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The purpose of the present investigation is to study formation of Gd doped CeO, solid electrolyte thin films by solid
state reactions of CeO,/Gd,O3 multilayer thin films deposited by reactive magnetron sputtering. Synthesis of cerium and
gadolinium oxide layers on Si and glass substrates was made by sputtering metallic Ce and Gd targets in Ar + O,
atmosphere. Single layer thickness was kept at 42 nm for CeO, and 5 nm for Gd,0s. Mixing of the layers and formation
of Gdy1Ce 300190 (GDC10) during annealing of coatings in 450 °C—650 °C temperatures took place. X-ray diffraction
(XRD) studies using monochromatic CuK, radiation showed XRD (111) and (220) peaks shifting and asymmetry
changes after sample annealing. The annealing related crystallite size growth was confirmed using Scherrer equation and
Williamson-Hall plot. The investigation of morphology of the layers with a scanning electron microscope (SEM)
showed no multilayer structure in the films. Optical characterization of thin films on glass substrate was made by
UV-VIS spectrophotometer. Energy band gaps of undoped and Gd doped CeO, films were determined using Tauc’s
relationship and were found to be 3.08 eV and 3.13 eV respectively.
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INTRODUCTION

Thin films of gadolinium doped cerium oxide (GDC)
are intensively investigated for an application as a solid
electrolyte in solid oxide fuel cells (SOFC) [1]. The higher
ionic conductivity of doped ceria comparing it to the con-
ventional electrolyte material of yttria-stabilized zirconia
(YSZ) at intermediate temperatures (500°C—-700°C)
makes it very attractive material, because lower operation
temperature allows to use cheaper SOFC components, to
overcome fast ageing and other problems [2, 3]. The main
problem of most conventional mechanical methods such as
screen printing, tape casting or dry pressing is inability to
form dense solid electrolyte layer on porous anode
substrate [3]. Also usage of thick film electrolyte does not
ensure sufficient ionic conductivity in intermediate
temperatures [2]. Therefore many authors are using more
sophisticated  physical ~vapour deposition (PVD)
technologies, such as reactive DC magnetron sputtering
[2], plasma assisted electron beam evaporation [4], pulsed
layer deposition [5], aerosol-assisted metalo-organic
vapour deposition (MOCVD) [6] and others for deposition
of thin film electrolyte coatings. Reactive DC magnetron
sputtering is widely used for deposition of dense metal
oxide coatings despite some of its drawbacks like
discharge hysteresis and non-stoichiometric oxide
formation in metallic sputtering mode and low deposition
speed in oxide sputtering mode [7]. Solid state reactions
are widely used to dope various materials and also it was
demonstrated that this method is suitable for Gd doped
ceria formation [8]. But in such method higher than
1000 °C temperatures are used to ensure fast diffusion.
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Solid state reaction during annealing of reactive DC
magnetron deposited CeO,/Gd,O; multilayer coatings was
never chosen for formation of Gd doped ceria. When the
outer ring of magnets in magnetron is strengthened relative
to the central pole (type-1 unbalanced magnetron), not all
the field lines are closed between the central and outer
poles in the magnetron, but some are directed towards the
substrate, what causes substrate bombardment by ions. Ion
current densities can reach 5 mA/cm’® and greater values.
As a result, unlike in other ion-plating processes, the ion-
to-atom arrival ratio at the substrate remains constant with
increasing deposition rate, that helps to achieve dense film
structure. [9] Since magnetron deposited thin films may
include many point defects due to ion bombardment from
plasma during film growth, enhanced diffusion and fast
mixing of deposited multilayer is expected at intermediate
temperatures range from 450 °C to 650 °C.

Various amount of Gd doping was used for formation
of ceria solid electrolyte. While Gdg;Ce 990195 (often
abbreviated as GDCI10) has the highest lattice
conductivity, Gdy,Ceg0199 (GDC20) has higher total
conductivity because its grain boundary contribution seems
to be more tolerant of impurities [10]. But experiments
have shown that GDCI10 is more resistant to reduction
from Ce* to Ce*" than GDC20 [1], so GDC10 composition
seems to be the best choice for the synthesis of solid
electrolyte.

There is not enough information about possibility to
form GDC electrolyte by solid state reactions of
Ce0,/Gd,0; multilayer thin films, therefore, the goal of
the present investigation is to analyze morphology,
microstructure and optical properties of as deposited and
annealed CeO,/Gd,0O3; multilayer thin films deposited by
reactive direct current magnetron sputtering.



EXPERIMENTAL PROCEDURE

Multilayer CeO,/Gd,05 thin films were deposited by
direct current unbalanced magnetron sputtering on the
room-temperature Si substrates. Discharge was made in an
argon and oxygen atmosphere. Before the deposition, the
surface of the substrates was ultrasonically cleaned in pure
acetone for organic contaminants and in pure ethanol for
inorganic contaminants. A vacuum chamber was evacuated
to the pressure of 5.0-10~° Pa. Working pressure was kept
constant at 2.7-10"' Pa by adjusting argon gas flow with
mechanical gas inlet. Oxygen flow was kept constant at
20 scem (standard cm’/min) with electronic gas flow
regulator Aalborg GFC17. Substrate holder was moved at
6 cm distance over the target. Deposition was performed
with a constant discharge current density of 39 mA/cm? for
Ce and 24 mA/cm’ for Gd cathode. Since cathodes were
cooled indirectly using copper backing plate to avoid
reaction of Ce and Gd with water, cathode temperature was
higher than that of conventional magnetron systems and
oxygen thermal desorption allowed us to operate in half-
metallic sputtering mode reaching high deposition speeds.
The deposition speed was measured with precise weighting
method to be 1.3 nm/s CeO, for and 1.0 nm/s for Gd,Os;.
The thickness of single layer was 39.0 nm (30 s deposition
time) for CeO, and 6 nm (6 s deposition time) for Gd,0s.
Total coating thickness was expected to be 450 nm
(10 bilayers). Different timing was calculated to achieve
10w% Gd doping level.

The crystallographic structure of thin films was
investigated by X-ray diffraction (XRD) studies using
Bruker D8 Discover diffractometer with monochromatic
Cug,, radiation (4= 0.15418 nm). Scherrer equation (using
full width at half maximum of XRD peaks f) and
Williamson-Hall plot was used to determine crystallite size
D. In Williamson-Hall method plotting fcos(6)/A as a
function of 2sin(d)/ is used. The intercept of a linear
extrapolation gives the particle size K/D, where constant K
is 0.9 [11].

The morphology of layers was investigated with a
scanning electron microscope (SEM) FEI Quanta 200F in
secondary electron mode.

Optical characterization of thin films on glass substrate
was made by UV-VIS spectrophotometer Spectronic
GENESYS 8. Forbidden energy band gap £, was deter-
mined from transmittance spectra’s absorption edge using
Tauc’s relationship (& v)™ = B(hv— E,) and by extrapolat-
ing this dependency to /v axis (light quantum energy) [12].
Absorption coefficient « (cm™') is calculated using
transmittance coefficients of film on glass substrate and
substrate without film. Coefficient m is used 1/2 for
indirect transitions, 2 or sometimes 3/2 for direct
transitions. Linear correlation analysis was made to choose
the most suitable mode.

RESULTS AND DISCUSSION

The Scanning Electron Microscope images of as
deposited and annealed CeO,/Gd,0; multilayer thin films
cross-section are shown in Figures 1 and 2. It can be seen
in Figures 1 and 2, that deposited layers are very dense and
have columnar structure. When other authors [13] haven’t
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found any clear changes for the morphology after anneal-
ing (900 °C), our experiment shows that surface became
smoother after annealing sample in 650 °C temperature.
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Fig. 1. SEM image of as deposited CeO,/Gd,O; multilayer film
cross-section with magnification 260 000
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Fig. 2. SEM image of annealed (650 °C) CeO,/Gd,0O3; multilayer
film cross-section with magnification 260 000

No evidences for multilayer structures were found.
Secondary electron SEM images seen here have small
sensitivity to Z-number contrast [14]. A big difference in
electron work functions also is not expected for both
lanthanide oxides. Breaking the sample was performed
without cooling it in liquid nitrogen, but since Young's
modulus isn’t very different for CeO, (E = 165 GPa) [15]
and Gd,0; (148 GPa [16]), no reason for contrast due to
different crack relief in multilayer film can be expected.

Averaged result of the measurements of layer
thicknesses from SEM images is 370 nm. The disagree-
ment of this result with prediction based on precise
weighting results can be addressed to error caused by
sample tilting effect. Also the weighting method has an
error due to unknown exact density of the material, which
may vary for different deposition methods and disagree
with bulk material density that was used for calculations in
this work.



Figure 3 shows the results of XRD analysis of as
deposited and annealed multilayer films produced on the Si
substrate. The diffraction peaks indicate that before
annealing multilayer consists mainly of (111) textured
CeO, (PDF Card No. 01-081-0792). Minor peaks of (200)
and (220) orientation are also observed, what is typical for
magnetron deposited thin films [2]. Gd,O; peaks were not
observed.
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Fig. 3. XRD pattern of as deposited and annealed CeO,/Gd,03

multilayer films produced on the Si substrate

While the (220) peak of samples annealed in
temperatures from 450°C to 550°C in obtained XRD
pattern are shifted to smaller 26 angle side, peak of the
samples annealed in the 600°C and 650°C fits the
Gdy.1Ce9001 95 etalon (PDF Card No. 01-075-0161) posi-
tion. Since deposition was made by reactive sputtering,
formation of non-stoichiometric ceria and (220) peak
overlapping with triclinic Ce;;0,y (222) peak (PDF Card
No. 01-089-8435) is expected. The biggest shifting and
asymmetry can be seen at (220) peak of the sample
annealed in 500 °C temperature. Also the asymmetry of the
peaks could indicate that some part of the layers could be
mixed already during the deposition. Since strong ion-
mixing process isn’t expected during unbalanced magne-
tron deposition the reasons for enhanced Gd diffusion
during the deposition of film on room temperature
substrates can be radiation enhanced diffusion. Since the
argon ion bombardment during deposition creates
vacancies, diffusion coefficient can increase several times.
Also bombardment of ions and electrons could heat the
upper sample layers to temperatures up to 200°C and
more, what also can enhance diffusion. The third reason
for enhanced diffusion is thermal stresses, caused by
mismatch of linear thermal expansion coefficients of CeO,
and  Gdy05  (Qceo, * XGay0, = 12.58%107°: 7.57x10°°).

Linear thermal expansion coefficients of the film and
substrate for 0 °C—500 °C temperatures range are also dif-
ferent, agpcio=(9—-12)10°K" and ag =2410°K"'
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[17, 18], so XRD peak shifting due to stresses related to «
mismatch can be expected. So a non-monotonous (220)
peak shifting that can be seen in Fig. 4 can be caused either
by stress relaxation or diffusion process induced layer
mixing.
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Fig. 4. XRD pattern of (111) and (220) peaks evolution upon
annealing in air atmosphere

Crystallite size was calculated using Scherrer equation.
After annealing (111) orientation crystallites increased
from 6 nm to 8 nm and (220) orientation crystallites
increased from 8 nm to 11 nm. Since the broadening of
peaks could be attributed not only to crystallite size, but
also to microstresses, Williamson-Hall plot was made to
distinguish between these factors. The crystallite sizes
obtained with both methods are compared in Fig. 5.
According these results average crystallite size increased
upon annealing from 4 nm to 5 nm. These results also
mean that long columns that can be seen in SEM images
are not contiguous, but consist of many crystallites.
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Fig. 5. Crystallite size of Ce0,/Gd,O; multilayer thin films

samples annealed in air atmosphere in temperatures from
450°C to 650 °C



The results of optical transmittance measurement of
Ce0,, Gd,O; and multilayer CeO,/Gd,O; thin films
deposited on glass substrate are shown in Fig. 6. In the
CeO, spectrum we can see characteristic absorption edge at
350 nm which shifts to 340 nm after doping CeO, with
larger band gap having Gd,O;. It can be seen that average
transmittance in part of visible light wavelength range
(600 nm— 760 nm) is slightly larger for GDC10 comparing
to CeO, (69.5 % and 68.9 % respectively), what could be
attributed to improved crystallinity after annealing.
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Fig. 6. Transmittance of CeO,, Gd,O; films and CeO,/Gd,03
multilayer film annealed in 500°C temperature.
Thicknesses of the films are indicated in the graph
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Fig. 7. Tauc’s plot for CeO, and annealed CeO,/Gd,03 (GDC10)
multilayer films produced on the glass substrates

Band gap of CeO, and annealed CeO,/Gd,0;
multilayer films was determined from transmittance
spectra’s absorption edge using Tauc’s relationship for
direct electron transitions from valence to conduction
band. Calculated band gap for CeO,/Gd,0; multilayer film
annealed in 500°C is E,gpcp=3.13 eV. It is slightly

larger than the calculated band gap of CeO, E, ¢, = 3.08

eV. Band gap calculation results are smaller than those
obtained for bulk material (~5 ¢V, [19]), but well agree
with other authors results obtained for nanocrystalline pure
and doped CeO, thin films (3.0 eV-3.2¢eV) [20]. The
decrease of fundamental band gap is mainly deduced by
quantum-size effect when the nanoparticle size is between
0 nm and 3 nm [11]. In this experiment, the crystallite size
is in the range of 4 nm—5 nm, so changes of the band gap
width rather could be caused by existence of Ce*" ions,
oxygen vacancies and various types of defects that may be
the reason of bandgap narrowing due to so called band
tailing, what means that the band edges at E, (valence band
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top energy) and E. (energy of the bottom of conduction
band) are no longer well defined cut-off energies and there
are electronic states above E, and below E,, where the
density of states falls sharply with energy away from the
band edges [12].

CONCLUSIONS

SEM and XRD results showed that Gd doped ceria
thin films can be obtained by solid state reaction of
Ce0,/Gd,0; multilayer films deposited by direct current
magnetron sputtering and annealing them for 1h in 600 °C
and higher temperature. SEM cross-section images showed
surface smoothing after 650 °C temperature annealing. The
crystallite size determination shows that long columns of
film that can be seen in SEM images are not contiguous,
but consist of many crystallites. Optical transmittance
measurement and band gap determination showed band
gap shifting what can be attributed to changes in electronic
structure of material.
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