-N coatings was
recently studied by mean of the Calphad technique with good agreement with the experimen-
tal results obtained in the literature [37].

Alling et al. [38] studied the effect of pressure on the stability of the B1 structure. On one hand,
they found that contact pressure of 20 GPa gives a weak increase of the isostructural mixing
enthalpy for the fcc structure and then enhances slightly the spinodal decomposition. On the
other hand, the pressure leads to a significant reduction of the mixing enthalpy of fcc and hcp
structures and thus should delay the formation of the detrimental hexagonal structure for Al-
rich fcc-Ti1�xAlxN during operations as machining, where coatings are subjected to high
temperatures and pressures.

2.2.4. Thermal stability

As a metastable phase, the fcc-Ti1�xAlxN solid solution tends to return to its stable state when
temperature increases. The annealing process under vacuum thus leads to decomposition of
the solid solutions, firstly by spinodal decomposition to form the two coherent fcc domains
and then by nucleation of hcp-AlN. The spinodal decomposition is otherwise not always
observed during annealing experiments and stable phases fcc-TiN and hcp-AlN can be directly
formed, depending on annealing process [28]. Furthermore, the observation of the two cubic
TiN and AlN phases, as a result of the spinodal decomposition, can be difficult due to the close
position of some fcc-AlN X-ray diffraction responses with those of fcc-TiN. Recent studies on
the coefficient of thermal expansion of Ti1�xAlxN and CrAlN coatings have shown that the
presence of the B4 structure (hcp-Ti1�xAlxN or hcp-AlN) in the as-deposited state promotes the
further formation of these hexagonal phases during annealing [9].

The decomposition process is, as oxidation and hardness, highly dependent to the aluminum
content of the as-deposited coatings. Studies show that films with high aluminum contents,
and thus having a higher demixing energy than that of films with low aluminum contents,
tend to decompose at lower temperature [23, 28]. However, depending on annealing parame-
ters, the strain energy needed to the formation of the two cubic domains can retard the
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2.2.3. The spinodal nature of the Ti-Al-N system

As previously enounced, thermodynamical and ab initio calculations have clearly shown the
spinodal nature of the Ti-Al-N system. They also demonstrated that this spinodal decomposition
occurs in a wide range of temperature. In their study concerning demixing behavior of the fcc-
Ti1�xAlxN structure, Mayrhofer et al. [32] have notably found that the free energy curve of the
TiN-AlN mixture shows the presence of the spinodal decomposition up to 4000�C (Figure 4).
Thus, the existence of the Ti1�xAlxN solid solution is thermodynamically not possible up to this
temperature. However, recent calculations of a metastable phase diagram taking into account the
influence of the lattice vibrations due to temperature on free energy of the fcc-Ti1�xAlxN struc-
ture showed a considerable reduction of maximum temperature of the demixing domain [33].
Nevertheless, this calculated temperature (≈2600�C) is still higher than the common temperature
range used for deposition of coatings by CVDmethods (600–1800�C).

Calculations are also focused on the chemical spinodal nature of Ti-Al-N in order to explain
why the solid solution fcc-Ti1�xAlxN remains stable up to 700�C. Actually, spinodal decompo-
sition is distinguished from nucleation and growth by the spontaneous isostructural demixing
[19]. The total free energy evolutions, associated to the spinodal decomposition, depend on
several factors, as shown in the Eq. (1) [34]:
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decomposition, the second term describes the compositional fluctuations inside the material
and represents then the driving force for the spinodal decomposition, and the last term is
related to the strain energy associated to the formation of the two domains resulting from
spinodal decomposition. During spinodal decomposition, the compositional fluctuations
inside the material are amplified to form two isostructural phases with coherent or incoherent
interfaces [35]. However, the formation of these interfaces is accompanied by strain energy,
related to the lattice parameter misfit between the two phases formed after demixing (about
200–500 mJ/m2 for a coherent interface and 500–1000 mJ/m2 for incoherent interfaces).
According to the Hilliard and Cahn theory [34, 36], if this strain energy is sufficiently large, it
is able to balance the driving force for spinodal decomposition (i.e., compositional fluctua-
tions) and then, able to hinder spinodal decomposition. Thus, Zhang et al. show that spinodal
decomposition in the Ti-Al-N system occurs exclusively if coherent domains are formed [34,
36]. This phenomenon is responsible of the age-hardening effect observed in Ti1�xAlxN coat-
ings. The relationship between the spinodal decomposition parameters (especially the wave-
length of the compositional fluctuations) and the microstructure of the Ti-Al-N coatings was
recently studied by mean of the Calphad technique with good agreement with the experimen-
tal results obtained in the literature [37].

Alling et al. [38] studied the effect of pressure on the stability of the B1 structure. On one hand,
they found that contact pressure of 20 GPa gives a weak increase of the isostructural mixing
enthalpy for the fcc structure and then enhances slightly the spinodal decomposition. On the
other hand, the pressure leads to a significant reduction of the mixing enthalpy of fcc and hcp
structures and thus should delay the formation of the detrimental hexagonal structure for Al-
rich fcc-Ti1�xAlxN during operations as machining, where coatings are subjected to high
temperatures and pressures.

2.2.4. Thermal stability

As a metastable phase, the fcc-Ti1�xAlxN solid solution tends to return to its stable state when
temperature increases. The annealing process under vacuum thus leads to decomposition of
the solid solutions, firstly by spinodal decomposition to form the two coherent fcc domains
and then by nucleation of hcp-AlN. The spinodal decomposition is otherwise not always
observed during annealing experiments and stable phases fcc-TiN and hcp-AlN can be directly
formed, depending on annealing process [28]. Furthermore, the observation of the two cubic
TiN and AlN phases, as a result of the spinodal decomposition, can be difficult due to the close
position of some fcc-AlN X-ray diffraction responses with those of fcc-TiN. Recent studies on
the coefficient of thermal expansion of Ti1�xAlxN and CrAlN coatings have shown that the
presence of the B4 structure (hcp-Ti1�xAlxN or hcp-AlN) in the as-deposited state promotes the
further formation of these hexagonal phases during annealing [9].

The decomposition process is, as oxidation and hardness, highly dependent to the aluminum
content of the as-deposited coatings. Studies show that films with high aluminum contents,
and thus having a higher demixing energy than that of films with low aluminum contents,
tend to decompose at lower temperature [23, 28]. However, depending on annealing parame-
ters, the strain energy needed to the formation of the two cubic domains can retard the
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spinodal decomposition and then can increase the stability of the coating. Typically, the
decomposition of the solid solution occurs at temperatures between 700 and 900�C, depending
on the aluminum content in the as-deposited coating [23, 39]. LPCVD Ti1�xAlxN coatings with
aluminum content of about x = 0.8 deposited by Endler in 2008 have shown a particularly high
stability, with the first signs of decomposition at 1200�C [27]. The reasons for this exceptional
stability under vacuum conditions are not clearly defined. An increase of the thermal stability
of Ti1�xAlxN coatings can be achieved by adding elements as Si, Hf, or Ta [40–42].

3. Deposition of Ti1�xAlxN coatings

3.1. Crystallographic structure

As briefly described earlier in the thermodynamical description of the Ti-Al-N system, as-
deposited Ti1�xAlxN coatings have commonly three distinct structures: fcc, hcp, and a mix of
fcc and hcp. These crystallographic structures are obtained for both PVD and CVD coatings
and show a strong dependence on the aluminum content. For lower aluminum content,
aluminum atoms are considered to replace titanium atoms in the fcc-TiN structure and form
the single-phase fcc-Ti1�xAlxN. This phase is the desired one on tools for cutting operations,
needing high hardness, high thermal stability, and good oxidation resistance.

By increasing aluminum content in the films, a biphased structure appears. These phases are
cubic (fcc) and hexagonal (hcp), but their compositions depend on the deposition process.
Concerning PVD processes, for which condensation of a vapor on a cold substrate occurs, the
cooling rate are so high that deposition of metastable materials is expected. A mixture of fcc-
Ti1�xAlxN and hcp-Ti1�xAlxN can be observed, as reported by Chen et al. [23] for magnetron
sputtered coatings deposited at 500�C and a working pressure of 0.4 Pa. These results are in
agreement with the metastable diagram established by Cremer et al. (Figure 3). Concerning
the thermal CVD process, performed at high temperatures and then closer to the thermody-
namic equilibrium, a mixture of the stable phases fcc-TiN and hcp-AlN is generally reported
[23, 27]. The presence of fcc-AlN, in addition to the fcc-TiN and hcp-AlN phases, was also
found by Wagner et al. for APCVD coatings, forming a three-phase structure. The fcc-AlN
formation was attributed to the spinodal decomposition of the fcc-Ti1�xAlxN coatings, where
an excess of Al atoms in the fcc-Ti1�xAlxN solid solution leads to an increase of the demixing
energy and then cause the formation of fcc-AlN [43]. The aluminum content threshold, at
which this crystallographic transition occurs, depends on the deposition techniques and pro-
cess parameters (up to about x = 0.7 for PVD and up to x = 0.9 for CVD and PECVD). Anyway,
the presence of a mixture of these two phases is generally detrimental for both mechanical
properties and oxidation resistance of the films [7, 25, 26], except if a nanocomposite is formed
[44, 45]. This mixing of hcp and fcc structures remains up to x = 1 for coatings deposited by
CVD and PECVD processes [27, 44–46]. It should be noted, however, that the achievable
microstructures for LPCVD processes are a little bit more complex and very dependent of
process parameters. As denoted above, even though fcc-Ti1�xAlxN solid solutions were found
up to x = 0.9, the presence of nanocomposite structures was recently reported. The deposition
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of Ti0.05Al0.95N coatings, composed of an alternate of fcc-TiN/hcp-AlN nanolamellae embed-
ded in a Al-rich Ti1�xAlxN was thus found by Keckes et al. in 2013 [44]. More recently,
nanocomposite structures constituted by Ti-rich fcc-Ti1�xAlxN/Al-rich fcc-Ti1�xAlxN nanolam-
ellae (for 0.73 < x < 0.82) were also deposited in an industrial CVD facility [44, 47–49].

In the case of PVD, the deposition of a single-phase hcp-Ti1�xAlxN is observed for aluminum
contents above x ≈ 0.7. This phase is generally found to be detrimental for mechanical proper-
ties and oxidation resistance but some researchers found a better oxidation resistance for these
hcp-Ti1�xAlxN coatings deposited by unbalanced magnetron sputtering [23].

These microstructural changes are summarized in Figure 5. The structure obtained for differ-
ent deposition processes (PVD, PECVD, and thermal CVD), associated to their out-of-equilib-
rium level, is defined as a function of the aluminum content in the Ti1�xAlxN coatings. As fcc-
Ti1�xAlxN is a metastable phase, we could expect that higher aluminum content should be
obtained for the process with the highest out-of-equilibrium level, so for PVD processes.
However, as described above, higher aluminum content in the fcc phase is obtained for
LPCVD and PECVD processes. Atmospheric pressure CVD (APCVD) process, near to the
thermodynamic equilibrium, leads to relatively low aluminum contents in the fcc-Ti1�xAlxN
phase (about x = 0.4) [43].

3.2. Physical vapor deposition (PVD) of Ti1�xAlxN coatings

Vacuum cathodic arc deposition (CAD) process [50–53] is probably the most widely used PVD
technique on an industrial scale to prepare protective hard Ti1�xAlxN-based coatings on
cutting tools and forming molds [50, 54, 55]. The high ionization levels of cathodic arc

Figure 5. Crystallographic structures of Ti1�xAlxN coatings obtained for APCD, LPCVD, PECVD, and PVD processes
according to the aluminum content. “fcc” is related to the fcc-Ti1�xAlxN solid solution; “fcc + hcp” refers to a mix of fcc-
Ti1�xAlxN + hcp-Ti1�xAlxN for PVD coatings and to fcc-TiN + hcp-AlN for CVD and PECVD coatings; “hcp” refers to the
hcp-Ti1�xAlxN solid solution (data from [23, 27, 43, 46]).
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spinodal decomposition and then can increase the stability of the coating. Typically, the
decomposition of the solid solution occurs at temperatures between 700 and 900�C, depending
on the aluminum content in the as-deposited coating [23, 39]. LPCVD Ti1�xAlxN coatings with
aluminum content of about x = 0.8 deposited by Endler in 2008 have shown a particularly high
stability, with the first signs of decomposition at 1200�C [27]. The reasons for this exceptional
stability under vacuum conditions are not clearly defined. An increase of the thermal stability
of Ti1�xAlxN coatings can be achieved by adding elements as Si, Hf, or Ta [40–42].

3. Deposition of Ti1�xAlxN coatings

3.1. Crystallographic structure

As briefly described earlier in the thermodynamical description of the Ti-Al-N system, as-
deposited Ti1�xAlxN coatings have commonly three distinct structures: fcc, hcp, and a mix of
fcc and hcp. These crystallographic structures are obtained for both PVD and CVD coatings
and show a strong dependence on the aluminum content. For lower aluminum content,
aluminum atoms are considered to replace titanium atoms in the fcc-TiN structure and form
the single-phase fcc-Ti1�xAlxN. This phase is the desired one on tools for cutting operations,
needing high hardness, high thermal stability, and good oxidation resistance.

By increasing aluminum content in the films, a biphased structure appears. These phases are
cubic (fcc) and hexagonal (hcp), but their compositions depend on the deposition process.
Concerning PVD processes, for which condensation of a vapor on a cold substrate occurs, the
cooling rate are so high that deposition of metastable materials is expected. A mixture of fcc-
Ti1�xAlxN and hcp-Ti1�xAlxN can be observed, as reported by Chen et al. [23] for magnetron
sputtered coatings deposited at 500�C and a working pressure of 0.4 Pa. These results are in
agreement with the metastable diagram established by Cremer et al. (Figure 3). Concerning
the thermal CVD process, performed at high temperatures and then closer to the thermody-
namic equilibrium, a mixture of the stable phases fcc-TiN and hcp-AlN is generally reported
[23, 27]. The presence of fcc-AlN, in addition to the fcc-TiN and hcp-AlN phases, was also
found by Wagner et al. for APCVD coatings, forming a three-phase structure. The fcc-AlN
formation was attributed to the spinodal decomposition of the fcc-Ti1�xAlxN coatings, where
an excess of Al atoms in the fcc-Ti1�xAlxN solid solution leads to an increase of the demixing
energy and then cause the formation of fcc-AlN [43]. The aluminum content threshold, at
which this crystallographic transition occurs, depends on the deposition techniques and pro-
cess parameters (up to about x = 0.7 for PVD and up to x = 0.9 for CVD and PECVD). Anyway,
the presence of a mixture of these two phases is generally detrimental for both mechanical
properties and oxidation resistance of the films [7, 25, 26], except if a nanocomposite is formed
[44, 45]. This mixing of hcp and fcc structures remains up to x = 1 for coatings deposited by
CVD and PECVD processes [27, 44–46]. It should be noted, however, that the achievable
microstructures for LPCVD processes are a little bit more complex and very dependent of
process parameters. As denoted above, even though fcc-Ti1�xAlxN solid solutions were found
up to x = 0.9, the presence of nanocomposite structures was recently reported. The deposition
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of Ti0.05Al0.95N coatings, composed of an alternate of fcc-TiN/hcp-AlN nanolamellae embed-
ded in a Al-rich Ti1�xAlxN was thus found by Keckes et al. in 2013 [44]. More recently,
nanocomposite structures constituted by Ti-rich fcc-Ti1�xAlxN/Al-rich fcc-Ti1�xAlxN nanolam-
ellae (for 0.73 < x < 0.82) were also deposited in an industrial CVD facility [44, 47–49].

In the case of PVD, the deposition of a single-phase hcp-Ti1�xAlxN is observed for aluminum
contents above x ≈ 0.7. This phase is generally found to be detrimental for mechanical proper-
ties and oxidation resistance but some researchers found a better oxidation resistance for these
hcp-Ti1�xAlxN coatings deposited by unbalanced magnetron sputtering [23].

These microstructural changes are summarized in Figure 5. The structure obtained for differ-
ent deposition processes (PVD, PECVD, and thermal CVD), associated to their out-of-equilib-
rium level, is defined as a function of the aluminum content in the Ti1�xAlxN coatings. As fcc-
Ti1�xAlxN is a metastable phase, we could expect that higher aluminum content should be
obtained for the process with the highest out-of-equilibrium level, so for PVD processes.
However, as described above, higher aluminum content in the fcc phase is obtained for
LPCVD and PECVD processes. Atmospheric pressure CVD (APCVD) process, near to the
thermodynamic equilibrium, leads to relatively low aluminum contents in the fcc-Ti1�xAlxN
phase (about x = 0.4) [43].

3.2. Physical vapor deposition (PVD) of Ti1�xAlxN coatings

Vacuum cathodic arc deposition (CAD) process [50–53] is probably the most widely used PVD
technique on an industrial scale to prepare protective hard Ti1�xAlxN-based coatings on
cutting tools and forming molds [50, 54, 55]. The high ionization levels of cathodic arc

Figure 5. Crystallographic structures of Ti1�xAlxN coatings obtained for APCD, LPCVD, PECVD, and PVD processes
according to the aluminum content. “fcc” is related to the fcc-Ti1�xAlxN solid solution; “fcc + hcp” refers to a mix of fcc-
Ti1�xAlxN + hcp-Ti1�xAlxN for PVD coatings and to fcc-TiN + hcp-AlN for CVD and PECVD coatings; “hcp” refers to the
hcp-Ti1�xAlxN solid solution (data from [23, 27, 43, 46]).
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discharges and high ion energy can provide advantages such as enhanced adhesion required
for mechanical applications involving high loads. CAD allows deposition of a wide range of
hard compounds as nitrides or carbonitrides. However, CAD is also often associated to
macrodroplet generation that degrades the surface roughness of coatings. Droplets’ density in
the films, which is not redhibitory for cutting operations, has been significantly reduced thanks
to the development of high-performances cathodes. The current trend is to develop advanced
nanostructured hard coatings in order to enhance properties as hardness, toughness, and
oxidation resistance [54, 55]. The deposition of Ti1�xAlxN coatings by various PVD methods
was hugely documented since several decades. Then, this review will focus mainly on CVD
coatings and particularly on the thermal CVD process.

3.3. Chemical vapor deposition (CVD) of Ti1�xAlxN coatings

Thermal CVD deposition process is based on thermodynamic aspects, fluid mechanics, related
to the transport of gaseous precursors toward the substrates and kinetics of deposition,
allowing to synthetize metastable phases. Adjusting these parameters allows reaching a large
range of microstructure and morphologies. For example, the stabilization of the metastable fcc-
Ti1�xAlxN is the result of a low mobility of species at the substrate surface. Thus, low temper-
atures, high partial pressure, and low total pressure are required. Processes as LPCVD and
PECVD are now widely used in industrial plants for deposition of aluminum-rich Al-Ti-N
coatings. However, MOCVD processes remain rare, because of the highly volatile nature and
the high cost for preparing metalorganic precursors. Thus, regarding the lack of extended
literature on MOCVD Ti1�xAlxN coatings, the following parts will mainly focus on thermal
CVD and PECVD processes. Anyway, studies on MOCVD processes and specific precursors
are available in [21, 56–58].

3.3.1. Gaseous reactions

Although the deposition of Ti1�xAlxN coatings is widely performed by PVD and PECVD
processes, it is less common by thermal CVD processes. The good understanding of the
process needs to take into account a lot of parameters linked to thermal homogeneity and
distribution of gases. A detailed description of the fluid mechanics and thermic mechanisms
inside the reactor related to chemical vapor deposition systems is given in [59–63]. Here, we
briefly describe the gases production and reactions leading to the formation of coatings in the
Ti-Al-N system.

Deposition of TiN and AlN by thermal CVD is generally performed using metal chlorides as
TiCl4 and AlCl3. Gaseous TiCl4 is often generated with a bubbler by adjusting vapor pressure
in the TiCl4 tank but systems regulating directly the liquid flow of TiCl4 also exist. AlCl3 is
typically generated by in situ chlorination by passing HCl through Al platelets. Anderbouhr
et al. [64, 65] have also demonstrated the possibility to deposit Ti1�xAlxN coatings from TiCl3
and AlCl3 generated by passing Cl2, HCl, or TiCl4 on Ti-Al bulk alloys. However, the chlori-
nation conditions (temperature and pressure) could generate unwanted species, and particu-
larly solid <TiCl2> that precipitates below about 700�C [64]. This range of temperature is in the
common range used for generation of aluminum chlorides (300–400�C), in order to generate
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only AlCl3 and its dimer Al2Cl6 species. Thus, the direct chlorination of TiAl has to be realized
at temperatures above 700�C. The nitrogen source was initially N2, for the deposition on
carbide tools. NH3 is now commonly used, notably due to the development of microelectronics
industry. The lower stability of NH3 compared to that of N2 allows to react with TiCl4 and
AlCl3 at lower temperatures.

As previously said, the formation of the fcc-Ti1�xAlxN solid solution is envisioned to be the
result of the codeposition of the metastable fcc-AlN and stable fcc-TiN. The reaction process
using NH3 is considered to result mainly from the reactions (2) and (3):

6TiCl4 þ 8NH3 ! 6TiN þ 24HClþN2 (2)

AlCl3 þNH3 ! AlN þ 3HCl (3)

Other intermediate reactions forming complex molecules should also occur in the reactor
and in the exhaust system but their formation seems mainly to occur for APCVD process
[66, 67].

3.3.2. Morphology/microstructure

Thermal CVD deposition is highly dependent on the total pressure, partial pressure of pre-
cursors, as well as on the deposition temperature. An overall description of the effects of these
parameters could be summarized as follows [59, 68] and shown in Figure 6:

• High temperatures during deposition promote surface diffusion and adatom mobility,
leading to coarsening of the grains.

• In the same way, a low partial pressure (or a low supersaturation) allows better surface
mobility of atoms and then leads to coarse grains. Epitaxial coatings are then obtained for
high deposition temperatures and low partial pressure. High partial pressure and low
temperature rather give nanosized grains or amorphous coatings.

Figure 6. Summary of the typical microstructure of CVD coatings with regards to the deposition temperature and the
supersaturation [59].
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• The total pressure acting mostly on the diffusion in the boundary layer, a low total
pressure promotes diffusion in the boundary layer and the mass transport to the surface,
according to the Grove’s model [59]. Then, a higher supersaturation should be achieved
by lowering the working pressure.

Other parameters as distance of the substrate from gas inlet or discharge voltage for PECVD
techniques have also to be taken into account to optimize the morphology/microstructure of
the coatings.

TiN coatings obtained by CVD processes show generally columnar growth, according to the
Van der Drift model [69], and resulting from the competition between different crystalline
orientations. In fact, growth of grain is thermodynamically more favorable along some orien-
tations: the grains having these favorable orientations perpendicularly to the substrate surface
will be favored and will lead to column formation [69]. The preferential orientation depends
strongly on the process parameters (gas ratios, deposition temperature, partial pressure of each
precursors, etc.). As an example, for TiN coatings deposited at atmospheric pressure, Cheng
et al. found, at high temperature and high N2 partial pressure, a (200) texture while they found
a (110) texture at low temperature and high N2 partial pressure [70, 71]. In the same way, the
control of process parameters allows to achieve a wide range of morphologies [68]. Thus,

Figure 7. Microstructure of Ti1�xAlxN coatings for different aluminum content: (a) columnar structure of Ti0.92Al0.08N
deposited on silicon substrate by LPCVD [65]; (b) agglomerate-like structure of Ti0.23Al0.72N deposited on WC/Co
substrate by APCVD [43]; (c) nanocomposite fcc-Ti1�xAlxN/Al-rich fcc-Ti1�xAlxN arrangement forming cubes having the
(111) planes parallel to the surface [48].
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microstructures like agglomerate-like grains, lenticular-shaped grains, or star-shaped grains
were reported [70, 72–76].

In the case of Ti1�xAlxN, a strong dependence to Al content and process parameters is
observed. Thus, Anderbouhr et al. have deposited Ti1�xAlxN films by LPCVD in a laboratory
scale unit at temperatures from 600–1000�C and a pressure of 1130 Pa [64]. They found fine
columnar morphology (Figure 7a) up to x = 0.2 and glassy morphology for the highest aluminum
contents (x ≈ 0.7). Wagner et al. have deposited Ti1�xAlxN up to x = 0.72 in an industrial
thermal CVD unit and at atmospheric pressure [43]. As it should be seen in Figure 7b, they
also found columnar growth for low Al contents (single-phased fcc-Ti1�xAlxN structure) but
coarse agglomerate-like structure for highest value of x (biphased fcc-TiN/hcp-AlN structure).
These results confirm the influence of working pressure on grain coarsening: the LPCVD
process allows achieving higher supersaturation on the surface of the growing film and then
leads to a grain refinement. These coatings have generally no preferential orientation. How-
ever, the recent deposition of Ti0.18Al0.82N nanocomposites reveals the particular formation of
“cubes,” growing with the [111] direction perpendicular to the substrate surface (see
Figure 7c). XRD analysis revealed the presence of both Al-rich fcc-Ti1�xAlxN and Ti-rich fcc-
Ti1�xAlxN solid solutions. Further TEM analysis revealed the presence of coherent Ti-rich fcc-
Ti1�xAlxN/Al-rich fcc-Ti1�xAlxN nanolamellae. The lattice accommodation between these
lamellae was attributed to the self-adjustment of the Ti, Al, and N concentration near the
interface [48]. PECVD coatings also show a grain refinement with increasing aluminum incor-
poration [28, 46, 77]. Other parameters have to be taken into account in order to describe
coatings’ morphologies obtained by PECVD processes. An increase of the gas inlet distance
seems to lead to a fine-grain morphology. This evolution should be related to the increase of
the aluminum content and the drop of the nitrogen content in the coatings. The higher gas inlet
distance leads to substoichiometric coatings (only 35 at% of nitrogen in the coatings instead of
the 50 at% for stoichiometric coatings) and showing a mixture of fcc-Ti1�xAlxN and hcp-
Ti1�xAlxN phases [46]. Discharge voltage does not seem to influence directly the morphology
of coatings but influences the aluminum content.

3.3.3. Chemical composition and crystallographic structure

Chemical composition is one of the most important characteristics in Ti1�xAlxN coatings due
to its strong influence on the crystallographic structure. Since the crystallographic structure is
highly dependent on the aluminum content, researches led on Ti1�xAlxN coatings focused
mainly on the optimization of the aluminum content in the films, particularly in the fcc
structure, allowing to reach the particular mechanical and chemical properties of Ti1�xAlxN
films.

3.3.3.1. Aluminum content

Although the deposition of Ti1�xAlxN coatings is widely performed by PVD processes, it is
less common by PECVD and thermal CVD processes. Thus, PVD fcc-Ti1�xAlxN single-
phased coatings are limited to x = 0.67–0.7. As an example, the single-phase fcc-Ti1�xAlxN
was obtained up to x = 0.67 in films deposited by magnetron sputtering [23], up to 0.65 by
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phased coatings are limited to x = 0.67–0.7. As an example, the single-phase fcc-Ti1�xAlxN
was obtained up to x = 0.67 in films deposited by magnetron sputtering [23], up to 0.65 by

Ti-Al-N-Based Hard Coatings: Thermodynamical Background, CVD Deposition, and Properties. A Review
http://dx.doi.org/10.5772/intechopen.79747

183



cathodic arc deposition [78, 79] and up to 0.71 by high-power impulse magnetron sputtering
(HiPIMS) [80]. This limit is consistent with the metastable solubility limit predicted by
thermodynamic and ab initio calculations. In contrast, CVD processes allow to deposit fcc
structure with higher aluminum contents. Even though the possibility to deposit fcc-
Ti1�xAlxN at atmospheric pressure (APCVD) and at relatively low temperatures (<700�C)
was demonstrated by Wagner et al. [43], the morphological aspects of the coatings and the
associated bad mechanical properties for high aluminum contents lead to some limitations
for APCVD processes. It seems thus difficult to deposit performant Ti1�xAlxN coatings by
APCVD with an aluminum content higher than 0.4. However, LPCVD development has led
to achieve deposition of aluminum-rich coatings with good mechanical properties and hav-
ing aluminum contents higher than that reached at atmospheric pressure. Anderbouhr et al.
have thus shown the possibility to deposit the fcc-Ti1�xAlxN solid solution up to x ≈ 0.7 by a
LPCVD process using titanium and aluminum chlorides [64, 65]. Later, Endler et al. obtained
fcc-Ti1�xAlxN up to x = 0.9 at 800�C and pressure < 10 KPa [27]. Fcc-Ti1�xAlxN coatings with
x ≈ 0.8 and deposited at pressure below 50 mbar are notably industrially used [81]. These
CVD coatings were deposited with AlCl3/TiCl4 gas ratio > 1, due to the higher stability of
AlCl3 than that of TiCl4. An increase of the AlCl3/TiCl4 ratio leads to a rise of the aluminum
content in the coating [27, 43, 64]. As shown in Figure 8, the same dependence is observed
for PECVD coatings [28, 29]. As specified previously, discharge voltage and gas inlet dis-
tance from the substrate strongly influence the chemical composition. Increasing discharge
voltage favors aluminum incorporation in the coatings [28, 46]. In the same way, increasing
distance from gas inlet strongly increases the aluminum content and, as a consequence, leads
to granular microstructure [46].

The reason for the huge gap between the metastable solubility limits of aluminum in the fcc-
TiN structure obtained for different deposition processes (around 0.7 for PVD, 0.9 for LPCVD
and PECVDmethods) is only poorly discussed in literature. However, Mayrhofer et al. [82] led
ab initio calculations to study the influence of the distribution of Al atoms substituting Ti in the

Figure 8. Evolution of the aluminum content in the Ti1�xAlxN coatings vs. AlCl3/TiCl4 ratio for PECVD coatings
deposited at 500�C and about 670 Pa [83].
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fcc-TiN structure. They found that the aluminum distribution giving the lowest quantity of Ti-
Al bonds led to high solubility limit. Their results showed notably an increase of the solubility
limit from x = 0.64 to x = 0.74 only by changing the atomic distribution of Al and Ti. Thus, they
concluded that the distribution of the aluminum atoms in the lattice is one of the factors
explaining the high solubility limit obtained for PECVD and LPCVD coatings.

3.3.3.2. Impurities

Another factor that should influence properties of the coatings is the chlorine incorporation
after CVD deposition. Concerning CVD process, for which the temperature is the key factor,
higher deposition temperatures promote precursor dissociation and thus lead to a decrease
of the chlorine content in the coatings. However, a rise of the aluminum precursor flow rate
leads to an increase of the Cl content in the film [43, 77, 83]. Concerning PECVD process, an
increase of the discharge voltage leads to a better dissociation of species and thus reduces Cl
content in the coatings [28, 46]. In the same way, increasing gas inlet distance leads to a
higher dissociation of Al precursor and then to decrease the Cl content [46]. Oxygen is also
generally identified as a detrimental element for the properties of the coatings. However,
while several studies describe the mechanisms responsible for the oxide formation (the
oxygen diffusion notably) during annealing of the Ti1�xAlxN coatings, no studies were
found concerning the effect of the oxygen content on the properties of the coatings (except
the oxide scale formation).

4. Properties of Ti1�xAlxN coatings

Ti1�xAlxN coatings are now extensively used for machining applications, where good mechan-
ical and chemical properties are needed in order to ensure the stability of the coatings in in-
service conditions. These properties are strongly dependent on the chemical composition of the
coating and the working temperature, which could lead to a change in structure of the coating.
Properties as hardness and oxidation resistance are then reviewed with respect to the alumi-
num content in the fcc-Ti1�xAlxN phase and deposition temperature.

4.1. Mechanical properties

4.1.1. Hardness

4.1.1.1. Al-content dependence of hardness

Hardness of the coating is a key property for increasing the wear resistance and improving
the tool lifetime of the cutting tools. The hardness of coatings is generally characterized by
mean of nanohardness tests. Among the mechanical properties of Ti1�xAlxN coatings, the
hardness is only indirectly related to the aluminum content via the crystallographic struc-
ture. Thus, an increase of the aluminum content in the fcc-Ti1�xAlxN phase leads to an
increase of the hardness. The main mechanism is solid solution hardening: the substitution
of Ti by Al atoms in the fcc-TiN leads to a lattice distortion and thus limits the motion of
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increase of the hardness. The main mechanism is solid solution hardening: the substitution
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dislocations [28]. Above an aluminum content threshold, a mixture of two phases, the cubic
and hexagonal structures, is deposited. The presence of the hcp phase, observed for about
x = 0.7 in Ti1�xAlxN, leads to a drop in hardness of the coatings [8, 23], as it can be seen in
Figure 9. Highest aluminum contents lead, as specified earlier, to the deposition of hcp-
Ti1�xAlxN single-phased coatings, when a PVD method is used, associated with lower
hardness. The hardness of some coatings deposited by PVD, CVD, and PECVD methods
related to the structure and process parameters is summarized in the table given in Appen-
dix A. It can be seen that PVD Ti1�xAlxN monolayer coatings generally show hardness
between 25 and 30 GPa. Concerning CVD processes, for which the aluminum content in the
fcc-Ti1�xAlxN solid solution can reach values up to x = 0.9, hardness up to 32.4 GPa was
reported. Nanocomposite structures consisting of an alternate of fcc and hcp nanolamellae
were found to have a relatively high hardness (≈26 GPa) compared to other hcp-AlN-
containing coatings [45]. Higher hardness (36 GPa) was then obtained for fcc-Ti1�xAlxN/Al-
rich fcc-Ti1�xAlxN nanocomposites [47]. PECVD techniques, due to their high out-of-equilib-
rium nature, also allow to deposit coatings which are fcc-Ti1�xAlxN single-phased with x
values up to ≈0.91, as reported by Prange et al. [28]. The highest hardness of single-phased
coatings in this study was found for the fcc-Ti0.17Al0.83N with value of 38.7 GPa. Coatings
with aluminum content higher than 0.91 were deposited and hardness up to 5000 HV
(≈49 GPa) was reached. However, this huge increase in hardness is mainly attributed to the
biphased nanocrystalline structure associated with a significant grain refinement. The large
range of hardness observed for these different deposition processes can be explained by the
high dependence of hardness to many parameters as the grain size (according to the Hall-
Petch law), residual stresses, morphology, and structure of coatings [28, 84–87].

Figure 9. Evolution of hardness vs. aluminum content in coatings deposited by cathodic arc ion plating [25].
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4.1.1.2. Temperature dependence of hardness

The nitrides, like TiN, show a sharp decrease in hardness at temperatures above 400�C, because
of mechanisms as restauration and recrystallization [19]. However, alloying with elements theo-
retically immiscible in TiN like aluminum allows changing completely the temperature depen-
dence of the hardness. The evolution of the hardness as a function of temperature is related to
the thermal stability of the material and to its decomposition process. The coherent spinodal
nature of the decomposition of fcc-Ti1�xAlxN can only lead to the formation of fcc-TiN and fcc-
AlN with coherent interfaces, where the lattice mismatch allows hindering the dislocations’
movement and so resulting in an increase of hardness. This behavior is responsible of the so-
called age-hardening effect observed in Ti1�xAlxN coatings. However, the peak of hardness is
not observed at the same temperature for all coatings but depends also on the aluminum content
in the films. Thus, an fcc-Ti1�xAlxN coating with aluminum content close to the apparent solub-
ility limit (for example, 0.7 for PVD coatings) has higher demixing energy than coatings with
lower aluminum contents and has a trend to decompose more easily, as predicted by thermody-
namical and ab initio calculations [29]. These calculations are in agreement with experimental
studies showing that the age-hardening occurs earlier for Al-rich coatings. Chen et al. [23] have
thus led a study of the mechanical properties and thermal stability of Ti1�xAlxN coatings deposi-
ted by unbalanced magnetron sputtering process at 500�C, 0.4 Pa, and bias voltage of �60 V.
They clearly show that the temperature corresponding to the maximum hardness decreases
when Al content increases. This behavior is shown Figure 10.

Figure 10. Evolution of hardness vs. annealing temperature for coatings with different aluminum contents deposited by
unbalanced magnetron sputtering [23].
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It is also important to note that an enhancement of the hardness with temperature was also
observed in this study for an hcp-Ti0.25Al0.75N single-phased film [23]. Based on XRD analysis,
the authors proposed that this hardness enhancement is related to the formation of fcc-TiN
precipitates. This age-hardening effect can also be observed for nanocomposite coatings with
high hardness stable up to 1100�C, while the “standard” fcc-Ti1�xAlxN solid solution coatings
show a significant drop of hardness for temperatures above 1000�C [45, 47].

4.1.2. Residual stresses

Residual stresses act strongly on the mechanical properties of coatings. Compressive stresses
lead to better wear resistance, especially for adhesive wear at high temperature, by reducing
diffusion in the coating. However, a too high level of compressive stress can lead to cohesive
and/or adhesive spalling. For this reason, studies aim generally at obtaining coatings with the
smallest residual stresses. CVD coatings show generally lower residual stresses than PVD
coatings because of the atomic peening of the growing film, which leads to local densification
and so, to additional compressive stresses in PVD coatings.

Residual stresses are decomposed into two contributions: the thermal stresses, related to the
difference of coefficient of thermal expansion between the substrate and the coating; and the
intrinsic stresses, related to the process parameters and to morphology. The flux and kinetic
energy of species in the PVD processes, particularly those involving high ionization dis-
charges, can generate a local densification of the coating (atomic peening), leading to compres-
sive stresses, while, under low bombardment conditions, a columnar growth is associated to
tensile or low compressive stresses, depending on the intercolumnar distance, according to the
Hoffman model [88].

Residual stresses are generally measured using the substrates’ curvature technique and calcu-
lated by the Stoney’s formula. Values obtained in different studies are difficult to compare
because of the strong dependence to many factors. First, the “material” factors such as thick-
ness of coating, texture, presence of underlayer as TiN [27], TiAl, Ti1�xAlxN with gradual Al
content [89], or nature of substrate influence strongly the residual stresses after deposition.
Moreover, process parameters also play a role in the evolution of stresses, as deposition
temperature or bias voltage [90]. Ahlgren et al. [90] have thus shown that increasing the bias
voltage during the deposition of arc deposited Ti1�xAlxN leads to a significant increase of the
residual stresses in the coating. Stresses of �1.69 GPa were then obtained for a bias voltage of
�40 V, while values of �5.59 GPa were found at bias voltage of �200 V.

Shum et al. led a structural and mechanical study of Ti1�xAlxN films with respect to the Al
content [91]. The films were deposited by reactive close-field unbalanced magnetron
sputtering and high compressive stresses (≈ � 3 GPa) were measured for TiN. This result was
related to the low deposition pressure of 0.27 Pa, which favors an intense bombardment of the
growing film. They found that Al incorporation up to x = 0.41 leads to a significant decrease of
the residual stresses (Figure 11). For this Al content, the lowest compressive stresses of about
�0.35 GPa were measured and they attributed these results to the presence of amorphous AlN
around Ti1�xAlxN grains. When aluminum content is further increased, the residual stresses
rise up to value of ≈ � 1.5 GPa for pure AlN (Figure 11). This behavior was linked to the
increasing fraction of hcp-AlN.
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PVD coatings deposited on WC/Co carbides show compressive stresses between �1 and � 5
GPa [26, 90] and values above 5 GPa are reported to cause delamination of the film deposited
by cathodic arc deposition [90]. Concerning thermal CVD coatings, Endler et al., who depos-
ited fcc-Ti1�xAlxN single-phased films with x = 0.82 on WC/Co obtained compressive stress
less than 1 Gpa, partly due to the presence of a TiN sublayer [27]. The residual stresses
measured on coatings obtained by different deposition techniques are summarized in the table
in Appendix A.

4.2. Oxidation resistance

4.2.1. Overall mechanisms

During machining operations, cutting tools are subjected, in addition to mechanical stresses,
to high temperatures, that can reach 1000�C [92], which can lead to severe oxidation and
consequently to altered properties of the film. The oxidation resistance of Ti1�xAlxN coatings
is generally associated to the formation of a dense Al2O3 diffusion barrier layer that protects
Ti1�xAlxN against further oxidation. However, oxidation mechanisms are complex and the
evolution of the structures as a function of the aluminum content has a strong influence on the
oxidation behavior of the coatings. Nevertheless, although oxidation mechanisms are not now
completely defined, it is widely accepted that the formation of the oxide phase is the conse-
quence of the outward diffusion of Al associated with the inward diffusion of O [7, 93–95].
Moreover, analysis performed by RBS (and later by NRA [95]) shows that oxidation is associ-
ated to a nitrogen loss. This suggests that, in the first steps of oxidation, N is substituted by O,
and oxides and/or oxinitrides such as (Ti, Al)NxOy are formed. With further oxidation, the
composition of the system evolves progressively toward the pure Al2O3 and TiO2 layers as
a function of oxidation parameters. With increasing oxidation time or temperature, Ti begins
to oxidize to form rutile r-TiO2. The formation of this oxide can lead to crack formation
in the Al2O3 protective layer, acting as diffusion paths for oxygen and leading to the complete
oxidation of the coatings. Titanium atoms, by passing through these cracks, lead to the formation

Figure 11. Evolution of the residual stresses vs. aluminum content in Ti1�xAlxN thin films deposited by reactive unbal-
anced magnetron sputtering [91].
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content [89], or nature of substrate influence strongly the residual stresses after deposition.
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the residual stresses (Figure 11). For this Al content, the lowest compressive stresses of about
�0.35 GPa were measured and they attributed these results to the presence of amorphous AlN
around Ti1�xAlxN grains. When aluminum content is further increased, the residual stresses
rise up to value of ≈ � 1.5 GPa for pure AlN (Figure 11). This behavior was linked to the
increasing fraction of hcp-AlN.

Coatings and Thin-Film Technologies188

PVD coatings deposited on WC/Co carbides show compressive stresses between �1 and � 5
GPa [26, 90] and values above 5 GPa are reported to cause delamination of the film deposited
by cathodic arc deposition [90]. Concerning thermal CVD coatings, Endler et al., who depos-
ited fcc-Ti1�xAlxN single-phased films with x = 0.82 on WC/Co obtained compressive stress
less than 1 Gpa, partly due to the presence of a TiN sublayer [27]. The residual stresses
measured on coatings obtained by different deposition techniques are summarized in the table
in Appendix A.

4.2. Oxidation resistance

4.2.1. Overall mechanisms

During machining operations, cutting tools are subjected, in addition to mechanical stresses,
to high temperatures, that can reach 1000�C [92], which can lead to severe oxidation and
consequently to altered properties of the film. The oxidation resistance of Ti1�xAlxN coatings
is generally associated to the formation of a dense Al2O3 diffusion barrier layer that protects
Ti1�xAlxN against further oxidation. However, oxidation mechanisms are complex and the
evolution of the structures as a function of the aluminum content has a strong influence on the
oxidation behavior of the coatings. Nevertheless, although oxidation mechanisms are not now
completely defined, it is widely accepted that the formation of the oxide phase is the conse-
quence of the outward diffusion of Al associated with the inward diffusion of O [7, 93–95].
Moreover, analysis performed by RBS (and later by NRA [95]) shows that oxidation is associ-
ated to a nitrogen loss. This suggests that, in the first steps of oxidation, N is substituted by O,
and oxides and/or oxinitrides such as (Ti, Al)NxOy are formed. With further oxidation, the
composition of the system evolves progressively toward the pure Al2O3 and TiO2 layers as
a function of oxidation parameters. With increasing oxidation time or temperature, Ti begins
to oxidize to form rutile r-TiO2. The formation of this oxide can lead to crack formation
in the Al2O3 protective layer, acting as diffusion paths for oxygen and leading to the complete
oxidation of the coatings. Titanium atoms, by passing through these cracks, lead to the formation

Figure 11. Evolution of the residual stresses vs. aluminum content in Ti1�xAlxN thin films deposited by reactive unbal-
anced magnetron sputtering [91].

Ti-Al-N-Based Hard Coatings: Thermodynamical Background, CVD Deposition, and Properties. A Review
http://dx.doi.org/10.5772/intechopen.79747

189



of a porous and detrimental r-TiO2 top layer [40]. The oxidation behavior is thus mainly
dependent on the aluminum content in the coating and on the oxidation temperature.

4.2.2. Aluminum content dependence of oxidation resistance

Most of the studies on Ti1�xAlxN coatings focus on the necessity to increase aluminum incor-
poration in the coatings in order to promote better oxidation resistance. Actually, a continuous
decrease of the oxide thickness is observed with increasing aluminum content in the coating
[23], which indicates that the oxide layer prevents the coating from further oxidation. How-
ever, the oxidation resistance seems to be more related to the crystallographic structure (fcc,
hcp, or mixed fcc/hcp), which is linked to the aluminum content, rather than a direct depen-
dence to aluminum content.

Vaz et al. have summarized the evolution of the formed oxide layer regarding the temperature
and aluminum content (Figure 12). It was shown that oxidation resistance increases with
increasing the aluminum content in the coating as long as the films remain fcc single-phased
(up to x = 0.65 in this study) [24]. These results are in accordance with later experiments where
oxide thickness decreased with increasing aluminum content [23, 95]. According to the results
of Vaz et al., although a small amount of Ti and Al remains in the Al-rich top layer and Ti-rich
sublayer, respectively, the oxides formed at high temperatures and for low aluminum content

Figure 12. Schematic diagram summarized the temperature and aluminum content dependences of Ti1�xAlxN coatings
oxidation [24].
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are assumed to be almost “pure” Al2O3 and TiO2. However, with increasing x in the as-
deposited fcc-Ti1�xAlxN coatings, higher aluminum contents were found in the Ti-rich
interlayer. Thus, this Ti-rich layer cannot be attributed to TiO2 but rather to a mixed
aluminum-titanium oxide such as (Ti0.9Al0.1)Ox oxide. Other studies also report that the oxide
layer formed during oxidation at high temperature (above 800�C) is mainly composed of an
AlxTiyOz oxide [7, 23]. These results are consistent with the higher oxidation resistance
observed for Al-rich fcc-Ti1�xAlxN and it suggests that higher aluminum concentration, by
the formation of a dense AlO3 top layer, hinders oxygen diffusion and limits the formation of
the porous and detrimental r-TiO2.

Increasing aluminum content leads to the formation of the fcc/hcp biphased structure. Many
studies show that this material has a poor oxidation resistance [24, 25]. A further increase of
the aluminum content leads to the stabilization of the hcp-Ti1�xAlxN or hcp-AlN (depending
on the deposition temperature). These coatings were found by Vaz et al. to be totally composed
of the AlxTiyOz oxide at 850�C. Although Ti1�xAlxN coatings with hcp single-phased structure
are generally found to have the worse oxidation resistance [24, 95], Chen et al. found an
unexpected high oxidation resistance for hcp-Ti0.25Al0.75N single-phased coatings [23]. CVD
or PECVD coatings with fcc single-phased structure obtained for x above 0.7 seem to have a
better resistance than PVD coatings (with lower aluminum content). Thus, Prange et al. found
no presence of the detrimental TiO2 for Ti0.21Al0.79N coatings oxidized at 800�C during 1 h [28],
while Ti0.18Al0.82N coatings deposited by LPCVD were found to oxidize only at temperatures
above 900�C [27]. Similar results were obtained for hcp/fcc Ti0.05Al0.95N nanocomposite coat-
ings, with the first signs of Al2O3 and TiO2 at a temperature of 950�C [45].

4.2.3. Temperature dependence of oxidation resistance

According to the results of Vaz et al. [24], coatings oxidized at lowest temperatures (below
600�C) are only composed of titanium-aluminum oxinitrides, while, for coatings oxidized at
higher temperatures, Ti1�xAlxOy oxides are observed [96]. These experiments confirm that, at
the lowest temperatures, only a part of the nitrogen atoms are “substituted” by oxygen and
escapes through the gas phase by forming N2. The Ti and Al contents were also found to be the
same than that of the as-deposited coatings, annealed at low temperature. However, high
temperatures favor the formation of Al2O3 and the Al and Ti contents in this oxide layer tend
obviously to be different than that of the as-deposited coatings.

4.3. Wear resistance

4.3.1. General wear mechanisms

The wear aspects take a large place in the research on hard coatings. During machining, wear
is the consequence of a combination of mechanical and chemical solicitations. The wear
mechanisms are also very dependent on the type of machining, tool geometry, material to be
machined, materials used for tool and coatings. Thus, this part is focused only on the descrip-
tion of the general wear mechanisms needed for the understanding of the wear properties of
Ti1�xAlxN coatings rather than an exhaustive description of these mechanisms.
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Ti1�xAlxN coatings rather than an exhaustive description of these mechanisms.
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Wear can be divided into three steps, illustrated in Figure 13 and showing the evolution of the
flank wear of twist drills. Firstly, roughness can cause abrasive wear and the asperities are
“removed” after welding to the cutting tool. This step is related to a high friction coefficient
[64] associated with high wear rates [97]. The second step is characterized by both adhesive
and abrasive wears. With increasing the cutting time, the continuous removal of workpiece
particles by adhesive wear acts as a third-body, leading to abrasive wear. In this stage, the wear
slowly increases linearly with time. The last stage is characterized by high wear rates leading
to failure of the cutting tool [98]. The use of coatings as Ti1�xAlxN, because of their high
hardness and diffusion barrier properties, allows to limit the abrasive and adhesive wears.
The Al2O3 dense layer formed during cutting operations is also considered as the main factor
responsible for the wear resistance of Ti1�xAlxN coatings.

However, in addition to the wear mechanisms previously defined, coated tools are subjected to
peening due to mechanical and thermal stresses, leading to the appearance of fatigue cracks
that grow until coating failure [99]. Resistance to cracking of a coating can be estimated by the
plastic deformation ratio, given by H3=E∗² with E∗ ¼ E= 1� ν2

� �
, where H is the hardness, E*,

the effective Young modulus, E, the young modulus, and ν, the Poisson ratio of the coating.
Better resistance to cracking could be obtained for the highest H3=E∗² values [78, 87, 100, 101].
Further details on wear mechanisms are given in [99, 102–105].

4.3.2. Coefficient of friction (COF)

The friction coefficient plays a key role in the first step of wear mechanisms, where a high wear
rate is observed. However, the friction coefficient is dependent of many parameters such as the
nature of the workpiece material, loading force, or growth direction of the coating [106, 107].
For these reasons, results available in literature show a high dispersion. Then, values of
1.4 were found for arc-deposited TiN sliding against M2 steel [108]. High values of about 1
were also obtained for CVD TiN coatings sliding against Al2O3. However, lower values of 0.3
to 0.45 were found for unbalance magnetron sputtering TiN against M42 steel [91]. These

Figure 13. Three-step evolution of the flank wear of drills during drilling operations [97].
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lower values are reported to be due to the very thin oxide layer of several nanometers resulting
from the elevation of the temperature at the contact interface between tool and workpiece.

Regarding the work of Shum et al. [91], addition of a small amount of aluminum in TiN leads
to a huge increase of the COF (up to x ≈ 0.6). A further increase of the aluminum content does
not seem to strongly affect the COF, which stabilizes around 0.5 for x = 0.6. These results are
confirmed for high aluminum contents in PACVD films [28]. In this study, both monophased
films (x = 0.79) and biphased coatings (x = 0.96) have a COF around 0.5.

The temperature dependence of the COF does not seem to be clearly defined. Ohnuma et al.
thus studied friction of Ti0.6Al0.4N, Ti0.42Al0.58N, and Ti0.3Al0.7N coatings with fcc, fcc + hcp,
and hcp structures, respectively, against AISI 304 material [109]. Measurements were
performed at temperatures between 300 and 873 K. All coatings showed a COF between 0.6
and 0.9. Although a minimum value of 0.6 was found at 473 K for all coatings, no clear
correlation between COF and temperature was found and the evolution of the COF vs.
temperature could not be explained.

4.3.3. Wear properties of Ti1�xAlxN coatings

Wear behavior is generally determined by studying the wear track obtained by pin-on-disc
method [109] or multipass scratch test [91]. The results are highly dependent on many factors
such as material characteristics (substrate, counterbody), deposition parameters, and testing
parameters (critical loading force). It is thus difficult to make an exhaustive state of the art of
the wear behavior. However, some overall results or trends can be identified.

Tests at room temperature seem to be highly related to the structure of the coatings. Studies
show generally an increase of the wear resistance with increasing aluminum content in the fcc-
Ti1�xAlxN single-phased coatings, while the coatings with an fcc/hcp biphased structure, or
only with the hcp structure, have a lower wear resistance [26, 64, 109, 110]. These results are
consistent with the evolution of the hardness as a function of the aluminum content in the
Ti1�xAlxN coatings, influencing strongly the abrasive wear resistance of the coating. Tests
performed at high temperatures show that Ti1�xAlxN coatings have a better wear resistance
than that of TiN. Ohnuma found thus a diminution of the wear track depth for temperatures
above 600�C for Ti1�xAlxN coatings whatever the structure, as shown in Figure 14. This
behavior was related to the formation of the Al2O3 oxide layer, known to prevent adhesive

wear [109]. Regarding the plasticity index H3=E∗2, measurements show generally values above
0.1 [87] for Ti1�xAlxN coatings, allowing to have better erosion resistance than other common
nitrides such as TiN, CrN, or CrAlN [101].

4.3.4. In-service behavior of Ti1�xAlxN coatings

Even though the previously defined wear tests allow to estimate the wear behavior of
Ti1�xAlxN coatings, machining tests are generally performed to determine accurately the in-
service behavior of the coatings. The combined effects of several factors as stress and temper-
ature, as well as tool geometry, can act strongly on the wear behavior of the coated tool. In the
case of Ti1�xAlxN coatings, only few literature is available on the influence of aluminum
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lower values are reported to be due to the very thin oxide layer of several nanometers resulting
from the elevation of the temperature at the contact interface between tool and workpiece.

Regarding the work of Shum et al. [91], addition of a small amount of aluminum in TiN leads
to a huge increase of the COF (up to x ≈ 0.6). A further increase of the aluminum content does
not seem to strongly affect the COF, which stabilizes around 0.5 for x = 0.6. These results are
confirmed for high aluminum contents in PACVD films [28]. In this study, both monophased
films (x = 0.79) and biphased coatings (x = 0.96) have a COF around 0.5.

The temperature dependence of the COF does not seem to be clearly defined. Ohnuma et al.
thus studied friction of Ti0.6Al0.4N, Ti0.42Al0.58N, and Ti0.3Al0.7N coatings with fcc, fcc + hcp,
and hcp structures, respectively, against AISI 304 material [109]. Measurements were
performed at temperatures between 300 and 873 K. All coatings showed a COF between 0.6
and 0.9. Although a minimum value of 0.6 was found at 473 K for all coatings, no clear
correlation between COF and temperature was found and the evolution of the COF vs.
temperature could not be explained.

4.3.3. Wear properties of Ti1�xAlxN coatings

Wear behavior is generally determined by studying the wear track obtained by pin-on-disc
method [109] or multipass scratch test [91]. The results are highly dependent on many factors
such as material characteristics (substrate, counterbody), deposition parameters, and testing
parameters (critical loading force). It is thus difficult to make an exhaustive state of the art of
the wear behavior. However, some overall results or trends can be identified.

Tests at room temperature seem to be highly related to the structure of the coatings. Studies
show generally an increase of the wear resistance with increasing aluminum content in the fcc-
Ti1�xAlxN single-phased coatings, while the coatings with an fcc/hcp biphased structure, or
only with the hcp structure, have a lower wear resistance [26, 64, 109, 110]. These results are
consistent with the evolution of the hardness as a function of the aluminum content in the
Ti1�xAlxN coatings, influencing strongly the abrasive wear resistance of the coating. Tests
performed at high temperatures show that Ti1�xAlxN coatings have a better wear resistance
than that of TiN. Ohnuma found thus a diminution of the wear track depth for temperatures
above 600�C for Ti1�xAlxN coatings whatever the structure, as shown in Figure 14. This
behavior was related to the formation of the Al2O3 oxide layer, known to prevent adhesive

wear [109]. Regarding the plasticity index H3=E∗2, measurements show generally values above
0.1 [87] for Ti1�xAlxN coatings, allowing to have better erosion resistance than other common
nitrides such as TiN, CrN, or CrAlN [101].

4.3.4. In-service behavior of Ti1�xAlxN coatings

Even though the previously defined wear tests allow to estimate the wear behavior of
Ti1�xAlxN coatings, machining tests are generally performed to determine accurately the in-
service behavior of the coatings. The combined effects of several factors as stress and temper-
ature, as well as tool geometry, can act strongly on the wear behavior of the coated tool. In the
case of Ti1�xAlxN coatings, only few literature is available on the influence of aluminum
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content in Ti1�xAlxN during machining tests like milling or drilling. However, it appears that
even small amounts of aluminum in TiN coatings lead to a strong increase of the tool lifetime
[50, 64, 111]. Hörling et al. also showed that increasing aluminum content in the cubic
Ti1�xAlxN single-phased coatings led to a continuous increase of the tool lifetime until
x ≈ 0.66 (Figure 15). This behavior should be related to the higher hardness as well as a better
oxidation resistance [26, 110]. A further increase of the aluminum content leads to a drop of the
tool lifetime due to the presence of hcp-AlN with poor mechanical properties.

More details about the influence of machining parameters (cutting speed, cutting tool material,
and geometry) on the wear and breakage mechanisms of Ti1�xAlxN-coated tools during

Figure 14. Evolution of wear track depth vs. temperature for coatings with different crystallographic structures (single-
phase cubic for x = 0.4, two-phase cubic/hexagonal for 0.58, and single-phase hexagonal for x = 0.7) [109].

Figure 15. Evolution of the tool lifetime vs. Al content for Ti1�xAlxN coatings [26].

Coatings and Thin-Film Technologies194

machining of high-speed steel, Ni-based superalloys, aluminum and titanium alloys are
reported in [99, 112–114], respectively.

5. Summary

In this chapter, the thermodynamical basis, deposition, and some mechanical and chemical
properties of coatings based on Ti1�xAlxN and Ti1�xAlxSiyN have been reviewed. The general
mechanisms (hardening effect, oxidation mechanisms, and wear mechanisms) associated to
these properties were also discussed by pointing out the influence of the temperature and the
aluminum content in the films. Increasing aluminum content induces structural changes that are
directly associated with the properties. The high thermal stability and the age-hardening effect,
observed in titanium-aluminum nitride-based coatings, are related to the coherent spinodal
decomposition in the Ti-Al-N system. Concerning elaboration by means of CVD based pro-
cesses, the stabilization of the fcc-Ti1�xAlxN metastable solid solution can be achieved by a
combination of relatively low deposition temperatures, high partial pressures of reactive pre-
cursors, and low total pressure. As-deposited monolayer coatings show a higher hardness and a
better oxidation resistance when aluminum content is increased. Hardness up to about 30 GPa
and stability in air up to 800�C have been measured. These values outperform the typical values
of about 25 GPa for hardness and 500�C for the temperature of starting oxidation found for usual
TiN coatings. These properties are related to the B1-structure observed for Ti1�xAlxN coatings
with x up to 0.7 for PVD and 0.9 for PACVD and CVD processes. In in-service conditions, an
increase of hardness and oxidation resistance is also observed. The increased hardness is related
to the so-called age-hardening effect observed at elevated temperature (≈800�C) in the Ti-Al-N
system and the enhancement of oxidation resistance is associated to the formation of a dense and
protective Al2O3 top-layer. The adjustment of the aluminum content and the control of the
cutting parameters lead to better wear resistance and tool lifetime in machining operations, for
which both high mechanical and chemical stabilities are required.
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Abstract

Thin film technology has a world-wide reputation in the field of thin film deposition 
process and also it paves a way for innovative techniques in large scale applications. 
Modern thin film technology has evolved into a sophisticated way to increase the per-
formance and esthetic value for making new functional devices. One such application is 
search of new materials for thin film solar cells as it provides the solution for the today’s 
concern of energy crisis. Depending on the processing technology solar cells are of vari-
ous types. Among them, silicon wafer solar cells and thin film solar cells are most promis-
ing. Thin film technology has made solar cells more feasible to be employed in terms of 
device design and fabrication. The efficiencies produced by these solar cells still need to 
be improved. For this many investigations for further improvement from CIGS (copper 
indium gallium selenide) solar cell to dye sensitized solar cells and perovskite solar cells. 
Due to toxic nature and environmental impact the use of lead in perovskite solar cells are 
replaced by tin or some materials which would equalize the achieved efficiency of lead. 
Hence the developments in search of innovative materials continue its path in thin film 
solar cells to develop the photovoltaic field by enhancing its efficiency.

Keywords: solar cell, physical vapor deposition, drop casting, interfacial impact, 
efficiency

1. Introduction

Energy is the key factor for any living creature to exist in the universe. With the advent of 
industrialization and increase in population led to a surge in the crisis for energy. The reduc-
tion of our dependence on fossil fuels (oil, coal and natural gas), as well as the evolution 
towards a cleaner future requires the large deployment of sustainable renewable energy 
sources. Among them solar energy is the most abundant and is available throughout the year. 
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Moreover the solar energy has the greatest potential to fulfill the thirst for energy and the 
need for innovation of clean and eco-friendly technologies. In this perspective developing 
solar cells is one of the best approaches to convert solar energy into electrical energy based on 
photovoltaic effect. Depending on the cell material and the processing techniques solar cells 
are of two kinds based on wafer and thin film. Thin film solar cells have the key advantage of 
their dimensionality, having thickness a fraction of other types of solar cells and it is attrac-
tive in terms of cost factor with minimum material usage [1]. However thin film solar cells 
promise to achieve the goal with the low cost and high efficiency from CIGS to dye sensitized 
solar cells and recently with the advent of perovskite based materials for solar cells.

2. Preparation of thin film solar cells

To prepare solar cell there are variety of methods and materials are used, among them thin 
film solar cells are unique. In this chapter the historical background and the emergence of new 
techniques in the growth of thin film solar cells such as CIGS, dye sensitized solar cells and 
perovskite solar cells are presented.

2.1. CIGS thin film solar cells

Copper indium gallium selenide (CIGS) based solar cells are receiving worldwide attraction 
for solar power generation. These materials absorb light at a rate of 10–100 times more effi-
cient compared with silicon-based solar cells, thus the thickness of the films obtained in the 
order of a few microns. The major advantage of this technology is attributed as of low raw 
material usage with less complex procedure for manufacturing. CIGS solar cells exhibit high 
radiation resistance, making them suitable for space applications [2].

CIGS is a promising absorber material and received considerable attention due to its direct 
band gap, high absorption co-efficient and less material wastage. It is an efficient thin film 
solar cell with the efficiency of 22.8% comparable to crystalline silicon (c-Si) wafer based solar 
cells [3]. CIGS thin films can be fabricated by various methods among them physical vapor 
deposition is important.

Thin film deposition by PVD is regarded as a vacuum coating method and is classified into 
two techniques, evaporation and sputtering. The particles are capable of moving in a straight 
path as the system is kept in vacuum and the films are coated by physical means that are 
commonly directional, rather than conformal in nature [4].

2.1.1. Sputtering method

Sputtering deposition is a vacuum based process that is used for CIGS cell fabrication. The 
fabrication process will involve the following steps:

1. Deposition at room temperature for attaining low temperature process and hence reduced 
the cost of equipment.

Coatings and Thin-Film Technologies208

2. Introducing Se vapor at any time during the process to avoid potential damage to the bot-
tom Si cell by invoking unwanted species.

3. Cd free buffer layer also targeting an environmentally friendly process [1].

Deposition of CIGS junction on a soda lime glass substrate covered by Mo layer at 1 μm thick 
[1]. The best back contact material for CIGS solar cells was found to be molybdenum since 
it is having high conductivity and relative stability at the high processing temperature. The 
deposition of Mo layer is by means of DC magnetron sputtering technique. The grown films 
play a crucial role in the performance of the CIGS device. During the deposition process, 
parameters such as power, time and pressure should be carefully chosen [5].

The two points to be considered in the CIGS thin films are: (1) the Mo back contact which cannot 
obviously be used in a tandem cell due to its opacity, (2) the CdS layer deposited by the chemical 
bath deposition (CBD) technique, which can impact bottom cell properties. The schematic view 
of the CIGS thin film by sputtering process is shown in Figure 1. The bottom Mo contact uses 
rather a common bilayer structure, a first adhesion layer is magnetron DC sputtered at high 
pressure and a second one is deposited at low pressure to increase the conductivity. A standard 
CdS buffer layer is deposited by chemical bath deposition. Ultimately, it will be replaced by a 
Zn layer deposited using the sputtering technique at room temperature. The top electrode is 
composed of an ZnO/aluminum doped zinc oxide (AZO) bi-layer. The absorber layer process is 
deposited at room temperature using pulsed DC magnetron sputtering and argon plasma [1].

In order to obtain the chemical composition of CIGS absorber, energy dispersive spec-
troscopy measurements (EDS) were carried out under 10 kV mode and it was shown 
in Figure 2. Atomic composition of the obtained film was calculated as: Cu—14.8 at%, 
In—18.35 at%, Ga—2.86 at% and Se—25.95 at%. On the basis of measured values the rela-
tive ratios of Cu/(In + Ga) and Ga/(In + Ga) were found to be 0.7 and 0.13, respectively [5].

Figure 1. Preparation of CIGS thin films by sputtering process.
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A sputtering technique using low temperature processes and without any hazardous gas dif-
fusion at high temperature can then lead to functional devices. Hence sputtering technique 
can be successfully used for the fabrication of CIGS thin films solar cells [5]. SEM cross sec-
tional view of CIGS thin film solar cell is shown in Figure 3.

The stoichiometry of CIGS is very complex thereby making uniform and large-area deposition 
is very difficult. It also indeed of encapsulation which is expensive as it prone to moisture and 
oxygen easily. Also, their reliance on rare elements of tellurium & indium and recycling of 
toxic element like cadmium may limit their potential for large-scale production and it would 
be replaced by some other elements [6].

Figure 2. EDS spectral analysis of the top surface of CIGS absorber layer.

Figure 3. SEM image of CIGS thin film solar cell.
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2.2. Dye sensitized solar cell

Dye-sensitized solar cell (DSSC) has been known as a promising photovoltaic device to 
achieve moderate efficiency at low cost [7]. The principle of DSSC imitates natures novel 
effect of photosynthesis. In DSSCs, the photo-sensitizer captured the incident photons that are 
absorbed on a thin TiO2 layer placed on the anode. DSSCs make use of liquid electrolytes to 
transfer ions to a counter electrode thus electric current is produced [8]. DSSCs have attained 
efficiencies of upto 12.3% [9] and attained benefit from their versatile nature and low cost for 
the manufacturing process. The main component of DSSC is TiO2 thin film that is convention-
ally prepared by various methods. Among them doctor blade and spin coating methods are 
simple and low cost techniques [10].

2.2.1. Doctor blade technique

Doctor blade or tape casting is one of the widely used techniques for producing thin films on 
large area surfaces. In the doctor blading process, a well-mixed slurry consisting of a suspen-
sion of ceramic particles along with other additives is placed on a substrate and a constant rela-
tive movement is established between the blade and the substrate resulting in the formation of 
a gel-layer when dried [11]. The diagrammatic view of this technique is shown in (Figure 4).

The existence of an optimized thickness of TiO2 thin film is inherent for the charge storage 
and transfer to the film so that in DSSC the highest efficiency could be achieved [12]. In this 
method, TiO2 paste usually employed as a surfactant material to increase the porosity of TiO2 
thin film. The improved performance of DSSC could be ascribed to the compact and crack-
free TiO2 thin film prepared by the modified doctor blade method [10].

For the modified doctor blade method, a dense TiO2 paste was prepared in a following man-
ner: TiO2 powder was blended in a mixture of polyethylene glycol and de-ionized water in 
a plastic bag for 10 min under rolling of a steel pipe. After that, by the way of doctor blade 
method the resulting TiO2 paste was coated on TCO glass [13]. Then the film was dried in 
air for 30 min. Then the film surface was covered by a drop of lubricating oil and stabilized 
at 100°C in an oven for reducing cracks. Finally, the film was covered with a flat glass and 
compressed for 30 s. The derived TiO2 thin film was annealed at 450°C for 2 h [10]. This 
novel method is also observed to substantially improve the overall conversion efficiency of 
the resulting DSSC which presents strong potential for DSSC module construction [10].

Figure 4. Doctor blade technique.
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Surface morphology of two kinds of TiO2 thin films are shown in Figure 5. Even though they 
are looking similar, the variation in the thickness is larger for modified doctor blade thin film 
than the conventional one.

2.2.2. Spin coating method

Spin coating method is one of the most common techniques for the preparation of thin films 
on substrates. Spin coating method is widely used in micro-fabrication, where it can be used 
to create thin films with thicknesses below 10 nm [15]. The advantage of spin coating method 
is its ability to quickly and easily produce uniform films, ranging from a few nanometres to 
few microns in thickness.

The spin coating procedure includes deposition, spin up, spin off, and evaporation. The sub-
strate being covered by depositing the solution which is rotated at high speeds to coat the 
substrate using centrifugal force. The volatile solvent easily evaporates and hence the desired 
film’s thickness is dependent on the concentration of solution, solvent, and spin speeds [16]. 
The film thickness of the order less than 10 nm is useful in the field of micro fabrication and 
photolithography [4]. The flow diagram for the spin coating process is shown in the (Figure 6).

Titanium (IV) isopropoxide (TTIP), ethyl alcohol, nitric acid (HNO3) and distilled water were 
used as received without further purification. The synthesis procedure of nanocrystalline 
TiO2 thin film can be obtained by mixing titanium isopropoxide with ethanol and the distilled 
water was added drop by drop by continuous stirring about 1 h. The resulting solution was 
peptized using nitric acid and refluxed at 80°C. After that TiO2 sol had been prepared and 
coated on conductive glass substrate with the spin rate of 3000 rpm for 30 s. Then followed by 
annealing the TiO2 thin films at 450°C [17].

The major challenge of DSSC is that it should withstand its stability under high temperature 
and its low absorption coefficients due to its interfacial recombination. Moreover the cost of 
the ruthenium dye used sets its intrinsic drawback limits its scope to small scale applications. 
Then search for new innovative material pertains to continue its thirst for perovskite related 
materials by the replacement of liquid electrolyte.

Figure 5. FE-SEM images of surface of TiO2 thin film prepared by doctor blade method. Ref. [14].
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2.3. Perovskite solar cells (PSCs)

2.3.1. Emergence of perovskite

Perovskite solar cells are in focus of the solar cell development research in recent years due 
to their high efficiency, cost effective fabrication and band gap tuning ability. Perovskite 
compound was first discovered by Gustav Rose in 1839, named after a Russian mineralogist 
L.A. Perovski. The specific crystal structure was first found in an inorganic mineral CaTiO3 
(ABX3) with a cubic unit cell [18]. The cation A is replaced by a small organic cations such as 
CH3NH3

+, C2H5 NH3
+ and HC(NH2)+ to create organic-inorganic hybrid materials while the 

cation B with divalent metal ions such as Pb2+, Sn2+ or Cu2+ and the X anions are halides (Cl−, 
Br−, I−) [19]. Perovskite are non-excitonic as no external force is needed for the generation of 
excitons whereas organic photovoltaic and DSSCs are excitonic.

Miyasaka and his co-workers replaced the dye pigment in DSSCs with two hybrid organic-
inorganic halide perovskites, CH3NH3PbBr3 and CH3NH3PbI3 and the efficiency of 3.13 and 
3.81% obtained was not a considerable one [20]. A major breakthrough happened in 2012 when 
Gratzel and Park et al. used Spiro-MeOTAD as the hole transport material (HTM) with effi-
ciency of 9.7%. In 2016 the efficiency of perovskite solar cells was improved to be 22.1% [21].

2.3.2. Interfacial impact on the performance

The perovskite solar cells employs a perovskite absorber between an electron transport-
ing layer on a conducting glass substrate (FTO) and a hole transporting layer with a metal 
back contact on top. The working principle of this device was similar to that of DSSCs. Here 
perovskite material acts as a light absorber and electron transporting layer (TiO2) takes part in 
charge separation and electron transport whereas the holes are transferred to hole transport-
ing layer. An ideal selective contact does not deteriorate the light absorbing layer and also does 
not induce degradation of the device. There are also no energy losses when photo-generated 

Figure 6. Flow diagram of spin coating process.
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Gratzel and Park et al. used Spiro-MeOTAD as the hole transport material (HTM) with effi-
ciency of 9.7%. In 2016 the efficiency of perovskite solar cells was improved to be 22.1% [21].

2.3.2. Interfacial impact on the performance

The perovskite solar cells employs a perovskite absorber between an electron transport-
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carriers are injected from the light absorbing material into the selective contact, hence no 
recombination at the interface, and the Fermi level of its corresponding carrier is maintained 
at the interface without any drop. The contact layer must also be balanced with respect to 
perovskite layer as otherwise it would lead to charge accumulation at selective contact and 
leads to interfacial charge recombination [22].

The primary role of a selective contact is to reduce the interfacial recombination between 
perovskite light absorbing layer and the FTO and Au extracting contacts. It should be as thin 
as possible in order to reduce the transport resistance but thick enough to avoid pinholes, 
hindering effective charge recombination. Obviously the goodness of an interfacing mate-
rial for an efficient electron transport and performance in PSC will lies on the nature and 
interaction of the chosen selecting contact with the light absorbing perovskite layer. Tan et al. 
reported that using chlorine-capped TiO2 colloidal nanocrystal film that mitigates interfacial 
recombination and improves interface binding in low-temperature planar solar cells [23].

Hole transporting material (HTM) also plays a vital role in both extracting and transporting 
the holes from the perovskite materials to the back electrodes thus minimizing undesired 
recombination losses at the interfaces. Spiro-OMeTAD is the widely used HTM results in better 
performance of the device. As of high cost and tedious synthesis inhibits its commercial applica-
tion looking forward for inorganic semiconductors. Recently CuSCN has been used as HTM in 
perovskite solar cells and considerable high power conversion efficiency has been achieved [24].

There are numerous techniques employed to deposit different layers of perovskite solar cells 
like drop casting, spin coating, slot die coating, screen printing, ink-jet printing, etc. Among 
them drop casting is a simple and low cost method for the deposition of perovskite films [25].

2.3.3. Drop casting method

Drop casting is a simple and potentially scalable casting method proposed for the fabrication 
of micro and nanocrystalline thin films. The impingement of a solution drop onto a substrate 
in a simple process called drop casting, usually results in spreading of the liquid solution and 
the formation of a non-uniform thin solid film after solvent evaporation [26]. Drop-casting 
usually happens by the way of releasing large droplets in a controlled manner that spreads 
and wet the surface upon impact as far better than spray coating, although its application 
is limited to small-area films and coatings [27]. Schematic view of perovskite solar cell with 
different layers is shown in the (Figure 7).

The formation of homogeneous thin perovskite layer is extremely important, and it can be 
developed by solution process. The process is employed for the most common structure of 
methyl ammonium lead iodide. The initial components taken in the appropriate ratio is spread 
over the entire surface of the substrate. Then, the spin-coater is accelerated to the desired rota-
tional speed to evaporate the solvent. If the solvent does not dissolve the perovskite materials 
and is miscible with DMSO (dimethyl sulfoxide), a toluene or chloroform solution is dripped 
on the substrate during spinning. At last, all constituents are frozen into a uniform layer on 
the removal of the residual DMSO and a new complex as an intermediate phase is obtained. 
Films of different thicknesses were achieved by varying solution concentration [28].
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Drop casting is similar to spin coating method but the major difference is no substrate 
spinning is required and also less material wastage. Film thickness depends on the vol-
ume of dispersion used and the particle concentration, both of which can be easily varied. 
Generally, it is desirable to use solvents that are volatile, wet the substrate, and are not 
susceptible to thin film instabilities. However, water is not a recommended solvent for 
depositing some materials because the nanoparticles oxidize as the water evaporates from 
the sample [29]. In some cases alcohols can replace water, a good choice relies on the use 
of organic solvents such as hexane or toluene for nanoparticles with hydrophobic capping 
ligands.

The demerits of drop-casting are that even under ideal conditions, the rate of evaporation dif-
fers across the substrate thus leads to variations in film thickness or internal structure. However, 
it serves as a quick and accessible method to generate thin films even on a small substrates. 
Figure 8 shows the SEM image of the perovskite thin films prepared with different layers.

Figure 7. Schematic diagram of perovskite solar cell with different layers.

Figure 8. SEM image of perovskite solar cell with different layers.
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recombination losses at the interfaces. Spiro-OMeTAD is the widely used HTM results in better 
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tion looking forward for inorganic semiconductors. Recently CuSCN has been used as HTM in 
perovskite solar cells and considerable high power conversion efficiency has been achieved [24].

There are numerous techniques employed to deposit different layers of perovskite solar cells 
like drop casting, spin coating, slot die coating, screen printing, ink-jet printing, etc. Among 
them drop casting is a simple and low cost method for the deposition of perovskite films [25].

2.3.3. Drop casting method

Drop casting is a simple and potentially scalable casting method proposed for the fabrication 
of micro and nanocrystalline thin films. The impingement of a solution drop onto a substrate 
in a simple process called drop casting, usually results in spreading of the liquid solution and 
the formation of a non-uniform thin solid film after solvent evaporation [26]. Drop-casting 
usually happens by the way of releasing large droplets in a controlled manner that spreads 
and wet the surface upon impact as far better than spray coating, although its application 
is limited to small-area films and coatings [27]. Schematic view of perovskite solar cell with 
different layers is shown in the (Figure 7).

The formation of homogeneous thin perovskite layer is extremely important, and it can be 
developed by solution process. The process is employed for the most common structure of 
methyl ammonium lead iodide. The initial components taken in the appropriate ratio is spread 
over the entire surface of the substrate. Then, the spin-coater is accelerated to the desired rota-
tional speed to evaporate the solvent. If the solvent does not dissolve the perovskite materials 
and is miscible with DMSO (dimethyl sulfoxide), a toluene or chloroform solution is dripped 
on the substrate during spinning. At last, all constituents are frozen into a uniform layer on 
the removal of the residual DMSO and a new complex as an intermediate phase is obtained. 
Films of different thicknesses were achieved by varying solution concentration [28].
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ume of dispersion used and the particle concentration, both of which can be easily varied. 
Generally, it is desirable to use solvents that are volatile, wet the substrate, and are not 
susceptible to thin film instabilities. However, water is not a recommended solvent for 
depositing some materials because the nanoparticles oxidize as the water evaporates from 
the sample [29]. In some cases alcohols can replace water, a good choice relies on the use 
of organic solvents such as hexane or toluene for nanoparticles with hydrophobic capping 
ligands.

The demerits of drop-casting are that even under ideal conditions, the rate of evaporation dif-
fers across the substrate thus leads to variations in film thickness or internal structure. However, 
it serves as a quick and accessible method to generate thin films even on a small substrates. 
Figure 8 shows the SEM image of the perovskite thin films prepared with different layers.
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3. Recent trends in solar cells

3.1. Flexible perovskite solar cells (F-PSCs)

Now research has been moved towards a flexible PSCs from rigid PSCs and it achieved 
notable milestones in terms of its efficiency with light weight [30]. Unlike rigid PSCs employ 
glass substrate for its processing, F-PSCs used flexible substrates like poly ethylene tere-
phthalate (PET) which could not endure at high processing temperature significantly higher 
than 200°C. Hence various low-temperature techniques have been developed to fabricate 
electronic selective layers (ESLs) with great progress in attaining high power conversion 
efficiency (PCE) [31]. The two significant aspects to attain high efficiency in F-PSCs are the 
low temperature ESLs and the high quality perovskite absorbers that include grain size, trap 
density, charge transport, carrier lifetime, etc. The F-PSCs give much lower PCE compared 
with rigid counterparts though they are having similar process used to deposit perovskite 
absorber film. It requires different deposition methods to achieve desirable power conversion 
efficiency of perovskite films especially for larger area F-PSCs. The quality of the perovskite 
film was significantly improved by the inclusion of an additive dimethyl sulfide (DS) thereby 
enhancing both the grain size and crystallinity. When DS was introduced into the perovskite 
precursor solution, it chelates with Pb2+ to form an intermediate complex resulting in smaller 
Gibbs free energy and slower the rate of growth for perovskite to crystallize. Further the 
trap density of the perovskite film is reduced as the chelation interaction efficiently retards 
transformation kinetics during the thin film crystallization process, hence PCE of F-PSCs is 
increased to as high as 18.40%, the highest reported value so far for the F-PSCs. It is also 
expected that large area F-PSCs may also give improved efficiency as 13.35% [32].

Deployment of flexible PV technology is not only motivated by the quest for high-throughput 
and low-cost manufacturing but on the view for marketing it would be able to access with its 
eminent properties as it is being flexible, thin and lightweight, which would make it easy to 
integrate or apply on any surface or structure (either rigid, curved or flexible) [33] and even 
have its applications in portable and indoor electronics.

3.2. CIGS perovskite tandem solar cells

The development of high efficiency semi-transparent perovskite solar cells is necessary for 
the application in integrated photovoltaics and tandem solar cells. Tandem solar cells allow 
higher efficiencies than single-junction solar cells by better utilizing the energy of short-
wavelength photons in the spectrum of sunlight. Top cells comprising a high-bandgap semi-
conductor to generate photocurrent at high voltage from the short-wavelength part of the 
solar spectrum. Longer-wavelength light, beyond the bandgap of the top cell, is transmitted 
to an underlying bottom cell comprising a lower-bandgap semiconductor with broad absorp-
tion coefficient. Tandem cells that are unique to inorganic-organic metal-halide-perovskite 
materials, particularly due to their bandgap-tuneability and luminescence efficiency thus an 
excellent candidates for applications in building integrated photovoltaics (BIPV) and tan-
dem solar cells. Rapid growth in perovskite solar cells already reached its highest efficiency 
of 22.1%. However the translation of such high efficiencies to semitransparent perovskite 
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devices requires the development of suitable transparent conducting electrodes which have 
high transparency, conductivity and process compatibility with prior device fabrication steps 
is a major perspective [34].

Deposition of transparent conductive oxides (TCO), such as indium tin oxide (ITO), alu-
minum doped zinc oxide (AZO), or indium zinc oxide (IZO) acts as an electrode. Halide 
perovskites are known to have solvent and temperature instabilities hence physical vapor 
deposition processes are preferred rather than sputtering and spin coating. Thermally evapo-
rated molybdenum oxide (MoOx) and thin Ag are the two existing material systems that have 
been reported as potential buffer layers for semitransparent devices [35]. PCE of 16.0% can 
be achieved and an average transparency of 54% in the near infrared region using thin Ag. 
We can apply the same semi-transparent cells in a 4-terminal (4T) tandem configuration with 
Cu(In,Ga)Se (CIGS) cell and attained a tandem efficiency of 20.7%. Although a tandem with 
Si cells would yield higher efficiency, both perovskite and CIGS are thin film technologies 
which are lightweight and can be deposited on flexible substrate. Further they exhibit radia-
tion hardness but capable to withstand radiation levels several orders higher than crystalline 
Si, lending them suitable for high altitudes and space applications [36].

3.3. Ultra high band gap solar cells

The recent surge for interest towards the ultra-high band gap absorbers for tandem solar 
cells from the oldest material selenium with a band gap of 1.95 eV. Moreover, Se devices 
are air-stable, non-toxic, and extremely simple to fabricate. Se solar cell utilized n-type TiO2, 
deposited on SnO2(FTO) coated glass and p-type Se followed by gold contact with its effi-
ciency of 5% lasts same for more than 30 years. This structure is similar to hybrid perovskite 
solar cells without the advanced hole transporting layer [37]. Now the redesigned Se device 
for its improvement in terms of its efficiency can be modified in three aspects. First, intro-
ducing a reliable inorganic MoOx (molybdenum oxide) with high-work-function as a hole-
selective layer between selenium and the gold back contact in order to reduce recombination 
and improve collection as it is been in both CdTe solar cells as well as other inorganic and 
organic photovoltaics [38]. Second method by reducing the thickness of the selenium absorber 
to only 100 nm—20 times less than the previous Se champion cell as well as typical chalcogen-
ide absorbers such as copper indium gallium selenide (CIGS). Finally optimizing the buffer 
layer to reduce the cliff at interface should significantly improve Voc (open circuit voltage) as 
well as fill factor. Though Se an attractive alternative candidate for a high-band-gap absorber 
they are prone to practical applications by simple and inexpensive fabrication process, lack 
of highly toxic elements such as Cd and Pb, and stability upon prolonged storage and air 
exposure for these devices. Thus now Se solar cells find its new outlook after three decades 
with slight modification which suits well for our future energy crisis.

4. International standards for solar panels

IEC Technical Committee TC82 was established in 1981. It is the most important International 
body regarding photovoltaic related standardization. The main task of TC82 is to prepare 
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to only 100 nm—20 times less than the previous Se champion cell as well as typical chalcogen-
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well as fill factor. Though Se an attractive alternative candidate for a high-band-gap absorber 
they are prone to practical applications by simple and inexpensive fabrication process, lack 
of highly toxic elements such as Cd and Pb, and stability upon prolonged storage and air 
exposure for these devices. Thus now Se solar cells find its new outlook after three decades 
with slight modification which suits well for our future energy crisis.
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international standards for systems of photovoltaic conversion of solar energy in to electrical 
energy and for all the elements in the entire photovoltaic energy system.

• IEC TC82-IEC Technical Committee 82, solar photovoltaic energy system.

• ISO TC 180-ISO Technical Committee 180, solar energy.

• ASTM E44-ASTM Committee E44 on Solar, geothermal and other alternative energy.

• IEEE SCC21-IEEE SCC21 standards Coordinating Committee on fuel cells, photo-voltaic, 
dispersed generation and energy storage.

5. Conclusion

Thin film technologies made a remarkable advent in the photovoltaic industry for the manufactur-
ing of solar cells. Thin film solar cells offer a most promising options for reducing the cost of pho-
tovoltaic systems. Enormous progress in device performance has been made in dye sensitized to 
perovskite solar cells. Perovskite solar cells open the door for novel applications in the production 
of solar cells with increase in stability and reliability. Major concern is about the toxicity of lead 
and its impact in the environment. Then a major task is finding a material which would replace 
the lead. Tin can replace lead but the stability issues still pertain and the efficiency achieved was 
low compared with lead. The device performance suits best in N2 gas atmosphere to avoid quick 
degradation of tin. Therefore a thirst for new material without lead such as BiFeO3, BiFe2CrO6 
and BiMnO3. The overall power conversion efficiency is lower than metal halides but they are 
more stable. Hence it been able to investigate bismuth based photovoltaic materials. Cesium with 
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environment impact. It also proves to be a predominant in the fulfillment of our future energy 
crisis in terms of its simplicity in manufacturing process and low cost. Moreover there is also an 
opportunity to develop high-performance tandem cell technology that uses both perovskite and 
existing technologies and this may allow market introduction as a new premium product.

Author details

Senthil T.S* and Kalaiselvi C.R

*Address all correspondence to: tssenthi@gmail.com

Department of Physics, Erode Sengunthar Engineering College, Perundurai, India

References

[1] Vilot JP, Ayachi B, Aviles T, Miska P. Full sputtering deposition of thin film solar cells: 
A way of achieving high efficiency sustainable tandem cells. Journal of Electronic 
Materials. 2017;46(11):6523-6527

Coatings and Thin-Film Technologies218

[2] Jean J, Brown PR, Jaffe RL, Buonassisi T, Bulović V. Pathways for solar photovoltaics. 
Energy & Environmental Science. 2015;8:1200-1219

[3] Ramanujam J, Singh VP. Copper indium gallium selenide based solar cells—Review. 
Energy and Environmental Science. 2017;10:1-42

[4] Ahmadi S, Asim N, Alghoul MA, Hammadi FY, Saeedfar K, Ludin NA, et al. The role 
of physical techniques on the preparation of photoanodes for dye sensitized solar cells. 
International Journal of Photoenergy. 2014;2014:198734

[5] Gulkowski A, Krawczak E. Experimental studies of thin film deposition by magnetron 
sputtering method for CIGS solar cell fabrication. In: EC3S Web Conferences. Vol. 19. 
2017. pp. 1-4

[6] Ibn-Mohammed T, Koh SCL, Reaney IM, Acquaye A, Schileo G, Mustapha KB, et al. 
Perovskite solar cells: An integrated hybrid lifecycle assessment and review in compari-
son with other photovoltaic technologies. Renewable and Sustainable Energy Reviews. 
2017;80:1321-1344

[7] Regan BO, Gratzel M. A low cost high efficiency solar cell based on dye sensitized col-
loidal TiO2 films. Nature. 1991;353:737-740

[8] Parisi ML, Maranghi S, Basosi R. The evolution of the dye sensitized solar cells from 
Grätzel prototype to up-scaled solar applications: A life cycle assessment approach. 
Renewable and Sustainable Energy Reviews. 2014;39:124-138

[9] Yella A, Lee H-W, Tsao HN, Yi C, Chandiran AK, Nazeeruddin MK, et al. Porphyrin-
sensitized solar cells with cobalt (II/III)-based redox electrolyte exceed 12 percent effi-
ciency. Science. 2011;334:629-634

[10] Huynh T-P, Haong T-T, Nguyen P-H, Tran T-N, Nguyen T-V. Preparation of TiO2 thin 
film using modified doctor blade method for improvement of dye sensitized solar 
cell. In: 34th IEEE Photovoltaic Specialists Conference (PVSC); Philadelphia, PA. 2009. 
pp. 002168-002171

[11] Berni A, Mennig M, Schmidt H. Doctor blade. Sol-Gel Techmologies for Glass Producers 
and Users. 2004;3:89-92

[12] Nguyen TV, Choi D-J, Lee H-C, Kim K-J, Yang O-B. Charge storage and transfer in 
dye-sensitized solar cells: A study by electrochemical impedance spectroscopy. In: 
Conference Record of the Thirty-first IEEE Photovoltaic Specialists Conference. 2005. 
pp. 167-170

[13] Nguyen TV, Lee HC, Yang OB. The effect of pre-thermal treatment of TiO2 nano particles 
on the performance of dye sensitized solar cells. Solar Energy Materials & Solar Cells. 
2006;90:967-981

[14] Santhaveesuk S. International Science, Social Sciences, Engineering and Energy Con-
ference. 2014

[15] Tyona MD. A theoretical study on spin coating technique. Advance in Materials 
Research. 2013;2:195-208

New Materials for Thin Film Solar Cells
http://dx.doi.org/10.5772/intechopen.81393

219



international standards for systems of photovoltaic conversion of solar energy in to electrical 
energy and for all the elements in the entire photovoltaic energy system.

• IEC TC82-IEC Technical Committee 82, solar photovoltaic energy system.

• ISO TC 180-ISO Technical Committee 180, solar energy.

• ASTM E44-ASTM Committee E44 on Solar, geothermal and other alternative energy.

• IEEE SCC21-IEEE SCC21 standards Coordinating Committee on fuel cells, photo-voltaic, 
dispersed generation and energy storage.

5. Conclusion

Thin film technologies made a remarkable advent in the photovoltaic industry for the manufactur-
ing of solar cells. Thin film solar cells offer a most promising options for reducing the cost of pho-
tovoltaic systems. Enormous progress in device performance has been made in dye sensitized to 
perovskite solar cells. Perovskite solar cells open the door for novel applications in the production 
of solar cells with increase in stability and reliability. Major concern is about the toxicity of lead 
and its impact in the environment. Then a major task is finding a material which would replace 
the lead. Tin can replace lead but the stability issues still pertain and the efficiency achieved was 
low compared with lead. The device performance suits best in N2 gas atmosphere to avoid quick 
degradation of tin. Therefore a thirst for new material without lead such as BiFeO3, BiFe2CrO6 
and BiMnO3. The overall power conversion efficiency is lower than metal halides but they are 
more stable. Hence it been able to investigate bismuth based photovoltaic materials. Cesium with 
bismuth, for example, Cs3Bi2I9 will give the highest solar cell performance with low toxicity and 
environment impact. It also proves to be a predominant in the fulfillment of our future energy 
crisis in terms of its simplicity in manufacturing process and low cost. Moreover there is also an 
opportunity to develop high-performance tandem cell technology that uses both perovskite and 
existing technologies and this may allow market introduction as a new premium product.

Author details

Senthil T.S* and Kalaiselvi C.R

*Address all correspondence to: tssenthi@gmail.com

Department of Physics, Erode Sengunthar Engineering College, Perundurai, India

References

[1] Vilot JP, Ayachi B, Aviles T, Miska P. Full sputtering deposition of thin film solar cells: 
A way of achieving high efficiency sustainable tandem cells. Journal of Electronic 
Materials. 2017;46(11):6523-6527

Coatings and Thin-Film Technologies218

[2] Jean J, Brown PR, Jaffe RL, Buonassisi T, Bulović V. Pathways for solar photovoltaics. 
Energy & Environmental Science. 2015;8:1200-1219

[3] Ramanujam J, Singh VP. Copper indium gallium selenide based solar cells—Review. 
Energy and Environmental Science. 2017;10:1-42

[4] Ahmadi S, Asim N, Alghoul MA, Hammadi FY, Saeedfar K, Ludin NA, et al. The role 
of physical techniques on the preparation of photoanodes for dye sensitized solar cells. 
International Journal of Photoenergy. 2014;2014:198734

[5] Gulkowski A, Krawczak E. Experimental studies of thin film deposition by magnetron 
sputtering method for CIGS solar cell fabrication. In: EC3S Web Conferences. Vol. 19. 
2017. pp. 1-4

[6] Ibn-Mohammed T, Koh SCL, Reaney IM, Acquaye A, Schileo G, Mustapha KB, et al. 
Perovskite solar cells: An integrated hybrid lifecycle assessment and review in compari-
son with other photovoltaic technologies. Renewable and Sustainable Energy Reviews. 
2017;80:1321-1344

[7] Regan BO, Gratzel M. A low cost high efficiency solar cell based on dye sensitized col-
loidal TiO2 films. Nature. 1991;353:737-740

[8] Parisi ML, Maranghi S, Basosi R. The evolution of the dye sensitized solar cells from 
Grätzel prototype to up-scaled solar applications: A life cycle assessment approach. 
Renewable and Sustainable Energy Reviews. 2014;39:124-138

[9] Yella A, Lee H-W, Tsao HN, Yi C, Chandiran AK, Nazeeruddin MK, et al. Porphyrin-
sensitized solar cells with cobalt (II/III)-based redox electrolyte exceed 12 percent effi-
ciency. Science. 2011;334:629-634

[10] Huynh T-P, Haong T-T, Nguyen P-H, Tran T-N, Nguyen T-V. Preparation of TiO2 thin 
film using modified doctor blade method for improvement of dye sensitized solar 
cell. In: 34th IEEE Photovoltaic Specialists Conference (PVSC); Philadelphia, PA. 2009. 
pp. 002168-002171

[11] Berni A, Mennig M, Schmidt H. Doctor blade. Sol-Gel Techmologies for Glass Producers 
and Users. 2004;3:89-92

[12] Nguyen TV, Choi D-J, Lee H-C, Kim K-J, Yang O-B. Charge storage and transfer in 
dye-sensitized solar cells: A study by electrochemical impedance spectroscopy. In: 
Conference Record of the Thirty-first IEEE Photovoltaic Specialists Conference. 2005. 
pp. 167-170

[13] Nguyen TV, Lee HC, Yang OB. The effect of pre-thermal treatment of TiO2 nano particles 
on the performance of dye sensitized solar cells. Solar Energy Materials & Solar Cells. 
2006;90:967-981

[14] Santhaveesuk S. International Science, Social Sciences, Engineering and Energy Con-
ference. 2014

[15] Tyona MD. A theoretical study on spin coating technique. Advance in Materials 
Research. 2013;2:195-208

New Materials for Thin Film Solar Cells
http://dx.doi.org/10.5772/intechopen.81393

219



[16] Hall DB, Underhill P, Torkelson JM. Spin coating of thin and ultrathin polymer films. 
Polymer Engineering and Science. 1998;38:2039-2045

[17] Sam Jin Y, Kim KH, Choi HW. Properties of TiO2 films prepared for use in dye sensitized 
soalr cells by using the sol-gel method at different catalyst concentrations. Journal of the 
Korean Physical Society. 2010;7:1049-1053

[18] Cui J, Yuan H, Li J, Xu X, Shen Y, Lin H, et al. Recent progress in efficient hybrid lead halide 
perovskite solar cells. Science and Technology of Advanced Materials. 2015;16:036004

[19] DenizBenli A. Perovskite solar cells (review article). Matter. 2015;2:40-43

[20] Kojima A, Teshima K, Shirai Y, Miyasaka T. Organometal halide perovskites as visi-
ble-light sensitizers for photovoltaic cells. Journal of the American Chemical Society. 
2009;3(17):6050-6051

[21] Nazeeruddin MK. In retrospect: Twenty-five years of low-cost solar cells. Nature. 
2016;538(7626):463-464

[22] Fakharuddin A, Schmidt-Mende L, Garcia-Belmonte G, Jose R, Mora-Sero I. Interfaces in 
perovskite solar cells. Advanced Energy Materials. 2017;1700623:1-44

[23] Tang H, He S, Peng C. A short progress report on high-efficiency perovskite solar cells. 
Nano scale Research Letters. 2017;410:1-8

[24]  Noel NK, Stranks SD, Abate A, Wehrenfennig C, Guarnera S, Haghighirad AA, et al. 
Lead-free organic-inorganic tin halide perovskites for photovoltaic applications. Energy 
& Environmental Science. 2014;7:3061-3068

[25] Tyagi H, Agarwal AK, Chakraborty PR, Powar S. Introduction to applications of solar 
energy. In: Tyagi H, Agarwal A, Chakraborty P, Powar S, editors. Applications of Solar 
Energy. Energy, Environment, and Sustainability. Singapore: Springer; 2018

[26] Eslamian M, Zabihi F. Ultrasonic substrate vibration-assisted drop casting (SVADC) 
for the fabrication of photovoltaic solar cell arrays and thin film devices. Nanoscale 
Research Letters. 2015;10:2-5

[27] Eslamian M, Soltani-Kordshuli F. Development of multiple drop casting method for 
the fabrication of coatings and thin solid films. Journal of Coatings Technology and 
Research. 2018;15(2):271-280

[28] Joong Jeon N, Noh JH, Kim YC, Yang WS, Ryu S, Seok SI. Solvent engineering for 
high-performance inorganic-organic hybrid perovskite solar cells. Nature Materials. 
2014;13:1-7

[29] Torrey JD, Kirschling TL, Greenlee LF. Processing and characterization of nano par-
ticle coatings for quartz crystal microbalance measurements. Journal of Research of the 
National Institute of Standards and Technology. 2015;120:1-10

[30] Kaltenbrunner M, Adam G, Głowacki ED, Drack M, Schwodiauer R, Leonat L, et al. 
Flexible high power-per weight perovskite solar cells with chromium oxide-metal con-
tacts for improved stability in air. Nature Materials. 2015;14:1032

Coatings and Thin-Film Technologies220

[31] Kumar MH, Yantara N, Dharani S, Gratzel M, Mhaisalkar S, Boix PP, et al. Flexible, low 
temperature, solution processed ZnO-based perovskite solid state solarcells. Chemical 
Communications. 2013;49:11089

[32] Feng J, Zhu X, Yang Z, Zhang X, Niu J, Wang Z, et al. Record efficiency stable flexible 
perovskite solar cell using effective additive assistant strategy. Advanced Materials. 
2018;30:1-9

[33] Di Giacomo F, Fakharuddin A, Jose R, Brown TM. Progress, challenges and perspectives 
in flexible perovskite solar cells. Energy & Environmental Science. 2016;9:3007-3035

[34] Guchhait A, Dewi HA, Leow SW, Wang H, Han G, bin Suhaimi F, et al. Over 20% effi-
cient CIGS-perovskite tandem solar cells. ACS Energy Letters. 2017;2:1-20

[35] Werner J, Dubuis G, Walter A, Loper P, Moon S-J, Nicolay S, et al. Sputtered rear elec-
trode with broadband transparency for perovskite solar cells. Solar Energy Materials 
and Solar Cells. 2015;141:407-413

[36] Lang F, Nickel NH, Bundesmann J, Seidel S, Denker A, Albrecht S, et al. Radiation hard-
ness and self-healing of perovskite solar cells. Advanced Materials. 2016;28:8726-8731

[37] Todorov TK, Singh S, Bishop DM, Gunawan O, Lee YS, Gershon TS, et al. Ultrathin high 
band gap solar cells with improved efficiencies from the world’s oldest photovoltaic 
material. Nature Communications. 2017;682:1-8

[38] Sun Y et al. Efficient, air-stable bulk heterojunction polymer solar cells using MoOx as 
the anode interfacial layer. Advanced Materials. 2011;23:2226-2230

New Materials for Thin Film Solar Cells
http://dx.doi.org/10.5772/intechopen.81393

221



[16] Hall DB, Underhill P, Torkelson JM. Spin coating of thin and ultrathin polymer films. 
Polymer Engineering and Science. 1998;38:2039-2045

[17] Sam Jin Y, Kim KH, Choi HW. Properties of TiO2 films prepared for use in dye sensitized 
soalr cells by using the sol-gel method at different catalyst concentrations. Journal of the 
Korean Physical Society. 2010;7:1049-1053

[18] Cui J, Yuan H, Li J, Xu X, Shen Y, Lin H, et al. Recent progress in efficient hybrid lead halide 
perovskite solar cells. Science and Technology of Advanced Materials. 2015;16:036004

[19] DenizBenli A. Perovskite solar cells (review article). Matter. 2015;2:40-43

[20] Kojima A, Teshima K, Shirai Y, Miyasaka T. Organometal halide perovskites as visi-
ble-light sensitizers for photovoltaic cells. Journal of the American Chemical Society. 
2009;3(17):6050-6051

[21] Nazeeruddin MK. In retrospect: Twenty-five years of low-cost solar cells. Nature. 
2016;538(7626):463-464

[22] Fakharuddin A, Schmidt-Mende L, Garcia-Belmonte G, Jose R, Mora-Sero I. Interfaces in 
perovskite solar cells. Advanced Energy Materials. 2017;1700623:1-44

[23] Tang H, He S, Peng C. A short progress report on high-efficiency perovskite solar cells. 
Nano scale Research Letters. 2017;410:1-8

[24]  Noel NK, Stranks SD, Abate A, Wehrenfennig C, Guarnera S, Haghighirad AA, et al. 
Lead-free organic-inorganic tin halide perovskites for photovoltaic applications. Energy 
& Environmental Science. 2014;7:3061-3068

[25] Tyagi H, Agarwal AK, Chakraborty PR, Powar S. Introduction to applications of solar 
energy. In: Tyagi H, Agarwal A, Chakraborty P, Powar S, editors. Applications of Solar 
Energy. Energy, Environment, and Sustainability. Singapore: Springer; 2018

[26] Eslamian M, Zabihi F. Ultrasonic substrate vibration-assisted drop casting (SVADC) 
for the fabrication of photovoltaic solar cell arrays and thin film devices. Nanoscale 
Research Letters. 2015;10:2-5

[27] Eslamian M, Soltani-Kordshuli F. Development of multiple drop casting method for 
the fabrication of coatings and thin solid films. Journal of Coatings Technology and 
Research. 2018;15(2):271-280

[28] Joong Jeon N, Noh JH, Kim YC, Yang WS, Ryu S, Seok SI. Solvent engineering for 
high-performance inorganic-organic hybrid perovskite solar cells. Nature Materials. 
2014;13:1-7

[29] Torrey JD, Kirschling TL, Greenlee LF. Processing and characterization of nano par-
ticle coatings for quartz crystal microbalance measurements. Journal of Research of the 
National Institute of Standards and Technology. 2015;120:1-10

[30] Kaltenbrunner M, Adam G, Głowacki ED, Drack M, Schwodiauer R, Leonat L, et al. 
Flexible high power-per weight perovskite solar cells with chromium oxide-metal con-
tacts for improved stability in air. Nature Materials. 2015;14:1032

Coatings and Thin-Film Technologies220

[31] Kumar MH, Yantara N, Dharani S, Gratzel M, Mhaisalkar S, Boix PP, et al. Flexible, low 
temperature, solution processed ZnO-based perovskite solid state solarcells. Chemical 
Communications. 2013;49:11089

[32] Feng J, Zhu X, Yang Z, Zhang X, Niu J, Wang Z, et al. Record efficiency stable flexible 
perovskite solar cell using effective additive assistant strategy. Advanced Materials. 
2018;30:1-9

[33] Di Giacomo F, Fakharuddin A, Jose R, Brown TM. Progress, challenges and perspectives 
in flexible perovskite solar cells. Energy & Environmental Science. 2016;9:3007-3035

[34] Guchhait A, Dewi HA, Leow SW, Wang H, Han G, bin Suhaimi F, et al. Over 20% effi-
cient CIGS-perovskite tandem solar cells. ACS Energy Letters. 2017;2:1-20

[35] Werner J, Dubuis G, Walter A, Loper P, Moon S-J, Nicolay S, et al. Sputtered rear elec-
trode with broadband transparency for perovskite solar cells. Solar Energy Materials 
and Solar Cells. 2015;141:407-413

[36] Lang F, Nickel NH, Bundesmann J, Seidel S, Denker A, Albrecht S, et al. Radiation hard-
ness and self-healing of perovskite solar cells. Advanced Materials. 2016;28:8726-8731

[37] Todorov TK, Singh S, Bishop DM, Gunawan O, Lee YS, Gershon TS, et al. Ultrathin high 
band gap solar cells with improved efficiencies from the world’s oldest photovoltaic 
material. Nature Communications. 2017;682:1-8

[38] Sun Y et al. Efficient, air-stable bulk heterojunction polymer solar cells using MoOx as 
the anode interfacial layer. Advanced Materials. 2011;23:2226-2230

New Materials for Thin Film Solar Cells
http://dx.doi.org/10.5772/intechopen.81393

221



Chapter 11

Organometal Halide Perovskites Thin Film and Their
Impact on the Efficiency of Perovskite Solar Cells

Ahmed Mourtada Elseman

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79678

Provisional chapter

DOI: 10.5772/intechopen.79678

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Organometal Halide Perovskites Thin Film and Their 
Impact on the Efficiency of Perovskite Solar Cells

Ahmed Mourtada Elseman

Additional information is available at the end of the chapter

Abstract

The organometal halide perovskite solar cells (PSCs) have attracted attention and 
achieved efficiencies compared with traditional solar cells. There are several ways to 
develop perovskite solar cells like effect of moisture, degradation, and understanding the 
reason for instability of perovskite. In this chapter, we are specified how to make coating 
and film fabrication are affected by the existing methods. Improvement in the photo-
voltaic performance of PSCs can be achieved by enhanced processing technique. These 
techniques include the spin-coating PbI2 solution controlling the substrate temperature 
and crystal quality of the morphology for perovskite films. There is no doubt that film 
coating indicates that the crystallization and morphology of perovskite films affect the 
absorption intensity and obviously influence the short-circuit current density. This study 
points out an enhancement of the stability of perovskite films and solar cells by reducing 
residual strains in perovskite films.

Keywords: perovskite solar cells, working mechanism, photovoltaic parameters, 
stability, low cost

1. Introduction

Metal halide perovskite solar cells (PSCs) have emerged as a kind of encouraging alterna-
tive to existing photovoltaic technologies with both solution processability and superior 
photovoltaic performances. Fundamental studies on perovskite materials [1], device designs 
[2, 3], fabrication processes [4–10], and materials engineering [11–16] have boosted the rapid 
development of PSCs. Consequently, a certified power conversion efficiency (PCE) of 22.1% 
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has been obtained after the past several years of vigorous work. However, despite the over-
whelming achievements in terms of performance of PSCs, the long-term stability and current– 
voltage hysteresis still remain critical [4].

Perovskite solar cells, the most promising new technology in the academia and industry, 
have promised a highly competitive alternative to silicon solar cells and other commercial 
alternatives. Perovskite solar cells are high-performance photovoltaic devices which have the 
potential to enter in the market in the near future. Low processing costs and highly abundant 
raw materials may permit a short-energy payback time and low overall CO emissions. After 
an impressive increase in PCE from ~10% in 2012 to ~22.1% in early 2016, experts expect to 
discover further improvements in efficiency in the next several years [12]. Perovskite solar 
cell research is still in its infancy considering that the first work was only published in 2009 
[1]. The commercialization of perovskite solar cell needs to address several fundamental 
issues in the near future: for example, control the growth of thin film and deposition, make 
scale and numerous process, achieve high stability and long lifetime, and low toxicity. To be 
competitive, cost will be a concern for manufacturing companies. Although the raw materi-
als for making perovskite solar cells are inexpensive and abundant, recent analyses of cost-
performance and commercialization requirements are not entirely positive [17]. To make 
perovskite solar cells competitive, several goals are needed to be achieved. For example, the 
levelized cost of electricity (LCOE) for residential use is 9.0 cents per kWh by 2020 and is 
expected to decline to 5.0 cents/kWh by 2030 [18]. This is a huge challenge for perovskite 
technology at present.

In this review, we summarize recently developed perovskite film deposition techniques and 
evaluate their suitability for industrial production of perovskite solar cells and modules. Our 
discussion of stability and device lifetime focuses mainly on the measurement standards and 
issues relative to commercialization. Thereafter, we present techniques that used to fabricate 
the perovskite solar cells such as one-step spin-coating and two-step deposition techniques, 
solvent-solvent extraction, vapor-assisted solution processes, dual-source vacuum deposi-
tion, hybrid deposition, hybrid chemical vapor deposition, sequential vapor deposition, and 
flash evaporation. The control of the morphology for perovskite thin films has been observed 
by many efforts.

2. The common architecture of PSC

Generally, PSC has three main types of device architectures: (i) mesoscopic structures using 
mesoporous semiconducting materials as electron-transporting layers (ETLs), i.e., TiO2 [19], 
WO3 [20], SrTiO3 [21], ZnO [22], Zn2SnO4 [23], and SnO2 [24]); (ii) meso-superstructures 
employing mesoporous insulators such as Al2O3 [25] and ZrO2 [26] as scaffolds, while 
perovskite itself acts as ETL; and (iii) planar structures implementing ultrathin compact layer 
materials for both hole-blocking and electron-conducting purposes. Among these types, the 
planar PSC was motivated by the requests of more simple process and lower cost for future 
applications [27]. Figure 1 reveals the evolution of device configuration as sequence from 
mesostructure to planar heterojunction. The categories related to the types of device architec-
ture were discussed here in summary.
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2.1. The mesoporous scaffold

The best performance for PSCs have reported and reached a certified PCE of 22.1%, have 
depend on high temperature processing (450–550°C) and the mesoporous structure used TiO2  
as ETLs [29]. Moreover, in another work, a 16.2% efficiency was obtained from the combination 
of uniform and dense MAPbI3 and MAPbBr3 bilayer architecture consisting of perovskite-infil-
trated mesoporous TiO2 electrodes [30]. Similarly, the same group proceeded the FAPbI3-
MAPbBr3 system with an architecture as follows: FTO/blocking TiO2 (70 nm)/mesoporous TiO2 
and perovskite composite layer (200 nm)/perovskite upper layer (300 nm)/PTAA (50 nm)/Au 
(100 nm) with a PCE of 18.4% at maximum power point condition [31, 32].

A simple binder-free colloid Al2O3 nanoparticle meso-superstructured scaffold with anneal-
ing temperature of 150°C deposited over compact TiO2 layer delivered PCEs of up to 12.3%. 
Furthermore, it has been revealed that a solid thin film of the perovskite absorber was formed 
on top of the scaffold thin porous Al2O3 films. This supported charge separation and transport of 
both carrier species with an internal quantum efficiency approaching 100% [33]. Mahmood et al. 
reported two-dimensional (2D) nanosheets with enhanced absorber infiltration as compared with 
1D nanostructures as revealed in Figure 2. The author utilized WO3 n-type semiconductor as a 
nanostructured porous ETL to obtain highly efficient perovskite solar cells with PCE of 11.2% [34].
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Figure 2. (a) Schematic cross section of WO3 n-type semiconductor as a nanostructured porous ETL for perovskite solar 
cells and (b) energy band diagram [34].
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has been obtained after the past several years of vigorous work. However, despite the over-
whelming achievements in terms of performance of PSCs, the long-term stability and current– 
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2. The common architecture of PSC

Generally, PSC has three main types of device architectures: (i) mesoscopic structures using 
mesoporous semiconducting materials as electron-transporting layers (ETLs), i.e., TiO2 [19], 
WO3 [20], SrTiO3 [21], ZnO [22], Zn2SnO4 [23], and SnO2 [24]); (ii) meso-superstructures 
employing mesoporous insulators such as Al2O3 [25] and ZrO2 [26] as scaffolds, while 
perovskite itself acts as ETL; and (iii) planar structures implementing ultrathin compact layer 
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mesostructure to planar heterojunction. The categories related to the types of device architec-
ture were discussed here in summary.
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2.1. The mesoporous scaffold
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Figure 2. (a) Schematic cross section of WO3 n-type semiconductor as a nanostructured porous ETL for perovskite solar 
cells and (b) energy band diagram [34].
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2.2. The planar heterojunction

Planar PSCs have been demonstrated by Tan et al. with smooth and pinhole-free TiO2-Cl 
as the ETL. The film also exhibited negligible parasitic absorption loss over the entire vis-
ible to near-infrared spectrum. Solar cells fabricated on TiO2-Cl exhibit considerably better 
performance than those on TiO2 for all PV parameters. Correspondingly, TiO2-Cl resulted in a 
higher average PCE (19.8%) than the Cl-free TiO2 (15.8%) [35, 36]. The best-performing small-
area CsMAFA solar cell (0.049 cm2) exhibited a high laboratory PCE of 21.4% without hyster-
esis in J-V sweeps. Similarly, large-area (1.1 cm2) cells fabricated on TiO2-Cl showed a PCE 
value >20% with negligible hysteresis. Zhou et al. manipulated carrier behavior with planar 
heterojunction perovskite solar cells. Yttrium-doped TiO2 (Y-TiO2) was fabricated at <150°C 
annealing temperature as the ETL to enhance electron extraction and transport over reduced 
work function ITO treated with polyethylenimine ethoxylated (PEIE) solution. These treat-
ments produced a PCE of 19.3% [37, 38]. The use of CdSe nanoparticles (solution processed at 
150°C) has been investigated to replace the widely used TiO2 as the ETLs for the conventional 
planar heterojunction PSCs. Devices with CdSe nanoparticle ETLs were performed well, with 
the PCE of 11.7% [39]. A planar device with high PCE was applicable through Hagfeldt et al. 
and Jiang et al., using SnO2 [24, 40–42].

By modifying the surface of a planar structure of the TiO2 compact layer with C60-SAM 
molecules (Wojciechowski et al.), a PCE of 15.7% has been obtained (Figure 3) [43]. Pablo 
Docampo et al. have demonstrated 10% PCEs for inverted planar PSCs with bilayer of 
PC60BM and compact TiOx as ETL [44]. Further, hysteresis-less inverted planar hybrid solar 
cells with 18.1% PCE has been fabricated by Heo et al. Better PCE and stability were attrib-
uted to the electron extraction from MAPbI3 into PCBM, the increased EQE value by the 
better charge injection/separation efficiency, and the improved FF by the increased diffu-
sion coefficient (Dn) and charge carrier lifetime ( τ n). In addition, the air and humid stability 
was improved by the corrosive additive-free device architecture and hydrophobicity of the 
PCBM top layer [45].

Figure 3. Planar structure of the TiO2 compact layer with C60-SAM molecules [43].
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3. Film formation of ETL

There is no doubt that the crystallinity, thickness, material film morphology, and purity 
have impact on the efficiency of solar cell performance. The film formation has been relied 
on deposition techniques such as one-step spin-coating [7, 46–50] and two-step deposition 
techniques [51, 52], solvent-solvent extraction [53], vapor-assisted solution processes [54–57], 
dual-source vacuum deposition [58–61], hybrid deposition [62, 63], hybrid chemical vapor 
deposition [62, 64–66], sequential vapor deposition [67, 68], and flash evaporation [69]. The 
control of the morphology for perovskite thin films has been observed by many efforts. These 
efforts include the optimization of the annealing time, temperature [70, 71], selection of the 
underlayer material and thickness [3, 72–75], and the use of alternative deposition methods 
such as two-step deposition and vacuum sublimation [4, 76, 77]. Herein, some of these meth-
ods have been discussed.

3.1. Vacuum thermal co-evaporation

In this method, the authors used vacuum thermal co-evaporation of organic halide and metal 
halide to resulting perovskite thin films with homogeneous morphology and improved thin-
film coverage. These results achieved a high performance of 12–15% PCE [5, 78]. Despite the 
promising results, however, to date, only limited reports have utilized this vacuum sublima-
tion technique to fabricate perovskite layers [5, 78]. The main reason could be due to the small 
molecular weight of organic halide and make the monitoring without control of the CH3NH3I 
deposition rate using quartz microbalance sensors [5, 78]. In another way, Zhu et al. reported 
how to develop this technique deposition to fabricate pinhole-free cesium-substituted 
perovskite films and enhance the surface coverage as shown in Figure 4. The same method 
used to promise tunable bandgap reduced trap-state density and longer carrier lifetime, with 
efficiency 20.13%, which is the highest fabrication for planar perovskite solar cells [79].

3.2. Layer-by-layer sequential vacuum sublimation

Chen et al. reported a novel method of perovskite thin-film deposition via a layer-by-layer 
sequential vacuum sublimation. This method has been easier than the previous technique. The 
very uniform perovskite thin films can achieve high coverage via incorporating the thin films 
of perovskite with a poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) 
hole-transporting layer (HTL) and thermally evaporated C60/bathophenanthroline (Bphen) 
electron-transporting layers (ETLs). The cells here attain efficiencies as high as 15.4% because 
the devices were free of high-temperature-prepared metal oxide layers [80].

3.3. Vapor deposition by dual source

The large-scale production in optoelectronic applications has been achieved by vapor 
deposition techniques because this technique is widely used in semiconductor industry. 
The feasibility of organometal halide perovskite materials via vapor deposition techniques 
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has advantages like the possibility to fabricate films with high purity; these techniques are 
more proper to prepare multilayered structures of thin films, and suitable optimization of 
perovskite films also can be deposited by vapor deposition [5, 81]. Liu et al. [5] reported 
preparation of CH3NH3PbI3−xClx by dual-source vapor deposition technique in the presence 
of PbCl2 and CH3NH3I. This method leads to high-efficiency photovoltaic devices of 15.4%. 
Malinkiewicz et al. used the same technique to deposited CH3NH3PbI3 in the presence of PbI2 
and CH3NH3I and give uniform film formation with root-mean-square roughness of 5 nm 
measured by AFM [81]. In addition, the films showed uniform grainy structures with an aver-
age grain size of 150 nm [82]. Schematic illustration of the dual-source vacuum deposition 
process is shown in Figure 5 [59].

3.4. Spin coating

Spin coating is widely used to fabricate a small area from thin films in lab scale. Spin coat-
ing used a small amount of solution, which was then dropped on the substrate as shown in 
Figure 6a. Then, the substrate has been covered by a layer of solution and spun to acceler-
ate evaporation of the solvent [83]. This technique controls the thickness of the film by the 
concentration of the solution and speed [83]. In general, with regular spin coating, a one-step 
process with PbI2/MAI or PbCl2/MAI with gamma-butyrolactone (GBL), dimethylformamide 
(DMF), or dimethyl sulfoxide (DMSO) as solvents prompts poor film quality [71, 84]. Despite 
the fact that all preparing conditions have been considered, spin-coated perovskite film qual-
ity is regularly poor, with a high thickness of pinholes and little grain sizes. These pinholes 
cause shunt that debase the efficiency. With added substances designing the crystallization 

Figure 4. (a) Illustration of the vacuum co-evaporation, (b) deposition of the Cs-substituted MA1-xCsxPbI3 perovskite thin 
film and (c) final perovskite thin film [79].
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Figure 5. Description of the dual-source vacuum deposition instrument (reproduced with permission from Ref. [59]).

Figure 6. Different techniques used for large-area perovskite film deposition: (a) spin-coating technique and (b) spray-
coating technique (reproduced with permission [6, 98]).
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of perovskite could be finely tuned, and perovskite films with altogether enhanced quality 
can be set up for superior power conversion [85, 86]. For instance, by utilizing lead acetic 
acid as lead source, the crystallization of perovskite is significantly speedier. The free pinhole 
perovskite films were shown by a basic one-step coating process [87].

Concerning the two-step process, made to create good morphology perovskite films, convo-
lutes control over the change rate of PbI2 to perovskite [4]. In the recent date, it has been dem-
onstrated that the order of PbI2-DMSO-MAI essentially improves the film morphology and 
quality utilizing a propelled hostile to dissolved designing strategy [6, 88, 89]. Furthermore, 
this hot-throwing procedure could be exchanged to a considerably less difficult plunge-cov-
ering process for large-area film deposition. There is no doubt that the high performance and 
scale of large area for PSCs are closely related to perovskite film quality. A 1-cm2 PSC was fab-
ricated for the first time with a modified interface layer and certified efficiency of 15.6% [90]. 
Then, enhancing the gradient of heterojunction structure for charge separation/transport, its 
performance increased to 18.21% [91]. Moreover, a vacuum, flash-assisted process has been 
produced by a solar cell with a 1-cm2 area [92]. This technique showed a maximum efficiency 
of 20.5% and a certified efficiency of 19.6% [93].

3.5. Spray coating

Spray coating has been broadly utilized to deposit perovskite films and compact TiO2 films and 
is perfect with large-scale, high-throughput manufacture (Figure 6b). The first thinking about 
how to get perovskite films via spray coating came from polymer solar cell fabrication. An 
ultrasonic spray-coating technique has been discovered in ambient conditions. In this method 
a system from DMF or DMSO and perovskite materials was investigated with deposition 
parameter to achieve higher coverage of perovskite films. The parameters which are related 
to spray coating require to form high-coverage perovskite film such as drying time, substrate 
temperature, solvent volatility, and post-annealing conditions. With PCE of 11% and an active 
area about 0.025 cm2, the potential of spray coating in fabricating perovskite solar cells has been 
indicated [94]. A similar work was performed in TiO2 and achieved PCE of 13% with 0.065 cm2 
active area on a glass/ITO substrate. In low-temperature PET/ITO substrate in the presence of 
TiO2, an efficiency of 8.1% was attained on a flexible device, which is comparable with roll-
to-roll processing [95]. This spray-coating process is suitable for various perovskite precursor 
solutions; for example, spray-coating deposition of large bandgap CsPbIBr2 thin films has a 
potential for tandem structure devices [96]. Other mixed cations and halide perovskites, FA1-

xCsxPbI3 mixed cation films, were prepared with a spray-assisted solution process [97]. Solar cell 
devices based on this mixed cation film showed enhanced stability and performance compared 
with those based on the other. Efficiency increased from 11.3 to 14.2% for the mixed cations.

3.6. Screen printing

Screen printing is a technique used to fabricate PSCs that could be easily fabricated with a 
printing process. The layer-by-layer printing process starts with screen printing of TiO2, fol-
lowed by printing of ZrO2 and carbon electrodes. Then, perovskite solution is dropped onto 
the porous carbon electrode so that it infiltrates into the mesoporous TiO2 and ZrO2. Herein, 
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ZrO2 functions as a porous insulating layer to prevent direct contact between the carbon elec-
trode and the TiO2/FTO substrate. Although it is easy to fabricate solar cells with this printing 
technique, infiltration of perovskite precursor solution remains a challenge and is the main 
reason for lower efficiency compared to those of devices fabricated by other means. The most 
intriguing properties of this carbon-coated, printed, mesoscopic device are the high stability 
and outstanding outdoor performance. A certified PCE of 12.8% and stable performance over 
>1000 h in ambient air under full sunlight has been recorded for a device with an active area of 
0.28 cm2 [26, 99]. Figure 7 shows noncontact inkjet printing offering rapid and digital deposi-
tion combined with excellent control over the layer formation for printed perovskite solar 
cells. Mathies et al. [100] reported that inkjet printing is used to deposit triple cation perovskite 
layers with 10% cesium in a mixed formamidinium/methylammonium lead iodide/bromide 
composite for solar cells with high temperature and moisture stability. A reliable process 
control over a wide range of perovskite layer thickness from 175 to 780 nm and correspond-
ing grain sizes is achieved by adjusting the drop spacing of the inkjet printer cartridge. A 
continuous power output at constant voltage, resulting in a power conversion efficiency of 
12.9%, is demonstrated, representing a major improvement from previously reported inkjet-
printed methylammonium lead triiodide perovskite solar cells [100]. Compared with solution 
processes, dry deposition processes may be more environmentally friendly, as they do not 
require toxic solvents (DMSO, GBL, DMF, chloroform, chlorobenzene, isopropanol, toluene, 
diethyl ether, etc.), and they are compatible with high-quality, large-area perovskite film 
deposition, such as vacuum deposition and chemical vapor deposition.

Figure 7. (a) 520 nm-thick inkjet-printed perovskite layer on FTO/TiO2-coated glass substrate. (b) Photograph of inkjet-
printed perovskite solar cells. The substrate contains eight cells with each 3×3 mm2 active area. (c) Schematic diagram 
of the solar cell stack, denoting with the different layers: glass/FTO/TiO2/triple cation perovskite (PVK)/Spiro-MeOTAD 
(HTL)/Au [100]. (d) Real solar cell achieved 12% with the configuration: Glass/FTO/TiO2/triple cation perovskite (PVK)/
Spiro-MeOTAD (HTL)/Au.

Organometal Halide Perovskites Thin Film and Their Impact on the Efficiency of Perovskite...
http://dx.doi.org/10.5772/intechopen.79678

231
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is perfect with large-scale, high-throughput manufacture (Figure 6b). The first thinking about 
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TiO2, an efficiency of 8.1% was attained on a flexible device, which is comparable with roll-
to-roll processing [95]. This spray-coating process is suitable for various perovskite precursor 
solutions; for example, spray-coating deposition of large bandgap CsPbIBr2 thin films has a 
potential for tandem structure devices [96]. Other mixed cations and halide perovskites, FA1-

xCsxPbI3 mixed cation films, were prepared with a spray-assisted solution process [97]. Solar cell 
devices based on this mixed cation film showed enhanced stability and performance compared 
with those based on the other. Efficiency increased from 11.3 to 14.2% for the mixed cations.

3.6. Screen printing

Screen printing is a technique used to fabricate PSCs that could be easily fabricated with a 
printing process. The layer-by-layer printing process starts with screen printing of TiO2, fol-
lowed by printing of ZrO2 and carbon electrodes. Then, perovskite solution is dropped onto 
the porous carbon electrode so that it infiltrates into the mesoporous TiO2 and ZrO2. Herein, 
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ZrO2 functions as a porous insulating layer to prevent direct contact between the carbon elec-
trode and the TiO2/FTO substrate. Although it is easy to fabricate solar cells with this printing 
technique, infiltration of perovskite precursor solution remains a challenge and is the main 
reason for lower efficiency compared to those of devices fabricated by other means. The most 
intriguing properties of this carbon-coated, printed, mesoscopic device are the high stability 
and outstanding outdoor performance. A certified PCE of 12.8% and stable performance over 
>1000 h in ambient air under full sunlight has been recorded for a device with an active area of 
0.28 cm2 [26, 99]. Figure 7 shows noncontact inkjet printing offering rapid and digital deposi-
tion combined with excellent control over the layer formation for printed perovskite solar 
cells. Mathies et al. [100] reported that inkjet printing is used to deposit triple cation perovskite 
layers with 10% cesium in a mixed formamidinium/methylammonium lead iodide/bromide 
composite for solar cells with high temperature and moisture stability. A reliable process 
control over a wide range of perovskite layer thickness from 175 to 780 nm and correspond-
ing grain sizes is achieved by adjusting the drop spacing of the inkjet printer cartridge. A 
continuous power output at constant voltage, resulting in a power conversion efficiency of 
12.9%, is demonstrated, representing a major improvement from previously reported inkjet-
printed methylammonium lead triiodide perovskite solar cells [100]. Compared with solution 
processes, dry deposition processes may be more environmentally friendly, as they do not 
require toxic solvents (DMSO, GBL, DMF, chloroform, chlorobenzene, isopropanol, toluene, 
diethyl ether, etc.), and they are compatible with high-quality, large-area perovskite film 
deposition, such as vacuum deposition and chemical vapor deposition.

Figure 7. (a) 520 nm-thick inkjet-printed perovskite layer on FTO/TiO2-coated glass substrate. (b) Photograph of inkjet-
printed perovskite solar cells. The substrate contains eight cells with each 3×3 mm2 active area. (c) Schematic diagram 
of the solar cell stack, denoting with the different layers: glass/FTO/TiO2/triple cation perovskite (PVK)/Spiro-MeOTAD 
(HTL)/Au [100]. (d) Real solar cell achieved 12% with the configuration: Glass/FTO/TiO2/triple cation perovskite (PVK)/
Spiro-MeOTAD (HTL)/Au.
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4. Summary and future outlook

The effectivity of photon capture in PSCs has resulted in tangible action and contributed to 
scientific community [101]. These achievements have an economic impact for future endeavor. 
Therefore, the innovation in PSC field required a large amount of effort and attention to be reliable 
and highly efficient at converting sunlight to electricity. Furthermore, the improvement of device 
engineering methods is urgent. In particular, investigation of photophysical mechanism of the 
materials also plays an important role. The continuous investigation on current density and volt-
age characteristics of PSCs would provide a good understanding point for the semiconducting 
behavior [102]. The improvement in PSC efficiency relies on deposition techniques and material 
composition [103]. The solution processed in PSCs is more important [104]. We are noticed that 
the one-step spin coating is broadly the used method because of its simplicity and low cost. The 
films synthesized by this method have a poor morphology and incomplete coverage, for instance, 
in the case of planar architecture [84, 85, 105]. On the other hand, in the two-step coating, a layer 
of lead halide was deposited by spin coating then followed by immerging in organic salt solu-
tion and the perovskite films formed by a chemical reaction [51, 52]. The high reaction rates of 
perovskite materials are important to optimize the coating conditions with sufficient reproduc-
ibility. To record high efficiencies by solution processing, it is revealed that the reaction kinetics 
are required to control and maintain consistent device to minimize batch-to-batch variations. The 
different vapor-based methods to deposit perovskite films are also discussed, which in many 
cases show properties different from their counterparts prepared by solution-based methods.
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The dielectric properties of Ba0.5Sr0.5TiO3 (BST) thin films are sensitive to the relative crystal-
lographic orientation of the films. LaNiO3 (LNO) and MgO were deposited as buffer layer 
on Si substrate before BST. The effect of buffer layer such as LNO, MgO and MgO/LNO  
bilayer on the microstructure and dielectric properties of BST were extensively investi-
gated. The preferred (100) orientation of LNO by radio frequency (RF) magnetron sput-
tering was dominated by the substrate temperature and highly (100)-oriented LNO thin 
films were grown on Si substrates at 300°C. The oriented (100) growth of sputtered BST 
thin films was strongly affected by the orientation of LNO thin films and the tunability 
of BST thin film was greatly improved with the insertion of (100)-textured LNO buffer 
layer. In addition, MgO, as a buffer layer, was deposited by RF magnetron sputtering. The 
results show that the crystallization of BST was also enhanced by the insertion of MgO 
buffer layer, which enhances the oriental growth of BST along (100). Also, the tunability 
of the BST thin films was improved and the dielectric loss greatly decreased. Finally, CPW 
with BST/MgO multilayer was fabricated and the scattering (S) parameters were tested.
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titanate (BST), have ferroelectric, high dielectric, high-Tc superconductive or very large 
magnetron resistance. Therefore, they are widely investigated for applications in the tunable 
microwave filters and monolithic microwave integrated circuit decoupling capacitors. For 
application in frequency agile devices, it is desirable to have as large a capacitance change 
ratio and as low a dielectric loss as possible. Many researches have been studied to increase 
the tunability and to reduce the loss of epitaxial BST films grown on single crystal oxide 
substrates, such as LaAlO3 and MgO [1–4]. However, in order to integrate BST thin films 
with Si for frequency agile devices, it is necessary to deposit BST thin films on Si substrates. 
But it is difficult to prepare high-quality oxide films on Si due to inherent crystallographic 
incompatibility of the two materials and the lack of an epitaxial template for the growth of 
well-oriented Ba1−xSrxTiO3 [4].

The dielectric properties of BST thin films are sensitive to the relative crystallographic orienta-
tion of the films, usually highly oriented BST film leads to higher performance compared to 
a randomly oriented one. There are various methods for changing the orientation of the fer-
roelectric films, such as the insertion of a buffer layer and/or different bottom electrodes [4–6]. 
Kang et al. reported the physical properties of epitaxial Ba0.6Sr0.4TiO3 (BST) films grown on 
SiO2/Si using biaxially oriented MgO as template layers [4]. A buffer layer used between the 
silicon substrate and the perovskite oxides thin film has been shown to be a good way of over-
coming the problem [5, 7–12]. Previous study showed that the dielectric constant of BST thin 
films was improved by LNO buffer layer [8, 11], where the thin films were prepared by pulsed 
laser deposition. LaNiO3 (LNO), a perovskite-type metallic oxide, has a lattice parameter of 
3.84 Å. The crystal structural and lattice constants of the LNO matches well with ferroelectric 
thin films such as BST films [5, 10], which offer the benefits of better lattice matching and 
structural compatibility and the potential for improved dielectric properties. However, some 
studies showed that the LNO layer hardly affected the texture of BST thin films [13].

On the other hand, MgO shows low microwave loss, good thermal stability and has been 
increasingly utilized in microwave devices. The crystal parameter of MgO is a = b = c = 0.42 nm, 
which is close to that of BST (about 0.39 nm). The single crystal MgO has been used as a 
microwave substrate [14]. However, the high cost of MgO crystal restrains the popularity of 
massive production [15]. Few works have been reported on MgO thin films deposited by RF 
magnetron sputtering as a buffer layer for BST [16].

In this chapter, buffer layer such as LaNiO3 thin film or MgO thin film were deposited on 
silicon substrate by RF magnetron sputtering. Here, both the effect of the sputtering param-
eters on the orientation of LNO thin film and the effect of the LNO/MgO buffer layer on the 
microstructure and dielectric properties of sputtered BST were studied [17–21].

2. Experimental details

BST and LNO targets for our experiment were synthesized by conventional sintering pro-
cess using a conventional mixing oxides method. The LNO films with varied thickness (600–
2400 Å), mainly used as a buffer layer, were deposited at room temperature or at 300°C by RF 
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magnetron sputtering. The substrate was silicon or platinized silicon. The sputtering power 
was 100 W and the relative O2 ratio ranged from 10 to 50% with the total pressure of 1.33 Pa. 
For the LNO deposited at room temperature, the LNO film was post annealed at 700°C for 1 h 
in O2 atmosphere for crystallization.

BST thin film was deposited under various relative oxygen ratios with total Ar and O2 pres-
sure of 0.8 Pa, and then it was post annealed at 700–750°C in O2 atmosphere for crystallization.

MgO buffer layers were deposited at room temperature on Si wafers. The working pres-
sure is 0.3 Pa, and O2 partial ratio changed was 10%. The RF magnetron sputtering power 
is 100 W. The thickness of thin films was measured by a stylus profiler (Veeco Dektak 6M). 
The thickness of the MgO buffer layer is between 50 and 150 nm. Then, Ba0.5Sr0.5TiO3 thin 
films were deposited on MgO buffer layers by RF magnetron sputtering. The deposition pres-
sure was 0.8 Pa. Both the MgO and the BST/MgO composite films were annealed in the O2 
atmosphere.

The compositional analysis was performed by induced coupling plasma emission spec-
troscopy (ICP) using an Iris Advantage 1000 instrument. The phase and crystallinity of the 
films were characterized by an X-ray diffractometer (XRD) D/MAX-γB, Rigaku with CuKa 
radiation. Atomic force microscopy (AFM) surface morphologies were achieved with a Digital 
Instrument Nanoscope III with AFM tapping mode. Then the resistivity was determined by a 
four-point probe (China, D41-11A/ZM) at room temperature. The microstructure of the thin 
films was examined by field emission-scanning electron microscopy (FE-SEM). For the mea-
surements of the dielectric properties, the Cu/Cr top electrodes were deposited by sputtering 
method and were patterned by liftoff technology. The planar capacitor was prepared based on 
BST/LNO Pt (111)//Ti/SiO2/Si thin film, and interdigital capacitor was prepared based on BST/
MgO/SiO2/Si thin films. The dielectric properties of the BST films were measured using an HP 
4194A impedance analyzer at a frequency of 1 MHz. C-V characteristic was carried out with a 
sine wave with a 0.1 V step at a frequency of 1 MHz at room temperature.

3. Oriented LaNiO3 or MgO buffer layer on Si for the textured 
Ba0.5Sr0.5TiO3 thin films

3.1. RF sputtered BST thin film on Si substrate

BST thin films can be deposited by different methods such as hydrothermal, pulsed laser 
deposition, metal organic chemical vapor deposition (MOCVD), chemical solution deposition 
method and sol-gel. Among these methods, we chose radio frequency magnetron sputtering 
technique due to its industrial process compatibility through ease of implementation, superior 
compositional reproducibility, medium deposition rate, uniform deposition over large area 
with additional interest in mass production [22–24]. However, transferring the target stoi-
chiometry to the substrate remains a challenge with on-axis RF-magnetron sputtering due to 
re-sputtering effects. Thus, the control of the re-sputtering and the etch rate are critical issues 
related to the sputtering of BST thin films. This etch rate is known to be strongly influenced by 
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the deposition parameters. There have been several reported methods to reduce the impact of 
this phenomenon. The common method is to use an off-axis deposition [25], where the surface 
is not parallel to the target surface. Another method is to increase the sputtering gas pressure, 
providing higher anion-gas collisions to reduce the energy of negative particles or deflecting 
them away from the film. In the present study, the key to achieve stoichiometric BST thin film 
deposition was by controlling both target composition and oxygen concentration to avoid 
the re-sputtering and the substrate etching. BST thin films were deposited by on-axis radio-
frequency magnetron sputtering, then the films were annealed at 750°C in O2 atmosphere.

Figure 1 shows the composition of the BST thin films deposited by on-axis RF-magnetron 
sputtering in Ar/O2 mix gas is deviated from the target, which is due to re-sputtering effects, 
that is, oxygen negative ions bombardment of the growing film. The BST thin films close to 
stoichiometric composition, Ba0.5Sr0.5TiO3, were sputtered with a (Ba0.8Sr0.8)TiO3 target in Ar 
gas. The re-sputtering effect can be decreased when no oxygen was introduced during sput-
tering since the re-sputtering phenomenon is attributed to the presence of energetic particles 
(negative oxygen ions).

As can be seen in Figure 2, the BST thin film deposited at room temperature was amorphous. 
When annealed at 750°C in O2 atmosphere for 30 min, thin film crystallized. With increasing 
annealing time, the grain size increased and some large grains appeared. Annealing at 750°C 
for no more than 30 min is beneficial for the homogenous grain growth.

Figure 3 shows the XRD patterns of the BST thin films on SiO2/Si deposited in different oxy-
gen ratio (  P  

 O  
2
  
   ) and annealed at 750°C for 30 min. BST sputtered in Ar/O2 mix gas cannot form 

complete perovskite phase and some non-perovskite phase appears because of oxygen nega-
tive ions bombardment of the growing film. But Perovskite phase formed when the BST thin 
film were sputtered in Ar gas.

Figure 4 shows the C-V characteristic of the BST thin films directly deposited on Pt/SiO2/Si. 
The curve was asymmetric because the bottom electrode (Pt) and top electrode (Cu) were 
different. When the bias voltage switched, the two curves were symmetric with x = 0 V as axis 
of symmetry.

Figure 1. (a) The effect of target composition and (b)   P   O  2  
    on (Ba + Sr)/Ti ratio of the BST thin films SiO2/Si (total 

pressure = 0.8 Pa).
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3.2. RF sputtered LaNiO3 on Si substrate

As shown in Figure 5, the chemical composition analysis by ICP, that is, the La/Ni ratio (mole 
ratio) in the LNO thin films varied with relative oxygen ratios. The La/Ni ratio keeps stoi-
chiometric ratio of 1:1 while the relative oxygen ratio is between 10 and 25%; however, as 
the relative oxygen ratio exceeds 25%, the content of La decreases. In the sputtering process, 
oxygen participated in the sputtering as well as a reaction gas. Because of the energy differ-
ence between oxygen ion and argon ion, the change of the relative oxygen ratio will lead 
to the change of sputtering yield of La and Ni, but the change should be continuous and 
monotonous. The structure with La/Ni ratio of 1:1 is relatively stable, La and Ni are selectively 
adsorbed in the film in the process of sputtering, so the component of the film keeps stable 
when the relative oxygen ratio maintains between 10 and 25%. This indicates that the films 
tend to grow according to stoichiometric ratio during the sputtering process [26]. Figure 6 
shows the XRD patterns of the LNO films. According to XRD results of Figure 6a, the LNO 
films deposited at room temperature with different relative oxygen ratio and post annealed at 
700°C for 1 h show a perovskite-type cubic structure with a random orientation irrespective 
of O2 ratio. The full width at half maximum (FWHM) of the (110) peak increases slightly when 
the O2 ratio exceeds 25%, that is, the LNO films have better crystalline when the relative oxygen 
ratio is no more than 25%. The mole ratio of La/Ni for the film deviates from stoichiometric 
ratio when the O2 ratio exceeds 25%, therefore, the LNO films deposited above 25% O2 ratio 

Figure 2. SEM of the BST thin films on SiO2/Si: (a) as-deposited (b) annealed at 750 in O2 atmosphere for 30 min and 
(c) annealed at 750 in O2 atmosphere for 60 min.

Figure 3. XRD spectra of BST film sputtered under different relative oxygen ratio (  P   O  2  
   ).
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show bad crystalline. The surface morphology of the LNO thin films by AFM are summarized 
in Table 1. The mean roughness value of the film deposited with 10% O2 ratio was 1.5 nm, 
while the surface roughness value was 5.0 nm and many voids were observed when the O2 
ratio exceeded 25%. Figure 6(b) and (c) shows the thin films deposited on Pt (111)/SiO2/Si  
with 10% oxygen at room temperature and 300°C, respectively. It can be seen that the films 
show an entirely perovskite phase with a (100) preferential orientation when the LNO thin 
film was deposited at 300°C (Figure 6(c)). However, when the LNO thin film was deposited 
at room temperature and was post-annealed for crystallization (Figure 6(b)), the thin film 
showed random orientation. Combined the XRD results in Figure 6(a)–(c), it revealed that the 

Figure 4. C-V diagram before and after changing the DC bias direction.

Figure 5. The dependence of La/Ni ratio on the relative oxygen ratio.
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oriented growth of the LNO thin films was dominated by deposition temperature, which was 
due to the collision between the energetic particles and the thin film during sputtering [12], 
the detailed discussion was given in Ref [27].

As we know, the preferred orientations of thin films are affected by many parameters. Surface 
free energies of two-dimensional planes affect the preferred orientation of films in the initial 
stage of film growth [28]. The film will be oriented to the plane which has the smallest surface 
free energy if the effect of the substrate is negligible. In ceramic systems with unit cell contain-
ing cations and anions, both the electrostatic charges of two-dimensional planes and surface 
packing densities should be considered in the calculation of surface free energies. It is difficult 
to find out the surface free energies of ceramics. Furthermore, in RF magnetron sputtering 
process ionic species ejected from the target surface will also influence the orientations of 
films. The film orientation can be adjusted by changing the process conditions such as sub-
strate temperature, ambient pressure. In the film deposited at low pressures, the size of the 
plume was large and the substrate was located at the middle of plume. The kinetic energies 
of ionic species were higher than those of atomic and molecular species. While the absolute 
number of ionic species was small, they were absorbed on the substrate preferentially and 
the influence of electrostatic charges became dominant at the initial stage of film growth. The 

Figure 6. XRD patterns of the LNO thin films. (a) Deposited on SiO2/Si at room temperature with different oxygen ratios 
and post annealed at 700°C. (b) Deposited on Pt(111)/SiO2/Si at room temperature and annealed at 700°C for 1 h with 
10% oxygen ratio. (c) Deposited on Pt (111)/SiO2/Si with 10% oxygen ratio at 300°C.

Oxygen ratios (%) Ra (nm) Surface morphology

10 1.5 Smooth

25 2.4 Smooth

33 4.6 Rough, some voids

50 5.0 Many voids

Table 1. The morphology of the LNO films deposited on SiO2/Si at different oxygen ratios and postannealed at 700°C.
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oriented growth of the LNO thin films was dominated by deposition temperature, which was 
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kinetic energies of absorbed species were determined by the substrate temperature. When the 
substrate temperature was high enough, the absorbed species had sufficient energies to rear-
range along the plane with the electrically neutral planes, that is, the (100) equivalent planes, 
therefore textured LNO films were obtained.

The resistivity of LNO measured by four points probe method is shown in Table 2. It shows 
that the resistivity increases rapidly when the O2 ratio is more than 33%, which can be 
explained as following: one is the decreased La resulting in the composition deviated from 
the stoichiometric ratio, another one is that the film contains many voids. This indicates that 
the films can be deposited at 300°C with O2 ratio less than 33%. The effects of the relative O2 
ratio, substrate temperatures on the microstructure and electrical properties of the LaNiO3 
thin films by RF sputtering have been investigated [26]. It revealed the films deposited at 
300°C show (100) preferred orientation. This indicates that the substrate temperature plays an 
important role in the determination of the films orientation. The LNO films deposited with 
10% O2 ratio had the lowest resistivity and as such be suitable as a buffer layer or electrode of 
perovskite oxide thin films.

3.3. Textured BST thin film on LNO/Pt/SiO2/Si (100) substrate

BST thin films were deposited on different electrodes and post annealed in O2 at 700–750 °C 
atmosphere for 30 min. Figure 7(a)–(c) shows the XRD patterns of BST thin films deposited 
on different electrodes. The films in Figure 7b and c show a well-developed perovskite phase 
without other crystalline phases, but the BST thin films directly deposited on Pt electrode 
showed relatively weak crystallization compared with those deposited on LNO buffer layer. 
Mainly oriented (100) peak with small extra (110) peaks, was observed in the BST film depos-
ited on LNO (100)/Pt (111) in Figure 8b and c [10]. It can be seen that the (100)-textured LNO 
films due to a good match of lattice parameters between LNO and BST, as well as a similar 
perovskite structures, further facilitated the crystallization and growth of the BST films. Also, 
the BST thin film deposited on 120 nm LNO shows better crystallinity than that of the BST 
film on 60 nm LNO. The AFM images in Figure 7(d)–(f) revealed that the surface of BST on 
Pt shows some white hillocks because Ti can migrate into the surface via Pt grain boundaries 
and results in the formation of hillocks, and larger grain size is observed in the BST thin films 
deposited on LNO/Pt (111) compared to that deposited on Pt (111). These results are in agree-
ment with XRD, which means that LNO buffer layers enhance the growth of BST grains. On 

Oxygen ratio (%) Resistivity(MΩ  cm ) (Td = 300°C)

10 2.45

20 2.51

33 2.49

50 23.1

Table 2. The resistivity of the LNO thin film sputtered with different O2 ratios.
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the other hand, increasing LNO thickness leads to the rougher surface when the thickness of 
LNO is more than 60 nm. The root-mean-square (RMS) values of surface roughness of the BST 
film in Figure 7(d)–f) are 7, 5, 8 nm, respectively.

3.4. The dielectric properties of BST multilayer thin films

For the measurements of the dielectric properties, parallel capacitor was prepared. Figure 8(1) 
shows the structure of BST capacitor and Figure 8(2) shows the dielectric properties of the 
BST thin films varied with the electric field. The asymmetric C-V curves may arise from the 
difference between bottom electrode and top electrode [29]. The tunability of the ferroelectric 
film can be expressed with the equation as following:

  Tunability =   
 C  max   −  C  min   ________  C  max  

    (1)

According to Eq. (1), the tunability of BST thin films on the LNO (100)/Pt (111) and on the 
LNO (110)/Pt (111) were about 63 and 50% at 500 kV/cm, which were higher than that (about 
30%) of BST thin film directly deposited on the Pt (111). The value is comparable with that 

Figure 7. Characterization of BST thin films [30]. (a–c) X-ray diffraction patterns of BST films deposited on various 
substrates (a) Pt (111), (b) LNO (100) 120 nm/Pt (111), (c) LNO (100) 60 nm/Pt (111); (d–f) AFM surface morphology of the 
BST thin films deposited on various substrates (d) Pt (111), (e) LNO (100) 120 nm/Pt (111), (f) LNO (100) 60 nm/Pt (111).
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film on 60 nm LNO. The AFM images in Figure 7(d)–(f) revealed that the surface of BST on 
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ment with XRD, which means that LNO buffer layers enhance the growth of BST grains. On 

Oxygen ratio (%) Resistivity(MΩ  cm ) (Td = 300°C)

10 2.45

20 2.51

33 2.49

50 23.1

Table 2. The resistivity of the LNO thin film sputtered with different O2 ratios.

Coatings and Thin-Film Technologies248

the other hand, increasing LNO thickness leads to the rougher surface when the thickness of 
LNO is more than 60 nm. The root-mean-square (RMS) values of surface roughness of the BST 
film in Figure 7(d)–f) are 7, 5, 8 nm, respectively.

3.4. The dielectric properties of BST multilayer thin films

For the measurements of the dielectric properties, parallel capacitor was prepared. Figure 8(1) 
shows the structure of BST capacitor and Figure 8(2) shows the dielectric properties of the 
BST thin films varied with the electric field. The asymmetric C-V curves may arise from the 
difference between bottom electrode and top electrode [29]. The tunability of the ferroelectric 
film can be expressed with the equation as following:
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LNO (110)/Pt (111) were about 63 and 50% at 500 kV/cm, which were higher than that (about 
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of pulsed laser deposited BST on LNO (110)/Pt (111) (62% tunability at 262.5 kV/cm [11] and 
that of the BST thin film on the LNO/Pt (111) (about 51% tunability at 400 kV/cm) deposited 
by metal organic deposition process [12]. The results of higher capacitance are consistent with 
the previous structural observation, that is, the crystallization of the BST films was enhanced 
by LNO buffer layer. Furthermore, the dielectric loss of BST thin films was reduced for BST 
thin films with LNO buffer layer. It has been reported that conducting oxide like LNO aid in 
migration of oxygen vacancy [11], which is a possible reason for the decrease in dielectric loss 
of the BST thin films with LNO buffer layer. The best tunability of BST films on (100)-LNO 
seems to be attributed to (100) texturing of the BST films.

In addition, the effect of BST thin films thickness and post annealing on the dielectric proper-
ties of the parallel capacitor was examined. Figure 9(a) shows the electric field dependence of 
the dielectric properties of the BST thin films of different thickness with 120 nm LNO buffer 
layer. It should be noted that the dielectric constant did not increase with increasing thickness 
of BST, which is related with the interface between LNO and BST. When the LNO buffer 

Figure 9. (a) Dielectric constant versus DC voltage with different BST thicknesses (LNO is 120 nm) and (b) the DC bias 
voltage dependence of dielectric loss for the thin film annealed at different temperature.

Figure 8. (1) Schematic of the capacitor, (2) the electric field dependence of dielectric property for: (a) Cu/BST/LNO (100)/Pt  
capacitor, (b) LNO (110)/Pt (111) and (c) Cu/BST/Pt capacitor, respectively [10].
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layer kept 120 nm, the tunability of BST with 100–125 nm is better than that with thicker 
BST. Figure 9(b) shows the DC bias voltage dependence of dielectric loss for the thin film 
annealed at different temperature. It reveals that the BST/LNO/Pt/SiO2/Si annealed at 700°C 
has the lowest dielectric loss, which demonstrated the LNO buffer layer help in reducing the 
dielectric loss. However, when the BST/LNO film was annealed at 750°C, the dielectric loss 
increased, and it increased rapidly with increasing bias voltage, which may be due to two 
reasons: one is that the Ti diffusion toward BST and reduced the effective dielectric layer, on 
the other hand, the lattice parameter of LNO is 3.84 and that of BST is 3.94, mismatch between 
BST and LNO is 2.6% the dislocations increased with increasing annealing temperature.

The effect of buffer layer thickness on the dielectric properties of the BST thin films was 
examined.

Figure 10(a) shows the DC bias voltage dependence of dielectric constant for the BST depos-
ited on LNO buffer layer with varied thickness δ. The commonly used figure of merit (FOM) 
for electrically tuned device applications is the ratio of the tunability to dielectric loss (tgδ), 
the so-called K factor.

Table 3 shows the tunability and FOM of BST with different thickness of LNO buffer layer at 
applied electric field of 400 kV/cm. The tunability of BST thin film on the LNO (100)/Pt (111) 
was about 63% at a vertical applied field of 400 kV/cm, and it was higher than that (about 
32%) of BST thin film on the Pt (111). Figure 10(b) reveals that the dielectric loss for the BST on 
120 nm LNO was the smallest when the DC bias is no more than 1 V. The best dielectric prop-
erties were obtained with 120 nm LNO buffer layer, which was confirmed by microstructure 
examination. Many factors, such as orientation, compositions, crystallinity, strain and stress 
have been found to affect the dielectric properties. The crystalline quality of the LNO template 
layer affects the quality of BST. When the LNO was too thin, such as 60 nm, the microstructure 
was inhomogeneous and the crystalline quality was poor. On the other hand, too thick LNO 
was detrimental to the dielectric properties of BST, probably due to the interdiffusion between 
LNO layer and BST during long time deposition and post-annealing. The higher tunability 

Figure 10. The DC bias voltage dependence of dielectric property for the Cu/BST/LNO/Pt capacitor of varied LNO 
thickness δ. (a) Dielectric constant [30] and (b) dielectric loss.
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120 nm LNO was the smallest when the DC bias is no more than 1 V. The best dielectric prop-
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is related to (100) texture of the BST films [30]. As a BST film subjected to tensile stress, a 
contraction occurred along the C axis, which leads to an enhancement of the in-plane oriented 
polar axis [10]. By a converse electrostrictive effect, the in-plane tensile stress reduces the 
capacitance in the thickness direction of the film [11]. When the (100)-oriented BST thin films 
were applied under higher electric fields, the in-plane orientation of the polar axis resulted in 
higher tunability. Hence, the tunability of (100)-oriented BST films was higher compared to 
the randomly oriented BST films.

3.5. BST thin film on MgO/SiO2/Si (100) substrate and its dielectric properties

Interdigital capacitor electrodes were patterned by lift-off process [31]. The thickness of elec-
troplated Cu is about 5 μm which is larger than the skin depth of copper at 10 GHz.

3.5.1. XRD and SEM studies

MgO thin film was deposited on Si as buffer layer and its microstructure was investigated 
in our previous study [31]. The sputtering was carried out under room temperature, with 
a partial pressure of oxygen kept at 10% and the total argon and oxygen pressure of 0.3 Pa. 
Figure 11a–d shows the XRD patterns of the MgO films and BST/MgO. MgO thin film was 
annealed at 1000°C for the crystallization after sputtering. BST/MgO composite thin films 
undergo a two-step annealing process, in which the BST film was deposited on annealed MgO 
buffer layer (1000°C) then BST/MgO composite film was annealed at 750°C.

Figure 11(a) and (b) reveals that the MgO thin film deposited on (100) Si prefer to (200) ori-
entation, but the MgO thin film on (111) Si show (111) orientation. The orientation of the BST 
films with and without MgO buffer layer is much different in Figure 11c and d. The MgO 
buffer layers enhanced the BST (100) orientation and weakened the BST (111) orientations. 
However, the BST/Si films did not show desirable crystal orientation when annealed at 750°C.

Furthermore, considering LNO, a kind of conductive oxide, may increase the leakage of BST 
on it, a thin layer of MgO (<50 nm) was inserted between LNO (100 oriented) and BST The 
BST was deposited on MgO/LNO bilayer and then annealed at 750°C. The microstructure of 
the multilayers was examined.

LNO under layer thickness (nm) Tunability (%) Figure of merit (FOM)

0 35 1.2

60 26 3.1

120 63 6.3

180 31 4.1

240 32 1.5

Table 3. The tunability and FOM of BST thin film on different thickness of LNO buffer layer.
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Figure 12(a) show that the surface of BST/MgO/LNO is smooth and the BST grain is about 
15–30 nm, the XRD results in Figure 12(b) reveal that the BST show (100) preferential orienta-
tion and no peak of MgO was observed because MgO annealed at 750°C is still amorphous.

3.5.2. The tunable dielectrical properties of the BST thin film with and without LNO/MgO 
buffer layer

Figure 13 shows the tunable dielectric properties of the BST thin film with and without MgO 
buffer layer. The frequency is fixed at 1 MHz and the additional AC voltage is 0.05 V. The 
thickness of interdigital Cr/Au electrodes is about 0.5 μm, and the width of the finger is 10 μm 
and the gap between the fingers is 5 μm. The tunability of BST thin film without MgO buffer 
layer is 14.7% at 10.

V. However, the insertion of MgO buffer layer increases the tunability to 62.4% for BST/MgO 
(150 nm)/Si and 61.5% for BST/MgO (50 nm)/Si respectively, which is more than four times 
than that of BST films directly deposited on Si [31]. The dielectric loss of BST without the MgO 
buffer layer is about 0.1–0.15, and it decreases to about 0.05 after the insertion of the MgO buf-
fer layer. The insertion of MgO buffer layer notably improves the tunability and at the mean 
time reduces the dielectric loss. The higher capacitance of BST/MgO (150 nm)/Si film com-
pared with that of BST/MgO (50 nm)/Si film resulted from that the electrical field distribution 
[28] in interface (Dead layer [29]). The dead layer can reduce the dielectric capacitance of the 
composite films because the thinner MgO buffer layer means the more electrical distribution 
in the interface between Si and MgO thin film.

3.5.3. The tunable dielectrical properties of the BST/MgO/LNO multilayer

The C-V characteristic of the BST on MgO/LNO bilayer was shown in Figure 14(a). For the 
interdigital thin film capacitor, the gap is 5 μm and the width of the finger is 5, 10, 15 μm, 

Figure 11. XRD patterns of (a) MgO films deposited on (100)Si, (b) MgO films deposited on (111) Si, (c) BST/MgO films 
and (d) BST/SiO2/Si.
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is related to (100) texture of the BST films [30]. As a BST film subjected to tensile stress, a 
contraction occurred along the C axis, which leads to an enhancement of the in-plane oriented 
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capacitance in the thickness direction of the film [11]. When the (100)-oriented BST thin films 
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the randomly oriented BST films.
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Interdigital capacitor electrodes were patterned by lift-off process [31]. The thickness of elec-
troplated Cu is about 5 μm which is larger than the skin depth of copper at 10 GHz.

3.5.1. XRD and SEM studies

MgO thin film was deposited on Si as buffer layer and its microstructure was investigated 
in our previous study [31]. The sputtering was carried out under room temperature, with 
a partial pressure of oxygen kept at 10% and the total argon and oxygen pressure of 0.3 Pa. 
Figure 11a–d shows the XRD patterns of the MgO films and BST/MgO. MgO thin film was 
annealed at 1000°C for the crystallization after sputtering. BST/MgO composite thin films 
undergo a two-step annealing process, in which the BST film was deposited on annealed MgO 
buffer layer (1000°C) then BST/MgO composite film was annealed at 750°C.

Figure 11(a) and (b) reveals that the MgO thin film deposited on (100) Si prefer to (200) ori-
entation, but the MgO thin film on (111) Si show (111) orientation. The orientation of the BST 
films with and without MgO buffer layer is much different in Figure 11c and d. The MgO 
buffer layers enhanced the BST (100) orientation and weakened the BST (111) orientations. 
However, the BST/Si films did not show desirable crystal orientation when annealed at 750°C.

Furthermore, considering LNO, a kind of conductive oxide, may increase the leakage of BST 
on it, a thin layer of MgO (<50 nm) was inserted between LNO (100 oriented) and BST The 
BST was deposited on MgO/LNO bilayer and then annealed at 750°C. The microstructure of 
the multilayers was examined.

LNO under layer thickness (nm) Tunability (%) Figure of merit (FOM)

0 35 1.2

60 26 3.1

120 63 6.3

180 31 4.1

240 32 1.5

Table 3. The tunability and FOM of BST thin film on different thickness of LNO buffer layer.
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Figure 12(a) show that the surface of BST/MgO/LNO is smooth and the BST grain is about 
15–30 nm, the XRD results in Figure 12(b) reveal that the BST show (100) preferential orienta-
tion and no peak of MgO was observed because MgO annealed at 750°C is still amorphous.

3.5.2. The tunable dielectrical properties of the BST thin film with and without LNO/MgO 
buffer layer

Figure 13 shows the tunable dielectric properties of the BST thin film with and without MgO 
buffer layer. The frequency is fixed at 1 MHz and the additional AC voltage is 0.05 V. The 
thickness of interdigital Cr/Au electrodes is about 0.5 μm, and the width of the finger is 10 μm 
and the gap between the fingers is 5 μm. The tunability of BST thin film without MgO buffer 
layer is 14.7% at 10.

V. However, the insertion of MgO buffer layer increases the tunability to 62.4% for BST/MgO 
(150 nm)/Si and 61.5% for BST/MgO (50 nm)/Si respectively, which is more than four times 
than that of BST films directly deposited on Si [31]. The dielectric loss of BST without the MgO 
buffer layer is about 0.1–0.15, and it decreases to about 0.05 after the insertion of the MgO buf-
fer layer. The insertion of MgO buffer layer notably improves the tunability and at the mean 
time reduces the dielectric loss. The higher capacitance of BST/MgO (150 nm)/Si film com-
pared with that of BST/MgO (50 nm)/Si film resulted from that the electrical field distribution 
[28] in interface (Dead layer [29]). The dead layer can reduce the dielectric capacitance of the 
composite films because the thinner MgO buffer layer means the more electrical distribution 
in the interface between Si and MgO thin film.

3.5.3. The tunable dielectrical properties of the BST/MgO/LNO multilayer

The C-V characteristic of the BST on MgO/LNO bilayer was shown in Figure 14(a). For the 
interdigital thin film capacitor, the gap is 5 μm and the width of the finger is 5, 10, 15 μm, 

Figure 11. XRD patterns of (a) MgO films deposited on (100)Si, (b) MgO films deposited on (111) Si, (c) BST/MgO films 
and (d) BST/SiO2/Si.
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respectively. Figure 14(b) reveal that the tunability of BST/MgO/LNO multilayer is higher 
with increasing width of the finger, but the dielectric loss also increases rapidly when the 
bias is larger than 15 V. Probably the interface between the multilayers resulted in the large 
dielectric loss at high bias voltage. Further intensive investigation is needed in order to obtain 
high tunability with small dielectric loss.

3.5.4. Coplanar waveguide with BST/MgO on Si substrate

Finally, coplanar waveguide (CPW) on Si substrate with BST/MgO multilayer were fabri-
cated. The schematic of a CPW was shown in Figure 15, where g is the gap between the 
ground and signal line, w is the width of the signal line and the total of w and g is kept as con-
stant (90 μm). To obtain the transmission and loss characteristics of the coplanar waveguide, 
S parameters were measured using a vector network analyzer (Agilent 8722ES). The fre-
quency was swept from 5 to 15 GHz. The measured S-parameters of the waveguide are shown 
in Figure 16. The measured return loss S11 are lower than −40 dB at the central frequency of 
10 GHz. Meanwhile, the measured S12 were close to −2.8 to −3.8 dB in measuring frequency 

Figure 12. Characterization of the BST/MgO/LNO multilayer thin films: (a) SEM and (b) XRD patterns.

Figure 13. The dielectric properties of the BST thin film (a) without MgO; (b) on different thickness of MgO buffer layer 
[31].
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band. These results indicated that the CPW based on Si substrate with BST/MgO thin films 
showed good transmission property near 10 GHz. It has promising application in tunable 
high frequency devices although the insertion loss was little higher, which need to be further 
optimized by design optimization of CPW and improvement of BST multilayers.

Figure 14. Dielectric property for BST/MgO/LNO interdigital capacitor with different widths of the finger (gap = 5 μm) 
(a) C-V curves and (b) the tunability.

Figure 15. Schematic of a CPW with a double-layer dielectric on Si substrate.

Figure 16. S parameters of the CPW with BST/MgO(w + g = 90 μm). (a) S12 and (b) S11.
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4. Conclusions

The effect of LNO/MgO buffer layer on the microstructure and dielectric properties of BST 
thin films was investigated. The MgO, BST and LNO films were deposited on the Si sub-
strate by RF magnetron sputtering. It reveals that the orientation of the LNO thin films were 
dominated by the substrate temperature, highly (100)-oriented LNO was obtained when 
the substrate temperature was 300°C, and the orientation of BST thin film was tailored by 
the introduction of LNO buffer layer. Highly (100)-oriented (Ba0.5Sr0.5)TiO3/LaNiO3 hetero-
structures were obtained on Pt(111) by RF sputtering, and LNO buffer layers enhance the 
growth of BST grains. The tunability were greatly improved to 63% by the introduction of 
(100)-textured LNO buffer layer with proper thickness, and FOM of BST thin films was also 
greatly improved. Also, the BST thin film interdigital capacitors were fabricated on silicon 
with MgO or LNO/MgO as buffer layer. The results show that insertion of the MgO buf-
fer layer can enhance the tunability of the BST film and simultaneously reduce the dielec-
tric loss. The MgO buffer layer can also enhance the crystallization of the BST thin films. 
However, LNO/MgO bilayer can greatly increase the tunability, at the same time the dielec-
tric loss is large when the applied voltage is more than 10 V. Finally, the CPW with BST/
MgO were fabricated and their S were tested, the CPW showed good transmission property 
near 10 GHz and showed promising application in tunable high frequency devices.
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4. Conclusions

The effect of LNO/MgO buffer layer on the microstructure and dielectric properties of BST 
thin films was investigated. The MgO, BST and LNO films were deposited on the Si sub-
strate by RF magnetron sputtering. It reveals that the orientation of the LNO thin films were 
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structures were obtained on Pt(111) by RF sputtering, and LNO buffer layers enhance the 
growth of BST grains. The tunability were greatly improved to 63% by the introduction of 
(100)-textured LNO buffer layer with proper thickness, and FOM of BST thin films was also 
greatly improved. Also, the BST thin film interdigital capacitors were fabricated on silicon 
with MgO or LNO/MgO as buffer layer. The results show that insertion of the MgO buf-
fer layer can enhance the tunability of the BST film and simultaneously reduce the dielec-
tric loss. The MgO buffer layer can also enhance the crystallization of the BST thin films. 
However, LNO/MgO bilayer can greatly increase the tunability, at the same time the dielec-
tric loss is large when the applied voltage is more than 10 V. Finally, the CPW with BST/
MgO were fabricated and their S were tested, the CPW showed good transmission property 
near 10 GHz and showed promising application in tunable high frequency devices.
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Abstract

Functional nanoferrite thin films are used in various fields of our life. There are many dif-
ferent methods used to fabricate thin films including sputter deposition, flash laser evapo-
ration pulsed laser deposition (PLD), chemical vapor deposition (PVD) and spin-coating 
process. In each of these methods, it produces an amorphous phase of the deposited film. 
To produce a crystalline film, an additional high-temperature processing is required. The 
high-temperature process can lead to considerable constraints in combining the desir-
able characteristics of a crystalline nanoferrite thin film with those of thermally unstable 
substrates and other device components. High-temperature thin-film processing is also 
a considerable cost to manufacturing. This chapter will report a simple procedure of the 
sol-gel precursor method for fabrication of NiZn nanoferrite (Ni0.3Zn0.7Fe2O4) thin films 
and spin-coating method in coating a chemical solution. This method generally provides 
for both low-temperature deposition and crystallization of NiZn nanoferrite thin films.

Keywords: NiZn ferrite thin films, spin coating, structural, magnetic, optical properties

1. Introduction of NiZn ferrite thin films

NiZn nanocrystalline ferrite thin films have a spinel crystal structure which have been a sub-
ject of extensive attempt because of their potential applications in high-density magneto-optic 
recording devices, magnetic refrigeration and microwave materials due to its high electri-
cal resistivity, low magnetic coercivity and low eddy current losses. NiZn nanoferrite thin 
films are structure sensitive, and it is not easy to produce a stoichiometric and point-defect-
free NiZn ferrite, for high-resistivity applications. In NiZn ferrite thin-film fabrication, the 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Abstract

Functional nanoferrite thin films are used in various fields of our life. There are many dif-
ferent methods used to fabricate thin films including sputter deposition, flash laser evapo-
ration pulsed laser deposition (PLD), chemical vapor deposition (PVD) and spin-coating 
process. In each of these methods, it produces an amorphous phase of the deposited film. 
To produce a crystalline film, an additional high-temperature processing is required. The 
high-temperature process can lead to considerable constraints in combining the desir-
able characteristics of a crystalline nanoferrite thin film with those of thermally unstable 
substrates and other device components. High-temperature thin-film processing is also 
a considerable cost to manufacturing. This chapter will report a simple procedure of the 
sol-gel precursor method for fabrication of NiZn nanoferrite (Ni0.3Zn0.7Fe2O4) thin films 
and spin-coating method in coating a chemical solution. This method generally provides 
for both low-temperature deposition and crystallization of NiZn nanoferrite thin films.

Keywords: NiZn ferrite thin films, spin coating, structural, magnetic, optical properties

1. Introduction of NiZn ferrite thin films

NiZn nanocrystalline ferrite thin films have a spinel crystal structure which have been a sub-
ject of extensive attempt because of their potential applications in high-density magneto-optic 
recording devices, magnetic refrigeration and microwave materials due to its high electri-
cal resistivity, low magnetic coercivity and low eddy current losses. NiZn nanoferrite thin 
films are structure sensitive, and it is not easy to produce a stoichiometric and point-defect-
free NiZn ferrite, for high-resistivity applications. In NiZn ferrite thin-film fabrication, the 
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accurate composition control and the uniformity throughout the film deposition are impor-
tant. It is well known that properties of ferrite materials strongly depend on the preparation 
conditions. This issue is important in NiZn ferrite thin films because the effect of temperatures 
will lead to the change in the chemical composition of the ferrite films. These also will result in 
non-uniformity of film composition and the magnetic hysteresis parameter of ferrites. High-
temperature synthesis of NiZn thin-film ferrite results in the evaporation of some constituents 
that lead to the nonstoichiometry, and zinc volatilization at higher temperature can result in 
the formation of Fe2+ ions that lead to increase the electron hopping and reducing the electrical 
resistivity [1]. Therefore, a low-temperature synthesis is required for the synthesis of NiZn 
ferrite film. Properties of ferrite film depend on the preparation route, due to its strong influ-
ence on type of the film (polycrystalline and epitaxial), particle size, chemical homogeneity, 
microstructure and cationic distribution between tetrahedral and octahedral sublattice sites 
[2, 3]. Synthesis of ferrite thin film is of great interest among researchers in this field of study. 
Widely used techniques are utilized to produce desirable final product of nickel zinc ferrite. 
These techniques can be classified into two major techniques which are the conventional tech-
nique and the nonconventional technique. The starting materials are conventionally oxides 
or precursors of oxide of the cations. This process involves the interdiffusion of the various 
metal ions of preselected compositions to form a mixed crystal. The nonconventional powder 
processing in a liquid medium may produce intermediate, finely divided mixed hydroxides 
or mixed organic salts to assist the subsequent diffusion process [4]. Most of ferrite films have 
been prepared using sputtering and pulsed laser deposition. Somehow, sol-gel method is a 
kind of potential film preparation process, which possesses advantages of chemical homoge-
neity, easy component adjustment, low calcination temperature and low cost. Spin coating 
gives an advantage to liquid film that leads to uniformity in thickness during spin-off [5]. 
Once uniform, it tends to remain provided the viscosity is not shear-dependent and does 
not vary over the substrate. Other than that, sol-gel and hydrothermal routes of ferrite syn-
thesis have shown increasing importance. Recent years are marked by growing interest in 
sol-gel processed films in new areas, particularly in microelectronics. This is mainly due to 
intensively developing applications of silicate or siloxane sol-gel films in the VLSI multilevel 
interconnection process, the preparation of ferroelectric films for nonvolatile memory [6].

2. Literature review on synthesis techniques of NiZn ferrite thin 
films

Spin coating is widely used in modern optical and microelectronic industries [7]. The under-
standing of its underlying physics remains limited, a fact attributed to the lack of experimental 
data for the evolution of various parameters during the process [8, 9], leading to the need for 
new evolution tools. A relative study of nickel zinc ferrite by sol-gel route and conventional 
solid-state reaction was carried out [10]. It was claimed that the homogeneity and high purity 
in the sol-gel samples and small grains confirmed the finer particles. Ni0.36Zn0.64Fe2O4 (NZF) 
thick films have been synthesized using sol-gel dip-coating method [11]. Combination with 
dispersion of ceramic NZF particles in starting sols has been proved to be useful for producing 
thick nickel zinc ferrite films. The best NZF powders are formed from dispersing at 300°C by 
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hydrothermal grow. Nickel zinc ferrite thin films are successfully prepared using spin-deposited  
citrate-precursor route [12]. The formation of crystalline film at low temperature even though 
films were found to be X-ray amorphous revealed the formation of uniform grains in nano-
meter size range. Besides that, NiZn ferrite film was successfully fabricated by using photo-
sensitive sol-gel method. The photosensitive gel film can be the photoresist of itself during the 
preparation process. The fine pattern of Ni0.5Zn0.5Fe2O4 film is obtained through UV radiation, 
rising and heat treatment [13]. The great potential of combining the microwave technique with 
nonaqueous sol-gel chemistry was successful [14]. Many transition metal ferrite nanoparticles 
with high crystallinity are uniformly morphological besides homogenous metal ferrite thin 
films on flat and curved substrates. The thickness of film can easily be adjusted in the range 
of 20–80 nm using precursor concentration. Other synthesis techniques of nickel zinc ferrite 
thin films are chemical vapor deposition, spray pyrolysis, sputtering, pulsed laser deposition 
and spin spray. Of these methods the earliest used was vapor deposition of metals followed 
by oxidation [15]. The films were porous and polycrystalline and approximately 1000 Å thick. 
Many common ferrites produced by this method were single-phase spinel in crystal structure. 
Spray pyrolysis is complicated and expensive and required special equipment and sometimes 
high processing temperature above 500°C. By using spray pyrolysis technique [3, 16], very 
homogenous ferrite thin films were obtained with good reproducibility. Nevertheless, for spi-
nel ferrite thin-film growth, this method is used rarely. Also only a few works can be found 
on NiZn ferrites, obtained by spray pyrolysis where a focus on the investigation of micro-
structural, optical and magnetic properties was held [17]. Apart from that, the effect of oxygen 
plasma treatment on magnetic and NiZn ferrite films using the spin-spray plating method has 
been employed [18]. The oxygen plasma treatment increased the number of nucleation sites of 
ferrite and enhanced adhesion of the films to the substrates. It has been reported that spinel Zn 
ferrite can be synthesized without substrate heating by pulsed laser deposition [19]. However, 
this technique needs post-deposition and requires sputtered film at a high temperature to 
grow the spinel ferrite structure. The results were optimized and obtained 4000 Å NiZn ferrite 
films with low in-plane coercivity of Hc = 15.2 Oe and relatively high saturation magnetization 
Ms = 318 emu/cm3. Some other research works was working on preparing NiZn ferrite films 
by magnetron sputtering method. Most of the sputtered ferrite films must be deposited at a 
high substrate temperature and need high heat treatment to obtain ordered spinel structure. 
Sputtering method is prepared at room temperature without any post-annealing treatment 
[20]. By controlling the relative oxygen flow, grain size in a range 10–20 nm was developed. 
It revealed a maximum saturation magnetization of about 151 emu/cm3. The static magnetic 
measurement results are affected by the crystallinity, grain dimension and cation distribution.

3. Brief overview of preparation methods

3.1. Preparation of NiZn ferrite thin films

NiZn ferrite thin film is prepared by a sol-gel process and spin-coating technique. The start-
ing materials nickel nitrate hexahydrate (Ni(NO3)2·6H2O) (Sigma Aldrich, 99.999%), iron 
nitrate nonahydrate (Fe(NO3)3·9H2O) (Alfa Aesar, 99.999%) and zinc nitrate hexahydrate 
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(Zn(NO3)2·6H2O) (Alfa Aesar, 99.999%) with high purity were used as a precursor for the 
starting sol preparation. The materials are in metal nitrate hydrates which are soluble in alco-
hol solvents. Acetone and deionized water were used as a medium for sol-gel reaction. Acetic 
acid (C6H8O7H2O) (Alfa Aesar, 99.99%) acts as the chelating agent. The precursors were dis-
solved in deionized water and stirred for 15 min with a molar ratio of Ni:Zn:Fe = 1:1:2 using 
hot plate. The former salt solution was dissolved into acetic acid solution with a molar ratio of 
1:1 and stirred for 3 h at 80°C. A sol-gel formed was left 24 h for age.

3.2. Thin film deposition and spin-coating technique

The thin film was deposited on indium tin oxide (ITO) glass. ITO has higher melting point 
around 1926°C. There is no phase change of substrate during deposition of the film. The 
typical properties of ITO glass substrate are listed in Table 1. The film deposition consists 
of substrate wash and spin coating. The steps are to wash the substrates firstly with distilled 
water in ultrasonic bath for 15 min. The substrate was then washed in ultrasonic bath using 
acetone liquid for 15 min. Coating was carried out in a clean room by using a spin coater. The 
setting parameters were listed in Table 2. The aged sol of 1.0 ml (Section 3.1) was dropped on 
ITO glass substrate and spin coated for 25 s at 3500 rpm (revolutions per min). The deposition 
was repeated several times to obtain the required thickness (300 nm). The film thickness can 
be controlled by the number of coating. The film with desired thickness can be obtained by 
repeating the deposition cycle. Then drying films were performed in a room temperature for 
a few minutes and annealed in air at temperature 400, 500, 600 and 700°C, respectively, with 
an increment of 100°C for 1 h. Annealing process was performed in a box furnace with rate 
of 5°C/min.

3.3. Ni0.3Zn0.7Fe2O4 thin-film characterizations

The X-ray diffraction (XRD) pattern of Ni0.3Zn0.7Fe2O4 thin films was obtained by using a 
Philips X’pert diffractometer model 7602 EA Almelo operating at 40 kV/30 mA in the 2θ 
range (20–80°) with CuKα radiation, λ = 1.5418 Å. The microstructural properties were 

Glass substrate ITO coating glass

Size of substrate 25 × 12 × 1.1 mm

Gel drop 1 ml

Wash ultrasonic bath 15 min

Spin rotations per min (rpm) 3500

Duration of cycle 25 s

Number of cycle 5

Annealing temperature 400–700°C

Cooling rate after annealing 5°C/min

Table 1. Experimental parameters of Ni0.3Zn0.7Fe2O4 thin-film sol-gel spin-coating deposition process.
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observed using a FEI Nova NanoSEM 230 field emission scanning electron microscope. 
The distributions of grain sizes were obtained by taking more than 200 different grain 
images for the sample using J-image software. Hysteresis parameters of the loop of the 
Ni0.3Zn0.7Fe2O4 thin films were measured by using vibrating sample magnetometer (VSM) 
model 7404 Lake Shore. UV-Vis SHIMADZU model UV-3600 spectrophotometer has been 
used to analyse the optical transmission of the NiZn ferrite thin film in the wavelength 
range 200–800 nm.

4. Research findings

4.1. Structural analysis

Figure 1 shows the XRD pattern of spin coating and air-annealed ferrite thin films on the 
ITO glass substrate. The XRD patterns show single-cubic spinel-phase structures of (220), 
(311), (400), (511) and (440) in Ni0.3Zn0.7Fe2O4 ferrite thin films according to JCPDS reference 
code 74-2081 and 82-1049, respectively. Plane (311) is most intense in each annealing tem-
perature, whereas others are at relatively low intensity [22]. These plane formed nickel zinc 
ferrite phases. The small peak intensities in XRD pattern revealed the existence of fine grain 
nanocrystalline with the most part as amorphous. The height of the highest XRD intensity is 
more intense at high temperature and improves the crystallinity of the films. As the anneal-
ing temperature increases, the grain size also increases, as indicated in the narrowing of the 
XRD spectrum lines. Increasing annealing temperature will enhance the crystallinity besides 
releasing the internal strains within the samples which results in better optical and magnetic 
properties. The intensity of the (311) peak increases as a function of the substrate tempera-
ture showing an improvement of the film crystallinity. Moreover the peak intensity increases, 
while its full width at half maximum (FWHM) decreases. Further increasing of substrate 
temperature leads to a slight decrease of the peak intensity for films prepared at 700°C. It 
indicates a saturation of film crystallinity. The crystallite sizes of all ferrite thin films are found 
to be between 16 and 18 nm. The average crystallite size, D (Table 4), was determined using 
the Scherrer’s formula [23] as given by Eq. (1):

  D =   0.9λ ______ β cos θ    (1)

Speed rate (rpm) 3500 rpm (constant speed)

Spin time (s) 25 s

Volume of solution 1.0 ml

Acceleration and deceleration 140 rpm/s

Temperature Room temperature

Reproduced with permission from [21].

Table 2. Spin-coating setting parameters.
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where D is the crystallite size, β is full width at half maximum of the diffraction peak, λ is the 
wavelength of 1.54 Å, and θ is scanning angle.

The lattice constants of these films were calculated using indexing method [24] given by 
Eq. (2):

    λ ___ 4  a   2    =    sin   2  θ _____ d   =    sin   2  θ ________  ( h   2  +  k   2  +  l   2 )     (2)

where d is interplanar spacing, λ is X-ray wavelength, and θ is reflection angle. The λ/4a2 is a 
constant and d = h2 + k2 + l2, which is determined by sin2θ value.

These lattice constants are tabulated in Table 3. The lattice parameters of all the ferrite films 
do not match precisely with the standard JCPDS bulk values which could be attributed to the 
strains present on the surface of the films during the synthesis [25, 26]. Annealing tempera-
ture has a pronounced effect on grain size. The lattice parameter calculated for nickel ferrite 
thin film is 8.338 Å [27]. This is in accordance with the variation in lattice parameter with Zn 
content reported for the bulk ferrites.

4.2. Microstructure analysis

The FESEM images revealed that the Ni0.3Zn0.7Fe2O4 films have dense and homogenous grains 
with an average grain size. Film annealed at 400°C was homogenous with dense microstruc-
ture, and they have high adhesion to the substrate. Film annealed at 500°C shows a well-
developed grain. The grains slowly appeared with increasing annealed temperature. This is 
because the grain tends to combine with closer grain to form larger grain size. The structure 
formed in the thin films is a normal characteristic of film derived from sol-gel. The average 
grain sizes of the Ni0.3Zn0.7Fe2O4 nanoferrite thin films are 18.61 nm (400°C), 26.25 nm (500°C), 

Figure 1. XRD pattern of air-annealed Ni0.3Zn0.7Fe2O4 ferrite thin films. Reproduced with permission from [21].
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28.12 nm (600°C) and 41.32 nm (700°C). The grains of the films are spherical and uniform, and 
cohesion of grains is due to the magnetic attraction. The average grain size of the films is pre-
sented in Figure 2. The histogram of grain size distribution shifted to the larger grain size as the 
annealing temperature increased. However, based on the coercivity, Hc results (Section 4.3),  
the transition from 600 to 700°C of annealing temperature exhibits a fall of the Hc value.

Figure 3 illustrates the cross section of the samples annealed at 400, 500, 600 and 700°C, 
respectively. The deposited films were uniform with two cycles of number deposition cycle. 
It was found that the thin films have thickness in the range of 145.7–285.6 nm which was 
confirmed by cross-sectional FESEM images. The grain size over 26 nm was further increased 
with a higher annealing temperature. Accordingly, the number of grain sizes beyond the 
single domain to multidomain critical size also increased. Therefore, the number of domain 
wall increased as the movement of domain wall contribution to make ease of magnetization 
increased [28].

Figure 4 presented the thickness of the Ni0.7Zn0.3Fe2O ferrite thin films and shows its relation-
ship with the grain size. Annealing is a process related to secondary grain growth in the film. 
Thompson discussed the secondary grain growth mechanism and came to the conclusion that 
the secondary grain growth is driven by the reduction of the total grain boundary energy. 
Since the grain boundary energy is film-thickness-dependent, the secondary grain growth 
rate increases when the film thickness is reduced [29].

4.3. Magnetic properties

The plots of magnetization, M, against magnetic field strength, H (M−H hysteresis loop), for 
Ni0.3Zn0.7Fe2O4 films annealed at 400, 500, 600 and 700°C were shown in Figure 5. The hys-
teresis shape is narrow and has linear loops which have a low saturation magnetization, Ms. 
The saturation magnetization, Ms, and coercivity, Hc, values have been directly extracted from 
these curves and have been listed for various annealing temperatures in Table 4. The Ms and 
Hc could be attributed to the varied grain size and crystallinity. The lower value of saturation 

Annealing temperature (°C) 400 500 600 700

Rel. intensity counts (%) 100 100 100 100

Position (2θ) 35.3661 35.3717 35.3991 35.3247

FWHM (2θ) 0.5215 0.5371 0.5116 0.4723

d-spacing (nm) 2.53595 2.53557 2.53207 2.53993

Crystallite size (nm) 16.71 16.22 17.03 18.45

Lattice strain (%) 0.71 0.73 0.70 0.65

Space group F d 3 m F d 3 m F d 3 m F d 3 m

Lattice parameter a = b = c (Å) 8.4030 8.4030 8.4030 8.4030

Volume/Å3 593.34 593.34 593.34 593.34

Table 3. Structural parameters of Ni0.3Zn0.7Fe2O4 thin films from XRD spectra.
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where D is the crystallite size, β is full width at half maximum of the diffraction peak, λ is the 
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    λ ___ 4  a   2    =    sin   2  θ _____ d   =    sin   2  θ ________  ( h   2  +  k   2  +  l   2 )     (2)
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magnetization, Ms, Ni0.3Zn0.7Fe2O4 films (Figure 6(a)) could be caused by several reasons. A large 
grain boundary volume presented in thin films would result in the increase of the Ms [30]. 
Other reasons for the increase Ms are due to complex spinel structure; it was difficult to gain 

Figure 2. FESEM images of the Ni0.3Zn0.7Fe2O nanoferrite films annealed at (a) 400, (b) 500, (c) 600 and (d) 700°C. Reproduced 
with permission from [21].
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Figure 3. Cross-sectional of Ni0.3Zn0.7Fe2O nanoferrite films annealed at different temperatures.

Figure 4. The average grain size and film thickness as a function of annealed temperatures. Reproduced with permission 
from [21].
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Figure 5. (a) Hysteresis loop of Ni0.7Zn0.3Fe2O ferrite thin films and (b) first quadrant of the magnetic hysteresis loops of 
the samples. Magnetization at any given field increased with heat treatment temperature. Reproduced with permission 
from [21].

Temperature (°C) Ms (±0.01 emu/g) Hc (±0.001 Oe) D (±0.1 nm) dxrd (±0.01 nm)

400 1.287 16.184 18.6 16.71

500 2.395 16.536 26.3 16.22

600 2.653 12.288 28.1 17.03

700 3.421 8.297 42.32 18.45

Reproduced with permission from [21].

Table 4. Saturation magnetization, Ms, coercivity, Hc, grain size, D, and calculated crystallite size from XRD dxrd of 
Ni0.3Zn0.7Fe2O4 nanoferrite thin films.
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Ni0.3Zn0.7Fe2O nanoferrite films with perfect crystallization. The metal cations can occupy either 
A sites (tetrahedral) or B sites (octahedral), which will result in a partially disordered cation 
distribution in the crystal lattice [31]. The saturation magnetization (Ms) increases with the grain 
size, and the observations on larger decrease are interpreted mostly by oxygen absorption, char-
acteristic to the preparation technique. The coercivity, Hc, was decreased as the annealing tem-
perature and average grain size increased (Figure 6(b)). The maximum value of Hc was 16.54 Oe 
for the grain size 26.25 nm. The Hc observed were closed to the reported value of Hc which is 

Figure 6. Comparison of the variation in (a) Ms and (b) Hc as a function of annealed temperatures of the Ni0.3Zn0.7Fe2O 
nanoferrite thin films. Reproduced with permission from [21].
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within the range of 20–210 Oe [20]. The decreases of Hc were contributed from the transition 
of the single domain to the multidomain [32]. The coercivity (Hc) has a maximum grain size of 
about 26 nm and a steep decrease at larger grain sizes (41.3 nm). The smaller grain sizes and 
the decrease of Hc are due to the randomizing effects of thermal energy. Thermal energy has an 
important role in magnetic instability of single-domain magnetic particles. Due to the smaller 
grain sizes, the thermal agitation becomes small and will not be able to cause fluctuations in the 
magnetic spin orientations of the nanoparticles where they freeze in random orientations. The 
latter is probably due to the decreased anisotropy constant, which leads to a sharp decrease in 
coercivity according to the random anisotropy model. The relation between the decrease Hc and 

Figure 7. (a) Absorbance spectra of thin film at various annealed temperatures and (b) transmittance spectra of NiZn 
ferrite thin films.
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increase grain size shows the linear inverse proportionality between coercivity, Hc, and grain 
size, D, by Hc α 1/D [22, 33].

4.4. Optical properties

Figure 7 demonstrates the curves of absorbance and transmittance, respectively. The absorp-
tion spectrum exhibits that NiZn ferrite thin films have low absorbance in visible region and 
it is close to infrared region (Figure 7(a)). However, absorbance in UV region is high. This 
result of the optical behaviour is analogous to those claimed by [34] or cobalt ferrite thin film 
using microwave-assisted nonaqueous sol-gel process. Optical transmittance is plotted in a 
wavelength range of 200–800 nm as shown in Figure 7(b). The films are highly transparent in 
the visible range below 90%. The average transmittance is calculated and tabulated in Table 5. 
The optical transmittance spectra of annealed thin films show a good transmission in the vis-
ible region and a sharp fall in the UV region which corresponds to the band gap. The decrease 
of the transmittance is due to the interaction of the incident long-wavelength radiation with 
the free electron in the films [35].

Figure 8(a) and (b) demonstrates the optical band-gap energy direct and indirect of the films 
annealed at various temperatures. The band-gap energy (Eg) of the thin films was calculated from 
UV–Vis absorbance spectra. Direct and indirect band-gap energies can be obtained from the 
dependencies (αhv)2 on hv, where α is the absorption coefficient, whereas hv is the photon energy 
in eV [36]. A linear line was obtained by plotting (αhv)1/n against hv. The intersection of this straight 
line on x-axis gives the value of optical band gap. The values of band gap as listed in Table 5 do 
change with thickness. A dependence of band-gap energy shift on the grain size is attributed 
to electron confinement effect related with the grain size in the films. As a result, the observed 
decrease in Eg with increasing grain size is due to the decrease of resistivity and the increase of 
film thickness. It has been studied that the band gap does not change significantly with the thick-
ness after the film grows completely [37]. The band gap becomes saturated for a particular value 
of thickness [38]. The presented values of optical band-gap energy are larger than reported value 
for NiZn ferrite film 1.66 eV [39] and bulk NiZn ferrite, 1.55–1.66 eV [40]. The direct and indirect 
band energy increases could be the effect of strain present in the films during heat treatment [41].

Annealing 
temperature (°C)

Thickness 
(nm) (±0.1 nm)

Direct band-gap 
energy (αhv)2 
(±0.01 eV)

Indirect band-gap 
energy (αhv)−1/2 
(±0.01 eV)

Average 
transmittance (T%) 
(±0.1%)

Grain size 
(±0.01 nm)

400 145.7 3.76 3.03 85.0 18.61

500 180.7 3.66 3.08 78.0 26.25

600 221.5 3.58 3.16 70.0 28.12

700 285.6 3.04 3.30 70.0 41.32

Table 5. Thickness, band gap, transmittance and grain size of sample at various annealing temperatures.

Spin-Coating Technique for Fabricating Nickel Zinc Nanoferrite (Ni0.3Zn0.7Fe2O4) Thin Films
http://dx.doi.org/10.5772/intechopen.80461

271



within the range of 20–210 Oe [20]. The decreases of Hc were contributed from the transition 
of the single domain to the multidomain [32]. The coercivity (Hc) has a maximum grain size of 
about 26 nm and a steep decrease at larger grain sizes (41.3 nm). The smaller grain sizes and 
the decrease of Hc are due to the randomizing effects of thermal energy. Thermal energy has an 
important role in magnetic instability of single-domain magnetic particles. Due to the smaller 
grain sizes, the thermal agitation becomes small and will not be able to cause fluctuations in the 
magnetic spin orientations of the nanoparticles where they freeze in random orientations. The 
latter is probably due to the decreased anisotropy constant, which leads to a sharp decrease in 
coercivity according to the random anisotropy model. The relation between the decrease Hc and 

Figure 7. (a) Absorbance spectra of thin film at various annealed temperatures and (b) transmittance spectra of NiZn 
ferrite thin films.

Coatings and Thin-Film Technologies270

increase grain size shows the linear inverse proportionality between coercivity, Hc, and grain 
size, D, by Hc α 1/D [22, 33].

4.4. Optical properties

Figure 7 demonstrates the curves of absorbance and transmittance, respectively. The absorp-
tion spectrum exhibits that NiZn ferrite thin films have low absorbance in visible region and 
it is close to infrared region (Figure 7(a)). However, absorbance in UV region is high. This 
result of the optical behaviour is analogous to those claimed by [34] or cobalt ferrite thin film 
using microwave-assisted nonaqueous sol-gel process. Optical transmittance is plotted in a 
wavelength range of 200–800 nm as shown in Figure 7(b). The films are highly transparent in 
the visible range below 90%. The average transmittance is calculated and tabulated in Table 5. 
The optical transmittance spectra of annealed thin films show a good transmission in the vis-
ible region and a sharp fall in the UV region which corresponds to the band gap. The decrease 
of the transmittance is due to the interaction of the incident long-wavelength radiation with 
the free electron in the films [35].

Figure 8(a) and (b) demonstrates the optical band-gap energy direct and indirect of the films 
annealed at various temperatures. The band-gap energy (Eg) of the thin films was calculated from 
UV–Vis absorbance spectra. Direct and indirect band-gap energies can be obtained from the 
dependencies (αhv)2 on hv, where α is the absorption coefficient, whereas hv is the photon energy 
in eV [36]. A linear line was obtained by plotting (αhv)1/n against hv. The intersection of this straight 
line on x-axis gives the value of optical band gap. The values of band gap as listed in Table 5 do 
change with thickness. A dependence of band-gap energy shift on the grain size is attributed 
to electron confinement effect related with the grain size in the films. As a result, the observed 
decrease in Eg with increasing grain size is due to the decrease of resistivity and the increase of 
film thickness. It has been studied that the band gap does not change significantly with the thick-
ness after the film grows completely [37]. The band gap becomes saturated for a particular value 
of thickness [38]. The presented values of optical band-gap energy are larger than reported value 
for NiZn ferrite film 1.66 eV [39] and bulk NiZn ferrite, 1.55–1.66 eV [40]. The direct and indirect 
band energy increases could be the effect of strain present in the films during heat treatment [41].

Annealing 
temperature (°C)

Thickness 
(nm) (±0.1 nm)

Direct band-gap 
energy (αhv)2 
(±0.01 eV)

Indirect band-gap 
energy (αhv)−1/2 
(±0.01 eV)

Average 
transmittance (T%) 
(±0.1%)

Grain size 
(±0.01 nm)

400 145.7 3.76 3.03 85.0 18.61

500 180.7 3.66 3.08 78.0 26.25
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5. Summary

NiZn ferrite thin film with composition Ni0.3Zn0.7Fe2O4 was successfully prepared using sol-
gel spin-coating technique. The structure formed in the thin films is a normal characteristic of 
film derived from sol-gel. Sol-gel spin-coating method was able to produce the similar trend 
and behaviour, among others, of ferrite thin film. The results are summarized as follows:

• The phase analysis of films produced the complete phase with the formation of spinel 
structures of Ni0.3Zn0.7Fe2O4 ferrite which were observable at annealed 400°C and upwards. 

Figure 8. (a) Plot of (αhv)2 as a function of photon energy (eV) and (b) Plot of (αhv)1/2 as a function of photon energy (hv).
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Further annealing temperature demonstrated the improvement in the degree of crystallin-
ity of the annealed films.

• The saturation magnetization, Ms, of the synthesized Ni0.3Zn0.7Fe2O4 ferrite thin films has 
been obtained at room temperature from the hysteresis loops which increases with anneal-
ing temperatures. The hysteresis shape shown is narrow and has linear loops which have a 
low Ms. The coercivity, Hc, decreases as the average grain size increases since the alignment 
of the magnetic moments inside the domain is fully controlled by thermal energy.

• The micrograph revealed the increasing average grain size with the annealing temperature. 
The grains of the films are spherical and uniform, and cohesion of grains is due to the 
magnetic attraction.

• The absorption spectrum exhibits that NiZn ferrite thin films have low absorbance in visible 
region and close to infrared region. The films are highly transparent in the visible range 
below 90%. The optical transmittance spectra of annealed thin films show a good transmis-
sion in the visible region and a sharp fall in the UV region which corresponds to the band 
gap.
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