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Abstract

Dense LaggSro,MnO; (LSM) and Lag5Sr;5Co0O5; (LSC) films were fabricated via pulsed laser deposition (PLD) on different substrates. The
crystal structures of the films were characterized via in situ X-ray diffraction and the in-plane electrical properties by impedance spectroscopy from
room temperature to 700 °C. While the ablated films appeared to grow in the perovskite phase with the appropriate electrical properties when the
substrate temperature was greater than 500 °C, they were amorphous when the substrate temperature was relatively low. Subsequent annealing of
amorphous LSM and LSC films in air induced a rapid phase transformation to the perovskite phase. On silicon substrates, this phase transformation

occurred at 450 and 600 °C, respectively.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Strontium doped LaggSrgoMnO3 (LSM) and Strontium
doped Lag 5Srg5C003 (LSC) have long been recognized as
excellent materials for solid state electronic devices [1-4]. The
mixed ionic and electronic conductivities of these materials
make them ideal choices for electrodes in solid oxide fuel
cells [3,5,6] (SOFC) and oxygen sensors [7,8]. Recently, alter-
native electrolyte materials have shown sufficient oxygen ion
conductivity at 500-800 °C, sparking renewed interest in low-
temperature SOFC operation [9-11]. Furthermore, in combina-
tion with innovative ultra thin film fabrication methods [12,13],
SOFC operation at 300-500 °C may be possible.

Dramatically reduced operating temperatures permit a mul-
titude of possible improvements and potential cost reduc-
tions. However, in order to achieve high performance at low-
temperatures, oxygen reduction kinetics at the cathode must
be improved [14]. One step in improving the rate of oxygen
reduction at low-temperatures involves the development of a
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fundamental understanding of the low-temperature behavior of
LSM and LSC.

Pulsed laser deposition (PLD) has emerged as an ideal
method for growing complex multi-element films, such as LSC
and LSM. Due to its unique method of dislodging atoms from
the target, PLD provides some distinct advantages unique among
thin film techniques. Paramount among these advantages is the
capability for stoichiometric material transfer. For deposition
techniques based on ions or electrons, the chamber atmosphere
greatly influences the film properties and stoichiometry. How-
ever, due to the weak interaction of lasers with gaseous species,
ambient atmospheres can be used for PLD with very little con-
tamination. When combined with the high heating rates and
plasma-induced ablation, stoichiometric transfer of atoms from
the target to the substrate can be achieved [15].

PLD has recently demonstrated a unique capability for
thin film growth at high or low substrate temperatures [16].
Recently, perovskite films have been successfully developed
by PLD through high-temperature deposition or subsequent
annealing [17-20]. While the high-temperature behavior is fairly
well understood, the low-temperature behavior so far has been
neglected. In particular, low-temperature PLD has been shown
to be useful for a variety of novel techniques where a high sub-
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strate temperature can be particularly damaging [21-23]. Here,
we present the characterization and low-temperature behavior
of LSM and LSC thin films grown by PLD.

2. Experimental

Thin oxide films of LSC and LSM were prepared via a pulsed
laser deposition (PLD) method. A discrete target was developed
for each material. The single-phase Lag gSrg2MnO3 target was
prepared by solid state reaction method. LSM powder was syn-
thesized from a molar ratio of La; O3, SrCO3, and MnyO3. The
powder mixture was ball milled, pressed isostatically to a pres-
sure of 11 tonnes and calcined at 1150 °C for 5 h. The pellet was
then ground and ball milled again to a fine powder. The powder
was repressed into a pellet and sintered into its final shape at
1300 °C for 5h. The LSC target was made from LSC powder
purchased from Rhodia. The powder was isostatically pressed
to 11 tonnes and fired at 1200 °C for 5 h.

Thin films were deposited on a variety to substrates and
under several operating conditions. Silicon (1 00), single crystal
(100) yttria stabilized zirconia (YSZ), and polycrystalline tape-
cast YSZ were used as substrates. Films were deposited both at
room temperature and at 500 °C. Each film type was deposited
on all three substrates, yielding a total of six independent
samples.

Prior to deposition, the substrates were clamped to the sub-
strate heater and the chamber was evacuated to the prescribed
oxygen partial pressure. If necessary, the substrates were brought
to 500 °C under vacuum prior to deposition. For deposition, the
target was encapsulated in a high vacuum chamber pumped to a
base pressure of 1 x 10~* Torr. The oxygen partial pressure was
held constant at 0.1 mTorr in order to minimize the film crack-
ing and surface roughness that may occur at high oxygen partial
pressure [24]. A COMPex Model 205 laser from Lambda Physik
with a 25 ns pulse duration was used for ablation. The distance
between the substrate and the target was 10 cm. The laser was
operated at 10 Hz and 353 m]J yielding a typical deposition rate
around 2 As~!.

A Panalytical X-pert Pro MPD diffractometer with
theta—theta geometry was used along with an Anton-Paar
HTK1200 high-temperature furnace to perform in situ high-
temperature X-ray diffraction on the as-deposited films. Fixed
1/8° incident beam divergence slits were used along with 0.04°
incident soller slits and a tube power of 45kV and 40 mA. An
Xcelerator linear detector with an acceptance window of 2.127°
26 was used in scanning mode. In situ diffraction measurements
were taken from 300 to 900 in 50 °C temperature intervals. Each
measurement was from 20° to 60° 26 using a 0.216° 20 s~! scan
rate. The samples were heated at 60 °C min~! under static air.
Temperature calibration was performed using the NIST DTA
standards KClO4 (Tt 299.5°C) and AgxSO4 (Tt 430°C) and
showed an approximately +10 °C temperature difference.

For electrical measurements, interdigitated arrays of 10 plat-
inum electrodes each were fabricated on insulating quartz sub-
strates. The electrodes were lithographically patterned in order
to ensure a constant spacing of 20 wm between alternating
electrodes. For simplicity, the details of the photolithographic
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Fig. 1. Schematic (a) and SEM micrograph (b) of the electrode set-up for elec-
trochemical impedance testing prior to testing, the electrodes were patterned on
a quartz substrate and taped to prevent deposition on the electrode contacts. The
thin LSM and LSC films were then grown over the top of the substrate in the
prescribed area. Each 20 wm wide electrode strip is separated by a 20 wm gap.
LSM and LSC film thickness were 700 and 300 nm, respectively.

process have been presented elsewhere [23]. Thin LSM and
LSC films were then ablated directly onto the prepared sub-
strate. Electrical contacts were attached to the alternate arrays
and impedance spectroscopy was used to analyze the electrical
response. Fig. 1a presents a schematic of the electrode layout
used for impedance measurements. Fig. 1b is a low magnifi-
cation image of the LSC film overlaid onto the interdigitated
platinum electrode.

Each sample was run individually at constant temperature in
100 °C increments ranging from 100 to 700 °C. A Solatron 1255
frequency response analyzer connected through a Solatron 1287
electrochemical interface collected impedance data over a range
from 100 kHz to 0.01 Hz. A Tencor Alpha Step Profilometer was
used to independently verify the thickness of the LSC and LSM
films. Impedance results were characterized through a simple
model to calculate the conductivity values of the films.

3. Results and discussion

Fig. 2 displays an SEM micrograph of the as-tested thin LSM
film. All films appeared completely dense and pore-free. Addi-
tionally, the films showed good adhesion to the substrate with no
instances of delamination. Figs. 3 and 4 show top down views of
the LSM and LSC films before and after testing. Figs. 3a and 4a
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LSM Film

Fig.2. SEM cross-sectional micrograph of a thin dense LSM film approximately
0.6 wm in thickness supported on a quartz substrate. This film was fired up to
800 °C and is shown in the final state.

display SEM micrographs of the as prepared LSM and LSC
films, respectively. The amorphous films display a unique lack
of any distinguishable features and, for the LSC film, the struc-
ture of the underlying electrode can be easily recognized. By

Fig. 3. (a and b) SEM micrographs of thin film LSM before (a) and after firing
(b). (a) Displays the characteristics of the as prepared LSM films. No significant
grains can be discerned on the films, a trait characteristic of amorphous films.
(b) Exhibits the film after high-temperature testing. Limited grain growth can
be seen.

Fig.4. (aand b) SEM micrographs of thin film LSC before (a) and after (b) firing.
(a) Displays the characteristics of the as prepared LSC films. No significant
grains can be discerned on the films, a trait characteristic of amorphous films.
(b) Exhibits the film after high-temperature testing. Limited grain growth can
be seen.

contrast, Figs. 3b and 4b display SEM micrographs of LSM and
LSC films after annealing in air up to 900 °C for 30 min. The
small grain features and some minor cracking on the surface of
the annealed films readily contrast the featureless characteristics
of the amorphous films.

Shown in Fig. 5 are a series of temperature-dependent XRD
diffraction patterns of a thin LSM film deposited on a sili-
con (1 00) substrate at room temperature. The low-angle hump
apparent in the XRD patterns acquired at low-temperatures
(300400 °C) is an indication that the LSM film was amorphous.
The phase transition from an amorphous state to the orthorhom-
bic phase (PDF #53-57) can be seen to occur between 400 and
450 °C. In direct comparison, the LSM films deposited at a sub-
strate temperature of 500 °C were recorded in the orthorhombic
phase initially. The initial and final film phases did not depend
on the choice of substrate. However, the devitrification temper-
atures for thin films on both the single crystal YSZ and the
polycrystalline YSZ were recorded between 500 and 550 °C,
roughly 100 °C higher than that for silicon.

Fig. 6 presents the temperature-dependent XRD patterns
of a thin LSC film on a silicon (100) substrate deposited at
room temperature. The low-angle hump associated with amor-
phous film is less apparent in the XRD patterns acquired at
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Fig. 5. Temperature-dependant XRD scan on thin film LSM on (1 00) silicon
intensity is plotted as a function of 26 on the X-axis and temperature in celsius
on the Y-axis. The phase change from amorphous to the perovskite phase occurs
between 400 and 450 °C.

low-temperatures (300-400 °C). Additionally, a minor impu-
rity phase can be seen below the 600 °C transition temperature.
The phase transition from a predominately amorphous state to
the rhombohedral phase (PDF #48-122) can be clearly seen
between 550 and 600 °C for LSC. Again, in direct comparison,
the LSC films deposited at 500 °C were recorded in the rhom-
bohedral phase initially. For a second time, the initial and final
film phases did not depend on the choice of substrate, although
the devitrification temperature for thin films on both the single
crystal YSZ and the polycrystalline YSZ was recorded roughly
100 °C higher than that for silicon. For the YSZ substrates, the
phase transition occurred between 650 and 700 °C.

Above 900°C, degradation of the LSC film on silicon
becomes evident. A decrease in the peak heights of the rhombo-
hedral Lag 5Srg 5C00O3 phase in conjunction with the appearance
of a second LayCoOy4 phase (PDF #34—1296) leads to the con-
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Fig. 6. Time-dependant XRD scan of thin film LSC on (1 00) silicon. The phase
change between 550 and 600 °C can be clearly discerned.
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Fig. 7. A typical impedance spectra of an LSM film measured in air at 400 and
500 °C, respectively. The film was grown via pulsed laser deposition at room
temperature.

clusion that decomposition was occurring in this instance. This
decomposition was not seen with LSC films on either single
crystal YSZ or polycrystalline YSZ substrates.

Repeat analysis of the phase change as a function of
time reflected the relative time-independence of the phase
change. Several temperature-independent scans were performed
at 430 °C for LSM and 580 °C for LSC in hopes of observing
the phase change as a function of time. Unfortunately, all phase
changes occurred too quickly to be measured with our equip-
ment. In both cases, the phase changes occurred below the 9-s
window necessary for time-dependant measurements; as aresult,
we were unable to obtain any useful information on the kinetics
of the phase transformation.

Shown in Figs. 7 and 8 are typical impedance spectra for LSM
and LSC thin films prepared by PLD at low-temperatures. The
bulk resistance (or the in-plane sheet resistance) of the films
was determined from the intercept with the real axis at high
frequencies. Meanwhile the interfacial polarization resistance
between the films and the Pt electrodes was determined from
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Fig. 8. A typical impedance spectra of an LSC film measured in air at 400 and
700 °C, respectively. The film was grown via pulsed laser deposition at room
temperature.
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Fig. 9. Schematic of the cross-sectional conductivity model A vertical sliced-
cross-section was taken from the electrode array in order to portray the model
domain. The black boundaries were assigned to represent the platinum current
collectors. The thickness of the LSM or LSC film was defined as d, while the
platinum current collectors were held constant at a thickness of 0.25 pm.

the diameter of the small impedance loop. All of the amorphous
films exhibited this type of behavior.

Conductivity values were calculated via a finite element
model developed for the specific electrode geometry schemati-
cally shown in Fig. 9. The electrical potentials of the two plat-
inum electrodes were assumed to be 0 and 1V, respectively, and
each platinum electrode was assumed to be equipotential. On the
other hand, since the quartz substrate used for this experiment
has extremely low conductivity relative to both the platinum
electrodes and the thin cathode films, current through the sub-
strate was neglected. The thickness of the film was designated
as d and chosen in accordance with the actual thickness of the
electrode films. The thickness of the LSC and LSM films were
measured to be 0.2 and 0.7 pm, respectively, as verified by pro-
filometry.

The Laplace equation, V2¢ =0, was solved in the whole
domain (LSM or LSC films) as the only constitutive equation.
All the boundaries were kept insulated with the obvious excep-
tion of the interfaces of the two platinum electrodes with the thin
film of LSM or LSC. Ohm’s law was then used to calculate the
effective conductivity of the media as follows:

5¢
I = — Oeff
Area 3y

where [ is the total current flowing through the sample film
between the two platinum electrodes (or the interfaces between
the platinum electrodes and the LSM or LSC films) and §¢/8y is
the electrical potential gradient on an interface between a plat-
inum electrode and the LSM or LSC film. The surface integration
was carried out over the entire interface between the platinum
electrode and the LSM or LSC film. For each applied voltage,
the total current passing through the sample film was experimen-
tally measured whereas the potential distribution at each point
on the interface were calculated using finite element modeling
(Femlab version 3.1).

The temperature dependant behavior of both LSM and LSC
is displayed in Fig. 10. For LSM films of 0.7 pm in thick-
ness, the calculated conductivity was approximately 21 S cm™!
at 700 °C. The calculated conductivity for LSC was approx-
imately 172Scm™! at 700°C. For both the LSM and LSC,
conductivity values agreed well with those reported in literature
[25].
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Fig. 10. Plot of log conductivity vs. 1/temperature for both LSM and LSC. The
transition points between the amorphous and crystalline phases are 450 and
600 °C and are indicated by arrows. It is important to note that the electronic
behavior is consistent throughout both the crystalline and amorphous phases.

4. Conclusion

Dense and uniform films of mixed conducting materials,
LSM and LSC, have been fabricated by PLD. The struc-
tures and properties of the PLD films vary with deposition
temperature and substrate material, as revealed using electron
microscopy, impedance spectroscopy, and temperature depen-
dant X-ray diffraction.

Deposition of LSM and LSC above 500 °C resulted in thin
dense films in the orthorhombic and rhombohedral phases,
respectively. The stoichiometry of the films was the same as the
target materials and there were no phase changes upon anneal-
ing. Crystalline films generated by PLD displayed anticipated
conductivities.

In contrast, low-temperature deposition yielded amorphous
films with the correct stoichiometry. Upon annealing, both LSM
and LSC amorphous films transformed rapidly to the crystalline
phase. The temperature for this rapid phase transformation was
550°C for LSM and 700 °C for LSC film on a YSZ substrate,
but at a temperature roughly 100 °C cooler on silicon substrates.
Impedance spectroscopy studies indicate that the electrical prop-
erties of both LSM and LSC films appear similar to those
reported in the literature and the conductivity values at 700 °C
for LSM and LSC are 21 and 172 S cm™!, respectively.

It is noted that the temperatures at which the PLD films
transformed to the perovskite phase are significantly below the
firing temperatures required for more traditional methods of film
preparation. Thus, PLD opens possibilities for unique fabrica-
tion of useful phases without high-temperature annealing and
thus holds promise for low-temperature fabrication of SOFCs.
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