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Thin films of yttria-doped ceria (YDC) electrolyte were processed for the first time by atomic layer
deposition (ALD) for solid oxide fuel cell (SOFC) applications. The β-diketonate complexes Y(thd)3
andCe(thd)4were used as yttrium and cerium precursors, respectively, whereas ozonewas used as the
oxygen source. Four-hundred-nanometer thick YDC films were deposited at 300 �C on soda lime,
Si(100), stainless steel (430), La0.8Sr0.2FeO3 (LSF) cathodes, and on Ni-YSZ anodes. Thickness,
crystallinity, and morphology of YDC films were determined by UV-vis spectroscopy, XRD, and
SEM/EDX, respectively. Electrical properties of the thin films in the range of 250-475 �C were
characterized by impedance spectroscopy. The deposited layerswere crystalline as deposited, without
any need for annealing. SEM observations showed that the films were homogeneous and well-
covering. Their conductivities were significantly lower than those reported in the literature for bulk
YDC. Nevertheless, electrical properties of YDC thin films seem to be superior to those of the YSZ
thin films, characterized under the same conditions, in the temperature range of 500-750 �C. Thus,
YDC by ALD represents a new and promising SOFC generation.

Introduction

The industrial development and use of SOFC devices is
presently limited by their working temperature which
ranges from 800 to 1000 �C. Most of the research is
therefore oriented toward decreasing their operational
temperature to 600-700 �C, which would allow the use of
cheaper interconnects and current collectors, as well as to
control thermal constraints, which could otherwise result
in a rapid aging of the cell materials. Moreover, the
fabrication and operation costs should also be reduced.
To reach these goals, themost promising route involves

the use of electrolytes, at least as conductive as yttria-
stabilized zirconia (YSZ), in the form of thin layers
(<5 μm), as recently reported in several papers.1-7 In
the temperature range envisaged, the ionic conductivity

of ceria-based electrolytes (Ce1-xM xO2-δ, whereM is the
doping cation) is equal or superior to that of zirconia-
based electrolytes, as shown in Figure 1, which is based on
literature data.8 As in the case of zirconia, it is observed
also for the ceria materials that the closer the ionic radius
of the dopant is with respect to that of cerium ion, the
higher is the conductivity. The relevant values of ionic
radii in nmwithCN=6 (this available configurationwas
taken, as a first approximation, instead of CN= 8 in the
real environment of the material) are: Ce4þ (0.092), Y3þ

(0.090), Gd3þ (0.094), Sm3þ (0.096);9 therefore, most of
the studies have been focused on gadolinia-doped ceria
(GDC). The deposits synthesized by atomic layer deposi-
tion, ALD, have a high microstructural quality, i.e.,
YSZ ultrathin deposits are dense, well-covering, uniform,
adherent, and crystalline without need for an annealing
post-treatment.6,7,10-14 Nevertheless, the composition of
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GDC films deposited by ALD has proven to be difficult
to optimize and the growth rate is generally very low, i.e.,
0.4-0.5 Å/cycle.15,16 Yttria could be a good substitute for
gadolinia, as the Y3þ ionic radius is similar to that of
Gd3þ and ALD processes for Y2O3 deposits are well-
established with more satisfactory growth rates.13

Furthermore, the use of yttria-doped ceria (YDC) could
introduce a lower cost solution for an ALD-based SOFC
electrolyte, due to the fact that yttrium is more abundant
than gadolinium.17

ALD is an advanced chemical method to grow thin
films and thin film structures. It is especially well-suited
for the deposition of oxide films.18 ALD has also recently
evolved as a method of choice for nanotechnology.19 The
precursors used in the ALD technology for oxides should
be volatile, stable in the gas phase, but at the same time
possess sufficient reactivity toward the oxygen source,
which is usually water, oxygen, or ozone. The β-diketo-
nates meet these requirements and have therefore been
extensively applied in ALD,20 although other precursors
are also available.21 ALD processes for yttrium and
cerium oxides have been based on β-diketonates and
ozone, reacting at substrate temperatures higher than
400 �C.22,23 These processes and precursors were later

refined to allow depositions at significantly lower tem-
peratures.24,25 Also,the radical-enhanced ALD of Y2O3

from β-diketonate precursor and oxygen radicals results
in lower deposition temperatures.26

The aimof this workwas to analyze for the first time the
feasibility of yttria-doped ceria (YDC) synthesis by ALD
on different substrates, including SOFC electrodes, to be
followed by a thorough study on the structural, morpho-
logical.and electrical properties of thematerials obtained.

Experimental Section

Thin Film Deposition. Yttria-doped ceria thin films were

deposited in a commercial flow-type hot-wall ALD reactor

F-120 manufactured by ASM Microchemistry Ltd. (Helsinki,

Finland). Film depositions were carried out at 1-3 mBar

pressure. Y(thd)3 and Ce(thd)4 (thd = 2,2,6,6-tetramethylhep-

tane-3,5-dionate) were synthesized by procedures described

earlier.24,25 Ozone was employed for oxidation and was produced

fromoxygen (>99.999%) inanozonegenerator (Fischer ,del 502).

Yttrium and cerium precursors and ozone were transported

onto the substratewithnitrogen carrier gas (>99.999%,Schmidlin

UHPN 3000 N2 generator). The purge time for nitrogen was 2 s.

The experimental precursorpulsing timeswerekept long enough in

order to achieve surface saturation on the planar substrate.

Soda lime glass (5 � 5 cm2), silicon(100) wafers (from

Okmetic, Vantaa, Finland; cut to 5 � 5 cm2), stainless steel

(Goodfellow 430, Fe81/Cr17/Mn/Si/C/S/P, 0.7 mm thick, an-

nealed, 1 � 1 cm2), LSF, La0.8Sr0.2FeO3 (Praxair powder

pressed and annealed at 1000 �C during 2 h, 1 � 1 cm2),and

Ni-YSZ (INDEC anode, 1 � 1 cm2) were used as substrates.

Substrates were ultrasonically cleaned in acetone and ethanol

before use.

Characterization Methods. Thickness, structure,and mor-

phology of YDC films, as well as their electrical properties,were

determined ex situ. Crystallinity was determined by X-ray

diffraction (XRD) using Co KR radiation (1.7890 Å) in a

Siemens D5000 diffractometer with 2θ varying from 15 to 75�.
The diffraction pattern was scanned in steps of 0.02� with 2 s

counting times. The grain size was evaluated using the Scherrer

formula 27

d ¼ 0:9λ

bcos θ

where 0.9 is the Scherrer shape factor, λ the X-ray wavelength,

b the full width at half-maximum (fwhm) of the sample peak,

and θ the diffraction angle of the peak considered.

Thickness was determined by a spectrophotometric method.28

Reflectance spectra were recorded in the wavelength region

190-1100 nm for Si(100) substrates. The spectra were fitted to

obtain geometric thickness. Measurements were performed in a

Hitachi U-2000 spectrophotometer. Microstructure was evalu-

ated from cross-sectional scanning electron microscopy (SEM)

micrographs obtained in S440 Leica SEM.

The yttrium to cerium ratio was measured by X-ray fluores-

cence, XRF (Philips PW 1480 WDS spectrometer) using Rh

excitation. Data were analyzed with the UNIQUANT 4.34

program.29

Figure 1. Conductivity of zirconia- or ceria-based compounds: YSZ,
YDC, and GDC (gadolinia-doped ceria) pellets in air.8
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The electrical properties of the as-deposited films (without

any annealing treatment) were analyzed by impedance spectros-

copy. These measurements were carried out under ambient air,

using an Autolab potentiostat PGSTAT30 with 200 mV ac

signal amplitude (ΔV) and without dc polarization in the

1 MHz to 10 mHz frequency range (11 points per decade) in a

temperature range varying from 250 to 475 �C. T avoid short-

circuits or damage to the deposits no Pt ink was used to contact

the electrode. A pointed Pt electrode, constituted by a melted

platinum wire with a diameter of 0.5 mm was used as the

working electrode. Optical microscopy observations allowed

us to evaluate the contact area after measurements, obtaining

S 0.1 mm2 (diameter is 0.36( 0.02 mm). A Pt spiral was used as

the counter-electrode. The experimental setup, allowing to per-

form the crossover ionic conductivity measurements, was de-

scribed in a previous paper.29 Impedance diagramswere analyzed

using equivalent circuit simulation software (Equivcrt), commer-

cialized by B.A. Boukamp.30

Results and Discussion

YDC Deposition. Surface-controlled deposition of the
binary oxides Y2O3 and CeO2 by ALD using Y(thd)3 and
Ce(thd)4 can be observed in the temperature ranges
250-350 and 175-250 �C, respectively.24,25Nevertheless,
the process to grow Y2O3 thin films from Y(thd)3 at
temperatures below 300 �C is not entirely optimal,24

whereas the deposition of ceria thin films gives satisfac-
tory results at 300 �C, with a uniform surface-controlled
growth.25 It should be noted that with some β-diketonate-
based processes the ALD-growth is still maintained
although the deposition rate is increased slightly above
the nominal “ALD-window”. This is most probably
related to partially decomposing ligands or to a change
in the adsorption mode yielding higher precursor satura-
tion at surface (molecules/nm2) and thus higher deposi-
tion rate. All things considered, the deposition tempera-
ture for YDC thin films was chosen as 300 �C. The
sublimation temperatures for Y(thd)3 and Ce(thd)4
sources, at the prevailing 1-3 mBar pressure, were fixed
at 125 and 150 �C, respectively.10,22 Even if the literature
reports 0.8 and 1 s as pulsing times for yttrium and cerium
precursors, respectively,24,25 longer pulsing times were
applied here in order to saturate the surface at 300 �C. In
fact, for each precursor, we have analyzed the growth
speed of the film vs the pulsing time on soda-lime glass
and found 1.5 s for Ce(thd)4 to achieve surface saturation.
In the case of Y(thd)3, only 1s was necessary. Therefore,
we imposed 1.5 s for both precursors. The standard
pulsing sequence combines a certain number of pulsing
sequences of Ce(thd)4 depending on the required yttrium
concentration in the YDC thin film, followed by one
pulsing sequence of Y(thd)3, as shown in Table 1.
The relative amount of Y pulses in the total metal

pulses was varied from 10 to 75% in order to reach the
desired % Y content in the YDC films (Figure 2). There-
fore, even though the relation is not really linear, it is
relatively straightforward to deposit a film having the
desired Ce:Y ratio. Nevertheless, it should be noted that

at an atomic ratio level the deposition of Y occurs at
somewhat higher level than Ce, which was already
observed by O. Nilsen et al. for calcium-substituted
lanthanum ,anganite deposited by ALD.31 The composi-
tion of the deposited layers was first determined by XRF
and then checked by an energy-dispersive X-ray spectro-
metry (EDX) analysis. XRF analysis remained more
accurate and the compositional values obtained by this
technique were kept for the rest of the study. An example
of composition, thickness. and growth ratemeasurements
in the case of successive deposits by ALD at 300 �C on
soda-lime glass is reported in Table 2. Nine YDC samples
of roughly 400 nm thickness YDC were obtained with
three different compositions, on all the substrates men-
tioned. Roughly, using pulsing ratios of Ce:Y = 9:1 and
8:1 and 7:1, thin films containing 11.5 at % Y, 13.0 at
%Y, and 16 at%Y, respectively, were obtained. It can be
observed that the higher the Y content is in YDC, the
higher is the growth rate being roughly, from 0.40 Å/cycle
for 11.5 at % Y to 0.53 Å/cycle for 16.0 at % Y. These
values are higher than that corresponding to the growth
rate ofY2O3, 0.23 Å/cycle,24 and approximately similar to
that of CeO2, 0.42 Å/cycle.25

Structural andMorphological Characterization. XRD
Analysis. Figure 3 shows XRD patterns of yttria-doped
ceria deposited on porous cathode LSF. When compared
to the JCPDS card (75-0175), the peaks of our yttria-
doped ceria are clearly defined. The sample deposited by
ALD (Figure 3b) is well-crystallized without any anneal-
ing post-treatment. This is quite remarkable because in
this case the ALD process occurs at relatively low tem-
peratures.
Yttria-doped ceria crystallizes in the cubic structure

regardless of the amount of yttrium in the YDC films.
This was verified by the three compositions studied.
Lattice parameter a was evaluated to 5.4 Å and the
average crystallite height was 150 Å. This value was

Table 1. Pulsing Sequence Is one ALD Growth Cycle of YDC

pulse 1: Ce(thd)4 for 1.5 s pulse 5: Y(thd)3 for 1.5 s
pulse 2: N2 for 2 s pulse 6: N2 for 2 s
pulse 3: O3 for 1.5 s pulse 7: O3 for 1.5 s
pulse 4: N2 for 2 s pulse 8: N2 for 2 s

Figure 2. Relative amount of Y in the total metal content of the films as
analyzed by XRF.

(30) Boukamp, B. A. Solid State Ionics 1986, 20, 31–44.
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2007, 17, 1466–1475.
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calculated from the fwhm value of the strongest peak
(111) using the Scherrer formula.27 In contrast to the case
of a porous LSF cathode, XRD patterns of YDC depos-
ited on silicon or on soda-lime glass were less resolved
from the background and difficult to exploit, as only the
(311) peak was clearly observable.

SEM Analysis. Morphology of the YDC thin layers
deposited was observed by SEM. Films deposited on four
different substrates (stainless steel, LSF cathode, Ni-YSZ
anode)were analyzed. In all cases, the thin films deposited
were, in general, dense, well-covering, and uniform,
which are the fundamental requirements for a successful
SOFC application.
It appears that the morphology of the substrate has an

influence on the growth of thin films (Figures 4 and 5).
SEM micrographs clearly showed that YDC grown on
stainless steel follows the features existing on the surface,
whereas YDC on LSF or NiO/YSZ grew with a distinct
“cauliflowers” pattern.
Figure 4 shows some irregularities on the thin layer

deposited on the porous SOFC cathode. It is most
probably due to the morphology of the substrate more
than to a porosity of the layer. Nevertheless, it shows that
in the case of an electrolyte processed by ALD, the layer
should be thicker to avoid such irregularities that might
limit the application.

Cross-sectional micrographs validated the thickness
values obtained by UV spectrophotometry (Figure 5).

Table 2. Composition (By XRF), Thickness (By Spectrophotometry), and Growth Rate of YDC Thin Layers Processed By ALD on Soda-Lime Glass

Substrates at 300�C

pulsing sequence composition in at % Y film thickness (nm) fowth rate (Å/cycle)

Ce7/Y14 successive deposits 14.9 105 ( 5 0.527 ( 0.003
16.2 106 ( 5 0.530 ( 0.003
15.7 115 ( 6 0.573 ( 0.003
16.2 99 ( 5 0.495 ( 0.003
average: 15.7 total thickness: 425 ( 20

Ce8/Y14 successive deposits 13.2 96 ( 5 0.425 ( 0.003
13.2 95 ( 5 0.422 ( 0.003
13.1 93 ( 5 0.412 ( 0.003
12.2 96 ( 5 0.428 ( 0.003
average: 12.9 total thickness: 380 ( 20

Ce 9/ Y 1 4 successive deposits 11.9 99 ( 5 0.395 ( 0.002
11.6 101 ( 5 0.403 ( 0.002
11.4 101 ( 5 0.403 ( 0.002
11.2 97 ( 5 0.389 ( 0.002
average: 11.5 total thickness: 400 ( 20

Figure 3. XRDpatterns of yttria-doped ceria. (a) JCPDS card 75-0175:
Y0.20Ce0.80O1.90. (b) YDC thin layer deposited by ALD (380 nm thick,
13 at % Y) on LSF.

Figure 4. SEM micrograph of yttria-doped ceria layers deposited by
ALD at 300 �C on LSF (425 nm thick, 16 at % Y).

Figure 5. Cross-sectional SEM micrograph of yttria-doped ceria depos-
ited by ALD at 300 �C: (a) on stainless steel (400 nm thick, 11.5 at % Y);
(b) Ni-YSZ anode (342 nm thick, 13 at % Y).
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An average of several measurements gave a 400 nm layer
thickness.
Electrical Properties by Impedance Spectroscopy. The

evolution with temperature of the electrical characteris-
tics of the impedance response in theYDC electrolyte thin
layer, i.e., the resistance, conductivity, activation energy,
relaxation frequency, equivalent capacitance, and relative
permittivity were analyzed for the YDC electrolyte thin
layer. TheYDC samples were first submitted to a stability
test consisting of measuring the Nyquist impedance dia-
grams from the highest to the lowest frequencies and
reversely. This test showed that the YDC system is stable
with a perfect superposition of the forward and backward
diagrams.
Figure 6a shows typical Nyquist impedance diagrams

obtained at 400 �C for the YDC thin film deposited on
stainless steel (16 at % Y, 425 nm thick) at different ac
signal amplitudes. The question was to determine the
origin of the impedance response. The enlargement of the
diagram shows that the first high-frequency semicircle
(from 1 � 106 to 1 � 104 Hz) is not affected by the signal
amplitude whereas the second low frequency one ob-
viously is (Figure 6b). Thus, it is easy to distinguish the
contribution due to the YDC thin layer intrinsic proper-
ties from that of the electrode reaction mechanisms. The
semicircle obtained at high frequencies allowed us to
evaluate the electrolyte resistance and, consequently,
the conductivity of YDC and the related activation
energy. The second semicircle evolves with the magnitude
of the applied potential and is due to the electrode

reaction. The conductivity Arrhenius diagrams corre-
sponding to the three analyzed compositions of YDC
are plotted in Figure 7. The same figure also depicts the
conductivity values obtained on bulk YDC materials. At
a given temperature and composition, the total conduc-
tivity of the bulk YDC material is superior to that of the
YDC thin layer; for instance, in the case of the 16 at %Y
at 400 �C, the thin layer is about 350 times less conductive
than the bulk sample. A similar situation has been found
in other ultrathin layers deposited by ALD, viz. YSZ,6,16

IDZ (india-doped zirconia),10,11,29 and GDC (gadolinia-
doped ceria).6,15,16

It should be kept in mind that in the case of thin layers
less than 10 μm thick, according to the results ofGourba,16

the conductivity is

σ ¼ 1

R

l

S

with l/S, the geometric factor; l, the thickness of the
deposited layer; andS, the surface of the Pt point electrode.
Thus, in the case of the thin layers, the main difficulty is to
give a good estimation for the surface of the point elec-
trode. Furthermore, as also shown by Gourba,16 the sur-
face of the point electrode is always overestimated, which
partially explains the low conductivities deduced. To get a
more precise value of this surface, a modeling effort is
required. The microstructure of the layers deposited by
ALD could also have an influence on the impedance
measurements. In fact, the structure of these layers is
constituted by very narrow columns, separated by column
boundaries. The conductivity can be seen as the combina-
tion of two parallel pathways, one by the columns and
the other by the boundaries. This kind of phenomenon
requires a deeper insight and precise measurements, which
is out of the frame of this paper.
The activation energies were deduced from the Arrhe-

nius diagrams and are reported in Table 3. A decrease in
the activation energy can be noted when the content of
Y increases from 11.5 to 16 at%. Nevertheless, the
activation energy is not significantly different, at a given

Figure 6. Evolution at 400 �C of the impedance response with the signal
amplitude for YDC thin layer deposited by ALD on stainless steel
(425 nm thick, 16 at % Y). (a) Nyquist diagrams (frequency logarithms
of the applied alternative signal are presented); (b) enlargement of (a).

Figure 7. Arrhenius plots of the YDC layer conductivity for samples
deposited by ALD as well as those for the YDC bulk.32
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composition, i.e. Sixteen at% Y, as compared to the
thin layered YDC (1.09 eV) and YDC bulk material
(0.92 eV).32,33 The results in the literature concerning
the influence of thin layers on the activation energy are
sometimes contradictory, i.e. in the case of YSZ deposited
byALD,we have found a decrease in the activation energy
with respect to bulk YSZ.7 Further dedicated studies are
surely necessary to be able to understand what are the
dominating parameters influencing the activation energy
when a bulk material is compared to a thin-layered one.
Afterward, the relaxation frequencies for the thin-

layered samples were determined, showing an Arrhenius
behavior. The relation log frelaxation = function (1/T) has
the same slope for the three analyzed thicknesses and,
therefore, the related activation energies are approxi-
mately similar, around 0.9-1.0 eV. The equivalent capa-
citance values, C, were deduced from the relaxation
frequencies. Whatever the yttrium content is, the equiva-
lent capacitance stays around 1 � 10-11 F. Finally, the
average values of the relative permittivity, εr, were deter-
mined from the average values of the equivalent capaci-
tance, using the classical formulaC= ε0εr(S/e), with ε0=
8.854187 � 10-12 F/m, the vacuum permittivity).
The values obtained slightly vary from 1 to 6.5 depend-

ing on the yttrium concentration. These values are sig-
nificantly lower than 55, which is the estimated value
reported in the literature for the YDC bulk material.32 If
the geometric factor is correctly estimated, it can be

deduced that the YDC thin layer would be a better
dielectric material than the bulk YDCmaterial. This then
means that when these materials are submitted to increas-
ing electrical fields, YDCprocessed byALDwould better
resist the discharge.
A comparison of the Arrhenius conductivity diagrams

of YDC and YSZ10 is given in Figure 8. At very low
temperatures, YSZ is more conductive than YDC, but
from 420 �C onward, this tendency is reversed, which
explains the current interest of using YDC as an SOFC
electrolyte under operating conditions, which are signifi-
cantly higher than 450 �C.

Conclusions

Very thin layers of YDC were produced for the first
time by ALD. The depositions were performed at 300 �C,
using Y(thd)3 and Ce(thd)3 precursors, on four different
substrates: soda-lime glass, stainless steel as well as SOFC
cathode and anode materials, respectively, viz. LSF and
Ni-YSZ. The process was optimized yielding uniform and
dense layers, of about 400 nm thickness which contained
Y in the range of 10 to 20 at %. The films are well-
covering and adherent regardless the substrate. They are
well-crystallized in the cubic structure regardless of the
amount of yttrium and needing no annealing treatment;
this can be considered as one of the greatest advantages of
the ALD deposits. The lattice parameter of YDC is 5.4 Å
and the average crystallite size 150 Å.
Arrhenius diagrams showed that the total conductivity

of the ALD-processed YDC is significantly lower than
that of the bulk material. This difference has already been
observed with other ALD-processed films 7 and it might
be due either to an overestimated value of the geometric
factor l/S, or to the particularmicrostructure of theALD-
processed thin films. The use of a nonrigorously adapted
conductivity formula is also a possible reason for the low
conductivity value measured for the ALD films.
In contrast, the activation energies obtained are ap-

proximately similar for both YDC thin layer and bulk
material, with an average value of 1.1 ( 0.1 eV for the
16 at % Y sample. The activation energy decreases as the
ratio of Y to Ce increases.
The relative permittivity of the ALD-processed YDC

thin layer is 10 times lower than that of the bulk material
and, consequently, the structured thin film structured
appears as a better dielectric material. The conductivity
of the YDC thin layers becomes higher than that of YSZ
thin layer at temperatures higher than 420 �C, which is
within the range of the SOFC operating temperature.
Thus, the use of this novel ALD-processed thin film
structure appears to be a very important step forward in
the design of SOFC devices with improved performance.
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Table 3. Activation Energies for YDC Thin Layers Processed by ALD on

Stainless Steel at 300 �C; Bulk Value Given by Comparison

Ea (eV) composition at % Y thickness (nm)

1.39 ( 0.18 11.5 ( 0.5 400 ( 20
1.27 ( 0.17 13 ( 0.5 380 ( 20
1.09 ( 0.14 16 ( 0.5 425 ( 20

0.9231 16 bulk

Figure 8. Arrhenius plots of YDC (16 at % Y) and YSZ (8 at % Y),7,10

with a thickness of 425-450 nm, processed byALDat 300 �Con stainless
steel.
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