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Abstract For the prospective use as micro-Solid Oxide Fuel
Cell (u-SOFC) cathodes and for the investigation of reaction
kinetics, La;_, Sr,CoO3 (LSCO) mixed ionic electronic con-
ducting thin films were deposited by DC and RF sputtering
onto a number of different substrate materials and character-
ized. Standard photolithographic and wet chemical etching
methods were utilized to microstructure the LSCO films and
XRD, SEM, AFM, WDS, and RBS were used to character-
ize their structure, topography, and chemistry. Sputtering re-
sulted in very homogeneous and smooth thin crystalline films
with Sr deficiency and submicron sized grains. Hydrochloric
acid was found to readily etch LSCO with the etching qual-
ity strongly dependent on substrate material. LSCO films
were most easily etched when deposited directly on silicon
substrates, etched at intermediate rates when deposited on
Gd:CeO; films, and most resistant to etching after deposition
onto single crystal yttria stabilized zirconia (Y SZ) substrates.
Imperfect etching was attributed to interface formation and
the presence of impurities.
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1. Introduction

The rapid growth in portable electronic devices has stim-
ulated interest in the development of compatible miniatur-
ized high energy density power sources. In one approach, Si
wafers are being considered as a platform for micro-Solid
Oxide Fuel Cells (£-SOFC) [1] and thus thin film deposition
techniques, such as sputtering and pulsed laser deposition,
take on special importance. Thin films not only allow for
the reduction of the operating temperature (~900°C in tradi-
tional SOFC systems), but also allow considerable miniatur-
ization of the entire system down to chip size dimensions. In
addition, thin films are ideal vehicles for studying reaction
mechanisms, since well-defined geometries can be fabricated
allowing for a more systematic investigation of system ki-
netics. Since the cathode side of traditional SOFC systems is
considered to be a major source of loss, more detailed inves-
tigations of the key candidate materials and the mechanisms
limiting reaction kinetics are warranted [2].

Lanthanum strontium cobalt oxide (LSCO) was selected
as a prospective cathode material for u-SOFC given its at-
tractiveness as a mixed ionic electronic conductor and its
high activity for oxygen reduction [3]. It is usually applied
as a thick film in SOFC applications. Few reports exist on
thin film deposition of ceramic SOFC materials. In particular,
suitable deposition techniques for prospective industrial use,
the deposition of multilayer structures, and the chemical and
electrical interaction with adjacent thin films and substrates
have not been investigated in detail.

Pulsed Laser Deposition, PLD, a method allowing excel-
lent stoichiometric reproducibility between target and thin
film, has been previously used to study LSCO thin film de-
position [4—7]. The investigation of sputtered LSCO films has
been largely restricted to the field of ferroelectrics where they
find use as electrically conducting contacts under ambient
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conditions [8]. Sputtering is a well accepted and standard-
ized method in industry for large scale applications and could
be an attractive method for fabrication of low cost ©-SOFC.
Recently, Ringuede and Fouletier examined the performance
of sputtered LSCO films on YSZ pellets [9] and Klenov et
al. investigated the relationship between film microstructure
and electrical resistivity [10]. In most studies, LSCO films
have been deposited onto MgO, SrTiO3, and LaAlOj3 single
crystals. Only recently have YSZ single crystal substrates
been used. No studies on the microstructuring of LSCO films
by lithographic means are known to the best of the authors’
knowledge.

In this paper, the deposition and structural characteriza-
tion of sputtered LSCO thin films, integrated onto prospec-
tive SOFC electrolyte materials, such as YSZ and CGO, and
suitable substrate materials are discussed. The special focus
of the paper is related to the lithographic microstructuring of
LSCO thin films. In another paper, we focus on the electrical
and electrochemical characterization of the microstructured
electrodes [11].

2. Experimental procedure

Two inch diameter La; _, Sr,CoOj3 (x =0.5) sputtering targets
were fabricated from the following starting powders: La; O3
(99.99%, Alfa Aesar), SrCO3 (99%, Alfa Aesar), CoCO3
(99%, Alfa Aesar). The powders were weighed in the correct
proportion and were then ball-milled in distilled water with a
mix of 5 mm and 10 mm diameter zirconia spheres for 24 h.
The slurry was dried on a hotplate and ground by mortar. The
powder was then calcined at 1150°C for 5 h in air (heating
and cooling rate = 5°C/min). After calcination, the powder
was ground with a mortar and ball-milled for another 24 h in
2 weight % polyvinyl alcohol. After drying the slurry on a
hotplate, the powder was ground thoroughly and sieved using
100 mesh sieve (wire diameter = 114 um, opening 140 pm).
The target was then pressed in a uniaxial press at about 62
MPa and sintered at 1250°C for 5 h in an oxygen atmosphere
(heating and cooling rate = 1°C/min). The lateral shrinkage
of the target during sintering was about 15%. Finally, the
planar targets were bonded to copper backing plates using
Ag paste and heat treatment at ~200°C for 30 min.
Sputtering of LSCO was carried out in a Kurt J. Lesker
sputtering system with deposition parameters for the DC and
RF sputtering processes listed in Table 1. The thin films were
deposited onto a number of different substrates including: (1)
a SiO,wafer coated with Ceg g4Gd 16025 thin film (CGO;
by RF sputtering, P =45 W, p =20 mTorr, Ar:0,=97:3,T =
500°C, thickness = 204 nm), (2) a Si wafer coated with 1 um
Si N, (grown using a Vertical Thermal Reactor CVD pro-
cess) and a sputtered layer of CGO (thickness ~500 nm), and
(3) YSZ single crystals with and without a sputtered CGO
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Table 1 (a) DC and (b) RF sputtering parame-
ters for LSCO

(a)

Parameter Value Unit
Substrate temperature 500 °C
Power 25 w
Base pressure ~3:1077  Torr
‘Working pressure 20 mTorr
Gas composition Ar:0,  97:3 -
Deposition rate 47 nm/h
(b)
Parameter Value Unit
Substrate temperature 500 °C
Power 50 w
Base pressure ~31077  Torr
Working pressure 10 mTorr
Gas composition Ar:0,  9:1 -
Deposition rate 33 nm/h

intermediate layer (thickness ~350 nm). The substrates were
rotated during deposition in order to guarantee a homoge-
neous film thickness.

The LSCO thin films were microstructured by standard
photolithography and wet chemical etching: First, the sub-
strates were annealed for about 10 min at 130°C to remove
adsorbed water molecules. A thin film of Hexamethyldis-
ilizane (HMDS) was applied at a spinning rate of 400 RPM
as adhesion promoter for the photoresist. The HMDS was
applied three times and the substrates were then annealed at
130°C for about 10 min. Afterwards, the positive photoresist
OCG 825-20-CS (distributed by Hubbard Hall, Waterbury,
CT, USA) was spun for 6 s at 750 RPM, followed by 30 s
at 2000 RPM resulting in a photoresist thickness of about 1
wm. The substrate was pre-baked at 90°C for 30 min and then
exposed under UV light (365 nm, 4 mW) for 4 s using a glass
photolithography mask with the pattern structure. The pho-
toresist was developed in OCG 934 1:1 (distributed by Hub-
bard Hall, Waterbury, CT, USA) for about 1 min and rinsed
with deionized water. Finally, the substrate was post-baked
at 130°C for 40 min. After the photolithography process,
the substrates were etched in dilute hydrochloric acid (HCI,
36.5-38%, product number: 2062-04, Mallinckrodt Chemi-
cals, Phillipsburg, NJ, USA) which was further diluted with
water typically in the ratio 1:15 = HCI : water. Etching was
stopped when no residue of LSCO was detected in the etched
areas under the light microscope (maximum magnification
100 x).

The patterns were shaped as interdigitated electrodes
(IDE) with equidistant fingers, f, and spacing, s, between 15
pm and 100 pm. This corresponded to triple phase boundary
lengths, [; 5, of 171.9 cm to 25.3 cm and a constant electrode
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Fig. 1 Sketch of an interdigitated LSCO electrode on top of a CGO
thin film integrated onto a SiO, wafer: f = finger and s = spacing

area of ~0.25 cm”. A sketch of a typical pattern geometry
and layer structure is shown in Fig. 1.

The thin films were characterized by scanning elec-
tron microscopy SEM (FEI/Philips XL30 FEG ESEM and
Leo Gemini 1530 FESEM), wavelength dispersive spec-
troscopy WDS (Jeol JXA-733), Rutherford backscattering
spectroscopy RBS (Tandetron, General Ionex), and surface
profilometry (Tencor P-10). Powder X-ray diffraction (XRD)
was carried out with a Rigaku 185 nm Bragg Brettano
Diffractometer with 18 kW rotating anode and was analyzed
using the JADE 6 program form Materials Data, Inc. (MDI).
A glancing angle attachment was used in case of thin film
analysis. A D8 XRD diffractometer from Bruker was used
for the characterization of the target.

3. Results and discussion
3.1. Thin film characterization

Sputtering resulted in very homogeneous and smooth thin
films with submicron sized grains. A SEM top view image of
a LSCO thin film shows a grain size of 20—30 nm with a very
low surface roughness (Fig. 2(a)). No significant difference
between the RF and the DC deposited films was found with
respect to the surface topography. However, DC sputtered
films were more susceptible to cracking than RF sputtered
films. All films were completely dense and well adherent to
the substrate. They grew homogeneously without a columnar
structure (Fig. 2(b)). SEM analysis gave no evidence for any
interface reaction or phase formation at the interface.

The LSCO thin films were single phase, crystalline, and
without preferred orientation as confirmed by XRD analy-
sis. The rather broad peaks indicate a very small crystallite
size. Table 2 contains a detailed analysis of the XRD data
of the powder, the target, and the thin film, respectively. The

Fig.2 SEM images (a) top view, (b) cross section of a sputtered LSCO
thin film on Si: grain size = 20—30 nm, film thickness = 166 nm (for
sputtering conditions refer to Table 1(a))

reference data from the PDF cards as well as CGO thin film
data were added for comparison. Relative intensities, /, are
given for each data set with decreasing number for decreas-
ing intensity. Very similar peak intensities and peak positions
were found for the LSCO, x = 0.5 (LSCO 0.5), reference, the
powder, and the target data. The reference data reports peak
splitting for most of the LSCO peaks. However, since the 2 6
difference between split peaks is very small (< 0.2°) and the
peaks of the measured data are very broad due to the small
grain size, it is not possible to resolve the splitting for the
powder and the target data. Due to the broad peaks, it is also
not possible to unambiguously verify the exact stoichiome-
try of the prepared materials by this method. Compounds of
lower strontium content result only in a small shift in peak
positions which cannot be resolved in the observed spectra.
WDS and RBS were later used to verify the stoichiometry of
the deposited thin films.

Small additional XRD peaks, detected in the powder and
the target data (not listed in Table 2), are attributed to Ba
impurities contained in the starting SrCO3; powder. They were
not detected in the thin film due to the detection limit. An
analysis of the entire system, i.e. LSCO-CGO-Si0,, was not
possible, given that LSCO and CGO peaks overlap at most
26 angles. It was verified, however, that CGO thin films on
SiO; have the same peak positions as the reference data for
CGO (x =0.2).

The stoichiometries of the deposited layers were ana-
lyzed by Wavelength Dispersive Spectroscopy (WDS) and
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Table 2 XRD peak positions (two theta) and relative intensities, /, of reference data (LSCO and CGO) and of LSCO powder, target, and thin

film
LSCO 0.5 CGO 0.2 LSCO 0.5 LSCO 0.5 LSCO 0.5 LSCO 0.5 CGO
PDF# 048-0122 1 PDF# 050-0201 I  powder 1 target I onSi I  onCGO-SiO, I onSiO, [
23.18 7 234 7 23 7 235 1 233 5

28.531 2 28.6 2 285 1
32.979 1
33.057 1 33.056 1 331 1 329 1 32 3 33 1 332 7
38.86 10 38.4 8 NA 38.2 7 NA
40.688 4 40.7 4 40.5 4 NA NA
40.815 4
47.384 2 47.426 4 475 2 47.6 2 477 4 474 6 474 3
53.311 8
53.426 8 53.5 9 53.2 8 526 6 NA

56.256 3 56.3 3 562 2
58.859 3
58.933 3 58.966 7 59 3 58.9 3 586 2 585 8 59 5
59.095 3
69.132 5
69.348 5 69.301 5 695 5 69.3 5 692 5 694 7 NA
74.01 9
74.105 9
74.302 9 74.3 10 743 9 NA NA

76.576 8 NA 76.5 6
78.814 6
78.938 6 78.937 6 79.1 6 79.1 6 787 8 79 4 79 4

Note: The lower the number in column / the higher the intensity of the XRD peak.

Rutherford Backscattering Spectroscopy (RBS). Both WDS
and RBS indicate very similar results with a strong devia-
tion from the expected stoichiometry. Instead of the nominal
target composition Lag 551y 5C0oOs3, the stoichiometry of the
thin film was Lag g4S1¢.16C00.670.(WDS data; assumption:
La 4 Sr = 1). Thus, sputtering results in Co and Sr deficient
layers. The Sr deficiency could be avoided in the future by co-
sputtering simultaneously from a LSCO and a Sr or Sr-oxide
target. The exact Sr content has then to be calibrated by ad-
justing the sputtering power. The exact oxygen stoichiometry
cannot be well determined with either method.

The in-plane conductivity, o, of the LSCO thin films was
measured on MgO substrates: o was about 300 S/cm at 300°C
and about 700 S/cm at 600°C. These values are very close to
LSCO bulk data reported by Mineshige et al. [12] and Tokura
et al. [13] measured on samples with similar Sr deficiencies.
More detailed discussion on the electrical properties of the
LSCO films is given in [11].

3.2. Fabrication of interdigitated electrodes
3.2.1. Selection of etchant

All interdigitated electrodes in this study were etched in di-
lute hydrochloric acid (HCI) which readily etched the LSCO.
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Nitric acid [14] and phosphoric acid [7] are mentioned in the
literature for etching large LSCO contact pads. However,
in this study, etching with nitric compared to hydrochloric
acid was found to be less successful due to concerns about
photoresist stability. Reactive ion etching with SF6 was in-
effective in attacking LSCO thin films.

HCl was considered to be a suitable etchant for the system
under investigation given that all electrolyte and substrate
materials were expected to be resistant to HCl. Neverthe-
less, in order to verify electrolyte and substrate inertness,
deposited CGO films were carefully tested with respect to
possible HCI attack. Microstructural degradation, in partic-
ular etching of the grain boundaries, was investigated by
AFM. CGO thin films deposited onto Si-based substrates
were exposed, for up to 5 min, to dilute HCI. No differ-
ence in the Rms (~10-12 nm) between as-deposited and
etched samples was found. In addition, possible degrada-
tion of an as-deposited Pt electroded CGO thin film and an
identical sample following exposure to HCl was studied by
electrochemical impedance spectroscopy (EIS). The EIS data
was collected as described in [11, 15]. No significant differ-
ences in the electrochemical response between the two mea-
surements were found (Fig. 3). Hence, it is concluded that
HCI does not attack CGO thin films, while readily etching
LSCO.
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Fig. 4 (a) SEM top view image and (b) surface profile of a microstruc-

tured LSCO thin film on CGO—SiO, (f = LSCO stripe = 50 um,
s = CGO stripe = 50 um)

3.2.2. Etch quality and influence of substrate material

A typical LSCO thin film following etching is shown in Fig. 4:
continuous stripes of LSCO on CGO are observed (Fig. 4(a)).

0.1 10 1000
Frequency [HZz]

100000 1E7

No LSCO residue is visible in the spacing between the elec-
trodes, i.e. on the CGO surface. The surface profile indicates
that the CGO surface is rougher than the LSCO thin film.
The etched edges of the pattern are very sharp (Fig. 5(b)).

A higher magnification view of the etched edges of the
electrodes shows irregularities and greater porosity as com-
pared to the dense inner section of the electrode stripes (Fig.
5). This is believed to be due to a thinning of the photoresist
at the edges of the photoresist pattern during the etch process
leaving the underlying LSCO thin film susceptible to attack
(Fig. 5(a)). For cracked films, the etch solution seeps into the
cracks through capillary forces resulting in a widening of the
cracks at the edge (Fig. 5(b)). The CGO thin film deposited at
300°C did not crack during LSCO deposition at 500°C (Fig.
6). The rougher surface topography of the CGO compared to
the LSCO surface is clearly visible in Fig. 6.

The substrate material was found to have considerable
influence on the etch results as well. LSCO thin films de-
posited onto blank Si wafers, where the native oxide layer
was not removed prior to LSCO deposition, were readily
etched without leaving any residue in the spaces between the
electrodes. The surface profile indicates very sharp edges.
In contrast, the quality of LSCO micropatterns is less satis-
factory on most common SOFC materials, such as YSZ and
CGO. The major part of the LSCO film is easily etched at a
rate similar to LSCO films deposited onto blank Si. How-
ever, close to the LSCO-substrate interface, the etch rate
decreases. Finally, some residue sometimes remains in the
form of islands in the spacing between the electrodes which
cannot be removed even following extended etch times or
use of concentrated acid solutions (Fig. 7). Fortunately, only
few non-interconnected islands are left after etching. Hence,
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Fig. 5 SEM top view images of etch edges of microstructured LSCO
thin films: (a) crack-free LSCO thin film on YSZ s.c. (arrows indicate
examples of etch resistant residue), (b) cracked LSCO thin film on
CGO-Si0,

Fig. 6 SEM top view image of CGO thin film in the spacing of two
fingers after etching of LSCO (LSCO on CGO-Si0O;,)

the electrode conductance is little affected by the residue.
Decreased etch rates between LSCO-substrate interface and
incomplete etching is most evident with YSZ single crystals
(Fig. 5(a) and Fig. 7) and therefore does not allow for the
fabrication of LSCO pattern with feature sizes below 100
um on YSZ single crystals. This is much less pronounced
with CGO or YSZ thin films.
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Fig.7 SEM top view image of etch resistant LSCO island in the spacing
of two fingers (LSCO on YSZ s.c.)

The source of the acid resistant residue may be either
due to interdiffusion, interface reactions or impurities. To
date, interface reaction products, such as the formation of
La,Zr,05, while reported at much higher temperatures, have
not been reported at as low temperatures as used in the de-
position of the thin films in this study [16]. It is, however,
possible that the highly energetic sputtering process locally
heats the interface and thereby facilitates the formation of a
second phase. XRD, XPS, and RBS analyses did not reveal
any interface formation or modifications in the thin films or
the substrate which might be related to new phase formation.
Due to limited resolution of these techniques, TEM analysis
is planned for further investigation in the near future.

On the other hand, impurities can originate from the sub-
strate and might segregate to the interface between the freshly
deposited thin film and the substrate during high temperature
deposition. A mixed or glassy phase, resistant to HCl etching,
could be formed. Since thin films normally have fewer impu-
rities than bulk material, this could also explain why etching
of LSCO films deposited on a thin film, such as CGO, is more
effective than on YSZ single crystals.

4. Summary and conclusions

LSCO thin films were successfully deposited by RF and DC
sputtering onto different prospective substrate materials for
u-SOFC application. The layers were smooth, dense, well
adherent, crystalline, single phase and with submicron-sized
grains. The stoichiometry of the thin films was found to be Sr
deficient. Depending on the sputtering process, some cracks
could be detected in the films. HCI was found to serve as an
appropriate etchant for microstructuring of LSCO. While it
readily etches LSCO, it does not attack adjacent materials,
such as CGO thin films.

The quality of the etching was found to depend on the
substrate material. While HCl readily etches LSCO deposited
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onto Si, the etch time becomes longer for LSCO deposited
onto CGO thin films. LSCO films on YSZ single crystal
substrates require long etch times and exhibit unsatisfactory
etch quality likely due to an interface reaction between LSCO
and YSZ.

The lithographic process described in this work was found
to serve well as a means for microstructuring LSCO elec-
trodes both for kinetic studies and for -SOFC applications.
Since kinetic studies do not necessarily require very small
feature sizes, the discussed method can be directly used for
the fabrication of well-defined geometries with sharp edges,
not possible using shadow masks during the deposition pro-
cess. For use in fabricating ;-SOFC, the utility of this ap-
proach will depend on the anticipated feature size of the
LSCO microstructure. For very small feature sizes (<50
um), the observed interface reactions with certain substrates,
e.g. YSZ, must first be resolved. Further, factors relating to
purity of the substrates or whether the highly energetic depo-
sition process needs to be modified must also be addressed.
PLD, characterized by improved stoichiometry control and
possibly less intense substrate interactions, may be an al-
ternative attractive deposition method. One must, however,
take into account its inability to cover large surface areas as
uniformly as sputtering.
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