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Samarium doped cerium oxide films were grown on the glass substrate using e-beam deposition tech-
nique and then characterized using different techniques: X-ray diffraction (XRD), field emission scanning
electron microscopy (FE-SEM), Raman spectroscopy and UV-visible spectroscopy measurements. XRD
analysis shows that all the films have cubic structure and the crystallite size decreases from 18 to 13 nm
as the samarium (Sm) concentration increases. The FE-SEM images indicate that all the films have colum-
nar growth. UV-visible measurements reflect that the films have high transparency (>80%) in the visible

IC(ZJ(’)‘Q’OMS" region. From the Raman spectra, we have observed two peaks at 466 and 565 cm~!. The peak at 466 cm™!
XRD is assigned to the F>, mode of cerium oxide (CeO,) whereas the peak at 565 cm~! is due to the presence
Defects of the oxygen vacancies. The increase in the intensity of the peak at 565 cm~" indicates that the oxygen
Raman spectra vacancy increases with Sm doping.

Fuel cell © 2011 Elsevier B.V. All rights reserved.
Thin films

1. Introduction

The materials having high oxygen ion conductivity are impelled
by a number of important applications, such as solid oxide fuel cells
(SOFCs) and oxygen sensors [1-5]. A number of studies have shown
that materials with grain size less than 100 nm exhibit optical, elec-
trical, catalytic and mechanical properties that are different than
those observed for bulk materials [6-9]. These possibilities have
created a new challenge for research in ion-conductive materials
such as cerium oxide. CeO, and CeO, based compounds have been
extensively studied and employed in various applications includ-
ing catalysts, oxygen permeation membrane systems, polishing
materials and UV blockers [10-13]. In particular, the high ionic
conductivity of doped CeO, makes it an attractive and potential
electrolyte for SOFCs that operated at lower temperatures as com-
pared to conventional SOFCs employing doped zirconium oxide as
the electrolyte and operating above 800 °C [14-19]. Currently, this
high operation temperature for SOFCs limits the full developments
of these environmental friendly high-efficiency electrical power
generating systems. One of the ways for lowering the working tem-
perature and increasing the performance of SOFCs is to use the
thinner layers of electrolytes with high oxygen vacancies. Because
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in these electrolytes, the current is carried by oxygen ions that are
transported by oxygen vacancies, present to compensate for the
lower charge of the dopants cations. Moreover, thinner and opti-
mum grain size electrolytes are needed to reduce the resistance
to ionic transport [20]. The extensive study have been done on
oxygen-ion conductivities of CeO,-based electrolytes doped with
various rare earth ions (La3*, Sr2*, Y3*, Sm3* and Gd3*) at different
concentrations [15,16]. Among them samarium (Sm3*) doped CeO,
was found to exhibit the highest oxygen-ion conductivity at certain
fixed doping level [17,18].

Many research papers have been reported about the optical
properties of CeO, films. The CeO, based films have high refractive
index (between 1.6 and 2.4), dc permittivity and transparency in the
visible and, near- and mid-IR [21-25]. The direct band gap of CeO,
films varies between 3.2 and 3.6 eV. However, a higher value up to
4.14 eV isalsoreported for different nanostructures of cerium oxide
[25-28]. Due to these interesting properties, CeO, based films have
been also proposed for optical, microelectronics and optoelectronic
device applications [29,30]. Several techniques have been used to
deposit CeO, based films such as: tape casting, screen printing, spin
coating, sol-gel, chemical vapour deposition, sputtering and elec-
tron beam evaporation [10-13,22]. Among these, physical vapour
processing methods are good for making very thin and dense films
with controlling their thickness, porosity, crystalline structure and
other parameters.

In the present study samarium doped cerium oxide thin films
were deposited by electron beam evaporation technique. The aim
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Fig. 1. Diffraction patterns of SDCO thin films deposited on glass substrate at sub-
strate temperature of 300 °C.

of this work is to study the influence of samarium doping on the
characteristics such as: structure, grain size, morphology, vacancy
formation and optical properties.

2. Experimental details

Samarium doped CeO, (SDCO) thin films were prepared by e-
beam deposition technique on glass substrates in a high vacuum
chamber (base pressure ~ 10~6 Torr). The substrates were cleaned
in an ultrasonic bath (in pure acetone) for 15 min and then washed
with distilled water. Finally, their surface was dried by blow of
Argon gas. High purity (99.99%, Aldrich) CeO, and samarium oxide
(99.99%, Aldrich) were used in this experiment. The SDCO powders
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Fig. 2. Full width at half maximum (FWHM) of SDCO thin films: (a) from XRD; (b)
from Raman spectra.

——_—______-.-—-"'-
0.45}F °/ 115
*
6 v

were prepared by conventional solid state reaction technique and
used as the evaporation material. Before deposition, SDCO pow-
ders were pressed into pellets and sintered at 1200°C for 12 h. The
distance between the substrate and target was fixed at ~45 cm to
obtain a uniform thickness of the films. The films were deposited
at substrate temperature of 300 °C for 40 min. A constant substrate
temperature and e-beam gun power of 0.40 kW were chosen to
study the influence of samarium doping on the morphology, struc-
ture, defects and optical properties of the as deposited films.

The film structure was analyzed using a X-ray diffractome-
ter (Rigaku MiniFlex II) operating with Cu K, (A =1.5406A, 30kV,
15 mA) radiation. A typical scan range of 20-70° (26) and a step size
of 0.02° (20) were used. The crystallite size (D) of SDCO films were

Fig. 3. SEM picture of the surface of SDCO thin films deposited at substrate temperature of 300°C: (a) 0% Sm; (b) 10% Sm; (c) 15% Sm; (d) 20% Sm.
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Fig. 4. SEM picture of the cross section of SDCO thin films deposited at substrate temperature of 300°C: (a) 10% Sm; (b) 20% Sm.

calculated using Scherrer’s equation [31]:

0.91
Bpyg Cos Opyg

D = (M
where X is the wavelength of the radiation, 8y is the diffraction
angle, and By, is the full width at half maximum of the (hkl) diffrac-
tion peak. A field emission scanning electron microscope (FE-SEM)
(TESCAN; MIRA II LMH, 30kV) was used to investigate the mor-
phology and thickness of SDCO thin films. The Raman spectra were
recorded using a micro-Raman spectrometer (NRS-3100) with a
514.5nm Ar* laser as an excitation source in the backscattering
configuration at room temperature. The spectral resolution was
1cm~1.The optical properties of the films were investigated using
an UV-VIS-NIR light spectrophotometer (JASCO, V570) in trans-
mission mode.

3. Results and discussion

Fig. 1 shows the XRD patterns of the prepared SDCO thin films.
All the diffraction patterns of the samples correspond to the flu-
orite cubic structure of SDCO (JCPDS Card No. 89-8436, 75-0157
and 75-0158 for 0, 10 and 20 wt% of samarium doping respectively)
with Fm3m space group. No evidence of any other secondary phase
was detected for all the samples. It shows well doping of samar-
ium in host matrix without any impurity peaks. For comparison,
XRD pattern for bulk CeO, was also plotted. It is observed that
all films show polycrystalline behavior with maximum intensity
for the (11 1) peak when cubic phase SDCO pellets used as evap-
oration material. As deposited SDCO thin films repeat the crystal
structure for all doping concentrations and keeps cubic (111) as
highest intensity peak. Fig. 2 shows FWHM (full width at half max-
imum) observed from the (11 1) XRD peak and (466 cm~!) Raman
peak for all films. The FWHM increases as the samarium concen-
tration increases. The crystallite size decreases from 18 to 13 nm as
the doping (Sm) increases.

Fig. 3 represents the FE-SEM image of Sm doped CeO, films. It
is observed that the Sm doping affects the crystallite size of the
films. It can be seen from the FE-SEM micrograph that the grains
have triangular shape. In order to see more insight of the growth,
we have performed cross-sectional FE-SEM measurement of the
Sm doped CeO,, films as shown in Fig. 4. It is found that most of
the columnar grains are oriented in the direction-perpendicular to
the substrate with small gaps in between. The surface morphology
is more clear in case of 20% Sm doped CeO, film as compared to
pure CeO, film. A slight compact and dense structure is observed
with 20% of Sm doping (Fig. 3). The incorporation of Sm in the CeO,
thin films leads to a change in structure and surface morphology

of the films, as can be seen from Figs. 3 and 4. Similar observations
were also found in the formation of doped CeO, thin films in earlier
report [32].

Raman scattering was investigated in order to carefully identify
the lattice disorder. Fig. 5(a) shows the Raman spectra of nanocrys-
talline SDCO thin films compared with the spectrum of a pure CeO,
film. The main peak was observed at 466 cm~! for pure CeO, film,
which is attributed to a symmetrical stretching mode (F,) of the
Ce-08 vibrational unit [33]. If there is any disorder in the oxy-
gen sublattice, this mode should be influenced by a broadening
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Fig. 5. Raman spectra of (a) SDCO thin films; (b) normalized.
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Fig. 6. (a) UV-visible spectra of SDCO thin films; (b) plots of (ahv)? versus photon
energy (eV) for the pure CeO; film and 20% Sm doped.

of the line and an increase in its asymmetry which is attributed
to reduction of the phonon lifetime in the nanocrystalline regime
[34]. Fig. 2 shows the FWHM (line broadening of F», mode) of SDCO
films increases in comparison with that of pure CeO, film, which
corresponds well to common features of the rare earth-doping (La,
Pr, Nd and Gd) effect on the Fy; band. The Raman line broadening
can be described by the dependence of its FWHM upon the grain
size. The FWHM of the Raman line is inversely proportional to the
grain size. Fig. 5(b) shows line broadening on both the low and high
frequency sides with increasing Sm doping, which reveals that the
grain size decreasing with the increase in Sm doping. These results
are very well matched with the XRD results of all deposited SDCO
films.

The normalized Raman spectra presented in Fig. 5(b), clearly
show an additional Raman band at 565 cm~! which corresponds to
oxygen vacancies formed by a trivalent dopant [35]. Mcbride et al.
[35] reported that the qualitative trends in Raman spectra for lan-
thanides doped CeO,, are the same for all dopants and the intensity
of the Raman peak at 570 cm~!for La-doped CeO, increases uni-
formly with La doping. In the present work, it can be seen that the
intensity of defects induced band in the spectra increases with the
Sm3* doping, but only after the spectra are normalized with respect
to the integrated F,; mode strength. Thus, the oxygen vacancies can
be controlled in the CeO, matrix by variation of Sm doping concen-
tration. It also confirmed the possibility of incorporation of Sm in a
CeO, matrix as previously indicated by the XRD analysis.

UV-visible measurements have been carried out to investigate
the optical properties. Fig. 6(a) shows the transmittance spectra of

SDCO films. All films have high (>80%) transmittance in the visi-
ble region of the spectrum. Also, it was observed that there is no
transmittance at wavelengths lower than 300 nm. Inset of Fig. 6(a)
shows the UV-visible absorption pattern of pure CeO, thin film.
From the absorption data the band gap energy (Eg) of these films
was calculated using the Tauc’s equation:

ahv = A(hv — Eg)" (2)

where « is absorption coefficient and n is a constant which depends
on the probability of transition; it takes the values 1/2, 3/2, 2, and 3
for direct allowed, direct forbidden, indirect allowed, and indirect
forbidden transitions, respectively. Fig. 6(b) shows the variation of
(achv)? versus hv, which is a straight line in the higher energies
domain, indicating a direct optical transition. The band gap energy
Eg is obtained by extrapolating the linear portion of the graph to
energy axis at « = 0. For the direct band gap, the values are between
3.2 and 3.5eV, in agreement with the literature [25,30,36]. These
values are slightly lower than those reported by Guo et al. [36]
and Murali [37], who observed values between 3.53 and 3.6eV. In
contrast, much higher values were observed by Zhang et al. [28]
and Tsunekawa et al. [38], up to 3.95 and 4.17, respectively. These
authors explain such high values by quantum confinement effects
for nanorods and nanoparticles, respectively. In our case, the result
shows that the band gap reduces from 3.65 eV for un-doped CeO,
thin film to 3.58 eV for 20% Sm doped CeO,, thin film. This decrease
in the band gap may be attributed to the more oxygen vacancies
present in the 20% Sm doped CeO, thin film.

4. Conclusions

Effect of Sm doping on morphology, structural and optical prop-
erties of the CeO, thin films deposited by e-beam evaporation on
glass substrate at 300°C was investigated. The XRD results show
that as deposited SDCO films are cubic with dominating orientation
(11 1)and reproduce the crystal structure of the chosen evaporated
material. Crystallite size decreases from 18 nm to 13 nm, when Sm
doping was increased from 0 to 20 wt%. The analysis of normal-
ized Raman spectra revealed that, the intensity of the Raman band
found at 565cm~! (due to oxygen vacancies) increases with Sm
doping. The peak corresponding to F,; mode of CeO is broadened
and blue shifted with incorporation of Sm in CeO, films. FE-SEM
images showed change in morphology of the films with doping
and optical studies showed >80% transparency in the visible region
with reduction in band gap from 3.65 eV for pure CeO, to 3.58 eV
for 20% Sm doped thin film.
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