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An ultrathin yttria-stabilized zirconia (YSZ) blocking layer deposited by atomic layer deposition

(ALD) was utilized for improving the performance and reliability of low-temperature solid oxide

fuel cells (SOFCs) supported by an anodic aluminum oxide substrate. Physical vapor-deposited

YSZ and gadolinia-doped ceria (GDC) electrolyte layers were deposited by a sputtering method.

The ultrathin ALD YSZ blocking layer was inserted between the YSZ and GDC sputtered layers.

To investigate the effects of an inserted ultrathin ALD blocking layer, SOFCs with and without

an ultrathin ALD blocking layer were electrochemically characterized. The open circuit voltage

(1.14 V) of the ALD blocking-layered SOFC was visibly higher than that (1.05 V) of the other

cell. Furthermore, the ALD blocking layer augmented the power density and improved the repro-

ducibility. VC 2014 American Vacuum Society. [http://dx.doi.org/10.1116/1.4904206]

I. INTRODUCTION

Compared to conventional solid oxide fuel cells (SOFCs)

operated at temperatures above 800 �C, low-temperature

SOFCs (LT-SOFCs) exhibiting high performance even at

temperatures below 600 �C have been considered promising

electricity generating sources. This leads to long-term stabil-

ity, cost effective materials, and excellent applicability for

portable energy devices, compact stack parts for stationary

devices, and others.1 A reduction of operating temperatures

in LT-SOFCs to temperatures below 500 �C leads to signifi-

cant ohmic and kinetic losses, which result in poor overall

performance.2 High ohmic loss deteriorates ionic conductiv-

ity due to insufficient thermodynamical energy for the hop-

ping mechanism of oxygen ions, and reducing the electrolyte

thickness compensates for the high ohmic loss.1–5 The typi-

cal configuration of LT-SOFCs with thin film electrolyte is a

free standing membrane-electrode assembly (MEA). In this

configuration, nanothin, but dense, deposited electrolytes

generated excellent performance of LT-SOFCs.6–8 However,

such free standing MEAs have limitations with respect to the

poor thermomechanical stability of nanothin electrolytes6–8

while substrate-supported LT-SOFCs have improved

thermomechanical stability. Among a variety of sub-

strates,9–12 porous metal and cermet support substrates have

been studied for SOFCs application. Porous metal support

has superior mechanical strength to any other support sub-

strates, and anode cermet support typically using mixed

ion–electron conductor provide much more reaction sites

than other support substrates. Despite these strong points,

since metal and cermet supports have corrosion issue at

operation temperature of SOFCs and microstructural crack-

ing issue, respectively, other support materials need to be

developed. The anodic aluminum oxide (AAO) template has

been considered as a promising substrate due to the nanopo-

rous channels that ensure active fuel delivery to the reaction

sites (or electrolyte–electrode interfaces) and well-matched

thermomechanical properties that provide sufficient mechan-

ical strength to the whole cell. In addition, AAO has no issue

such as corrosion, diffusion of metal to cell layer, or micro-

cracking. However, the AAO templates have a high possibil-

ity of forming pinholes in the deposited thin film electrolytes

due to the template’s rough surface. Pinhole formation in

thin film electrolytes can cause fuel parasitic issues such as

fuel crossover and electrode diffusion, which can lead to an

increase in leakage current and a decrease in electrode

potential between the anode and cathode, or open circuit

voltage (OCV).5 Ji et al.2 demonstrated low OCVs below

0.8 V in 700-nm-thick bilayered electrolyte LT-SOFCs

aAuthor to whom correspondence should be addressed; electronic mail:

swcha@snu.ac.kr
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fabricated by pulsed laser deposition on AAO. Additionally,

Ha et al.5 revealed that 240, 340, and 420-nm-thick yttria-

stabilized zirconia (YSZ) electrolyte LT-SOFCs fabricated

by sputtering only generate low OCVs below 0.5 V.

Sputtering is one of the most frequently used physical

vapor deposition (PVD) methods due to its high deposition

rate, high uniformity, and excellent microstructural controll-

ability.13 Atoms of sputtered thin film are physically com-

bined on substrates as sputtering target is bombarded with

energetic ion. Unfortunately, nanothin electrolytes only fab-

ricated by the PVD method on AAO suffered from pinhole

issues, as mentioned previously. To reduce the possibility of

pinhole formation, atomic layer deposition (ALD), which

has excellent conformal and exceptional uniform coating,

was used to clog pinholes that originate from AAO tem-

plates.2,4,5 ALD is well known as a deposition technique for

controlling precise thickness of thin film from nano to

angstrom scale. The self-limiting surface reaction of ALD

facilitates conformal deposition and high step coverage of

thin films.14,15 Recently, Kwon et al.16 deposited a 20-nm-

thick Al2O3 blocking layer by ALD in the middle of PVD

electrolyte layers, to show the OCVs of the cells drastically

augmented from 0.05 to 1.02 V. Nevertheless, an additional

postetching process was necessary for the Al2O3 blocking

layer, because it can act as an insulating matter for ion

conduction through the electrolyte. Therefore, to omit this

cumbersome process, ionic conducting materials need to be

utilized as ALD blocking layers.

This study investigates the effects of inserting a

“conformal and reproducible” ultrathin oxygen ion that con-

ducts ALD blocking layer between two sputtered electrolyte

layers in LT-SOFCs, which suppress pinhole formation that

originates from AAO template nanopores. For the high effi-

ciency of cost and time, sputter was used with ALD for the

fabrication of cells. To verify the effects of inserting an

ALD blocking layer, a cell without an ALD blocking layer

was comparatively characterized in terms of electrochemical

and microstructural property.

II. EXPERIMENT

A. Thin film fabrication

LD YSZ film was fabricated by using a showerhead-type

commercial atomic layer deposition system (Atomic Premium,

CN1, South Korea). The chamber’s base pressure was set to

20 mTorr using a dry pump. The stage temperature was set to

250 �C. Tetrakis(dimethylamido) zirconium, Zr(NMe2)4, and

Tris(methylcyclopentadienyl) yttrium, Y(MeCp)3, were used

as precursors of zirconia and yttria, respectively. The tempera-

tures of the canisters were 50 and 145 �C, and the temperatures

of the lines for zirconia and yttria deposition were 70 and

155 �C, respectively. An electropolished stainless steel bubbler

was filled with the precursor and fed 300 sccm Ar gas with

99.99% purity. Zirconia monolayer was synthesized by precur-

sor pulsing for 3 s, purging for 30 s, oxidant pulsing for 1 s,

generating plasma for 8 s, and purging for 30 s. Yttria mono-

layer was synthesized by precursor pulsing for 5 s, purging for

60 s, oxidant pulsing for 1 s, generating plasma for 8 s, and

purging for 60 s. O2 gas widely utilized to deposit ALD YSZ

was used as an oxidant, its volumetric flow was 100 sccm.5

Our ALD YSZ film had low carbon-concentration (�1.5%). In

YSZ deposition, zirconia was deposited before yttria, and the

ratio of zirconia and yttria ALD cycles were set to 7:1. X-ray

photoelectron spectroscopy (XPS) analysis showed that the

atomic concentrations of the ALD YSZ thin film were Zr

3d¼ 34.8%, Y 3d¼ 4.9%, O 1s¼ 58.8%, the yttria mole frac-

tion of the ALD YSZ was �7.7 mol. %. The growth rate of

ALD YSZ film was �1.4 Å/cycle.

PVD films were deposited by a commercial sputtering

machine (A-Tech System Ltd, Korea) equipped with a rotat-

ing unit. All PVD films were deposited at a rotation rate

of 4 rpm to reduce the variations in growth rate. The target

to substrate distance was fixed to 80 mm and a YSZ

(Y0.16Zr0.84) metal target was used to deposit PVD YSZ

films. PVD YSZ films with dense microstructure were

deposited under 5 mTorr Ar atmosphere with a purity of

99.9999%. A direct current power source set to 100 W was

used and the PVD YSZ film depositing rate was �200 nm/h.

Dense PVD gadolinium-doped ceria (GDC) (Gd0.1Ce0.9O1.95)

films were deposited under 10 mTorr Ar/O2 atmosphere. The

radio frequency (RF) power source was set to 50 W and the

PVD GDC film depositing rate was �40 nm/h. Platinum (Pt)

films were deposited by RF sputtering in Ar atmosphere.

Dense Pt anode was deposited at 5 mTorr with 200 W power

at a deposition rate of �40 nm/min. Porous Pt cathode was

deposited at 50 mTorr with 50 W with a deposition rate

almost identical to that for dense Pt anode.

B. Thin film characterization

XPS (AXIS, Kratos Analytical, Japan) was used to inves-

tigate the composition of the sample surfaces. Before the

analysis, the surface of the sample was etched by 1 keV Ar

ion with 1 lA current for 10 s to eliminate the possibility of

contamination. A focused ion beam and field emission scan-

ning electron microscopy (FIB/FE-SEM) (3D FEG, FEI

Company, Netherland) was used to verify the layer struc-

tures and surface microstructure of the samples. Each sample

was coated with Pt to prevent surface etching by the focused

ion beam.

C. Electrochemical characterization

Electrochemical evaluation was conducted using a cus-

tomized SOFC station with a micro probing setup. For

electrochemical measurements, the anode side was attached

using a commercial sealant (CP4010, Aremco Products, Inc.,

USA) and Ag paste (597A, Aremco Products, Inc., USA)

while the cathode side used a hardened-steel probe. The fur-

nace was heated up to 500 �C at a ramping rate of 10 �C/min.

During the test, dry H2 was supplied to the anode with a flow

rate of 50 sccm while the cathode side was exposed to

atmospheric air. Electrochemical characterization was

carried out by a commercial electrochemical test system

(1287/1260, Solatron Analytical, UK).
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III. RESULTS AND DISCUSSION

A. Configuration of ALD YSZ blocking-layered cell

GDC is in the limelight among SOFC electrolytes due to

its relatively high ionic conductivity and surface exchange

coefficient.17 However, GDC is reduced at low oxygen partial

pressure conditions and becomes electrically conductive,

which lowers OCV.18 Even though reduction phenomena of

GDC is not greatly affecting the potential of fuel cell at below

500 �C, our group confirmed that OCV of GDC electrolyte

cell was low as 0.9 V even at below 500 �C, which suggest

that GDC could be reduced at low temperature.2 For this rea-

son, GDC is often used with zirconia-based blocking layers

with higher stability at reduction atmosphere,19,20 which is

why YSZ was used as material for the blocking layer in this

study. The thickness of PVD electrolyte layers was arbitrarily

selected to examine the effects of pinholes that originate from

AAO pores. Most of the LT-SOFCs in porous supports use

�1 lm or thicker electrolytes to prevent pinhole formation in

thin film electrolytes.21 In this study, the relatively thin elec-

trolyte was utilized to clarify the effects of a conformal block-

ing layer inhibiting pinholes formation. Kwon et al.16 showed

that columns growing on AAO surface gradually merged as

the thickness of the columns themselves increased, and pin-

holes were extended to 500 nm from the AAO surface. If the

PVD electrolyte is too thick, pinholes-related effects on the

electrode potential are nondetectable. Therefore, the 300-nm-

thick PVD electrolyte cell will be influenced by pinholes in

terms of electrochemical performance.

Figure 1 is a schematic of the depositing ALD YSZ block-

ing layer and electrochemical test system as well as a cross-

sectional view of the cell with ALD YSZ blocking layer. The

ALD YSZ blocking layer deposited during 200 cycles was

inserted between a 200-nm-thick PVD YSZ and a 100-nm-

thick PVD GDC. Figure 1(c) shows a FE-SEM cross-sectional

image for the cell with an ALD YSZ blocking layer (hereafter

called the ALD-blocked cell), which is comprised of a trilayer

electrolyte (bottom PVD YSZ, ALD YSZ, and PVD GDC)

and two Pt electrodes. The fabrication process of a cell without

an ALD YSZ blocking layer (hereafter called the PVD cell) is

identical to that of the ALD YSZ blocking-layered cell, except

without ALD YSZ deposition. A few nanometer-thick ALD

YSZ blocking layers were considered adequate for pinhole

blockage,16 but a 30-nm-thick ALD layer was deposited to

reliably block the pinholes in the PVD YSZ. Test cells were

fabricated on 80 nm pore-sized AAO substrates. 300-nm-thick

dense Pt was used as electrode-catalysts on the anode side

while 250-nm-thick porous Pt was used as electrode-catalysts

on the cathode side and its area was 1 mm2.

B. Insertion effects of the ALD pinhole blocking layer

The electrochemical performance of ALD-blocked and

PVD cells was evaluated to verify the effects of inserting the

ALD blocking layer. The insertion of the blocking layer was

expected to increase OCV as the ALD layer suppressing

pinhole because the blocking layer hinders the fuel crossover

through pinholes. Figure 2 shows the OCV and normalized

overpotential of ALD-blocked and PVD cells for 2 h.

Figure 2(a) shows the number of electrodes that properly op-

erate over 2 h at 500 �C, which validates the reproducibility

of electrolytes under the presumption that it has been

reported that thin film electrolyte having poor uniformity

can easily suffer from pinhole issue, followed by short cir-

cuit phenomena or fast degradation will appear immedi-

ately.22 Initial OCVs for nine cells were normally measured

at both ALD-blocked and PVD cells. One hour after the

initial operation, PVD cells showed 66% survival rate com-

pared to ALD-blocked cells with 100%. After 2 h, ALD-

blocked cells still showed a survival rate of 100%, while that

of PVD cells reached zero due to electrical shortage in all

cells. Thus, ALD-blocked cells are less affected by pinholes

that lead to short circuiting or fast degradation and have

higher reproducibility.

FIG. 1. (Color online) (a) Schematic of ALD blocking layer, (b) schematic

of electrochemical test system explained with overall layers. (c) Cross-

sectional view of cell with ALD blocking layer from FE-SEM.
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Figure 2(b) shows the time behavior of normalized overpo-

tential for ALD-blocked and PVD cells and the initial OCV

for the two cells was 1.14 and 1.05 V, respectively. The OCV

difference was initially slight above 0.1 V. The difference

grew gradually for about 80 min, and after that it was drasti-

cally increased due to a sharp decrease in OCV of PVD cell.

This difference is minor at the beginning of measurement, but

for long-term operation, the difference could be considered as

an indicator representing durability of the cell’s performance.

Furthermore, this OCV difference can show that an ALD

blocking layer successfully clog pinholes in PVD YSZ electro-

lyte. The possible reason for the higher degradation rate of

PVD cells is the annealing effect of PVD electrolyte layers.

The binding force of physically deposited films is weaker than

that of chemically deposited films.23 Although the PVD elec-

trolyte layers used in this study were deposited at room tem-

perature, the cells were electrochemically measured at

500 �C.24 Therefore, the PVD electrolyte layers will most

likely be readily deformed and then degrade cell performance.

C. Electrochemical characterization of the cell with
and without ALD blocking layer

The pinholes through the PVD electrolyte layers can be

blocked by uniform and conformal deposition of an ultrathin

ALD blocking layer. Figure 3 shows the power density ver-

sus current density for the ALD-blocked and PVD cells. As

clearly shown, the peak power density of the ALD-blocked

cell (172 mW/cm2) was �20% higher than that of the PVD

cell (146 mW/cm2). To examine electrochemical properties

of each cells, electrochemical impedance spectroscopy (EIS)

analysis was conducted for ALD-blocked and PVD cells,

which is presented in Fig. 4. EIS data of cells with ALD

were measured from high frequency (2 MHz) to low fre-

quency (2 Hz) at 0.5 V and OCV bias, respectively. In EIS

analysis, the high-frequency intersecting point between the

EIS curve and real (X) axis indicates ohmic resistance,

including current collecting and ionic resistance.25 The little

difference in ohmic resistance for two cells (0.03 X cm2)

indicates no significant changes in ohmic resistance due to

ALD blocking layer insertion. In addition, to investigate the

effects of electrolyte grain boundary through EIS data, the

semicircles at two different bias voltages were compara-

tively characterized as shown in Fig. 4(a). Shim et al.
recently reported that the semicircles in EIS curves at high

frequencies range are related to grain boundary effect of

electrolyte.26 From this report, we can speculate that the

shape of semicircles that correspond to electrolyte grain

boundaries do not change with the change of bias volt-

age.3,25,26 In Fig. 4(a), EIS curves in two cells did not over-

lap at high frequencies range, which indicates that cell

resistance related to electrolyte grain boundary is negligi-

ble.25,26 Figure 4(b) shows the EIS data measured under

a bias voltage of 0.5 V. On a closer view, there are two

semicircles presenting an appearance of overlapped two

semicircles and a bigger semicircle at lower frequencies is

regarded as interfacial resistance at the cathode side.25 This

is because the cathode in LT-SOFCs generally has signifi-

cantly low reaction kinetics compared to the anode, which

result in appearing as larger semicircle in EIS data.16,27 As

shown in this figure, the first semicircles of both cells are

similar, but the second semicircle’s radius of the ALD-

blocked cell is 0.5 X cm2 smaller than that of the PVD cell.

This means that the performance difference between the two

kinds of cells resulted from cathode charge-transfer resist-

ance differences. Therefore, activation loss in the cathode

FIG. 2. (Color online) (a) Percentage of survival electrodes for both ALD-

blocked (with electrolyte deposited by combination of PVD and ALD) and

PVD cells (with electrolyte deposited by PVD only), and (b) normalized

overpotential for both ALD-blocked and PVD cells.

FIG. 3. (Color online) Power density and voltage vs current density curves of

ALD-blocked and PVD cells.
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side is thought to be the dominant factor affecting the

performance.

The reason of the difference of activation loss for both

cells is the different electrode surface morphology on the

cathode side. Since the cells were deposited by layer upon

layer, surface morphology of ALD electrolyte should affect

the characteristics of the electrolyte–electrode interface.

Thus, by investigating the surface of the electrolyte, surface

characteristics of ALD and the interface between the electro-

lyte and electrode layers could be characterized. The electro-

chemical performance at the electrolyte–electrode interface

is under the control of a number of reaction sites, which is

usually known as triple phase boundaries (TPBs)28 where

the electrode, electrolyte, and reactant meet. The characteri-

zation related to TPB length is necessary to describe the per-

formance difference. As shown in Figs. 5(a) and 5(b), even

though atomic force microscopy (AFM) analysis did not

show significant difference of the root mean square rough-

ness (Rq) representing the uniformity of surface, the elec-

trode surface of the ALD-blocked cell had smaller grain size

than the PVD cell. In Figs. 5(c) and 5(d), line profile of

AFM was done for both cells. This analysis may not be pre-

cise measurement for average grain size of the thin films.

However, we can speculate the difference of grain size from

this. In Figs. 5(a) and 5(b), grain size of ALD-blocked cells

can be considered as �250 nm and that of PVD cells is

�350 nm. The difference is around 100 nm. The smaller size

of the grain might be originated from ALD blocking layer

having much fine grain size than PVD layer. It is well known

that the reaction rate of oxygen dissipation is much faster at

grain boundaries than bulk surfaces.26 Thus, the smaller

FIG. 4. (Color online) (a) Voltage bias study for an ALD-blocked cell. (b)

Impedance comparison of ALD-blocked and PVD cells.

FIG. 5. (Color online) AFM analysis on the surfaces of (a) ALD-blocked and (b) PVD cells. Line profile from AFM data for both (c) ALD-blocked and (d)

PVD cells.
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grain sizes of the electrolyte–electrode interface for ALD-

blocked cell provide more grain boundaries considered as

longer TPBs that lead to faster reaction kinetics at the cath-

ode side.29,30 Future works will include different kinds of

characterization to obtain more accurate information about

interfacial reactions.

IV. SUMMARY AND CONCLUSIONS

We successfully applied a �30-nm-thick ultrathin ALD

blocking layer to nanoporous substrate-supported LT-SOFC.

The pinholes formed at PVD electrolyte layers could be

blocked by the ALD blocking layer. The ALD-blocked PVD

electrolyte cell showed higher OCV and more excellent reli-

ability for long term operation, compared to the PVD elec-

trolyte cell. In addition, the ALD-blocked PVD electrolyte

cell generated higher peak power density than the PVD elec-

trolyte cell due to the faster reaction kinetics on the cathode

side by smaller grain size. Consequently, this study presents

that ultrathin ALD layers can be utilized for fabrication of

thin film electrolytes to improve microstructural stability and

electrochemical performance. We believe that the work pre-

sented here may have implications in realizing the high

power LT-SOFCs with large active area based on porous

substrates.
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