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ABSTRACT

The reliability of solid oxide fuel cells (SOFCs) particularly depends on the high quality of solid oxide electrolytes. The appli-

cation of thinner electrolytes and multi electrolyte layers requires a more reliable characterization method. Most of the investiga-

tions on thin film solid electrolytes have been made for the parallel transport along the interface, which is not however directly

related to the fuel cell performance of those electrolytes. In this work an array of ion-blocking metallic Ti/Au microelectrodes with

about a 160 µm diameter was applied on top of an  ultrathin (1 µm) yttria-stabilized-zirconia/gadolinium-doped-ceria (YSZ/GDC)

heterolayer solid electrolyte in a micro-SOFC prepared by PLD as well as an 8-µm thick YSZ layer by screen printing, to study

the transport characteristics in the perpendicular direction relevant for fuel cell operation. While the capacitance variation in the

electrode area supported the working principle of the measurement technique, other local variations could be related to the qual-

ity of the electrolyte layers and deposited electrode points. While the small electrode size and low temperature measurements

increaseed the electrolyte resistances enough for the reliable estimation, the impedance spectra appeared to consist of only a

large electrode polarization. Modulus representation distinguished two high frequency responses with resistance magnitude dif-

fering by orders of magnitude, which can be ascribed to the gadolinium-doped ceria buffer electrolyte layer with a 200 nm thick-

ness and yttria-stabilized zirconia layer of  about 1 µm. The major impedance response was attributed to the resistance due to

electron hole conduction in GDC due to the ion-blocking top electrodes with activation energy of 0.7 eV. The respective conduc-

tivity values were obtained by model analysis using empirical Havriliak-Negami elements and by temperature adjustments with

respect to the conductivity of the YSZ layers.

Key words : Micro-SOFC, Thin film YSZ/GDC heterolayer electrolyte, Microelectrodes, Modulus spectroscopy, Hebb-

Wagner polarization

1. Introduction

lthough the impedance spectroscopy is a standard

technique to distinguish the bulk response from other

polarizations, the technique is not reliable for estimating

the electrolyte resistance of SOFCs, because the high

frequency response from small resistance values and small

bulk capacitance values is often dominated by the lead wire

resistance and inductance. Nowadays, it is a standard tech-

nique to use a GDC buffer electrolyte layer for cathode

material that has high performance but is reactive with

YSZ electrolytes. Various aspects in the effects of the GDC

layers on the fuel cell performance are yet to be clarified and

characterization of the thin film electrolytes in solid oxide

fuel cells became further challenging. Furthermore, most of

the electrical characterization of the thin film electrolytes

have been made in the parallel direction using an insulating

substrate. These measurements can be affected by parallel

conduction paths along the film surface and interface with

substrates, which may be the intended or expected effects1)

but often appears subject to misconception.2) In addition, in

parallel measurements, the blocking effects due to the grain

boundaries perpendicular to the transport direction can

play a significant role, because the films often exhibit a

columnar structure. The effect of texture on the grain

boundary impedance has been also demonstrated in bulk

scale zirconia grown in a columnar structure.3) Both effects

are not quite relevant for the conduction mode in SOFCs

where the transport occurs in the perpendicular direction to

the films.

In this work we used a microelectrode array to character-

ize thin film YSZ electrolytes with a thickness of 1 µm with

a 200 nm GDC buffer layer prepared by PLD on Ni-YSZ

composite anode substrates. The performance and the

microstructural details have been recently reported.4,5) The

strategy of the present work is to use electrodes with a well-

defined small area that would increase the measured elec-

trolyte resistance values for better estimation and also

avoid the short circuit by local defects such as pin holes.

A
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2. Experimental Procedure

Two anode-supported electrolyte films as shown in Fig. 1(a)

were investigated. The two fragments of Sample 1 are parts

of a thin film electrolyte fuel cell with an original size

20 × 20 mm2 after the performance test at 600oC . The prep-

aration, microstructure and the fuel cell performance have

been previously reported.4-6) The cell consists of double-elec-

trolyte layer of YSZ film with about a 1 µm thickness and a

GDC top buffer layer with a 200 nm thickness, both pre-

pared by pulsed laser deposition. Part of the cathode region

with an area 10 × 10 mm2 in the middle part of the original

sample can be seen in the central region of the sample piece

1-2 (marked by an arrow). The other sample (Sample 2) has

a YSZ electrolyte film of 8 µm prepared by screen printing

on a NiO-YSZ cermet support. The sample was reduced to

form a conductive Ni-YSZ cermet support. The performance

of thin film LSC cathodes deposited by PLD on such a YSZ/

Ni-YSZ substrate has been recently reported.7-10)  

In this work, an array of Ti/Au disk microelectrodes with

100 nm and 500 nm thickness were deposited by rf magne-

tron sputtering on the bare electrolyte surfaces of these thin

film electrolytes using a stainless steel shadow mask as

shown in Fig. 1(b) for the sample piece 1-1. The bottom elec-

trode was prepared using a silver paste that also attaches

the sample to the alumina substrate with a thickness of 0.5

mm. The electroded samples were loaded in a hot stage

(Linkam THMS600, UK) implemented in a custom-made

high temperature probe station (TNP, Korea). AC measure-

ments from 107 Hz to 10−2 Hz were performed using tung-

sten-tipped micromanuplators, as schematically illustrated

in Fig. 1(c) connected to frequency response analyzers,

Solartron 1260 combined with a 1296 dielectric interface

(Ametek, USA) or a Novocontrol Alpha-analyzer (Novocon-

trol GmbH, Germany). The measurements were performed

in an ambient atmosphere without covering the lid of the

stage. The temperature was varied between room tempera-

ture and 200oC according to the set value of the hot stage.

3. Results and Discussion

Fig. 2(d) presents an enlarged photo of Sample 1-1 in Fig. 1.

The disk pattern is spatially non-uniform as also more

clearly seen in the two magnified images in Figs. 2(b) and

(c), in comparison with the image of the shadow mask (a).

This is attributed to the varying gap between the shadow

mask and the sample surface resulting from the difficulty in

securely aligning the shadow mask on the irregular-shaped,

small-sized pieces of a fuel cell. The electrode size increase

by the deposition of metal atoms into the shadowed area

below the mask is therefore accompanied by blurring of the

electrode boundaries as indicated in Fig. 2(c), which is in

contrast to Fig. 2(b). The situation is schematically illus-

trated in Figs. 3(a) and (b). Note that the optical image of

the disk electrodes in Figs. 2(b) and (c) indicates the topolog-

ical contrast of the electrolyte film that originates from the

Ni-YSZ substrate. The Au films were thick enough to cover

the electrolyte impermeably.

The impedance measurements along the row of points H1 to

H12 indicated in Fig. 2 are displayed in Fig. 4. In Fig. 4(a), the

capacitance, , which is the real part of the complex capac-

itance, C* = 1/iwZ*, is shown to vary up to twice. The behav-

ior can be approximately correlated with the electrode area

increase from the point H1 to H12, as schematically illus-

trated in Fig. 3(a). Since the capacitance is proportional to

the electrode area times the inverse sample thickness (A/t),

the measurements indicate more or less uniform film thick-

C′

Fig. 1. (a) Photographs of fragments of TF-SOFC with YSZ/
GDC bilayer electrolyte prepared by PLD (Sample 1)
and a 8 µm thick YSZ electrolyte prepared by screen
printing on top of a Ni-YSZ support plate (Sample
2). (b) Disk electrode pattern prepared on the Ni-
YSZ supported thin film electrolyte sample piece 1-1.
(c) Schematic diagram of the thin film electrolyte
measurement setup using the bottom electrode of
the Ni-YSZ support and top Ti/Au disk electrodes.

Fig. 2. Optical images of the shadow mask (a) and elec-
trodes at different positions (b,c) of the Sample 1-1
shown in (d). The numbers in (d) indicates the
points of the measurement data in Figs. 4 and 5.



406 Journal of the Korean Ceramic Society - Eui-Chol Shin et al. Vol. 49, No. 5

ness without the need to destroy the sample for a micro-

structural investigation. Since the electrode area of about

160 µm is much larger than the film thickness (about 1 µm ),

the fringing field effect on the measured capacitance indi-

cated in Fig. 3(a) is negligible. Fig. 4(b) shows that the admit-

tance, , which is the real part of Y* = 1/Z*, exhibited a

corresponding variation at the high frequency region above

103 Hz.

Fig. 4(b) shows, however, a large variation in the admit-

tance at low frequencies. Some measurements, e.g., H12,

indicate a well-defined dc limit indicating the formation of

an electronically conducting path. Such a big variation in

the low frequency admittance can be attributed to the for-

mation of a percolation network between the top electrodes

due to the metal deposition beneath the shadow mask, as

schematically illustrated in Fig. 3(b). The finite dc limit is

attributed to the presence of pinholes in the percolated net-

work, as indicated in Fig. 3(b). Points with pinholes can be

directly identified by the short-circuit e.g. for the point elec-

trode H8 in Fig. 2. The point is therefore missing in Fig. 4. It

appears that the pinholes are too small for the ceramic cath-

ode material consisting of microcrystalline grains to easily

form short-circuits or for the gas permeation through the

pinholes to affect fuel cell performance significantly.4) The

metallic electrodes used in this work may be used for the

stricter quality control of the thin film electrolytes. The

results also suggest that there is no significant variation in

the effective area due to the more conductive GDC upper

Y′

Fig. 3. (a) Schematic diagram indicating size variation of the top disk electrodes. A pinhole in the electrolyte film is shown to
cause a short circuit. (b) Large electrodes resulted from the metal deposition beneath the masked area can be electri-
cally connected by percolation through the thin coated area at low frequencies.

Fig. 4. The capacitance (a) and admittance bode plots (b) of the selected points H1 to H12 indicated in Fig. 2.
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layer. A conductive surface layer could lead to a significant

increase in the effective area depending on the conductivity

and thickness of the surface layer and the electrode size.11)

The disk electrode size employed in this work, 160 µm , is

considered sufficiently large for GDC electrolyte film a

thickness of 200 nm and of conductivity higher by about two

orders of magnitude than that of a YSZ bottom layer as pre-

sented below.

For the quantitative analysis described below, high qual-

ity and reproducible data points were collected from the

electrode points with a well-defined area, such as the 6th,

8th and 9th points indicated in Fig. 2. The graphs of the

upper row of Fig. 5 represent the typical impedance spectra

at different temperatures. All the spectra were character-

ized by a single big arc which becomes more complete with

increasing temperatures for a frequency range limited to 10

mHz. The spectrum measured at 100oC , Fig. 5, left, indi-

cates the presence of an additional response at a high fre-

quency range, which however strongly overlaps with the

main impedance response. A further magnification indi-

cates the presence of another high frequency response with

a much lower resistance. Similar behavior can be found in

the spectra measured at the higher temperatures of 150 and

200oC in Fig. 5. These high frequency features are clearly

distinguished in the modulus representation, M* = 1/C* =

iwZ*, shown in the lower row graphs of Fig. 5. Note the cor-

responding frequency ranges between two representations

by the logarithmic frequency values indicated. Three

responses well-distinguished in the modulus representation

indicate the orders-of-magnitude different time constants

by way of the associated resistance values whereas the τ =

RC capacitance values are similar. Responses well-distin-

guished in the impedance plane representation can be

attributed to the capacitance values different by orders of

the magnitude. This is a typical situation of macroscopic

size, microcrystalline solid electrolytes with highly resistive

grain boundaries.12)

As also discussed previously,13,14) a reduced electrode size

makes the bulk and electrode capacitance closer. For an

electrode size with a 160 µm diameter and 1 µm thickness,

the geometry factor A/t of 2 cm can be estimated, which is

comparable to the geometry factor of the typical bulk size

samples, e.g. A = 1 cm2 and t = 0.5 cm. The high frequency

capacitance value of about 10 pF, indicated in Fig. 4(a), is

similar to the capacitance values of the macro-size zirconia

or ceria samples. On the other hand, the typical electrode

double layer capacitance values for the ionic conductors of

the order of 1 µF observed for the macro-size sample with

an area of 1 cm2 results in a much smaller capacitance value

of 200 pF for the disk electrode with a diameter of 160 µm

with the area, 2·10−4 cm2. The impedance responses of simi-

lar capacitances values are not well-distinguished in the

impedance representation, even when the values are differ-

ent due to the the resistance values. This behavior is sug-

gested to be a generic feature in the characterization of thin

film electrolytes with a sub-millimeter electrode size in per-

pendicular measurements. In the electrical characterization

of the thin film electrolytes in the parallel direction, the film

impedance is generally well-distinguished from the elec-

trode polarization,15) because the bulk geometric capaci-

tance becomes extremely small, even less than the stray

capacitance.16)

Although the overall spectral aspects indicated in Fig. 5

suggests the modeling of the series connection of the three

components with a similar capacitance but very different

resistance values, the conventional modeling of the series con-

nection of resistor R and the constant phase element (CPE) of

a complex capacitance Q(iw)α−1, as a generalized capacitor or a

Fig. 5. The impedance (upper) and modulus (down) spectra at different temperatures: (a) 100oC for Point 6th, (b) 150oC for Point
9th and (c) 200oC for Point 8th. The lines are simulated spectra from the fit results using the equivalent spectra shown
on top. The numbers on closed symbols represent the logarithmic frequencies.
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Cole-Cole element, did not satisfactorily describe the spectral

feature. The Cole-Cole function with a depressed semicircular

response can be further generalized to a so-called Havriliak-

Negami (HN) element represented by Eq. 1

(1)

Originally the Havriliak-Negami function was suggested

for the more generalized description of the dielectric

response deviating from the Cole-Cole type symmetric

behavior with β equal to 1.17) The Havriliak-Negami func-

tion can thus describe most experimental spectral features

successfully. The solid lines in Fig. 5 are the simulated

curves of the fit results using the equivalent circuit shown

on top employing two HN models with rather arbitrarily

adjusted α and β parameters, in addition to the additional R

and parallel capacitor. The latter corresponds to the con-

stant, high frequency bulk capacitance values of the electro-

lyte layer indicated in Fig. 4(a). At the present level in the

analysis with two sets of arbitrary, phenomenological α and

β parameters in HN elements, the geometric capacitances of

the two electrolyte layers cannot be distinguished. The

three distinguished resistance elements are indicated as

R
high

, R
middle

 and R
low

 respectively.

Fig. 6(a) shows the Arrhenius plots of three resistance val-

ues normalized with respect to the electrode area, which dif-

fer in magnitude by two orders of magnitude. The three

components are shown thermally activated with the activa-

tion energies of 0.80 eV, 0.92 eV and 0.70 eV, for R
high

, R
middle

and R
low

,
 
respectively. Not only the resistance magnitude,

but also the temperature dependence supports the assign-

ment of R
high 

and R
middle 

to the GDC and YSZ layers, respec-

tively. This is further confirmed by measurements on the

8 µm thick YSZ film (Sample 2) where the resistance values

proportional to the film thickness and a similar activation

energy were obtained (dashed line in Fig. 6(a)). The results

also support that the effective area for the YSZ layer should

be little affected by the more conductive GDC upper layer.

The conductivity of both electrolytes shown in Fig. 6(b) was

thus estimated using the geometry factor from the top elec-

trode with a size of about 160 µm determined by optical

microscopy, Fig. 2, and an electrolyte layer thicknesses of

200 nm and 1 µm, respectively, determined by electron

microscopy.6)

While the YSZ films with different thicknesses and prepa-

ration methods show consistent results, the activation

energy appears somewhat lower than the typical values of

1.0~1.2 eV for the low temperature range of this work. This

is attributed to the difference in the set temperature of the

hot-stage and the real temperature of the electrolyte layers

on the surface region of the samples. Since the microelec-

trode measurement setup is open to an ambient atmo-

sphere, the temperature of the thin film or surface of the

samples is supposed to be increasingly deviating from the

set temperature when the temperature is higher than the

room temperature as also previously discussed.14,18) A small

temperature difference in the measurement range can lead

to a substantial deviation from the expected Arrhenius

behavior for the low temperature range as in this work.

However, it is difficult to accurately determine the surface

temperature, e.g., by attaching a thermocouple, without dis-

turbing the temperature distribution from that of the mea-

surements. Since the YSZ films of different thicknesses and

preparation methods provided consistent results, the tem-

perature was corrected, assuming the lowest measurement

temperature is close to the real temperature. The absolute

values were consistent with one of the reported values.19)

Therefore the true sample temperature, which is progres-

sively lower than the set temperature, was estimated in com-

pliance with an activation energy of 1.11 eV. It should be

mentioned, however, there are considerable differences in the

absolute conductivity of YSZ at a low temperature region

according to the variation in activation energy values between

1.0 eV and 1.2 eV, which may be ascribed to the variation in

the degree of the ordering of the oxygen vacancies.18)

ZHN

RHN

1 iωτHN( )
α

+( )
β

-------------------------------------=

Fig. 6. (a) Arrhenius plots of the three resistance elements deconvoluted. (b) Ionic (bulk) and electronic conductivity of GDC and
bulk conductivity of YSZ. (c) The same plots as (b) with the temperature corrected with respect to the conductivity val-
ues of YSZ.
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Fig. 6(c) shows a slightly increased activation energy from

0.80 to 0.83 eV of the ionic conductivity of the GDC layer,

which is comparable to the literature.20) The absolute values

of the GDC conductivity are, however, significantly lower.

When compared with the freshly prepared electrolyte sam-

ples, which are currently under investigation, the GDC elec-

trolyte film investigated in this work appears to have

electrically degraded due to the fuel cell operations. The ori-

gin of such degradation needs further investigation. In view

of the small variation of the activation energies, the effects

may be explained by the decrease in the effective dopant

concentrations, rather than by the increased interactions

between dopants and oxygen vacancies or among oxygen

vacancy charge carriers.18) The latter is expected to result in

a higher activation energy. It should be also mentioned that

similarly with the situation of YSZ, a substantial variation

exists in the reported conductivity values of GDC, even with

the nominally same composition.

Due to the thin electrolyte thicknesses and columnar

structure, grain boundary impedance is not expected to

occur in the perpendicular measurements of this work. The

major impedance response of R
low 

should be attributed to the

electrode effects. The resistance values are, however, sub-

stantially larger than those extrapolated from the gas elec-

trode polarization in the fuel cell operation.4) Since the

patterned top electrodes are metallic and dense, the gas

phase reaction limited to the rim of the disk electrodes

should be negligible. The activation energy, 0.84 eV, also

seems rather small for the gas electrode reactions involving

kinetic processes that are usually strongly thermally acti-

vated with activation energy values well above 1 eV.21) It is

also doubtful whether the gas phase reaction would be via-

ble at low temperatures below 300oC  with negligibly cata-

lytic Au electrodes.

The polarization effect is suggested to be of a qualitatively

different character. The ion migration through the cell

should be blocked by the dense metallic top electrode where

the gas phase reaction at triple phase boundaries (TPB) of

the disk boundary is considered negligible in view of the

electrode and sample geometry. The setup can be thus con-

sidered as an (asymmetric) Hebb-Wagner polarization cell

with ion-blocking electrodes. Under this condition, the true

dc limit of the cell should represent the resistance due to the

electron transport through the bilayer electrolytes. In an

ambient atmosphere and for a low temperature range, the

electronic conduction is attributed to the electron holes.22)

The big impedance arc observed in Fig. 5 is then supposed

to represent the electron transport in GDC layers because

the electronic resistance of the YSZ layer is much larger and

thus should appear as an additional response at a much

lower frequency range. It should be noted that the electronic

response of a GDC layer is separated from the bulk or ionic

contribution by the bulk ionic response of the YSZ layer.

The spectral feature in this work is far from the closed ter-

minal or short-circuited finite Warburg impedance in a half-

tear-drop shape,23-25) as demonstrated for a model mixed

conductor of Ag
2
S.26,27) An almost ideal spectral feature was

demonstrated for the bulk samples of doped ceria in a

reducing atmosphere at a higher temperature.28) Similarly

non-ideal spectral feature in an ‘inside-out’ or everted Hebb-

Wagner cell with a lanthanum titanates cathode layer was

attributed to the dominance of the interfacial capacitance

over the chemical capacitance, as well as to the apparently

anomalous nature of diffusion represented by the fractional

derivatives.29) As also demonstrated in a recent report,29) the

Havriliak-Negami model can describe phenomenologically

the mixed interfacial and chemical capacitances and the

fractional diffusion aspect in the Hebb-Wagner polarization

via the two arbitrarily adjusted power exponents in Eq. 1 at

the cost of information loss and ambiguity. An in-depth

analysis providing the multi-parameters of physical signifi-

cance is currently in progress and will be reported else-

where.

From the present analysis the electron hole conductivity

in GDC is estimated from R
low

. Compared to the n-type con-

duction in GDC in a reducing atmosphere, not much litera-

ture on the p-type conduction in GDC is available and the

nature of p-type conduction seems not yet satisfactorily clar-

ified.22,30,31) The activation energy of 0.84 eV appears consis-

tent with the reported values for the p-type conduction of

the ceria system observed in an oxidizing atmosphere below

600oC ranging from 0.7 to 1.2 eV depending on the dopant

composition and concentration.30-32) It is notable that a ther-

modynamic consideration22) dictates an increase in hole con-

centration with a decreasing temperature dependence,

similarly as for the protonic defects, which then implies

even higher activation energy of polaronic hopping than the

observed value. Obviously, further investigations are neces-

sary to clarify the electron hole transport characteristics in

GDC in an oxidative atmosphere. It is of an increasing tech-

nological importance, since GDC is currently used as a stan-

dard buffer layer for the reactive cathode materials in high-

performance, intermediate-temperature solid oxide fuel

cells. The mechanistic multi-parametric analysis currently

in progress is expected to provide a more definite insight

into the defect-chemical and transport characteristics of

GDC in an oxidizing atmosphere.

4. Conclusions

The electrical transport characteristics of an ultra thin elec-

trolyte layer composed of 200 nm GDC and  about a 1 µm YSZ

heterostructure prepared by PLD was characterized using

top Ti/Au electrodes and Ni-YSZ support as a bottom elec-

trode in air below 250oC. The cell configuration provides the

transport characteristics in a perpendicular direction

directly relevant for the fuel cell performance. The capaci-

tance variation is related to the electrode area, which thus

confirms the measurement principle. Modulus representa-

tion distinguished the contribution of the bulk conduction of

the two-electrolyte material from the overwhelmingly large

electrode impedance. The latter is ascribed to the electron
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hole conduction through a 200 nm GDC electrolyte layer

due to the Hebb-Wagner polarization in ion-blocking Ti/Au

electrode conditions. Therefrom derived electron hole con-

ductivity exhibits an activation energy of 0.84 eV.
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