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FORMATION OF SAMARIUM DOPED CERIA THIN FILMS ∗
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Samarium doped ceria (SDC) thin films were deposited by e-beam evaporation of Sm0.15Ce0.85O1.95 nanopowder. The
influence of electron gun power and temperature of substrate (optical quartz and Alloy Fe–Ni–Cr) on film crystallite size and
texture were studied. The formed SDC thin films were studied by scanning electron microscopy (SEM) and X-ray diffraction
(XRD). It was determined that electron gun power (in range from 0.12 to 0.78 kW) has influence on crystallite size (increased
from 5 to 19.2 nm) which increases as the gun power increases. The crystallite size increases from 12 to 47 nm by increasing
substrate temperature from 100 to 600 ◦C. The texture of formed SDC thin films is not influenced by e-beam gun power and
substrate temperature. The thermal treatment shows that deposited SDC thin films are stable and the crystallite size and texture
are not changing during the heating and cooling.

Keywords: electron beam deposition, samarium doped ceria (SDC), solid oxide fuel cells (SOFCs), thermal treatment

PACS: 81.15.Jj, 66.30.Dn, 82.47.Ed, 73.61.-r

1. Introduction

The widespread commercialization of the solid ox-
ide fuel cells (SOFCs) will depend greatly on low-
ering material costs and achieving even greater gains
in efficiency [1–3]. SOFCs differ in many respects
from the other fuel cell technologies: they are com-
posed of all-solid-state materials. Electrolyte has the
biggest influence for the SOFC performance. Different
types of electrolyte materials could be used, such as
lanthanum gallate ceramic including lanthanum stron-
tium gallium magnesium, bismuth yttrium oxide, bar-
ium cerate, strontium cerate, zirconium oxide or cerium
oxide stabilized by rare earth oxides, etc. [1–6]. In re-
cent years doped ceria, as a potential substitute for sta-
bilized zirconia electrolyte, has increasingly attracted
more interest for its higher conductivity in the field
of intermediate temperature solid oxide fuel cells (IT-
SOFCs) [7].

CeO2 is a ceramic material that has a fluorite struc-
ture and exhibits very high stability up to its melting
point. Doping of this material with divalent or trivalent
cations (such as CaO, Sm2O3, Gd2O3, Yb2O3, Y2O3,
∗ Results presented at the international conference Radiation Inter-

action with Material and Its Use in Technologies 2008, 24–27
September 2008, Kaunas, Lithuania

La2O3) creates oxygen vacancies within its crystal
structure and increases the concentration of oxygen-
ion vacancies compared to the pure cerium oxide ma-
terial. 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 and to be ex-
tracted from it in a low oxygen environment [8]. Due
to their unique properties in electrochemistry, cataly-
sis, and optics, ceria and doped ceria have wide appli-
cations in fields such as catalytic support or promoter
for automotive exhaust-gas conversion reaction, glass
polishing material, gas sensors, UV absorbents, abra-
sives of the chemical mechanical polishing slurry in
semiconductor fabrication, etc. [9–11]. In those appli-
cations, nanostructured CeO2 materials attracted much
attention due to their considerably small sizes and the
general improvements in their physical and chemical
properties with respect to their bulklike materials. But
the main focus is to use this material as an electrolyte
in solid oxide fuel cells [11–14].

Extensive research shows that CeO2 doped with Sm
or Gd have the highest ionic conductivities of the whole
doped cerium oxide family of materials and one of the
highest ionic conductivities of all the ion conducting
materials. This is especially noticeable in a 600 to
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800 ◦C temperature range where ion conductivity of
samarium doped ceria (SDC) can be three times higher
than in YSZ at 800 ◦C, which is most commonly used
as an electrolyte in SOFC technology [12–14].

Today it is widely accepted that lowering the operat-
ing temperature of SOFCs in the range of 600–700 ◦C
is preferable for several reasons: lowering of the op-
erating temperature of SOFC can provide higher ther-
modynamic efficiency, higher Nernstian voltages, en-
hanced durability of cell performance, and the usage
of cheaper stainless steel interconnects and compliant
temperature gaskets [15]. One of the ways for lowering
the cost and increasing the performance of SOFC is to
use as much as possible thinner electrolyte layers (that
is lowering the working temperature of the SOFC and
the costs of the other components of fuel cell). More-
over, the electrolyte should be made not porous on the
porous substrates [16]. The shortcut between anode
and cathode is the second problem. That has the in-
fluence on the electrolyte thickness (by now it is within
2–3 µm).

Many techniques can be employed for thin film
preparation, such as traditional wet chemical process-
ing methods (tape casting, tape calendaring, screen
printing, transfer printing) or vapour processing meth-
ods (chemical vapour deposition, physical vapour de-
position, e-beam deposition, sputtering, plasma spray,
etc.). Vapour processing methods, despite being more
expensive and complex, provide unique possibilities to

make very thin and dense films, to control their thick-
ness, porosity, crystalline structure, grain boundary sur-
face, refractive index, and other qualities [17].

In the present study, SDC electrolyte thin films were
deposited using e-beam deposition technique. The
formed SDC thin films were thermally annealed at up
to 800 ◦C temperature in the air atmosphere. That was
done to find out about the stability of formed SDC
thin films and to understand the influence of anneal-
ing temperature and technological parameters on SDC
thin film texture, crystallite size, and homogeneity.

2. Experiment

SDC thin films (up to 5 µm of thickness) were de-
posited on optical quartz (SiO2) and Alloy 600 (Fe–Ni–
Cr) by e-beam deposition technique (EB-PVD). Prior
to deposition the substrates were cleaned in an ultra-
sonic bath (in pure acetone) for 15 minutes and their
surface was treated in Ar ion plasma for 7 minutes. De-
position experiments (where the influence of e-beam
gun power on film formation was tested) were per-
formed at room temperature (20 ◦C) for 30 minutes
as the e-beam gun power was increased from 0.12 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. Experiments were performed for
30 minutes and temperature range from 100 to 600 ◦C
was chosen due to the limits of experimental set-up.

Fig. 1. XRD patterns of SDC thin films deposited on Alloy 600 (Fe–Ni–Cr) substrates at different e-beam gun powers.
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Cubic phase samarium doped ceria ceramic nanopow-
der (Ce0.85Sm0.15)O1.925 (99.9% purity based on trace
metal analysis, 5–10 nm particles of powder) was used
as evaporation material. Before deposition the SDC
powder was pressed into pallets. The residual gas pres-
sure in the vacuum chamber during deposition was
2·103 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 microstruc-
ture of SDC thin films. Film structure was analysed
by X-ray diffraction (XRD) (DRON-UM1, BRUKER
D8Advance) with standard Bragg–Brentan 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 equa-
tion [18].

3. Experimental results and discussion

SDC thin films were deposited on optical quartz
(SiO2) and Alloy 600 (Fe–Ni–Cr) substrates. Electron
gun power was changed from 0.12 to 0.78 kW to test
its influence on film formation and its properties. The
XRD diffraction patterns of the formed SDC thin films
at different e-beam gun powers shows that the posi-
tions of the Bragg peaks are those typical of the cu-
bic (Ce0.85Sm0.15)O1.925 SDC (according to Crystallo-
graphica Search-Match, Version 2, Fig. 1). XRD peaks
of SDC thin films indicate sharp (111) and minor (200),
(220), (311), and (222) orientations when cubic phase
SDC powder as evaporation material is used. These
SDC thin films repeat the crystal structure of the chosen
evaporated material at all electron gun powers (Fig. 1).
The dominant SDC thin films’ orientation remains cu-
bic (111) for both type of substrates. An increase in
crystallite size (from 5 to 19.2 nm) is observed when
higher e-beam gun power is applied. The crystallo-
graphic orientation (111) is dominant at all e-beam gun
powers and becomes more preferred as the e-beam gun
power rises. SEM images (Figs. 2 and 3) show that
SDC thin films are homogeneous and have columnar
structure that looks dense.

The substrate temperature during the thin film for-
mation was changed to determine how the initial tem-
perature of a substrate can have an effect on film den-
sity. Based on previous experiments, a constant power
of 0.3 kW was chosen to produce films of ∼2 µm
thickness. Initial substrate temperatures were raised
from 100 to 600 ◦C with a 100 ◦C increment. X-ray
diffraction patterns showed highly crystalline structure

Fig. 2. 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. 3. 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 of 0.3 kW).

with same peaks. Crystallite size calculations show
an increase in size although this time crystallites grow
larger, up to 47 nm (Fig. 4). This increase is caused
by higher mobility and longer surface diffusion times
of adsorbed atoms or clusters on the surface of sub-
strate. Decrease of porosity from 34.8 to 7.1% shows
that porosity can be controlled by controlling initial
substrate temperature [19]. The structure of formed
SDC thin films (∼2 µm) changes from porous struc-
ture to the structure which consists of densely packed
fibrous or columnar grains as the temperature increases.
It is observed that porosity reaches its lowest level at
500–600 ◦C substrate temperature.

SDC thin films which had the higher density (sub-
strate temperature 600 ◦C, e-beam gun power 0.3 kW)
were thermally treated in air atmosphere. That was
done to find out the influence of annealing tempera-
ture to the crystallite size and texture of formed thin
films. XRD measurements were done in situ during the
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Fig. 4. Crystallite size dependence on substrate temperature of SDC thin films deposited on optical quartz substrate (calculated using
Scherrer’s equation) at e-beam gun power of 0.3 kW.

Fig. 5. XRD patterns of thermally treated (heated from room temperature to 800 ◦C) SDC thin films deposited on optical quartz (SiO2)
substrate at 600 ◦C substrate temperature (e-beam gun power of 0.3 kW).
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Fig. 6. The positions of XRD diffraction patterns of thermally treated (heated from room temperature to 800 ◦C and cooled to 200 ◦C) SDC
thin films deposited on optical quartz (SiO2) substrate at 600 ◦C substrate temperature (e-beam gun power of 0.3 kW).

heating and cooling of the deposited SDC thin films
(Fig. 5). The thermal treatment does not influence the
positions of the main diffraction patterns and the crys-
tallite size (Fig. 6) of thin films. They remain constant
and correspond to the values before thermal treatment.
The texture coefficient does not change either. That
shows that the annealing to 800 ◦C does not change the
crystallites’ orientation and the SDC thin films formed
at 600 ◦C substrate temperatures are stable.

4. Conclusions

E-beam gun power and substrate temperature has
influence on crystallite size and density of samarium
doped ceria (SDC) thin films deposited by EB-PVD
technique. Crystallite size increased from 5 to 19.2 nm
when e-beam gun power was increased from 0.12 to
0.78 kW. Higher initial substrate temperatures influ-
ence the density and crystallite size of deposited SDC
thin films. Crystallite size grew from 12 to 47 nm,
porosity decreased from 34.8 to 7.1% as initial sub-
strate temperature increased from 100 to 600 ◦C while
the constant e-beam gun power (0.3 kW) was kept. The
thermal treatment results show that the SDC thin films
formed at 600 ◦C substrate temperature are stable. The
crystallites’ size and texture do not change and remain
constant as the samples are heated from room temper-
ature up to 800 ◦C and cooled down to 200 ◦C. That
shows that SDC thin films formed by EB-PVD tech-
nique could be used in the intermediate temperature
SOFC.
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CERIO OKSIDO SU SAMARIO PRIEMAIŠA PLONŲ SLUOKSNIŲ FORMAVIMAS
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Santrauka
Dabar ieškoma naujų technologijų bei medžiagų, leidžiančių su-

mažinti kuro elementų darbo temperatūrą iki 500–600 ◦C. Viena to-
kių medžiagų yra cerio oksidas su samario priemaiša (SDC). SDC
deguonies jonų laidumas priklauso nuo daugelio veiksnių, t. y. nuo
temperatūros, itrio molinės koncentracijos, elektrolito darbo laiko,
O2− jonų koncentracijos, O2− jonų difuzijos koeficiento, elektro-
litų storio, kristalitų dydžio bei nuo kristalografinės grūdelių pa-
dėties. Šiuos parametrus galima kontroliuoti, naudojant vakuumi-
nius fizikinius dangų formavimo metodus.

Cerio oksido su samario priemaiša ploni sluoksniai buvo for-
muojami elektroniniu garinimu iš Sm0,15Ce0,85O1,95 nano milte-
lių. Nagrinėta elektronų pluošto galios ir padėklo (optinio kvarco

ir Alloy 600 – Fe–Ni–Cr lydinio) temperatūros įtaka suformuotų
plonų SDC sluoksnių mikrostruktūrai, tekstūrai bei kristalitų dy-
džiui. Suformuoti SDC sluoksniai tirti skenuojančiu elektroniniu
mikroskopu (SEM) bei rentgeno spindulių difraktometru (XRD).
Nustatyta, kad elektronų pluošto galia (keičiant ją nuo 0,12 iki
0,78 kW) veikia kristalitų dydį – kristalitai didėja nuo 5 iki 19,2 nm,
didinant elektronų pluošto galią. Didinant padėklo temperatūrą
nuo 100 iki 600 ◦C, kristalitai padidėja nuo 12 iki 47 nm. Sufor-
muotų SDC sluoksnių tekstūra nėra veikiama padėklo temperatū-
ros ar elektronų pluošto galios. Atkaitinimas parodė, kad užgarinti
SDC sluoksniai yra stabilūs ir kristalitų dydis nei tekstūra nekinta,
kaitinant ir aušinant suformuotus sluoksnius.


