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bstract

 500 nm thick thin film YSZ (yttria-stabilized zirconia) electrolyte was successfully fabricated on a conventionally processed anode substrate by
pin coating of chemical solution containing slow-sintering YSZ nanoparticles with the particle size of 20 nm and subsequent sintering at 1100 ◦C.
ncorporation of YSZ nanoparticles was effective for suppressing the differential densification of ultrafine precursor powder by mitigating the
revailing bi-axial constraining stress of the rigid substrate with numerous local multi-axial stress fields around them. In particular, adding 5 vol%
SZ nanoparticles resulted in a dense and uniform thin film electrolyte with narrow grain size distribution, and fine residual pores in isolated state.
he thin film YSZ electrolyte placed on a rigid anode substrate with the GDC (gadolinia-doped ceria) and LSC (La0.6Sr0.4CoO3−δ) layers deposited
y PLD (pulsed laser deposition) processes revealed that it had fairly good gas tightness relevant to a SOFC (solid oxide fuel cell) electrolyte and

aintained its structural integrity during fabrication and operation processes. In fact, the open circuit voltage was 1.07 V and maximum power

ensity was 425 mW/cm2 at 600 ◦C, which demonstrates that the chemical solution route can be a viable means for reducing electrolyte thickness
or low- to intermediate-temperature SOFCs.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

There has been a great deal of interest in producing thin-
lm electrolytes by chemical solution techniques1,2 for the
urpose of operating solid oxide fuel cell (SOFC) at lower
emperatures.3–6 avoiding electrolyte leakage7–9 and applying

 diffusion barrier layer. 10,11 In general, the chemical solution
echniques have been considered to be inexpensive in terms of
nitial capital investment and simple in principle like the conven-
ional processes. In addition, once the precursor chemistry and
rocessing conditions are optimized, they can be readily applied
o the substrates of large area without delicate process adjust-
ents. Despite many technical advantages, the application of
hemical solution route in SOFCs has been very limited in prac-
ice because the preparation of thin films by chemical solution

∗ Corresponding author. Tel.: +82 2 958 5523, fax: +82 2 958 5529.
E-mail addresses: hwlee@kist.re.kr, sofc.lee@gmail.com (H.-W. Lee).

t
l
a
m
e
s
i

955-2219/$ – see front matter © 2012 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2012.01.021
tering

eposition requires careful optimization of individual process
teps including dispersion, coating, drying, and sintering.

The chemical solution deposition techniques for thin film
reparation can be divided into two categories depending on the
elivery of chemical solution to the substrate to be coated. Some
echniques, such as dip coating and spin coating, transfer the
ulk solution onto the substrate to be dried as a whole,1–6 while
he other techniques, including electrostatic spray deposition
ESD) and inkjet printing, transfer the chemical solution in the
orm of droplets to be coalesced and dried on the substrate.8–10

lthough all of them can be applied to produce gastight thin
lms of relatively high density with optimized film thickness,

he difference in the solution delivery and its effect on drying
eads to substantial variations of microstructural heterogeneities
nd film thickness required for gas tightness. For example,

ultiple coating practice in dip coating and spin coating gen-

rates microstructural heterogeneities between the individual
ub-layers, and the droplet delivery in ESD and inkjet print-
ng commonly suffers from the incomplete coalescence of the

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.01.021
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roplets. These microstructural heterogeneities are dependent
pon the delivery method and drying mechanisms of chemical
olution deposition techniques.

In addition, the process optimization becomes even more
omplicated when the substrates to be coated do not possess
he adequate surface quality for chemical solution deposition of
hin film, like the porous anode substrates of anode-supported
OFCs.12–18 If the thin film is deposited and sintered on a
igid substrate by a chemical solution method, the process
hrinkages associated with drying and sintering will gener-
te substantial mismatch strains and cause a wide spectrum
f microstructural heterogeneities.12,19–24 The microstructural
eterogeneities formed in chemical solution deposition can
row to macro-scale process flaws during drying and sinter-
ng in the presence of the constraining stresses generated by
he non-sintering substrate. The occurrence of microstructural
eterogeneities will be even more pronounced in the coating
ayer which is composed of ultrafine sol particles of extremely
ast sintering rate typically derived from chemical solutions.
ccording to the previous investigations,4,6,7 they often reported

hat there were less dense boundaries between the sub-layers of
he thin film due to the inhomogeneous packing which origi-
ated from multiple coating practice frequently employed for
ncreasing the film thickness to a desired level. The inhomo-
eneous packing commonly led to differential sintering which
esulted in considerable retardation of overall densification and
elatively high residual porosity with pore anisotropy. Espe-
ially when the coating layer is composed of extremely fine
ol particles of fast sintering rate, even small microstructural
eterogeneities can grow to put the structural integrity of the
hin films in danger. In an extreme case, the substantially high

ismatch strain generated by fast-sintering sol particles causes
 thin film to completely peel off from a rigid substrate since the
hin film undertakes extensive densification prior to developing
ts adhesion to the substrate.

Therefore, it is essential to decrease the sintering rate of the
ol particles in the thin film produced by chemical solution
eposition in order to allow it to develop sufficient adhesion
trength to the substrate. In the present study, slow-sintering
SZ nanoparticles are incorporated into the chemical solution

nd consequently into the precursor powders which undergo
onstrained sintering at reduced densification rate under the mul-
iaxial stress fields of substantially smaller magnitude than the
ubstrate constraint.20–24 A cell comprising a thin film YSZ elec-
rolyte was fabricated on a rigid anode substrate by multiple spin
oating of chemical solution with YSZ nanoparticle addition and
y placing both the gadolinia-doped ceria (GDC) barrier and
a0.6Sr0.4CoO3 (LSC) cathode layers via pulsed laser deposition

PLD) process, and the feasibility of a thin film YSZ electrolyte
as evaluated for its application to the SOFC operating at low

o intermediate temperatures.

.  Experimental  procedures
Zirconium acetate in acetic acid in a solution (Aldrich, USA)
nd yttrium nitrate hexahydrate (Aldrich, USA) were used as
tarting precursors for the preparation of an 8 mol% yttria

m
m
t
a
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tabilized zirconia (8YSZ) solution. Dimethylformamide (DMF,
ldrich, USA) was used as the solvent, which also acted as

 drying control chemical additives (DCCA). Ethanol (EtOH,
ldrich, USA) was also used as a co-solvent and acetylace-

one (Acac, Aldrich, USA) was used as a complexing agent.
he molar ratio of DMF:EtOH:H2O:Acac mixed solution was
.4:0.62:0.5:0.27 and the YSZ precursors were added in the
ixed solution. The prepared YSZ solution was stirred for 6 h

nd evaporated to 2 M. The pH value of the solution was mea-
ured to be around 4. A solution containing nanoparticles was
repared by adding 8YSZ nanoparticles (Nextech, USA) into
he above 8YSZ solution. The primary particle size and surface
rea of the YSZ nanoparticles were 20 nm and 155 m2/g, respec-
ively. Content of YSZ nanoparticles (YSZ-NP) was varied from

 to 9 vol% based on the final YSZ yield. Polyvinylpyrrolidone
PVP, Mn = 10,000, Aldrich, USA), which is a non-ionic poly-
er with excellent solubility in both alcohol and water, was

dded as a dispersion agent at 25 wt% based on a dry weight of
ncorporated YSZ nanoparticles. With this non-ionic nature of
VP, it can stabilize the YSZ nanoparticle via steric stabilization
echanism. Intensive ultrasonication treatment was applied for

–5 h depending on the content of the added YSZ nanoparticles
o prepare stable nanoparticle-dispersed solutions.

The chemical solution deposition was carried out by spin
oating on both the dense sapphire and porous NiO–YSZ
ubstrates25 at a rotation speed of 2000 rpm for 60 s using a spin-
oater (JSP4D, JD Tech, Korea). The thickness after each spin
oating was in the range of 80–100 nm depending on the content
f YSZ nanoparticles. After each spin coating, the film was dried
y heating in a microwave oven at 200 ◦C in flowing air condi-
ion to remove gaseous species coming out from the sample, and
he processing steps of spin coating and microwave drying were
epeated until the electrolyte films thickness approached to the
esired one, e.g. 400–500 nm. The sintering was carried out by
eating to 1100 ◦C without holding time followed by reducing
o 1000 ◦C and holding for 12 h. The heating rate was varied
rom 0.25 to 1 ◦C/min. For the evaluation of YSZ thin film as
n electrolyte of SOFC, a cell was fabricated by applying GDC
nterdiffusion barrier and LSC cathode layers by PLD process.

Film thickness and microstructure of the YSZ thin films
ere investigated using scanning electron microscope (SEM,
EI XL-30 FEG) and field emission gun transmission electron
icroscope (FE-TEM, Tecnai G2, USA). The cell containing
SZ thin film electrolyte was evaluated in terms of I–V–P

haracteristics at 450–600 ◦C using electrochemical interface
nalyzer (Solartron 1287, AMETEK, UK).

. Results  and  discussion

SEM micrographs in Fig. 1 show critical process flaws which
re commonly observed in fabricating a thin film YSZ elec-
rolyte on a rigid substrate by chemical solution deposition

ethod. Large surface cracks in Fig. 1(a) usually originate from

icrocracks by differential drying and subsequently grow to
acrocracks by differential sintering. In general, chemical solu-

ion route always suffers from extremely large process shrinkage
nd poor packing homogeneity regardless of deposition
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ig. 1. SEM micrographs of critical process flaws observed in a thin film YSZ
lectrolyte prepared by chemical solution deposition method: (a) surface cracks
nd (b) delamination crack.

echniques since the chemical solution contains very large
mount of solvent and organic additives. Thus even small
icrostructural heterogeneities produced in the film deposition

tep are detrimental to the structural integrity of the thin film,
ince the transient stress, arising from differential densifica-
ion in the presence of non-sintering substrate, can cause them
o grow to macrocracks to structural damages. Given that the
ifferential densification originates from the difference of the
ensification rate between the local areas inside the thin film,
he magnitude of transient stress is dependent mainly on the
ntrinsic densification rate of the precursor powder relative to
he non-sintering substrate. Considering the ultrafine nature of
he precursor powder obtained from the chemical solution, it is
ts intrinsic densification rate that does control the magnitude of
he transient stress with other factors kept constant. Therefore,
t is essential to control the densification behavior of the precur-
or powder in order to prevent the ever-present microstructural
eterogeneities from growing to large process flaws.

Another serious flaw is a delamination crack between the
ubstrate and thin film electrolyte, as shown in Fig. 1(b). This
elamination crack can be attributed to the intrinsically fast den-

ification rate of the precursor powder in the thin film on the
on-sintering substrate. When a thin film, deposited on a rigid
ubstrate by chemical solution, undergoes sintering, there occur
wo concurrent events of the densification of thin film itself and

t
i
o
t
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ts adhesion to the substrate. If the densification rate of the thin
lm is faster than the development rate of its adhesion to the sub-
trate, the delamination cracks are readily generated as shown in
ig. 1(b). In an extreme case, thin film electrolyte layer can be
ompletely peeled off from the substrate with the substrate sur-
ace exposed to the open air. This discloses that the generation of
elamination cracks can be attributed to the rapid densification
ate of the ultrafine precursor powder obtained from chemical
olution on a rigid substrate.

Since the mismatch strain in this case is exactly equivalent
o the process shrinkage of the thin film itself, due attention
hould be paid to both the drying and binder burn-out steps in
hich substantially large shrinkages lead the thin film to vari-
us microstructural heterogeneities such as microcracks, large
ores and inhomogeneous packing. When microstructural het-
rogeneities are produced in the early process steps, they are
ikely to grow to critical process flaws in the subsequent sintering
tep. Since the transient stresses generated by differential densi-
cation are unavoidable during sintering of a thin film on a rigid
ubstrate, it is very important to relieve or reduce them in order
o avoid the generation of critical process flaws. A conventional
ttempt was made to accomplish this by incorporating slow-
intering YSZ nanoparticles into the precursor powder matrix,
.e. chemical solution. Uniformly dispersed YSZ nanoparticles
ill generate constraining stress fields around them in the precur-

or powder matrix, which is expected to change the prevailing
i-axial stress field by the rigid substrate to multi-axial stress
elds of considerably small magnitudes. These multi-axial stress
elds may force the precursor powder particles to rearrange

hemselves for improving packing homogeneity, through which
he drying stresses generated by the substantially large shrink-
ges associated with the removal of organic substances can be
ffectively relieved or reduced. Moreover, the local constraining
ffect of YSZ nanoparticles also contributes to reduced overall
ensification of the thin film YSZ electrolyte at high tempera-
ures as long as there exists the difference of particle size, i.e.
intering rate, between the matrix particles and slow-sintering
SZ nanoparticles.
Although the shrinkage behavior of the thin film coating can-

ot be precisely measured, the green compacts prepared with
he dried precursor powders may reflect the effect of the YSZ
anoparticles on the sintering of precursor powder matrix. Fig. 2
hows plots of linear shrinkages for the compacts prepared using
he dried precursor powders with and without YSZ nanoparti-
les. As expected, the shrinkage behaviors are very similar and
he total shrinkage approaches almost 35% corresponding to the
acking density of about 27% under the assumption that the
hrinkages are identical regardless of measurement directions.
his reflects that the precursor powder compacts are composed
f low-density aggregate network formed between very small
articles precipitated from the ionic solutions. Judging from
RD analysis and TEM observation, the crystallite size was
nly 5 nm even after heat treatment at 600 ◦C which is substan-

ially smaller than the primary particle size of YSZ nanopowder
ncorporated into the precursor solutions. Since the majority
f sintering shrinkage takes place in the range 300–600 ◦C,
he stress fields developed around the YSZ nanoparticles are
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xpected to force the extremely fine precursor powder parti-
les to rearrange themselves for improved packing homogeneity.
n consequence, the slightly increased shrinkage in the com-

act with YSZ nanoparticle addition should be attributed to the
mproved microstructural homogenization by particle rearrange-

ent of precursor powder particles arising from the local stress

b
m
i

ig. 3. SEM images showing the microstructures of the thin film YSZ electrolytes 

ased on total YSZ yield: (a) 1 vol%, (b) 2 vol%, (c) 5 vol% and 9 vol%.
eramic Society 32 (2012) 1733–1741

elds generated around the uniformly dispersed YSZ nanopar-
icles.

In fact, SEM micrographs in Fig. 3 show the sintered surface
f the thin film YSZ electrolytes deposited on sapphire substrates
ontaining different amounts of slow-sintering YSZ nanopar-
icles, which were prepared by spin coating of corresponding
hemical solutions and subsequent sintering. Regardless of the
ontent of YSZ nanoparticles, there were no major process flaws
xcept residual porosity and overall microstructure was rela-
ively uniform throughout the YSZ electrolyte surfaces. For
he thin film electrolytes containing 5 vol% YSZ nanoparti-
les or less, the pore size decreases with increasing the content
f nanoparticles, while the grain size is the smallest for the
hin film containing 2 vol% YSZ nanoparticles. Among them,
he thin film electrolyte prepared with 5 vol% YSZ nanopar-
icles shows the most favorable microstructure with narrow
rain size distribution and fine residual pores evenly distributed
hroughout the film. This supports the contention that local
tress fields generated around the YSZ nanoparticles contribute
o the microstructural homogenization by particle rearrange-

ent and grain growth inhibition even in the presence of rigid
ubstrate. In terms of microstructural homogenization, the opti-
um content of slow-sintering YSZ nanoparticles appears to
e around 5 vol% based on total YSZ yield below which the
agnitude of local stresses may not be large enough for mitigat-

ng the constraining stress of the rigid substrate. Based on the

prepared with different amounts of slow-sintering YSZ nanoparticle addition
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Fig. 4. TEM images of the cross sections of sintered thin film YSZ electrolyte
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forementioned observation, it is suggested that controlling the
agnitude of local constraints with the content of slow-sintering
SZ nanoparticles can be a practical means for improving
icrostructural homogeneity, reducing the degree of differential

ensification and eventually suppressing process flaws.
Unlike evenly distributed fine pores in the isolated state

hown in Fig. 3(a)–(c), there are extensive interactions between
he residual pores of relatively large sizes to form pore clus-
ers for the thin film prepared with 9 vol% YSZ nanoparticle
ddition, as shown in Fig. 3(d). If the slow-sintering YSZ
anoparticles are added above a critical volume fraction, they
ndergo substantial interparticle interactions and eventually get
nto close contacts with each other to form local clusters. Once
ocal clusters of slow-sintering particles are formed through-
ut the matrix, the densification of the precursor powder matrix
early ceases until the slow-sintering particles themselves take
art in sintering process at higher temperatures. The microstruc-
ure seen in Fig. 3(d) clearly shows that local clustering of
low-sintering particles is always accompanied by the appear-
nce of large pores near and inside them since there is insufficient
mount of precursor powder available for densification. Hence,
t is necessary to carefully optimize the content of slow-sintering
SZ nanoparticles in order to avoid the formation of local

lusters. According to previous investigations on the structural
tability of thin film,7,26 the breakup of thin film can take place
hen grain growth occurs to such an extent that grain size is
reater than the film thickness. The grain sizes in Fig. 2 are in
he range 30–100 nm which is much smaller than the film thick-
ess of the electrolyte layer, e.g. 500 nm. This assures that the
hin film YSZ electrolyte fabricated in this study can maintain
ts structural stability unless there is a drastic increase of grain
ize in the subsequent process steps.

TEM investigation of the cross sections provides more
etailed information on the mictrostructure development of thin
lm YSZ electrolyte layer under the constrained sintering in

he presence of the rigid substrate. Fig. 4 shows a cross section
f sintered thin film YSZ electrolyte prepared by multiple spin
oating and subsequent sintering. There are a couple of large
ores located just underneath the surface region in combination
ith many small pores distributed throughout the thin film. The
nusual morphological development of anisotropic pores has
een observed repeatedly in the thin films prepared by multiple
pin coating of chemical solutions. In order to elucidate their ori-
ins, the thin film electrolyte formed by multiple spin coating
as partially sintered in both the resistive and microwave heating

onditions and a comparison is made in terms of pore structure
evelopment. In doing so, microwave heating was intended for
uling out the additional constraining effect by the preferential
ensification of the surface region occurring in resistive heat-
ng, since it provides an ideal condition with volumetric heating
or investigating the development of anisotropic pores between
ub-layers. Fig. 5 shows TEM micrographs of the YSZ thin
lm electrolyte layers prepared by resistive heating (Fig. 5(a))

◦ ◦
t 800 C and microwave heating (Fig. 5(b)) at 800 C. There
re clearly several layers of dark regions separated by almost
qually spaced bright bands which could be attributed to the
resence of packing inhomogeneities in the sub-boundaries, as

t
e
r
e

howing elongated pores due to differential densification in the presence of
acking inhomogeneity.

hown in Fig. 5(a). Once the thin film electrolyte layer formed
y multiple spin coating was subjected to microwave sintering
t 800 ◦C, the bright bands were enlarged due to the acceler-
ted differential densification under fast heating condition, as
hown in Fig. 5(b). This undoubtedly supports the fact that those
ore clusters in Fig. 3 originate from the packing inhomogene-
ty formed during multiple spin coating and that they become

ore pronounced when the sintering condition is in favor of fast
ensification rate like microwave heating.

In several previous investigations,7,9,15,18 the separation
ands were also observed between the sub-layers of the thin
lms prepared by multiple coating of chemical solution, but

t was postulated that the separation lines disappeared when it
as sintered at higher temperatures. Those pore clusters can be

eadily produced in the presence of the packing non-uniformities
hen the sub-layers undergo extremely fast sintering rate at rel-

tively low temperature. It is evident from Fig. 5 that, even in
he presence of slow-sintering YSZ nanoparticles, the differen-
ial sintering of the thin film electrolyte cannot be avoided due
o the inherent nature of extremely fast sintering of the ultrafine
recursor powder derived from chemical solution. The degree
f differential densification may be reduced by increasing the
ontent of slow-sintering YSZ nanoparticles below the critical
olume fraction where they do not form local clusters.

In order to eliminate the large elongated pores, another
ttempt has been made to further reduce the degree of differ-
ntial sintering by reducing the heating rate from 1 ◦C/min to
.25 ◦C/min to 1100 ◦C. Fig. 6 shows TEM micrographs of the
hin film YSZ electrolyte layers prepared by multiple spin coat-
ng of 5 vol% YSZ nanoparticle dispersed solution. Although
here were still laterally elongated large pores in the thin film

lectrolyte layer prepared at heating rate of 1 ◦C/min (Fig. 6(a)),
educing heating rate to 0.25 ◦C/min (Fig. 6(b)) was indeed
ffective for decreasing the residual porosity and pore anisotropy
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Fig. 5. TEM micrographs of the YSZ thin film electrolyte layers prepared
by multiple spin coating followed by (a) resistive sintering at 800 ◦C and (b)
m
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icrowave sintering at 800 ◦C.

y suppressing the differential densification. In fact, the resid-
al porosity decreased from 9 to 5.6% and the pores became
elatively equiaxed in shape with considerably reduced size.
lthough the grain size increased from below 100 to about
00 nm, it is still smaller than the film thickness of 500 nm,
ecuring the structural stability against the film breakup.7,26

As the thin film YSZ electrolyte in this study can be sin-
ered to relatively high density with residual pores in isolated
tate without major process flaws, it is worthwhile to test this
hin film as an electrolyte in an actual cell architecture. A cell
as fabricated by depositing a thin film electrolyte layer on

 conventionally processed anode substrate and subsequently

lacing both GDC interdiffusion barrier and LSC cathode by
LD process.27,28 Fig. 7 shows SEM micrographs of the surface
f anode functional layer used for electrolyte coating, in which

a
c
o

ig. 6. TEM images of the thin film YSZ electrolyte layers sintered at 1100 C
ith different heating rates: (a) 1 ◦C/min and (b) 0.25 ◦C/min.

he average grain intercept size is about 0.4 �m. Since the anode
ubstrate is actually a bilayer composite consisting of coarse-
rained anode support and fine-grained anode functional layer,
he surface quality in Fig. 7(a) and (b) represents the anode func-
ional layer. Despite substrate warpage and surface roughness,
he thin film electrolyte layer in Fig. 8(a) shows a smooth and
ense surface without any surface cracks. It is also verified in
he cross section view in Fig. 8(b) that the thin film electrolyte
evelops strong adhesion to the substrate without delamination
racks and the film thickness is very uniform throughout the
ample in the range 400–500 nm.

Fig. 9 shows the plots of cell voltage and power density
s a function of current density measured at 450–600 ◦C for
 cell containing a thin film YSZ electrolyte by multiple spin
oating of chemical solution prepared as described above. The
pen circuit voltage was about 1.07 V, indicating that the YSZ
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Fig. 7. SEM micrographs of the surface of anode functional layer at: (a) high
magnification and (b) low magnification.
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verifies that the thin film YSZ electrolyte prepared by chemi-
cal solution deposition can successfully maintain its structural
integrity with strong adhesion to the neighboring component
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Fig. 9. Plots of cell voltage and power density as a function of current density
measure at 450–600 ◦C for a cell containing thin film YSZ electrolyte prepared
hin film electrolyte by chemical solution deposition has good
as tightness although it has residual porosity and its thickness
s substantially reduced. The open circuit voltage obtained in
his study is comparable to or better than those of the previ-
us investigations which prepared thin film YSZ electrolytes by
hemical solution deposition methods such as spin coating and
pray pyrolysis.15,29 Chen and Wei29 did not clearly describe
hether the YSZ thin film was co-fired with a green anode tape
r post-fired on a sintered anode, but the good adhesion of thin
lm YSZ electrolyte to the anode suggests that it is co-fired at
300 ◦C. The resulting YSZ electrolyte had an OCV of about
.06 V with average grain size of 0.6 �m for the 0.5 �m thick
hin film layer, which is not favorable for its structural stabil-
ty against film breakup.7,26 On the other hand, Perednis and
aukler15 reported that the highest OCV obtained for a 1 �m

hick YSZ electrolyte prepared by ESD was 0.88 V mainly due
o the incomplete coalescence of solution droplets on the sur-
ace of the substrate. To the best of our knowledge, the OCV
btained in this study is one of the highest for the thin film YSZ
lectrolyte obtained by chemical solution deposition on a rigid
ubstrate. The cell with thin film YSZ electrolyte in the present
tudy resulted in a maximum power density of 425 mW/cm2 at

◦
00 C, which is also comparable to or slightly lower than those
f Chen and Wei’s cell with Pt/Pd cathode, e.g. 477 mW/cm2

b
c

ig. 8. SEM micrographs of the thin films YSZ electrolytes prepared by chem-
cal solution deposition: (a) surface view and (b) cross-section view.

t 600 ◦C 29 and Perednis and Gaukler’s cell with 50 �m thick
SCF cathode, e.g. 320–760 mW/cm2 at 700–770 ◦C.15

Finally, SEM observation of the tested cell in Fig. 10 clearly
y chemical solution deposition with GDC interdiffusion barrier and LSCF
athode layers deposited by PLD process.
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This work was supported by the Institutional Research Pro-
ig. 10. SEM images of the cell containing a thin film YSZ electrolyte after ce
c) cross-section view at secondary electrons (SE) image and (d) cross-section v

ayers throughout fabrication as well as operation. Even in the
resence of some surface irregularities of the substrate such as
urface roughness and surface pores, the thin film electrolyte
ayer conformably covers the substrate surface with a relatively
niform thickness of about 400–500 nm. The thin film elec-
rolyte layer also appears to be strongly adhered to the YSZ
rains in the anode substrate, which persistently withstand the
hermal stresses associated with anode reduction. Judging from
he structural stability of thin film YSZ electrolyte throughout
oth fabrication and operation steps, it is solidly demonstrated
hat chemical solution route is a practical way to produce a
astight thin film YSZ electrolyte as it can be fabricated by
ost-firing on a sintered anode substrate rather than co-firing
ith an anode layer.

.  Conclusions

A thin film YSZ electrolyte of about 400–500 nm thickness
as successfully produced on a conventionally processed anode

ubstrate of non-sintering by multiple spin coating of chemi-
al solution and sintering at low temperature with substantially

educed microstructural heterogeneity and pore anisotropy.
onstrained sintering and differential densification were effec-

ively suppressed by incorporating 5 vol% slow-sintering YSZ
anoparticles with the particle size of about 20 nm, which

g
a
M
R

: (a) surface view at high magnification, (b) surface view at low magnification,
t backscattered electrons (BSE) image.

ould mitigate the prevailing bi-axial constraint of the rigid
ubstrate with the numerous local multi-axial stress fields
round them. The thin film YSZ electrolyte placed on a rigid
node substrate with the GDC and LSC layers deposited by
LD process revealed that it had fairly good gas tightness
elevant to a SOFC electrolyte and maintained its structural
ntegrity during fabrication and operation processes. In fact,
he open circuit voltage was 1.07 V and maximum power den-
ity was 425 mV at 600 ◦C, which are very comparable to the
eported values for the cells containing thin film electrolyte
repared by chemical solution route. This study clearly demon-
trates that the chemical solution deposition can be applied
o produce a gastight and ultrathin electrolyte even on a rigid
ubstrate, which makes it possible to optimize the microstruc-
ures and functions of individual layers by a layer-by-layer
onstruction.
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