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Samarium doped cerium oxide (SDC) thin films were deposited onto optical quartz (SiO2) and Alloy 600 (Fe-Ni-Cr)
substrates by e-beam evaporation of Sm0.15Ce0.85O1.95 nanopowder. The influence of electron gun power and temperature
of substrate on film thickness, porosity, refractive index and crystallite size was studied. Properties of the deposited films
were studied by scanning electron microscopy (SEM), X-ray diffraction (XRD), and transmittance spectroscopy in a
visible light wavelength region. Thickness, porosity, and refractive index of films on optical quartz were calculated from
the transmittance spectra data by using Swanepoel method. It was determined that electron gun power (in range from
0.12 kW to 0.78 kW) has influence on film thickness (increased from 0.7 μm to 4.8 μm) and crystallite size (increased
from 5 nm to 19.2 nm) which increase as the gun power increases. Decrease of porosity (from 34.8 % to 7.1 %) and
increase of refractive index (from 1.63 to 1.9), indicating the increase of film density, were observed while increasing
the temperature of substrate (from 100 °C to 600 °C) during evaporation.
Keywords: electron beam deposition, samarium doped ceria oxide (SDC), solid oxide fuel cells (SOFC), refractive
index, film porosity, film density.

1. INTRODUCTION ∗

Alloy 600 (Fe-Ni-Cr) substrates by e-beam deposition
technique and to determine how the e-beam gun power and
temperature of the substrate influence the parameters
mentioned above.

CeO2 is a ceramic material that has a fluorite structure
and exhibits very high stability up to its melting point.
Doping of this material with divalent or trivalent cations
creates oxygen vacancies within its crystal structure. Oxygen vacancies are essential for oxygen ion conduction
through the material. Presence of vacancies also allows
oxygen ions to be inserted in the lattice of the material in
oxygen rich environment ant to be extracted from it in a
low oxygen environment [1, 2]. A lot of new type of technologies such as catalysts, chemical sensors and gas purification membranes make use of these properties [3 – 6].
The main focus is to use this material as an electrolyte in
solid oxide fuel cells (SOFC) [7 – 12].
Extensive research shows that CeO2 doped with Sm or
Gd have the highest ionic conductivities from all of the
doped cerium oxide family of materials and one of the
highest ionic conductivities from all of the ion conducting
materials. This is especially noticeable in a 600 °C to
800 °C temperature range where ion conductivity of
samarium doped ceria oxide (SDC) can be three times
higher then YSZ at 800 °C which is most commonly used
as an electrolyte in SOFC technology [7 – 10].
Electrolyte is one of the smallest but also one of the
most important components of SOFC. Many parameters
such as thickness, density, grain size, grain boundary
surface area, impurities and others can influence ion
conduction through the electrolyte and the overall
performance of a fuel cell as well. Thus the choice of the
material for electrolyte is as much important as the quality
of the electrolyte itself. Thinner, fully dense and optimum
grain size electrolytes are needed to reduce the resistance
to ionic transport [13 – 16]. Therefore the goal of this work
was to deposit SDC thin films on optical quartz (SiO2) and

2. EXPERIMENTAL
SDC thin films (up to 5 μm of thickness) were
deposited on optical quartz (SiO2) and Alloy 600 (Fe-NiCr) by e-beam deposition technique (EB-PVD). Prior to
deposition substrates were cleaned in an ultrasonic bath (in
pure acetone) for 15 minutes and their surface was treated
in plasma for 7 minutes (Ar gas). Deposition experiments
(where the influence of e-beam gun power on film
formation was tested) were performed at room temperature
(20 °C) for 30 minutes as the e-beam gun power was
increased from 0.12 kW to 0.78 kW. A constant e-beam
gun power of 0.3 kW was chosen to test the influence of
substrate temperature on deposited films. The experiments
were performed for 30 minutes and temperature range
from 100 °C to 600 °C was chosen due to the limits of
experimental setup. Cubic phase samarium doped ceria
ceramic nanopowder (Ce0.85Sm0.15)O1.925 (99.9 % purity
based on trace metal analysis, 5 nm – 10 nm particles of
powder) was used as evaporation material. Before
deposition SDC powder was pressed into pallets. The
residual gas pressure in the vacuum chamber during
deposition was 2×10−3 Pa. The distance between the
electron gun and the substrate was fixed at 250 mm.
A scanning electron microscope (SEM, JSM5600) was
used to investigate the thickness and microstructure of
SDC thin films. Film thickness was calculated from
transmittance spectra using Swanepoel method [17].
Transmittance spectra data was used to calculate refractive
index and porosity of SDC thin films deposited on optical
quartz, also. Transmittance measurements were performed
with Spectruma 300 spectrometer in 370 nm – 750 nm
wavelength range. Film structure was analyzed by X-ray
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diffraction (XRD) (DRON-UM1) with standard BraggBrentan focusing geometry (with an error of 0.01°) in a
10° – 70° range using Cu Kα (λ = 0.154059 nm) radiation.
Crystallite size of thin films was estimated using
Scherrer’s equation:
D = 0. 9

λ
B cos θ

,

spread of individual peaks vary and it depends on e-beam
gun power (Fig. 1). X-ray diffraction data was used to
calculate crystallite size and texture coefficient. Crystallite
size as a function of e-beam gun power is shown in Fig. 2.
An increase in crystallite size (from 5 nm to 19.2 nm) is
observed when higher e-beam gun power is applied.
As the e-beam gun power rises so does the temperature
in the crucible which gives more energy to evaporating
particles. Such particles have higher mobility and longer
surface diffusion length on the surface of substrate. This
enables them to form fewer but larger clusters and islands
of a newly growing film, which later become the base of
crystallites that the film consists of. The higher temperature can also cause evaporation of large clusters rather then
individual particles. These clusters form larger islands of
SDC material on substrate and cause growth of larger
crystallites. Difference in the crystallite size of different
crystallographic orientations is relatively small, but difference in texture coefficient is very noticeable. Texture coefficient used in this work is the ratio between intensity of
one peak (for example (111)) with the sum intensity of all
peaks. Calculations show that crystallographic orientation
(111) is dominant at all e-beam gun powers and becomes
more preferred as the e-beam gun power increases.
E-beam gun power can also be useful to control
thickness and porosity of SDC films. SEM images (Figs. 3,
4) show films, which cover the whole surface of a substrate
and have dense columnar structure. Such columnar growth
was observed also by I. Porqueras [19] forming CeO2 thin
films. But it is impossible to etermine actual density or

(1)

where D, λ, θ and B are: the crystallite size, X-ray
wavelength of 0.154059 nm, Bragg diffraction angle, and
full width at half maximum of the diffraction peak,
respectively [18]. Some estimations of the crystallite size
were done using XFIT program with a Voigt function
modeling, also. The calculations showed that the strain in
the formed SDC thin films is small and could be neglected.

3. RESULTS AND DISCUSSIONS
X-ray diffraction patterns of the films (~2 μm thick)
deposited on optical quartz substrate are presented in
Fig. 1. Similar patterns are also observed when films are
deposited on Alloy 600 substrate. Comparison of those
patterns with the pattern of a powdered SDC material
reveals the same crystalline phase, which is cubic
(according to Crystallographica Search-Match, Version 2).

Fig. 1. XRD patterns of SDC thin films deposited on optical
quartz (SiO2) substrate at different e-beam gun powers

Fig. 3. SEM picture of the surface of SDC thin film deposited on
Alloy 600 (Fe-Ni-Cr) substrate at e-beam gun power of
0.6 kW

Fig. 2. Crystallite size dependence on e-beam gun power of SDC
thin films deposited on Alloy 600 (Fe-Ni-Cr) substrate
(calculated using Scherrer‘s equation)

Also all the patterns show five peaks, which
correspond to five crystallographic planes (111), (200),
(220), (311) and (222) with the peak (111) having the
highest intensity. It is clearly visible that the intensity and

Fig. 4. SEM picture of a cross section of SDC thin film deposited
on optical quartz (SiO2) substrate at 500 °C substrate
temperature (e-beam gun power 0.3 kW)
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Fig. 5. Thickness dependence on e-beam gun power of SDC thin
films deposited (deposition time 30 min.) on optical
quartz (SiO2) substrates

Fig. 7. Porosity dependence on substrate temperature of SDC thin
films deposited on optical quartz (SiO2) substrates

Fig. 6. Crystallite size (calculated using Scherrer‘s equation)
dependence on substrate temperature of SDC thin films
deposited on Alloy 600 (Fe-Ni-Cr) substrates

Fig. 8. Refractive index dependence on substrate temperature of
SDC thin films deposited on optical quartz (SiO2)
substrates

porosity of films from SEM images. Transmittance
measurements were performed with films deposited on
optical quartz to evaluate thickness, refractive index and
porosity of films. The film thickness measurements
(Fig. 5) correspond well with the measurements made from
SEM images of cross sections of the deposited films.
Taken into account this and previous experiments [20, 21]
it could be assumed that correlation between e-beam gun
power and film thickness is linear in the tested power
range. This gives a good reference for practical applications of SDC thin film production by EB-PVD method. It
was also observed that e-beam gun power has not effect on
film porosity and refractive index in the tested power range
– the refractive index and porosity did not change. It is
evident that e-beam gun power, substrate temperature and
crystallite growth from 5 nm to 19.2 nm is not sufficient to
reduce pores inside the structure of a film. Further testing
is required to determine if porosity of 26 % is too big for
SOFC applications. Film density is very important to prevent gas leakages through the electrolyte. Also such stable
porosity and refractive index for a variable film thickness
could be useful in some optical applications.
Some experiments were performed to determine the
influence of the initial substrate temperature on formed
SDC thin film density. Based on previous experiments, a
constant power of a 0.3 kW was chosen to produce SDC
thin films less than 2 μm thickness. All films were deposited for 30 minutes. Initial substrate temperatures were

raised from 100 °C to 600 °C with a 100 °C increase. X-ray
diffraction patterns showed highly crystalline structure
with the same peaks. Crystallite size calculations show an
increase in size although this time crystallites grow larger
up to 47 nm (Fig. 6). The similar substrate temperature
influence on the crystallite size was obtained by forming
CeO2 thin films by e-beam deposition [22]. This increase
can be explained similarly as in the previous experiments
except this time energy transfer to particles is from the
substrate (due to higher substrate temperature). It could be
seen a dramatic decrease in film porosity if we look at
Fig. 7. As the film becomes denser, refractive index
increases (Fig. 8) and approaches the value of the bulk
material. Decrease of porosity from 34.8 % to 7.1 % shows
that porosity can be controlled by controlling initial
substrate temperature. Looking at Thornton structure zone
diagram [23] we can say that as the temperature increases
structure of film changes from porous structure
characteristic to Zone 1 to structures characteristic to Zone
T or Zone 2 where structure consists of densely packed
fibrous or columnar grains. It is observed that porosity
reaches its lowest level at 500 °C and later starts to rise.
Further testing is required to see if this effect is consistent.
Higher temperatures could be employed to lower porosity
even more but experimental setup does not allow such
possibility.
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4. CONCLUSIONS
Samarium doped ceria oxide (SDC) thin films could
be deposited by EB-PVD technique. E-beam gun power
and substrate temperature has influence on various properties of formed SDC thin films. Crystallite size increases
from 5 nm to 19.2 nm, porosity and refractive index stayed
almost the same (26 % and 1.72 % respectively) when ebeam gun powers from 0.12 kW to 0.78 kW were applied.
Higher initial substrate temperatures were applied for further densification of thin films. Crystallite size grew from
12 nm to 47 nm, porosity decreased from 34.8 % to 7.1 %
and refractive index increased from 1.63 to 1.9 as initial
substrate temperature increased from 100 °C to 600 °C was
applied while at constant e-beam gun power of 0.3 kW.
The properties of SDC thin films exhibit high dependence
on e-beam gun power and substrate temperature which can
be manipulated to achieve the desired result.

Acknowledgement
The work was supported by the Lithuanian State
Science and Studies Foundation.

15. Huang, H. H., Chang, H. P., Chien, Y. T., Huang, M. C.,
Wang, J. S. Influence of Annealing Temperature on the
Grain Growth of Samarium-doped Ceria Journal of Crystal
Growth 287/2 2006: pp. 458 – 462.
16. Li, J. G.,
Ikegami, T.,
Mori, T.
Low-temperature
Processing of Dense Samarium-doped CeO2 Ceramics:
Sintering and Grain Growth Behaviors Acta Materialia
52/8 2004: pp. 2221 – 2228.

REFERENCES
1.

2.

3.

4.

Zhang, T. S., Ma, J., Luo, L. H., Chan, S. H. Preparation
and Properties of Dense Ce0.9Gd0.1O2−δ Ceramics for Use as
Electrolytes in IT-SOFCs
Journal of Alloys and
Compounds 422 2006: pp. 46 – 52.
Cheng, M. Y., Hwang, D. H., Sheu, H. S., Hwang, B. J.
Formation of Ce0.8Sm0.2O1.9 Nanoparticles by Urea-based
Low-temperature Hydrothermal Process Journal of Power
Sources 175 2008: pp. 137 – 144.
Rice, A., Costa, A. D. S., Labrincha, J. A., Marques, F.
M. B. Electrochemical Filters for Oxygen Sensors with
Improved Surface Properties
Ionics – International J.
Ionics 3 1997: pp. 36 – 43.
Muthukkumaran, K., Kuppusami, P., Srinivasan, R.,
Ramachandran, K., Mohandas, E., Selladurai, S. Thermal
Properties of 15 -mol% Gadolinia Doped Ceria Thin Films
Prepared by Pulsed Laser Ablation Ionics - International J.
Ionics 13 2007: pp. 47 – 50.

5.

Hae Jin Hwang, Ji-Woong Moon, Masanobu Awano.
Fabrication of Novel Type Solid Electrolyte Membrane
Reactors for Exhaust Gas Purification
Journal of the
European Ceramic Society 24 2004: pp. 1325 – 1328.

6.

Godinho, M. J.,
Goncalves, R. F.,
Santos, L. P. S.,
Varela, J. A., Longo, E., Leite, E. R. Room Temperature
and
Co-Precipitation
of
Nanocrystalline
CeO2
Materials Letters
61 (8 – 9)
Ce0.8Gd0.2O1.9−δ Powder
2007: pp. 1904 – 1907.
Badwal, S. P. S., Ciacchi, F. T., Milosevic, D. ScandiaZirconia Electrolytes for Intermediate Temperature Solid
Oxide Fuel Cell Operation Solid State Ionics 136 – 137
2000: pp. 91 – 99.
Changrong Xia, Meilin Liu. Low-temperature SOFCs
Based on Gd0.1Ce0.9O1.95 Fabricated by Dry Pressing Solid
State Ionics 144 2001: pp. 249 – 255.
Wang, F. Y., Wan, B. Z., Cheng, S. Study on Gd3+ and
Sm3+ Co-doped Ceria-based Electrolytes Journal of Solid
State Electrochemistry 9/3 2005: pp. 168 – 173.

7.

8.

9.

17. Diaz-Parralejo, A., Caruso, R., Ortiz, A. L., Guiberteau,
F. Densification and Porosity Evaluation of ZrO2–3 mol.%
Y2O3 Sol–gel Thin Films Thin Solid Films 458/1 – 2
2004: pp. 92 – 97.
18. Patil, B. B., Pawar, S. H. Spray Pyrolytic Synthesis of
Samarium Doped Ceria (Ce0.8Sm0.2O1.9) Films for Solid
Oxide Fuel Cell Applications
Applied Surface Science
253/11 2007: pp. 4994 – 5002.
19. Porqueras, I., Person, C., Corbella, C., Vives, M., Pinyol,
A., Bertran, E. Characteristics of E-beam Deposited
Electrochromic CeO2 Thin Films Solid State Ionics 165
2003: pp.p. 131 – 137.
20. Laukaitis, G., Dudonis, J., Milčius, D. Microstructure and
Surface Morphology of YSZ Thin Films Deposited by
E-beam Technique
Applied Surface Science
254/10
2008: pp. 2980 – 2987.
21. Laukaitis, G., Dudonis, J. Microstructure of Gadolinium
Doped Ceria Oxide Thin Films Formed by Electron Beam
Deposition Journal of Alloys and Compounds 459/1 – 2
2008: pp. 320 – 327.
22. Djanovski, G., Beshkova, M., Velinova, S., Mollov, D.,
Vlaev, P., Kovacheva, D., Vutova, K., Mladenov, G.
Deposition of CeO2 Films on Si(100) Substrates by Electron
Beam Evaporation Plasma Processes and Polymers 3
2006: pp.p. 197 – 200.
23. Thornton, J. A. Influence of Apparatus Geometry and
Deposition Conditions on the Structure and Topography
Journal of Vacuum Science and Technology 11 1974:
pp. 666 – 670.
Presented at the 17th International Conference
"Materials Engineering’2008"
(Kaunas, Lithuania, November 06 – 07, 2008)

31

