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a b s t r a c t
Thin ﬁlms of La0.85 Sr0.15 MnO3 (LSM) are deposited on (1 0 0) silicon wafer and YSZ (yttria-stabilized zircornia) electrolyte substrates by magnetron sputtering using a single-phase LSM target. The conditions
for sputtering are systematically studied, including substrate temperature (from room temperature to
600 ◦ C), the argon background pressure (from 1.2 × 10−2 to 3.0 × 10−2 mbar), and deposition time. Results
show that the optimal conditions for producing a dense, uniform, and crack-free LSM ﬁlm include a substrate temperature of 600 ◦ C and an argon pressure of 1.9 × 10−2 mbar. Further, a testing cell with a dense
LSM ﬁlm, an YSZ electrolyte membrane, and a porous LSM counter electrode is prepared and the electrochemical properties of the dense LSM ﬁlm on YSZ substrate are studied. It was found that the thickness,
morphology, and microstructure of LSM ﬁlms critically inﬂuence the electrochemical properties.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Solid oxide fuel cells (SOFCs) have received much attention
because of their high energy efﬁciency and excellent fuel ﬂexibility
[1–4]. Reducing the operating temperature of SOFCs from 1000 ◦ C
to 600–800 ◦ C is important because it allows the use of less expensive materials for components in cell stacks and in the fuel cell
systems. As the operating temperature is lowered, however, the
cell performance decreases rapidly because the activation energies for transport of ionic species and for the oxygen reduction
reaction on the cathode are relatively high. While the development of supported thin-ﬁlm SOFCs has successfully reduced the
electrolyte resistance [5,6], preparation of more efﬁcient cathode
for low-temperature operation is still a challenge and, thus, has
attracted much attention in recent years.
La1−x Srx MnO3 (LSM) is the most widely used cathode material for SOFCs because of its excellent compatibility with other
cell components and the good performance at high temperatures
[7]. La0.6 Sr0.4 Co0.2 Fe0.8 O3 (LSCF)-based cathodes appear to display
higher performance than LSM-based cathodes due most likely to its
much higher ionic and electronic conductivity, potentially extending the active reaction sites from the TPBs to the electrode surfaces.
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To characterize the intrinsic catalytic properties of an LSM surface,
a dense and thin ﬁlm of LSM must be prepared [8]. Several fabrication processes have been studied for the preparation of LSM ﬁlms,
including sol–gel processing [9], pulsed laser deposition (PLD), electrostatic spray deposition (ESD), rf-magnetron sputtering [10,11],
atomic layer deposition (ALD) [8], and air plasma spraying [12].
Although LSM ﬁlms were prepared by different methods, the characteristics of ﬁlms vary widely, including thickness, microstructure,
surface roughness, and morphology.
In this study, we report our ﬁndings on preparation of highquality thin ﬁlms of LSM using rf-magnetron sputtering. In
particular, the substrate temperature and chamber pressure have
been optimized to obtain dense, uniform, and crack-free LSM ﬁlms
with desired phase. Further, electrochemical behavior of the LSM
ﬁlms prepared under optimum sputtering conditions is also characterized under various operating conditions.
2. Experimental
2.1. Preparation of substrates and LSM target
The (1 0 0) silicon wafers (from EL-CAT Inc.) were ﬁrst used
as substrate for the exploration of the sputtering conditions. The
Si wafers were cleaned ultrasonically in acetone, ethanol, and
distilled water sequentially. Commercial 8 mol.% Y2 O3 stabilized
ZrO2 (YSZ) powder was used to prepare the YSZ electrolyte pellets
by uniaxial pressing and sintering at 1450 ◦ C for 5 h. The density
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of the YSZ pellets was about 98% of the theoretical value as
determined by Archimedes’ method. One side of each YSZ pellet
was then ground and polished using a MetPrep 3TM (Allied High
Tech Products, Inc.) with diamond suspensions of 6 m, 3 m,
and 1 m, respectively. The YSZ substrate was then cleaned ultrasonically in acetone, ethanol, and distilled water, respectively. To
prepare La0.85 Sr0.15 MnO3 (LSM) target for sputtering, commercial
LSM powder from NexTech materials was pressed (6000 N cm−2
for 1 min) into a 25-mm diameter disk with a thickness of 5 mm,
followed by sintering at 1250 ◦ C for 3 h. The LSM target was then
polished and cleaned in the same manner as the YSZ disks.

2.2. Conditions for sputtering and annealing of LSM ﬁlms
Prior to the deposition, the background vacuum of the deposition chamber had a base pressure of 10−5 mbar. To prevent
the target from breaking, the rf power is ﬁxed at 20 W. During sputtering, argon pressure was changed from 1.2 × 10−2 to
3.0 × 10−2 mbar. The LSM ﬁlms were prepared on the substrate of

Fig. 1. SEM microstructure of as-sputtered LSM ﬁlm on Si substrate with the optimum sputtering condition.

Fig. 2. SEM microstructures of LSM ﬁlm sputtered on Si substrate for 1 h and on YSZ substrate for 12 h at optimum pressure (1.9 × 10−2 mbar): (a) surface microscopy of LSM
ﬁlm prepared at 600 ◦ C on Si substrate; (b) surface microscopy of LSM ﬁlm prepared at room temperature on Si substrate; (c) cross sectional image of LSM ﬁlm prepared at
600 ◦ C for 1 h on Si substrate; (d) cross sectional image of LSM ﬁlm prepared at 600 ◦ C for 10 h on YSZ substrate; (e) surface microscopy of LSM ﬁlm prepared at 600 ◦ C on Si
substrate after annealed at 900 ◦ C for 2 h.
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Si wafer and YSZ. After sputtering, the LSM ﬁlms were annealed at
800 ◦ C for 1 h, with a heating rate of approximately 10 ◦ C min−1 .
To construct the testing cell, a 30-m thick porous LSM ﬁlm was
applied to one side of the YSZ pellet as counter electrode by brush
painting of LSM slurry followed by ﬁring at 1200 ◦ C for 2 h. Then, a
thin LSM ﬁlm was sputtered on the other side (the polished side)
of the YSZ pellet under optimum sputtering condition for 10 h. The
sputtered LSM ﬁlm was annealed at 800 ◦ C for 1 h.
2.3. Microstructures analysis and electrochemical
characterization
Scanning electron microscopy (SEM; LEO 1530) was used to
examine the microstructures and thicknesses of the ﬁlms, X-ray
diffraction (XRD; X’Pert PRO Alpha-1) was used to evaluate the
crystallographic orientation of the ﬁlms, and Raman spectroscopy
(Renishaw, RM1000) was used to probe the phase change of the
ﬁlm surface. Impedance spectroscopy (Solartron SZ1255, 1287)
was used to evaluate the electrochemical characteristics of sputtered LSM cells over the frequency range of 0.01–105 Hz. Since the
impedance of the 30-m thick porous LSM electrode is more than
2 orders of magnitude smaller that that of the dense LSM electrode,
the interfacial impedance of the cell is dominated by the dense LSM
ﬁlm electrode prepared by sputtering.
3. Results and discussion
For the rf-magnetron sputtering, it is known that the deposition rate is determined largely by the working pressure and power
whereas the microstructure of the ﬁlm is determined mostly by
substrate temperature. To obtain the maximum deposition rate
without breaking the target, we kept the rf power at 20 W. The sputtering pressure was changed from 1.2 × 10−2 to 3.0 × 10−2 mbar for
1 h. The substrate temperature was changed from room temperature to 600 ◦ C to obtain a dense ﬁlm with a well-developed grain
structure. The testing cells were fabricated on the YSZ pellets under
the optimum sputtering condition (working pressure and substrate
temperature) for 10 h. Fig. 1 shows the surface morphology of an
as-sputtered LSM ﬁlm on Si wafer. It can be seen that no grains
are formed; only small particles were arranged on the surface of Si
wafer during sputtering.
Fig. 2 shows the microstructures of the LSM ﬁlms prepared
at different substrate temperatures and sputtering times, while
the sputtering pressure was ﬁxed [13]. Fig. 2(a) and (b) shows

Fig. 3. LSM ﬁlm deposition rate as function of working pressure.

Fig. 4. XRD results of LSM target and LSM ﬁlms on Si wafer and YSZ substrate.

the surface morphology of a ﬁlm prepared at different substrate
temperatures and optimum pressures. From Fig. 2(a), it can be
seen that a dense and crack-free ﬁlm with well-developed grain
structure is prepared at 600 ◦ C and optimum pressure. When the
substrate temperature was room temperature, the microstructure
of ﬁlm has micro-cracks as shown in Fig. 2(b). Because LSM has a
large thermal expansion coefﬁcient compared to that of Si wafer,
LSM ﬁlms formed at low temperature during sputtering. Otherwise, the LSM particles were small. When the ﬁlm was annealed
at 800 ◦ C for 1 h, thermal expansion and the growth of small particles resulted in the formation of micro-cracks. At the same time
LSM clusters are prone to diffuse at the high temperature during sputtering because they obtain the energy to overcome the
diffusion activation barrier from the heated substrate. The highquality LSM ﬁlms were formed after sputtering at 600 ◦ C. Fig. 2(c)
shows a cross sectional SEM image of the LSM ﬁlm prepared on
Si wafer at optimum pressure and temperature for 1 h. It is easily
seen that LSM ﬁlm and substrate strongly bonded. The thickness
of LSM ﬁlm on Si wafer is about 90 nm. Fig. 2(d) shows a cross
sectional SEM image of the LSM ﬁlm prepared on a YSZ pellet
at optimum pressure and temperature for 10 h. There is a clear
interface between LSM ﬁlm and YSZ substrate, and the LSM ﬁlm

Fig. 5. Raman spectra of LSM thin ﬁlm on Si and YSZ substrate and LSM target.
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Fig. 6. Impedance spectra for dense LSM cathode under different oxygen pressures.

strongly adheres to YSZ substrate. The thickness of LSM ﬁlm on
YSZ is about 800 nm. Fig. 2(e) shows the image of LSM ﬁlm surface morphology after annealing at 900 ◦ C for 2 h. Because it was
annealed at high temperature for a long time, the grain size changed
dramatically, and the grain boundary detached between the
grains.
The relationship between sputtering pressure and deposition
rate is shown in Fig. 3. According to Fig. 3, the argon pressure
(from 1.2 × 10−2 to 3.0 × 10−2 mbar) has greatly inﬂuenced the LSM
deposition rate, and a maximum deposition rate was observed
at 1.9 × 10−2 mbar of Ar, clearly. When the sputtering pressure
exceeds 1.9 × 10−2 mbar of Ar, the deposition rate began to drop.
The 1.9 × 10−2 mbar of Ar is optimum sputtering pressure for LSM
ﬁlm prepared by rf-magnetron sputtering. The reason for this trend
is that at lower pressure, the rate of bombardment of the target
by argon atom decreases. As the sputtering pressure increases,
the mean free path between elastic collisions for the sputtered element decreases as the element collides more often with
argon atoms [14].
Shown in Fig. 4 are several typical X-ray diffraction patterns for
the LSM ﬁlms on YSZ (sputtered for 10 h), on Si wafer (sputtered for
1 h) and LSM target. It can be seen that LSM ﬁlms showed the correct
phase on Si and YSZ substrate comparing with LSM target. Because
the thickness of LSM ﬁlm on Si is very thin, the X-ray diffraction
peak of LSM ﬁlm is not very clear. Compared to the thickness of
LSM ﬁlm on Si, the thickness of LSM ﬁlm on YSZ is very thick. The
LSM ﬁlm peak is detected obviously.
Shown in Fig. 5 are several Raman spectra of an LSM target, an
LSM ﬁlm on a YSZ substrate, and an LSM ﬁlm on (1 0 0) Si wafer
collected using 514 nm laser. For comparison, Raman spectroscopy
of LSM target and LSM ﬁlms were measured. The Raman spectra for
the LSM ﬁlms exhibited similar features to the LSM target spectrum.
After sputtering, the phase of LSM ﬁlm did not change.
It is generally established that the application of a cathodic bias
affects the oxygen deﬁciency in the cathode through a decrease in
local oxygen pressure, corresponding to a more reduced state of
the material. To gain insights into the electrochemical behaviors
of LSM, we expose the cells with thin, dense LSM ﬁlm in various oxygen pressures and potentials. Shown in Fig. 6 are several
impedance spectra for a cell consisting of a dense LSM ﬁlm electrode, a YSZ electrolyte, and a porous LSM counter electrode, as
measured in different partial pressures of oxygen under open circuit conditions. Clearly, both the bulk resistance and the interfacial
polarization resistance were independent of oxygen pressure. In
contrast, the electronic conductivity of LSCF decreases under reducing condition due primarily to the reduction of electronic charge
carriers with increasing oxygen vacancy in LSCF, thereby resulting
in the increase of the ohmic resistances of cells upon polarization
[15]. Furthermore, it was reported that the interfacial resistance of
LSCF is approximately proportional to (PO2 )0.5 , which is ascribed
to sluggish surface adsorption/incorporation reaction kinetics. The
negligible oxygen pressure dependence of polarization resistance

Fig. 7. Effect of cathodic DC bias on the interfacial resistances measured at 800 ◦ C.

for LSM indicates that the surface could be highly catalytically
active under polarization and the rate-determining step (RDS) is
the bulk transport of oxygen ions. Therefore, LSM displayed a very
different electrochemical behavior from LSCF upon cathodic reactions.
Shown in Fig. 7 is the dependence of electrode polarization resistances on overpotential. It is seen that the interfacial resistances
experience rapid reduction with the increasing polarization voltage. For example, resistance decreases from 129.2  cm2 at OCV
to 6.7  cm2 at overpotential of 0.67 V and tends to be stable with
any further increase of the electrode potential. A couple of theories have been proposed to explain this activation, including (i)
improved interface and microstructure [16], (ii) removal of surface
SrO species [17], (iii) reduction of LSM under polarization [18,19].
Although arguments exist in the polarization mechanism, the creation of oxygen vacancy on the surface is the primary factor to
be the cause of the enhancement. The surface diffusion of oxygen
vacancy may broaden the electrochemically active reaction sites.
4. Conclusions
LSM ﬁlms on Si wafer and YSZ substrate were prepared at different sputtering conditions. By changing the substrate temperature
(from room temperature to 600 ◦ C) and the argon background
pressure (from 1.2 × 10−2 to 3.0 × 10−2 mbar), the optimum sputtering condition was obtained. A dense, uniform, and crack-free
LSM ﬁlm was prepared with a substrate temperature of 600 ◦ C and
an argon pressure of 1.9 × 10−2 mbar. Electrochemical properties
of LSM ﬁlms were evaluated using impedance spectroscopy. High
quality (dense and uniform) LSM ﬁlms with desired thickness,
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morphology, and phase are very important to fundamental study
of the electrochemical properties of LSM and thin ﬁlm SOFCs.
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