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ABSTRACT

The present study concerns development of yttria stabilized zirconia (YSZ), Al.Os and a
multilayer of Al,O3-YSZ thin film deposition by pulsed laser deposition (PLD) technique for its
application as thermal barrier coating (TBC). The detailed study included characterization
(microstructure, composition, phase and surface topography) of the thin film. The phase analysis
of the YSZ films deposited at room temperature showed amorphous feature, while the film
deposited at high temperature showed the formation of tetragonal phase. Residual stress analysis
of the coating showed the presence of compressive stress and was maximum at 573 K (o121 =-8.1
GPa and o2 = -6.4 GPa). Residual stress was found to decease with increase in substrate
temperature and was found to be lowest at 973 K (611 = -3.0 GPa and 622 = -1.7 GPa). The cross-
sectional morphology of the YSZ and Al>Oz3 thin films deposited at room temperature showed
presence of inter-columnar porosities which changed to a dense structure with increase in

substrate temperature.
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1. INTRODUCTION

Ceramic materials have been used as structural material for wide range of applications. Yttria
stabilized zirconia (YSZ) found its application in aviation and power generation industries as
materials for thermal barrier coating [1]. Apart from being used as a thermal barrier material, it
has found its application for the components against wear because of its high hardness and
chemical inertness [2]. YSZ has been used as protective coatings against high temperature
oxidation due to its low thermal conductivity and thermo-mechanical compatibility with the
underlying substrate [3]. YSZ has also been used as an electrolyte material for Solid Oxide Fuel
Cell (SOFC) due to its high ionic conductivity, chemically inertness and stability at high
temperature [4]. Yttria (3-8 mol. %) has been used as a dopant to stabilize the high temperature
tetragonal phase of zirconia at room temperature. Addition of Y203 to ZrO; produces oxygen
vacancies in the crystal which accounts for increase in the ionic conductivity of the material.
Stabilization of tetragonal phase to room temperature results in excellent thermal shock
resistance and thereby, increasing the lifetime of the component operating in harsh environment
[5]. Aluminium oxide (Al.03) has also been used for many structural applications because of its
high melting point, high hardness, superior wear resistance and corrosion resistance. Alumina
exists in several polymorphs out of which a phase is the most thermodynamically stable one
whereas, phases like v, 0, k are metastable in nature [6, 7]. Alumina thin films have also been
used for the oxygen diffusion barrier device applications [8] as well as for oxidation protection in
thermal barrier coatings [9-11]. AlOz coatings have been deposited by chemical vapour
deposition (CVD) technique, sol-gel technique, DC magnetron sputtering, electron beam
evaporation, plasma spraying (PS), spray pyrolysis, and pulsed laser deposition (PLD)

techniques [12]. Among the above mentioned deposition methods, PLD technique has been
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found to be the most suitable deposition method for obtaining dense multicomponent films with
stoichiometric composition as that of target.

PLD technique involves irradiation of single or multiple targets by a pulsed laser beam
which results in melting, evaporation and ionization of species and formation of high density
plasma plume made up of ablation species. The formation of plasma plume is followed by an
adiabatic expansion of plasma plume away from the target surface or towards the substrate
where, the ablation species are condensed, followed by formation of films on the substrate.
Substrate temperature can be varied to change the diffusion and kinetic energy of the ablated
species on the surface of substrate [13, 14]. PLD technique has been found to be the most
suitable deposition method for obtaining dense multicomponent films with stoichiometric
composition as that of target. The structure, morphology and hence, properties are mainly
affected by the deposition parameters (such as substrate temperature, oxygen pressure, substrate-
target distance etc.) in PLD method [15, 16]. In the past, several studies have been carried out in
for the evaluation of structural, optical, electrical, and mechanical properties of pulsed laser
deposited YSZ, and Al>Oz thin films [16-26]. Pulsed laser deposition has also been used for the
development of nano-structured thin films [27, 28].

In the present study, pulsed laser deposition of YSZ, Al,O3 and a multilayer of YSZ and
Al>O3 thin films has been carried out. Followed by deposition, a detailed characterization of

surface topography, microstructure and phases have been undertaken.

2. EXPERIMENTAL

2.1. Materials



A 7 wt% Yittria stabilized zirconia (7YSZ) powder (99.95% purity) and alumina (Al>O3) powder
(99.95% purity) were compacted using an applied pressure of 10 ton and sintered in air at
1600 °C for 6 hours to prepare targets in the form of pellets (dia. 25 mm) to be used for pulsed
laser deposition. Figure 1 shows the X-ray diffraction (XRD) patterns of the 7YSZ precursor
powder (plot 1) and sintered pellet (plot 2) used for pulsed laser deposition. From plot 1, it can
be seen that the YSZ powder contains mixture of tetragonal zirconia (t -ZrOz) and monoclinic
zirconia (m -ZrO.) phases. However, YSZ sintered pellet (plot 2) was found to contain the
tetragonal zirconia phase as major phase with a few monoclinic zirconia phases. The volume
fraction of monoclinic and tetragonal phase in precursor YSZ powder and YSZ pellet was
measured by the method proposed by Miller et al [29]. Table 1 shows the volume fraction of
monoclinic and tetragonal phase in YSZ powder and pellet. From Table 1, it can be seen that the
volume fractions of monoclinic and tetragonal phase in the precursor powder are 29.1% and
70.9%, respectively. On the other hand, for YSZ sintered pellet, the volume fraction of
monoclinic and tetragonal phase was found to 2.6% and 97.4%, respectively. Table 1
summarizes the crystallite size and lattice strain present in as-received YSZ powder and sintered
YSZ pellet used in the present study. From Table 1, it may be noted that there is no significant
difference in crystallite size between as-received YSZ powder and sintered YSZ pellet.
Furthermore, the lattice strain for monoclinic phase is found to be higher in YSZ pellet than YSZ
powder which may be attributed to the transformation of monoclinic phase to tetragonal phase
due to heat treatment (cf. Table 1). Figure 2 shows the XRD patterns of alumina precursor
powder (plot 1) and sintered pellet (plot 2) used for pulsed laser deposition. From plot 1 and plot
2, it can be noted that a-Al20O3 was the major phase in both precursor powder and sintered pellet

and there is no separate phase formation due to compaction followed by sintering. The details of
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crystallite size and lattice strain of a-Al2O3 phase in as-received powder and sintered pellet has
been summarized in Table 1. From Table 1, it may be noted that the crystallite size in as-
received powder was found to be 97 nm whereas in sintered pellet the crystallite size was found
to be 127 nm. Furthermore, the lattice strain for a-Al,O3 phase in as-received powder was found
to be 0.12% as compared to 0.08 % in sintered pellet. Hence, it may be concluded that there is a
marginal change in lattice strain due to sintering. However, the increase in crystallite size may be
attributed to the grain growth due to heat treatment. Figure 3 shows the FESEM micrographs of
(@ YSZ (b) Al2Os precursor powders used for the preparation of targets for pulsed laser
deposition. From Figure 3a, it can be seen that the particles of YSZ are spherical in shape with
particle size ranging from 15 um to 85 um. Furthermore, the powders are porous in nature.
However, the shapes of Al.Oz precursor powders are angular in nature with particle size ranging
from 22 um to 45 um. The substrates used for the pulsed laser deposition were Si wafer. Prior to
deposition, Si (100) wafers were cleaned ultrasonically in soap solution, acetone, and ethyl
alcohol.

2.2. Pulsed laser deposition (PLD) apparatus and methodology

The cleaned substrates were mounted on a substrate holder inside the deposition chamber and
placed parallel to the target at a perpendicular distance of 45 mm. The targets were continuously
rotated to ensure uniform ablation and avoid pitting. KrF excimer laser system (Lambda Physik
COMPEX) was used to deposit the YSZ, Al2Os, and Al,O3/YSZ multilayer films. The laser
source with a wavelength of 248 nm, beam diameter of ~ 4 mm and pulsed duration of ~25 ns
was operated at a pulse repetition rate of 10 Hz and at an energy density of ~ 2 J/cm?. The total
time for deposition was 50 minutes (30000 pulses). Films were deposited at substrate

temperatures of 300 K, 573 K, 773 K, and 973 K. Prior to the initiation of deposition, the
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deposition chamber was initially evacuated to 2.0 x 10" °> mbar and subsequently, filled with
oxygen gas to a background pressure of 2 x 10”2 mbar.

2.3. Techniques for characterization of the pulsed laser deposited thin films

Following PLD, a detailed observation of the microstructure of the as-deposited films was
undertaken by field emission scanning electron microscopy (FESEM, SUPRA 40, Zeiss SMT
AG,Germany) and transmission electron microscopy (JEM 2100, JEOL Ltd, Tokyo, Japan).
Specimens were prepared for planar and cross-sectional view under transmission electron
microscope (TEM) by mechanically thinning and using a dimpler (Model 656, Gatan Inc.,
Pleasanton, CA, USA), followed by argon ion milling on a precision ion polishing system
(Model 691, Gatan Inc., Pleasanton, CA, USA). An accelerating voltage of 200 kV was chosen
during TEM operation. The phases present were identified by selected area electron diffraction
(SAED) pattern analysis. The thickness of the pulsed laser deposited thin films was measured by
surface profilometer (Dektak 150 surface profiler, Veeco Instruments, USA). Masking was done
on the surface of substrate before deposition to ensure formation of a step between the deposited
film and the substrate. A diamond tip stylus with radius 12.5 um operating in contact mode
under a normal load of 30 uN was allowed to scan through the step generated due to masking.
An average measurement of five readings of the height of the step was considered to be the film
thickness. A detailed analysis of the phase evolution was carried out by grazing incidence X-ray
diffraction (GIXRD) technique (Bruker D8 Discover, Germany) with a grazing angle of 2° at a
scanning speed of 0.05°/s using Cu Ka radiation. The crystallite size and lattice strain were
performed using Scherrer’s equation [30]. Residual stress developed on the surface of the thin
films was carefully measured by XRD technique (sin?¥ method) using a Bragg Brentano

Diffractometer (Bruker D8 Discover, Germany). For the calculation of residual stress, the (103)
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peak of tetragonal zirconia phase was considered. The surface morphology and roughness of the
deposited thin films were analyzed by atomic force microscopy (Agilent 5500 AFM, USA).

3. RESULTS AND DISCUSSION

3.1. Phase analysis using GIXRD

Figure 4 shows the XRD profiles of YSZ thin films deposited on Si (100) substrate at different
substrate temperatures (Ts). From Figure 4, it can be seen that the thin film deposited at Ts = 300
K shows the signature of amorphous feature, while the films deposited at higher temperatures
(573 K to 973 K) show polycrystalline tetragonal zirconia (t -ZrOz). The amorphous nature of the
thin film deposited at Ts = 300 K is due to poor adatom mobility on the surface of the substrate
and hence, poor kinetics of diffusion as the ad-atoms cannot arrive at the vacant lattice site to
take its position. On the other hand, with increase in substrate temperature, adatoms get the
necessary energy for surface diffusion and fill up the vacant lattice site in an effort to make the
film crystalline. A close comparison between Figure 1 and Figure 4 suggests that the deposited
thin films are composed of 100% t-ZrO> phase with no signature of m-ZrO, phase. The complete
transformation of m-ZrO> phase to t-ZrO- phase is attributed to the lowering of m-ZrOz to t-ZrO-
transformation temperature under the non-equilibrium conditions of laser induced ablation
during pulsed laser deposition [31]. Hence, it can be concluded that pulsed laser deposition is an
effective deposition method for the development of stabilized tetragonal zirconia films. Table 1
summarizes the crystallite size and lattice strain induced in the thin films. The average crystallite
size in YSZ thin film deposited at Ts = 573 K and 773 K was found to be constant (13 nm) as
shown in Table 1. However, a marginal increase in crystallite size (15 nm) in the YSZ film
deposited at Ts = 973 K is observed. From Table 1, it may be noted that the lattice strain in YSZ

films varies from 0.69% to 0.77%. The marginal decrease in lattice strain at higher substrate
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temperature may be attributed to stress relaxation due to higher mobility of adatoms due to
increase in supply of thermal energy at higher substrate temperature.

Figure 5 shows the XRD profiles of Al,O3 thin films deposited on Si (100) substrate at
300 K (plot 1), 573 K (plot 2), 773 K (plot 3), and 973 K (plot 4). From plot 1, it can be seen that
the deposited Al>Os film is found to be amorphous which is attributed to the poor adatom
mobility due to very low substrate temperature. However, with increase in substrate temperature
there is no signature of crystallization of AlO3 film. This observation indicates that a high
temperature deposition up to 973 K is not sufficient to provide the required thermal energy for
adatom mobility and as a result of which the grown films are found to be amorphous.
3.2. Microstructural characterization
Figure 6 shows FESEM micrographs of cross-section of YSZ thin films deposited on Si (100)
substrate at (a) 300 K, (b) 573 K, (c) 773 K, and (d) 973 K. From Figure 6, it can be noted that
the deposited thin films are grown in columnar fashion. There is presence of thick inter-columnar
boundaries when deposition is carried out at room temperature which is not found in YSZ films
deposited at higher Ts i.e. 573 K, 773 K, and 973 K. The thin film obtained at Ts = 973 K is
found to be most dense. The decrease in intercolumnar gaps/porosity is attributed to the increase
in thermal energy of the adatoms resulting denser thin film as a result of increase in Ts.
Figure 7 shows the FESEM micrographs of the top surface of YSZ films deposited at (a, b) 300
K, (c, d) 573 K, (e, f) 773 K, and (g, h) 973 K. Where (b), (d), and (e) shows the high
magnification view of (a), (c), (e), and (g), respectively. From Figure 7a and Figure 7D, it may be
noted that there are presence of a large number of particles on the surface of deposited YSZ films
at 300 K with size ranging from 100 nm to 550 nm. From Figure 7c and Figure 7d, it may be

noted that the film deposited at 573 K shows particle formation on the surface with particle size
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ranging from ~ 50 nm to 1.5 um. However, films deposited at 773 K and 973 K shows improved
surface features with very less particle formation. The formations of particles are commonly
observed due to laser induced splashing of molten materials from the target and subsequent
condensation in vapor phase leads to the formation of droplets on the surface of YSZ film
deposited by PLD. The size of the droplets varies with laser fluence [32]. The reduced density of
the particles on the film surface with increase in substrate temperature may be attributed to the
unavailability of low temperature sites to condense the liquid droplets with increase in substrate
temperature. From Figure 7a to Figure 7h, it may be noted that the shape of particles is found to
change from spherical shape at low temperature regime to flake type or faceted at high
temperature regime.

Figure 8 shows the FESEM micrographs of the cross-section of Al2Oz thin films
deposited at (a) 300 K, (b) 573 K, (c) 773 K, and (d) 973 K. From Figure 8a to Figure 8d, it may
be noted that the deposited films are grown in columnar fashion. The thickness of the films is
found to vary with substrate temperature Ts. The thickness of the Al,Os thin film deposited at Ts
=973 K is found to be highest (2.3 um) as compared to the films deposited at Ts= 300 K, 573 K,
and 773 K.

Figure 9 shows the FESEM micrographs of top surface of Al2Os films deposited at (a, b)
300 K, (c, d) 573 K, (e, f) 773 K, and (g, h) 973 K. Where (b), (d), and (e) shows the high
magnification view of (a), (c), (e), and (g), respectively. From Figure 9a to Figure 9h, it may be
noted that the presence of particles or droplets is observed on the top surface microstructure
whose density decreases with increase in substrate temperature. From Figure 9a and Figure 9b, it
is observed that the Al,Oz film deposited at Ts = 300 K contains many porosities and fine

microcracks. With increase in substrate temperature the deposited films of Al>Os shows
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improved surface microstructure by showing decreased porosities and microcracks. The dense
nature of the Al>Os films with increase in substrate temperature is evident from Figure 9c to
Figure 9h.

It has been found that a multilayer TBC architecture decreases the thermal conductivity
of the TBC system [33]. The presence of interfaces between the successive films was responsible
for reduction in thermal conductivity due to thermal resistance offered by these interfaces.
Hence, a multilayer thin film of Al.Os and YSZ was fabricated. Figure 10 shows the FESEM
micrographs of the (a) top surface of the Al,O3/YSZ multilayer thin film and (b) cross-section of
the Al,O3/YSZ multilayer thin film. From Figure 10a, it may be noted that presence of large
number of particles on the surface of Al.O3/YSZ multilayer thin film. The size of the particles
was found to vary from few hundreds of nanometer to ~ 2.5 um. The formation of particles on
the surface of AlO3/YSZ multilayer thin film may be attributed to “splashing effect” as
explained in earlier section. From FigurelOb, it may be noted that the cross-section of
Al,O3/YSZ multilayer thin film showed almost uniform thickness of ~ 320 nm. The columnar
growth of the film is observed from Figure 10b. However, intercolumanr gaps are evident from

the microstructure of the Al2O3/YSZ multilayer thin film.

Figure 11 shows the (a) plan view bright field TEM image and (b) corresponding SAED pattern
of pulsed laser deposited YSZ thin film grown at room temperature. From Figure 11a, it may be
seen that the YSZ thin film is predominantly amorphous structure with few crystallites
distributed in it when deposition was conducted at room temperature. The grain size is found to
be ~ 70 nm. The formation of diffusion rings in the SAED pattern confirms amorphous matrix;
however, some diffraction spots are also found which contradicts XRD results at room

temperature. The difference arises due to the fact that XRD gives the average result over a large
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area, whereas TEM shows atomic level result in localized area. However, it has also been
reported that the crystallization of YSZ thin film occurs by energetic electron beam in TEM [34].

Figure 12 shows (a) plan view bright field TEM image, (b) corresponding SAED pattern,
and (c) high resolution transmission electron microscopy image of pulsed laser deposited YSZ
thin films at 973 K. From Figure 12a, it can be seen that the structure is polycrystalline in nature.
The ring pattern as shown in Figure 12b is found as tetragonal zirconia structure which matches
well with GIXRD result. The grain size was found to be ~ 55 nm. HRTEM image showing
lattice fringe is also confirmed from the lattice fringe showing an interplanar spacing doz) of
0.295 nm as shown in Figure 12c which matches well with tetragonal zirconia structure.

Figure 13 shows the (a) plan view bright field TEM image and (b) corresponding SAED
pattern of Al>Oz thin films deposited at Ts = 300 K. From Figure 13, it may be noted that the film
is amorphous in nature as no diffraction spot or ring patterns are found in SAED pattern.
However, the contrast observed in the TEM image may be attributed to the mass thickness
contrast due to presence of particulates. Presence of fine porosities/cracks and particles may be
evident from the microstructure.

Figure 14 shows the (a) plan view bright field TEM image and (b) corresponding SAED
pattern of Al>Os thin films deposited at Ts = 973 K. With increase in substrate temperature, no
crystallite was found in the microstructure and the SAED patter indicates amorphous nature of
the film. The microstructure of the film deposited at 973 K shows uniform and dense film.
Unlike Figure 14, no contrast is observed in the microstructure which indicates neither
crystallites nor mass thickness variation which may be due to decrease in particulate formation.
The TEM results obtained for Al>Os thin films at 300 K and 973 K may be corroborated with the

GIXRD results discussed elsewhere.
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Figure 15 shows the cross-sectional TEM image of Al,O3/YSZ multilayer thin film
deposited on Si (100) substrate at 300 K. The micrograph clearly shows formation of
multilayered structure with Al2Os as a first layer near to silicon substrate and YSZ as the top
outer layer. The thickness of single layer of YSZ and Al>O3 was found to be ~ 100 nm and ~ 20
nm, respectively. Careful observation of Figure 15 indicated presence of few crystallites

microstructure of YSZ.

3.3. Surface topography analysis
Figure 16 shows the surface topography of the pulsed laser deposited YSZ films at (a) 300 K, (b)
573 K, (c) 773 K, and (d) 973 K. From Figure 16a, it may be noted that nonuniform structure
was formed at lower substrate temperature. The RMS roughness of YSZ film deposited at 300 K
was found to be 12.9 nm. From Figure 16b to Figure 16d, it may be noted that the particle
density is found to decrease with increase in substrate temperature. With increase in substrate
temperature, the columnar growth of grain is observed. At a substrate temperature of 973 K, the
film is found to be dense and columnar indicating the formation of crystalline film. The RMS
roughness at 573 K, 773 K, and 973 K are found to be 9.66 nm, 4.79 nm, and 4.28 nm,
respectively. The maximum heights of the features present in the YSZ film deposited at 300 K,
573 K, 773 K, and 973 K are found to be ~ 220 nm, 90 nm, 45 nm, and 27 nm, respectively. The
RMS roughness is found to decrease with increase in substrate temperature which is attributed to
the decrease in particle height on the surface of YSZ film with increase in substrate temperature,
Ts.

Figure 17 shows the surface topography of the pulsed laser deposited Al2Os films at (a)
300 K, (b) 573 K, (c) 773 K, and (d) 973 K. From Figure 17a, it may be noted that there are

presence of particulates at lower substrate temperature. The maximum height of these features is
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found to be 75 nm. The RMS roughness of Al>Os film deposited at 300 K is found to be 7.31 nm.
The RMS roughness at 573 K, 773 K, and 973 K are found to be 3.3 nm, 2 nm, and 0.91 nm,
respectively. The RMS roughness is found to decrease with increase in substrate temperature
which is attributed to the decrease in particle height on the surface of Al>Os film with increase in
substrate temperature, Ts. The maximum heights of the features present in the Al>Oz film
deposited at 573 K, 773 K, and 973 K are found to be ~ 26 nm, 15 nm, and 13 nm, respectively.
With increase in substrate temperature, the columnar grain growth is not observed in the
deposited films which indicate absence of crystallinity in the deposited films. Figure 18 shows
the AFM image of top surface of Al.O3/YSZ multilayer thin film. From Figure 18, it may be
noted that spherical grains are observed on the surface of the film which is also evident from
Figure 10.

3.4. Residual stress analysis

The residual stress developed in YSZ thin films was measured by XRD technique and are
summarized in Table 2. From Table 2, it is evident that the residual stress in the deposited films
decreases with increase in substrate temperature. The residual stresses are predominantly
compressive in nature at all substrate temperature. At Ts = 573 K, the residual stress component
o11 is found to be -8.1 GPa which reduces to -3.0 GPa at Ts= 973 K. Similarly, the residual stress
component o2z is found to be -6.4 GPa and at Ts= 573 K, which decreases to -1.7 GPa at 773 K.
The higher residual compressive stress at low substrate temperature is attributed to the
impingement of highly energetic species present in the plume on to the substrate or on to the
growing films. The reduction in residual stress with increase in substrate temperature is
attributed to the better surface diffusion of adatoms and release of stress with increase in

temperature [35, 36].
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4. SUMMARY & CONCLUSIONS

In the present study, the microstructural characterization of pulsed laser deposited yttria
stabilized zirconia (YSZ) and alumina (Al203) thin films are studied in detail. From the detailed
investigations, the following conclusions may be drawn:

1. XRD phase analysis of YSZ powder and pallets (used for target preparation) show the
formation of monoclinic as well as tetragonal zirconia. The volume fraction of monoclinic
zirconia phase in YSZ pallet decreased from 29.1 % to 2.6 % and the volume fraction of
tetragonal zirconia phase in sintered pallet increases from 70.9 % to 97.4%. Presence of only o -
Al>03 phase was observed in both powder and sintered pellet.

2. XRD phase analysis of YSZ films deposited at room temperature showed amorphous
feature, while the film deposited at high temperature showed crystalline behavior. The phase
analysis at higher substrate temperature showed formation of tetragonal phase only with no
signature of monoclinic zirconia. Crystallite size and lattice strain was not found to vary with
increase in substrate temperature. However, the TEM analysis indicated the amorphous nature of
the matrix with few crystallites distributed in it. On the other hand, no crystalline peaks in the
XRD of Al;O3 thin films were observed at room temperature as well as at high temperature
which were verified with TEM results.

3. Residual stress analysis of the coating at all temperature showed the presence of
compressive stress and was maximum at Ts = 573 K (c11 = -8.1 GPa and ¢22 = -6.4 GPa) and
minimum at Ts = 973 K (611 = -3.0 GPa and 622 = -1.7 GPa).

4. The cross-sectional morphology of YSZ and Al2Os thin films deposited at room

temperature showed presence of intercolumnar porosities which changed to a dense structure
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with increase in substrate temperature. The top surface microstructure of YSZ films deposited at
room temperature showed presence of large number of particles. With increase in substrate
temperature the particles density was decreased and the surface was found to be smooth.

5. The morphology of YSZ film as evident from AFM image showed higher RMS
roughness (12.9 nm) at room temperature which decreases with increase in substrate
temperature. The room temperature morphology is nonuniform, whereas with increase in
substrate temperature, the directional growth of grain was observed in YSZ films. The RMS

roughness for both the films decreases with increase in temperature.
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Figure 1 XRD profiles of YSZ powder (plot 1) and YSZ sintered pellet (plot 2).

30

20

20



a (012)
a (104)
a (113)

a (110)

a (024)

Intensity (A.U.)

1JLA‘U1

20 30 40 50

Angle (26)

Figure 2 XRD profiles of Al.O3 powder (plot 1) and Al.Ossintered pellet (plot 2).
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Figure 3 FESEM micrographs of (a) YSZ and (b) Al,Os precursor powders.
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Figure 4 XRD profiles of YSZ thin film deposited on Si (100) at different substrate temperature
of 300 K (plot 1), 573 K (plot 2), 773 K (plot 3), and 973 K (plot 4).
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Figure 5 XRD profiles of Al.Oz thin film deposited on Si (100) substrate at 300 K (plot 1), 573
K (plot 2), 773 K (plot 3), and 973 K (plot 4).
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Figure 6 FESEM micrographs of cross-section of as-deposited YSZ thin films on Si (100)
substrate at (a) 300 K, (b) 573 K, (c) 773 K, and (d) 973 K.
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Figure 7 FESEM micrograph of top surface of as-deposited YSZ thin film at (a, b) 300 K, (c, d)
573 K, (e, f) 773 K, and (g, h) 973 K. Where (b), (d), and (e) shows the high
magnification view of (a), (c), (e), and (g), respectively.
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Figure 8 FESEM micrograph of cross-section surface of as-deposited Al2Os thin film at (a) 300
K, (b) 573 K, (c) 773 K, and (d) 973 K.



Figure 9 FESEM micrographs of top surface of as-deposited Al.O3 thin films at (a, b) 300 K, (c,
d) 573 K, (e, f) 773 K, and (g, h) 973 K. Where (b), (d), and (e) shows the high
magnification view of (), (c), (e), and (g), respectively.
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Figure 10 FESEM micrograph of as-deposited Al>O3/YSZ thin film showing microstructure of
(a) top surface and (b) cross-section deposited on Si (100) substrate at 300 K.
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Figure 11 (a) Bright field transmission electron microscopy image and (b) corresponding SAD
pattern of pulsed laser deposited YSZ thin films at 300 K.
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Figure 12 (a) Bright field transmission electron micrograph, (b) corresponding SAED pattern,
and (c) high resolution transmission electron micrograph of pulsed laser deposited
YSZ thin films at 973 K.
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Figure 13 (a) Bright field transmission electron microscopy image of plan view and (b)
corresponding SAED pattern of pulsed laser deposited Al>O3 thin films at 300 K.
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Figure 14 (a) Bright field transmission electron micrograph of plan view and (b) corresponding
SAED pattern of pulsed laser deposited Al>O3 thin films at 973 K.
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Figure 15 Bright field transmission electron micrograph of cross-section of Al2Os/YSZ
multilayer thin film deposited at 300 K.
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Figure 16 Atomic force microscope image of YSZ thin films grown at (a) 300 K, (b) 573 K, (c)
773 K, and (d) 973 K.

Figure 17 Atomic force microscope images of Al>Oz thin films grown at (a) 300 K, (b) 573 K,
(c) 773 K, and (d) 973 K.
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Figure 18 Atomic force microscope image of Al,03/YSZ thin films grown at 300 K.

List of Tables

Table 1 Summary of characteristics of precursor powders and pellets used as coating targets in
the present study

Parameters YSZ powder YSZ pellet Al2O3 powder | Al2O3 pellet
Particle size, 15-85 - 22- 45 -

um

Phases and its m-ZrO2 (29.1%) m-ZrO2 (2.6%) and | a-Al203 (100%) | a-Al.O3 (100%)
percentage and t-ZrO> (70.9%) | t-ZrO» (97.4%)

Crystallite size, | 31 (m-ZrO,) and 28 (m-ZrO2) and ~ 97 ~ 120

nm 31 (t-ZrOy) 29 (t-ZrO>)

Lattice strain 0.37 (m-ZrOz) and | 0.48 (m-ZrOz) and | ~0.12 ~0.08

(%)

0.30 (t-ZrOy)

0.34 (t-Zr0y)
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Table 2 Residual stress developed on pulsed laser deposited YSZ films at different substrate

temperature
Substrate Residual stress (GPa)
temperature (K) o11 622
573 -8.1 -6.4
773 -7.5 -5.5
973 -3.0 -1.7
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