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Microstructure and stresses in dense La0.6Sr0.4Co0.8Fe0.2O3 (LSCF) ultra-thin films have been investigated
to increase the physical thickness of crack-free cathodes and active area of thermo-mechanically robust
micro-solid oxide fuel cell (�SOFC) membranes. Processing protocols employ low deposition rates to cre-
ate a highly granular nanocrystalline microstructure in LSCF thin films and high substrate temperatures
to produce linear temperature-dependent stress evolution that is dominated by compressive stresses
in �SOFC membranes. Insight and trade-off on the synthesis are revealed by probing microstructure
evolution and electrical conductivity in LSCF thin films, in addition to in situ monitoring of membrane
deformation while measuring �SOFC performance at varying temperatures. From these studies, we
olid oxide fuel cell

athode
hin film
icrostructure

tress

were able to successfully fabricate failure-resistant square �SOFC (LSCF/YSZ/Pt) membranes with width
of 250 �m and crack-free cathodes with thickness of ∼70 nm. Peak power density of ∼120 mW cm−2

and open circuit voltage of ∼0.6 V at 560 ◦C were achieved on a �SOFC array chip containing ten such
membranes. Mechanisms affecting fuel cell performance are discussed. Our results provide fundamental
insight to pathways of microstructure and stress engineering of ultra-thin, dense oxide cathodes and

�SOFC membranes.

. Introduction

Solid oxide fuel cells (SOFCs) [1] that are primarily made of
hin films and created by microfabrication are an active area of
esearch [2,3]. Such SOFCs, usually referred to as micro (�) or thin-
lm (TF) SOFCs – (the former will be used throughout this article),
old tremendous potential for low temperature, low-cost SOFCs for
ortable energy [4]. In recent years, significant progress has been
ade on these devices – e.g., high power density at temperature

elow 500 ◦C [5–7] and low temperature synthesis of all �SOFC
onstituents [8–10] – and several �SOFC prototypes have been
emonstrated [4–6,11,12]. The majority of �SOFCs reported to date
se yttria-stabilized zirconia (YSZ) as the electrolyte and porous
t as the anode, while porous Pt [5–6,13], LaxSr1−xCoO3 [11,14],
nd LaxSr1−xCoyFe1−yO3 (LSCF) [4,12] have been explored as the

athodes.

An increasing effort has been made to implement LSCF as the
athode for �SOFCs [4,6,12]. Due to its high mixed ionic and elec-
ronic conductivities and high electrocatalytic activity for oxygen
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reduction reaction, LSCF is considered a promising cathode material
for intermediate-temperature SOFCs [15]. Our recent studies have
shown that high-quality LSCF thin films can be synthesized by sput-
tering at relatively low temperatures, thus avoiding any interfacial
reaction with YSZ electrolytes. In-plane electrical conductivity
and its activation energy [8,10], as well as activation energy of
surface area specific resistance [9] of the sputtered ultra-thin,
nanocrystalline LSCF films are comparable to their macrocrystalline
counterparts [15]. As detailed in our recent study [8], microstruc-
ture in sputtered LSCF thin films is strongly correlated to film
thickness and thermal treatments. In order to prevent formation
and propagation of cracks that could eventually lead to failure
of �SOFC membranes, while maintaining adequate electrical con-
ductivity, film thickness of sputtered LSCF needs to be precisely
controlled in 15–30 nm range and annealing temperature needs
to be lower than 550 ◦C [8]. However, the thickness limitation
severely constrains the conductance of LSCF cathodes, which can
lead to insufficient current supply and collection if no additional
current collector [6,14] is employed. It has been reported that when

Pt mesh is placed on top of the cathode, the power density of
�SOFCs with 20-nm-thick LSCF increases by one order of magni-
tude [6]. In addition to oxide cathodes, another challenge for �SOFC
advancement is the need to increase total power output for applica-
tions. In order to increase power output, it is essential to increase

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:shriram@seas.harvard.edu
dx.doi.org/10.1016/j.jpowsour.2010.02.079
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Table 1
List of LSCF thin films with their corresponding thickness, target power, and substrate temperature, as well as their appearances in this article and references.

LSCF thin-film ID Thickness Target power Substrate temperature Discussed in

80nm-150W-RT 80 nm 150 W RT Section 3.1
71nm-150W-RT 71 nm 150 W RT Section 3.1
65nm-20W-RT 65 nm 20 W RT Section 3.1
67nm-20W-RT 67 nm 20 W RT Section 3.1
71nm-150W-500C 71 nm 150 W 500 ◦C Section 3.2
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67nm-20W-500C 67 nm 20 W
60W-RT 9–63 nm 60 W
60W-550C 15, 60, 150 nm 60 W

ctive area for electrochemical reactions. The width or diameter
f reported sub-�m free-standing �SOFC membranes with oxide
athodes [4,6,11,12] is in the range of 200 �m or less.

The goal of this report is to explore pathways to overcome
he thickness limitation of LSCF cathodes and the area limita-
ion of �SOFC membranes through microstructure and stress
ngineering in LSCF thin films. To achieve this goal, substrate tem-
erature and deposition rate are varied in ∼70-nm-thick LSCF
hin films and temperature-dependent deformation patterns of
50 ± 10 �m2 membranes in �SOFC arrays are investigated. As
uggested by the Thornton structure zone diagram [16,17], phys-
cal structure of sputtered thin films is determined by thermal-
nd bombardment-induced mobility of surface adatoms, lattice
toms, defects and flux of sputtering atoms at the growing film
urface. High substrate temperature increases mobility of adatoms
nd defects, forming larger grains; while high deposition rate tends
o produce dense microstructures as a result of energetic particle
ombardment and limited diffusion length of surface adatoms dur-

ng high-flux bombardment. Stresses in thin films are also affected
y these factors and are highly dependent upon types of materials
nd film thickness. The use of �SOFC arrays enables a better assess-
ent of the yield of �SOFC membranes after various processing

teps and during testing.
In this article, we demonstrate that both LSCF thickness and

SOFC area can be simultaneously increased by optimizing depo-
ition rate and substrate temperature. The mechanisms leading to
hese results will be discussed. The effect of deposition rate on

icrostructure and the effect of substrate temperature on stress
volution are emphasized in Sections 3.1 and 3.2, respectively.
hrough the improvement of microstructure and stresses in LSCF
hin films, a peak power density of ∼120 mW cm−2 and an OCV of
0.6 V at 560 ◦C for 250 �m × 250 �m �SOFC membranes with 70-
m-thick LSCF cathode were achieved. We anticipate the results
resented in this article could advance understanding of the com-
lex high temperature behavior in thin, dense oxide cathode and
SOFC membranes.

. Experimental

RF sputtering was carried out using custom La0.6Sr0.4C0.8F0.2O3
LSCF) and 8% yttria-stabilized zirconia (YSZ) targets (both from
JA International) at Ar pressure of 5 mTorr. Target power used

or YSZ thin films was 60 W, yielding a nominal deposition rate
f ∼1.2 nm min−1. 20 W and 150 W of target power were used to
eposit LSCF thin films and the corresponding nominal deposi-
ion rate was 0.3 and 2.9 nm min−1, respectively. The various LSCF
hin films discussed in this article are listed in Table 1 with their
orresponding deposition parameters.

�SOFC arrays, with ten �SOFC membranes arranged in a circu-

ar fashion, were fabricated on the silicon nitride (SiN)-coated Si
hips. Similar �SOFC arrays have been reported in Ref. [18]. The
abrication employed photolithography to pattern SiN thin films,
eactive ion etching (RIE) to remove patterned SiN, and 30% KOH to
tch through Si. After processing, ten SiN membranes were released
500 ◦C Section 3.2
RT Refs. [8,10,22]
550 ◦C Refs. [12,22]

from Si. YSZ and LSCF were then deposited onto the front side
(i.e., the exposed side of SiN thin films prior to processing) of the
SiN membranes, forming LSCF/YSZ/SiN membranes. Regardless of
deposition conditions of YSZ and LSCF, the LSCF/YSZ/SiN, as well
as SiN, membranes were flat (i.e., not buckled or no out-of-plane
deformation). To accomplish LSCF/YSZ/Pt (LYP) �SOFC membranes,
the SiN layer in LSCF/YSZ/SiN membranes was removed by reac-
tive ion etching (RIE) from the back side, then porous platinum (Pt)
with thickness of ∼120 nm was sputtered at a DC power of 250 W
and a pressure of 75 mTorr. Note that YSZ and LSCF were always
deposited in the same sputtering session.

Annealing was carried out in ambient conditions in a Ther-
molyne 21100 tube furnace. Unless otherwise specified, annealing
time at peak temperature was 2 h and ramping and cooling rates
were 5 ◦C min−1. Grazing incidence X-ray diffraction (XRD) and X-
ray reflectivity were performed with a Scintag 2000 diffractometer
using Cu K� radiation. Prior to the X-ray measurements, rocking
curve measurements were performed to ensure accurate align-
ment between the detector and X-ray tube. Surface morphology
was investigated by Carl Zeiss Ultra 55 field emission scanning
electron microscopy (SEM). Temperature-dependent film stresses
were measured by a Toho FLX-2320-S thin film stress measurement
system with 2 h of holding at 500 ◦C; the heating rate and cooling
rate were 2 ◦C min−1 and 5 ◦C min−1 for wafers with amorphous
and crystalline LSCF thin films, respectively. The system measured
stress-induced curvature change of 4” substrate wafers prior to and
after thin-film deposition. Film stresses were determined from the
Stoney equation [19,20]. Nominal substrate thicknesses of 500 �m
and biaxial modulus of 181 GPa for Si were used in the stress cal-
culation.

High temperature lateral electrical conductivity and fuel cell
measurements were performed using the same apparatus, whose
details can be found elsewhere [12,21]. Thin films required for
these two measurements were concurrently deposited onto their
respective substrates. Samples for conductivity measurements
were then sputtered with 220-nm-thick Pt strips on the oppo-
site side of the samples using a 125-�m-thick stainless steel
shadow mask. The Pt strips served as contact pads for micro-
manipulator probes with Pt-plated tungsten tips. To avoid Pt
coating onto the side walls of testing samples, the dimensions
of the Pt strips are 9.0 mm × 3.1 mm. The separation between Pt
strips was 2.8 mm. In-plane current was measured over a volt-
age sweep from −10 to 10 mV, which took ∼40 s to collect 50
data points. Linear regression of the current–voltage plots, which
yields film resistance, was used to calculate in-plane conductiv-
ity of LSCF thin films. Temperature profile of the conductivity
measurement was as follows: heating from room temperature
(RT) to 200 ◦C at 5 ◦C min−1 → heating from 200 ◦C to 450 ◦C at
2 ◦C min−1 → holding at 450 ◦C for 30 min → heating from 450 ◦C to

550 ◦C at 1 ◦C min−1 → holding at 550 ◦C for 30 min → cooling from
550 ◦C to RT at 2 ◦C min−1. The holding steps at 450 ◦C and 550 ◦C
were to monitor possible conductivity change due to crystalliza-
tion and microstructure development (e.g., grain growth or crack
formation), respectively.
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Fig. 1. XRD patterns of (a) 80nm-150W-RT and (b) 65nm-20W-RT LSCF thin films
after various annealing temperatures.
B.-K. Lai et al. / Journal of Pow

For the fuel cell measurement, forming gas (wet 5% H2/95% Ar)
as fed to the anode on the bottom of the chips while the top was

xposed to air. A micromanipulator probe was located at the center
f the chips. Temperature profile of the fuel cell measurement was
s follows: heating from RT to 560 ◦C at 1 ◦C min−1 → holding at
60 ◦C for ∼30 min → cooling from 560 ◦C to RT at 2 ◦C min−1. A CCD
amera (AmScope MD900E) connected to a computer was used to
apture images of membrane deformation at automated intervals.

. Results and discussion

Four types of LSCF thin films deposited at two different target
owers (i.e., 20 W and 150 W) and two different substrate tem-
eratures (i.e., without heating and 500 ◦C) were systematically

nvestigated (see Table 1). In Section 3.1, LSCF thin films deposited
t 20 W and 150 W without substrate heating are discussed to
mphasize the effect of deposition rate on microstructures in LSCF
hin films and on �SOFC membranes. In Section 3.2, the effect
f substrate temperature on stress evolution in LSCF thin films
nd �SOFC membranes is emphasized using the LSCF thin films
eposited at 20 W and 150 W at a substrate temperature of 500 ◦C.
orrelation between microstructure and stresses will also be dis-
ussed in Section 3.2.

.1. Microstructure engineering through deposition rate

80-nm-thick and 65-nm-thick LSCF thin films were deposited
nto 60-nm-thick nanocrystalline YSZ thin film-coated SiN/Si sub-
trates at a gun power of 150 W and 20 W, respectively, without
ubstrate heating. The films are denoted here as 80nm-150W-RT
nd 65nm-20W-RT LSCF thin films, respectively. After deposition,
he films were then annealed at various temperatures and the cor-
esponding XRD patterns, taken at RT after each annealing, are
isplayed in Fig. 1(a) and (b), respectively. As seen, as-deposited
SZ is crystalline while LSCF is amorphous. Despite the difference in
eposition rate for these two LSCF thin films being nearly one order
f magnitude, their crystallization temperature was in 400–450 ◦C
ange, consistent with the 60W-RT LSCF thin films in our previous
tudies [8,10,21].

To determine the crystallization temperature and behavior,
lectrical conductivity measurements were performed on 71nm-
50W-RT and 67nm-20W-RT LSCF thin films. Fig. 2 shows
emperature dependence of electrical conductivity for these two
hin films. The thin films exhibited similar electrical behavior but
iffered noticeably in the magnitude of electrical conductivity (�)
nd activation energy (Ea). As-deposited amorphous thin films
ossessed low electrical conductivity. At temperatures slightly
elow 450 ◦C, electrical conductivity started to deviate from a
onotonic linearly increasing function. While at ∼450 ◦C, electrical

onductivity dramatically increased by two orders of magnitude,
n indication of crystallization onset [21], and the time needed for
he crystallization process to complete is similar for both LSCF thin
lms. The significant increase in conductivity at ∼450 ◦C is due to
stablishment of long-range order of Co–O–Co bonds, on which
olaron hopping takes place, when LSCF is in crystalline phase
10,15]. At 550 ◦C, no apparent difference in electrical conductiv-
ty was observed while holding the temperature for 30 min. During
ooling, Ea in 550–200 ◦C range, as shown in the inset of Fig. 2, was
.09 eV and 0.14 eV for 67nm-20W-RT and 71nm-150W-RT LSCF
hin films, respectively.
Figs. 3 and 4 show the surface morphology of 71nm-150W-RT
nd 67nm-20W-RT LSCF thin films, respectively, after anneal-
ng at different temperatures. As seen in Figs. 3(a) and 4(a),
rior to any post-deposition heat treatment, these two thin films
xhibit distinctly different surface morphologies. The former exhib-

Fig. 2. Temperature dependence of electrical conductivity for 71nm-150W-RT (�)
and 67nm-20W-RT (©) LSCF thin films. Corresponding Arrhenius plots of product of
electrical conductivity and temperature in 550–200 ◦C range are shown in the inset.
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Fig. 3. 80nm-150W-RT LSCF thin films (a) prior to annea

ted ultrafine nanocrystallinity, with very smooth surface and
ne grains (<15 nm in diameter); while the latter showed highly
ranular nanocrystallinity, with congruent grains of similar size
25–35 nm). The ultrafine nanocrystalline microstructure in the
1-150W-RT LSCF thin films is likely due to inhibition of surface
iffusion of adatoms by high flux of sputtering atoms. The struc-
ure remained similar when the films were annealed at 450 ◦C, as
isplayed in Fig. 3(b). However, after annealing at 500 ◦C (Fig. 3(c)),
patially extended channel cracks were formed in the 71-150W-RT
SCF thin films. This is due to the fact that for dense, well adhered
ontinuous thin films, the strain energy is more easily relieved via
ormation of channel cracks, rather than other forms of cracks men-
ioned in Ref. [8]. After annealing at 600 ◦C (Fig. 3(d)), much larger
rains, with irregular shape, and pinholes (only a few nm in diam-
ter) at grain junctions were observed in addition to the channel
racks.

The granular nanocrystalline microstructure in the 67nm-20W-
T LSCF thin films is very stable, as seen in Fig. 4(a)–(d). After
nnealing at 450 ◦C (Fig. 4(b)), the grains were slightly larger in size
hen compared to those at RT (Fig. 4(a)). Apparent grain growth
as observed in Fig. 4(c) for the 500 ◦C-annealed thin films. Traces

f spatially confined channel cracks were also observed. However,

hese traces did not extend and connect to each other after anneal-
ng at 600 ◦C. Compared to the 60W-RT LSCF thin films that we have
nvestigated [8,10], the 67nm-20W-RT LSCF thin films possessed
he lowest Ea (0.09 eV) and the highest � (∼100 S cm−1) at RT. In
ontrast, Figs. 2–4 clearly indicate that the lower � and higher Ea in
d after annealing at (b) 450 ◦C, (c) 500 ◦C, and (d) 600 ◦C.

the 150W-RT LSCF thin films can be attributed to the higher level
of material discontinuity (i.e., cracks) after they have crystallized.

The stress states in these two types of LSCF thin films were
evaluated by their corresponding free-standing membranes, which
were released from SiN using RIE, with width of ∼250 �m. As evi-
dent in the buckling patterns shown in Fig. 5(a) and (b), both thin
films possessed compressive stresses. Compressive stresses have
been observed in as-deposited YSZ thin films that were sputtered
over a wide range of sputtering parameters [26]. Since compressive
stresses are associated with adatom diffusion into grain boundaries
[22,23], we speculate that oxygen vacancies in as-deposited LSCF
and YSZ thin films might encourage diffusion of surface adatoms
into grain boundaries. These may originate as a result of low oxy-
gen partial pressure during deposition. In our previous studies [8],
we have shown that RT-deposited LSCF thin films exhibit tensile
stresses after annealing at 550 ◦C. Therefore, after annealing, the
RT-deposited LSCF thin films experienced a change in stresses from
compressive to tensile due to crystallization, oxygen uptake, and
grain growth. Such compressive to tensile stress change has been
reported for sputtered YSZ thin films [24].

�SOFC arrays with ten membranes based on these two types
of LSCF thin films have been fabricated and tested. 60-nm-thick

YSZ and 120-nm-thick porous Pt were used as the electrolyte and
the anode, respectively. Accordingly, these two types of �SOFC
arrays are referred to as 71nm-150W-RT LYP and 67nm-20W-
RT LYP arrays. The width of the membranes was in 240–260 �m
range. During fuel cell measurement, images of �SOFC membranes
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Fig. 4. 65nm-20W-RT LSCF thin films (a) prior to anneal

ere continuously captured from a CCD camera-equipped stereo
icroscope. The micrographs at various temperatures are shown

n Figs. 6 and 7 for selected membranes on the 71nm-150W-RT LYP
nd 71nm-150W-RT LYP arrays, respectively. Open circuit voltage
OCV) and peak power density (Pmax), i.e., peak power divided by
otal area of functional membranes, of these two arrays are shown

n Fig. 8.

As seen in Figs. 6(a) and 7(a), membranes in both arrays were
uckled at RT, and the buckling was greater in the 71nm-150W-
T LYP array. During heating, the membranes in 71nm-150W-RT

Fig. 5. Micrographs of (a) 80nm-150W-RT and (b) 65nm-20W-RT LSCF membranes, r
d after annealing at (b) 450 ◦C, (c) 500 ◦C, and (d) 600 ◦C.

LYP array unbuckled at ∼240 ◦C (Fig. 8(a)–(c)), buckled at ∼270 ◦C
(Fig. 8(d)–(f)), and unbuckled again at 420 ◦C (Fig. 8(g)–(i)). For the
membranes in 67nm-20W-RT LYP array, they became unbuckled
at ∼100 ◦C (Fig. 8(a)–(c)), slightly buckled at ∼410 ◦C (Fig. 8(e)),
and then unbuckled again at ∼430 ◦C (Fig. 8(f)). Since Pt and YSZ
were identical for both LYP arrays, the results indicate that defor-

mation evolution is highly associated with LSCF cathodes. It should
be emphasized that �SOFC membranes with similar thickness do
not necessarily have the same deformation processes. The exact
deformation evolution in free-standing �SOFC membranes might

eleased from SiN thin films using reactive ion etching, with width of ∼250 �m.
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ig. 6. Micrographs of 71nm-150W-RT LYP �SOFC membranes taken at (a) 20 ◦C, (
ominal width of the membranes is 250 �m.
epend on the competition between higher thermal expansion
oefficients of LSCF, YSZ, and Pt, when compared to Si, (which tend
o buckle membranes) and stress change towards tensile direction
which tends to flatten membranes). The unbuckling that occurred

ig. 7. Micrographs of 67nm-20W-RT LYP �SOFC membranes taken at (a) 20 ◦C, (b) 90 ◦C
f the membranes is 250 �m.
◦C, (c) 238 ◦C, (d) 268 ◦C, (e) 270 ◦C, (f) 272 ◦C, (g) 412 ◦C, (h) 417 ◦C, and (i) 430 ◦C.
at ∼425 ◦C for both arrays is probably due to the development of
tensile stresses associated with crystallization of LSCF.

Fig. 8 shows temperature dependence of OCV and Pmax; while
the top inset shows percentage of intact �SOFC membranes (from

, (c) 100 ◦C, (d) 400 ◦C, (e) 407 ◦C (slightly buckled), and (f) 550 ◦C. Nominal width
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Fig. 8. Temperature dependence of open circuit voltage (OCV, open symbols) and
peak power density (P , solid symbols) for 71nm-150W-RT LPY (circular symbols)
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Fig. 9. XRD patterns of as-deposited (gray line) and 550 ◦C-annealed (black line)
71nm-150W-500C (lower panel) and 67nm-20W-500C (upper panel) LSCF thin
films.
max

nd 67nm-20W-RT LPY (square symbols) �SOFC arrays. The inset shows percentage
f non-broken �SOFC membranes as a function of temperature for 71nm-150W-RT
PY (�) and 67nm-20W-RT LPY (�) �SOFC arrays.

otal of 40 membranes), as examined by microscopy, as a func-
ion of temperature. As seen, none of the membranes failed at
emperatures below 420 ◦C in both arrays. However, as will be
iscussed later, OCV was still low, likely because of electrical leak-
ge or fuel crossover. OCV of 71nm-150W-RT LYP array reached
maximum at 460 ◦C but its Pmax did not exceed 1.5 mW cm−2;

nd all the membranes failed at ∼500 ◦C from visual observa-
ion. In comparison, OCV of 67nm-20W-RT LYP array started to
ncrease above 450 ◦C when LSCF became crystalline. At 555 ◦C,
heir OCV and Pmax reached ∼0.32 V and ∼55.0 mW cm−2, respec-
ively. Most of the membrane failure in 67nm-20W-RT LYP array
ccurred in 430–490 ◦C range. Since the membranes in both arrays
ecame flat before crystallization onset (as seen in Figs. 6 and 7),
rystallization- and grain growth-induced tensile stresses and the
ubsequent crack propagation are likely responsible for the failure.

.2. Stress engineering by substrate temperature

The results in Section 3.1 show that, in addition to microstruc-
ure, stress engineering is also crucial to reduce membrane failure
f �SOFCs. To avoid crystallization- and grain growth-related stress
hanges, LSCF thin films that are crystalline after deposition were
puttered at a substrate temperature of 500 ◦C. The high substrate
emperature also pre-stabilizes the microstructure, making them

ore resistant to change during subsequent heating treatment.
hese two types of LSCF thin films are referred to as 71nm-150W-
00C and 67nm-20W-500C LSCF thin films. The corresponding
RD patterns are shown in Fig. 9; while the corresponding sur-

ace morphologies are shown in Figs. 10(a) and 11(a), respectively.
emperature-dependent stress evolution in these two LSCF thin
lms together with 500 ◦C-deposited 60-nm-thick YSZ thin films
i.e., stress evolution in bilayer LSCF and YSZ thin films) are plotted
n Fig. 12.
As seen in Figs. 9–11, both films are crystalline and exhibit
imilar surface morphology as their RT-deposited counterparts –
amely, ultrafine nanocrystalline and highly granular nanocrys-
alline for the thin films deposited at a gun power of 150 W and

Fig. 10. SEM images of (a) as-deposited and (b) 550 ◦C-annealed 71nm-150W-500C
LSCF thin films.
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Fig. 11. SEM images of (a) as-deposited and (b) 550 ◦C-treated 67nm-20W-500C
LSCF thin films.

Fig. 12. Temperature dependence of film stresses in 71nm-150W-500C LSCF/60nm-
YSZ and 67nm-20W-500C LSCF/60nm-YSZ bilayer thin films. Micrographs of the
former and latter bilayer membranes, released from SiN thin films using reactive
ion etching, taken prior to the measurement are shown in the insets (i) and (ii),
respectively. Nominal width of the membranes is 250 �m.
urces 195 (2010) 5185–5196

20 W, respectively. As seen in Figs. 10(a) and 11(a), the grain size of
these two 500 ◦C-deposited LSCF thin films was smaller than their
RT-deposited counterparts (Figs. 3 and 4). The grain size of 67nm-
20W-500C LSCF thin films is in 15–20 nm range. As will be discussed
later, in addition to substrate temperature, compressive stresses are
also responsible for the smaller grain size in the 500 ◦C-deposited
LSCF thin films. Effect of treatment temperature on the microstruc-
ture of 71nm-150W-500C and 67nm-20W-500C LSCF thin films
was examined after annealing at 550 ◦C. As seen in Fig. 10(b), no
cracks were observed in the 71nm-150W-500C film after heating
to 550 ◦C. This is likely due to the fact that the films were under
compressive stress during the heat treatment, as seen in Fig. 12.
No apparent morphology change was observed in the 550 ◦C-heat
treated 67nm-20W-500C LSCF thin films (Fig. 11).

Fig. 12 shows that the difference between maximum and min-
imum stresses in a thermal cycle was ∼600 MPa for both bilayer
thin films. The stresses at RT in the as-deposited bilayer thin films
with 71nm-150W-500C and 67nm-20W-500C LSCF were close to
−40 MPa and −260 MPa, respectively, corresponding well to the
deformation pattern of respective membranes displayed in the
inset of Fig. 12. During heating, stresses in both bilayer thin films
stabilized at temperatures in the vicinity of 400 ◦C and stress relax-
ation was observed when holding the temperature at 500 ◦C. During
cooling, film stresses simply increased linearly with decreasing
temperature, indicating their physical structures have been stabi-
lized at 500 ◦C.

In addition to the differences in stress and structure evolu-
tion, several distinct differences were observed in XRD patterns
of 500 ◦C-deposited crystalline LSCF thin films (Fig. 9) when com-
pared to 500 ◦C-annealed RT-deposited LSCF thin films (Fig. 1). The
differences include shift of positions towards lower 2� for both pri-
mary LSCF (2� = 32–33◦) and YSZ (2� = ∼30◦) peaks coupled with
lower intensity and larger full width at half maximum (FWHM) of
the primary LSCF peak. The lower 2� is a result of higher lattice
constant in oxygen-deficient LSCF thin films [15,25]; while the rel-
atively low intensity and high FWHM are a result of higher level of
oxygen defects, as well as by smaller grain size. Note that, as seen

in Fig. 12, difference in film stresses between these two 500 ◦C-
deposited films (∼100 MPa) might not play a significant role on
the shift in LSCF and YSZ peak positions. A more prominent peak
shift and relatively high intensity of the LSCF peak at 2� ∼ 23◦ was

Fig. 13. Temperature dependence of electrical conductivity for 71nm-150W-500C
(�) and 67nm-20W-500C (©) LSCF thin films. Corresponding Arrhenius plots of
product of electrical conductivity and temperature in 550 − 200 ◦C range are shown
in the inset.
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Fig. 14. Micrographs of 71nm-150W-500C LPY membranes taken at (a) 20 ◦C prior to the fuel cell measurement, (b) 495 ◦C during fuel cell measurement, and (c) 20 ◦C after
the fuel cell measurement. (d) SEM image taken after fuel cell measurement.

Fig. 15. Micrographs of 67nm-20W-500C LPY membranes taken at (a) 145 ◦C, (b) 150 ◦C, and (c) 430 ◦C during fuel cell measurement, and (d) 20 ◦C after the fuel cell
measurement.
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bserved in the 71nm-150W-500C LSCF thin films. Although it
ould be due to the film texture with preferred orientation of rhom-
ohedral LSCF (0 1 2) planes, one cannot rule out the possibility of
ubic (JCPDS 01-089-5720) or orthorhombic (JCPDS 01-089-1267)
hases in highly oxygen-deficient LSCF [25]. After 550 ◦C annealing

n air, the primary LSCF peaks of both 500 ◦C-deposited LSCF thin
lms shifted to 2� ∼ 33.0◦, as seen in Fig. 9, indicating a reduction

n oxygen deficiency.
Temperature-dependent electrical conductivity of 71nm-

50W-500C and 67nm-20W-500C LSCF thin films is plotted in
ig. 13. Although both thin films are crystalline, they exhibited low
lectrical conductivity below 200 ◦C. Together with Figs. 9–11, it is
vident that the low conductivity is associated with oxygen defi-
iency, rather than microstructure. The increase in conductivity at
200 ◦C for both as-deposited LSCF thin films is likely associated
ith increased activity of polaron transport and oxygen uptake. The

atter can reduce the number of oxygen vacancies and thus, increase
he number of polarons [25] leading to a conductivity increase
ith temperature. Since both thin films were already crystalline,
o trace of crystallization-related conductivity jump was observed
t 450 ◦C. At 550 ◦C, � of 71nm-150W-500C LSCF thin films only
eached 120 S cm−1 and Ea in 550 − 200 ◦C range during cooling
as 0.22 eV; while � and Ea for 67nm-20W-500C LSCF thin films
ere 130 S cm−1 and 0.18 eV, respectively. Compared to their RT-
eposited counterparts (Fig. 2), the relatively low � and relatively
igh Ea of 550 ◦C-treated 71nm-150W-500C and 67nm-20W-500C
SCF thin films are primarily due to their small grain size. Our pre-
ious studies have shown that conductivity in crack-free LSCF thin
lms is proportional to grain size [10]. Lower � was also observed in
50 ◦C-treated 60nm-60W-550C LSCF thin films when compared to
50 ◦C-annealed 60nm-60W-RT LSCF thin films [21]. It is noted that
ompressive stresses may enhance conductivity because of reduc-
ion in polaron hopping distance along Co–O–Co bonds [26–29].
owever, as seen in Figs. 1 and 9, the stresses at RT in 550 ◦C-
nnealed 67nm-20W-500C LSCF thin films did not lead to apparent
ifference in lattice constant when compared to 550 ◦C-treated
7nm-20W-RT LSCF thin films.

Figs. 14 and 15 show representative membranes in 71nm-
50W-500C and 67nm-20W-500C LYP arrays, respectively, at
arious temperatures during fuel cell testing. Performance
f the �SOFCs arrays is shown in Fig. 16. As seen in
igs. 12, 14(a) and 15(a), both thin films retained their respective
tress states after Pt deposition. Deformation evolution of the mem-

ranes qualitatively corresponds to the trend of stress evolution
ell (Fig. 12). The membranes in the 71nm-150W-500C LYP array

emained buckled (Fig. 14(b)) at temperatures all the way up to
60 ◦C, as well as after cooling down to RT (Fig. 14(c)). None of the

Fig. 16. (a) SEM image of a membrane in the 67nm-20W-500C LPY �SOFC array a
urces 195 (2010) 5185–5196

ten membranes in the 71nm-150W-500C LYP array failed immedi-
ately after the testing. However, after careful examination by SEM
(Fig. 14(d)), the membranes were found to exhibit cracking around
the center of each side. Such cracking patterns were developed due
to stress concentration, which is more prominent around the cen-
ter of each side than around the corner, when the membranes were
buckled under considerable compressive stresses.

For the membranes in 67nm-20W-500C LYP array, they became
buckled at ∼150 ◦C (Fig. 15(b)). The buckling gradually developed
with increasing temperature (as seen in Fig. 15(c)) and persisted
at RT after the testing (Fig. 15(d)). Overall, the buckling was not as
severe as the membranes in 71nm-150W-500C LYP array and no
cracks were observed at the perimeter of the membranes, as seen
in Fig. 16(a).

The performance of 71nm-150W-500C LYP and 67nm-20W-
500C LYP arrays are shown in Fig. 17. As seen in Fig. 17(a), the
OCV of 71nm-150W-500C LYP array was below 0.1 V at 400 ◦C. It
began to increase at ∼450 ◦C and reached its maximum, 0.46 V, at
∼545 ◦C; while the peak power density began to increase at ∼490 ◦C
and reached 75 mW cm−2 at ∼560 ◦C. Voltage and power density as
a function of current density for the 71nm-150W-500C LYP array at
selected temperatures is shown in Fig. 17(b). For 67nm-20W-500C
LYP array, higher OCV (∼0.38 V) and higher peak power density
(∼20 mW cm−2) were observed at 400 ◦C. The OCV and peak power
density then increased gradually until reaching their maximum
of 0.6 V and 120 mW cm−2, respectively, at ∼560 ◦C. Voltage and
power density as a function of current density for the 67nm-20W-
500C LYP array at selected temperatures is shown in Fig. 17(c). The
peak power density of 67nm-20W-500C LYP array at 500 ◦C is sim-
ilar (∼60 mW cm−2) to the single-cell �SOFCs in our recent report
[12], despite having a lower OCV (0.5 V vs. 1.0 V).

Finally, we discuss the lower OCV in the �SOFC arrays observed
in this study. First, we note that oxide cathode-based micro or thin-
film SOFCs reported in the literature [4,11,14] usually exhibit OCV
lower than its ideal value of ∼1.0 V at high temperatures. The first
mechanism limiting OCV is fuel crossover through pores or cracks
in the electrolyte. This reduces the chemical gradient, and thus
the corresponding voltage via chemical reaction, across the elec-
trolyte. The existence of cracks is evident in Fig. 16(b). The second
mechanism is the electronic leakage currents through the elec-
trolyte. The third mechanism is probably the resistive loss from
oxide cathodes. A slightly higher OCV has been observed when
Pt mesh is used in contact with LSCF cathode during fuel cell

measurement [6]. The former two mechanisms are active even if
current flow through the external load is absent and, thus, can
lead to reduced voltage when the SOFC system is held at open
circuit.

fter fuel cell measurement. (b) Close up image of the selected region in (a).
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Fig. 17. (a) Temperature dependence of open circuit voltage (OCV, open symbols)
and peak power density (Pmax, solid symbols) for 71nm-150W-500C LYP (square
symbols) and 67nm-20W-500C LYP (circular symbols) �SOFC arrays. Voltage (open
symbols) and power density (solid symbols) as a function of current density at
selected temperatures for (b) 71nm-150W-500C and (c) 67nm-20W-500C LYP
�SOFC arrays.

Fig. 18. (a) Microstructures and stresses in as-deposited 70-nm-thick LSCF thin
films as a function of substrate temperature and deposition rate. UNC and GNC refer
to ultrafine nanocrystalline and highly granular nanocrystalline microstructures,
respectively. (b) Change in microstructures and stresses after annealing at 550 ◦C.
Regions in the parameter space where buckling and fracture failures take place
are also indicated. TSD and CSD refer to tensile stress-dominated and compressive
stress-dominated stress evolution in LSCF thin films, respectively. (c) Effect of depo-
sition rate and substrate temperature on electrical conductivity in 550 ◦C-annealed
LSCF thin films.



5 er So

R
a
n
s
t
a
a
T
b
i
o
t
s
�
a
d
b
t
s
n
o

4

e
s
t
t
a
m

1

2

3

4

[

[

[

[

[

[

[
[
[

[

[
[

[

[
[
[

[

196 B.-K. Lai et al. / Journal of Pow

From results presented here and our previous studies on 60W-
T and 60W-550C LSCF thin films [8,10,12,21], microstructures
nd stresses in as-deposited LSCF thin films with similar thick-
ess in the substrate temperature and deposition rate parameter
pace are illustrated in Fig. 18(a); while the change in microstruc-
ures and stresses when the LSCF thin films are annealed at 550 ◦C
re illustrated in Fig. 18(b). TSD and CSD refer to tensile stress-
nd compressive stress-dominated stress evolution, respectively.
he failure modes for 250-�m-wide, free-standing �SOFC mem-
ranes with 70-nm-thick LSCF thin-film cathodes are also indicated

n the figures. Effect of deposition rate and substrate temperature
n temperature-dependent electrical conductivity in the 550 ◦C-
reated LSCF thin films is illustrated in Fig. 18(c). As one can
ee, thermomechanical stability and performance of free-standing
SOFC membranes are strongly correlated to the microstructure
nd stress evolution in LSCF thin films. Although the LSCF thin films
eposited at high temperature and low deposition rate provide the
est thermomechanical stability and performance to the �SOFCs,
hey possess lower electrical conductivity because of smaller grain
ize. These figures provide insights into competing factors one may
eed to consider when synthesizing ultra-thin fuel cell components
r devices.

. Conclusions

In this article, microstructure and stress engineering have been
xplored for LSCF thin-film cathodes by varying sputtering depo-
ition conditions. Insights into the mechanisms were probed by
emperature-dependence of crystallization behavior, microstruc-
ure development, electrical conductivity in LSCF thin films, as well
s high temperature deformation of �SOFC membranes. The pri-
ary results are summarized below:

. LSCF thin films deposited at a high rate (target power = 150 W)
and without substrate heating exhibited ultrafine nanocrys-
tallinity, with very smooth surface and fine grains (<15 nm in
diameter); while LSCF thin films deposited at low rate (tar-
get power = 20 W) and without substrate heating were granular,
with grain size in 25–35 nm range. After annealing, the latter
microstructure is more resistant to cracks.

. Bilayer LSCF–YSZ thin films deposited at 500 ◦C possessed
compressive stresses at RT and exhibited linear temperature-
dependent stress evolution. No cracks were observed in the LSCF
thin films up to 550 ◦C.

. Electrical conductivity and activation energy are sensitive to
details of microstructure and stress states in LSCF thin films.
Superior electrical conduction properties of � ∼ 550 S cm−1 at
550 ◦C and Ea = 0.09 V in 550–200 ◦C range were observed for
the LSCF thin films deposited at low rate without substrate

heating.

. Through exploring the processing protocols discussed above,
we were able to fabricate failure-resistant �SOFCs (LSCF/YSZ/Pt)
membranes with width of 250 �m and crack-free cathode films
with thickness of ∼70 nm. Peak power density of ∼120 mW cm−2

[
[

[

urces 195 (2010) 5185–5196

and open circuit voltage of 0.6 V at 560 ◦C was achieved on a
�SOFC array chip containing ten such membranes.

The results could be of potential relevance towards further
advancing process science and technology of micro-solid oxide fuel
cells utilizing thin film components.
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