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ABSTRACT

Metal oxide thin films have found applications in many fields such as superconducting
films, insulating films, luminescent films, thin film capacitors, anti reflection coatings, protective
coatings and thermal barrier coatings etc. Properties of materials are mainly dependent on the
microstructures which can be tailored by deposition conditions as well as by deposition
techniques. Although the thin film structures of many materials are useful in many applications,
there are still some requirements that cannot be fullfilled by a single material. Such requirements
have directed the research towards preparation of multilayer structure by combining the required
properties of two different materials.

The present work consists of the preparation of single layers of Y,03, ZrO,, CeO, and
Gd,03 by pulsed laser deposition technique under various deposition conditions. Taking in to
account the deposition conditions to obtain the best quality films of the above four materials,
multilayers of ZrO,/Y,03; and CeO,/Gd,0O3; multilayers were prepared by PLD technigque. Both
the films and the multilayers of these oxides were deposited on Si (100), quartz and Inconel-783
substrates in order to study the optimization of process parameters, optical properties and
nanomechanical properties, respectively. Characterization of the films and the multilayers were
carried out by conventional and high temperature x-ray diffraction (XRD), X-ray reflectivity
(XRR), Raman spectroscopy, atomic force microscopy (AFM), high resolution transmission
electron microscopy (HRTEM), UV-visible spectroscopy, XRR and nanoindentation techniques
to study the effect of the process parameters on the microstructural, optical and nanomechanical
properties.

Thin films of Y,03 and ZrO, films were deposited on Si (100) and quartz substrates as a
function of substrate temperature and oxygen partial pressure. The Y,Oj3 films were found to be



x-ray amorphous at room temperature and crystalline film was formed at 673 K. In the case of
ZrO, films, the phase formation of the ZrO; is influenced by both substrate temperature and
oxygen partial pressure. For instance tetragonal ZrO; (t-ZrO,) was formed at high substrate
temperature and oxygen partial pressure. Unlike Y,03 films, a mixture of monoclinic and t-ZrO,
phases were formed even at room temperature. But a phase pure t-ZrO, or m-ZrO; could not be
achieved from a target containing a mixture of phases. The crystallite size of these films was
found to increase with the increase in substrate temperature. As a consequence, the roughness of
the film was found to increase with increase in crystallite size. The Y,03 films showed higher
transmittance and band gap values for the film deposited at 873 K, while ZrO, films showed
higher transmittance for the films deposited at lower substrate temperature, where monoclinic
phase is more formed. The ZrO,/Y,03 multilayers show better crystallinity at higher substrate
temperature. It was found that the multilayers show good transmittance in the wavelength range
of 200-900 nm. However, the hardness values did not show any significant changes with ZrO,
layer thickness, possibly due to the similar values of elastic constants of ZrO; and Y,0s. The
coefficient of thermal expansion (CTE) was calculated for the single as well as multilayers of
ZrO, and Y,0sfrom the HTXRD analysis. The CTE of the multilayers were higher than that of
the single layers due to the partial dissolution of Y,03 into ZrO, layers with increasing
temperature.

Ce0, and Gd,Os single layer films were prepared at different process parameters and
CeO;, films showed a change in preferred orientation from (111) to (200) with increase in the
substrate temperature and oxygen partial pressure. The CeO, films were crystallized in cubic
structure and showed good transmittance in the range 200-900 nm. The Gd,O3 films deposited at

different substrate temperatures and oxygen partial pressures showed mostly monoclinic peaks,



along with small fraction of cubic Gd,Oj3 at lower temperature. The Gd,O3 films showed higher
band gap of 5.80 eV for the films deposited at 873 K and oxygen partial pressure of 0.2 Pa. The
Ce0,/Gd,03 multilayers were deposited at 300 K and 873K at oxygen partial pressure of 2 Pa
and showed better crystalline films at higher substrate temperature. Films showed good
transmittance within the wavelength range 200- 900 nm. The band gap values of the CeO,/Gd,03
multilayers were found to increase with increase in bilayer thickness and substrate temperature.
Hardness values obtained for CeO,/Gd,O3 multilayers showed higher values than that of the
hardness of single layers of CeO;, and Gd;Os;. The increase in hardness for CeO,/Gd,0s
multilayers has been explained on the basis of difference in elastic modulus of these oxide
materials. The CTE values were calculated for the single as well as multilayer structures from the
HTXRD data. It was observed that the CTE values of CeO, were higher in multilayer structures
than that of the single layers owing to interdiffusion effects with increasing temperature.

In summary, the present study focused on the preparation of single and multilayer films
of various oxides such as Y,03, ZrO,, CeO, and Gd,O3 by PLD technique and on the study of
the correlation of growth parameters and bilayer thickness on the microstructural, optical and
nanomechanical properties of these single and multilayer films. The investigation also generated
a vast amount of data on optical, nanomechanical and especially the thermal expansion
coefficients which may be of great use for the design of new oxide coatings for technological

applications.
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1.1 Introduction

Metal oxides are an important part of both day to day life and industrial applications due
to their low cost, easy availability, tunable properties and environmental friendly nature.
Properties of metal oxides can be tailored by various techniques which are useful to fullfill
almost all type of technological application requirements. Metal oxides have potential
applications almost in every field, especially in sensors [1], solid oxide fuel cells (SOFC) [2],
semiconductor industry [3], electronic industry [4], laboratory reaction (catalyst) [5], flat screen
displays and electro-chromic devices [6 ,7], spintronics [8] and solar cells [9]. Physical [10-14],
mechanical [15,16] as well as chemical [17-19] properties of materials can be tuned by changing
the crystallite size of materials, which is possible either by synthesizing the material in the form
of nanocrystalline powder or by making thin films structure, depending on the mode of
application.

The common oxides such as SnO,, ZnO, In,03, WO;, SrTiO;, Gay0;, AIVO; and
BaTiO3-CuO [1,20-25] are used in sensor application. The oxides used in SOFC applications are
yttria stabilized zirconia (YSZ), samaria doped ceria (SDC), gadolinia doped ceria (GDC),
BaCeOs, LaMnOs3, [26-29]. YSZ, ZrSiO4, Nd,Ce,07, BaZrOs, SrZrOz and CaZrO3 [30-33] are
the candidate materials used in thermal barrier coating (TBC) application. ZrO,, Y,03, SiOy,
Al,O3 and Y,4Al,Oq [34-37] have found applications as optical coatings. Al,O3 [38], ZrO, [39],
MgO [40] and erbium oxide [41], are used as corrosion resistant coatings.

1.2 Advantages of Thin Films

Thin films are layers prepared by a thin film deposition technique with a layer thickness

of few micrometers. Most of the thin films applications involve a thickness below 1 micron.

Most common applications of thin films coatings are as protective coatings, transparent optical
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coatings, contacts and intercontacts, semiconducting films, photoconducting films,
superconducting films, insulating films, luminescent films, antireflection coatings, gas sensors
and thin film capacitors [42]. The main advantages of thin film technology are miniaturization of
devices and cost reduction. The fundamental properties of materials are mainly dependent on the
microstructure and it is possible to tune the properties of any material from that of the bulk
properties by synthesizing it in nanocrystalline form (either in nanocrystalline powder or in the
form of thin fims). Along with the process parameters of a deposition technique, microstructure
of materials is also dependent on the film thickness. Chen et al. [43] have reported an increase in
NiO crystallite size with increase in film thickness. Similar results have been reported by Jiaguo
et al. [44] for TiO, thin films.

Optical coatings are used to modify the optical properties of the surfaces, i. e. the
interface between optical media. The interfaces are normally smooth and when light is incident
on to, a part of it is reflected and part of it is refracted. In case of mirrors, the reflection should be
higher and for lenses the refraction phenomena has more importance. The optical properties of
the thin films are dependent on the microstructure. Ruby et al. [45] have compared the optical
properties of CdS bulk and thin films and found an increase in band gap energy in comparison to
that of the bulk as a result of the decrease in crystal size. Quantum confinement effects are only
significant for systems in which the Bohr radius of the exciton is of the order of, or larger than,
the size of the confined system. The most immediate consequence of the confinement effect is an
increase in the band gap energy [46]. In case of thin films, the crystallite size is lower than that
of the bulk values, therefore the band gap values have been reported to have higher values.

Gottmann et al. [47] have reported a decrease in refreactive index value by altering the
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deposition conditions, which in turn will decrease the thermal conductivity of the material, as
reported by Nicholls et al.[48].

Thin films are materials in which the thickness direction is much smaller than that of the
other two. So the properties are mostly affected by the size constraint rather than the
microstructure [49]. Decrease in size results in an increase in mechanical properties, as a result
of the restriction in the dislocation movement [50]. As the thin films always contain materials in
nanocrystalline structure, the mechanical properties of thin films are quite different than that of
the bulk values due to difference in microstructure, large surface to volume ratio and smaller
crystallite size [51].

Sensors and SOFC require high reaction kinetics and enhanced conductivity of materials
of interest. lonic conductivity of a material can be increased by doping with another material.
But beyond some critical doping concentration, the ionic conductivity decreases. An alternative
solution is to increase the ionic mobility which in turn is dependent on the microstructure and
grain boundary. Kosacki et al. [52] have reported an increase in ionic conductivity of about 3
orders than that of the bulk yttria stabilized zirconia (YSZ) by decreasing the layer thickness;
similarly the electrical properties of BiFeO3 are also found to be enhanced than that of the bulk
values when deposited in the form of thin films [53]. Thin films of rare earth oxides such as
HfO,, ZrO,, Y,03, La,03, Lu,O3 have great application as a dielectric layers in microelectronics
[54]. Thin films also have great advantages in fabrication of thin film sensor devices.
Sberveglieri et al. [55] have reviewed the common thin films based sensors on SnO,, Li/SnO,,
ZnO, Cu,0 and Nb,Os etc.

Thin films also have advantages in stabilizing the high temperature phases at room

temperature by varying the deposition conditions. Formation of pure rutile and anatase phase of
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TiO; has been reported by Murugesan et al. [56] by suitable selection of deposition temperature
and oxygen partial pressure. Similarly Molle et al. [57] have reported the phase transformation of
Gd,03 as a result of layer thickness. Tetragonal phase of ZrO, is also found to have dependence
on crystallite size which is dependent on the film thickness.

1.3 Application of Multilayers

Although single layer thin films are able to fulfill many technological necessities, there
are still some needs in which a single material is unable to satisfy all requirements. In those
situations multilayer films can be used as an alternative. Multilayer films popularly called
“superlattices” in which two or more materials are deposited as alternate layers in nanometer
scale.

Hardness values of multilayer films are found to be enhanced over the single layer films
of constituent materials. The hardness values shows an increasing trend with a decrease in
modulation wavelength (sum of the two individual thickness), then remains steady and finaly
decreases with further decrease in bilayer thickness [49]. Higher modulation wave lengths results
in an dislocation pile up and increase in hardness, whereas in smaller modulation wavelengths,
the dislocation movement is no longer aided by pile up but due to large amount of stress the
hardness values decreases. Yashar et al. [58] also have reviewed different mechanisms behind
the enhancement in case of multilayer structure which includes dislocation blocking, Hall-Petch
strengthening and interface strain. The examples of the multilayer systems that showed
enhancement in hardness values are TiN/VN [59], Ag/Fe [60], TIN/NbN [61] and AIN/TiN [62].

lonic conductivity is enhanced by several orders of magnitude than that of the individual
constituents. The enhancement in conductivity is attributed to the increase in charge carrier

densities and mobility at the interfaces as well as due to the sublattice disorders developed due to
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the interfaces [63]. Yang et al. [64] have reported an enhancement in ionic conductivity of
GDC/YSZ multilayer than that of the single layers of YSZ and GDC single layer films. The
increase in ionic conductivity is due to the formation of local space charge region around the
interfaces due to the discontinuity of structures [65]. Similar results were also seen by Cavallaro
et al. [66] for YSZ/STO multilayers and CaF,/BaF, superlattices [67].

Multilayer optical coatings mainly involve anti reflection coatings, in which the reflection
was lowered by forming a multilayer structure of a high and low refractive index materials.
Formation of alternating layers of high and low refractive index materials creates constructive
and destructive regions, which can be adjusted in order to get either higher transmittance or
reflectance. Singh et al. [68] have prepared a multilayer optical coating that can be used as UV
mirrors. The other examples of multilayer filters are HfO,/SiO, [69], B,C/Mo/Si [70] and Mo/Si
[71]. Huang et al. [72] have studied the effect of film thickness on the dielectric property of
SrTiO3/BaTiO3 multilayer structure and reported such multilayers for DRAM capacitors.

Shinguu et al. [73] have reported an enhancement in photocatalytic activity of TiO2/WO;
multilayers than that of the single layer of TiO,. Khatko et al. [74] have reported enhanced
catalytic properties in Pd/SiO, and Pt/SiO, multilayers than that of Pd and Pt films, which are
useful in sensor application.

Nicholls et al. [48] have reviewed different methods to reduce the thermal conductivity of
thin films by addition of dopant and by layering. They have reported that the decrease in thermal
conductivity is due to the heat loss as a result of small crystallite size and phonon scattering at
the interfaces in multilayers.

Another important application of the multilayer film is the stabilization of metastable

phases of a material at room temperature by forming multilayer. It has been reported in literature
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that the high temperature phases of ZrO, can be stabilized at room temperature by decreasing the
crystallite size below some critical value. In multilayer structures the crystallite size is
constrained by the layer thicknesses, resulting in stabilization of tetragonal and cubic phases at
much lower temperatures. Balakrishnan et al. [75,76] have reported the formation of tetragonal
ZrO, at room temperature by forming a multilayer of ZrO, with Al,O3; and CeO,. Barshilla et al.
[77] also have reported the stabilization of tetragonal and cubic ZrO, phases by forming
multilayers with Al,O3 and Y03, respectively.

1.4 Properties of Materials

The following materials used in the present investigation are discussed in detail with
respect to crystal structure, applications and deposition methods based on the literature
information.

1.4.1 Yttrium oxide (Y2053)

Y,03 is a transition metal oxide of molecular weight 225.8 g/mol. It exists in body
centered cubic (BCC, a=10.602 A, space group la3) (Fig. 1.1) structure up to a temperature
~2600 K and at ambient pressure [78,79]. At higher temperature it transfers to an hexagonal
structure (space group P 3m, a=3.81 A, ¢=6.08 A) [78,80] or fluorite type structure [81,82] (a=
5.2 A). At high pressure it exists as a monoclinic phase (a=13.899 A, b=3.493 A, c= 8.611 A)
[83-85].

The fundamental properties of Y,O3 are listed in Table 1.1. Due to these properties Y,03
thin films have found important applications such as dielectric layers in electroluminescent
devices [86], complementary metal-oxide-semiconductor devices [87], high-density dynamic

random access memory [88] and electrochemical sensors [89]. It is an important material in
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optical applications due to its wide band gap and its ability to be a host material for rare earth

ions [90,91].

e

® .-
‘l' (y- ______________ .-

Fig. 1.1 Crystal structure of cubic Y,03 [92].

Table 1.1 Properties of Y,0s.

Molecular weight 2258¢g
Density 5.3 g/cm?
Melting point 2673K
Band gap 54eV
Refractive index ~2
Elastic modulus 170 GPa
Hardness 8 GPa
Thermal expansion coeflicient 9x 106K!?
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Y,03 thin films have been prepared by different methods like pulsed liquid injection
plasma enhanced metal organic chemical vapor deposition (MOCVD) [93,94], plasma—enhanced
chemical vapor deposition [95], ion beam sputtering [96], thermal decomposition [97], radio
frequency sputtering [98-100], electron beam evaporation [101], UV-assisted pulsed laser
deposition [102] and pulsed laser deposition (PLD) [90,103,104] to study microstructural
[103,104], optical [97,104], mechanical [105], electrical [106] and thermal [99] properties.

1.4.2 Zirconium oxide (ZrO,)

Three different phases of ZrO, are reported in literature [107]: monoclinic ZrO, (m-ZrO,,
space group P2;/c, a=5.169A, b=5.232 A, ¢=5.341 A) [108,109] in the temperature <1443 K,
tetragonal (t-ZrO,) in the range 1443-2643 K (Space group P4,/nmc, a=3.591A, b=5.169A)
[110] and cubic phase (c-ZrO,) in the range 26432903 K (Space group Fm3m, a=5.12 A) [111]
(Fig. 1.2).

ZrO, offers several interesting technological applications due to its properties like high
melting point, good thermal, chemical and mechanical stabilities and wide band gap (Table 1.2).
All three phases find applications in different fields; monoclinic phase has application in
biological fields [112,113], t-ZrO; is normally used in coating applications due to its superior
mechanical properties, and c-ZrO, has applications in sensors and fuel cells. ZrO, also find
applications in many fields such as optical coatings, protective coatings and insulating layers
[114,115], catalyst for alcohol synthesis [116], in fuel cells [117] as well as in thermal barrier

coatings [118].
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Fig. 1.2 Crystal structures of the ZrO, [119].

Table 1.2 Properties of ZrO,.

Molecular weight 1232 g
Density 5.68 g/fcm?
Melting point 2953K
Band gap 50eV
Refractive index ~2.15
Elastic modulus 205 GPa
Hardness 11.8 GPa
Thermal expansion coefficient 153x10¢K!
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Among the three phases, tetragonal and cubic phases are formed at very high
temperatures. The high temperature phases can be retained at room temperature by doping with
some suitable oxides such as Al,O3 [120], Y203 [121], MgO [122], and CaO [123-125] etc.
However, it is interesting to note that un-doped zirconium oxide can also be retained in
tetragonal phase at room temperature in thin film forms [125,126], as a result of small crystallite
size [125-128] and compressive stress [129].

Various methods such as MOCVD [125,130], chemical vapor deposition (CVD) [131],
atomic layer deposition (ALD) [132,133], ultrasonic nebulisation and pyrolysis technique [134],
pulsed laser deposition (PLD) [,135,136], sol-gel method [137], sputtering technique [138],
thermal evaporation [139], cathodic vacuum arc deposition [140], and electron beam deposition
[141] have been used to prepare ZrO, films to study the microstructural [134,136], optical
[136,138], electrical [134], phase transformation [130], wear [142], luminescence [143],
nanomechanical [144] and bioactivity and cytocompatability [145] properties.

1.4.3 Cerium oxide (CeOy)

Most stable state of stoichiometric cerium oxide (CeQy) is face centered cubic structure
(FCC, space group Fm3m, a=5.411 A) [146] (Fig. 1.3), from room temperature to melting point
(~2873 K) at ambient conditions [147], whereas nonstoichiometric cerium oxide exists in Ce,O3
structure (hexagonal structure) (space group P3m1) at higher temperature [146].

Ce0O, has wide applications in the field of dielectric layers [148], optical coatings [149],
catalysts [150,151], corrosion resistant coatings [152], and UV blocking filters [149], and sensors
[153-155] due to its excellent properties (Table 1.3). When doped with di or trivalent ions, CeO,
shows high ionic conductivity suitable for use as solid electrolyte in SOFCs [156,157]. CeO thin

films were deposited onto graphite electrodes for application in lithium ion batteries [158].



Fig. 1.3 Crystal structure of cubic CeO, [159].

Table 1.3 Properties of CeO,.

Molecular weight 172.1¢g
Density 7.65 g/em?

Melting point 2750K

Band gap 30eV
Refractive index ~2.1

Elastic modulus 181 GPa
Hardness 6 GPa
Thermal expansion coeflicient 13x 106K
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CeO;, films were also deposited on Al,O3 substrates for oxygen sensor application [160].
Similarly ceria thin films were deposited on indium tin oxide (ITO) coated glass substrates in
application related to cholesterol biosensor [150]. CeO, is also a candidate material for corrosion
preventive coatings [153,161].

CeO, thin film have been prepared by various methods such as sol-gel [150,153,161],
electron beam evaporation [148,162], metal organic deposition [162], vapor phase deposition
[164], DC magnetron sputtering [165], thermal evaporation [166] and PLD technique [167,168 ]
to study the properties like electrical [169], optical [167,170], microstructural [167,171],
electrochemical [172], thermal [173] and mechanical [174] properties.

1.4.4 Gadolinium oxide (Gd,053)

Gd,03 exists in cubic structure (BCC, space group la3, a= 10.813 A) from room
temperature to ~1473 K, and transforms to monoclinic structure (C2/m) above 1473 K ,
monoclinic — hexagonal phase transition temperature is at ~2443 K [79] (Fig. 1.4).

Application of Gd,O3 is based on the properties listed in Table 1.4. Due to the above
properties, Gd,O3 has found wide applications as optical coating, dielectric layers in devices and
host material for rare earth ions.

Gd,03 thin films have been deposited by different technique like metal organic chemical
vapor deposition (MOCVD) [175-177], magnetron sputtering [178], e-beam evaporation
[179,180], oxidation [181,182], molecular beam deposition [183,184], electrolytic deposition
[185], atomic layer deposition [186] , PLD [187], to study the properties like microstructural

[175], optical [179] and electrical [188] properties.



Page |14

(@)gTeo—o—1095(h)o, Y %% u&(c) ’ .

O\JJ/ JJ) J‘é v Gdu

9 9% @ 009 & {2 {2}

°\° %9 00 |o° SO 15,

i ﬁ 62 23 9L 3 [ %%!‘ /
0 L
’\\\J Jé 'Y Jo J’ Jo N ): %/QQ' LVQO v’o
9 o 0 o0 J .)_J :QJ;)

Fig. 1.4 Crystal structures of Gd,O3; (a) cubic (b) hexagonal and (c) monoclinic [189].

Table 1.4 Properties of Gd,Os.

Molecular weight 362.5¢
Density 7.41 g/fem?
Melting point 2443 K
Band gap 52eV
Refractive index ~1.8
Elastic modulus 124 GPa
Hardness 4.7GPa
Thermal expansion coefficient 7.5x 106K
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1.5 Deposition Techniques for Thin Films

Many deposition methods have been used to prepare single as well as multilayer thin
films. This can be broadly divided into two main categories (i) physical vapor deposition (PVD)
and (ii) chemical vapor deposition (CVD).

Physical vapor deposition deals with the following steps involving (i) vaporization of
material in atomic or molecular form (ii) transfer of the vapor through low pressure environment
and (iii) condensation at the substrate surface [190]. Different types of PVD techniques are listed
in Fig. 1.5.

In contrast to PVD process, CVD deals with the chemical reactions, to produce stable
reaction product, which are deposited as thin films at the substrate surface. CVD involves a
reactive carrier gas, which contains precursors of desired product. Gas phase reaction occurs in
the reaction chamber at the substrate surface to produce films. The reaction by products is
transported away using a carrier gas [191].

1.6 Advantages of Pulsed Laser Deposition

Out of all the deposition methods, PLD has the ability to retain stoichiometry of the film
same as that of the target. PLD is mainly useful for deposition of multi-component targets.
Another important advantage of PLD is that the laser source is outside the vacuum chamber,
which is useful for easy operation and less complexity for thin film synthesis process. Almost all
materials can be abalated by using suitable laser energy. As the deposition takes place by
nonequillibrium mechanisms, it is also useful to prepare metastable materials which cannot be
prepared under normal thermodynamical conditions [192]. In addition to these advantages, PLD
has also many drawbacks such as particulate formation and inability to deposit over larger area

due to narrow angular distribution of the plume [193].
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Major thin film depsoition

technique
1 ! 1
Physical vapour deposition Chemical vapour deposition
(PVD) (CVD)
Thermal Laser assisted CVD
evaporation
Plasma enhanced
Sputtering CVvD
Laser Photochemical CVD
evaporation
Atomic layer CVD
Molecular beam
epitaxy
Metal organic

CVvD

Fig. 1.5 Different types of thin film deposition techniques.
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1.7 Lasers

A PLD system mainly consists of two parts, a laser system, to evaporate materials and a
deposition chamber where the actual deposition takes place. The most common lasers being
used to evaporate the material by PLD are excimer lasers and Nd-Yad lasers (possible output
A=1064, 532, 355 and 266 nm). The wavelength range of laser light useful for deposition process
lies between 200-400 nm, because of the strong absorption by most materials within this
wavelength range. Absorption coefficient value decreases with decrease in laser wavelength, as a
result of which the penetration depth of the light decreases.

The fundamental laser emission of Nd:YAG occurs at wavelength (A) 1064 nm, which
can be made to 532 nm by using a nonlinear crystal. But in order to produce a laser light in UV
range, the 532 nm is mixed with 1064 nm and results in light at 355 and 266 nm with very low
efficiencies of 20% and 15 %, respectively. Whereas excimer lasers have an advantage of
producing laser light directly in the UV range and have long life. Unlike that of the solid state
lasers the repetition rate of excimer lasers can be varied from one to several hundreds.

Several excimers laser have been developed that have wavelength in the desired range.
For example ArF (A=193 nm), KrF (A=248 nm), KrCl (A=222nm), XeCl (A=308 nm) and XeF
(A=351 nm). Although KrCl and ArF lasers are having lower A than that of the KrF lasers, but
KrF lasers are the most commonly used lasers for deposition process, due to its highest gain
[194]. The spot size, beam homogeneity, laser energy and repetition rate are the important

parameters that affect the film quality and microstructure.
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1.8 Basic Principles of PLD

PLD is a type of physical vapor deposition technique, in which high energy laser light is
used to evaporate the materials. In this technique an intense laser light is allowed to fall onto the
material, the material gets evaporated due to its interaction with light energy. Due to very high
energy the material gets evaporated and removed from the surface in the form of plume (Fig.
1.6). The threshold energy needed for evaporation depends on the property of material. The
evaporated material in the plume is again allowed to condense onto a substrate for thin film
preparation [195]. The movement of the evaporated materials towards the substrate is governed
by the gas dynamics and show forward peaking phenomena. The shape of the plume is governed
by Cos"©, where the value of n varies from 2 to 15 [196].

The other part of a PLD system is the deposition chamber which is attached with the
vacuum systems, target carousal, substrate holder and heater. Film growth and chemistry can be
enhanced or modified by carrying out depositions in an ambient background gas. Gases are often
used either to thermalize the plasma species through multiple collisions or to compensate for the
loss of an elemental component of the target through incongruent evaporation. On the other hand
in reactive PLD process, different type of gases, such as hydrogen (Hz), methane (CHy,), nitrogen
(N2) and oxygen (O) are used to induce associative reactions of metallic elements to produce
hydrides, carbides, nitrides or oxides, respectively [195].

PLD technique has been widely used to prepare thin films of polymers,
superconductors, ceramics, oxides nitrides, metals, biomaterials and ferroelectric materials etc. in
addition to the preparation of the single layers, PLD is also a useful technique to prepare

multilayer films, due to easy control over the deposition rates which can be optimized [197].
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Fig. 1.6 Schematic diagram of PLD.

(a) (b) (c)

Figure 1.7 Different growth modes during thin film growth
(a) Volmer-Weber (b) Frank-van der Merwe and (c) Stranski-Krastanov [198].
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1.9 Nucleation and Growth of Thin Films

Thin film deposition process takes place mainly in two steps, the nucleation followed by
growth. Thin films are most commonly deposited by condensation of atoms from vapor phase to
solid phase. The atomistic condensation is known as nucleation which then grows to form a film
by diffusion controlled process. The structural behavior of the thin film is ascribed by the growth
process. The condensation of the vapor atom occurs due to interaction of atoms with surface and
loss of velocity. The vapor atoms then adsorbed on the substrate surface by releasing heat. The
amount of the adatom gets impinged to the surface is known as sticking coefficient [198]. After
arriving at the substrate surfaces the vapor atoms can either diffuse across the surface, encounter
other clusters, or reevaporated from the surface. The balance between growth and dissolution
process is controlled by the total free energy change (equation 1.1) [194].

AG = a1*T_, + a1?Ts_, — ay1r*Tg_, + A313AG, eunneenneeneeneennnnnnn 1.1)

Where r is the radius of cluster, I' is the interface energy, AG, is the change in total volume free
energy, and the a’s are the constants. The subscripts ¢, s and v refer to the cluster, substrate and
vapor. When for a given cluster size the derivative of the free energy change is positive then the
cluster is not stable, but if it is negative then the cluster formation occurs.

The volume free energy per unit volume of the cluster is given by (equation 1.2)
kT P kT
AG, = -2 (P—) e 14 O 1.2)

P is the pressure of the arriving atoms, Pe is the equilibrium vapor pressure of the film atoms, k is
the boltzmann’s constant, T is the absolute temperature, 2 is the atomic volume of the film atoms
and ¢ is the super saturation. Taking equation 1.1 into account, the growth of thin films can be
described using the following three mechanisms [194].

(i)  Volmer- Weber growth: The surface free energy terms will be positive for



(i)

(iii)
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Which favors three dimensional (3-D) island growths, in which small clusters are
nucleated directly onto the substrate. The clusters then grow in to island, which in turn
coalesce to form continuous films. This type of growth is observed for the materials
having strong boding within each other. Examples are metals or insulators (Fig. 1.7 (a)).
Frank-Vander Merwe growth: If the equation 1.3 is not satisfied, then monolayer formation

is more favored, with the condition

Fs_y Fs_c
E - E Dt (1.4)

This is the layer by layer growth mechanism. This type of mechanism is followed when the
binding energy of the film atoms are equal or less than that of the binding energy of the
film and substrate (Fig. 1.7 (b)).

Stranski-Krastinov growth: The third growth process is a combination of the above two
mechanisms, in which film growth occurs by forming one or two monolayers followed by
island growth (Fig. 1.7 (c)). This type of growth occurs as a result of the increase in layer

thickness, which results in a change in surface energies and development of stress.

1.10 Stability of Multilayers

Unlike that of the single layer films the situation becomes more complicated for the

multilayers structures, where alternate layers contain different materials. In this situation the

interfacial energy as well as the grain boundary energy also comes into picture. In the stability of

multilayers the elastic strain energy and interfacial energy play a major role for stabilization of

the layer structure.

When the materials that constitute the layer structure have positive heat of mixing then

the layer structure is stable and becomes unstable for negative heat of mixing. The stability of the
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multilayer structure is decided from the ratio between free energy of grain boundary and

interfacial energy ( known to be groove angle 68)(equation 1.5).

When the ratio is large the layer structure becomes unstable and it is stable for small values of
the ratio [199].
1.11 Objective of The Thesis
e Preparation of Y,03, ZrO,, CeO, and Gd,O3 thin films on different substrates
under various substrate temperature and oxygen partial pressure to study the
effect of these parameters on the microstructural, optical and nanomechanical
properties.
e Deposition of multilayer films of Y,03/ZrO; and CeO,/Gd,03 to study the effect
of layer thickness on microstructural, optical and nanomechanical properties.
e Study of the thermal stability and determination of coefficient of thermal
expansion of the single and multilayers of the above oxide films and their

multilayers.
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Chapter 2
Experimental Methods and

Characterization
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2.1 Introduction

This chapter explains the principles and experimental procedures of thin film deposition
and characterization followed during the course of investigation. First part of the chapter gives
the details of target synthesis and thin film deposition by PLD. In the second part, details of the
characterization techniques used in the present study are explained along with the basic principle

of each characterization method.
2.2 Thin Film Synthesis

2.2.1 Target preparation

To prepare good quality films by PLD, high density and highly homogeneous targets are
required to avoid melting of target as well as particulate formation [1,2]. In addition to this the
other main requirement is flat surface. To obtain a highly dense target, the powders are sintered
at high temperatures (~2/3"™ of the melting point of the material) [3], after forming a pellet. The
sintered density was measured from weight and volume change before and after sintering.
2.2.1.1 Preparation of Y,0j3 target

Y,0j3 target was prepared from commercially available Y,03 powder of ~99.99% purity
(Alfa Aeser, CAS No0.1314-36-9). The powder was fine ground and compacted to a pellet of 20
mm diameter and 3 mm thick by applying a load of 10 MPa. The pellet was sintered at 1723K
for 4 h. The pellet had a sintered density ~90%. The pellet was characterized by XRD. Figure 2.1
shows the XRD pattern of Y,0;3 target used to prepare Y,Oj3 films [4]. XRD pattern showed a
phase pure cubic-Y,03 (BCC) [JCPDS file no # 41-1105]. XRD pattern indicated the absence of

any impurities in Y,03 target.



Page |38

(z20)

(orp)

(1o

20

(Syun-que) Kysudpuy

50 60 70

40
20 (degree)

30

Fig. 2.1 XRD pattern of sintered Y,03 target.

m- monoclinic phase of ZrO,
t- tetragonal phase of ZrO,

w(op1)

w(yop )
w(y€7)

Eam_ )
111

|
ur W —
v —
sa.mm.w —2

E@m@rm =

sl =

Zu(rny)

w(yyy )

E;_e u

wior1

70

60

40

(Syun qae) Kysudju

80

50
20 (degree)

30

20

Fig. 2.2 XRD pattern of a sintered ZrO, target.
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2.2.1.2 Preparation of ZrO, target

A ZrO; target of 25 mm diameter and 3 mm thickness was prepared from commercially
available ZrO, powder of 99.99% purity (Sigma-Aldrich, CAS No0.1314-23-4). Powder was fine
ground and a pellet (20 mm diameter and 3 mm thickness) was prepared by applying a pressure
of 10 MPa using a uniaxial press and was sintered at 1673 K for 6 h. The purity and
microstructure of the target was analyzed by XRD. Fig. 2.2 shows the XRD pattern of a sintered
ZrO, target, consisting of two phases of ZrO, i.e monoclinic (JCPDS file no. #37-1484) and
tetragonal phase (JCPDS file no. # 50-1089). The phase content of the sintered pellet was
qualitatively determined from the strongest line of the monoclinic phase and tetragonal phase
obtained from the XRD analysis. The monoclinic phase content was found to be more than that
of tetragonal phase from XRD analysis [5].
2.2.1.3 Preparation of CeO, target

Target of CeO, was prepared from ~99.99% pure CeO, powder supplied by Alfa Aesar
(CAS No. 1306-38-3). The powder was pressed to a 20 mm diameter and 3 inch thick pellet,
applying a pressure of 10 MPa. The pellet was heat treated at 1673 K for 4 hrs in a box furnace.
After the heat treatment the pellet was analyzed by XRD for purity of target. XRD pattern of
sintered CeO; target is shown in Fig. 2.3. The XRD pattern shows a phase pure cubic CeO, of
Face centered cubic (FCC) structure (JCPDS File NO. 00-044-0593).
2.2.1.4 Preparation of Gd,0O3 target

Gd,03 target of 20 mm diameter and 3 mm thickness was prepared from commercial
Gd,03 powder (Hysec Internationals of ~99.99% purity). The pellet was prepared by pelletizer,
followed by heat treatment at 1823 K for 6 hrs. The sintering temperature was selected with

reference to melting point of Gd,O3 [6]. Characterization of the target was carried out by XRD.
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Fig. 2.4 shows the XRD pattern of sintered Gd,Oj3 target after heat treatment. The inset shows
the reflections in the 20 range of 25- 34°. XRD pattern shows the presence of monoclinic phase
of Gd,03 (JCPDS File NO. 01-077-8312).
2.2.2 Substrate preparation

For the thin film deposition substrates of size 10 mm x 10 mm x 0.5 mm were cut from
Si (100), quartz and Inconel-783 wafers. The details of the Inconel-783 composition are given in
Table 2.1. The substrates were washed with soap solution to remove the dust particles from the
surface followed by ultrasonic cleaning with water and methanol (CHs;-OH), respectively.
Inconel-783 substrates were polished using successive grade of SiC paper, followed mechanical
polishing by oxide dispersed silica suspension (OPS solution). After cleaning, the substrates
were dried and mounted onto the substrate holder using silver paste. Inconel-783 substrates were
used only for measuring the nanomechanical properties, while silicon and quartz substrates were
used for the study of microstructural and optical properties, respectively.

Table 2.1 Chemical composition of major elements of Inconel-783 (wt. %)

Element Ni Co Fe Al Nb Cr
composition 34 25 5.4 3 3.2 0.01

2.2.3 Thin film deposition by pulsed laser deposition

Deposition system consists of two parts: 1. Deposition chamber and 2. Laser source.
Figure 2.5 shows the PLD system used for thin film preparation. The deposition chamber
consists of a spherical chamber attached with rotary, turbo molecular pump and substrate and

target carousel for six targets, oxygen mass flow controller, target rotator, heater and a lens.
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Fig. 2.5 PLD system used for preparation of thin films.

All the four targets (Y203, ZrO,, CeO, and Gd,O3) were mounted on to the target
carousel using silver paste. The cleaned substrates were mounted onto the substrate holder.
Deposition chamber was evacuated to a base pressure of ~ 0.002 Pa, using a rotary and turbo
pump combination. After the base vacuum was achieved, the substrates were heated using a
resistive heater (which is under the substrate holder) to required temperature. Oxygen gas was
released into the chamber using a mass flow controller and pressure inside the chamber was
measured by a cold cathode ionization gauge.

To grow a thin film, the useful range of laser wave length is between 200-400 nm [1].
Shorter wavelength leads to small penetration depth, which in turn increases the efficiency of
deposition. Most of the thin film deposition methods reported in the literature are based on

excimer and Nd-YAG lasers [1]. In an excimer laser, the laser light is produced due to the lasing
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action between upper bound electronic state and lower ground electronic state. Out of different
excimer lasers, KrF laser is most widely used due to its high gain [7].

In the present study, a KrF excimer laser (Lambda Physik Compex-205, 248 nm
wavelength) was used as the energy source for the deposition of thin films and multilayer films
of various oxides. The laser light was focused onto the target using a cylindrical lens of focal
length 50 cm. The depositions were carried out at laser energy of 300 mJ/pulse and repetition
rate of 10 Hz. The following two important precautions were regularly followed at the end of at
least two depositions: (i) cleaning of quartz window of the chamber and (ii) polishing of the
target to remove grooving due to the laser and target interaction. The cleaning of the quartz
window was useful to avoid loss of energy of laser due to scattering from the deposited
materials, while polishing of the target was beneficial to retain a uniform deposition rate from the
target. Targets were rotated (10 rpm) to avoid grooving of the targets. The substrate temperature
and oxygen partial pressure were adjusted according to the requirements of experimental
conditions. All the single layer films were deposited for 1h at each experimental condition.

Deposition rate of each material was determined by depositing each material for 15 min
at room temperature and 2 Pa of oxygen partial pressure. From the thickness data, the deposition
rates were calculated, which were later used for preparing multilayer structures by adjusting the
time of deposition. In the multilayer structures of Y,03/ZrO, and Gd,03/CeO,, the layer
thickness of Y,03 and Gd,O3 were kept constant (~10 nm), while ZrO, and CeO, layer thickness
were varied from 5- 30 nm. After deposition the samples were analyzed by different techniques.
The experimental conditions used in the deposition of single and multilayer of oxides are given

in the subsequent sections.
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2.3 Characterization Techniques

2.3.1 Thickness measurement

There are many methods such as weight gain, profilometer, spectroscopic reflectrometer
and ellipsometer etc, by which thickness of a film can be measured. In the present work,
thickness of both single as well as multilayer films were measured by a profilometer
(DEKTAKG6M-stylus profiler), and the method is useful to measure a thickness in the range 20
nm-1 mm with 1 nm accuracy. To measure the thickness of the film, a step was created using a
mask. The tip of the stylus was moved on the surface across the step. The step size was measured
by taking the difference between the height of coated and uncoated regions of the sample.

2.3.2 X-ray diffraction

X-ray diffraction (XRD) is a nondestructive technique used to determine the
microstructure, crystallinity, phase, texture and stress. An X-ray diffraction pattern is a plot of
intensity versus diffraction angle. In the diffraction pattern 26 position represents the angle of
diffraction of a particular plane from which the d-spacing as well as lattice parameter can be
derived. The crystallite size of the film is determined from the full width at half maximum
(FWHM), while the analysis of the intensity provides a measure to estimate the phase content. It
is also possible to obtain the nature of preferred orientation (texture) qualitatively by monitoring
the intensity ratio of any two strong reflections of a phase.

Microstructural characterization of the single and multilayer films was carried out by
using X-ray diffractometer (INEL XRG-3000, France) (Figure 2.6) attached with a curved
position sensitive detector using CuKa; (1.5406 A) radiation. Sample was loaded onto a holder,
which was spinned horizontally to collect data from whole sample. The patterns were collected

with incident angle (®) of 5° in the 20 range of 10 - 100° with an angular resolution of 0.0125°.
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By Gaussian fitting of the peaks, the exact 26 and full width at half maximum (FWHM) values
were determined. From the 20 values, d-spacings (d) were calculated using Bragg’s equation
(equation. 2.1) [8]
NA = 2dSiN0O ...ccoovvveiiiiieiiiiiieiiininnnnn. 2.1

Where n is the order of reflection, A is the wavelength, d is the spacing between the planes in the
atomic lattice and © is the Bragg’s angle. The peaks were indexed with reference to JCPDS files
of star (*) quality of the respective material. Lattice parameters were calculated using “Unit Cell
program” [9], from the 20 and (hkl) values. The basic equations for calculating lattice parameter
from d-values (which can be derived from 20O values) for cubic, tetragonal and monoclinic
phases are given in the equations 2.2, 2.3 and 2.4, respectively [10].

1 _ (h®+k*+1%)

7 T ceeeeeesessssssseceniiiinine 2.2)
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Where a, b and c are the lattice parameters. The 20 and FWHM values were used to index the

peaks and calculate the crystallite size by using Scherrer formula (equation 2.5).

094
Sl v S (2.5)

B is the FWHM after subtracting instrumental broadening and p=V(B? -b%),where B is the
FWHM of the peak and b is the instrumental broadening obtained from the standard Si powder.

Preferred orientation (texture coefficient) of a plane is calculated by equation 2.6

I(hki)

TC(hkl) = OGD e eereeeeeeee (26)

I (hki)
To(hkl)
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Where Iy intensity of the particular peak, and loguy is the standard intensity of the plane from
JCPDS data. In the case of presence of mixed phases, the volume fraction of a particular phase
was calculated by taking into account the highest intensity of the two peaks corresponding to
both the phases. For example, in the case of ZrO, containing monoclinic ZrO, and tetragonal

ZrO,, the volume fraction (V) of tetragonal phase is calculated using the following equation 2.7.

Vo= —00 e, @.7)

Iin2o0)Ht(002)
Where I; and I, represent the intensity of the tetragonal and monoclinic phases.
The strain values were estimated by the change in d-spacing with respect to the d-spacings in

JCPDS file (equation 2.8).

Where Ad = d-do , d=the d-spacing from the experiment and d, is the d-spacing from JCPDS

file.

Fig. 2.6 X-ray Diffractometer used for XRD analysis.



Page |47

2.3.3 High temperature X-ray diffraction

High temperature X-Ray Diffraction (HTXRD) is a technique in which samples are
heated and XRD patterns are recorded at a particular temperature. In the present work HTXRD is
used to study the phase stability and to determine the coefficient of thermal expansion (CTE) of
the thin films and multilayers.

HTXRD experiments of single as well as multilayer samples were carried out using an
INEL XRG-3000 X-ray diffractometer attached with a high temperature arrangement (Buhler
HDK 2.4). Films deposited on Si (100) substrates were kept on a tantalum base and in-situ
heated in a temperature range of 300 - 1373 K, with a heating rate of 10K/min. To maintain a
uniform temperature, the substrate holder was radiatively heated by surrounding heater made up
of tantalum. The temperature was measured using a W-Re thermocouple with £2° K tolerance.
Data were recorded with incident angle o= 5°, for a 20 range of 10° — 100°, for a time period of
15 min, after 3 minutes of stabilization time using a curved position sensitive detector. After
heating, samples were cooled with a rate of 50 K/min to room temperature.

From the HTXRD pattern, lattice parameter changes and phase stability were monitored.
From the lattice parameter data, average linear coefficient of thermal expansion as well as
instantaneous coefficient of thermal expansion (ainst) Values were calculated using equation 2.9

and 2.10, respectively [11,12].

_ 1 rar—ap;
el e SRR (2.9)
1 0
Ginst=— [a—‘;] ......................................... (2.10)

Where a, is the average thermal expansion coefficient along a axis, ar and art are the lattice

parameter values at temperature, T and room temperature (RT), respectively.
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2.3.4 Raman spectroscopy

Raman spectroscopy is a nondestructive technique, used to identify the structure,
symmetry, crystallinity and phase of the material [13]. Raman spectroscopy deals with the
inelastic scattering of light after its interaction with material, resulting in a difference in incident
and scattered energy. In Raman spectroscopy, the scattered light is observed in perpendicular
direction to the incident light. Scattered light consists of two types of light: (i) light due to
Rayleigh scattering, where the frequency is same as that of the frequency of incident light (vo)
and (ii) Raman scattering where the light frequency is either greater or lesser than that of the
incident light. In Raman spectroscopy, the shift in frequency from that of the incident frequency
is measured. The shift in frequency (Av) in Raman spectroscopy can be written as (equation

2.11)

Where vq - vy and v + v, lines are called the Stokes and anti-Stokes lines, respectively [14].
Raman spectroscopy was performed using a spectrometer (HR 800, Jobin Yvon)
equipped with 1800 grooves/mm holographic grating. The samples were placed under an
Olympus BXFM-ILHS optical microscope mounted at the entrance of the Raman spectrograph.
Argon ion (Ar") laser of wavelength 488 nm and 514 nm (depending on material) was used as an
excitation source. The laser spot size of 3 mm diameter was focused tightly on the sample
surface using a diffraction limited (numerical aperture = 0.25 at 10x) long distance objective.
The laser power at the sample was kept at 15 mW. The slit width of the monochromator was 400
um. The back scattered Raman spectra were recorded using a supercooled (~383 K) charge-

coupled device (CCD) detector.
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2.3.5 X-ray reflectivity measurement

X-ray reflectivity (XRR) measurement is an analytical technique that deals with the
specular reflection of X-rays from sample surface. It is a nondestructive technique, used to
analyze mainly multilayer structures of thickness range from one to a few hundred nanometers.
XRR profile analysis provides information on individual layer thickness, electron density
function, surface and interfacial roughness.

When X-ray beam is incident onto a material, it is diffracted from the lattice planes
according to Bragg’s law. But if the incident angle (©) is decreased beyond certain critical
values, then total external reflection of X-rays occurs. The critical angle (O) is defined as [15-
17] (equation 2.12).

(O TTS Nl o Tl PN (2.12)
Where n is the refractive index and 6 is the light scattering factor of material. Applying Taylor
approximation for n~1

(O =28 =€ oo eererer 2.13)

T

Where p is the electron density function, re is the classical radius of electron, A is the wavelength
of incident radiation. Typical values of O lie in the range of 0.2-0.6 for CuKa radiation.
When X-ray beam is incident onto material, both reflection and transmission phenomena

occur. The specular reflection (R(0O)) is defined as (equation 2.14)

R(O) = % ................................................ 2.14)

I(O) is the reflected intensity at © angle, and Iy is the incident intensity.
XRR deals with the specular reflection i.e. angle of incidence is equal to angle of
reflection. In such situation, the momentum transfer (Q;) along the surface normal is given by

equation 2.15.
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Q=28 A e, (2.15)

Where a is the incident angle. An XRR profile is obtained with scattered X-ray intensity versus
incident angle and the angle of incidence is converted to momentum transfer vector (Q,) using
equation 2.12, and the intensity is normalized with respect to the intensity at critical angle.

Multilayer samples were analyzed using BRUKER D8 diffractometer, using CuKa
(1.5406 A) at 0.001° step size with angular range of 0.2°-8°. The intensity versus 20 plots were
converted to reflectivity versus Q; plots using equation 2.10. The XRR profiles were fitted using
Parrat 1.5 software [18]. From the profile fitting, individual layer thickness, surface and
interfacial roughness were measured.

2.3.6 Atomic force microscopy

Atomic force microscopy (AFM) is a nondestructive surface characterization technique,
used to analyze the surface morphology from a few angstroms to micron ranges. Unlike that of
scanning tunneling microscope (STM), AFM technique can be used to analyze conducting as
well as insulating materials. The main advantage of AFM is to analyze the surface at ambient
condition, without any special preparation [19].

An AFM instrument consists of a cantilever tip used to scan the sample surface, while
maintaining a constant force (can be attractive or repulsive) between sample surface and tip. The
tip radius determines the resolution limit of AFM instruments. Laser light is allowed to fall onto
the tip and the deflected laser light is detected by a photo diode. As the cantilever moves across
the sample surface, the tip is deflected in z direction in order to maintain a constant force. The
deflection in tip results in a deflection in laser light which in turn is converted to digital signals to

form an AFM image.
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An AFM instrument can be used in different modes: (i) contact mode, (ii) noncontact
mode and (iii) tapping mode [20,21]. In contact mode, the distance between the cantilever tip and
the sample is about few angstroms and the force is repulsive. In the noncontact mode the
cantilever is held some tens of angstroms from the sample surface by Van-der Waals forces.
Tapping mode images are produced from the force of the intermittent contacts of the tip with the
sample surface.

In the present work all the images for single as well as multilayers were taken using a
Nanoscope E Digital instrument (INC, USA) in contact mode. A diode laser was used as a light
source and a photo diode as a detector and the cantilever tip was made up of SizN4 of 20 nm tip
radius.

2.3.7 High resolution transmission electron microscopy

When electron beams incidences onto a crystal, the beam is diffracted at certain angles
satisfying Bragg’s law. The diffracted beams are collected at the back focal plane and are
observed as electron diffraction pattern. In electron microscope analysis, when transmitted beam
is selected to generate images it is called bright field (BF) image, while the diffracted beam is
selected it is called dark field (DF) image [22,23]. When more than two beams are used to form
electron microscope images (using a large objective aperture), the mode is called High resolution
electron microscopy (HRTEM). As the images are formed due to the phase difference between
transmitted and diffracted beam, HRTEM is also called phase contrast microscopy [22]. As the
sample is very thin, only phase of incident electron wave gets changed, whereas amplitude
remains constant.

The instrumentation of the HRTEM consists of the following parts: electron gun,

condenser lens, objective lens, magnification and projection systems and detector. Electron beam
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produced by the gun is focused onto the sample of ~ 100 nm thickness using a condenser lens.
The electron beam passes through the sample and the image is formed and recorded on a
photographic film or is captured in digital form. The image that is formed is not the atom
position; rather it corresponds to the projection of atoms. The contrast in HRTEM is strongly
dependent on the sample thickness.

For plane view analysis, films deposited on Si substrates were cut into a dimension of 2
mmx 2 mm X 0.5 mm. The samples were thin down from the opposite of film side to around 30
um by grinding followed by dimpling. Then the samples were ion milled using and ion miller
(Technoorg Linda IV 4 ion miller) up to electron transparency using argon gas at 6 kV and ion
current of 2 mA.

For HRTEM cross sectional specimen preparation, the multilayer samples were cut into
small cuboids and two such pieces were glued with G1 epoxy with the film-surfaces facing each
other. The whole assembly was then fitted into titanium slot grids. This was thinned down
mechanically to ~ 30 um and subsequently ion-milled to electron transparency in Technoorg
Linda IV 4 ion miller. Extreme care was taken to remove the surface damage of the samples
induced by the high-energy ion milling by low energy ion milling at 6 kV and 2 mA in a
Technoorg Linda IV 6 Gentle Mill.

HRTEM studies were carried out in a JEOL 2000 EX Il (T) transmission electron
microscope having a point resolution of 0.19 nm at an operating voltage of 200 kV. Phase
identification was made from high resolution digital images by calculating power spectra from ~
10 nm wide crystalline regions and analysing them for inter-planar spacings and angles. From
HRTEM images of multilayers, the individual layer thickness, interface structure, interdiffusion

between layers and defects were studied.
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2.3.8 UV-Visible spectroscopy

UV-Visible spectrophotometer is an instrument useful for measurement of optical
properties of materials using Beer-Lambert law. When light of intensity I, passes through a
material, both transmission and absorption occur. The % of transmittance is given by equation

2.16.

QOT= %100 oo (2.16)

o

The relation between absorbance and transmittance is given by equation 2.17.
A=10G (L/T) i (2.17)
Where A is the absorbance of the film and T is the transmittance of the film [25,26].

The absorbance data was used to calculate the absorption coefficient (o) using the
equation 2.18:

0=2.303%A/t oo, (2.18)
Where t is the film thickness. Band gap (Eg) of the films, deposited at different experimental
conditions was determined from Tauc plot using the equation 2.19 [27,28].

ahv= A(hv-Eg)" cceeviiiiiiiiiiiiiiieneinnnnees (2.19)
Where n =2,3... represents indirect band gap, and n=1/2, 2/3... represents direct band gap, and h
is the Planck’s constant and v is the frequency of light used.

To measure the optical properties, single and multilayer films were prepared on quartz
substrates. Then the optical transmittance and absorbance were measured within the wavelength
range of 200-900 nm in transmission mode using an ultraviolet visible spectrometer (UV-Visible
spectrometer, Jasco V-670 spectrophotometer) capable of measuring a wavelength in the range
of 190-2700 nm with + 0.3 nm accuracy. The spectrophotometer contains two light sources to

cover the whole range of wavelength: deuterium source (190-350 nm), and halogen source (330-
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2700 nm). A photomultiplier tube was used as a detector to detect the light in the wavelength
range of 190-900 nm. From the absorbance data Tauc plot was made and band gap was measured
by extrapolation of the straight line portion of the curve.

From the transmittance curve, the refractive index (n) of the films was calculated using

equation 2.20 [29].

1
n= [N + (N? — nfn} E] .................................... (2.20)
2+ 3 (Tmax_Tmin)
Where N = M + 2n0n1 (W) ........................ (221)

no is the refractive index of air (1.0), n; the refractive index of the quartz substrates (~1.458),
Tmaxand Tmin are the maximum and minimum  transmittance, respectively.
2.3.9 Nanomechanical properties

Mechanical properties of thin films as well as bulk materials are dependent on the
microstructure, interfaces, composition, phases, and porosity of film. Nanoindentation is used to
measure the hardness and the Young’s modulus of the films. Indentation load (P) and
displacement (h) were continuously recorded during one complete cycle of loading and

unloading. Hardness (H) of a material is given by equation 2.22.

Where P(max) is the maximum load applied and A is the residual indentation area. The hardness
is usually the mean contact pressure under the indenter [29]. The slope of the unloading curve
gives stiffness of the contact (S), which is used to calculate the reduced modulus of elasticity (E;)

(equation 2.23).
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Where A(h;) is the area of the indentation at the contact depth, h. (the depth of the
residual indentation prior to elastic recovery of its shapes), and B is a geometrical constant on the
order of unity. Relation between reduced elastic modulus (E;) and elastic modulus of specimen
(Es) i1s given in equation 2.24. Subscript i and s stands for indenter material, and sample materials
and Poisson’s ratio is denoted by v [30,31].

1 _ 1 12
E; E; Es

From the hardness (H) and elastic modulus (E), values the toughness (Kc) or resistance to plastic
deformation of the film is emperically measured by equation 2.25 [32].

Toughness (Kc) = T (2.25)

3
B2

The nanohardness measurements were carried out by means of a nanoindenter (CSM,
Switzerland) equipped with a Berkovich diamond indenter tip of radius 200 um, at a load of 10
mN on the films in the range of 1.2-1.5 um thickness deposited on Inconel-783 substrates. While
measuring the nanomechanical properties, indentation depth was kept less than 1/10th of the film
thickness in order to eliminate the substrate effect. The load and depth resolution of the

instruments is 0.04 uN and 0.04 nm, respectively. From the hardness and elastic modulus values

the toughness of the films was also calculated using equation 2.25.
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Chapter 3

Y,05; and ZrO, Thin Films and
Zr0,/Y,03 Multilayer Thin Films:

Preparation and Properties




Page | 60

3.1 Introduction

Yttrium oxide (Y,03) thin films have received much attraction due to its important
technological application and excellent mechanical, optical, thermal and electrical properties.
Y,0;3 thin films grown on Si substrates are considered to be the most promising candidate
material in CMOS devices [1], electroluminescent devices [2], high-density dynamic random
access memory [2] and electrochemical sensors [3]. Y03 films were deposited by different thin
film deposition techniques such as sputtering [4], e-beam evaporation [5], plasma spray [6],
atomic beam deposition [7], metal organic chemical vapor deposition (MOCVD) [8] and pulsed
laser deposition [1,9] to study the microstructural [5,7,8], optical [9], electrical [4,7,8] and
nanomechanical [10] properties.

ZrO, is another transition metal oxide which finds applications in many industrial areas
due to its properties like high melting point, high refractive index, good thermal, chemical and
mechanical stabilities, wide band gap, high dielectric constant and electrical resistivity. It exists
in three different phases, namely monoclinic, tetragonal and cubic phase which find applications
in the field of biological, hard coatings and sensors as well as solid oxide fuel cells, respectively.
Tetragonal and cubic phases of ZrO, are the high temperature phases that can be retained at
lower temperature either by doping with other oxides [11-13] or by forming multilayer structures
[14,15]. Various methods such as MOCVD [16], chemical vapor deposition (CVD) [17], ion
assisted deposition (IAD) [18], pulsed laser deposition (PLD) [19-21], sol-gel method [20],
sputtering technique [21] and electron beam deposition [22] have been used to prepare ZrO, thin
films to study the structural [21], optical [21], electrical [23], wear [24] and bioactivity and

cytocompatibility [25] properties.
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Multilayers are found to have wide applications in the fields of sensors, optical coatings,
thermal barrier coatings, solar cells, solid oxide fuel cell and spintronics as a result of the
enhanced optical, nanomechanical, ionic conductivity properties than those of the individual
single layers [26-28]. Multilayers have been deposited by different techniques, such as sputtering
[15,29], sol gel methods [30], chemical vapor deposition [31], and pulsed laser deposition [32-
33]. Multilayers of ZrO,/Y,03 have been prepared by Barshilia et al. [15] and Yashar et al. [34]
by sputtering technique to study the microstructure, thermal stability and nanomechanical
properties of the multilayer films.

In this Chapter single layers of Y,03; and ZrO, were prepared by PLD technique at
different process parameters such as substrate temperature and oxygen partial pressure to study
the effect of these parameters on microstructural, phase evolution and optical properties. Taking
into account the optimized temperature and pressure conditions, multilayer films consisting of
alternate layers of ZrO, and Y,03; were prepared at two different substrate temperatures i.e. 300
K and 873 K, and at optimized oxygen partial pressure of 2 Pa. ZrO, layer thicknesses was
varied from 5 to 30 nm, keeping Y,O3 layer thickness constant to study the effect of temperature
and ZrO, layer thickness on microstructural, optical and nanomechanical properties on
Zr0,/Y,03 multilayers.

3.2 Experimental Procedure

Targets of Y,03 and ZrO, were prepared from commercially available Y,03 and ZrO,
powders (99.99% purity). The details of the target preparation methods, conditions and target
characterization were already explained in Chapter 2.

The pellets were used to prepare thin films of Y,03, ZrO, and Y,03/ZrO, multilayer

films by PLD technique on Si, quartz as well as Inconel-783 substrates to study the
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microstructural, optical and nanomechanical properties, respectively. The Si, quartz and Inconel-
783 substrates are used because they are widely used in semiconductor, and aerospace
industries.

Y,03 and ZrO, single layers were prepared at different substrate temperatures and
oxygen partial pressures to study the effect of these parameters on the microstructural and optical
properties. Details of the experimental conditions for preparing Y,03 and ZrO, thin films are
given in Table 3.1. Few samples of 8 mol percent Y,03 doped ZrO, (8YSZ) were also prepared
on Si (100) and quartz substrates, at different process parameters to study the effect of these
parameters on phase stabilization of ZrO,.

Multilayer structures of ZrO,/Y,03 were prepared at the substrate temperatures of 300 K
and 873 K and at the oxygen partial pressure of 2 Pa. ZrO; layer thickness was varied from 5 to
30 nm, whereas Y,03 layer thickness was kept constant (10 nm), taking into account the
predetermined deposition rates of both ZrO, and Y,03 (Table 3.3). Total thicknesses of the
multilayers were kept constant by varying the number of bilayers. The numbers of bilayers
prepared for each multilayer were 3, 4, 6 and 8 for ZrO, layer thickness of 30, 20,10 and 5 nm
(Table 3.3).

The films and the multilayers were characterized by XRD, Raman spectroscopy, AFM,
XRR and TEM. The optical properties of the films deposited on quartz substrates were measured
by using a UV-Visible spectrophotometer in the wavelength range of 200-900 nm. The
nanomechanical properties of the single layer films deposited at 873 K and at oxygen partial

pressure of 2 Pa was also measured using nanoindentation technique.
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Table 3.1 Details of experimental conditions for Y,03 and ZrO, thin film preparation.

Parameters Y503 ZrO,
. 20 mm diameter and 3 mm 25 mm diameter and 3
Target Size . .
thickness mm thickness
Sintering 1723 K, 4 h, 1673 K, 6 h,
Condition
Slnter_ed 95 % ~90 %
Density
Laser Energy 200 mJ/pulse 200 mJ/pulse
Repetition rate 10 Hz 10 Hz
Substrate Si (100), quartz, Inconel-783 Si (100), ql;gr;z, Inconel-
Oxygen partial 2-0.002 Pa 2-0.002 Pa
pressure
Substrate 300-873 K 300- 973 K
temperature

Table 3.2 Experimental details for ZrO,/Y,03; multilayer preparation.

Parameters Details
Targets Y,03 and ZrO,
Laser Energy 300 mJ/pulse
Repetition rate 10 Hz

Si (100), quartz, Inconel-783

Oxygen partial pressure

2 Pa

Substrate temperature

300 Kand 873 K

Deposition rate

Y ;03 (~8 nm/min) and ZrO; (~5

nm/min)

Layer thickness (ZrO2/Y 203)number of
bilayers) (nm)

(5/10)s, (10/10)g, (20/10)4,(30/10)3
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3.3 Results

The following section includes the results of microstructural optical and nanomechanical
propertries of Y,03, ZrO; films and the multilayers of ZrO,/Y,03.
3.3.1Y,05 thin films
3.3.1.1 XRD analysis

Figure 3.1 shows the XRD pattern of Y,03 thin films, deposited at different substrate
temperatures on Si (100). Y,0s3 films grown at substrate temperatures of 300 - 573 K were found
to be X-ray amorphous. Crystallization of Y,03; was noticed at the substrate temperature of 673
K as characterized by (222), (332), (422), (440), (611), (622) and (651) planes. With further
increase in the substrate temperature, the intensity of the peak corresponding to (222) plane
increased. Appearance of several peaks at 673K indicated the formation of a polycrystalline
cubic Y,03, with highest intensity for (222) plane. The lattice parameters were calculated using
unit cell program and are found to vary from 10.69 + 0.002 to 10.65 + 0.003 A with the increase
in substrate temperature from 300 to 873 K. The observed lattice parameters of the films were
found to be slightly higher than that of the bulk lattice parameter of Y,03 (10.6 A) reported in
the JCPDS file no 41-1105 indicating presence of tensile stress in the films. The crystallite size
for (222) reflection was calculated using Scherrer’s formula (equation 2.5) and is listed in Table
3.3. The crystallite size of the Y,03 films on Si substrate were found to increase from 6 + 2 to 24
+2 nm with the increase in the substrate temperature from 673 to 873 K in agreement with the
results reported elsewhere [35]. Y,03 was found to exist in pure cubic phase in the above range

of temperature and oxygen partial pressure.
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Fig. 3.1 XRD pattern of Y,03 films deposited on Si substrates at different substrate
temperatures and oxygen partial pressure of 0.2 Pa.
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Fig. 3.2 XRD pattern of Y,0; films deposited on Si substrates at different oxygen partial
pressures and substrate temperature of 873 K.
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XRD pattern of Y,03 thin films deposited on Si substrates at substrate temperature of 873
K and at various oxygen partial pressures were recorded and were shown in Fig. 3.2. Films
deposited in the above pressure range contains peaks corresponding to diffraction planes of
(211), (222), (332), (422), (440), (611) and (622) reflections of cubic phase of Y,0s. Lattice
parameters of the films deposited at different oxygen partial pressures were calculated using
unitcell program and is listed in Table 3.4. Lattice parameters and crystallite size of Y,03 films
deposited at various oxygen partial pressures were found to vary from 10.64+0.003 to 10.65 A
+0.002 and 29 + 2 to 23 £2 nm, respectively. No significant change in the crystallite size was
observed with change in oxygen partial pressures. The lattice parameters of the Y,0O3 films
deposited at various oxygen partial pressures were found to be higher than that of the bulk value,
indicating the presence of stress in the films.
3.3.1.2 Raman analysis

Figure 3.3 shows a typical Raman spectrum of Y,03 film deposited at the substrate
temperature of 873 K and oxygen partial pressure of 0.2 Pa. In the spectrum, the peak at 378
cm* belongs to c-Y,0s, whereas all other peaks correspond to Si substrate. Similar results have
also been reported by Repelin et al. [36] and Pearce et al. [37]. Repelin et al. [36] have reported
the Raman spectroscopy study of bulk polycrystalline c-Y,03. They have reported a shift and
decrease in line width for the Raman peak at 376 cm™ with the increase in temperature. The
Raman peak at 376 cm™ corresponds to the Fg+A, mode of Y,0s. The broadening in the Raman

peak was due to the smaller crystallite size of Y,03 [38].
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Fig. 3.3 A typical Raman spectrum of Y,O3 film deposited on Si substrate at oxygen partial
pressure of 0.2 Pa and substrate temperature of 873 K.

3.3.1.3 AFM analysis

Fig. 3.4 and 3.5 show the AFM images of Y,0; films, prepared under various substrate
temperature and oxygen partial pressure, respectively. The AFM images (Fig. 3.4) show the
growth of crystallites as a function of substrate temperature. AFM images of Y,O; film deposited
at 300 K show a smooth surface indicating amorphous nature. Crystallite size was found to
increase from ~10 to 35 nm with the increase in substrate temperature from 673 to 873 K. AFM
images show that the films were quite dense and free from any voids. The roughness values of
the Y,0; films were found to increase from 0.1 to 1.23 nm as the substrate temperature was
increased from 300 to 873 K. The increase in the roughness values with the increase in substrate

temperature was attributed to the increase in the crystallite size.
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Fig. 3.4 AFM images of Y,03; films deposited on Si substrates at different substrates
temperature and oxygen partial pressure of 0.2 Pa.

Fig. 3.5 AFM images of Y,0; films deposited on Si substrates at different oxygen partial
pressure and substrate temperature of 873 K.
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Figure 3.5 shows the surface morphology of Y,03 films deposited under different oxygen
partial pressures and at the substrate temperature of 873 K. The AFM images show that the
growth of crystallite was not significant with change in the oxygen partial pressure and was
found to vary from ~30 to 50 nm. The crystallite size obtained from AFM analysis show higher
values than that of the values determined from XRD analysis because of the overlapping of the
crystallities. The roughness values of the Y,03 films were determined and were found to vary
from 0.7 to 1.2 nm under different oxygen partial pressure conditions.
3.3.1.4 TEM analysis

The microstructure of Y,03 film deposited at 873 K and oxygen partial pressure of 2 Pa
on Si substrate was analyzed by TEM (Fig. 3.6). Fig. 3.6 (a) shows the low magnification bright
field image of Y,03 film, and it shows a nonuniform crystallite size distribution in the range of
5- 25 nm. The selected area diffraction (SAD) pattern, obtained from the Y,O;3 film is shown in
Fig. 3.6 (b). The SAD pattern shows the formation of a polycrystalline film with reflections from
(222), (400), (332), (521), (622), (444) planes of cubic Y,03. Presence of bright spoty ring
pattern indicated the presence of preferred orientation along certain directions and larger

crystallite size.

Fig. 3.6 (@) TEM image of Y,O3; films deposited on Si substrate at the substrate
temperature of 873 K and oxygen partial pressure of 0.2 Pa and (b) SAD pattern.
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3.3.1.5 Optical properties

The microstructural properties of Y,03 films were found to be similar for the films
deposited on the substrates of Si and quartz. Therefore optical properties of the films were
reported on the films deposited on quartz substrates.

Optical properties of the Y,03 films deposited on quartz substrates at various process
parameters were measured in transmission mode using a UV-Visible spectrophotometer. Fig. 3.7
(@) and (b) show absorbance and transmittance values of the Y,0; films deposited at the oxygen
partial pressure of 0.2 Pa and at different substrate temperatures. The films deposited at different
substrate temperatures showed strong absorbance at wavelength ~ 210-220 nm and a
transmittance value > 80%. Films deposited at the substrate temperature of 873 K showed the
highest transmittance of 92%. This indicated the formation of best quality films at the substrate
temperature of 873 K.

Figure 3.8 (a) and (b) shows the absorbance and transmittance of Y,03 films deposited at
different oxygen partial pressure in the UV-visible range. The films deposited at oxygen partial
pressures 0.02 and 0.002 Pa showed transmittance of about 80%, whereas films deposited at
oxygen partial pressure of 2 and 0.2 Pa showed the highest transmittance of about 92%. At low
oxygen partial pressure, the films were less transparent. The lower value of transmittance is due
to the increase in crystallite size, which results in the increased roughness values and lead to loss
of light by scattering [2].

From the transmittance values, the refractive index (n) of the Y,O3 films deposited under
different substrate temperatures and oxygen partial pressures were determined and are listed in
Tables 3.3 and 3.4. The details of the formulae and method of calculation of n were explained in

Chapter 2. The refractive index values obtained at different process parameters vary between
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Fig. 3.7 The (a) Absorbance and (b) Transmittance versus wavelength plot of Y,03; films
deposited on quartz substrates at different substrate temperature and oxygen partial
pressure of 0.2 Pa.
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Fig. 3.8 Variation of (a) Absorbance and (b) Transmittance values of Y,0j3 films deposited
on quartz substrates as a function of oxygen partial pressures and substrate temperature of
873 K.
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Fig. 3.9 A typical Tauc plot of Y,03 thin film deposited at substrate temperature of 873 K
and oxygen partial pressure of 0.2 Pa.
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1.60-1.61 and no significant change in n was observed with respect to change in the oxygen

partial pressure as well as substrate temperature. This may be due to the high packing density of

the films and the similar transmittance values [39].

The optical band gap (Eg) was estimated using Tauc plot (Fig. 3.9). The details of the

band gap measurement by Tauc plot were already explained in Chapter 2. The band gap values

obtained from Tauc plot for the films deposited at different process parameters showed a higher

value than that of the reported bulk value (4.8 eV) [40]. This increase in the band gap for the thin

films than that of the bulk value was due to the formation of nanocrystals in the films due to

quantum confinement effect [41].The band gap values obtained for the films deposited at

different substrate temperature and oxygen partial pressure are listed in Table 3.3 and 3.4.

Table 3.3 Microstructural and optical properties of Y,03 films deposited at various
substrate temperatures and oxygen partial pressure of 0.2 Pa.

Temperature Crystallite Size Roughness (nm) Band gap (x0.01 | Refractive index
(K) (£2 nm) eV) (x0.01)

300 - 0.1 5.63 1.60

573 - - 5.69 1.61

673 6 0.3 5.72 1.61

773 11 0.6 5.73 1.60

873 24 1.1 5.76 1.61

Table 3.4 Variation in microstructural and optical properties of Y,03 films deposited
under different oxygen atmosphere and substrate temperature of 873 K.

Sé)gSS?ePartlal Crystallite Size Roughness (nm) Band gap (x0.01 | Refractive index
(Pa) (2 nm) eV) (x0.01)

2 23 0.5 5.63 1.60

0.2 24 1.1 5.76 1.61

0.02 26 0.7 5.72 1.61

0.002 29 0.8 5.73 1.60
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respectively. The band gap values calculated for the Y,03 films deposited at different substrate
temperature conditions are found to increase from 5.63 — 5.76 eV with increase in the substrate
temperature. Similarly the band gap values obtained for the Y,O3 films deposited at different
oxygen partial pressures are found to vary from 5.63-5.76 eV. The highest band gap was
obtained for the films deposited at 873 K and oxygen partial pressure of 0.2 Pa.
3.3.1.6 Nanomechanical properties

Hardness and elastic modulus values for a typical Y,03 thin film deposited on Inconel-
783 alloy at 873 K and 2 Pa was measured by nanoindentation technique (Fig. 3.10) and was
found to be 5.4 GPa and 173 GPa, respectively. The hardness value of the film was lower than
the bulk value of Y,03 (8 GPa) reported by Gautier et al [42] whereas the values were higher
than that of the hardness value (~2.4 GPa) reported by Barve et al.[43]. The latter have reported
lower hardness for Y,03 film deposited by PACVD technique as a result of the increase in the

multiphase character of the film.

1.4 1
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Figure 3.10 Load versus penetration depth plot for Y,0O3 thin film grown on Inconel-783 at
873 K and oxygen partial pressure of 2 Pa.
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3.3.2 ZrO;, thin films

ZrO, films were prepared at different substrate temperature and oxygen partial pressures
on Si(100) and quartz substrates to study the effect of these parameters on the microstructural
and optical properties.
3.3.2.1 XRD analysis

Figure 3.11 shows the XRD patterns of the ZrO, thin films that were deposited at
different substrate temperatures (473 -973 K) and at the oxygen partial pressure of 2 Pa. XRD
pattern showed the formation of polycrystalline films for the whole temperature range,
containing both monoclinic and tetragonal phases of ZrO,. XRD pattern of ZrO, thin films that

were deposited at the substrate temperature of 473 K contains peaks corresponding to (200),

(221) and (521) planes of monoclinic phase of ZrO, with small amount of tetragonal phase
(identified by the (110) reflection). The intensities of the (002) and (013) planes of t-ZrO, phase
was found to increase with the increases in the substrate temperature. At the substrate
temperature of 973 K, the peaks corresponding to tetragonal phase showed highest intensity. The
study indicated an increase in the tetragonal phase content with the increase in the substrate
temperature. Also, at the temperature of 973 K, the film showed preferred orientation of (002)
for tetragonal phase. It was also observed that at 473 K, the film was less crystalline and the
volume fractions of monoclinic and tetragonal phases were similar to that of the target.

XRD patterns of ZrO, thin films deposited at different oxygen partial pressures (2 to
0.002 Pa) and at the substrate temperature of 973 K is shown in Fig. 3.12. At all oxygen partial

pressures, the film has preferred orientation along (002) plane of tetragonal phase. XRD patterns

showed peaks from (111), (200), (002), (2 02), (122) and (311) reflections of m-ZrO, and (011),

(002), (112) and (013) reflections of t-ZrO,. XRD results clearly indicated the polycrystalline
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nature of ZrO, films at all oxygen partial pressures. Intensities of the peaks corresponding to
monoclinic phase was found to decrease with increase in the oxygen partial pressure, which
means tetragonal phase formation was more favored at higher oxygen partial pressure. At the
oxygen partial pressure of 2 Pa, almost all the peaks except the (211) reflection corresponding to
monoclinic phase disappeared and only peaks belonging to t-ZrO, appeared. This clearly
indicated that higher oxygen partial pressure was favored for t-ZrO, formation [44].

Crystallite size was calculated for the (200) and (002) peaks of m- and t-ZrO,,
respectively, and listed in Table 3.5 and 3.6 for variation in substrate temperature and oxygen
partial pressures, respectively. For monoclinic phase, the crystallite size was calculated for (200)
peak and was found to vary from 6 to 24 nm and 19 to 30 nm for the films deposited at 2 and
0.002 Pa, respectively in the temperature range 473-873 K. The crystallite size of the monoclinic
peak was found to decrease to ~17-19 nm at temperature > 873 K. Whereas the crystallite size
calculated for the (002) plane of t-ZrO, increased from 12 to 35 nm and 9 to 27 nm, with
increase in the substrate temperature from 473 to 973 K, and for oxygen partial pressure of 2 and
0.002 Pa, respectively. The above result was in accordance with the trend reported in the
literature [45].

No significant change was observed for the crystallite size calculated for the films at
different oxygen partial pressures in accordance with the results obtained for Y,Oj3 thin films
[35]. The calculated crystallite size using (002) reflection was in the range of 23 to 25 nm. Due
to in sufficient number of reflections to run “unit cell program”, the lattice parameter values for
ZrO, monoclinic and tetragonal phase were not calculated.

The volume fraction of tetragonal phase was calculated using the reflection of (200) of

monoclinic and (002) of the tetragonal phase using the equation 2.7 given in Chapter 2. The
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Fig. 3.11 XRD pattern of ZrO; thin films deposited on Si (100) substrates at the oxygen
partial pressure of 2 Pa as a function of substrate temperature.
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Fig. 3.12 XRD pattern of ZrO, thin films prepared on Si (100) substrates at different
oxygen partial pressures and substrate temperature of 973 K.
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value of the tetragonal volume fraction was found to be varied from 10-76% at different
temperature and oxygen partial pressure. The monoclinic volume fraction was found to increase
up to 773 K for all the oxygen partial pressures except for 0.001 Pa and then it decreased. In the
case of oxygen partial pressure of 0.001 Pa, the volume fraction was increased only up to 673 K
and then decreased indicating an increase in the tetragonal phase content with increase in the
substrate temperature.
3.3.2.2 Raman analysis

From the group theory analysis of ZrO,, different numbers of bands for three different
phases of ZrO, have been suggested. The most intense peaks for monoclinic and tetragonal ZrO,
are at 178, 190 cm™ and 150, 260 cm™, respectively [46-48]. Raman analysis of ZrO, films were
carried out on two sets of samples at different substrate temperature and oxygen partial pressure
of 2 Pa (Fig. 3.13) and 0.002 Pa (Fig. 3.14). Figure 3.13 shows the Raman peaks at 147 and 180,
191 cm™ belonging to tetragonal and monoclinic phases, respectively [46-50]. Raman peak is
affected by the parameters such as crystallite size, stress and stoichiometry [51]. The intensity
and FWHM of Raman peaks at 147 (tetragonal), 178 and 191 cm™ (monoclinic) showed an
increasing and decreasing trend with increase in the substrate temperature. Intensity of the
Raman peak at 147 cm™, which belongs to tetragonal phase of ZrO, (Fig. 3.13) for the films
deposited at 973 K and 2 Pa, which indicated that tetragonal phase formation was favored at
higher substrate temperature and oxygen partial pressure. The shift in the position of Raman
peak at 147 cm™ towards higher wave number side indicates strain relaxation. In contrary the
Raman peaks at 178 and 191 cm™ shift to lower wave number side with the increase in the
substrate temperature, indicating an increase in the strain in the monoclinic phase, which can also

be observed from XRD patterns (Fig 3.13).
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Figure 3.14 shows the Raman spectra of ZrO, films deposited at different substrate
temperatures and oxygen partial pressure of 0.002 Pa. No Raman peak corresponding to
tetragonal phase (147 cm™) was observed for the substrate temperature of 773 and 873 K. Raman
peak at 147 cm™ (corresponding to tetragonal ZrO,) was present only in the ZrO, film deposited
at 973 K and the oxygen partial pressure of 0.002 Pa. This may be due to lower content of
tetragonal phase at 773 and 873 K. Intensity of the peaks at 178 and 191 cm™ was the highest for
the films at 973 K, indicating a good crystallinity at higher substrate temperature. The shift in the
Raman peaks (178 and 191 cm™) was almost negligible for these three substrate temperatures
(773-973 K).

Tetragonal volume fractions in the films were calculated quantitatively from the area
under the peaks of 147 and 180 cm™ belonging to tetragonal and monoclinic phase, respectively

using equation 3.1.

—_ A
Vt - (A¢+Am)

Where V. is the volume fraction of tetragonal phase, A is the area under the peak at 147 cm™ and
A is the area under peak at 180 cm™. The volume fraction calculated from the Raman data
shows that the highest volume fraction of the tetragonal ZrO, (~67 %) was obtained for the films
deposited at the substrate temperature of 973 K and oxygen partial pressure of 2 Pa. The trend in
the volume fraction of the phases as a function of temperature and oxygen partial pressure
obtained from Raman analysis was comparable with the XRD results [44] reported in the

previous section.
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Fig. 3.13 Raman spectra of ZrO, thin films grown on Si(100) substrates at different
substrate temperatures and oxygen partial pressure of 2 Pa.
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Fig. 3.14 Raman analysis for the ZrO, films prepared under different substrate
temperature conditions and at oxygen partial pressure of 0.002 Pa.
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3.3.2.3 AFM analysis

Figure 3.15 shows the AFM images of ZrO, thin films deposited at different substrate
temperatures and oxygen partial pressure of 2 Pa. The AFM image of the ZrO, film deposited at
473 K showed less crystalline films, and an improvement in the crystallinity was observed with
the increase in the substrate temperature. The RMS roughness values were measured for the
films deposited at different substrate temperature conditions and were found to vary from 0.6 to
2.3 nm with increase in the substrate temperature from 473 to 873 K. The roughness values
obtained for ZrO, films under different substrate temperatures were in accordance with the
results reported by Balakrishnan et al. [52].

The surface morphology of the ZrO, films deposited under various oxygen partial
pressures were shown in Fig. 3.16. The surface morphology of the films did not show any
significant changes with change in oxygen partial pressure. The roughness values obtained from
the films remained almost constant for all the films and are found to vary from 1.3-1.5 nm.
3.3.2.4 HRTEM analysis

The microstructure of ZrO, thin film deposited at 973 K and oxygen partial pressure of 2
Pa was analyzed by TEM (Fig. 3.17) and the SAD pattern is shown in Fig. 3.17 (a). The spotty
ring pattern of SAD confirms the polycrystalline nature of the films. The d-spacings obtained
from the SAD pattern correspondsto  (001), (110), (T11), (111), (200) and (211) planes of
monoclinic ZrO, and (002) of t-ZrO..

Figure 3.17 (b) shows the bright field micrograph where the crystallites of ZrO, can be
observed. The sizes of the crystallites are found to be ~40 nm and are uniform in nature. The
contrast variation is due to the variation in extinction length and deviation parameter of the

crystallites.
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Fig. 3.15 AFM images of ZrO, thin films grown at different substrate temperatures and at
constant oxygen partial pressure of 2 Pa.

Fig. 3.16 AFM images of ZrO, thin films grown under different oxygen partial pressures
and at the substrate temperature of 973 K.
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Fig. 3.17 TEM micrograph of ZrO, film deposited at 973 K and oxygen partial pressure of
2 Pa on Si (100) substrates (a) SAD pattern, (b) relatively low magnification bright field
image showing crystallite size distribution and (c) high magnification image showing
lattice planes of m-ZrO; crystallite.

Fig. 3.17 (c) shows the phase contrast image from a single grain of ZrO, . The lattice
spacings has been calculated from the power spectrum, which corresponds to the (001) of
monoclinic ZrO,.
3.3.2.5 Optical property analysis

The absorbance of the films was measured in the wavelength range of 200-900 nm using
a UV- visible spectrometer. Since we obtained similar structural and microstructural properties
of Y,03 films deposited on silicon and quartz for Y,03 films [35], the optical properties obtained
on quartz substrates alone is presented in the following section:

Fig. 3.18 (a) and 3.19 (a) show the absorbance versus wavelength plot of ZrO, thin films
deposited at different substrate temperature and at the oxygen partial pressure of 2 Pa and 0.002

Pa, respectively. Similarly, Fig. 3.20 (a) shows the absorbance versus wavelength plot of ZrO,

thin films deposited at different oxygen partial pressure (2-0.002 Pa) and at the substrate
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temperature of 773 K. All the films show two absorption edges at ~225 nm and ~250 nm,
corresponding to two phases of ZrO,. The results are in agreement with the observation by
Balakrishnan et al [53]. Fig 3.18 (b) and 3.19 (b) show the variation of % transmittance versus
wavelength plot for the films deposited at different substrate temperatures and constant oxygen
partial pressure of 2 and 0.002 Pa, respectively. Fig. 3.20 (b) also represents the % transmittance
of ZrO, films deposited at different oxygen partial pressures and substrate temperature of 773 K.

Except for the film deposited at 973 K and oxygen parial pressure of 2 Pa(~60%) most of
the ZrO, films showed transmittance in the range 65-92 % measured at 550 nm. Fig. 3.19 (b)
shows the transmittance of ZrO, films deposited at different substrate temperature and at oxygen
partial pressure of 0.002 Pa. The transmittance values vary from 60-85% as a function of the
substrate temperature except for the films deposited at 473 K, where the transmittance is very
low. The lowest value of the transmittance of the films deposited at 473 K and 0.002 Pa can be
related to the loss of crystallinity in the film which is in accordance with the XRD results
reported elsewhere [44].

Fig. 3.20 (b) shows the % transmittance of ZrO, films deposited at different oxygen
partial pressure and substrate temperature of 773 K. All the films showed good transmittance of
60-85%. Transmittance was the highest for the films deposited at higher oxygen partial pressure
and decreased as a result of the low stoichiometry of oxygen in the films obtained at low oxygen
partial pressures [53].

Band gap of the films was calculated by Tauc Plot [5]. All the ZrO; films deposited at
different substrate and oxygen partial pressure showed two band gaps corresponding to
tetragonal and monoclinic phases of ZrO,. The band gap values calculated are listed in the Table

3.5 and 3.6. Band gap values vary from 4.52 to 5.15 eV and 5.01 to 5.58 eV corresponding to
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tetragonal and monoclinic phases, respectively for the films deposited at different substrate
temperature and oxygen partial pressure of 2 Pa. Band gap values were increased with increase
in the substrate temperature. Band gap values deposited at different oxygen partial pressure and
substrate temperature of 973 K, were found to increase from 5.15 to 5.16 and from 5.58 to 5.39
corresponding to tetragonal and monoclinic phases, respectively.

The refractive index was calculated for the ZrO, films deposited at different substrate
temperature and at the oxygen partial pressure of 2 and 0.002 Pa and listed in Table 3.5 and 3.6,
respectively. The results clearly showed an increase in the refractive index with the increase in
the substrate temperature and decrease in the oxygen partial pressure. The refractive index of the
ZrO, films deposited at different substrate temperatures and oxygen partial pressure of 2 Pa,
increases from 1.76 to 2.47. Similarly, the refractive index for the films deposited at different
substrate temperature and oxygen partial pressure of 0.002 Pa were increased from 1.62 to 2.51.
The change in the refractive index as a function of the processing conditions could related the
change in the microstructure of the films, especially, which results in change in crystallite size,
porosity and packing density [54-56]. The lower value of refractive index of the films deposited
at higher oxygen partial pressure may be attributed to low crystallite size and packing density of

the films [48, 55,57].
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Fig. 3.18 The (a) Absorbance and (b) Transmittance spectra of ZrO, films deposited on
guartz substrates at various substrate temperatures and oxygen partial pressure of 2 Pa.
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Fig. 3.19 The (a) Absorbance and (b) Transmittance of the ZrO, films grown on quartz
substrates at different substrate temperatures and oxygen partial pressure of 0.002 Pa.
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Fig. 3.20 The (a) Absorbance and (b) Transmittance values of ZrO, films in the wavelength
range of 200- 900 nm, deposited at various oxygen partial pressures and substrate
temperature of 773 K.
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Fig. 3.21 A typical Tauc plot for the ZrO; film deposited at the substrate temperature of
973 K and oxygen partial pressure of 2 Pa.

Table 3.5 Microstructural and optical properties of ZrO, films deposited at various
substrate temperatures and oxygen partial pressure of 2 Pa.

Substrate C_rystalhte C_rystalllte Band gap | Band gap | Refractive
Size m- Size t- Roughness .

temperature ZrO, Zr0, (nm) m-ZrO, t-ZrO, index

(K) (3 nm) (3 nm) (£0.01leV) | (x0.01eV) | (20.01)

473 6 12 0.6 5.01 4.52 1.76

773 19 24 1.1 5.11 4.7 1.88

873 24 23 1.2 5.13 4.9 1.93

973 17 35 2.3 5.58 5.15 2.47

Table 3.6 Variation in microstructural and optical properties of ZrO; thin films

deposited under different oxygen partial pressures and substrate temperature of 973 K.

Oxygen Crystallite | Crystallite .
partial Size m- Size t- Roughness Eﬁg‘:gap E;?%gap :?Sg)?ctlve
pressure | ZrO, ZrO, (nm) 2 2

(Pa) (3 nm) (3 nm) (£0.01eV) | (#0.01eV) | (20.01)

2 17 35 1.5 5.58 5.15 2.47

0.2 18 26 1.4

0.02 17 28 1.3

0.002 19 27 1.3 5.39 5.16 2.51
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3.3.2.6 Nanomechanical property analysis

Hardness and elastic modulus of a typical ZrO, film deposited at 873 K and oxygen
partial pressure of 2 Pa was measured using nanoindentation technique and was found to be 4.4
GPa and 172.2 GPa, respectively. Fig. 3.22 shows the typical load versus penetration depth plot
for the ZrO, film grown on Inconel-783 at the substrate temperature of 873 K and the oxygen
partial pressure of 2 Pa. The values obtained in this analysis were much lower than that of the
values reported in the bulk ZrO, (Hardness- 11.8 GPa and Elastic modulus- 205 GPa) [58,59].
Zhang et al. [60] and Zlotnikov et al. [61] have reported where hardness and elastic
modulus values of 1 GPa and 30 GPa and 0.6 GPa and 25 GPa, respectively. The

decrease in hardness and elastic modulus values in the latter are attributed to the presence

of porosity in the films [61].
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Fig. 3.22 Load versus penetration depth plot of the ZrO, thin film deposited on Inconel-783
substrates at the substrate temperature of 873 K and the oxygen partial pressure of 2 Pa.
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3.3.3 Multilayers of ZrO,/Y,03

In this section, the results obtained on microstructural, optical and nanomechanical
properties of the multilayers of ZrO,/Y,03 with varying thickness of ZrO, are presented. The
ZrO; layer thickness is varied from 5 to 30 nm with a constant layer thickness of Y,03zat 10 nm.
The total number of bilayers are 3, 4, 6 and 8 for ZrO; layer thickness of 30, 20, 10 and 5 nm,
respectively.
3.3.3.1 XRD analysis

Fig. 3.23 and 3.24 show the XRD patterns of ZrO,/Y,03 multilayers grown on Si (100)
substrates at substrates temperature of 300 K and 873 K and an oxygen partial pressure of 2 Pa.
Except for a wide peak broadening at about 30° (20) , no peaks from either ZrO; or Y,03 were
observed for the multilayer deposited at 300 K indicating that the films were X-ray amorphous
when deposited at 300 K, on the other hand films deposited at 873 K showed polycrystalline
nature containing peaks of cubic-Y,03;, monoclinic-ZrO, and tetragonal-ZrO,. However the
multilayer of (5/10) nm thickness showed severe peak broadening due to lower thickness of the
film. Crystallite sizes for the (222), (T11) and (011) reflection corresponding to the c-Y,03, m-
ZrO, and t-ZrO, were calculated by Scherrer formula, and were found to be comparable with

layer thickness [62].
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Fig. 3.23 XRD pattern of ZrO,/Y,0; multilayers with different ZrO, layer thickness
deposited on Si (100) substrates at substrate temperature of 300 K and oxygen partial
pressure of 2 Pa.
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Fig. 3.24 XRD patterns of ZrO,/Y,03; multilayer films deposited on Si (100) substrates with
ZrO, layer thickness varied from 5 to 30 nm at substrate temperature of 873 K and oxygen
partial pressure of 2 Pa.
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3.3.3.2 Raman analysis

Fig. 3.25 shows the Raman spectrum of ZrO,/Y,03; multilayers of (5/10) and (30/10) nm
deposited on Si (100) at 873 K and oxygen partial pressure of 2 Pa. The figure shows peaks
corresponding to m-ZrO, and c-Y,0z at 179, 477 and 380 cm™, respectively [36,46-52]. Intensity
of the peaks for c-Y,03 was higher in the multilayer with ZrO, layer thickness of 5 nm. The
Raman spectra of the multilayer structure with 30 nm of ZrO, layer thickness contained peaks
from m-ZrO, and c-Y,03;, whereas there were no peaks from t-ZrO,. Raman spectra of the
multilayer structures deposited at 300 K did not show any characteristic peaks for ZrO, and Y,03

due to the amorphous nature of the films.
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Fig. 3.25 Raman spectroscopy analysis of ZrO,/Y,03; multilayers with ZrO; layer thickness
of 5 and 30 nm deposited at 873 K and oxygen partial pressure of 2 Pa.
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3.3.3.3 X-ray reflectivity analysis

A typical example of XRR profile of the ZrO,/Y ;03 multilayers of (30/10) nm along with
the curve fitting for the samples deposited at 300 K is shown in Fig. 3.26. XRR measurements
showed individual layer thicknesses of ZrO,/Y,03 multilayers (8.1/14.2), (9.5/12.7), (21.1/14.2)
and (35.5/14.5) nm corresponding to the layer thickness of (5/10), (10/10), (20/10) and (30/10)
nm determined the from deposition rates. The individual layer thickness was found to be within
an error of £ 4 nm and is listed in Table 3.7. It is clear from the Table 3.7 that the individual
layer thicknesses were measured to be close to that of obtained from the thickness determined
from deposition rates. The surface roughness values were also calculated from the XRR profile
fitting and were found to be lower for the films deposited at 300 K than that of the films
deposited at 873 K. The change in the interfacial roughness value was more significant for the
multilayers prepared at 873 K and was found to increase with increase in the ZrO, layer
thickness. At 300 K, both Y,03 and ZrO, films exists in amorphous structure [35,51], thus
leading to low surface and interfacial roughness. At higher substrate temperature, both ZrO, and

Y,03 form crystalline structures, resulting in an increase in roughness values.
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Fig. 3.26 A typical X-ray reflectivity profile of ZrO,/Y,03; multilayer of (30/10) nm
thickness deposited on Si substrate at (a) 300 K and (b) 873 K.
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Table 3.7 XRR results of the ZrO,/Y,03; multilayers deposited at 300 K and 873 K.

Films Deposited at 300 K Films Deposited 873 K
?Zi]:(y)':flzt(l;:;:ture Thickness Interfacial | Surface Thickness | Interfacial | Surface
(nm) from XRR roughness roughness from XRR | roughness | roughness
(nm) (nm) (nm) (nm) (nm) (nm)
5/10 8.1/142 0.6 1.0 6.1/15 8 0.7 1.2
10/10 9.5/12.7 0.7 0.6 11.2/11.5 08 1.0
20/10 21.1/142 09 038 223/122 11 11
30/10 14.5/35.5 0.7 09 35.5/156 13 1.5

3.3.3.4 AFM analysis

Fig. 3.27 (a) and (b) show the AFM images of ZrO,/Y,03; multilayer of (30/10) nm
deposited on Si substrates at 300 and 873 K, respectively. The films deposited at 300 K show
amorphous structure wich can be observed from the smooth surface of the film deposited at 300
K. Whereas the surface morphology of the films deposited at a substrate temperature of 873 K
show improved degree of crystallinity, which can be concluded from the small grains observed
in the AFM images. The surface roughness values obtained from the AFM image analysis of the
films deposited at 300 K and 873 K were 0.4 and 0.6 nm respectively. The roughness values
obtained from AFM image analysis were slightly lower in comparision to the values obtained
from X-ray reflectivity analysis.
3.3.3.5 HRTEM analysis

Figure 3.28 (a) shows a typical SAD pattern of ZrO,/Y,03; multilayer of (30/10) nm. The
SAD pattern showed the formation of polycrystalline films consisting of ¢-Y,03 and t-ZrO, and

c-ZrO, even at room temperature. The SAD pattern was indexed and listed in Table 3.8.
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Fig. 3.27 AFM images of ZrO,/Y,03; multilayer films of (30/10) nm thickness deposited on
Si(100) at (a) 300 K and (b) 873 K.

Fig. 3.28 HRTEM images of ZrO,/Y,03 multilayer of (30/10) nm deposited on Si substrates
at 300 K and oxygen partial pressure of 2 Pa (a) SAD pattern (b) Low magnification bright
field image and (c) lattice image.
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Table 3.8: Interplanar distances obtained from the SAD pattern of (30/10) nm thickness
multilayer deposited at 300 K.

c-Y,0;3 t-ZrO, c-ZrO,
PDF # 81-0792 | PDF #50-1089 | PDF # 89-9069
d(mm) | hkl | dnm) | hkl | d(nm) | hkl
0.296 03061 | 222 | 0295 | 011 0.296 111
0.259 0.2651 | 400 | 0.257 | 002 0.256 200
0.247 0.249 411 | 0254 | 110
0.222 0.226 332 | 0209 | 012
0.203 0.207 431 | 0209 | 012
0.184 0.187 440 | 0180 | 112 0.181 220
0.176 0.176 600 | 0179 | 020
0.157 0.156 631 | 0154 | 013

d(nm)
(measured)

Figure 3.28 (b) is the low-magnification bright-field TEM image showing the cross-
sectional view of the multilayer of ZrO,/Y,03 of (30/10) nm deposited at 300 K and oxygen
partial pressure of 2 Pa. Dark bands correspond to ZrO,, while bright bands are Y,03 layers. The
thickness of the ZrO, nanolayers were found to vary in the range of 32-36 nm and that of the
Y,03 nanolayers were varied between 12-16 nm. The TEM images show that the interfaces are
sharp and devoid of any interdiffusion for the multilayer deposited at 300 K [62].

Figure 3.28 (c) shows the micrograph taken from the interface region. The Y,03 and
ZrO, layers are marked in the image. The interface defects were quite prominent from the region.
Presence of dislocations can also be observed from the micrograph. Power spectrum was
generated from the HRTEM micrograph confirming the tetragonal ZrO; nanocrystallities were in
the tetragonal structure. The present micrograph shows the (011) plane of t-ZrO..
3.3.3.6 Optical properties

Optical properties of the ZrO,/Y,0O; multilayer film were measured for the films

deposited on quartz substrates. Figure 3.29 (a) shows the absorbance versus wavelength plot for
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Fig. 3.29 Effect of ZrO, layer thickness on the (a) absorbance (b) transmittance values of
ZrO,/Y,03 multilayers deposited on quartz substrates at 300 K and oxygen partial
pressure of 2 Pa.
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the multilayer films deposited at 300 K and oxygen partial pressure of 2 Pa as a function of ZrO,
layer thickness in the range of 5 -30 nm. The films showed a strong absorbance near wavelength
of 220 nm. The transmittance values of the multilayers were recorded as a function of
wavelength for different ZrO, layer thickness and are found to decrease from 98 % to 88 % with
the decrease in ZrO, layer thickness (Fig. 3.29 (b)).

The absorbance versus wavelength plot for ZrO,/Y,0O;3 thin films deposited at 873 K is
shown in Fig. 3.30 (a). The multilayers show a strong absorbance near 220 nm and the
transmittance values for the multilayers were almost similar, showing a maximum of 90 %
transmittance (Fig. 3.30 (b)).

Band gap values were calculated for the ZrO,/Y,03; multilayers by Tauc plot. The band
gaps of the multilayers deposited at 300 K show an increase from 5.39 eV to 5.61 eV with
increase in ZrO; layer thickness from 5 to 30 nm. Whereas the ZrO,/Y,0; multilyer films
deposited at 873 K did not show any significant changes and were found to vary from 5.63- 5.68
eVv.
3.3.3.7 Nanomechanical properties

The hardness and elastic modulus values of the ZrO,/Y,03; multilayers deposited on
Inconel-783 substrates, at the sunstrate temperature of 873 K and the oxygen partial pressure of 2
Pa was measured by nanoindentation technique as a function of ZrO, layer thickness (Fig. 3.31).

No significant change in the hardness values were observed with change in ZrO; layer
thickness. The values of hardness for different multilayer films were found to be ~5.4 GPa. The
elastic modulus values measured from the indentation technique showed a dip for 10 nm

thickness from the initial value of 229 GPa for the ZrO, layer thickness of 5 nm.
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Fig. 3.31 (a) Hardness and (b) Elastic modulus values of ZrO,/Y,O; multilayers as a
function of ZrO, layer thickness deposited on Inconel-783 substrates at 873 K and oxygen
partial pressure of 2 Pa.
3.4 Discussion

The following section includes the discussion on the results obtained from different
characterization techniques used for both Y,03; and ZrO, thin films and Y,03 /ZrO, multilayer
films.
3.4.1 Y,03 and ZrO, thin films

Microstructures of thin films deviate significantly from that bulk, which is dependent on
the deposition parameters of a deposition technique. Y,03 and ZrO, thin films were prepared on
Si (111) and quartz substrates at various substrate temperatures and oxygen partial pressures. The
crystallite size was calculated for the FWHM of the highest intensity peak, for both Y,03; and
ZrO, films and found to increase with increase in the substrate temperature, which is due to the
increase in adatom mobility with increases in the substrate temperature. Similar results for Y,03
films were reported by Cheng et al.[1]. As the substrate temperature is increased, the adatomic

mobility at the substrates surface is also increased due to increase in thermal energy. As a result
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of which the adatoms get enough time to move across the substrate surface and form the lowest
energy structure [63].

When the oxygen partial pressure is higher, the mobility of ablated species is restricted
due to collision with oxygen molecules present in the chamber. This results in the decrease in
probability of forming low energy structure. Whereas at low oxygen partial pressure, the
collision between ablated species and oxygen atoms is less probable and the ablated species have
higher mobility, which resulted in the formation preferred orientation with increase in crystallite
size. Unlike the substrate temperature, the films deposited as a function of oxygen partial
pressure showed a minor variation in the crystallite size at constant substrate temperature.

Y,03 exists in cubic phase for the above substrate temperature and oxygen partial
pressure range. Whereas ZrO, thin films contain a mixture of monoclinic and tetragonal phases.
XRD analysis showed that higher substrate temperature and oxygen partial pressure favoured the
tetragonal phase formation. The monoclinic phase was dominating up to the substrate
temperature of 773 K and beyond 773 K, tetragonal phase was the dominating phase. Similarly
for the films grown at 973 K and at different oxygen partial pressure, tetragonal phase was found
to dominate. The results obtained from Raman analysis were also in favor of the XRD results.
The increase in the stress in the films is generally attributed to the peening effect of the ablated
atoms at the substrate surface and is influenced by the substrate temperature and oxygen partial
pressure [64]. Strain values of the ZrO, films as a function of the substrate temperature and
oxygen partial pressure were calculated using the equation 3.1 and are shown in Fig. 3.32.

E TE 11 1 1S L 3.1
The strain value for the tetragonal phase was decreased with increase in the substrate

temperature as a consequence of stress relaxation due to the increase in crystallite size. The
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change in the stress of the films as a function of the oxygen partial pressure could be related to
reduction in the kinetic energy of the ablated species with the increase in the oxygen partial
pressure. It was expected that the ablated species lose their energy with increase in the oxygen
partial pressure due to the collisional process with surrounding oxygen molecules, leading to less
strain at higher oxygen partial pressure.

From the above results it can be concluded that the synthesis of a phase pure ZrO, film
from a target containing two phase structure by PLD process was constrained in the present
range of substrate temperature and oxygen partial pressure. The variation in stress fields and the
elastic properties of the crystallites could possibly prohibit the formation of a single phase film
from a target containing a mixture of phases. The present study has demonstrated that synthesis
of a film with single phase becomes more tedious when we deal with varying crystallite sizes as
a function of the process parameters.

Phase pure cubic-ZrO, films were prepared with ZrO, with 8 mol% Y,03 at oxygen
partial pressure of 0.2 Pa and in the substrate temperature range 573-873 K. Table 3.9 lists the
sintered condition, sintered density of the target and the deposition conditions used for the
YSZ films. Fig. 3.33 shows the XRD pattern of the YSZ films deposited on Si (100) substrates at
substrate temperature of 573-873 K and oxygen partial pressure of 0.2 Pa. XRD analysis shows

peaks from (111), (200),



Table 3.9 Experimental conditions for YSZ film preparation

Parameters YSZ

: 20 mm diameter and 3 mm
Target size .

thickness

Sintering conditions 1823 K, 12 h
Sintered density ~95%
Laser energy 300 mJ
Repetition rate 10 Hz
Target to substrate distance 45 mm
Substrate Si (100)
Substrate temperature 300-873 K
Oxygen partial pressure 2-0.002 Pa
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Fig. 3.32 Variation in strain values in ZrO, thin films as a function of the substrate
temperatures and oxygen partial pressures.
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Fig. 3.33 XRD patterns of the YSZ films deposited on Si (100) substrates at various
substrate temperatures and oxygen partial pressure of 0.2 Pa.

(220), (311), (400), (331) and (420) reflections of c-ZrO, (JCPDS file no: 49-1642). This study
establishes that the synthesis of cubic phase of ZrO, is possible by PLD technique using the YSZ
target.

Surface morphology of Y,03 and ZrO, thin films were studied by AFM and showed an
increase in the crystallite size with increase in the substrate temperature, which can be concluded
from the larger size of grains observed in the AFM images. On the other hand, the crystallite size
of the films deposited at different oxygen atmosphere did not show a very significant change.
The roughness values obtained for the films increased with increase in the substrate temperature,
as a result of the increase in the crystallite size. Whereas the films deposited under different
oxygen partial pressures did not show a very significant change in the roughness values. The

crystallite size obtained from AFM analysis showed higher values than that of the values
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obtained from XRD analysis. In AFM analysis, the crystallite size was measured from the
surface images, which included the agglomeration of crystallites, whereas XRD gave the average
crystallite size [65,66] and did not take strain into consideration.

The transmittance of a thin film depends on many factors such as thickness,
microstructure, porosity, grain boundary, surface roughness and phases [54]. Transmittance
values obtained from UV-Visible spectrophotometer shows a decrease in the values at higher
substrate temperature as a consequence of the increase in the surface roughness due to the
increase in the crystallite size, which was observed from XRD and AFM analysis. Higher surface
roughness and irregular grain boundary structures could result in decrease in transmittance due to
Scattering phenomena. Scattering phenomena also increase with the decrease in the crystallite
size, due to the increase in total grain boundary area [67].

Band gap energy calculated for Y,03 films deposited at different substrate temperatures
showed a small increase from 5.63 to 5.76 eV with increase in the substrate temperature. This
small increase in the band gap energy may be due to the increase in crystallite size with increase
in the substrate temperature, which was against the quantum confinement. Similar results also
have been reported by other authors [54,63,68]. According to quantum confinement theory, the
band gap should decrease with the increase in the crystallite size [69-71]. But quantum
confinement theory is applicable when the dimension of the particle is comparable to that of the
exciton Bohr radii of a particular material. A particle behaves as if it were free when the
confining dimension is large compared to the wavelength of the particle. During this state,
the band gap remains at its original energy due to a continuous energy state. However, as the
confining dimension decreases and reaches a certain limit, typically in nanoscale, the

energy spectrum turns to discrete. As a result, the exciton behaves as an atom. This ultimately
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results in a blue shift in optical illumination [72]. However, in the present study, the band gap
increases with increase in the crystallite size. This can be explained on the basis of band bending
in nanocrystallities [54]. Surface to volume ratio is very high in case of nanocrystalline materials.
This leads to band bending at the grain boundaries. In case of smaller crystallites, band bending
will be more at the grain boundaries. For bigger crystallites, this band edge becomes sharp and
the band gap energy is higher than that of smaller crystallites. Hence, the band gap value was
increased with increasing substrate temperature and decreased with increasing oxygen partial
pressure. Similarly the band gap energy calculated for the films deposited at various oxygen
partial pressures did not show a significant change, which may be due to insignificant changes in
the microstructure, and presence of mixed phases.

Refractive index values of the Y,03 film did not show a change with change in the
deposition conditions as this property was not significantly affected by the microstructural state
of the films. Whereas refractive index of ZrO, films shows an increasing trend with increase in
the substrate temperature and decrease with the oxygen partial pressure. The change in the
refractive index as a function of the processing conditions could be related to the change in the
microstructure of the films, especially, the crystallite size, porosity and packing density
[54,51,52]]. The lower value of the refractive index of the films deposited at higher oxygen
partial pressure may be attributed to lower crystallite size and packing density of the films
[48,51,57].

Nanohardness and elastic modulus values of Y,03 and ZrO; thin films were found to be
lower values than that of the bulk, whereas according to Hall-Petch relationship the hardness
should increase with decrease in the crystallite size. However many authors have reported the

inverse of Hall-Petch relationship law when crystallite size was decreased to ~20 nm especially
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for oxides [73,74]. The softening was due to the high volume fraction of interfacial regions that
lead to high deformation grain boundary sliding at lower crystallite sizes. Yue et al. [75] have
described the effect of phase transformation and nature of stress on the hardness changes. The
hardness values show a decrease with decrease in the compressive stress and increase in the
tensile stress. The resistances to plastic deformation of Y,03; and ZrO; films was determined
from the H3/E2 ratio and were found to be 0.005 GPa and 0.002 GPa, respectively [76]. Chuang
et al. [77] also have explained the effect of internal stress on the mechanical properties on thin
films. They have observed degradation in mechanical properties with increase in internal stress,
in the case of thin films.
3.4.2 Y03 /1ZrO, multilayer films

In multilayer structures, the interfaces play a major role in altering the properties like
optical [26], ionic conductivity [78], hardness [79] and thermal conductivity [80].

The multilayers of ZrO,/Y,03; were prepared at two different substrate temperatures of
300 K and 873 K and were characterized by XRD. Film deposited at 300 K was found to be X-
ray amorphous because both Y,03 and ZrO, formed amorphous structures at 300 K. The films
deposited at 873 K were crystalline. The increase in the crystallinity with increase in the
substrate temperature was due to the adatomic mobility with increase in substrate temperature
[63]. The surface morphology studies by AFM were also in agreement with the XRD results.

The layer thickness was measured by HRTEM and was found to be almost close to those
of the thickness obtained from XRR profile. XRR analysis shows higher values of surface
roughness at higher substrate temperature as a result of the increase in the crystallinity of the
films [81]. However, it must be mentioned that enough care was exercised while fitting the

experimental data, since the reflectivity data does not show clear intensity oscillations owing to



Page | 105

poor atomic number contrast of the elements of yttrium and zirconium. The XRR profile of the
multilayer structure deposited at 873 K is not so clear which may be due to the higher value of
surface and interfacial roughness at higher substrate temperature owing to interdiffusion of the
layers into each other. The roughness values obtained from the AFM analysis are slightly lower
in comparison with the XRR results.

The change in the surface and interfacial roughness show a significant effect on the
optical properties. As a result of the higher surface and interfacial roughness, the transmittance
for the films deposited at higher substrate temperature was found to decrease [54]. In case of
multilayer films deposited at 300 K, the transmittance value of the films with 5 nm of ZrO, layer
thicknesses was relatively lower than that of the multilayer structure with 30 nm ZrO; layer
thickness. As the overall thickness of all the multilayer structures were same for all ZrO, layer
thickness, the number of interface were higher in the case of multilayers with smaller ZrO, layer
thickness more, resulting in the decrease of the transmittance value due to severe scattering at the
interfaces. The increase in the band gap values with increase in the ZrO, layer thickness can be
due to the presence of mixed phases. Similar results were also reported by Singh et al [82] for
Gd,03 thin films.

Enhancement in hardness values for multilayers is generally observed, when the
modulation period is decreased to nanometer scale [83]. The important mechanisms for the
hardness enhancement are Hall-Petch strengthening [84], modulus difference hardening [85],
coherent stress hardening [86], structural barrier hardening [87] and solution strengthing [88]. In
the present study, no significant change in hardness values were observed with change in ZrO,
layer thickness, this can be due to the similar elastic modulus of Y,03 and ZrO,, as difference in

elastic modulus values is an important mechanism to enhance the hardness values [85]. Another
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reason for insignificant change in the hardness can be interfacial diffusion. Similar results were
observerd by Barshilia et al. for TIAIN/TiN multilayer structures where the hardness values were
lowered due to the interfacial diffusion [89]. It is noted that the elastic modulus decreased
significantly for the ZrO, layer thickness of 10 nm. The results indicate that the resistance to
plastic deformation, which is represented by H*/E? [76] is maximum (0.008 GPa) for the ZrO,
layer with thickness 10 nm (Fig. 3.33). Since the quantity H*/E? is the measure of toughness,
multilayer with 10 nm of ZrO, layer thickness qualitatively indicates better toughness.
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Fig. 3.34 H¥E? values of ZrO,/Y,03; multilayers deposited on Inconel-783 substrates at 873
K and oxygen partial pressure of 2 Pa as a function of ZrO, layer thickness.
3.5 Conclusions

In the present Chapter, the effect of substrate temperature and oxygen partial pressures on
the microstructural and optical properties of the films of Y,03; and ZrO, prepared on Si and
quartz substrates were studied. Taking into account the optimized conditions to prepare the best
quality films, multilayers structures of ZrO,/Y,03 were prepared on Si, quartz and inconel-783
substrates to study the effect of ZrO, layer thickness on microstructural, optical and

nanomechanical properties of the multilayer films.
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3.5.1 Y03 thin films:

(1) Y203 formed amorphous structure in the temperature range of 300-573 K,
crystallization of Y,03; was noted at 673 K, and cubic form of Y,03; was observed in the
temperature range of 673 -873 K. The crystallite size of Y,03 was found to increase with the
increase in the temperature and decrease with the oxygen partial pressure.

(i) AFM analysis showed an increase in roughness value with increase in the substrate
temperature as a result of the increase in the crystallite size.

(iif) Highest transmittance value for Y,0; films were recorded for the films deposited at
873 K and oxygen partial pressure of 2 Pa, indicating the formation of best quality films at these
deposition conditions.

(iv) Nanomechanical properties were found to be lower than that of bulk due to low
density of the films obtained in the deposition coniditons followed in the present work.

3.5.2 ZrO, thin films:

(i) Synthesis of ZrO; thin films on different substrates were carried out by PLD using a
target containing a mixture of monoclinic and tetragonal phases .

(i) Both X-ray and Raman analyses confirmed that tetragonal phase formation was
favoured at high substrate temperature and oxygen partial pressure.

(i) XRD analysis showed an increase in the crystallinity with the increase in the
substrate temperature. The increase in the crystallinity was also supported by AFM results where
an increase in the roughness value was observed with increase in the substrate temperature. The
effect of oxygen partial pressure on the crystallite size could not be uniquely brought out as it
influenced the stoichiometry and transformation of the phases simultaneously at any substrate

temperature.
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(iv) Except for the films deposited at 473 K and 0.002 Pa, all the films of ZrO, showed a
good transmittance in UV-Vis region. The band gap calculated for ZrO, films showed an
increasing trend with increase in the substrate temperature and decrease with the oxygen partial
pressure. Refractive index was also found to increase with increase in the substrate temperature
and decrease in the oxygen partial pressure as a consequence of variation in the microstructure of
the films.

(v) Nanomechanical properties of the film were found to be lower than that of the bulk
values due to the presence of mixed phases and films of low density.

3.5.3 ZrO,/Y,03 multilayers:

(i) Multilayers of ZrO,/Y,0O3 were prepared on Si, quartz and inconel-783 substrates at
two different substrate temperatures of 300 and 873 K, and oxygen partial pressure of 2 Pa. The
ZrO, layer thickness was varied from 5 to 30 nm to study the effect of ZrO, layer thickness on
the optical microstructural and nanomechanical properties.

(i) XRD analysis showed the formation of c-Y,O3; and m-ZrO, and t-ZrO, for the
multilayers prepared at 873 K, whereas films deposited at 300 K was found to be X-ray
amorphous. The layer thickness of ZrO;, and Y,03 measured from HRTEM in agreement with
the expected thickness determined from the deposition rate and XRR measurement.

(i) The roughness values obtained from XRR measurements were found to increase with
the increase in the substrate temperature from 300 to 873 K, as a result of the increase in the
crystallinity.

(iv) The transmittance of the multilayer films deposited at higher substrate temperature
was found to be lower than that of the films deposited at 300 K. In the case of the films deposited

at 300 K, the transmittance of the multilayer structure with 5 nm of ZrO, layer thickness was
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lower than that of the films with higher ZrO, layer thickness, as a consequence of the increased
interface scattering.

(v) Nanomechanical properties of the multilayer films were measured on Inconel-783
substrates. No significant change in the hardness values were observed as the ZrO, layer
thickness was varied. This may be attributed to the similar elastic modulus values of both ZrO,
and Y0z thin films.
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Chapter 4

CeO, and Gd,0O; Thin Films and CeO,/Gd,0O4
Multilayer Thin Films: Synthesis and

Properties
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4.1 Introduction

Cerium oxide (CeQy) is a rare earth oxide having wide range of applications as an optical
wave guide [1], oxygen sensor [2], buffer layer for YBCO thin film deposition on Ni alloy [3],
electrochromic devices [4] and catalyst [5,6]. Thin films of CeO; have been prepared by different
techniques such as sputtering [6,7], Spray pyrolysis [8], atomic layer deposition [9], MOCVD
[10], flash evaporation [11] and pulsed laser deposition [12] to study the microstructural [12],
optical [1] and electrical [2] properties.

Gadolinium oxide (Gd,Os) is another transition metal oxide used as protective
coating [13], optical coating [14] and dielectric material in CMOS [15,16] as well as in device
applications [17]. Gd,O3 thin films were deposited by various techniques such as electrolytic
deposition [18], molecular beam epitaxy [16], sputtering [19], electron beam evaporation [20],
sol gel [21], atomic layer deposition [22], and pulsed laser deposition method [23].

Although single layer films have wide range of application in different fields, but there
are some applications where a single layer film’s property is not sufficient and this leads to
development of multilayer structures to combine the properties of materials for specific
applications. Multilayers of Al,O3/ZrO, [24], TiO,/WO3 [25], and ZrO,/Y,03 [24] were already
deposited by sputtering technique to study the microstructural and nanomechanical properties.
Multilayer of CeO,/Gd,0O3 was prepared by sputtering technique by Burinskas et al. [26] to
prepare a solid electrolyte by solid state sintering of the multilayers.

In the present Chapter, CeO,/Gd,O3 multilayers were prepared on Si(100), quartz and
inconel-783 substrates at 300 and 873 K substrate temperature and oxygen partial pressure of 2
Pa, with different CeO, layer thickness keeping Gd,O3 layer thickness constant to analyze the

effect of the CeO,, layer thickness on optical and nanomechanical properties of the multilayers.
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4.2 Experimental Procedure

Two different targets of CeO, and Gd,O3; were prepared from commercial grade CeO;
and Gd,O3 powders in order to use them for the synthesis of thin films and multilayers.

Using these two targets, films of CeO, and Gd,O3 were prepared on Si (100) and quartz
substrates at different substrate temperatures and oxygen partial pressures to study the effect of
process parameters on properties of both CeO, and Gd,O5 films. The details of the experimental
parameters were listed in Table 4.1. The microstructural properties of the films were determined
by techniques such as X-ray diffraction, Raman spectroscopy, AFM and UV-Visible
spectrophotometer. Hardness and elastic modulus of the Gd,O3 and CeO, films deposited at 873
K and oxygen partial pressure of 2 Pa were measured using the nanoindentation technique. The
details of the target sintering conditions and characterization were explained in Chapter 2.

Multilayers of CeO,/Gd,O3; were prepared at oxygen partial pressure of 2 Pa and at
substrate temperature of 300 K and 873 K. The choice of oxygen partial pressure of 2 Pa was
based on the experiments carried out for CeO, and Gd,O3; as a function of Oxygen partial
pressure. The CeO, layer thickness was varied from 5 to 30 nm and Gd,O3 layer thickness was
kept constant (10 nm). The total thickness of the multilayers was kept constant by varying the
number of bilayers for each multilayer. The numbers of bilayers deposited for each multilayer
were 3, 4, 6 and 8 for CeO, layer thicknesses 30, 20, 10 and 5 nm. Taking into account the
deposition rates of CeO; and Gd,O3 i.e. 6 nm/min and 14 nm /min, respectively, the desired layer
thicknesses in the multilayers were made by adjusting the time of deposition for each layer. The
multilayer structures were characterized by XRD, AFM, XRR and HRTEM. The optical
properties of the films were measured by a UV-Visible spectrophotometer in the wavelength

range of 200-900 nm. Nanohardness and elastic modulus values were measured using
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nanoindentation technique, to study the effect of layer thickness on the nanomechanical

properties of multilayers.

Table 4.1 Details of deposition conditions for CeO, and Gd,Os thin film preparation

Parameters

CeO»

Gd,03

Target size

20 mm diameter
and 3mm thickness

20 mm diameter
and 3mm thickness

Sintering condition

1673 K for6h

1823 K for4 h

Sintered density ~95% ~95 %
Laser Energy 300 mJ/pulse 300 mJ/pulse
Repetition rate 10 Hz 10 Hz

Si (100), quartz, Si (100), Quartz,
Substrate Inconel-783 Inconel-783
Oxygen partial 15 4 902 pa 2-0.002 Pa
pressure
Substrate 300- 873 K 300-873 K
Temperature
Deposition time 1lh 1h

Table 4.2 Details of experimental conditions for the deposition of multilayers of

CeOQ/Gd203.
Parameters Details
Targets Gd,03 and CeO,

Laser Energy

300 mJ/pulse

Repetition rate

10 Hz

Substrate Si (100), Quartz, Inconel-783
Oxygen partial pressure 2 Pa
Substrate temperatures 300 K, 873 K

Deposition rates

CeO; (~6 nm/min) and Gd,O3 (~14 nm/min)

thickness in nm

(Ce0,/Gd,03) (number of bilayers) layer

(5/10) 5, (10/10)g, (20/10)4, (30/10)s
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4.3 Results and Discussion
4.3.1 Results of CeO; thin films

The present section includes the deposition of CeO, films on Si (100), quartz and
inconel-783 substrates in order to study the effect of process parameters on microstructural,
optical and nanomechanical properties.
4.3.1.1 XRD analysis

Figure 4.1 shows the X-ray diffractogram of CeO, films deposited at different substrate
temperatures in the temperature range 300 K - 873 K at the oxygen partial pressure of 2 Pa. The
XRD pattern shows the peaks from (111), (200), (220), (311), (331) and (420) reflections
corresponding to the cubic CeO, even at room temperature. The crystallinity increases with the
increase in substrate temperatures from 300 to 873 K. The films deposited at 300 K shows
preferred orientation for (111) reflection. With the increase in substrate temperature the preferred
orientation changes from (111) to (200). Similar observations were also observed by Narasima
Rao et al. [27] and Balakrishnan et al. [28] for CeO, films deposited by electron beam
evaporation. The crystallite size was calculated using Scherrer formula and is found to be 38 nm
and 44 nm for (200) peak for the substrate temperatures of 773 and 873 K. The crystallite size
for the films deposited at 300 K and 573 K were not calculated due to the absence and or weak
reflection of (200).

XRD analyses of the CeO, films deposited at different oxygen partial pressures and at the
substrate temperature of 873 K were carried out (Fig. 4.2). The XRD pattern shows the formation
of a polycrystalline film at all oxygen partial pressure conditions containing peaks from (111),

(200), (220), (311), (400), (331), (420) and (422) lattice planes. With the increase in the oxygen
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Fig. 4.1 XRD patterns of CeO, thin films deposited on Si (100) substrates at various
substrate temperatures and oxygen partial pressure of 2 Pa.
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Fig. 4.2 XRD patterns of CeO, thin films grown on Si (100) substrates under various
oxygen partial pressures and substrate temperature of 873 K.
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Table 4.3 Microstructural and optical properties of CeO, films as a function of substrate
temperature

Substrate gi?f:?_”z'tﬁm) I[;:E;:rer)]eter Roughness | Band Gap
temperature (K) (200) Blane ’ (£0.003 A) (0.1 nm) (£ 0.01eV)
300 - 5.018 2.1 3.50
573 - 5.218 3.0 3.53
773 38 5.414 3.2 3.54
873 44 5.429 3.9 3.42

Table 4.4 Microstructural and optical properties of CeO, films as a function of oxygen
partial pressure

Oxygen Crystallite Size | Lattice

partial (£2nm), (200) | parameter l?fg %?]rrﬁ)s 3 I?f%docl;:l\%
pressure (Pa) | plane ( £0.003A) T -

2 44 5.429 3.9 3.42

0.2 39 5.422 2.5 3.52

0.02 38 5.419 2.0 3.49

0.002 - 5.409 1.7 3.56

partial pressure the preferred orientation changes from (111) to (200) reflection. The crystallite
size, calculated for the (200) reflection varies from 38 nm to 44 nm. Similar results were also
observed by Balakrishnan et al. [28] for CeO, film deposited by pulsed laser deposition
technique.
4.3.1.2 Raman analysis

Fig. 4.3 shows a typical Raman spectrum of CeO, film deposited on Si (100) substrates at
873 K and oxygen partial pressure of 2 Pa. The Raman spectrum shows a peak at 464 cm™
corresponding to F,q Raman active mode. Similar results were also reported by Balakrishnan et
al. [28]. The peak at 464 cm™ corresponds to the symmetrical stretching vibrational mode of
Ce-O bond [29,30]. The higher intensity and low FWHM indicates the formation of a highly
crystalline film in this particular substrate temperature and oxygen partial pressure condition. In

addition to the peak at 464 cm™, another peak at 305 cm™ of very weak intensity is also observed,



Page | 123

in accordance with the results reported by Shengyue et al. [31] for CeO, thin films of very small

crystallite size.

464 dn]|si

Si
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Fig. 4.3 A typical Raman spectrum of CeO, film deposited on Si (100) substrate at 873 K
and oxygen partial pressure of 2 Pa.
4.3.1.3 Surface morphology study by AFM.

Figure 4.4 shows the AFM images of CeO, films deposited at different substrate
temperature and the oxygen partial pressure of 2 Pa. The AFM image of the film at 300 K shows
fine grains indicating a crystalline film even at 300 K. The surface roughness values obtained
from the AFM analysis increases from 2.1 to 3.9 nm with increase in the substrate temperature
from 300 to 873 K.

The surface morphology of the CeO, films deposited under various oxygen partial
pressure conditions and the substrate temperature of 873 K were studied by AFM analysis (Fig.

4.5). The crystallinity of the films increases with the increase in oxygen partial pressure and the
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Fig. 4.4 Surface morphology of CeO, films grown on Si (100) substrates at various
substrate temperatures and oxygen partial pressure of 2 Pa.

0.2 Pa

200nm
[

Fig. 45 AFM images of CeO; films grown under various oxygen partial pressures and
substrate temperature of 873 K.
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roughness values determined from the AFM image analysis are found to increase from 1.7 to 3.9
nm with the increase in oxygen partial pressure from 0.002 to 2 Pa due to the increase in the
crystallinity. The trend found in the present study on roughness values are in accordance with
the results reported by Bueno et al. [32] and Balakrishnan et al. [28].
4.3.1.4 TEM analysis

Figure 4.6 shows the TEM image of CeO, films grown on Si substrates at 873 K and
oxygen partial pressure of 2 Pa. The SAD pattern obtained from the CeO, film shows the
formation of polycrystalline film with reflections from (220, (400), (422), (440) and (620)
planes. The presence of ring pattern indicates the polycrystalline nature of the film with
relatively smaller crystallites. Figure 4.6 (b) shows the low magnification bright field image of

CeO, crystallites and the crystallite size obtained are in the range of 5-7 nm.

(a)

Fig. 4.6 TEM images of CeO, films deposited on Si substrate at substrate temperature of
873 K and oxygen partial pressure of 0.2 Pa. (a) SAD pattern (b) low magnification bright
field image showing the CeO, crystallites.



Page | 126

4.3.1.5 Optical property measurements

The optical properties of the CeO, films were measured using a UV-Visible
spectrophotometer in transmission mode. The absorbance and transmittance curves of CeO,
films deposited at different substrate temperature are shown in Fig. 4.7 (a) and (b), respectively.
The films show a strong absorbance near wavelength of ~355 nm. The absorption edge of the
film deposited at 873 K is found towards higher wavelength, indicating a decrease in the band
gap. The transmission curves of CeO; films grown at various substrate temperature shows a
transmittance value of 60- 90 %.

Figure 4.8 (a) and (b) shows the absorbance and transmittance spectra of CeO, film
deposited at various oxygen partial pressure conditions. The films show a strong absorbance at
wavelength of 350-355 nm. All the films of CeO, show a transmittance of 60—90 % for the films
grown under various oxygen partial pressure conditions.

The band gap values were determined from Tauc plot. The details of the band gap
measurement procedures were already explained in Chapter 2. The band gap values of the CeO,
films deposited at different substrate temperatures varied from 3.42 to 3.54 eV in the temperature
range 300 K - 873 K. Also the band gap values of the CeO, films varied o from 3.42 to 3.56 with
decrease in oxygen partial pressure. The refractive index values calculated for the film
deposited under various substrate temperatures and oxygen partial pressures were found to vary

from 1.92 to 2.01 and 1.90 to 2.0, respectively [27,32].



300K
8 (a) E 573 K
773K
7 —— 873 K

6
5
4 4

3 4

2 4

Absorbance (arb. units)

T T T T T
340 360 380 400 420 440 460
Wavelength (nm)

% Transmittance (arb. units)

100

Page | 127

—+— 873 K

T T T T T T T
400 500 600 700
Wavelength (nm)

800 900

Fig. 4.7 Variation of (a) absorbance and (b) transmittance versus wavelength plot of CeO,
films deposited on quartz substrates at different substrate temperatures and oxygen partial

pressure of 2 Pa.
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on quartz substrates as a function of oxygen partial pressures and substrate temperature of

873 K.
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4.3.1.6 Nanomechanical properties

The hardness and the elastic modulus values were measured from the nanoindentation
technique. Fig. 4.9 shows the load versus displacement curve for the CeO, film deposited at the
substrate temperature of 873 K and oxygen partial pressure of 2 Pa. The hardness and the elastic
modulus values obtained from the nanoindentation test are 5.4 + 0.6 GPa and 274+ 25 GPa,
respectively. The hardness value obtained is comparable with the values reported by Mogens et
al. (5-6 GPa for the bulk CeQO,) [33].. Whereas the elastic modulus values are higher than that of
the value reported for bulk (181 GPa) in the literature [34]. The hardness values reported in the
present study are much higher in comparison to the hardness values reported by Roa et al. [35] i.
e. 2.25 GPa for CeO, thin films. The lower value of hardness reported by Roa et al. [35] has been

related to the formation of cracks and stress present in the films.

3
Loading
24
Z N
£
i)
3 Unloading
-l
1
0 T 1 T T T T
0 50 100

Penetration depth (nm)

Fig. 4.9 The load versus displacement curve of CeO, thin film deposited at substrate
temperature of 873 K and oxygen partial pressure of 0.2 Pa.
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4.3.2 Gd,0O3 thin films: Microstructural, optical and nanomechanical properties

Gd,03 films were prepared on Si (100), quartz and Inconel-783 substrates at different
substrates temperatures (300 -873 K) and oxygen partial pressures (0.002-2 Pa) to study the
effect of these parameters on the microstructural, optical and nanomechanical properties.
4.3.2.1 XRD analysis

Gd,03 films were prepared on Si (100) substrates at different substrate temperatures and
oxygen partial pressure of 0.2 Pa. XRD analysis was carried out for the films grown under
various substrate temperatures and the XRD patterns are shown in Fig. 4.10. The XRD pattern
shows the formation of an amorphous structure at 300 K. The crystallization of Gd,O3 film
starts at 473 K. For the substrate temperatures 473 and 573 K, the films show mainly a
polycrystalline monoclinic (m) Gd,O3 showing peaks for (401), (401), (402), (003), (203), (601),
(511), (313), (602), (404), (022), (421), (804), (623) and (714) planes with small volume fraction
of cubic phase characterized by the presence of (123), (422) and (444) reflections. The intensity
of the (003) peak is highest for the film deposited at 573 K. As the substrate temperature > 673 K
only m-Gd,Os3 is observed. The crystallite size was calculated using (003) reflection is found to
vary from 19 to 26 nm. The lattice parameter values were also calculated using “unitcell
program” for m-Gd,O3 and listed in Table 4.5. The lattice parameters a, b and c-axis of m-
Gd,03 is found to vary from 14.073-14.111 A, 3.576-3.581 A and 8.770 -8.792 A, respectively.

Figure 4.11 shows the XRD pattern of Gd,O; films deposited on the Si substrates at

different oxygen partial pressures and the substrate temperature of 873K. The films
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Fig. 4.10 XRD pattern of Gd,O3 thin films deposited on Si (100) substrates at different
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Fig. 4.11 XRD pattern of Gd,Os thin films deposited on Si (100) substrates at different
oxygen partial pressures and substrate temperature of 873 K.
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show polycrystalline phase pure m-Gd,Os structure showing peaks of (401), (401), (402),

(003),(203), (B01), (511), (113), (313), (602), (304), (022), (023, (804) and (Z24). All the films

deposited under various oxygen partial pressure conditions show preferred orientation for the

(401) reflection. Crystallite size calculated for this particular plane is found to vary from 21to 26

nm at various oxygen partial pressures. The lattice parameters a, b and ¢ of Gd,O3; films

deposited under various oxygen partial pressures are found to vary from 14.111-14.137 A, 3.586-

3.581 A and 8.764- 8.770 A, respectively. These values along with the error bars are listed in

Table 4.6.
Table 4.5 Microstructural and optical properties of Gd,Os3 at different substrate
temperatures.

Substrate C_rystalllte Latice parameter (A) (20.003) Roughness Band Gap
temperature | Size a b c (nm) (eV)
(K) (x2nm) (£0.01)
300 - - - - 0.4 5.76
573 8 - - - 1.6 5.72
673 21 14.063 3.576 8.770 - 5.70
773 23 14.073 3.579 8.784 2.1 5.75
873 29 14,111 3.581 8.792 1.0 5.80

Table 4.6 Microstructural and optical properties of Gd,Oj3 at different oxygen partial

pressures.
Oxygen Crystallite Latice parameter (A) (£0.003) Band Gap
Partial Size _ _ _ Roughness (&V)
E’Fl)rg)ssure (2nm) a-axis b-axis c-axis (nm) (£ 0.01)
2 24 14.137 3.586 8.773 1.1 5.60
0.2 29 14,111 3.581 8.792 1.6 5.80
0.02 21 14.125 3.585 8.764 - 5.68
0.002 22 14,121 3.583 8.767 0.8 5.70
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4.3.2.2 Raman analysis

The microstructures of the Gd,O3 films were also analyzed by Raman spectroscopy and
are shown in Fig. 4.12 and 4.13 for the films deposited at different substrate temperature and
oxygen partial pressures, respectively.

Figure 4.12 shows Raman peaks at 92 cm™, 103 cm™, 253 cm™, 266 cm™, 413 cm™, 422
cm? and 433 cm™ of m-Gd,0; in comparison to the Raman peaks assigned for m-Gd,O3 by
Zarembowitch et al. [36] and Paul et al. [37]. All the peaks show a shift of ~3-5 cm™ towards
lower wave number side, from the value reported by the authors, indicating the presence of stress
in the films. Except the peaks for m-Gd,Os, a small broad peak is observed at 140 cm™
corresponding to cubic phase of Gd,O3; [38]. The strongest line for the cubic phase was not
observed due to the overlapping of the peak with Si peak. The FWHM of the peaks decreases
with increase in the substrate temperature in accordance with x-ray analysis.

Raman spectra of the Gd,Oj3 films deposited under various oxygen atmosphere conditions
are shown in Fig. 4.13. The Raman spectra contains peaks at 92 cm™, 103 cm™, 173 cm™, 253
cm™?, 266 cm™, 383 cm™, 417 cm™and 433 cm™ belonging to m-Gd,Os. The FWHM of the peaks
do not show a significant variation although the intensity of the peaks at 417 cm™ and 433 cm™

show highest intensity for the oxygen partial pressure of 0.2 Pa.
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Fig. 4.12 Raman spectra of Gd,Os films deposited on Si (100) substrates at different
substrate temperatures and oxygen partial pressure of 0.2 Pa.
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Fig. 4.13 Raman analysis of Gd,Os; films deposited at different oxygen partial pressures and
substrate temperature of 873 K.
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4.3.2.3 AFM analysis

The surface morphology of the Gd,O; films, deposited on Si (100) substrates, under
various process parameter conditions were studied by AFM image analysis. Figure 4.14 shows
the AFM images of Gd,Os3 films grown at various substrate temperatures and the oxygen partial
pressure of 0.2 Pa. The microstructure reveals fine globular particles of Gd,O3 in the film
depsoited at 300 K, while the film reveals increase in particle size with increasing substrate
temperature. The AFM image of the Gd,Os3 film deposited at 300 K show smooth surface with
roughness value 0.4 nm, indicating formation of amorphous Gd,O3; at 300 K. The roughness
values obtained for the films increased from 0.4- 2.0 nm with an increase in the temperature
from 300 to 873 K [39,40].

Figure 4.15 show the AFM images of Gd,O; films deposited under various oxygen partial
pressure conditions and at constant substrate temperature of 873 K. The AFM images show
formation of crystalline film at any oxygen partial pressure but no significant changes in the
surface morphlogy. Therefore , the roughness values obtained for the films deposited at various
oxygen partial pressure condition vary slightly within the range of 0.8 to 1 nm. Both the Fig.
4.14 and 4.15 indicate that substrate temperature has an increased role compared to that of the

oxygen partial pressure in influencing crystallite size.
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Fig. 4.14 Study of surface morphology of Gd,O3 films deposited at oxygen partial pressure
of 2 Pa as a function of different substrate temperatures.

Fig. 4.15 AFM analysis of Gd,O3 films deposited at various oxygen partial pressure and
substrate temperature of 873 K.
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4.3.2.4 TEM analysis

Microstructural analysis of the Gd,O3 filrn deposited at 873 K and oxygen partial
pressure of 0.2 Pa was also carried out by TEM (Fig. 4.16) and the corresponding SAD pattern is
shown in Fig 4.19 (a). The SAD pattern shows spotty ring patterns, indicating a polycrystalline
nature with large crystallite sizes with reflections from (201), (201), (002), (202), (401), (402),
(T12), (T13), (602) and (313) planes. The d-spacings obtained from the SAD pattern are in
accordance with the XRD results.

Figure 4.16 (b) shows a bright field image of Gd,O3 film deposited on Si substrate. The

crystallite size measured from the TEM images are found to be within the range of 60-80 nm.

Fig. 4.16 TEM image of Gd,O; film deposited at a substrate temperature of 873 K and
oxygen partial pressure of 0.2 Pa (a) SAD pattern and (b) bright field image showing
crystallites.
4.3.2.5 Optical property measurements

The optical properties of the Gd,O3 films grown under various substrate temperatures

were analyzed by UV-Visible spectrophotometer in the wavelength range of 200-900 nm. The

absorbance and transmittance values at different wavelengths are plotted and are shown in Fig
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4.17 (a) and (b), respectively. The Gd,O; films show a strong absorbance near ~220 nm. All the
Gd,03 films deposited at various substrate temperatures show a transmittance value of 70-90%,
except for the film at 673 K. From the absorbance data, the band gap values were calculated
using Tauc plot. The band gap values calculated are listed in Table 4.5 and is found to vary from
5.70-5.80 eV in the temperature range 300 to 873 K. The films deposited at 873 K show the
highest band gap of 5.80 eV higher than that of the bulk value (~5.2 eV) [41].

Figure 4.18 show the absorbance and transmittance values of Gd,Os3 films deposited
under various oxygen partial pressure condition. The films show strong absorbance near
wavelength of ~220 nm. The transmittance values vary in the range of 70 - 100 % for different
oxygen partial pressure condition. The band gap values were calculated by Tauc plot and are
found to vary from 5.66 to 5.80 eV. The films deposited at 873 K and oxygen partial pressure of
2 Pa show the highest band gap value of 5.80 eV.

The refractive index values calculated for the films deposited under various substrate
temperature and oxygen partial pressure vary from 1.6-1.8 with the decrease in the substrate
temperature from 873 to 300 K and 1.6-1.7 with decrease in oxygen partial pressure from 2 to

0.002 Pa.
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Fig. 4.17 (a) Absorbance and (b) Transmittance versus wavelength plot of Gd,O3; films
deposited on quartz substrates at different substrate temperatures and oxygen partial

pressure of 0.2 Pa.
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deposited on quartz substrates as a function of oxygen partial pressures and substrate
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4.3.2.6 Nanomechanical properties

Figure 4.19 shows the load versus penetration depth plot for Gd,O3 film deposited at
substrate temperature of 873 K and oxygen partial pressure of 2 Pa. The hardness and elastic
modulus values were determined by nanoindentation technique and are found to be 5.1 GPa and
151 GPa, which are slightly higher than those of the reported bulk values (~4.7 GPa and 124

GPa) [34]. The increase in hardness and elastic modulus values are the result of smaller

crystallite size [42].
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Fig. 4.19 Load versus displacement plot for the Gd,O3 film deposited at 873 K and 0.2 Pa.
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4.3.3 Properties of CeO,/Gd,O3; multilayers

The present section describes the deposition of the CeO,/Gd,03; multilayer films on Si,
quartz and Inconel-783 substrates with variation of the CeO, layer thickness keeping Gd,Os
layer thickness constant (~10 nm), and studies the effect of the CeO, layer thickness on
microstructural, optical and nanomechanical properties. The total thickness of the multilayer
films were kept constant (~120 nm), by varying the number of bilayers. The total numbers of
bilayers of the multilayer films are 3, 4, 6 and 8 for CeO; layer thickness of 30, 20 10 and 5 nm,
respectively.
4.3.3.1 Microstructural analysis

Figure 4.20 shows the XRD patterns of CeO,/Gd,O; multilayers deposited at the
substrate temperature of 300 K and oxygen partial pressure of 2 Pa. The XRD pattern of the
multilayer films deposited at 300 K shows polycrystalline structure with reflections from (111),
(200), (220) and (311) planes of cubic-CeO,. The XRD pattern does not contain any peaks from
the Gd,03, as Gd,03; forms amorphous structure at room temperature. The intensity of the (111)
reflection increases with increase in the CeO, layer thickness, which is due to the increase in the
CeO, content with increase in layer thicknesses.

Figure 4.21 shows the CeO,/Gd,O3; multilayer films deposited at the substrate
temperature of 873 K and oxygen partial pressure of 2 Pa. The XRD pattern shows the formation
of polycrystalline films, with increased number of peaks, concluding higher crystallinity at
higher substrate temperature. The XRD pattern contains peaks from (111), (200), (220), (311),
(222), (400), (331), (420) reflections of c-CeO, and (211), (222), (123), (400), (440), (622),
(444), (800), (662), (840) reflection of c-Gd,O3. The FWHM values decreases as the CeO, layer

thickness increases.
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Fig. 4.20 XRD pattern of CeO,/Gd,O3; multilayers with different CeO, layer thickness
deposited on Si (100) substrates at substrate temperature of 300 K and oxygen partial
pressure of 2 Pa.
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Fig. 4.21 XRD patterns of CeO,/Gd,O3; multilayer films deposited on Si (100) substrates at
substrate temperature of 873 K and oxygen partial pressure of 2 Pa with variation in CeO,
layer thickness.
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The crystallite size of CeO, calculated for the (111) peak of multilayer film grown at 300
K is found to vary from 7 to 11 nm with increase in the CeO; layer thickness from 5 to 30 nm.
The crystallite size calculated for the (111) peak of CeO, in the multilayers deposited at 873 K is
found to vary from 11 to 15 nm with increase in CeO, layer thickness from 5 to 30 nm. Unlike
that of the crystallite size of CeO,, the crystallite size of Gd,O3 was found to be constant (~15
nm) for the multilayers deposited at 873 K. which is due to the constant layer thickness of
Gd,03. The decrease in FWHM values of the peaks for the multilayers deposited at 873 K
confirms higher crystallinity of phases of the multilayer film at higher substrate temperature.
4.3.3.2 Raman analysis

Microstructural characterization of the multilayer films were also carried out by Raman
spectroscopy for the CeO,/Gd,O3 mulilayers with the CeO; layer thickness of 5 and 30 nm,
deposited at 873 K and at oxygen partial pressure of 2 Pa(Fig. 4.22). The Raman spectra shows
the peaks at 610 and 669 cm™ corresponding to cubic CeO, and 359 cm™ corresponding to cubic

phase of Gd,Os
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Fig. 4.22 Raman spectra analysis of CeO,/Gd,O3; multilayers deposited at 873K and oxygen
partial pressure of 2 Pa with CeO; layer thickness of 5 and 30 nm.
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Similar results were also reported by Weber et al. [29] and Godinho et al. [43]. The characteristic
peak for CeO, at 476 cm™ was not identified due to the overlapping of the peak of Si substrate at
same wave number.
4.3.3.3 X-ray reflectivity analysis

To measure the individual layer thickness, surface roughness and interfacial roughness of
the CeO,/Gd,03; mutlilayers, the films were analyzed by X-ray reflectivity (XRR) technique. The
spectrum was recorded and fitted with Parratt software [44] to get the above parameters. Fig.
4.23 shows a typical XRR profile of CeO,/Gd,03; multilayer of (20/10) nm deposited at 300 K
and 873 K, respectively. The results obtained from the XRR profile fitting are listed in Table 4.7.
The CeO, layer thickness obtained from XRR analysis are 6.1, 8.8, 22.1 and 31.9 nm in
corresponding to 5, 10, 20 and 30 nm for the films deposited at 300 K. Similarly the layer
thickness of Gd,O3 is measured in the range of 8.5-13.5 nm which corresponds to 10 nm layer
thickness. The interfacial roughness values are found to increase with increase in the layer
thickness of CeO; and substrate temperature as a result of the higher crystallinity. Similarly the
surface roughness values are also found to be higher for the films deposited at 873 K than that of
the films deposited at 300 K. It has been already observed in the XRD analysis that Gd,O3; forms
amorphous structure at 300 K and becomes crystalline at 873 K as a result of which the surface

roughness values are increased.
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Fig. 4.23 A typical XRR profile of CeO,/Gd,03
deposited on Si (100) at oxygen partial pressure of 2 Pa and substrate temperature of (a)
300 K and (b) 873 K.
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multilayer films of (20/10) nm thickness

Table 4.7 XRR analysis results obtained for CeO,/Gd,O3; multilayers deposited at 300 and
873 K and oxygen partial pressure of 2 Pa on Si (100) substrates.

Films Deposited at 300 K Films Deposited at 873 K
Bilayer
structure Thickness Interfacial | Surface Thickness Interfacial Surface
Ce0,/Gd;04 from XRR | roughness | roughness | from XRR | roughness roughness
(nm) (nm) (nm) (nm) (nm) (nm) (nm)
(5/10) 6.1/9.6 0.7 0.9 6.7/9.5 0.6 0.9
(10/10) 8.8/8.5 0.7 0.8 9.5/12.5 1.1 0.9
(20/10) 22.1/12.1 | 0.9 0.7 19.5/11 1.2 0.9
(30/10) 31.9/135 |11 0.8 30.8/11.1 |15 1.2

4.3.3.4 Surface morphology from AFM analysis

The surface morphology of the CeO,/Gd,03; multilayer films was analyzed by AFM. Fig.
4.24 (a) and (b) shows the typical AFM images of the CeO,/Gd,03 multilayers of (30/10) nm
deposited at the substrate temperature of 300 K and 873 K, respectively. The multilayer
deposited at 300 K shows amorphous structure, characterized by structureless surface, while the

multilayer deposited at 873 K contains a fine distribution of spherical particles. These results are
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also consistent with the XRD analysis. The surface roughness values obtained from AFM

analysis are 0.3 and 1.8 nm for films deposited at 300 and 873 K, respectively.

(a)

~ 200nm

Fig. 4.24 AFM images of CeO,/Gd,O3 multilayer films of (30/10) nm deposited on Si(100) at
(a) 300 K (b) 873 K and oxygen partial pressure of 2 Pa.

4.3.3.5 HRTEM analysis

Figure 4.25 (a) shows the SAD pattern of CeO,/Gd,O3 multilayer film of (20/10) nm
deposited on Si substrates at substrate temperature of 873 K and oxygen partial pressure of 2 Pa.
The SAD pattern shows the formation of polycrystalline film with preferred orientation. The film
consists of cubic CeO,, cubic Gd,O3 and a small fraction of m-Gd,O3. The indexed SAD pattern
is shown in Table 4.8. Figure 4.25 (b) shows the low magnification bright field HRTEM image
showing the cross sectional view of CeO,/Gd,O; multilayer of (20/10) nm. The dark band
belongs to Gd,O3 and the white bands are due to the CeO,. The thickness of CeO, and Gd,03
layers are found to vary from 21 to 23 nm and 15 to 17 nm, respectively. It must be mentioned
that the bands are not very clear unlike the other multilayers, because the images were observed

at 160 kV instead of 200 kV.



Page | 146

Table 4.8 Interplanar distance, d determined from the SAD pattern of CeO,/Gd,03

multilayer of (20/10) nm.

Measured | c-CeO, c-Gd,03 m-Gd,O;

d (nm) (PDF# 00-004-0593) (PDF# 01-086-2477) (PDF# 01-077-8312)
d (nm) hkl d (nm) hkl d (nm) hkl

0.6825 0.6906 200

0.4474 0.4412 211

0.4184 0.4302 002

0.2751 0.2706 200

0.2710 0.2702 400

0.2259 0.2206 422

0.1766 0.1633 311

20 nm

Fig. 4.25 (a) A typical HRTEM image of CeO,/Gd,O3; multilayer of (20/10) nm deposited on
Si substrates at 873 K and oxygen partial pressure of 2 Pa and (b) SAD pattern from the

multilayer.
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4.3.3.6 Optical properties

To measure the optical properties of the CeO,/Gd,Os; multilayers, the films were
deposited on quartz substrates. Fig. 4.26 (a) and (b) show the absorbance and transmittance
curves of the CeO,/Gd,03; multilayer films deposited at substrate temperature of 300 K and
oxygen partial pressure of 2 Pa, for different CeO, layer thickness. Fig. 4.26 (a) shows
absorbance at two wavelengths i.e. 350 and 220 nm belonging to CeO, and Gd,O3, respectively.
The transmittance values of the multilayers deposited for various CeO; layer thickness show a
maximum of ~80% transmittance for multilayer films with CeO, layer thickness 5 nm. Although
Ce0,/Gd,03 multilayer with (5/10) nm layer thickness has highest number of interfaces but still
shows the highest transmittance value. Band gap values were calculated using the Tauc plot. The
Tauc plot shows two band gaps for each CeO, and Gd,Os. The band gap values obtained for
different films are listed in Table 4.9. The band gap values for CeO, increase with increase in the
CeO,, layer thickness, whereas the band gap of Gd,O3 decreases from 5.69 to 5.32 eV.

Figure 4.27 (a) and (b) shows the absorbance and transmittance curves of the
Ce0,/Gd,0O3 multilayers deposited at substrate temperature of 873 K and oxygen partial pressure
of 2 Pa. The multilayer films show two absorption edges at 220 nm and 350 nm for the Gd,O3
and CeOg, respectively. All the films show almost similar transmittance for each CeO, layer
thickness. The band gap values calculated for the CeO; varies from 3.91 to 4.0 eV with increase
in the CeO; layer thickness from 5 to 30 nm. Similarly the band gap values of Gd,Oj3 increases

from 5.71 to 5.85 eV with the increase in the CeO, layer thickness from 5 to 30 nm.
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Fig. 4.26 Effect of CeO, layer thickness on the (a) absorbance and (b) transmittance values
of CeO,/Gd,03 multilayers deposited on quartz substrates at substrate temperature of 300
K and oxygen partial pressure of 2 Pa.
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Fig. 4.27 Variation in the (a) absorbance and (b) transmittance values of CeO,/Gd,03
multilayers deposited on quartz substrates at 873 K and oxygen partial pressure of 2 Pa as

a function of CeO, layer thickness.



Table 4.9 Optical properties for the CeO,/Gd,O3; multilayers for different layer thickness

and substrate temperatures.
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Bilayer Substrate temperature of 300 K Substrate temperature of 873 K
Egggnféz 0s) Band gap of Band gap of Band gap of Band gap of
o 2N | Ce0, (V) Gd,03 (eV) CeO; (eV) Gd,03 (eV)
(5/10) 3.62 5.69 3.91 571

(10/10) 3.65 - 3.90 5.74

(20/10) 3.75 5.58 3.92 5.75

(30/10) 3.84 5.32 4.0 5.85

4.3.3.7 Nanomechanical property analysis

Nanomechanical properties of the CeO,/Gd,O3; multilayer films deposited at 873 K and
the oxygen partial pressure of 2 Pa were measured by nanoindentation technique as a function of
CeO; layer thickness (Fig 4.27). The hardness and the elastic modulus values are plotted as a
function of CeO, layer thickness. The values of both hardness and elastic modulus of the
multilayers are lower for CeO, layer of thickness of 5 nm. The hardness values are quite high
for the multilayers with CeO; layer thickness in the range of 10 - 30 nm, than that of the values

measured for CeO, (~5.4 GPa)
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Fig. 4.28 (a) Hardness and (b) elastic modulus values of CeO,/Gd,O3; multilayers as a
function of CeO, layer thickness deposited on Inconel-783 substrates at 873 K and oxygen
partial pressure of 2 Pa .
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and Gd,0O3 (~5.1 GPa) films. The elastic modulus values of the multilayers are in between than
that of the CeO, and Gd,0Os. The hardness as well as elastic modulus values of the multilayer
with 5 nm of CeO, layer thickness is lower than that of the other multilayers and comparable
with Gd,0s.

4.4 Discussion

The following section includes the discussion of the results obtained for CeO,, Gd,O3 and
their multilayers.

4.4.1 Growth and properties of CeO, and Gd,O3 thin films

CeO, thin films were deposited on Si and quartz substrates at various substrate
temperatures and oxygen partial pressures. The XRD analysis shows the formation of a
crystalline film even at room temperature. The films deposited at 300 K and 573 K shows a
preferred orientation for (111) reflection. As the substrate temperature increases, the preferred
orientation changes from (111) to (200) plane due to low surface energy for (200) plane [46] and
Similar results were also observed by Balakrishnan et al. [45] and Elidrissi et al. [47] for CeO,
thin film.

When the films of CeO, were deposited at different oxygen partial pressures, the
preferred orientation changes from (111) to (200) with increase in the oxygen partial pressure
from 0.002 to 2 Pa. Although an increase in crystallite size is expected with decrease in oxygen
partial pressure, the present study shows a decreased crystallite size as a function of decrease in
the oxygen partial pressure [48,49].

In contrast to CeO,, Gd,O3 thin films are found to be X-ray amorphous when deposited at

the substrate temperature of 300 K. Crystallization of Gd,O3 is noticed at the substrate
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temperature > 473 K. The films are polycrystalline in nature with monoclinic phase as the major
phase along with a small volume fraction of cubic phase at the temperature of 473 and 543 K.
With increase in the substrate temperature, the film becomes purely monoclinic. Shoujing et al.
[50] have reported similar results for Gd,Os3 thin films deposited by magnetron sputtering on Si
(100) substrates, in which an increase in the substrate temperature results in an increase in
monoclinic phase content as a result of stress relaxation. Molle et al. [51] have reported a
thickness dependant phase transformation for Gd,Os films and reported 16.5 nm as the critical
layer thickness beyond which cubic to monoclinic phase transformation takes place. A thin film
growth by PLD is a nonequillibrium growth process, leading to formation of high temperature
phases at room temperature. Increase in film thickness and growth temperature leads to decrease
in stress in the films. This results in a transformation from cubic to monoclinic phase due to the
relaxation in crystal structure [51]. Similar observations were also made by Chakraborty et. al.
[52] in Ti thin films where the room temperature FCC structure has been transformed to
hexagonal structure with increase in film thickness as a result of the decrease in compressive
stress. The intrinsic stress in the thin films is compressive in nature during the initial stages of
thin film growth, which latter transforms to tensile stress when film thickness increases beyond a
particular value [52].

The crystallite size calculated for the highest intensity peak of (401) varies from 8 to 29
nm with increase in the substrate temperature from 300 to 873 K. The increase in crystallite size
is due to the increase in adatom mobility at the substrate surface and therefore the atoms are able
to form the lowest energy structure [45].

The XRD pattern of the Gd,Oj3 films deposited under different oxygen partial pressures

and substrate temperature of 873 K shows the formation of phase pure polycrystalline m-Gd,0s
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phase at higher substrate temperature. The crystallite size calculated for the films does not show
a significant change with change in the oxygen partial pressure, which may be due to the higher
substrate temperature for the thin film deposition.

The surface morphology of the CeO, and Gd,O3 films were studied by AFM analysis.
The crystallite size obtained from the AFM analysis is slightly higher than that of the values
obtained from XRD analysis. The crystallite size obtained from the AFM is indicative of the
coalesced grains [53,54], whereas the XRD gives the average crystallite sizes of a particular
plane or planes. The roughness values obtained from the AFM image for both CeO, and Gd,O3
are found to increase with increase in the crystallite size [55].

Transmittance of a film is highly dependent on the microstructure, mixed phases,
porosity, grain boundary scattering, thickness and surface roughness values [56]. The
transmittance of the CeO, and Gd,O3; films show a maximum of 90 % transmittance for the films
deposited under various process parameters. The transmittance value of CeO; is low at higher
substrate temperature due to increase in the surface roughness and crystallite sizes. However the
optical transmittance of Gd,Oj3 film does not show a significant variation with the microstructure
of the films, due to the presence of mixed phases. Transmittance of a film depends on the density
of the materials. As the density of cubic Gd,O3 is lower than that of the monoclinic structure the
transmittance of cubic phase is higher than that of the monoclinic phase. As a result of the
contribution from cubic phases, the transmittance of the Gd,O3 films grown at lower substrate
temperature has higher transmittance value [57].

The absorbance spectra of CeO, and Gd,0O3 films show a strong absorbance near the
wavelength of 350 nm and 220 nm, respectively. The band gaps of the films were determined

from the Tauc plot and indicate that both CeO, and Gd,Os3 are direct band gap materials. The
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band gap values calculated for CeO, were found to vary from 3.6 to 3.4 eV with increase in the
substrate temperature. According to quantum confinement theory, the band gap should decrease
with the increase in the crystallite size. But the band gap values show significant changes only
when the crystallite size is less than twice of the exciton Bohr radii of a particular material. As
CeO, crystallite sizes are quite larger, the change in the band gap cannot be truly related to the
crystallite sizes and may be associated with the stress and defects in the films.

The band gap values calculated for the Gd,O3 films is found to be highest for the films
deposited at 873 K and oxygen partial pressure of 0.2 Pa. Band gap of a material is highly
dependent on the stress, microstructure, vacancies and mixed phases [56]. It has been reported by
Singh et al. [58] that the band gap of Gd,O3 films would increase with the presence of cubic
phases. Since, a small volume fraction of cubic phase was also present at low substrate
temperature, the band gap values of the Gd,Os; films is higher than that of the film deposited at
673 K. A phase pure m- Gd,O3 showed the highest value of band gap at 873 K and oxygen
partial pressure of 0.2 Pa.

The hardness value for CeO, film grown on Inconel-783 substrate at 873 K and oxygen
partial pressure of 2 Pa was measured by the nanoindentaion technique. The hardness and elastic
modulus values are comparable with the bulk values reported by Mogen et al. [33]. The increase
in elastic modulus values are due to the smaller crystallite size of CeO, than that of the bulk,
which results in the formation of high density film [59]. The hardness values obtained for Gd,O3
film are higher than that of the reported bulk values due to the decrease in crystallite sizes [60].
4.4.2 Discussion on CeO,/Gd,0O3 multilayer films

Ce0,/Gd,03 multilayer films were deposited on Si (100), quartz and Inconel-783

substrates to investigate the microstructural, optical and nanomechanical properties. The
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multilayers were grown at two different substrate temperatures and oxygen partial pressure of 2
Pa. XRD patterns of the films deposited at 300 K shows that the CeO, is present in
polycrystalline nature, while Gd,O3 forms amorphous structure. The increase in the intensity of
the peaks with increase in CeO, layer thickness is due to the increase in overall quantity of CeO,.
At 873 K there is an increase in number of peaks and peak intensities of multilayer films, due to
the increase in the crystallinity. Presence of additional lines of Gd,O3 confirms that at 873 K, it
forms crystalline structure. Unlike that of the single layer of Gd,O3, where mostly monocilinic
phase was noticed at different substrate temperatures and oxygen partial pressures, whereas in all
the multilayers Gd,O3 exists only cubic structure. This is due to the smaller layer thickness of
Gd,03 film grown on cubic phase of CeO.,. It has been reported by Alessandro et al. [45] that
Gd,03 phase transformation also is dependent on layer thickness. The authors have reported a
critical layer thickness of 16.5 nm for the cubic to monoclinic phase transformation. Since in the
present study, the layer thickness of Gd,Os is limited to ~10 nm, the formation of cubic phase of
Gd,03 is more promoted by the cubic structure of cubic CeO,.

Microstructuras of the films were also analyzed by Raman analysis and confirms the
presence of both c-CeO, and c-Gd,O3. TEM analysis was carried out to measure the individual
layer thickness of each layer of the multilayer. The layer thickness obtained from the XRR and
TEM are in accordance with each other. Surface and interfacial roughness are found to increase
with increase in the substrate temperature due to the increase in the crystallinity of the films.

The optical properties of the films deposited at 300 K and 873 K are measured using UV-
visible spectrophotometer. The films show two absorption edges at 350 and at 220 nm for CeO,

and Gd,Og, respectively. The films deposited at 300 K show transmittance of ~60 % while the
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multilayers deposited at 873 K indicated ~70 % transmittance because of better crystallinity of
Ce0O; and Gd,0s.

The band gap values estimated for CeO, and Gd,O; of the multilayers deposited at 300 K
show opposite trend, while the band gap values of CeO;, and Gd,O3 increases with increasing
layer thickness of CeO, for the multilayer deposited at 873 K. The band gap values are known to
increase with increased crystallinity [58] and therefore the band gap values of both the materials
show increasing trend with temperature. In the case of multilayers deposited at 300 K, the Gd,O3
forms amorphous structure, while the CeO, layer shows crystalline structure. Also the
crystallinity of the CeO, increases with increase in layer thickness. Therefore CeO, shows
increase in band gap while Gd,O3 shows a decreasing trend with increase in layer thickness of
Ce0s.

Hard coatings are useful in many industrial applications such as tribological components,
cutting tools etc. The hard coatings include mainly nitrides, carbides and borides. But the
applications of these coatings are limited due to lower stability. Transition metal oxides are the
best alternatives to overcome such problems, if the hardness values can be enhanced. Such
attempts have been made by many authors (Christina et. al, [61] Barshilia et. al [62]). Recent
research includes enhancement of hardness by forming multilayer structure [63,64]. The
nanomechanical properties of the CeO,/Gd,O; multilayer films were measured by the
naoindentation technique. The hardness values of the multilayers with the CeO, layer thickness
of 10-30 nm are higher than that of the CeO, and Gd,Os. The enhancement in hardness and
elastic modulus is due to the effect of difference in elastic modulus of the two materials [65]. The
hardness and elastic modulus values are lower for the multilayer with CeO, layer thickness of 5

nm, and is comparable to the Gd,O3; values. This may be due to the more contribution from
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Gd,03. The resistance to plastic deformation of the multilayer were qualitatively measured by

H®/E? and plotted as a function of the CeO, layer thickness in Fig 4.28.The results suggests that
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Fig. 4.29 H3/E? of CeO,/Gd,05 multilayers with variation in CeO, layer thickness deposited
on Inconel-783 substrates at 873 K and oxygen partial pressure of 2 Pa.
the resistance to plastic deformation measured by H*/E? is significantly influenced by layer
thickness of CeO,. Appropriate selection of the layer thickness of CeO, has been found to be
necessary in order to design multilayer of enhanced nanomechanical properties.
4.5 Summary and Conclusions

The present chapter describes the effect of process parameters on the microstructural and
optical properties of CeO, and Gd,Oj3 thin films. Multilayers of CeO,/Gd,O3 are grown on Si
(100), quartz and Inconel-783 substrates at two different substrate temperature and variation in
CeO, layer thickness from 5-30 nm to study the change in microstructural, optical and
nanomechanical properties.

45.1 CeO, thin films
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(i) CeO, films grown under different substrate temperature (300-873 K) and oxygen
partial pressures (2-0.002 Pa) are polycrystalline with cubic fluorite structure.

(if) The preferred orientation changes from (111) to (200) with increase in the substrate
temperature and oxygen partial pressure. Crystallite size calculated from Scherrer formula
showed an increasing trend with increase in substrate temperature but oxygen partial pressure
does not show a significant influence on the crystallite sizes.

(iii) The surface roughness values obtained from AFM analysis increases with increase in
the temperature and oxygen partial pressure as a result of the increase in crystallite size

(iv) The CeO; films show transmittance of ~60-90%. The band gap values obtained from
the Tauc plot show a decrease with increase in the temperature and oxygen partial pressure.

4.5.2 Gd,03 thin films

(1) Microstructure of the Gd,Os3 films deposited on Si substrate were analyzed by XRD,
Raman spectroscopy, AFM and TEM. At 300 K, Gd,O3 forms amorphous structure, and the film
becomes crystalline at 473 K. The film consists of monoclinic phase of Gd,O3 except for small
amount of c- Gd,O3 at 300 K, which is not stable at higher substrate temperature. The crystallite
size increases from 8 to 29 nm with increase in the substrate temperature from 300- 873 K.
Oxygen partial pressure does not show a significant effect on the crystallinity. The Raman
analysis of the films shows the presence of m- Gd,O; for whole range of temperature and oxygen
partial pressure. AFM analysis shows increases in roughness value due to the increase in
crystallite size.

(i) The films show good transmittance in the wavelength range of 200-900 nm. The film
deposited at 873 K and oxygen partial pressure of 0.2 Pa shows the highest band gap i.e. 5.80

eV, indicating the best quality film formation under these temperature and pressure conditions.
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The hardness and elastic modulus values show higher values than that of the bulk, as a result of
smaller crystallite size.
4.5.3 Ce0,/Gd,03 multilayers

(1) Multilayers films of CeO,/Gd,O3; were prepared on Si, quartz and inconel-783
substrates to analyze the microstructural, optical and nanomechanical properties, respectively.

(if) The XRD patterns show formation of polycrystalline film at 300 K for all ranges of
CeO, layer thickness. The crystallinity is higher for the multilayer with 30 nm CeO, layer
thickness and for the films deposited at 873 K. Multilayer films deposited at 873 K show peaks
from c-CeO; and ¢-Gd;0:s.

(iii) The layer thickness obtained from XRR and HRTEM analysis is comparable with
each other. The surface and interfacial roughness values obtained from XRR shows an
enhancement with increase in the substrate temperature and CeO, layer thickness.

(iv) The multilayers show good transmittance of ~70%, and the band gap value increases
with increase in the substrate temperature and layer thickness of CeO,. Nanomechanical
properties for the multilayers were measured by nanoindentation technique for the films
deposited on Inconel-783 substrates and found to be higher than that of both CeO, and Gd,Os,

except for the film with 5 nm CeO, layer thickness.
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Chapter 5
Thermal Expansion Behavior of Single

and
Multilayer Films
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5.1 Introduction

Evaluation of coefficient of thermal expansion (CTE) of films is an important parameter
to choose a material for different applications such as solid oxide fuel cells (SOFC), thermal
barrier coatings (TBC), Microelectronis and micromechanical systems. The common techniques
that are being used to measure the CTE values for bulk materials are mechanical dilatometry [1],
optical interferometry [2] and diffraction techniques [3]. In case of thin film structures, these
methods cannot be used because of lack of accuracy in the measurements due to smaller
thickness. Measurement of the CTE values of a thin film can be carried out by HTXRD [4],
ellipsometer [5] and micromachined cantilever techniques [6]. Out of all the techniques high
temperature X-Ray diffraction (HTXRD) finds its importance in determination of CTE values
due to the advantages like: smaller size of sample can be studied and also the expansion along
different directions can also be determined. However, HTXRD is suitable for crystalline films.
HTXRD is an important technique to study the thermal stability, phase evolution as well as inter
diffusion phenomenon occurring during the heat treatment.

Swamy et al. [7] have studied the structural transitions and thermal expansion behavior of
Y03 from room temperature to its melting point. The axial thermal expansion of ZrO, has been
studied by Patil et al. [8] and they have reported the CTE values to be 11.6 and 16.08 x 10° K™*
along a and c axes, respectively for t-ZrO,. The thermal expansion property analysis of CeO, has
been carried out by Schwab et al. [9] and the reported CTE value is 11.6x10° K. Sawbridge et
al. [10] have studied the crystallography and thermal expansion behavior of cubic and
monoclinic Gd,O3 for the temperature range 293 -1173 K.

Although phase stability and calculation of the CTE values for single oxide layer have

been reported by many authors, a very few research papers have been published on multilayer
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systems. Balakrishnan et al. [11,12] have analyzed the thermal stability and thermal expansion
behavior of ZrO,/Al,03 and CeO,/ZrO, multilayer films deposited by PLD technique. Barshilia
et al.[13] have prepared ZrO,/Al,03 and ZrO,/Y,03 by sputtering technique and analyzed the
microstructural and nanomechanical properties of the films. CeO,/Gd,0; multilayers have been
prepared by Burinskas et al. [14] by magnetron sputtering technique to prepare gadolinia doped
ceria electrolyte by solid state reactions at interfaces. However, analysis of the thermal stability
and CTE of the multilayers ZrO,/Y,03 and CeO,/Gd,03; as a function ZrO, and CeO; layer
thickness, respectively have not been reported so far.

The present study includes the deposition of Y,03, ZrO,, CeO, and Gd,03 thin films and
Zr0,/Y,03 and Ce0,/Gd,03 by PLD technique using the predetermined deposition rates. The
phase stability and thermal expansion property of the films were analyzed by HTXRD.

5.2 Experimental Procedure

Y,03, ZrO,, CeO, and Gd,O; targets were used to deposit respective films of ~1 pum
thickness on Si (100) substrates at the substrate temperature of 300 K and oxygen partial
pressure of 2 Pa. The details of the target sintering methods and their characterization were
already discussed in Chapter 2. The multilayers of ZrO,/Y,03 and CeO,/Gd,03 were prepared on
Si substrates at 300 K and 873 K, respectively. The details of the deposition parameters were
listed in Table 1. In case of multilayers, the layer thickness of ZrO, and CeO, were varied from 5
to 30 nm, whereas the Y,03 and Gd,O3 layer thickness was kept at 10 nm. The total thickness of
the multilayer films was kept constant by varying the bilayer thickness (modulation wavelength)
(Table 1). The total number of bilayers that were deposited for the ZrO, and CeO, layer

thickness of 5, 10, 20 and 30 nm was 65, 50, 35 and 25, respectively.
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The HTXRD experiments for the single and multilayer films were carried out using an
INEL XRG-3000 X-ray diffractometer, attached with a high temperature attachment. The thin
film sample was kept on a tantalum strip surrounded with a tantalum heater assembly and heated
from 300 to 1373 K in vacuum (0.002 Pa) with a heating rate of 10 K/min. Data was collected
for every 100 K interval using a curved position sensitive detector for 15 min, in the 26 range of
10-95°, with a step size of 0.0125° and incident angle (o) of 5°. Temperature of the surrounding
as well as sample was measured by a W-Re thermocouple with + 2° K tolerance. The sample was
cooled with a rate of 50 K/min, after obtaining the data at 1373 K. Measurement of CTE values
by HTXRD is only applicable for crystalline films [15], and also it is a well known phenomena
that all the thin film structures are always associated with internal stress due to presence of
defects, incorporation of residual atoms and voids [16,17]. To overcome these difficulties,
Lebrun et al. [18] have suggested annealing the film at suitable temperatures followed by heat
treatments. Heat treatment of the films was done for two times: the first heat treatment was
carried out to relieve stress and form a crystalline film and the second heat treatment was carried
out to collect the data on lattice parameter in order to determine the thermal expansion values.
From the HTXRD patterns, the phase evolution, lattice parameter (equation 2.2-2.3) and average
coefficient of thermal expansion (CTE) and instantaneous coefficient of thermal expansion
(CTE) (equation 2.6, 2.7) for each film was calculated. The details of the calculation method
were already discussed in Chapter 2. In all the cases, the average CTE values are only tabulated
and referred in the present work.

The heat treated samples were analyzed by HRTEM to study the stability of the

multilayers across the interfaces.
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Table 5.1 Experimental details for the multilayer formation.

Parameters Zr0,/Y,03 CeO,/ Gd,03
Laser energy 300 mJ/pulse 300 mJ/pulse
Repetition rate 10 Hz 10 Hz
Substrate temperature 300 K 873 K
Oxygen partial pressure | 2 Pa 2 Pa

. Y,03 (8 nm/min) CeO; (6 nm/ min)
Deposition rate Zr02 (5 nm/min) Gd,03 (14 nm/min)
ZrO, and CeO; layer
thickness (nm) measured | 5,10,20,30 5,10,20,30

By deposition rate.

5.3 Results

In this section, the HTXRD results of the single as well as multilayers in situ heat treated
in the temperature range of 300- 1373 K to study the phase evolution, stability and thermal
expansion properties.
5.3.1 HTXRD of Y,03, ZrO,, CeO, and Gd,0O; thin films

This section includes the thermal stability and coefficient of thermal expansion analysis
of the thin films of Y,03, ZrO,, CeO, and Gd,O3 deposited on Si (100) substrates at the substrate
temperature of 300 K and oxygen partial pressure of 2 Pa.
5.3.1.1 HTXRD of Y,0;3film

Figure 5.1 (a) shows the HTXRD pattern of the Y,O3 film in the temperature range 300-
1373 K, deposited on Si (100) at 300 K and oxygen partial pressure of 2 Pa. XRD pattern shows
that at room temperature, the Y,0;3 film is X-ray amorphous. Crystallization was found to occur
at 773 K. For temperature > 773 K, the film becomes polycrystalline in nature, showing peaks
from (211), (222), (400), (411), (332), (431), (521), (440), (433), (611), (541), (622), (631),

(444), (721), (800), (811), (653), (660), (662) and (840) reflections. All the reflections were from
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cubic phase of Y,03 (JCPDS file no: 41-1105), which indicates the formation of phase pure
cubic Y,03. The stability of the cubic phase in the above temperature range is in accordance with
the phase diagram reported by Swamy et al. [19] and HTXRD analysis of bulk Y,05 carried out
by Swamy et al.[7].

The crystallite size of the highest intensity peak (222) of Y,0; was calculated as a
function of temperature and is found to vary between 37 - 50 nm. The lattice parameter values
were calculated using “Unit cell program” for the films from the HTXRD pattern (Fig. 5.1 (b))
recorded for the second time, after the first heat treatment in the temperature range of 300-1373
K. The lattice parameter values were found to increase linearly from 10.592 + 0.003 A to 10.668
+0.003 A with the increase in temperature from 300 to 1373 K (Fig. 5.2(a)). The lattice
parameter values as a function of temperature was fitted for second order polynomial fitting and
follows the equation (5.1).

ay(A) =10.577 x 1071 + 4,804 x 10715 x T + 1.490 x 108 x T2 .....(5.1)

From the equation 5.1 the coefficient of thermal expansion (CTE) values were calculated
using equation 2.6. The CTE values are found to vary from 5.37 to 8.39 x10°® K™ with increase
in the temperature from 300 to 1373 K (Fig. 5.2 (b)), which are in close agreement with the bulk

values (~9.3 x 10° K™ [20].
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Table 5.2 Lattice parameter and average CTE values of Y,0;3 at different temperature.

Temperature Lattice CTEx 10°®
parameter | ;7 1
(K) (A) (K )
300 10.592 5.37
373 10.596 5.58
473 10.602 5.86
573 10.607 6.14
673 10.615 6.42
773 10.624 6.71
873 10.633 6.99
973 10.639 1.27
1073 10.647 7.55
1173 10.655 7.83
1273 10.662 8.11
1373 10.668 8.39
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5.3.1.2 Analysis of ZrO, film by HTXRD

ZrO, film was in situ heat treated from 300 to 1373 K (Fig. 5.3 (a)). The HTXRD
patterns show the existence of ZrO, as amorphous structure from 300 to 573 K. XRD pattern of
the films shows the formation of polycrystalline ZrO; at the temperature 673 K. Unlike the phase
pure c-Y,03, HTXRD pattern of ZrO, shows a mixture of monoclinic and tetragonal phases. The
HTXRD patterns show peaks from (T11), (002), (131) and (140) of monoclinic phase and (011),
(002), (112), (020), (121), (202) and (123) reflections of tetragonal ZrO,. The crystallite sizes
calculated for the (011) reflection of t-ZrO, and (T11) reflection of m-ZrO, are found to vary
from 29 to 51 nm and 16 to 54 nm, respectively as a function of temperature.

After the first heat treatment was completed, the sample was cooled down to room
temperature and again heat treated for second time from 300 to 1373 K (Fig. 5.3 (b)) to
determine the change in lattice parameters and CTE values of t-ZrO, with the increase in
temperature.

The lattice parameters were calculated and listed in Table 5.3. Fig. 5.4 (a) and 5.5 (a)
show the plot of the lattice parameters of t-ZrO, along a and c- axes, respectively as a function of
temperature. The lattice parameter values vary from 3.578 to 3.598 A along a-axis and 5.130 to
5.193 A along c-axis. The data on the change in the lattice parameter values along a and ¢ axes
versus temperature were fitted for 2" order polynomial fitting and have been found to obey the

equation 5.2 and 5.3, respectively.
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Table 5.3 Lattice parameter and average CTE values of t-ZrO; film at different

temperature.
Temperature Lattice CTE x 10°% (K™ Lattice CTEx10° (K™
(#z1 K) parameter along a-axis parameter along c-axis
- a (A) c (A)
300 3.578 2.47 5.130 10.05
373 3.579 2.79 5.135 10.25
473 3.582 3.23 5.140 10.52
573 3.582 3.66 5.147 10.79
673 3.584 4.10 5.151 11.06
773 3.585 4.53 5.155 11.33
873 3.583 4.97 5.160 11.59
973 3.585 5.40 5.168 11.86
1073 3.588 5.84 5.176 12.13
1173 3.592 6.27 5.182 12.40
1273 3.595 6.71 5.186 12.67
1373 3.598 7.15 5.193 12.94

az(R) =3.576 x 1071° + 4,190 x 1071 x T + 7.785 x 10712 x T2...... (5.2)

cz(A) =5.116 x 1071° + 4,731 x 1075 x T +6.885x 10712 x T2 ....... (5.3)

The average CTE values of t-ZrO, both along a and ¢ axes were calculated and listed in Table

5.3. The CTE values obtained for t-ZrO, along a and ¢ axes are in the range of 2.47 - 7.15 x 10°®

K™ and 10.05- 12.95 x 10° K™, respectively (Fig 5.4 (b) and 5.5 (b)). The CTE values obtained

in the present analysis are lower compared to the results reported by Patil et al. (CTE foraand c

axes are 11.6x10°° and 16.08x10° per K) [8] for bulk t-ZrO, samples. Whereas the results are in

accordance with the values reported by Bhagwat et al. [21] for nanocrystalline t-ZrO; thin films.

The decreases in the CTE values of ZrO, than that of the bulk value are due to the presence of

mixed phasesk leading to presence of stress in the films. The difference in the CTE values along

a and c- axis shows the anisotropic expansion of ZrO, and higher expansion along z direction.
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5.3.1.3 HTXRD of CeO,

Figure 5.6 (a) shows the HTXRD pattern of CeO; thin film deposited on Si (100)
substrates at 300 K and oxygen partial pressure of 2 Pa, recorded in the temperature range 300 —
1373 K during the first heat treatment. CeO, forms a polycrystalline structure even at room
temperature. All the peaks in HTXRD pattern belongs to cubic CeO, (c-CeO,), which concludes,
the existence of CeO, in a phase pure cubic state in the above temperature range. The film shows
peaks from (111), (200), (220), (311), (400), (331), (420) and (422) planes. Crystallite size was
calculated for the strongest (200) reflection and is found to vary from 46 to 58 nm with increase
in temperature. The stress value was estimated for the CeO; films from the XRD pattern of the
film before and after the first heat treatment from Ad/dy (where Ad = d- dy and d is the d-spacing
measured for the sample and dy is the d-spacing of the annealed sample from the JCPDS file) and
were found to be 0.013 and 0.001 respectively. This clearly indicated a stress relief by heat
treatment.

After the first heat treatment, the film was cooled down to room temperature and was
again heat treated from 300 to 1373 K in vacuum (Fig. 5.6 (b)) and the lattice parameter values
were calculated at each temperature, using the “unit cell” program and listed in Table 5.4. The
lattice parameter of CeO, increases from 5.420 to 5.488 A with the increase in temperature from
300 to 1373 K. The equation obtained after fitting the lattice parameter versus temperature plot
for a second order polynomial is given below (equation 5.4).

ace(A) =5.412x 10710 + 1.436 x 10715 X T +2.9429 x 10~ 18 x T2...... (5.4)
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Table 5.4 The lattice parameters and average CTE values of CeO, at different temperature.

Temperature Lattice Average CTE
(K) parameter (A) | x 10° (K™
300 5.420 5.90

373 5.420 6.70

473 5.425 7.78

573 5.429 8.87

673 5.435 9.95

773 5.441 11.04

873 5.446 12.13

973 5.454 13.21

1073 5.462 14.30

1173 5.469 15.39

1273 5.476 16.47

1373 5.488 17.56
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The average CTE values were calculated using equation 5.3 are listed in Table 5.4. The CTE
values obtained varies from 5.90 x 10°°- 17.56 x 10® K™ with increases in temperature. The CTE
values obtained are slightly differing from the bulk values reported in literature (~11.5 x10 ° K™%)
[9], where as the result are in accordance with the average CTE values reported in the literature
for CeO; thin films [22,23].
5.3.1.4 HTXRD of Gd,03

Figure 5.8 (a) shows the HTXRD pattern of Gd,O3 film deposited on Si (100) at 300 K
and oxygen partial pressure of 2 Pa in the temperature range 300- 1373 K. The film was found to
be X-ray amorphous, up to the temperature 673 K. For temperature > 773 K the film became
polycrystalline nature. The Gd,O3 was stabilized in cubic phase in the temperature range of 773-
1373 K. No other phases were observed which may be due to the phase transformation range of
Gd,03 [24]. The XRD pattern shows peaks for (211), (222), (123), (411), (332), (134), (440),
(611), (145), (622), (444), (662) and (048) reflections. At all temperatures, the (222) reflection
shows the highest peak intensity similar to that of the JCPDS file (#01-076-8040). The crystallite
size calculated for the (222) reflection of Gd,O3; varied from 52 to 68 nm at different
temperatures.

After the first heat treatment, the Gd,O3 film was heat treated for the second time and the
data were recorded from 300 to 1373 K, to calculate the lattice parameter and CTE values and
are shown in Fig. 5.8 (b). Lattice parameter values were calculated using “unit cell program”
from the HTXRD pattern of the Gd,O3 film, recorded for the second time and were listed in
Table 5.5. The lattice parameter showed an increasing trend with increase in temperature up to
1373 K (Fig. 5.9(a)). The equation obtained after fitting the lattice parameter versus temperature

IS given in equation 5.5.
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Fig. 5.8 The HTXRD pattern of Gd,O; film deposited on Si (100) at 300 K and oxygen partial
pressure of 2 Pa for the temperature range 300 -1373 K, recorded during the (a) first heat
treatment and (b) second heat treatment. The inset shows the shift in 20O positions of (222)
reflection as a function of temperature.
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Table 5.5 The lattice parameter and average CTE values of Gd,O3 obtained at
different temperature.

Temperature | Lattice parameter CTE x 10°
(K) (A) (K%

300 10.798 6.89

373 10.803 6.95

473 10.808 7.00

573 10.814 7.06

673 10.823 7.11

773 10.831 7.16

873 10.841 7.22

973 10.851 7.27

1073 10.860 7.33

1173 10.866 6.89

1273 10.869 6.95

1373 10.869 7.00
agg(A) =1.0775x107° + 7.109 x 10715 x T + 2.9447 x 10719 x TZ....... (5.5)

Using the above equation the CTE values were calculated and listed in Table 5.5. The CTE

values varied from 6.8 to 7.3 x 10° K. The calculated CTE values are in accordance with the
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values reported in literature (~7.5 x 10° K ) [25]. The Gd,Os films show very small change in
CTE values with change in the temperature.
5.3.2 HTXRD of multilayers of ZrO,/Y,03 and CeO, /Gd,03

The present section describes the thermal stability and CTE analysis carried out by the
HTXRD technique of the multilayer films, and studies the effect of bilayer thickness on phase
stability and thermal expansion behavior. The total thickness of the multilayers was kept constant
by varying the total number of bilayers. Thermal expansion behavior of the multilayers of bilayer
thickness (30/10), (20/10), (10/10) and (5/10) nm of ZrO,/Y,03 and CeO, /Gd,O3 are
investigated.
5.3.2.1 HTXRD of ZrO,/Y,03; multilayer (30/10) nm

Multilayer of ZrO,/Y,03 of (30/10) nm was deposited on Si(100) at 300 K and oxygen
partial pressure of 2 Pa. The sample was heat treated in the temperature range 300 -1373 K in
vacuum and the HTXRD pattern is shown in Fig. 5.10 (a). The film was found to be X-ray
amorphous at 300 K and started to crystallize at the temperature 773 K. The film was
polycrystalline in nature showing peaks from (211), (222), (400), (431), (440), (622), (631),
(640) and (011), (002), (112), (020), (121), (220), (123), (222) planes of c-Y,03 and t-ZrO,,
respectively. Y,03; and ZrO, exist in cubic and tetragonal phase in the temperature the
temperature range 773 -1373 K. A small volume fraction of metastable m-Y,03; was also
observed in the temperature range of 773-873 K, along with c-Y,03; and disappeared as the
temperature > 973 K. Gourlaouen et al. [26] have reported the formation of small volume
fraction of m-Y,03 along with the c-Y,03 as the major phase, when deposited in the form of thin
films as a result of large amount of stress formation during the deposition of film. As reported in

the literature, m-Y,Og is a high pressure phase of Y,0s3. During the initial crystallization process
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significant amount of stress is generated as the film is a multilayer structure, which leads to
formation of small fraction of m-Y,0s. As the temperature increased, the stress was relieved and
the monoclinic phase disappeared. Unlike that of the Y,03, ZrO, was stabilized in phase pure
tetragonal structure for entire temperature range. The crystallite size was calculated for the (222)
reflection of Y,03 and (011) reflection of t-ZrO, and were of the order of individual layer
thickness of Y,03; and t-ZrO,. The lattice parameter values were also calculated from the
HTXRD data obtained during the first heat treatment, for t-ZrO, in the multilayer of (30/10) nm
thickness at different temperatures and were found to vary from 3.597 to 3.601 A and 5.153 to
5.183 along a and c axes, respectively. The lattice parameter of c-Y,03 was found to vary from
10.535 to 10.603 A. The lattice parameter of c-Y,03 was found to decrease with increases in the
temperature up to 1073 K and then remains almost constant.

After the first heat treatment, the multilayer structure was heat treated for the second time
in the temperature range 300 — 1373 K to calculate the lattice parameter as well as the CTE of
both Y,03 and t-ZrO,. The lattice parameter values were calculated using the “unit cell” program
and listed in Table 5.6. The lattice parameters of t-ZrO, and Y,03 showed an increasing trend
with the increase in the temperature (Fig. 5.11 (a), Fig. 5.12 (a) and Fig. 5.13 (a)). Lattice
parameter versus temperature plots were fitted for the second order polynomial fitting and the
fitted polynomials are represented by equation 5.6, 5.7 and 5.8 for t-ZrO, along a and c- axis and
c-Y,0s3, respectively.

az(A) =3.5846 x 10710 + 1.0352 x 10715 x T+ 1.3386 x 10720 x TZ......... (5.6)
cz(A) =5.1852x1071° +3.6693 x 1071 x T + 8.4531 x 10718 x T2......... (5.7)

ay(A) =1.0435x107° +1.0541 x 107 x T +3.8290 x 10712 x T? ......... (5.8)
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Fig. 5.10 The HTXRD pattern of ZrO,/Y,0; multilayer of (30/10) nm deposited on Si (100) at 300 K
and 2 Pa oxygen partial pressure, recorded in the temperature range of 300 -1373 K during the (a)
first heat treatment and (b) second heat treatment. The inset shows the shift in 20 positions of the
(222) and (011) reflections of Y,0zand ZrO, as a function of temperature.
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Table 5.6 The lattice parameter and average CTE values of Y,03 and ZrO, at different
temperatures for multilayer of ZrO,/Y,0j3 of (30/10) nm.

Y,0; ZrO,
Temperature | Lattice CTE x 10° Lattice CTE x10° | Lattice CT_E x10°
(K) parameter 1 parameter | (K" along | parameter | (K™)along
(A (K) a (A a-axis c (A c-axis
300 10.467 10.32 3.587 2.26 5.192 8.05
373 10.471 10.37 3.589 2.81 5.201 8.29
473 10.475 10.45 3.589 3.56 5.209 8.61
573 10.495 10.52 3.591 4.30 5.212 8.94
673 10.512 10.59 3.591 5.05 5.216 9.27
773 10.533 10.67 3.592 5.80 5.218 9.59
873 10.556 10.74 3.592 6.54 5.221 9.92
973 10.557 10.81 3.593 7.29 5.226 10.24
1073 10.561 10.89 3.597 8.04 5.231 10.57
1173 10.561 10.96 3.601 8.78 5.239 10.90
1273 10.562 11.04 3.609 9.53 5.245 11.22
1373 10.562 11.11 3.614 10.28 5.255 11.55
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The average CTE values of t-ZrO, obtained from the above equations are ~2-10 x10° K
and 8-11 x10° K™ along a and c-axes, respectively. The CTE values obtained for c-Y,0; was
almost constant (10-11 K™).
5.3.2.2 HTXRD of ZrO,/Y ;03 multilayers of (20/10) nm

The HTXRD pattern of the ZrO,/Y,03 multilayer of (20/10) nm deposited at 300 K and
oxygen partial pressure of 2 Pa was heat treated in the temperature range of 300 -1373 K. the
XRD patterns recorded are shown in Fig. 5.14 (a). The film was found to be X-ray amorphous at
300 K and crystallization was found to be initiated at the temperature of 773 K. The film showed
polycrystalline nature with peaks from (211), (222), (400), (332), (434), (631) and (831)
reflections of c-Y,03 and (011), (002), (112), (020), (121), (220), (123) and (222) planes of t-
ZrO,. Except c-Y,03; and t-ZrO,, small volume fraction of m- Y,0; was also observed at
temperatures of 773 and 873 K, and disappeared when the temperature was increased beyond
873 K. Similar observation were also made in case of ZrO,/Y,0; multilayer of (30/10) nm.
Crystallite size was calculated for (011) and (222) reflections of ZrO, and Y,03, and were found
to be of the order of layer thickness. The lattice parameter of c-Y,03 was calculated for the film
from the HTXRD data recorded during the first heat treatment and was found to decrease from
10.612 to 10.570 A with the increase in temperature from 773 to 1273 K. The lattice parameter

changes for ZrO, are significant when the temperature was increased beyond 1073 K.



TZ : Tetragonal phase of ZrO,
Y: cubic phase of Y,03
MY : monoclinic phase of Y,0;

(011)71Z

>
(8]
=
o
o
2.1

e 2z
= -
. B
- «
s z
N 7]
! :
4= N =
J| & =
- g S - >-§_ gu
> I3 > O = >
22 is o5 s I EGL -
= Sl S5 IS &3 < RN
7 N il < i © © N
| 5= Jol %2 W S
= i ¥ (i
R I, | i R smiid st LM ] 173 K
< :‘ uwd'“m"i* P el 073 K
g v Ve 73K
3 iy | ! . . ¥ B’“‘w ht 873 K
Z Mﬁ eyl Wﬂ ! ‘ MMW 73K
'g — l,;?\ o 'MMM'( o ““MMMW” 673 C
i ‘ , 3 i
£ AR oot L
= b
= LY Nt e 373K
; 300 K

T —— T
0 35 40 45 50 55 60 65 70 75 80 85
20 (degree)

(222)

NT1Z

=S (011)72

(222)Y

Intensity (arb. units)

(22072
123)1Z
(222)TZ

Intensity (arb. units)

Fti»r}r‘*fr(ﬂ‘l)

{ M { / 373 K
¢\ »m,‘w/l kw"‘z | Pe— w...w..ﬁ""m-\...,:;oo K

40 50 60 70 80 20

20 (degree)

20 (degree)

Page | 188

Fig. 5.14 HTXRD pattern of ZrO,/Y,03 film of (20/10) nm deposited on Si (100) at 300 K
and oxygen partial pressure of 2 Pa. (a) During first heat treatment and (b) during second
heat treatament. The inset shows the shift in position of (222) and (011) reflection of

Y,0sand t-ZrO,, respectively.
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Table 5.7 The lattice parameter and the average CTE values of Y,03; and ZrO at

different temperatures for the ZrO,/Y,03; multilayer of (20/10) nm.

YzOg ZrO,

Temperature | Lattice & | Lattice CTE x 10° | Lattice CTEx10°®

CTEx 10 -1 -1

(K) parameter K- parameter | (K™) along | parameter | (K™) along
(A) (K7) a(A) a-axis c(A) c-axis

300 10.501 5.83 3.589 4.61 5.1424 12.85

373 10.521 6.03 3.587 5.35 5.1613 13.23

473 10.531 6.31 3.591 6.37 5.1674 13.75

573 10.530 6.58 3.593 7.39 5.1696 14.27

673 10.550 6.85 3.597 8.41 5.1733 14.78

773 10.558 7.12 3.601 9.43 5.1821 15.30

873 10.565 7.40 3.606 10.44 5.1914 15.82

973 10.572 7.67 3.610 11.46 5.1974 16.34

1073 10.577 7.94 3.613 12.48 5.2050 16.86

1173 10.577 8.21 3.618 13.50 5.2082 1784

1273 10.590 8.49 3.619 14.51 5.2113 17.03

1373 10.580 8.76 3.619 15.53 5.2102 18.42

Figure 5.14 (b) shows the HTXRD pattern of the (20/10) nm multilayer of ZrO, /Y,03

multilayer during the second heat treatment. The figure shows (211), (222), (400), (440), (622),

(631) and (640) reflections of Y,03 and (011), (002), (112), (020), (121), (220), (123) and (222)

reflections of t-ZrO,. The lattice parameter values were calculated for t-ZrO, and c-Y,03 and
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listed in Table 5.7. The variation in the lattice parameter values of ZrO, and Y,03 with the
increase in the temperature is shown in Fig. 5.15 (a), 5.16 (a) and Fig. 5.17 (a), respectively. The
lattice parameter values were plotted against temperature for t-ZrO, and Y,03 and were fitted for
the second order polynomial fitting satisfying equation 5.9, 5.10 and 5.11 for ZrO, along a and ¢
axis and Y,0g, respectively.

az;(A) = 5.125 x1071°+5.81 x 10715 x T+ 1.335 x 10718 x T?........... (5.9)

cz;(R) =3.585 x1071° + 5.606x1071® x T + 1.826 x 10718 x TZ ......... (5.10)

ay(A) = 10.502 x1071° + 5.318x10° 15 x T+ 1.443 x 10718 x T2...... (5.11)
Using the above equations the average CTE values were calculated in the temperature range of
300 - 1373 K and are listed in Table 5.7. The average CTE values of t-ZrO, and c-Y,03; was
found to vary from 4.61- 15.53 x 10, 12.85- 18.42 x 10°® and 5.83- 8.76 x 10° K™, respectively.
5.3.2.3 HTXRD of ZrO,/Y,03 multilayers of (10/10) nm

The HTXRD pattern of ZrO,/Y,03; multilayer of (10/10) nm, recorded during the first
heat treatment in the temperature range 300-1373 K is shown in Fig. 5.18 (a). Absence of any
peaks suggested that the film was X- ray amorphous in the temperature range of 300-673 K and
became polycrystalline at temperature > 773 K. XRD pattern contains peaks from (211), (222),
(400), (420), (431), (440), (611), (622), (640) planes of c-Y,03. Except c-Y,03, the XRD pattern
also contains peaks from (011), (002), (112), (020), (121), (220) and (222) planes of t-ZrO,.
Y,03 exists in cubic phase in the above temperature range, except low intensity peaks of
monoclinic phase at 773 and 873 K. The crystallite size was calculated for the (222) and (011)
reflection of c-Y,03; and t-ZrO, and were found to be comparable with that of the layer
thickness. Lattice parameter values were calculated for both c-Y,03 and t-ZrO, and were found

to vary from 10.565 to 10.536 A. The decrease in the lattice parameter values could be due to
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the combine effect of the interdiffusion as well as crystallization. The lattice parameter of ZrO,
did not change significantly up to the temperature 1073 K and then increases significantly.

The multilayer was again heat treated for the second time, in the temperature range 300 -
1373 K and the HTXRD pattern is shown in Fig. 5.18 (b). The XRD pattern showed the presence
of ¢c-Y,03 and t-ZrO, for the whole temperature range of the study. The lattice parameters was
calculated for Y,03 and were found to vary from 10.533 to 10.599 A (Fig. 5.21(a) ) and for t-
ZrO, the lattice parameter was found to be in the range of 3.588-3.623 (Fig. 5.19 (a)) and 5.090-
5.182 A (Fig. 5.20 (a)) with the increase in temperature. The variation in the lattice parameter
values with temperature was fitted for second order polynomial fitting shown in equation 5.12,

5.13 and 5.14 for Y,03 and ZrO; along a and c axis, respectively.

ay(A) = 1.051 x107° +7.129 x 10715 x T+ 9.536 x 10720 x TZ............... (5.12)
az(A) =3.585x 10710+ 5,299 x 10716 x T +1.575 x 10718 x T2 .............. (5.13)
cz(A) =5.065x 1071 +7.762 x 10715 x T+5.319 x 10712 x T2............... (5.14)

From the above three equations, the thermal expansion coefficient values were calculated and are
listed in Table 5.8. The CTE values of Y,03; were lower than that of the values in multilayers
with 30 and 20 nm ZrO, layer thicknesses. Similarly for ZrO,, the CTE values are higher in
comparison to the CTE values of multilayers of (30/10) and (20/10) nm. This may be due to the

higher interdiffusion of Y,03 in to ZrO, layers as a result of the increase in number of interfaces.
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TZ : Tetragonal phase of ZrO,
Y: cubic phase of Y,03
MY : monoclinic phase of Y,03
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Fig. 5.18 The HTXRD patterns recorded in the temperature range of 300-1373 K for
ZrO,/Y,03 multilayer film of (10/10) nm, deposited on Si (100) at 300 K and oxygen partial
pressure of 2 Pa (a) first heat treatment and (b) second heat treatment. The inset shows the
shift in the (222) and (011) reflections as an increase in temperature.
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Table 5.8 Lattice parameter values and average CTE values of Y,03 and ZrO; at different
temperatures for the ZrO,/Y,03; multilayer with ZrO; layer thickness of 10 nm.

Y,03 ZrO,
Temperature Lattice CTE x 10° Lattice CTE x10°

Lattice CTEx10°
(K) parameter parameter, | (K)along parameter, | (K™) along

(A) (K™

a(A) a-axis c(A) c-axis

300 10.533 6.82 3.588 411 5.090 15.95
373 10.543 6.83 3.590 4.75 5.101 16.11
473 10.547 6.85 3.592 5.63 5.109 16.32
573 10.548 6.87 3.596 6.51 5.122 16.52
673 10.556 6.89 3.596 7.39 5.125 16.73
773 10.568 6.90 3.595 8.27 5.135 16.94
873 10.572 6.92 3.598 9.15 5.136 17.15
973 10.579 6.94 3.603 10.02 5.147 17.36
1073 10.594 6.96 3.610 10.90 5.149 17.57
1173 10.602 6.98 3.617 11.78 5.157 17.78
1273 10.601 7.00 3.621 12.66 5.167 17.99
1373 10.599 7.01 3.623 13.54 5.182 18.21
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5.3.2.4 HTXRD of ZrO,/Y,03; multilayers of (5/10) nm

The HTXRD for the ZrO,/Y,03; multilayer of (5/10) nm, deposited at 300 K and oxygen
partial pressure of 2 Pa was carried out and presented in Fig.5.22 (a). The pattern shows unique
peaks from (211), (222), (400), (420), (431), (440) and (622) reflections of c-Y,03, along with
(011), (002), (112), (020) and (121) reflections of t-ZrO,. At the temperature 773 and 873 K
small amount of monoclinic phase of Y,03; was also observed along with c-Y;0s.

The multilayer film was subjected to second heat treatment in the temperature range 300
K to 1373 K. XRD pattern of the multilayer at each temperature was recorded and is shown in
Fig. 5.22 (b). Fig. 5.22 (b) showed peaks for (211), (222), (400), (332), (431), (440), (622), (631)
and (640) planes of c-Y,03and (011), (002), (112), (020) and (121) planes of t-ZrO,. The lattice
parameter values of Y,03; were calculated and plotted as a function of temperature (Fig. 5.23)
and second order polynomial fitting was carried out and given in . The polynomial that fits to the
plot of lattice parameter of Y,Oj3 versus temperature is given in equation 5.15.

ay(A) = 1.053 x107° +4.012x 1075 x T +1.862 x 10718 x T2......... (5.15)

Using the above equation the CTE values for Y,03 were calculated and listed in Table
5.9. Both the average and instantaneous CTE were almost same. The CTE values of Y,03 in the
multilayer of (5/10) nm thickness were comparable with the CTE values obtained for the Y,03
thin film in the previous section. Lattice parameter values of ZrO, were calculated but did not
show any significant trend with change in temperature. This may be due to the severe inter-

diffusion of ZrO, into the Y,03 layers.
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TZ : Tetragonal phase of ZrO,
Y: cubic phase of Y,0;
MY : monoclinic phase of Y,03
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Fig. 5.22 HTXRD pattern recorded during the (a) first heat treatment and (b) second heat
treatment for the ZrO,/Y,03; multilayer film of (5/10) nm deposited on Si (100) at 300K
and oxygen partial pressure of 2 Pa in the temperature range of 300-1373 K. The shift in
the 20 position of the (222) reflection and (011) reflection are shown in the inset.
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Table 5.9 Lattice parameters and average CTE values of Y,03 at different temperature for
multilayer of ZrO,/Y,0;3 of (5/10) nm.

Y203
Temperature | Lattice CTE x 10°
(K) parameter KL
300 10.552 4.86
373 10.559 5.11
473 10.561 5.47
573 10.569 5.82
673 10.577 6.17
773 10.581 6.53
873 10.584 6.88
973 10.590 7.23
1073 10.605 7.58
1173 10.614 7.94
1273 10.613 8.29
1373 10.608 8.64
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5.3.2.5 HRTEM analysis of the ZrO,/Y,03; multilayer of (30/10) nm

Figure 5.24 shows the HRTEM images of ZrO,/Y,03; multilayer of (30/10) nm. The
phases were confirmed by the SAD pattern obtained from the bands. The heat treated film
showed the formation of t-ZrO; and c- Y,03 The dark band corresponds to the ZrO, layers and
the light band corresponds to the Y,0Os3 layers. The layer thickness obtained from the low
magnification bright field image (Fig.5.24 (a)) was 32-36 nm and 12-15 nm for ZrO, and Y03,
respectively. The high magnification images showed the inter-diffusion across the interfaces of

the multilayer.

Figure 5.24 A typical HRTEM image ZrO,/Y,03; multilayer of (30/10) nm after the first
heat treatment (a) SAD pattern, (b) low magnification bright field image and (c) lattice
imaging. The arrow mark indicates the interfaces of ZrO, and Y,0:s.
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5.3.3 HTXRD of CeO,/Gd,03; multilayers

Multilayers of CeO,/Gd,O3 were prepared on Si (100) substrates at 873 K and oxygen
partial pressure of 2 Pa. HTXRD studies of all the multilayers were subjected to two heat
treatment cycles in the temperature range 300 -1373 K.
5.3.3.1 HTXRD studies of CeO,/Gd,0O3 of (30/10) nm

Figure 5.25 (a) shows the HTXRD pattern of CeO,/Gd,O3 thin films of (30/10) nm
deposited on Si (100) substrates in the temperature range 300 - 1373 K, recorded during the first
heat treatment. The multilayer shows polycrystalline nature with peaks from cubic phase of CeO,
and Gd,03. HTXRD pattern showed peaks from (111), (200), (220), (311), (222), (400), (331),
(420) and (422) planes of c-CeO; as well as (222), (400), (440), (622), (444), (800), (662), (840)
and (844) plane of c-Gd,03. Except these common reflections a unique reflection, corresponding
to (123) reflection of c-Gd,03 was also observed. As the lattice parameter of ¢-Gd,03 (~10.8 A)
is twice than that of the lattice parameter of c-CeO,, enough care was taken to monitor the phase
changes as a function of temperature.

Although the target contains phase pure monoclinic Gd,Os, the multilayer films contains
only cubic phase which may be due to the smaller layer thickness of Gd,Os. It has been reported
by Molle et al. [27], that Gd,O3 thin films have a thickness dependence phase transition and
when the thickness is > 16.5 nm the phase transformation occurs from cubic to monoclinic
structure. In the present investigation the layer thickness was kept ~10 nm for Gd,O3 as a result
of which only cubic phase of Gd,Oj3 is observed. The lattice parameter values were calculated for
both ¢c-CeO, and ¢c-Gd,05 at different temperatures and are found to vary from 5.417 to 5.493 A

and 10.758 to 10.833 A respectively. The stress value of the multilayer was estimated from the
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Table 5.10 Lattice parameter values and the average CTE values of CeO, and Gd,0O3 at
different temperature for multilayer of CeO,/Gd,Oj3 of (30/10) nm.

CeO» Gd203
Temperature Lattice 6,.-1, | Lattice 6 /-1
(K) parameter (A) CTEx107(K") parameter (A) CTEx107(K")
300 5.414 7.86 10.691 4,749
373 5.414 9.30 10.692 4.885
473 5.418 11.27 10.698 5.071
573 5.423 13.25 10.707 5.256
673 5.429 15.22 10.716 5.442
773 5.439 17.20 10.720 5.628
873 5.449 19.17 10.723 5.814
973 5471 21.15 10.728 6.000
1073 5.483 23.12 10.735 6.185
1173 5.494 25.09 10.737 6.371
1273 5.505 27.07 10.749 6.557
1373 5.517 29.04 10.761 6.743

After the first heat treatment, the multilayer film was cooled to room temperature and again heat
treated from 300 to 1373 K and the XRD patterns were recorded at each temperature (Fig.
5.25(b)). Lattice parameter values were calculated for both c-CeO, and ¢c-Gd,O3 (Table 5.10) and
plotted as a function temperature (Fig. 5.26 (a) and 5.27 (a)). The lattice parameters versus
temperature plots of CeO, and Gd,O; after second order polynomial fit are given in equation

5.16 and 5.17, respectively.

ac.(A) = 5.4049 x 1071° + 1.0493 x 1015 x (T) + 5.3439 x 10718 x T2 ...... (5.16)

aga(A) = 1.0677 x 107° + 4.4762 x 10715 x (T) +9.9185 x 107 1% x T? ...... (5.17)

The lattice parameters of c-CeO, and ¢c-Gd,O3 were found to vary from 5.414 to 5.517 A
and 10.691 to 10.761 A, respectively with increase in the temperature (Table 5.10). Using the

above two equations the average as well as instantaneous CTE values were calculated and were
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found to vary from 7.86 to 29.04 x10° K™ and 4.74 to 6.74x 10° K™ for CeO, and Gd,0s,
respectively. The larger variation of CTE values for CeO; than that of the CTE values of single
layer CeO, can be attributed to the interdiffusion of Gd** ions into Ce** sites.
5.3.3.2 HTXRD studies of CeO,/Gd,0O3 of (20/10) nm

The HTXRD pattern of the CeO,/Gd,03; mutilayer, with CeO, and Gd,O3 layer thickness
of 20 and 10 nm, deposited on Si(100) at the substrate temperature of 873 K and oxygen partial
pressure of 2 Pa were recorded during the first heat treatment in the temperature range 300-1373
K (Fig. 5.28 (a)). The film shows the polycrystalline nature with reflections from cubic phase of
Ce0;, and Gd,0s3. The film shows the formation of phase pure cubic CeO, and cubic Gd,O; for
the whole range of temperature. HTXRD pattern contains peaks from (111), (200), (220), (311),
(331), (420) and (422) planes of cubic CeO, as well as (222), (400), (440), (622), (662), (840)
and (844) planes of c-Gd,05;. Formation of cubic Gd,O3 from a monoclinic Gd,O3 target can be
explained on the basis of layer thickness effect on cubic phase formation of Gd,O3, The lattice
parameter values, calculated from the XRD results of first heat treatment was found to vary from
5.4209 to 5.5020 A and 10.753 to 10.903 A for CeO, and Gd,0s, respectively.

After the first heat treatment, the multilayer was again heat treated from 300 to 1373 K to
calculate the CTE values of CeO, and Gd,Os3. The XRD patterns recorded at each temperature

are shown in Fig. 5.28 (b).
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Fig. 5.28 HTXRD pattern of CeO,/Gd,O3; multilayer of (20/10) nm deposited on Si (100) at
873 K and oxygen partial pressure of 2 Pa, obtained during the (a) first heat treatment and
(b) second heat treatment. The inset shows the peaks shift of the (111) and (200) reflections
of CeO,and (222), (123) and (400) peak of Gd,O3 as a function of temperature.
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Table 5.11 Lattice parameter values and average CTE values of CeO, and Gd,0O3 at
different temperature for multilayer of CeO,/Gd,O3 of (20/10) nm.

CeO, Gd,03
Temperature | Lattice Lattice
(K) parameter CTE x 10°(K™) | parameter CTE x 10° (K™
A) A)
300 5.426 5.07 10.649 6.88
373 5.425 6.20 10.660 6.93
473 5.428 71.75 10.673 7.01
573 5.432 9.30 10.671 7.07
673 5.438 10.85 10.682 7.14
773 5.447 12.40 10.677 7.21
873 5.465 13.95 10.695 7.28
973 5.475 15.50 10.708 7.35
1073 5.480 17.06 10.718 7.42
1173 5.486 18.61 10.703 7.49
1273 5.491 20.16 10.722 7.56
1373 5.496 21.71 10.726 7.63

The lattice parameters of both CeO, and Gd,O3; were calculated using unit cell program and are
listed in Table 5.11. Fig. 5.29 and 5.30 shows the variations in the lattice parameters of CeO, and
Gd,03 with an in increase in temperature. The lattice parameter versus temperature plots were
fitted for second order polynomial fitting as represented by equation 5.18 and 5.19, respectively.
ace(A) =5.4229 x 1071° +2.2639 x 10716 x (T) + 4.2058 x 10718 x T2.......... (5.18)
agqg(R) =1.0628 x 107° +7.1117 x 1071% x (T) + 3.7236 x 10712 x T2......... (5.19)
Using the above two equations, the average and instantaneous CTE values for both CeO,
and Gd,O3 were calculated and only average values are listed in Table 5.11. The calculated CTE
values were plotted as function of temperature (Fig. 5.29 (b) and 5.30 (b)). The variation in CTE
values of CeO,/Gd,03 multilayer with CeO, layer thickness of 20 nm is lower in comparison to

the CTE values of multilayers with CeO, layer thickness as 30 nm.
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5.3.3.3 HTXRD studies of CeO,/Gd,0O3 of (10/10) nm

Figure 5.31(a) shows the HTXRD pattern of CeO,/Gd,O; multilayer of (10/10) nm
multilayer in the temperature range 300 to 1373 K, recorded during the first heat treatment. The
film shows a polycrystalline structure for the above temperature range, showing peaks for (111),
(200), (220), (311), (331), (420) and (422) reflections of cubic CeO, and (222), (400), (440),
(622), (662), (840) and (844) planes of c-Gd,03. Although the planes of c-CeO, and Gd,03 have
significant overlapping, the presence of Gd,Os3 is confirmed from the reflection of (123) plane. In
comparison to multilayer structure with 30 nm CeO, layer thickness, intensity of (200) of CeO,
or (400) of Gd,Os3 is higher, showing a preferred orientation along c-axis at lower CeO, layer
thickness. The lattice parameter of CeO, and Gd,O3 were calculated for the first heat treatment,
using “unit cell” program and is found to vary from 5.424 to 5.511 A and 10.759 to 10.821 A for
Ce0, and Gd,03, respectively with increase in temperature. The stress value was estimated using
Ad/d, for the film before and after the first heat treatment and found to decrease from 0.002-
0.0005.

After the first heat treatment, the sample was cooled to room temperature and was again
heat treated from 300 to 1373 K to calculate the CTE values. The XRD patterns were recorded at
each temperature with 100 K interval and are shown in Fig. 5.31 (b). The lattice parameters for
c-Ce0O;, and ¢-Gd,03; were calculated and listed in Table 5.12. The variation of lattice parameter
for CeO, and Gd,O3; were plotted as a function of temperature and fitted for second order

polynomial fitting using equation 5.20 and 5.21, respectively.
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Fig. 5.31 HTXRD patternobtained during (a) the first heat treatment and (b) the second
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and (400) peak of CeO,and Gd,0Os3, respectively.
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Table 5.12 Lattice parameter values and the average CTE values of CeO, and Gd,03
at different temperature for multilayer of CeO,/Gd,O3 of (10/10) nm.

CeO, Gd,03
Temperature Lattice 6,1, | Lattice 6 /-1
(K) parameter (A) CTEx107(K") parameter (A) CTEx107(K")
300 5.418 5.14 10.723 1.46
373 5.420 6.29 10.740 1.55
473 5.425 7.86 10.770 1.66
573 5.428 9.43 10.757 1.78
673 5.432 11.01 10.781 1.90
773 5.438 12.58 10.777 2.02
873 5.432 14.15 10.785 2.14
973 5.459 15.72 10.826 2.25
1073 5.460 17.29 10.832 2.37
1173 5.485 18.86 10.835 2.49
1273 5.490 20.43 10.843 2.61
1373 5.498 22.01 10.850 2.73
ac.(A) =5.415x1071° +2.3401 x 10716 x (T) +4.255 x 10718 x T2......... (5.20)
acqe(A) =1.068 x107° +1.1866 x 10715 x (T) + 6.315 x 10719 x TZ......... (5.21)

Using the above two equations the average and instantaneous CTE values for CeO, and

Gd,0O3 were calculated for the multilayer structure with both CeO, and Gd,O5 layer thickness of

10 nm, and listed in Table 5.12. The CTE values of Gd,O3 were less in comparison to the CTE

values of multilayers with CeO; layer thickness 30 and 10 nm. The least thermal expansion was

observed for multilayer structure with least CeO, layer thickness due to increase in the number

of interfaces and in the thickness along the z-direction of the multilayer. The peaks are quite

broadened, which may be due to the dissolution of major part of layers of CeO, into Gd,0s.

5.3.3.4 HTXRD studies of CeO,/Gd,0O3 of (5/10) nm

HTXRD was carried out for the multilayer structure with CeO, layer thickness of 5 nm

and Gd,Og layer thickness of 10 nm. The multilayer was heat treated in the temperature range
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Fig. 5.34 HTXRD pattern of CeO,/Gd,O3; multilayer of (5/10) nm deposited on Si (100) at
873 K and oxygen partial pressure of 2 Pa in the temperature range 300-1373 K (a) first
heat treatment (b) second heat treatment. The inset shows the peak shift of the (200) and
(400) plane of CeO,and Gd,O3 respectively.
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300 — 1373 K and XRD patterns were recorded at an interval 100 K. The HTXRD pattern
(Fig. 5.34 (a)) shows the formation of a polycrystalline film with peaks from (111), (200), (220),
(311), (222), (400), (331) and (420) reflections respectively of c-CeO, and c-Gd,0s.

After the first heat treatment, the multilayer was cooled to room temperature and again
heat treated from 300 to 1373 K (Fig. 5.34 (b)). Unlike that of the first heat treatment, the
HTXRD pattern showed peaks from both cubic and monoclinic Gd,O3. The formation of m-
Gd,0O3 can be due to the inetrdiffusion effects. Since the Gd,O3 and CeO, have similar structures
and lattice parameters, they tend to form solid solution at higher temperature. Therefore in the
present case, during the heat treatment cycles, the CeO; could diffuse into Gd,O3 layers. Due to
the interdiffusion, the thickness constrain for Gd,O3; was lost and the whole multilayer behaves
as a single Gd,Og3 layer. The lattice parameter as well as the CTE values was not calculated for
this multilayer due to broadening of peaks and secondary phase formation.
5.3.3.5 HRTEM analysis of CeO,/Gd,0O3; multilayer

A typical HRTEM study carried out on (20/10) nm thick bilayer of CeO,/Gd,03 is shown
in Fig. 5.35. Figure 5.35 (a) shows the SAD pattern of the CeO,/Gd,O3 multilayer after first heat
treatment in HTXRD. The SAD pattern shows the formation of polycrystalline film with
reflections from (111), (200), (220), (311), (400) and (331) of CeO, and (222), (400), (440),
(622), (800) and (662) reflections of Gd,O3. The strong spots seen in the SAD pattern indicates
the reflections from (100) Si.

Figure 5.35 (b) shows a low magnification bright field image of the CeO,/Gd;0;
multilayer. The layer thickness obtained for CeO, and Gd,O3 are in the range of 15- 17.5 nm and

10-11 nm, respectively.
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Fig 5.35 TEM analysis of CeO,/Y,03; multilayer of (20/10) nm after the first heat treatment
(a) SAD pattern (b) low magnification bright field image (c) lattice image of CeO; grain
near the interface region.

Figure 5.35 (c) shows the HRTEM image of a CeO, crystallite near the interface region, with d-
spacings of 0.36 and 0.30 nm. The image indicates that the interface is no more planar and there
is a clear atomic mixing due to inter-diffusion effects.
5.4 Discussion
5.4.1 Analysis of Y,03, ZrO,, CeO,, Gd,0s3 films

Thermal stability and phase evolution studies for Y,03, ZrO,, CeO,, Gd,O3 thin films
were carried out by HTXRD experiments. Y,0s3, ZrO, and Gd,O3 films were found to be X-ray
amorphous in the as deposited films, whereas CeO, formed a polycrystalline cubic structure at
300 K, which were already reported in the previous Chapters. The crystallization temperature for
Y03, ZrO, and Gd,0O3 films were found to be 773 K, 673 K and 773 K respectively. Y,03, CeO,
and Gd,O3 formed in cubic structure for the temperature range 300 - 1373 K and are in
accordance with the phase diagram and in agreement with the results reported by other authors

[7-9,19-24]. However, ZrO, film existed as a mixture of monoclinic and tetragonal phases in the
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above temperature range. However it has been shown in the present stydy that cubic phase of
ZrO, was established by abalating a YSZ target containing 8 mol% of Y,0s.

Most of the materials have a tendency to expand when heated. The expansion is due to
the anharmonic pair potentials between the atoms in a solid. When temperature increases the
atoms starts to vibrate along the mean distance between the atoms and the thermal expansion is
reflected by the increase in average distance between atoms. The thermal expansion behavior can
be explained from the potential energy versus inter-atomic distance curve. Thermal expansion is
due to the asymmetric part of the curve. When temperature increases the mean distance between
the atoms also increases, leading to increase in mean distance between atoms. The extent of
thermal expansion is dependent on the bond strength of the material. For materials with high
bond energy the curve becomes deeper and narrower. As a result with increase in temperature the
change in interatomic distance is not high. So the thermal expansion is also lower [28].

The thermal expansion behavior is not straight forward in case of thin film structures.
Because thin film structures are associated with large amount of stress, defects as well as smaller
crystallite sizes (leading to an increase in grain boundary area). Since grain boundary area is
higher in this films, the grain boundary dominates the thermal expansion behavior [29,30]. As
the atoms are weakly bonded near the grain boundaries, the expansion increases with increase in
the temperature. The CTE of a material is also dependent on the porosity. In case of thin film
structure, stress also contributes to thermal expansion. If a film is associated with compressive
stress then CTE decreases, whereas tensile stress increases the CTE values.

The present study showed an increase in the lattice parameter for all the films with
increase in temperature, with lower values of CTE for Y,03; and Gd,O;3 than that of ZrO, and

Ce0,. Zhao et al. [31] have reported thickness dependence crystallization for ZrO, and found
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that the crystallization temperature increases with decrease in layer thickness. Bhagwat at al. [21]
have also reported a linear increase in thermal expansion values with increase in temperature
both along a and ¢ axes. The CTE values of CeO; thin films also have been reported by many
workers and the values vary from 4.6-13.17 x 10°® K™1[9,32]. The difference in the CTE values
reported by many workers was mainly due to the difference in measurement technique as well as
microstructure due to deposition in the form of thin films.

Theoretical studies of the thermal expansion behavior have suggested an increase in CTE
values for nanocrystalline materials than that of the bulk due to increase in the contribution
thermal expansion from grain boundaries [33]. However literature information gives inconsistent
observations on this issue. It has been reported that the CTE is independent of crystallite size
[34,35], and showed an increasing trend with decrease in crystallite size [36], and decreasing
trend with decreasing crystallite size [37]. Kuru et al. [38] have analyzed the crystallite size
dependence of the thermal expansion behavior and suggested to anneal the thin film structure
before measuring the CTE of thin films to induce grain growth and decrease crystal
imperfection. Therefore, in the present study, we have reported the CTE values of these oxides
after the first annealing treatment.

5.4.2 HTXRD of the mutlilayers

Phase stability and thermal expansion behavior of the ZrO,/Y,03; and CeO,/Gd,03
multilayers were analyzed by HTXRD experiments as a function of different layer thickness of
ZrO, and CeO,, respectively. The films were heat treated two times to make the film stress free
and to estimate the CTE accurately. The multilayer films showed good stability with respect to
the substrate. But the stability of interfaces was found to be decreased with decrease in layer

thickness due to interdiffusion effects. The inter diffusion effects were also observed from the
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HRTEM analysis of the multilayers across the interfaces. Therefore, the reported CTE in the
present work is influenced by the thermal and interdiffusion effects.

Unlike the single layer films of ZrO, having a two phase structure, ZrO, was stabilized in
tetragonal structure for all the multilayers. The multilayer structures were found to be X-ray
amorphous at 300 K as both ZrO, and Y,03 form amorphous structure when deposited at 300 K
(already reported in the previous chapters). The films became crystalline at 773 K. Y,03 was
stabilized in cubic phase in the whole range of temperature and ZrO, layer thickness, except
small volume fraction of monoclinic phase at 773 and 873 K [26]. Monoclinic Y,03; was
reported to be the high pressure phase of Y,03 [39].

The multilayers of CeO,/Gd,03 were found to be polycrystalline. Single layer films of
Gd,03 deposited at 873 K (already reported in Chapter 4) was monoclinic, but when deposited in
the form of multilayer it was found to be stabilized in cubic structure. This was attributed to the
thickness dependant phase transformation of Gd,Oj3 film already reported by many authors [27].

The lattice parameter values of Y,03, was found to decrease with increase in temperature,
during the first heat treatment. This was due to the interdiffusion effect. Y,O3 and ZrO, are
known to form a good solid solution. Because of the solubility of ZrO, in Y,03 is ~20 % where
as solubility of Y,03 in ZrO, ~50-55% (from the phase diagram of Y,03 and ZrO,) [40]. The
ionic radii of Y* (~101 pm) [41] is greater than that of Zr*" ions (~80 Pm) [42]. When
temperature was increased, the Y** sites were replaced by Zr** resulting in a lattice contraction
[43]. The decrease in the lattice parameter values with the increase in temperature, has also been
reported in literature as a result of replacement of atomic lattice by relatively smaller sized ions

[44].
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In the present study, the lattice parameter values of both CeO, and Gd,O3; were found to
increase with increase in temperature in all the multilayers during the first heat treatments. This
may be due to the smaller difference in ionic radii of Ce ** (~90A) [45] and Gd** (~97 A) ) [45].
The CTE values of both CeO, and t-ZrO, in the multilayers were found to be higher than that of
the values reported for the single layer films in the previous sections. The reason could be the
replacement of the Zr** (~84 pm) and Ce** (~90A) [45] sites by Y**(101 pm) and Gd** (~97 A)
[45], respectively. The CTE values of t-ZrO, in multilayers increases with decrease in ZrO, layer
thickness which result in higher thermal expansion with increase in temperature [46] than that of
the pure materials.

The thermal expansion behavior of the multilayers were studied as a function of bilayer
thickness and it was found for ZrO,/Y,03; multilayer structure the CTE values of t-ZrO,
increases with decrease in ZrO, layer thickness. The increase in average CTE of t-ZrO, values is
due to the replacement of smaller Zr*" ions with larger Y*" ions leading to higher expansion.
Interdiffusion will also lead to formation of oxygen vacancies. The increase in oxygen vacancy
concentration will lead to an increase in the thermal expansion. With the decrease in layer
thickness of ZrO,, the interdiffsion increases due to the increase in number of interfaces and
increase in total interdiffusion area. Similar results were also reported by Hayashai et al. [47] for
gadolinia doped ceria (GDC). It has been reported by the authors that with increase in gadolinia
content, the CTE values increases as a result of the increase in oxygen vacancies and decrease in
bond energy [47]. At the same time, the CTE value of CeO; in the multilayers show opposite
trend. This may be due to the smaller variation in ionic radii of Ce*" and Gd**.

The measurement of CTE values is quite complex in ZrO,/Y,0; and CeO,/ Y03,

because the measured property involves interdiffusion, ionic repulsion, oxygen vacancies as well
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as thermal expansion simultaneously. However, detailed careful experiments along with HRTEM
are very important towards understanding of the thermal behavior of the multialyers. The present
work presented a very detailed data on thermal expansion behavior of four oxides and their
multilayers. These data would be of great relevance in selection of theses multilayers for many
technological applications.

5.5 Summary

5.5.1Y,03, ZrO,, CeO, and Gd,Os single layer films

(1) Y203, ZrO; and Gd,0O5; formed amorphous structure at room temperature, whereas
CeO, was polycrystalline even at room temperature. The crystallization temperature for Y,03
and Gd,0O3 were found to be 773 K, whereas ZrO, was crystallized at 673 K.

(i) The lattice parameter values were found to increase with increase in temperature due
to lattice vibration. The CTE values calculated for the films were comparable with the reported
literature values.

(iii) The films show good thermal stability in the temperature range of 300 -1373 K.

5.5.2 Y,03/ZrO, and CeO,/Gd,0O3 multilayer structures

(i) Multilayers of ZrO,/Y,03, CeO,/Gd,O3 were also prepared on Si (100) substrates at
oxygen partial pressure of 2 Pa and substrate temperature of 300 K and 873 K, respectively.

(it) HTXRD analysis of ZrO,/Y,03 showed that in all the multilayers, ZrO, was stabilized
in tetragonal phase. Y,03; mainly existed in cubic structure except for a small volume fraction of
metastable monoclinic phase at 773 and 873 K.

(iii) Multilayer structures of CeO,/Gd,O3 were doubly heat treated in the temperature
range of 300 — 1373 K to study the effect of CeO, layer thickness on the thermal expansion and

phase stability. CeO, existed in cubic phase in the whole temperature range. Gd,O3 was also
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stabilized in cubic phase for the multilayers with CeO, layer thickness 30-10 nm, as a result of
smaller layer thickness
(iv) The CTE values calculated for both ZrO, and CeO, showed higher values than those
of the CTE of single layers. The increase in CTE values was mainly due to the interdiffusion
effects occurring in the multilayers.
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Summary and Conclusions
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6. Summary and Conclusions

The present work describes of the deposition and characterization of Y,03, ZrO,, CeO;
and Gd,Os3 thin films prepared by pulsed laser deposition. The effect of the substrate temperature
and oxygen partial pressure on the microstructural, optical and nanomechanical properties of
these films were studied. The preparation of multilayer structures of ZrO,/Y,03 and CeO,/Gd,0;
at 300 K and 873 K with constant Y,03 and Gd,O3 layer thickness were carried out to investigate
the effect of the substrate temperature and layer thickness on the microstructural, optical,
nanomechanical and thermal expansion properties. Both the single layer films and the multilayer
films of these oxides were deposited on Si (100), quartz and Inconel-783 substrates to study the
microstructural, optical and nanomechanical properties, respectively. The important conclusions
drawn from the present work reported in Chapters 3, 4 and 5 are listed below:

6.1 Y03 Thin Films

(i) At room temperature Y,0Oj3 film was found to be x-ray amorphous. The crystallinity of
the film was found to increase with increase in the substrate temperature. The roughness values
were dependent on the crystallite size of the film and are found to increase with increase in
temperature due to increase in the crystallite size.

(if) The optical properties of Y,03 films deposited at different substrate temperatures are
found to be influenced by variation in substrate temperature. Whereas the optical properties of
Y,0;3 films do not show significant changes with respect to change in oxygen partial pressure.
The film deposited at 873 K and oxygen partial pressure of 2 Pa was found to have highest
transmittance and band gap values, indicating the formation of best quality film at this particular

substrate temperature and oxygen partial pressure.
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6.2 ZrO, Thin Films

(1) ZrO, films showed both temperature and oxygen partial pressure dependant phase
transformation. The tetragonal phase content was found to increase with the increase in the
substrate temperature and oxygen partial pressure. But a phase pure film of pure t-ZrO, or m-
ZrO, could not be achieved from a target containing mixture of t-ZrO, or m- ZrO, phases.

(i1) The roughness values of the films were highly influenced by the crystallite size which
in turn affects the optical properties of the films. The films deposited at higher substrate
temperature showed lower value of transmittance than that of the films deposited at lower
substrate temperature.

(iii) The refractive index was found to increase with increase in substrate temperature and
decrease in oxygen partial pressure as a consequence of the variation in microstructure of the
films.

6.3 ZrO,/Y,03 Multilayers

(i) The multilayers of ZrO,/Y,03 were found to be x-ray amorphous at room temperature
and became polycrystalline at 873 K with c-Y,03, t-ZrO, and m-ZrO, phases. The surface and
interfacial roughness values were found to increase with increase in the substrate temperature
and the layer thickness due to the increase in crystallinity of the films.

(i) The transmittance of the ZrO,/Y,03 multilayers deposited at the substrate temperature
of 873 K are found to be lower than that of the multilayer films deposited at 300 K, as a result of
the loss of light by scattering due to higher surface roughness values of the multilayers. The
transmittance of the multilayers with lower bilayer thickness was found to be lower than that of
the films with higher bilayer thickness. This was due to the increase of number of interfaces with

decrease in the bilayer thickness which causes the loss of light by scattering at the interface.
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(iii) Nanomechanical properties of the ZrO,/Y,03 multilayer structures were found to be
unaffected by the change in bilayer thickness. This is explained on the basis of the similar elastic
modulus values of ZrO, and Y,0s.

6.4 CeO, Thin Films

(i) CeO, was found to form a polytcrystalline cubic structure even at room temperature.
The crystallinity was found to increase with the change in preferred orientation from (111) to
(200) with increase in the substrate temperature and the oxygen partial pressure due to the
lowering of surface energy along this direction.

(if) The optical transmittance was found to be ~70-85 %. The transmittance value was
found to decrease with increase in the substrate temperature as a consequence of an increase in
the roughness values which results in the loss of light by interface scattering.

(iv) No significant changes in the refractive index values were found as a function of
substrate temperature and oxygen partial pressure.

6.5 Gd,O3 Thin Films

(i) Gd,0O3 films formed an amorphous structure at 300 K and a crystalline film at 473 K.
The film mainly contained monoclinic phase of Gd,O3 with small volume fraction of cubic phase
at lower substrate temperatures. With increase in the substrate temperature, pure monoclinic
phase was formed as a result of the decrease in stress values.

(if) The surface roughness values were found to be dependent on crystallite sizes and
increases with increase in the crystallite sizes.

(iii) The transmittance values of Gd,O; films were found to be in the range of 60-90 %.
The variation of transmittance as a function of microstructure could not be brought out clearly

due to the formation of mixed phases at intermediate temperature range.
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(iv) A phase pure Gd,Os3 film with highest band gap of 5.80 eV was obtained at 873 K
and oxygen partial pressure of 0.2 Pa.

(v) The refractive index of the Gd,Oj3 film was found to vary from 1.6-1.8 with decrease
in the substrate temperature as a result of the formation of good quality film at higher substrate
temperature.

6.6 CeO,/Gd,O3 Multilayers

(1) The CeO,/Gd,03 multilayer films was found to be polycrystalline at room
temperature. This is because the CeO; is stabilized in cubic form even at room temperature. The
crystallinity was higher for the multilayer with higher bilayer thickness. At 873 K the film was
found to have cubic phases of both CeO, and Gd,Os, in contrast to the monoclinc phase
formation in single layers of Gd,O3. The formation of cubic phase of Gd,O3 was attributed to the
smaller layer thickness of Gd,Osz; grown on cubic phase of CeO,, and high amount of stress
present in the multilayer structure.

(i) The absorption spectra showed two absorption edges at ~350 nm and ~220 nm
corresponding to CeO, and Gd,Os3, respectively. The band gap values of the films of CeO,, were
found to increase with the increase in the substrate temperature and layer thickness of CeO,. The
band gap of Gd,O3; was found to increase with increase in temperature. The layer thickness of
CeO, shows opposite effects for the films grown at 300 K and 873 K. The band gap of Gd,03
increases with increase in layer thickness of CeO, for the multilayer deposited at 873 K, whereas
it decreases for the multilayers deposited at 300 K.

(iv) The hardness and elastic modulus values of the CeO,/Gd,O3; multilayer films were

found to be higher for the multilayers with CeO, layer thickness in the range of 10-30 nm. The
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multilayer structure with 10 nm CeO, layer thickness was found to have higher resistance to
plastic deformation values due to the difference in elastic modulus values of CeO;and Gd,Os.
6.7 Thermal Stability and Thermal Expansion

(1) All the films show a good thermal stability on Si substrates in the temperature range of
300-1373 K. Y03, CeO, and Gd,O; were found to form cubic structure, where as ZrO, was
formed as a mixture of phases.

(it) The CTE values obtained for Y,03, ZrO,, CeO, and Gd,Oj3 thin films are comparable
with the CTE values reported for bulk materials.

(iii) The CTE values of t-ZrO, and CeO, are higher in multilayers than that of the single
layers due to inter-diffusion effects.

(iv) In case of ZrO,/Y,03 multilayers, the ZrO, was found to be stabilized in tetragonal
phase for all layer thickness. During heat treatment the lattice parameter values of Y,03 were
found to decrease with increase in temperature as a result of the inter-diffusion effects.

(v) In addition to the expansion of the lattices due to thermal effect, the thermal
expansion behavior of the multilayers studied in the present work was appeared to be complex

owing to the inter-diffusion of the layers at higher annealing temperatures.
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Future Directions

1. Some of the phase transformations occurring in multilayers are influenced by the
crystallite size in single layer films and thickness of the individual layers in multilayer films. A
series of efforts need to be taken to measure the residual stress in these films and multilayers to
conclude the role of stress in the stabilization of metastable phase and on the phase
transformation.

2. A detailed work on HRTEM as a function of layer thickness is necessary to conclude on
the mechanism of interdiffusion, phase transformation at the interfaces and compositional
changes produced as a consequence of interdiffusion.

3. In the present work, the optical properties of the films and multilayers were investigated
using UV-Visible spectroscopy. However, other methods such as ellipsometry,
photoluminescence spectroscopy must be tried on the basis of several models which take several
interfaces into consideration.

4. In the present work, a lot of data on thermal expansion behavior of the multilayers as a
function of layer thicknesses has been generated. However, this data is a result of simultaneous
influence of thermal expansion due to thermal annealing and inter-diffusion. Theoretical and

experimental approaches must be undertaken to deconvolute these informations more accurately.
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