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Abstract

YSZ thin films (YSZTFs) with controlled structure and morphology are desirable for low
temperature solid oxide fuel cells (SOFCs). We report for the first time the bias voltage (40 V
and 120 V) dependent structural and morphological evolution of YSZ thin films grown via
radio frequency magnetron sputtering (RFMS) technique. The optimum sample was annealed
at 600 °C to achieve an improved ionic conductivity. As-prepared YSZTFs were characterized
using various analytical tools. Glancing angle X-ray diffraction (GAXRD) pattern of YSZTFs
revealed the existence of non-columnar structure (cubic phases) with preferred growth along
[200] lattice orientation. YSZTFs grown at 120 V displayed good homogeneity and
uniformity (100 nm thick and crystallite size in the range of 10—12 nm) accompanied by large
microstrain along [111] lattice orientation. The bias voltage dependent alterations in the
morphology of YSZTFs (grain compactness, size, shape, distribution and surface roughness)
were clearly manifested in the FESEM and AFM images. Raman and FTIR spectra of
YSZTFs disclosed the formation of tetragonal and cubic phases. An in-depth data analyses
suggested the successful incorporation of Yttria into the zirconia lattice. Annealed film
exhibited improved polycrystallinity and evolved morphology. These achieved YSZTFs could
be effective electrolyte for low temperature SOFC operation.

Keywords: Yttria Stabilize Zirconia Thin Film, RF Magnetron Sputtering, Bias voltage,

SOFC, Structure, Morphology

1. Introduction
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In recent times, ceramic coating or film as solid electrolyte such as yttria-stabilized
zirconia (YSZ) became advantageous for efficient SOFC operation. However, most of the
popular electrolytes referring to solids that possess high conductivity are either anions or
cations, not usually both [1-3]. The roles of solid electrolyte with anion conduction (O72) that
facilitates ionic movement from one site to another at the operating temperature range of
300-500 °C have already been demonstrated [4—7]. Over the years, to improve the electrolytic
performance of YSZ material several strategies have been adopted including the manipulation
of ionic defects, concentration, mobility, structural orientation, microstructure, grain
boundaries and interfaces of hetero-structures [8-11]. Despite many dedicated efforts
outperforming YSZ electrolyte is far from being achieved.

Numerous studies revealed that YSZ nanostructures grown via radio frequency
magnetron sputtering (RFMS) technique are appreciably distinct than those produced by other
methods [12-15]. Wang et al. [16] used RF reactive sputtering and co-sintering approach in
the temperature range of 1150 to 1350 °C to produce cubic YSZ crystallites with small grain
size and thickness of 10 um. Later, Solovyev et al. [17] acknowledged YSZTFs sintered at
1250 °C could significantly affect the non-columnar structure and lowered the thickness (3
pm). Federico et al. [8] showed that YSZTFs of small thickness (100 nm) could possess void
of blocking grain boundaries perpendicular to the current flow, thereby reduces the
contribution of electron conductivity This was consistent with the properties of YSZ ceramic
containing 8 mol% of Y,03; with high dielectric tenability and relatively low dielectric loss
[18].

Yet, not many studies have been performed to examine the structural and morphological
evolution of YSZTFs deposited via RFMS technique with varying growth parameters (bias
voltage, RF power, annealing temperature, substrate types, and so forth), mainly due to costly

equipment installation [19]. It has been realized that substrate bias voltage can be used to
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generate response of polymorph solid oxide with varieties of crystal structures including
tetragonal, monoclinic and cubic [20]. The limitation of RFMS technique can be overcome by
some innovations where low RF power can be utilized without varying the substrate
temperature. According to Tolstova et al. [21], bias substrate assistance could be effective for
the epitaxial growth of platinum (Pt) and gold (Au) onto MgO substrate (dielectric). The bias
substrate assisted technique could successfully enhance the surface adatoms mobility, the
number and density of nucleation sites, film density and columnar grain growth [22].

Most of ceramic materials that have been intended so far for SOFC applications
possessed very low thermal conductivity and weak intrinsic shock resistance, indicating their
possible catastrophic failure when subjected to excessive heating [23,24]. Moreover, DC
magnetron sputtering is ineffective for insulating target because of no current flow through it.
This shortcoming was surmounted using an alternating current (AC) at high frequency (13.56
MHz), where the sputtered ions and electrons at such frequency have very dissimilar
mobilities in the fluctuating field [25]. It was shown that the application of DC voltage to the
substrate (negative potential) could cause a potential drop within the substrate sheath due to
the nonlinear behaviour of plasma potential, which could alter the discharge characteristics
significantly [26]. This condition could change atomic arrangements in the substrate structure,
resulting in an enhanced diffusivity for atoms bombardment. Currently, the high melting
temperature (2730 °C) has been identified as the most influential factor for the cubic YSZTFs
growth. So far, the effects of substrate bias voltage on the structure and morphology of
YSZTFs and dielectic material grown using RFMS technique have not been well explored
[27][28].

Present work evaluated the effect of substrate bias voltage (40 V and 120 V) on the

microstructures, crystalline phases and morphologies of YSZTFs (thickness under 300 nm)
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deposited using RFMS. Furthermore, the optimum film grown at 120 V was annealed at 600

°C to improve the oxide ion conductivity useful for SOFC implementation.

2. Experimental

High purity (99.99%) YSZ target containing 8 mol% of Y,03; was used to deposit the
YSZTFs on glass substrate (SiO,) having dimension of 20 mm x 10 mm x 2 mm. RFMS
system (Kurt J. Lesker model PSP5004) equipped with a turbo-molecular pump (base vacuum
pressure of 6.66 x 10~® mbar and power of 100 W) was used to deposit such films. Proposed
TFs were prepared at room temperature in the presence of argon gas flow attached to a
rotational platform that revolved with the speed of 3 rpm. The sputtering pressure, argon flow
rate and deposition time were fixed at 6.66 mbar, 100 sccm and 1 hour, respectively. The
influence substrate bias voltages (0, 40 and 120 V) on the structure and morphology of
YSZTFs (without and with annealing) were determined. Hereafter, samples deposited at 0, 40,
120 V (without annealing) and the one deposited at 120 V under 600 °C annealing for 1
hour are labelled as SOV, S40V, S120V and S120V-600C, respectively.

Crystalline phases of synthesized YSZTFs were identified by glancing angle X-ray
diffraction (GAXRD, Roguku diffractometer) technique equipped with a diffracted-beam
graphite monochromator. It used CuK,; radiation (wavelength of 1.5406 A), glancing angle
of 1.5°, scanning angle (26) in the range of 20 to 90°, scanning rate of 5°/min and a step size
of 0.05°. The surface morphologies of YSZTFs were imaged using field emission scanning
electron microscopy (FESEM, Carl Zeiss-Crossbeam 340 model) operated at 2 kV. All films
were pre-sputtered using Pt to reduce the charging effect originated from their nonconductive
nature. Raman spectra of YSZTFs in the range of 800—-100 cm™ were recorded using a
HORIBA LabRAM HR Evolution Model Raman Spectrometer. It was equipped with a green

solid state diode laser system of wavelength 633 nm (excitation source) and 2048 element
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linear silicon CCD array (detector). Structural properties of YSZTFs in the range of 4000-400
cm™ was analyzed using Fourier Transform Infrared (FTIR) Spectrophotometer (Perkin-Elmer
Model 1725x). Elemental analyses were performed using Energy Dispersive X-Ray (EDX).
Meanwhile, surface topography and size distribution was imaged using a NanoNavi AFM

interfaced with SPIWin software.

3. Results and Discussion
3.1 FESEM Images

Figure 1 shows the FESEM images (top and cross-sectional view) of all as-deposited
YSZTFs. Film deposited without bias voltage (0 V) consisted of uniform surface with
merging tendency of some granular clusters, which was attributed to the coalescence of
tightly bound inter-granular growth (Figure 1(a)). Such grains were more strongly bound
together than coupled to the substrate because of low adatom diffusivity. Besides, the lower
mobility of the depositing particles was responsible for enhanced shadowing effect of the
sputtered species emerged from multidirectional plasma flow [29]. According to Jung et al.
[30], this type of nucleation of the sputtered species was indeed accountable for the columnar
growth. Such growth was ascribed to the spatially separated impingement of grains (nuclei)
onto the grain boundaries because of the low substrate or annealing temperature assisted
processes that could result in rapid solidification without grain growth. The morphology of
YSZTF deposited at 40 V (Figure 1 (b)) revealed inter-connected grains with some surface
discontinuity, which could be due to the migration of adatoms from smaller to bigger cluster.
The bigger clusters could act as the strong replicating or binding media to other atoms
coupling. Furthermore, few columnar shaped grains were also observed in the cross-sectional
image. In fact, the grain growth became noticeable at 40 V. Film deposited at 120 V showed

the presence of dense and uniform distribution of small particles (Figure 1 (c)), which was
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ascribed to the rapid enhancement of adatom mobility and subsequent modification of the
nucleation process. High energetic electrons at this bias voltage could improve the particles
bombardment, thereby layer by layer growth was observed. The rearrangements of crystallites
with reduced size and thickness was attributed to the development of intrinsic stress within
the YSZTFs [28][31]. Further annealing of the film at 600 °C was found to enhance the
homogeneity (Figure 1 (d)), indicating high mass diffusion inside the YSZ films and
achievement of denser columnar structures. Figure 1 (A-D) shows FESEM images (cross
sectional) of YSZTFs. The S120V thin film revealed lowest thickness despite a uniform layer
and interlocking with the substrate, thus contributed to dense structures. This could be due to
the increased amount of YSZ formation at higher bias voltage. This uniformity is believed to
be caused by adatom mobility increase hence produce adverse effect for the YSZ thin film
nucleation. The estimation energetic electron produced at 120 V over the area roughly
improve the particle bombardment. While layer by layer growth is observed. These structures
were dense, but their arrangement of crystallite size was decrease so that, reduced thickness
existed due to many intrinsic stress of the YSZ thin film. FESEM cross-sectional analysis
indicated that the deposited S120V film was sufficiently stable to maintain the growth,
resulting in good interlayer between substrate and thin film. Furthermore, the observed
increase in the thickness of S120V-600C was ascribed to the influence of combined annealing
that allowed the the YSZ layer to replicate the texture, leading to thicker and denser film. This
annealing stage technique indicated that high mass diffusion inside the YSZ films seems to
promote denser (columnar structures merge). Meanwhile, the resulting thin film of SOV and
S40V did not merge together completely, resulting a gap between the substrate interfaces and
the YSZTFs.

It is worth noting, the bias voltage driven nucleation and growth of amorphous as well

as ceramic materials is a complex process that needs further clarification. A simple relation
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exists between the supplied voltage to the substrate and the substrate surface bombardment by
positive ions alongside the target cathode. The overall evolution of the surface morphology
due to bias voltage and annealing can be explained as follows. First, plasma is generated by
electrical field applied to low pressure in range 1mTorr-10 Torr. At low pressure, high voltage
electric can cause vacuum breakdown and produce plasma which consists ions, electrons and
reactive species. The electrical energy supplied to the sputtering system allowed the ejection
of atoms and secondary electron, wherein the generated heat was absorbed by the target and
the substrate. Next, free electrons play a role to maintain the plasma, while ions and radicals
contribute to film growth. Furthermore, with the application of bias voltage a gradual
densification of the film could occur due to ion impacts so called ion-peening process.
According to Seo et al. [26] , the electron energy distribution function (EEDF) could make
similar contribution to the electron density due to the variation of substrate bias voltage. At
higher bias voltage such as 120 V, the columnar grain structure could be disrupted and the
microstructures transformed to equiaxed. In other words, the grains were strongly overlapped
during the growth, allowing the stacking of multiple crystallites onto each other. It was
affirmed that the stretching of single grain on the entire film surface and the formation of non-
columnar microstructure devoid of pinholes are beneficial for electrolytic applications.

Film deposited at 120 V revealed the lowest thickness of 115.4 nm than others. The
thickness of the film deposited at 120 V was further increased from 115.4 nm to 208.4 nm
upon annealing at 600 °C. Large decrease in the film thickness from 225.2 nm (S40V sample)
to 115.4 nm (S120V sample) indicated significant alterations in the grain size and distribution
because of bias voltage. Sillassen et al. [28] also acknowledged some significant effect of
oxide ion transport along dense grain boundaries of YSZTFs due to small and homogeneous
grains. Nedelec et al. [32] claimed that bias-assisted sputtering could transform the columnar

structure into a non-columnar one. Application of bias voltage could influence the dense
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microstructure and morphology of YSZTFs by accelerating the positive argon atoms towards
the substrate. It was suggested that one must constantly monitor the bias voltage to avoid the
substrate surface sputtering by high energetic argon atoms, which in turn could crack the

substrate.

3.2  GAXRD Pattern

Figure 2 illustrates the GAXRD patterns of the studied YSZTFs. It revealed seven
crystalline peaks positioned at 30.58, 35.28, 50.67, 59.85, 62.01, 73.00 and 83.37° assigned to
different lattice orientations that matched with ICSD code 98-018-1237 for YSZ cubic phases.
The existence of intense peaks along [111], [200], [220] and [311] lattice directions together
with relatively weaker peaks along [222], [004] and [024] lattice planes confirmed the
polymorph orientations of the YSZTFs as reported by others [8][16]. Film deposited at 0 V
displayed amorphous nature, but other samples exhibited high polycrystallinity with preferred
lattice orientation along [111]. The intensities of all cubic peaks were appreciably improved
due to annealing at 600 °C (S120V-600C sample). Furthermore, the observed weakening in
the intensity of all peaks for S120V sample than that of S40V except [111] orientation clearly
indicated the appearance of lower polycrystallinity of the film at higher bias voltage (120 V).
Nonetheless, the annealing at high temperature could enhance the polycrystallinity
(nucleation, growth, morphology and orientation of crystallites along preferred lattice planes)
of S120V-600C sample. Scherrer’s formula was used to calculate the mean crystallite size
wherein the full width at half maximum (FHWM) for the significant XRD peaks were chosen.
The estimated mean crystallite size for S120V-600C sample was 17.39 nm. This disclosure
was attributed to the annealing temperature assisted strain relaxation mechanism via

annihilation of ionic defects such as oxygen vacancies.
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Figure 3 displays the refinements of the GAXRD pattern for first four intense cubic
peaks corresponding to [111], [200], [220] and [311] lattice orientations. The S120V-600C
sample revealed the highest peak intensity for the most preferred lattice orientation along
[111], indicating best polycrystallinity. Meanwhile, the observed shift in 26 for all peaks was
attributed to the involvement of lattice microstrain in the films. The appearance of higher peak
intensity along [200] lattice orientation for S40V sample compared to other YSZTFs was
ascribed to the formation of less dense but wider columnar structure for the former one as
supported by FESEM results. Yet again, this finding was consistent with the observation of
Hong et al. [33]. It was shown that the lower intensity along [200] lattice orientation could
lead to the formation of dense, less defective, and restrained columnar grain. Sonderby et al.
[27] prepared YSZTFs on Si (001) substrate using reactive pulsed DC magnetron sputtering
technique. The XRD analyses of the grown YSZTFs revealed cubic phases with varied
correlated columnar microstructures of mean diameter 200 nm. The [200] peak intensity
corresponding to these restrained columnar structure was more intense than the growth along
[111] orientation, wherein the positions of [200] and [311] were found to be at lower angles
than ours. Such shift in the 26 values at lower angles could be due to the formation of smaller
grains and microstrain mediated uniform dispersion of these nanocrystallites over the entire
substrate surface.

Figure 4 depicts the microstarin in the studied YSZTFs grown along preferred lattice
planer orientations. Williamson and Hall equation was used to estimate the mean crystallite
size and microstrain involved along different lattice orientations. The nanocrystallite size in
each YSZTF was calculated by considering the most intense peak. Irrespective of the bias
voltage and annealing temperature, nanocrystallites grown along [220] lattice orientation
revealed the highest microstrain. Overall, both nanocrystalllite sizes and microstrains in the

studied YSZTFs displayed wide variations, indicating the impact of bias voltages on the YSZ
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microstructures. Based on the estimated microstrain values it was asserted that S120V-600C
sample was the optimum one (0.00296). Occurrence of such lowest microstrain along [200]
direction than other orientations was attributed to the presence of weakest atomic packing
density because of high surface energy and good interfacial interactions. While, the highest
calculated microstrain value (0.00427) for S40V. Upon annealing, the lattice strain of S120V-
600C sample was slightly reduced compared to other films which indicated lower lattice
distortion, an effect of higher substrate bias voltage (120 V) and heating. At higher substrate
bias, loosely bonded atoms were ejected from the substrate surface by the bombarding ions
from the target, thereby increased the barrier energy of migrating oxygen vacancy. In short,
the bias voltage induced microstrain played significant role in the formation of good quality
nanoscale heterostrusture or layered YSZTFs advantageous for SOFC applications.

Kushima and Yildi et al. [35] claimed that for brittle ceramic film like YSZ an optimal
strain level exists in a coherent hetero-interfaces at the nanoscale. Thus, the effect of
microstrain in YSZTFs that arise due to interfacial mechanism of heterostructures could alter
the electron energy levels symmetry to provide improved charge transfer and mobility. Some
studies on the ionic properties of enabled stipulation of heterogeneous structure revealed that
heterophases could possess faster ionic conduction pathways compared to bulk and
homophases [36]. In this study, based on the observation regarding the thin film growth, the
nucleation process of a YSZ thin film is usually very complex. However, the nucleation
process can be hypothesized into heterogeneous nucleation because this nucleation is
contributed from deposition medium. For example in sputtering vacuum system, the Kinetic
energy of atoms and ions is transfer over the thin film area and become heated. The estimation
temperature produced over the area roughly 200 C° starting after the deposition. The
produced temperature in the system leads to the non-crystallite thin film because the low

driving force. Therefore, thousands of particles need a nucleation site to build the thin film
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which forms layers at a substrate. This growth of nucleation onto this substrate called
heterogeneous nucleation. Finally, the nuclei start to grow upwards throughout the thin film.
The manner in which sputtered atoms migrate, interact and nucleate on the substrate surface is
a function of many deposition process parameters; such as, sputtering power, sputtering gas,
voltage, background pressure, and deposition time. Essentially, in YSZTF the appearance of
oxygen vacancy from the charge balance reaction promotes the space charge region with an
elevated defects concentration at the interfaces. Therefore, the anion-cation pair generation
process was favorable in ion-conducting oxide heterostructure such as YSZ. Other factor
related to the observed microstrain differences between S40V and S120V samples was the
polycrystalline orientation of YSZ, which depended directly on the excess concentrations of
sputtered atoms (Zr, Y and O). Briefly, S120V film revealing most dense structure, high

polycrystallinity and moderate microstrain could be useful for SOFC electrolyte.

3.3  AFM Images

Table 2 depicts the bias voltage-dependent surface roughness and standard deviation
(STDV) of YSZTFs estimated from AFM topographic images, which were remarkably
reduced with the increase in bias voltages except for the annealed film. In addition, results
revealed that the mean grain size measured varied from 98 nm to 121 nm. Zhao et al. [37]
produced YSZTFs using RF magnetron sputtering and reported comparable surface roughness
values in range of 1.1 to 1.7 nm. The achievement of lowest surface roughness for S120V-
600C was ascribed to the high temperature annealing assisted compactness of atoms within
the grains, less lattice mismatch and well dispersion of grains on the entire substrate surface,
which was consistent with lattice microstrain analysis. The wide variation in the STDV values

was due to the structural non-uniformity aroused from porous columnar boundaries, which
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was supported by the GAXRD data showing predominantly amorphous morphology (lack of
lattice orientations).

Figure 5 presents the 3D AFM topographic images and corresponding grain size
distribution of the studied YSZTFs. The influence of varied bias voltages was clearly seen in
the evolving morphology, films uniformity, improved crystallinity and narrowing down in the
grain size distribution. Such effect of bias voltage variations on the overall structure and
morphology of YSZTFs were also reported by Tolstova et al. [21]. It was argued that with
increasing substrate voltages the density of voids was reduced due to intense growth of dense
columnar and fibrous grain boundaries. The appreciable decrease in the surface roughness
values at 120 V was majorly ascribed to the structural transition where atomic arrangements
became more compact by minimizing the thermodynamic free energy of the film. The lower
surface roughness at higher voltages (especially for S120V-600C) could be due to the filling
up of voids by surface diffusion of high energetic bombarded atoms, which in turn enhanced
the columnar growth with tight grain boundaries. Furthermore, high polycrystallinity of the
films led to fewer dislocations. Generally, for YSZTFs (8 mol% of Y,03) 3D growth mode is
reasonable because the aspect ratios of grain are close to one other [38]. According to Jonhoo
et al. [39], moderate surface roughness and homogenous grain size distribution of YSZTFs
could provide available reaction sites per unit of electrolyte and electrode advantageous for

SOFC implementation.

3.4 EDX Spectra

Figure 6 shows the cross-sectional FESEM images and the corersponding EDX
spectra of studied YSZTFs. EDX analysis revealed the correct elemental compositions of the
synthesized films. The detected weight percent of zirconium, yttrium and oxygen in the

YSZTFs were appropriate as displayed in Figure 7.
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The amounts of Zr (65.6 wt%), O (8.5 wt%) and Y (4.5 wt%) in S120V-600C were
higher than the one detected in SOV sample despite of low thickness. The occurrence of such
higher elemental percentages was attributed to the homogeneity and uniformity of the
prepared thin film in the absence of any boundary between film and substrate. Actually, at
higher bias voltage the diffusivity of atom bombardment in the layer of YSZ was enhanced,
thus increased the amount of chemical species (Zr and Y with less O) in the film. The results
clearly showed that the Zr and Y elements were distributed uniformly on the surface of the
glass support without high differences indicated the homogeneity of element distribution by

using sputtering technique.

3.5 Raman Spectra

Figure 8 illustrates the room temperature Raman spectra of the as-deposited YSZTFs
in the wavenumber range of 100 to 800 cm*, which consisted of three significant bands
positioned in the range of 107 to a 109 cm ™ (weak), 141 to 142 cm™ (intense) and 476 to 491
cm* (broad) accompanied by band frequency shift and broadening. This observed shift in the
band position and broadening with the increse of biad voltage and annealing was attributed to
the effect of mode softening associated with the shrinkage of grain (quantum confinement),
presence of oxygen vacancies, and phonon confinement. Recently. similar observation was
made by Jaffari et al. [40]. According to Jung et al. [41] the appearance of the broad band in
the range of 470-475 cm™* could be assigned to tetragonal phase of YSZ. In our opnion, there
could be a possibility of cubic to tetragonal phase transformation in the YSZTFs induced by
bias voltage and subsequent annealing. Besides, the effect of compressive stress may be
responsible for such band broadening accompanied by a shift [42].

Figure 9(a-d) compares the Raman bands positions and assignments of the studied

YSZTFs with others reported in the literature. After systematic convolution of the spectral
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data the characteristic bands were classified as strong (s), medium (m), weak (w), broad (b)
and shoulder (sh). Electronic polarization active vibration modes were observed and bands in
the Raman spectra [43]. It is known that the monoclinic crystal phase of ZrO, encloses four
molecules per unit cell with 27 Raman active modes (9ag, 9¢cg, and 9gg). The tetragonal ZrO,
contains two molecules per unit cell with 7 Raman active modes (A, C, 2B1g, and 3Eg). The
cubic zirconia with a fluorite structure has four molecules per unit cell wich reveals only one
Raman active mode (F) [43]. In the present study, all the significant bands were fully indexed
and agreed with those reported in the literature [44,45]. However, some of the extremely weak
bands could not be assigned to the appropriate bonding vibration, thus remained undefined.
Refinment of the peak around 100-267 cm* clearly revealed the Oy-Zr-Oy, stretching mode of
YSZTFs. The intensity of stretching mode corresponding to the tetragonal phase were
weakened in S40V. The enhanced peak at 271.487 cm* for S120V-600C film indicated the
presence of lower symmetry with increasing fraction of tetragonal phase, where the oxygen
induced dislocations was responsible to the elongation of crystallographic c-axis and
shortening of the a-axis after annealing at 600 °C [38,45].

The intensity of Bigmode for 120V-600C is too weak. Moreover, the By coupled Zr-O
bending and stretching modes slighty shifted as the bias voltage was increased from 40 V to
120 V, indicating some structural disorder due to increasing contents of Y**doping. This
observation was consistent with other findings [43,45]. The peak position for Zr-O stretching
mode was shifted towards higher wavenumber with increasing bias voltage, which was
attributed to change in polarizability during the excitation of Raman active mode. The bond
length of Zr-O was symmetrically reduced, increasing the lattice vibration energy and the
wavenumber. Structural analysis of S40V sample also confirmed the existence of large lattice
microstrain compared to S120V and S120V-600C, which was majorly ascribed to the oxygen

displacement in the phase mixture of cubic and tetragonal zirconia. Conversely, the
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elongation of Zr-O bond length was attributed to the electronegativity of metal and decrease
in the force constant as well as the wavenumber [46].

The Aig modes for O-Zr-O symmetric stretching (603 cm ) was associated to the
cubic structure [29, 30]. Raman spectra revealed peak of t-YSZ type vibration. Cubic to
tetragonal phase transition in doped zirconia occured via both enlargement of one of the
crystallographic axes and distortion of oxygen from ideal position in fluorite structure [47].
The triply degenerate Foq mode (465 cm ) was not observed (Figure 9) because of its IR
active nature. The space group of stable YSZ (8 mol% of Y,03) belong to Fm3m point group
with cubic fluorite type structure, which reveals six optical-phonon brances and yeilds three
zone-center frequencies. In the proposed YSZTFs one of this observed mode around 619 cm™*
was allocated to the F,q symmetric O-Zr-O stretching mode of micro-crystalline YSZ (cubic
phase). This in turn confirmed the presence of Fyy + (c-YSZ) + Ay and Eg (t-YSZ) in S120V-
600C as reported previously [45,49]. Furthermore, the observed increase in the wavenumber
was attributed to the oxygen vacancies mediated long range order in the anion sublattice or to
stable trasformation with more complex phases of lower symmetry. Such effects were
authenticated by examining the sensitivity of Raman spectra towards oxygen ions
polarizability and symmetry change of YSZ [47].

The red shift (from 641.879 to 635.272 cm™) of the asymmetric O-Zr-O stretching
mode (E, from 640 cm ) for S120V-600C film was attributed to the reduction of the lattice
compressive strain of the lattice due to annealing. This reduced compressive strain led to the
coalescence of smaller crystallites allowed the growth of larger grain with high crystallinity
[50,51]. Using the asymmetric brodening and red shift of Raman band, Jaffari et al. [40]
estimated the crystal size and inhomogeneous strain. Furthermore, the Raman spectra of all
samples displayed the weak band corresponding the monoclinic (177 cm™) and tetragonal

(260 cm™) structure. Thirupathy et al. [52] also observed a prominant Raman peak around
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147.18 cm*, assigned to the tetragonal phase of YSZ (t-YSZ). This result suggested that the
symmetrical stretching vibration involving the tetragonal and cubic pahse of zirconia was
sensitive to the substrate bias voltage variation which generated defects and oxygen
vacancies. Meanwhile, thermal effects altered the crystal size and led to the creation of
microstrain and shift in the vibrational peak position. In addition, it was shown that structural
evolutions in S120V-600C film could cause higher crystallinity (large grains) and more

intense Raman peaks compared to other samples.

3.6.  Fourier-transform Infrared Spectra

Figure 10 illustrates the room temperature FTIR specta of the studied YSZTFs in the
mid-infrared region (600 — 400 cm™). Table 3 summarizes the FTIR band positions and
assignments. FTIR band corresponding to the ZrO, functional unit together with stretching
vibration of symmetric metal oxide (M-O) bond of Zr(Y)-O at around 450 — 550 cm* were
evidenced, which was supported by other report [55]. Presence of weak M-O bands at 447,
485, 504, 523 and 532 for SOV, S40V and S120V films indicates their less phase
transformation. The observed intense transmission bands for S120V-600C film clearly
suggested the annealing temperature assisted strong phase transformation. Such phase
conversion could reduce the compressive residual strain development and thus enhanced the
ionic conductivity of YSZTFs [56,57].

The FTIR band occurred at 465 cm™ for S120V and S120V-600C films was allocated
to the Fo4 mode of their cubic structure. Present observation is different from the other report
on YSZTF containing 8 mol% of Y,03 [58,59] The appearance of FTIR band shift in the
region of 463 to 465 cm* for S120V film was attributed to the oxygen stretching vibrations in
the M-O linkages, which suggested the presence of fluorite-structure (metal dioxides) because

the amount of Zr bonded to the O was very high. Conversely, S120V-600C did not show any
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shift in the transmittance bands. The only allowed Raman mode (Fz5) was viewed as a
symmetric breathing mode of the O atoms around each cation [17]. The phonon vibration
mode for ZrO, unit was appeared at 480 and 560 cm* [60]. Both S120V and S120V-600C
films divulged intense IR bands at 417 cm* assigned to Zr-O sttetching vibration, in which
the absorption intensity was increased due to annealing at 600 °C. The presence of a weak
band at 416 cm™ for SOV and S40V films strongly indicated the presence of elongated and
weak Zr-O bonds with sluggish stretching vibration.

The occurrences of weak bands at around 422 to 423 cm*, 447 cm* and 516 to 523
cm* for S120V film was ascribed to the varied crystal structure in the evolved morphology.
This observation indeed supported the earlier argument where two kinds of structures could
have co-existed in the YSZTFs due to low and high substrate bias voltage and post annealing.
The weakening in the stretching vibration with increasing Zr content was attributed to the
higher atomic weight (91.224 g/mol) and lower ionic radius (0.84 A for Zr**) of Zr than Y
(atomic weight of 88.906 g/mol and 1.019 A for Y*"). Substitution of Zr by Y could elongate
and shorten the bond spacing around Y and Zr atoms, respectively [61]. Furthermore, an
enhancement in the nanocrystalline density (smaller crystallite size) could increase the
refractive index and thus the transmittance of the studied films. Generally, the transmittance
of the YSZTF is very low due to wide optical band gap. Moreover, this enhanced
transmittance was responsible for the alterations in the molecular vibration (Table 4), which
may be promising for improving the ionic conductivity of YSZTFs. It was asserted that the
variation in the RF bias voltage could selectively bombard the high energetic ions onto the
substrate to create unique film morphology effective for SOFC electrolyte applications [12].
These bombarded ions could remove the loosely bonded atoms from the substrate surface and
reduced the degree of contamination (defects, pores, inhomogeneity and dislocations) in the

deposited YSZTFs.
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4.0  Conclusion

We examined the structure and morphology evolution of YSZTFs as a function of
substrate bias voltages and annealing temperature. These films were grown using radio
frequency magnetron sputtering technique. Film annealed at 600 °C revealed improved
structures and morphology. Highly polycrystalline film (cubic symmetry) without any
impurities was achieved. The attained microstructures could be ideal for high oxide ion
conductivity required for SOFC electrolytes. Film prepared at 120 V exhibited dense
noncolumnar structure with least microstrain and co-existence of two crystal phases. These
films showed dense morphology with small crystallite sizes. The YSZTF prepared at bias
voltage of 120 V with 600 °C annealing displayed highest elemental traces (Zr, Y and O) and
lowest surface roughness (1.47 nm). Raman spectra of the deposited YSZTFs showed an
intense band at 488 cm™ and a weak band at 620 cm ™ assigned to Zr-O stretching vibrations.
FTIR spectra of YSZTFs (S120V and S120V-600C) divulged intermediate broad bands
around 465 cm™*, which were also allocated to Zr-O vibrations. The transmittance of the films
was improved with increasing bias voltage. It was established that the structure and
morphology of YSZTFs can be controlled by adjusting the substrate bias voltages and
annealing temperature, wherein such films may be beneficial as electrolyte for low

temperature SOFC operation.
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Figure captions

Figure 1: FESEM images of all YSZTFs with (a-d) top-view, and (A-D) cross-sectional view.
Figure 2: GAXRD pattern of studied YSZTFs

Figure 3: Refinement of GAXRD pattern fitted to Gaussian (solid curve) for the four major
peaks (a) [111], (b) [200], (c) [220] and (d) [311].

Figure 4: Lattice microstrain along four significant crystal lattice orientations.

Figure 5: AFM images and corresponding grain size distribution of (a-A) SOV, (b-B) S40V,
(c-C) S120V, and (d-D) S120V-600C.

Figure 6: Cross-sectional FESEM images showing scanned area (rectangular box) and the
corersponding EDX spectra of YSZTFs (a-A) S0V, (b-B) S40V, (c-C) S120V, and (d-D) S120V-
600C.

Figure 7: Detected elements (wt%) in the YSZTFs obtained using EDX spectral analysis.
Figure 8: Raman spectra of studied YSZTFs.

Figure 9: Raman band position and assignments compared to other reports for the studied
YSZTFs (a) SOV, (b) S40V, (c) S120V, and (d) S120V-600C. The symbols in the table

indicate the nature of the bands with sh for shoulder, w for weak, m for medium, b for broad,
and s for strong.
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Figure 10: FTIR spectra of the studied YSZTFs

Table 1: Average thickness of the studied YSZTFs.
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10 Table 2: Bias voltage dependent surface roughness, standard deviation and grain size of
1 YSZTFs.

14 Table 3: FITR band positions and assignments for studies YSZTFs compared to other reports.
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oNOYTULT D WN =

SOV Band position Assignment (ref.)
(cm™)
100.389 (sh) E, (tYS2) [52]
142.16 (m) Eg (t-YSZ[53]
3 175.095 (w) (M-YSZ) [54]
= 234.323 (w) undefined
E 273.804 (m) Eg (t-YSZ) [47]
.‘;__’ ' 336.841 (w) undefined
= 390.228 (w) undefined
& 468.829 (s) E, (tYSZ) [47]
478.594 (s) E, (tYSZ) [45,52]
619.095 (W) F,, (¢-YSZ) [45]
T 672.286 (m) undefined

40V Band position Assignment (ref.)
(cm?)
109.078 (sh) Eg (t-YSZ)[52]
142.16 (s) Eg (t-YSZ)[53]
gL 172.747 (m) (m-YSZ) [54]
3 229.665 (w) undefined
= 267.625 (w) Eg (t-YSZ) [47]
2 337.606 (w) undefined
E 400.858 (m) undefined
E 478.594 (s) Eg (t-YSZ) [45,52]
& 489.845 (s) E, (t-YSZ) [45,52]
628.659 (w) Foq (c-YSZ) [45]
641.879 (w) E, (t- YSZ) [43,45]
660.933 (w) undefined
pros e 674.095 (w) undefined
Raman shift (cm™) 689.961 (W) undefined
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236.651 (w) undefined
266.851 (b) Eg (t-YSZ) [43]
322.282 (m) Eg (t-YSZ) [45]
403.892 (sh) undefined
480.845 (s) E, (t-YSZ) [45,54]
641.879 (w) E, (t- YSZ) [43,45]
663.860 (w) undefined
675.556 (w) undefined

Page 34 of 36



Page 35 of 36

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - MRX-114290.R1

S120V-600C Band position Assignment (ref.)
(cm™)
% 100.389 (sh) E, (tYSZ) [52]
(d) 7/ 10\ 140.588 (s) Eg (+-YSZ)[53]
g == | 173.530 (b) (m-YSZ) [54]
T —2 / \ 241.305 (w) undefined
S ey / } 271.487 (b) Eg (t-YSZ) [47]
it | g/ !1‘ \‘ 4 | 324.583 (W) By, (-YSZ) [45]
g \\\ I 8/ M\ _Z1 | 393.266 (m) undefined
=™ .,(“ ~| 3 /«,/*“\ e g“jN 479.345 (s) E, (t-YSZ) [45,52]
E =\, 2% / &zl / 487597 (s) | E,(t-YSZ)[4552]
RE 2of N1 & 3/ B T 624.246 (W) Fag (C-YSZ) + Ay
zof \3 3 2V N AT and Eg (t-YSZ) [45]
\ 23/ o 635.272 (W) Faq (C-YSZ) + Ay
210 \\ ?}‘/'(/‘/rf and Eq (t-YSZ) [45]
100 26;/ 300 400 500 700 800 647.748 (W) Eq (t' YSZ) [43745]
Raman shift (cm™) 674.095 (w) undefined

Figure 9: Raman band position and assignments compared to other reports for the studied
YSZTFs (a) SOV, (b) S40V, (c) S120V, and (d) S120V-600C. The symbols in the table
indicate the nature of the bands with sh for shoulder, w for weak, m for medium, b for broad,
and s for strong.
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Table 1:
Sample Code Mean Mean Crystallite Microstrain (%) along
Thickness Size (hm) different direction
(nm)
SOV 196.6 - -
S40V 225.2 19.92 0.427
S120V 115.4 17.39 0.311
S120V-600C 208.4 17.78 0.296
Table 2:
Sample Code Surface roughness (nm) STDV (hm) Mean grain size (nm)
SOV 8.44 40.590 -
S40V 4.25 23.573 98.092
S120V 3.18 19.327 107.905
S120V-600C 1.47 26.493 121.3594
Table 3:
Band position (cm ') for YSZTFs Ref.
Band assignments SOV S40V | S120V | S120V-600C
Stretching of the Zr(Y)-O 407 404 407 -
bonds (Intense bands) 416 416 417 417 419 [61]
422 422 - 423 Present
work
Stretching of the Zr(Y)-O [ 427 428 431 435 This work
bonds _ (Intermediate broad 439 436 439 440 This work
adsorption) 447 447 § 447 This work
464 463 465 465 This work
Stretching of the Zr(Y)-O 455 - 455 455 458 [61]
bonds (Strong broad
adsorption)
- - - 485 480 [60]
- - - 504 504 [61]
Stretching of the Zr(Y)-O 516 519 - 523 This work
bonds (Weak shoulder) - - - 532 594,
632,636
[61]
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