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Characteristics of nanocrystalline CeO- thin films deposited on different
substrates at room temperature
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Nanocrystalline cerium oxide (CeO2) thin films have been deposited over Si (100), Ni-W (200) and Al2O3 (0006) substrates
at room temperature by RF magnetron sputtering. The effect of RF sputtering power and deposition pressure on the optical
and wettable properties of CeO: thin films has been investigated. X-ray diffraction patterns show the dominant single
orientation (111) of CeOz thin films deposited on different substrates at 150 W applied RF power and 5 m Torr deposition
pressure. But the value of full width at half maxima is found to be different on different substrates and varies in the range from
0.47°-0.65°. The corresponding crystallite size is also found to be varying from 16.94-12.46 nm. For these deposition
parameters ellipsometer results reveal that the refractive index and band gap values are close to that of standard values. Thus,
our results demonstrate that following sputtering process it is possible to deposit highly crystalline single oriented (111) CeO2
thin films over different substrates even at room temperature simply by optimizing process parameters. Further, contact angle
measurements indicate that all the deposited CeO: films show hydrophobic in nature.
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1 Introduction

Thin films of cerium oxide (CeO;) have received
much attention because of their fascinating optical
properties, such as high refractive index, good
transmission in the visible and infrared regions and
a wide band gap (3.2-3.6 eV), high refractive index
(2.2-2.8) and high dielectric constant'*® (23-26). CeO;
has cubic fluorite structure with a lattice parameter®>
of 5411 A. Its combined optical and electrical
properties are highly desirable for applications such
as electrochemical systems, fuel cells, capacitor
material for dynamic random access memory and
optoelectronic devices®. Also, thin film of CeO; is an
attractive material because of its potential applicability
as passive counter electrode in electro chromic smart
windows’. The Ce ion in the CeO, film exhibits
both +3 and +4 oxidation states, which are suitable
for valency change switching process®!?. Further,
CeO; has a good structural compatibility with YBCO
superconductor and Si and also has an excellent
thermal and chemical stability with Ni, and thus
serves as a good buffer layer for superconductor,
semiconductor and piezoelectric  films over
metal substrates'!!?,

*Corresponding author (E-mail: kmks@nplindia.org)

The properties of materials like structural, optical,
electrical, mechanical, catalytic etc. get changed with
reducing the grain size from bulk to nanocrystalline
thin films and play an important role in the potential
device applications. The optical properties of the CeO»
films have been reported by several workers providing
different values for the refractive index (n) and
the optical band gap (Eg) in the range 1.78-2.6 and
2.0-3.6 eV, respectively>!*16,

Wettability is a fundamental property of a solid
surface, which has a variety of practical applications in
the fields of daily life, industry, and agriculture.
Wettability is the ability of solid surface to reduce
the surface tension of a liquid in contact with the
surface such that it spreads over the surface and wet
the  surface!”'®.  Many  materials  surfaces
exhibit hydrophobic/hydrophilic nature. Hydrophobic
characteristics have many research applications in
corrosion prevention, liquid conveyance, self-cleaning
surfaces, and among other fields'>?>. The specific
interesting properties of hydrophilic coatings are less
dirt, easy to clean, antifogging and inhibition of growth
for vegetation and bacteria®?*. CeQ, is mostly studied
one with regard to its wetting properties due to its
abundant availability and low cost compared to other
rare earth oxides (REOs)®. It is to be noted that the
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surface chemistry of the materials plays a significant
role in determining the wettability, which in turn
depends on the deposition technique and related
deposition parameters. Recently Khan et al.*® have
reported that how excess surface oxygen in REOs can
negatively impact hydrophobicity. Singh et al.?® have
reported that the wettability of the sputtered CeO, films
varies from hydrophobic to hydrophilic with respect to
increasing substrate temperature on Si substrate.
However, the effect of other process parameters and
the role of the substrates on the wettability of room
temperature deposited CeO; thin films were not
reported. Thus, all the above discussion indicates that
the properties of deposited/grown CeO thin films
depend on the deposition technique and the related
process parameters.

Keeping in view of the wide range of applications
of CeO, many workers have tried to deposit CeO, thin
films by variety of techniques, viz, E-beam
evaporation?’, RF/DC magnetron sputtering'®%, cathodic
electrodeposition’®?, pulsed laser deposition®, laser
molecular-beam epitaxy®, chemical vapor deposition®!,
sol-gel'®3233 and so on, and reported the structural
and optical properties. Among various deposition
techniques, RF/DC magnetron sputtering has been
recognized as a promising versatile technique for the
deposition of stoichiometric film of metal oxides. Its
main advantages are good adhesion to substrates, and
high density and homogeneity of deposited films.
Moreover it permits large scale deposition of high
quality films at high deposition rates**33. In most of the
cases CeQO; thin films have been deposited/annealed at
high temperatures to achieve high quality films.
However, our present work shows it is possible to
achieve the high quality nanocrystalline CeO, thin
films on different substrates even at room temperature.
We have used the RF magnetron sputtering technique
for the deposition of CeO, thin films at different
process parameters and the related results are presented
in this paper.

2 Experimental Details

CeO; ceramic target (purity 99.99%) and Ar (purity
99.999%) gas have been used for the preparation of
nanocrystalline CeO, thin films on Si, Ni-W and Al,O3
substrates. Before deposition all the substrates were
first degreased in boiling trichloroethylene (TCE),
followed by acetone methanol, and de-ionized water
cleaning. In case of Si, the substrate was dipped in 10%
HF for 10 s to remove the native SiO; layer, followed
by rinsing in de-ionized water. All chemicals used for

cleaning the substrates were semiconductor grade
(Merck Ltd).

In-house designed and fabricated downstream RF
magnetron sputtering system was used for the present
work. A turbo-based pumping system, backed by
roots and rotary pumps, was used to achieve a base
pressure below 3x10°¢ Torr. The distance between the
sputtering target and substrate was fixed at 3 inch. The
deposition pressure in the vacuum chamber was
measured by a compact process ion gauge (Pfeiffer)
and the gas flow rate was accurately controlled by
mass flow controllers (Aalborg, model: GFC-17). All
the CeO; thin films were deposited at room
temperature and the applied RF sputtering power and
deposition pressure were varied from 100 to 150 W
and 5 to 30 mTorr, respectively.

The structural properties of CeO, thin films
were characterized by an X-ray diffractometer
(Bruker, Germany, model: D8-Avalance), using Cu Ka
radiation at 1.54 A in 0-20 geometry. The optical
properties of CeO, thin films were studied by
spectroscopic ellipsometer (J A Woollam, model:
VASE32) and the optical parameters were calculated
in the wavelength range 250-1200 nm, for the incident
angles 55°, 65° and 75°. The contact angles of CeO»
thin films were recorded by Sessile drop method
(Data physics model OCAI15EC) to determine the
wetting behaviour of deposited films.

3 Results and Discussion

Figure 1 shows the X-ray diffraction (XRD) pattern
of nanocrystalline CeO; thin films deposited on Si
(100) substrate at room temperature. At 100 W RF
power and 30 mTorr deposition pressure the film
shows (111) and (220) peaks of CeO, with poor
crystallinity and no preferred orientation was observed.
Keeping the RF power fixed at 100 W and decreasing
the deposition pressure to 5 mTorr, it shows single
peak of (111) orientation with high crystalline quality.
Similarly, at 150 W RF power and 5 mTorr pressure
the film shows highly intense peak of (111) orientation,
while at 30 mTorr it shows multiple peaks with poor
crystallinity. The formation of both (111) and (220)
orientations and poor crystallinity at high pressure can
be explained on the basis of the relation between
sputtering pressure and mean free path of gas
molecules®. The mean free path of the sputtering gas
molecule is given by:

A= 233X 10—20% (D
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Fig. 1 — X-ray diffraction pattern of CeOz thin films deposited on
Si (100) substrate at different deposition parameters.

where T, P and O are the temperature, pressure and
molecule diameter, respectively. The above equation
indicates that the mean free path is inversely
proportional to the pressure. Thus as the deposition
pressure increases (30 mTorr) there is a reduction in
mean free path, which increases the collision
frequency, and would reduce the sputtering rate and
result in change in the orientation and crystallinity. Due
to this reason, the considerable change in the
crystallinity has not observed at high deposition
pressure with increasing the RF power. While, at low
deposition pressure of 5 mTorr, the less number of
sputtered molecules will undergo collisions with the
sputtering gas, resulting in retention of the kinetic
energy of the sputtered molecules. Hence more number
of sputtered molecules reaches the surface of substrate
with high kinetic energy and their mobility increases
on the substrate surface, leading to more crystallinity
with increasing the RF power to 150 W. This indicates
that the crystallographic orientation of the films can be
controlled by sputtering parameters, i.e., sputtering
power and pressure has a great influence on the
structural properties of the CeO; films.

The crystallite size (d) of the films was calculated
using the well known Scherer’s formula®’ as follow:

0.91
= Beoso .. (2

Table 1 — Calculated parameters of nanocrystalline CeOz thin
films deposited on Si substrate

Calculated parameters 100 W 150 W

30 mTorr 5 mTorr 30 mTorr 5 mTorr
FWHM (degree) 0.82 0.72 0.82 0.47
Crystallite size (nm) 9.85 11.25 9.85 16.94
Lattice parameter (nm) 0.549 0.545 0.550 0.545

where A, 0 and B are the X-ray wavelength (1.544),
Bragg diffraction angle and full width at half-
maximum (FWHM), respectively. The calculated
crystallite size, FWHM and lattice constant along (111)
peak and the values are shown in Table 1. The value of
FWHM was found to decrease from 0.72° to 0.47° and
the corresponding crystallite size was increased from
11.22 nm to 16.94 nm with increasing the RF power
from 100 to 150 W at 5 mTorr. On the other hand at
30 mTorr deposition pressure no considerable change
is observed with increasing the RF power from 100 W
to 150 W. The crystalline formation of deposited film
occurs due to either substrate heating or the energy
supplied by the energetic Ar® ions bombardment
during sputtering process’!. In the present experiment,
we have not used the substrate heating during the
deposition. Thus the energetic sputtered particles
impinging on the film surface are the only reason for
crystallization of CeO; thin films.

In order to see the influence of substrate type we
have also deposited the nanocrystalline CeO thin films
over flexible Ni-W (200) and Al>O3; (0006) substrates.
The deposition pressure was fixed at 5 mTorr and RF
power varies from 100 W to 150 W as shown in the
XRD pattern in Fig. 2. All the deposited films show
only (111) orientation at 100 W RF power and the
intensity of (111) peak increased as the RF power
increases further to 150 W. These results are similar to
the nanocrystalline thin films deposition on Si substrate
at same deposition conditions. We have calculated the
crystallite size, FWHM and lattice constant along (111)
peak and the values are shown in Table 2. The value of
FWHM was found to decrease from 0.75 to 0.51° and
from 1.25 to 0.65° and the corresponding crystallite
size was increased from 10.72 to 15.60 nm and from
6.40 to 12.46 nm for the films deposited on Ni-W and
AlLOj; substrates, respectively, with increasing the RF
power from 100 to 150 W.

The optical properties of CeO- thin films deposited
on Si substrate were studied by spectroscopic
ellipsometer (SE) in the wavelength range of
250-1200 nm. SE measurements provide the data related
to the ellipsometer angle ¥ and phase A with respect to
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Fig. 2 — X-ray diffraction pattern of CeOz thin films deposited on
(a) biaxially textured Ni-W and (b) Al2Os substrate at different
deposition parameters.

Table 2 — Various calculated parameters of nanocrystalline CeO2
thin films deposited on biaxially textured Ni-W and Al.0;

substrate
CeO2/Substrate Ni-W ALOs
Calculated parameters 5 mTorr
100 W 150W 100 W 150 W
FWHM (degree) 0.75 0.51 1.25 0.65
Crystallite size (nm) 10.72 15.60 6.40 12.46
Lattice parameter 0.547 0.545 0.543 0.545

wavelength (A) or photon energy. It is a non-destructive
model fitting based technique, which minimizes the
difference between measured experimental and
calculated fitting values as a function of wavelength.
The experimental data has been fitted using Tauc-
Lorentz (TL) model for the air/CeO,/Si structure which
takes into account the film thickness and contribution
of the substrate'>. The solid line in the Fig. 3 represents
the model-fit data and it can be seen that all the features
present in the experimental spectra are reproduced by
the model fit. The fitting parameters within the
parametric dispersion model yields thickness of CeO,
thin films and is summarized in Table 3. It can be seen
that the thicknesses of CeO, thin films strongly depend
on the deposition parameters. The thickness increases
with increasing the RF power from 100 to 150 W at
both the deposition pressures 5 mTorr and 30 mTorr.

The reason may be the same as we have explained
above that the growth rate depends on the deposition
conditions and should be different at different
deposition parameters that results the change in
film thickness.

Figure 4(a, b) represents the refractive index (n) as
a function of wavelength in the range of 250-1200 nm
as obtained from the corresponding ellipsometric data
of CeO, thin films deposited on Si substrate. The
observed value of 7 at 650 nm wavelength of deposited
CeO;, films varied from 2.36 to 2.42 eV, which are well
matched to the reported values of n for CeO» thin films
(2.2-2.6) and single crystal (2.4-2.56) in the literature3®-
40 The reason for the variation of n may be due to the
change in packing density and crystallinity at different
deposition conditions as observed from XRD results.
At 30 mTorr, the refractive index decreases with the
increase in power from 100 to 150 W. This is because,
at 100 W the growth rate is low as a result the collision
frequency is also low even the pressure is high. So the
packing density may be better at 100 W than 150 W RF
power. While at 5 mTorr the packing density
and crystallinity is improved with increasing the
power from 100 to 150 W due the low collision
frequency at low pressure. This improves the value of
refractive index.

The extinction coefficient (k) of CeO; films deposited
on Si substrate at different process parameters is shown
in Fig. 4(c, d). Extinction coefficient is the imaginary
part of the complex index of refraction, which also
relates to light absorption. It defines how strongly a
substance absorbs light at a given wavelength and is
directly related to the absorption coefficient as follow*':

k = aA/4m ...(3)

where o and A are absorption coefficient and
wavelength, respectively. It is clear from the graphs
that all the CeO, films show absorption in UV region,
but in the visible and IR range the values of k are
negligible, i.e., almost zero. These results indicate
that the CeO; films are highly transparent in the
visible range.

According to inter-band absorption theory, the
optical band gap of the films can be calculated using
the Tauc relation* as following:

ohv = A(hv - E)" .4

where A4, E,, hv and n are the probability parameter
for the transition, band gap of the material, incident
photon energy and the transition coefficient (n = 2 for
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Fig. 3 — Experimental and model fitted ellipsometric parameter (‘¥)
mTorr, (¢) 150 W, 30 mTorr and (d) 150 W, 5 mTorr, respectively.

Table 3 — Calculated optical parameters of nanocrystalline CeO2
thin films deposited on Si substrate

Calculated parameters 30 mTorr 5 mTorr
100 W 150 W 100W 150 W

Thickness (nm) 84.98 207.47 69.31 260.36

Refractive index at 2.40 2.37 2.36 2.42

650 nm

Optical band gap (eV) 3.22 3.11 3.19 3.20

indirect and n = 1/2 for direct band gap), respectively.
The absorption coefficient o has been extracted from
the ellipsometric data after model fitting. Here, the
indirect band gap of the CeO, films was evaluated by
extrapolating the straight line part of the curves (ahv)'?
as shown in Fig. 5. The calculated values of band gap
of CeO; thin films was found in the range 3.11 to
3.22 eV and are shown in Table 4. The reason may be
due to the fact that packing density and crystallinity are
changed with deposition conditions and these results
are in agreement with the XRD results and refractive
index values. Bueno et al.** have observed the single
oriented nanocrystalline CeO; films on pyrex substrate
at room temperature by sputtering technique with the
refractive index and band gap values 2.25-2.4 and
3.1 eV, respectively, and is supporting our present
results. Thus, our results demonstrate that high quality

Wavelength (nm)

of CeO: thin films deposited at (a) 100 W, 30 mTorr , (b) 100 W, 5

(111) single oriented nanocrystalline CeO, thin films
can be deposited over different substrates even at room
temperature by simply optimizing the power and
pressure following sputtering technique.

Wettability of solid surfaces is governed by their
surface free energies and surface geometrical
structures. The water contact angle (WCA) on the
surface of interest* indicates the wetting nature of the
surface whether it is hydrophobic (if the contact angle
is 0 > 90°) or hydrophilic* (if the contact angle 0 is
< 90°). Wetting properties of nanocrystalline CeO,
thin films are studied by contact angle measurement.
The contact angle of CeO, thin film deposited on
Si substrate is shown in Fig. 6. The results show
increasing hydrophobicity with the increasing
deposition pressure from 5 to 30 mTorr at both RF
powers (100 W and 150 W) and the results are
summarized in Table 4. The contact angle value of thin
film deposited at 100 W increased from 98.75° to
108.64° with increasing the deposition pressure from
5 to 30 mTorr. While the contact angle value at 150 W
increased from 103.12°to 108.68° with increasing the
deposition pressure (5 to 30 mTorr). The increase in the
contact angle, i.e., the hydrophobic nature may be
due to the fact that packing density and crystallinity are
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Table 4 — Contact angle measurement images of CeOz thin
films deposited on Si, Al203 and Ni-W substrates at different
deposition conditions

100 W 150 W

CeO2/Substrate 30 mTorr 5 mTorr 30 mTorr 5 mTorr
Si 108.64° 98.75° 108.68° 103.12°
ALOs 112.77° 99.45° 104.25° 98.32°
Ni-W 99.96° 91.40° 109.39° 97.94°
(a)

108.68°

Fig. 6 — Contact angle images of CeO: films deposited on Si
substrate at (a) 100 W, 30 mTorr, (b) 100 W, 5 mTorr, (c) 150 W,
30 mTorr and (d) 150 W, 5 mTorr, respectively.

changed with the deposition conditions as we have
explained in the XRD and optical results.

For the sake of comparison, we have also measured
the contact angle of CeO; thin films deposited on
Ni-W and Al,Os substrates (images are not shown
here) and the results are summarized in Table 4. It is

observed that on all the substrates the CeOs thin films
show only hydrophobic nature. The contact angle was
found to increase with increasing deposition pressure
at both RF powers (at 100 W and 150 W). But the
contact angle at the same deposition parameters was
found different on all three substrates. For example at
100 W and 5 mTorr the contact angle was 98.75°,
112.77° and 91.4° of CeO; thin film deposited on Si,
AlO; and Ni-W substrates, respectively. Thus, these
contact angle measurement results further confirm that
along with structural and optical, the wettable
properties of CeO; films are dependent on the process
parameters as well as on the type/nature of substrate.

4 Conclusions

In summary, we have deposited nanocrystalline
CeO; thin films on different substrates (Si, Al,O3 and
Ni-W) at room temperature by RF magnetron
sputtering technique. The structural, optical and
wettable properties of the deposited thin films were
investigated at different process parameters. The XRD
studies of the as deposited CeO: thin films at 150 W RF
power and 5 mTorr deposition pressure show
predominant (111) orientation on all the substrates.
Optical properties extracted from ellipsometer results
reveal that the refractive index (2.42) and band gap
(3.2 eV) values are at par with that of standard values.
Contact angle measurements indicated that all the
deposited CeO; thin films are of hydrophobic nature.
Thus, our results demonstrate that single oriented (111)
nanocrystalline CeO; thin films can be deposited over
different substrates even at room temperature simply
by optimizing the sputtering process parameters.
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