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bstract

Special high temperature micro-hotplates were investigated for their potential use as a technology platform for miniaturized solid oxide fuel cells
SOFCs). To evaluate the compatibility of these hotplates with typical SOFC materials and processing techniques, spray pyrolysis was used for the
eposition of an SOFC cathode material (La0.6Sr0.4Co0.2Fe0.8O3, LSCF) onto the micro-hotplate. The resulting microstructures and the electrical
onductivity of the thin film (thickness ∼500 nm) were characterized. Post-deposition annealing in external furnaces as well as using the integrated
eater of the micro-hotplate confirmed that these micro-hotplates are suitable for a maximum operation temperature of 800 ◦C and a long-term

◦ ◦ −1
peration at 600 C. Very fast heating and cooling rates of several 100 C min were achieved using the micro-hotplate as a heater, allowing fast
rocessing and aging tests. Bending of the micro-hotplate was found to be critical to the integrity of the thin film, which coats the micro-hotplate.
ending might be reduced using other membrane materials.
These membranes are potential components for a micro-SOFC in which the integrated heater is used for start-up operation of the fuel cell.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Micro-hotplates generally consist of a thin (∼1 �m) dielec-
ric membrane suspended over an opening in a silicon substrate
1–4]. In microsystems technology, such hotplates are mainly
sed for sensor applications where the sensing material is
eposited onto the membrane and an electrical signal is con-
ucted using contacts integrated on the hotplate [1,3]. A heater
s also integrated in the hotplate, which typically operates at
emperatures around 200–400 ◦C [5]. In recent years, micro-
otplates operating at temperatures higher than 500 ◦C have been
eveloped for various applications, such as sensors, actuators,
nfrared sources, micro-reactors or to perform annealing of films
r chemical vapor deposition (CVD) on-chip [1,3,6,7].

In the field of solid oxide fuel cells (SOFCs), development

urrently trends towards lower operating temperatures (from
00–1000 ◦C down to 500–700 ◦C) [8–10] and to miniaturiza-
ion of SOFCs [11]. Reduction of the operating temperature is

∗ Corresponding author. Tel.: +41 44 632 3763; fax: +41 44 632 1132.
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ntended to reduce material degradation and facilitate sealing
f SOFCs. Miniaturization of SOFCs enables new applications
uch as battery replacement [11]. With thin film components the
hmic resistances of the cell’s components are reduced, allowing
peration at lower temperatures.

These developments led to the situation in which SOFCs and
icro-hotplates are now able to operate at similar temperatures,

.e. around 500 ◦C. Thus, we investigate a micro-hotplate as plat-
orm for a micro-SOFC with an integrated heater that can be
sed for start-up operation as well as for processing of SOFC
omponents. Electrical contacts and a thermocouple can also be
ntegrated.

To evaluate the feasibility of this approach, first the com-
atibility of the thin film components with the micro-hotplates
eeded to be clarified. Contacting of the micro-SOFC is sim-
lified if all three components (cathode, electrolyte and anode)
re deposited onto one side of the micro-hotplate. Therefore,
e deposited in this study the cathode, which is the first layer,

irectly onto the high temperature micro-hotplate [1]. We chose
a0.6Sr0.4Co0.2Fe0.8O3 (LSCF) as cathode material and spray
yrolysis [12,13] as deposition technique. The microstructural
nd mechanical integrity of the LSCF thin film is investigated

mailto:Daniel.Beckel@mat.ethz.ch
dx.doi.org/10.1016/j.jpowsour.2006.12.072
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y high resolution microscopy. We also evaluated the electrical
onductivity of the thin film on the micro-hotplate. Realiza-
ion of an entire micro-SOFC would then require deposition
f the electrolyte and the anode on top of the cathode plus open-
ngs in the micro-hotplate membrane to allow gas access to the
athode.

. Experimental

The LSCF thin films were deposited by spray pyrolysis onto
icro-hotplates. Contacting for the electrical measurements was

one via patterned electrodes of defined geometry, which were
abricated on the micro-hotplates prior to thin film deposition. A
etailed description of each process step is given in the following
ections.

.1. Micro-hotplate design and fabrication

The micro-hotplates were fabricated on silicon wafers. They
onsisted of a dielectric membrane in which a platinum (Pt)
eater was embedded and covered on top by electrodes (Fig. 1A).
he heater was made of platinum with a tantalum (Ta) adhe-
ion layer (225 nm thick). The Pt/Ta film was patterned using a
ift-off process. In this process a sacrificial lift-off resist layer
LOR MicroChem Corp.) was patterned using a standard S1823
hotoresist (Shipley Corp.) on top. After Pt/Ta deposition the
acrificial layer was removed, leaving the Pt/Ta only in the areas
here an opening was patterned in the sacrificial layer. More
etails on the lift-off process are described elsewhere [14]. Two
ow-stress silicon nitride (SiN) films deposited by low pressure
hemical vapor deposition (LPCVD) formed the thermally insu-
ated 1.0 �m-thick membrane of the micro-hotplate. Dense Pt/Ta
lectrodes 150 nm thick were patterned on top of the membrane
sing the same lift-off process described above. The dielectric
embrane was released using back-side bulk wet etching of the

ilicon wafer. More details about the fabrication process can be
ound in reference [1].

The membrane has an area of 1.0 mm × 1.0 mm, and the
reas covered by the double meander heater and the electrodes
ere 530 �m × 530 �m and 400 �m × 400 �m, respectively.

he electrodes were used to contact the film for the electrical
easurements with defined geometries. In a complete fuel cell,

urrent collectors could be fabricated the same way. The design
ncluded different geometries for the shape of the electrodes in

l
o
6

ig. 1. (A) Schematic cross-section view of a micro-hotplate made of a Pt heater in
icro-hotplate with membrane and heater.
Sources 166 (2007) 143–148

four-point configuration. The electrodes were made of four
quare contact pads with two different gaps and widths. One
esign has square contacts 180 �m wide and a gap between the
quare contacts of 40 �m. The other design has square contacts
0 �m wide and a gap between the different square contacts of
00 �m as shown in Fig. 1B.

The temperature reached at the centre of the micro-hotplates
s a function of the input power was calibrated using a micro-
hermocouple, type S, made of Pt–PtRh wires with a diameter
f 1.3 �m [15]. A temperature of 600 ◦C was reached at a low
ower of 120 mW.

.2. Thin film deposition

LSCF thin films were deposited by air-pressurized spray
yrolysis. For the spray solution, a mixture of metal salts
ith a molar ratio of LaNO3·6H2O:SrCl2·6H2O:Co(NO3)2·
H2O:Fe(NO3)3·9H2O = 3:2:1:4 (all from Fluka with purity
98%) and a total salt concentration of 0.02 mol l−1 was dis-
olved in a solvent composition of 1/3 (volume fraction) ethanol
Scharlau and Merk, purity >99.5%) and 2/3 diethylene glycol
onobutyl ether (from Fluka and Acros Organic, purity ≥98%).
he resulting solution was pumped (peristaltic pump: Ismatec
S Reglo or syringe pump: Razell Scientific Instruments A

9) with a solution flow rate of 30 ml h−1 through a nozzle
Badger Air-brush Model 150), which was located 20 cm above
he micro-hotplate and atomized by air pressure of 1 bar. These
roplets were sprayed through a shadow mask onto the micro-
otplate using an external hotplate at around 270 ◦C in order to
vaporate the solvent. The micro-hotplate was fixed in an alu-
inum holder that also held and aligned the shadow mask. At

hese conditions a spraying time of 60 min resulted in a layer
hickness of ∼500 nm to ∼1 �m.

Alternatively, the film was deposited onto the micro-hotplate
sing the integrated heater also at 270 ◦C. No masks were
eeded, because the film was only deposited in the hot area.
utside the hot area the liquid spray solution accumulated and
as rinsed after deposition. Care has to be taken that the accumu-

ating liquid solution outside the hot area does not short-circuit
he wiring, or suddenly floods the chip.
After deposition the film is amorphous and can be crystal-
ized in an additional annealing step using the integrated heater
r using an external furnace. Annealing was typically done at
00 ◦C in air.

between two SiN thin films, covered on top by electrodes. (B) Top view of
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However, if materials with strongly different thermal properties
are combined in one substrate, the film thickness and thus the
occurrence of cracks varies across the substrate. Thus, the design
Fig. 2. SEM micrographs of LSCF thin films on

.3. Thin film characterization

The microstructure was characterized by light microscopy
NIKON Optiphot 150) and scanning electron microscopy (SEM
eo 1530 and Philips XL30 ESEM-FEG). The film thickness
as determined from cross-section micrographs of the film
n the micro-hotplate membrane and used to determine the
lectrical conductivity of the LSCF coating. The membrane
eformation of the uncoated and coated micro-hotplates as a
unction of the input power was measured using an optical pro-
lometer (UBM GmbH) with a resolution of 10 nm.

The micro-hotplate’s maximum power before breakdown was
haracterized using the Hewlett Packard 4155 A semiconductor
arameter analyser. The applied voltage of the device increased
rom 0 to 10 V with steps of 0.05 V and an integration time of
00 ms.

The electrical conductivity of the LSCF films deposited onto
he micro-hotplate was measured in air in two-point and four-
oint probe configurations using the integrated Pt electrodes.
he silicon chip was glued to a TO-5 socket and the contact
ads of the heater and electrodes connected using wire bonding.
he HP 6644A dc power supply was used to warm up the chip
sing the integrated heater. The control of the power supplied to
he heater and the monitoring of the electrical resistance of the
SCF films from the multimeter HP 34401A were performed
sing Labview.

The electrical conductivity of the LSCF films deposited onto
he sapphire bulk substrates, which served as reference sam-
les, was measured in air in a modified tubular furnace. A
our-point setup was used and the data was recorded with a
ultimeter (Keithley 2000) controlled through the Labview

oftware installed on a computer. Flattened Pt wires (Johnson
atthey) were used as electrodes. To ensure good adhesion of

he electrodes, sputtered Pt and Pt paste (Heraeus) connected the
lectrodes to the film. Additionally, the electrodes were glued
o the substrate outside the film using ceramic glue (Firag) with
ome Pt powder (Johnson Matthey) added for improved adhe-
ion.

. Results and discussion

.1. Microstructure
A typical SEM micrograph showing the top view and the
ross-section of an LSCF thin film deposited onto a micro-
otplate is shown in Fig. 2. The ridges found in the top view

F
o

-hotplates. (A) Top view and (B) cross-section.

ere built during the film deposition following the topology of
he micro-hotplate, e.g. the heater and the electrodes. They also
orm the round features visible in Fig. 2A. The mechanism of
ormation of these ridges is related to spray pyrolysis and is
iscussed in more detail elsewhere [12,16]. The cross-section
mage (Fig. 2B) shows that the films are about 1 �m thick and
hat the microstructure is porous.

Differences in the microstructure are observed with respect
o the substrate material, as shown in Fig. 3. In the areas of the
embrane where the SiN is covered by the Pt electrodes or where

he Pt heater is embedded in the SiN membrane, fewer cracks are
ound than on areas consisting of SiN only. The reasons are the
hermal properties of the substrate materials: if the product of
hermal conductivity times heat capacity is large, as is the case
or Pt, the heat transfer from the substrate to the droplets during
lm deposition is fast. That means a larger fraction of the non-
niform sized droplets will show Leidenfrost’s phenomenon,
.e. hovering on their own steam, thus they do not contribute to
lm formation [17]. As a consequence, less material is deposited

eading to thinner films, which reduces crack formation. In the
ase of a pure SiN substrate, the product of thermal conductivity
imes heat capacity is small and, hence, cracks easily form due to
hicker films. By reducing the solution flow rate and deposition
ime, crack-free films can also be obtained on SiN substrates.
ig. 3. SEM micrograph of LSCF deposited onto a micro-hotplate consisting
f different materials.
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amount of crystalline phase fraction in the films with increas-
ing annealing time at 600 ◦C. As was recently shown for spray
pyrolysis films, high temperatures or long annealing times are
needed in order to transform all amorphous material into a crys-
Fig. 4. SEM micrographs of LSCF on micro-hot

f the metallic lines in the heater is important for the coherence
f the film.

To observe the microstructure of the films during annealing,
he integrated heater of the micro-hotplate was used for differ-
nt periods and then the microstructure was inspected by SEM.
icrographs at different areas of the sample were taken before

nnealing and after annealing periods of 5, 20 and 450 min at
00 ◦C. The surface of an as-deposited film shows round grain-
ype features with a medium diameter of around 500 nm and rim
tructures originating from the film formation from droplets, as
hown in Fig. 4A. After 5 min of annealing at 600 ◦C, the round
rain-type features of the film disappear and small cracks on the
urface of the film are formed. After 20 min (Fig. 4B) or even
50 min annealing, no further changes appear in the microstruc-
ure. Generally, fewer cracks are found in the film when the
ample is annealed in a furnace and not by using the integrated
eater. In this case, the whole chip is at the same temperature
nd so bending of the membrane is expected to be diminished,
mproving the integrity of the film. Furthermore, no signifi-
ant microstructural difference between the films deposited onto
icro-hotplates or sapphire substrates was observed if both films
ere annealed in external furnaces.
When the integrated heater is used during film deposition,

mall LSCF crystals sometimes are found on top of the thin
lm. These crystals may be formed from liquid spray solution
ntering the membrane from the surrounding area, as explained
n Section 2. Film quality can be improved by avoiding spill-over
f the liquid precursor during deposition.

.2. Mechanical stability

Bending of the micro-hotplates’ membrane upon heating was
etermined for samples with and without coating (namely LSCF
nd w/o coating, respectively, Fig. 5). Both samples were flat
p to 410 ◦C (LSCF) and 340 ◦C (w/o coating), respectively.
hen exceeding these temperatures, increased bending was

bserved with increasing temperature. Samples with LSCF coat-
ng bent less due to increased thickness of the membrane and
hus increased stiffness. Further reduction of bending is expected
hen replacing the SiN used for the micro-hotplate membrane
y aluminum oxide (Al2O3), due to the higher Young’s Modulus
f Al2O3 of 345–409 GPa [18] versus 230–265 GPa of SiN [19].
A maximum power test of an uncoated pure SiN micro-
otplate shows two failure modes: breaking of the membrane
nd electro-stress migration of the Pt atoms forming the heater,
nfluenced by the elasticity and the strength of the membrane.

F
c

. (A) As-deposited and (B) annealed for 20 min.

his observation indicates that the membrane deformation and
he migration of the Pt atoms are correlated [20]. A difference is
oticed in the maximum power values obtained for the different
lectrode designs investigated. The maximum powers obtained
n these testing conditions are 229 and 245 mW for the smaller
nd the larger electrodes, respectively. These powers can gen-
rate high temperature over 800 ◦C on the micro-hotplate. The
act that the power of 120 mW is enough to heat the device up
o 600 ◦C offers a secure margin for the operation of the coated
evices to be annealed on-chip.

.3. Conductivity

In Fig. 6A, the electrical conductivity of an LSCF thin film
eposited onto a micro-hotplate is compared to the conductiv-
ty from such a film deposited onto a bulk sapphire substrate
s reference. The electrical conductivity was measured during
nnealing of the samples at 600 ◦C. For the micro-hotplate, the
ntegrated heater was used for annealing, whereas the sample on
he bulk substrate was annealed using an external furnace. Both
lms show increasing conductivity with time with a comparable
ate. We attribute this change in conductivity to the increasing
ig. 5. Bending of micro-hotplates for different temperatures. One sample is
oated with LSCF, the other one is without coating (w/o coating).
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of magnitude even after 100 h and 23 cycles. The increase in
resistance with every cycle is also observed when thin films
deposited onto bulk substrates are thermally cycled, although in
ig. 6. (A) Electrical conductivity during annealing of LSCF thin films,
eposited onto micro-hotplate and onto bulk substrate (sapphire), respectively.
B) Conductivity vs. reciprocal temperature.

alline phase [21]. The crystalline material has a higher electrical
onductivity than the amorphous.

After about 30 min of annealing, the film deposited onto the
icro-hotplate already reached the conductivity that the film

n the bulk substrate reached after 4 h of annealing, meaning
he film on the flexible micro-hotplate crystallized faster than
he film constrained by the rigid sapphire substrate. A similar
elation between microstrain and crystallinity has recently been
eported [21].

In Fig. 6B, the electrical conductivities of two LSCF films are
ompared, which were both already annealed using an external
urnace, but again one film was deposited onto a micro-hotplate
nd one onto a bulk sample as a reference. The electrical conduc-
ivities for different temperatures during cooling were measured
sing the integrated heater for the micro-hotplate-based sam-
le and the furnace for the reference sample. With the sample
eposited onto a bulk substrate no cooling rate faster than
◦C min−1 was realized due to the latent heat of the furnace. The

icro-hotplate reacted immediately to a change in input power,

hus it was cooled stepwise. Both samples show similar elec-
rical conductivity at the target temperature, indicating that the
SCF thin film stays coherent on the micro-hotplate. However,

F
t

Sources 166 (2007) 143–148 147

he activation energy differs by a factor of about two. The LSCF
hin film on the bulk substrate shows an activation energy of
.12 eV in the temperature range of 200–500 ◦C, which is close
o the one reported in literature of 0.10 eV for bulk LSCF in the
emperature range of 100–500 ◦C [22]. In contrast, the LSCF
hin film on the micro-hotplate shows an activation energy of
.26 eV in the range of 200–500 ◦C. The reason for the differ-
nce might be a loss of film integrity upon cooling, which caused
igher resistance and thus higher apparent activation energy.

For LSCF thin films on bulk substrates, a low degradation
f 0.5–1% increase in resistance per 100 h was found when the
amples were kept at 600 ◦C. However, for LSCF thin films on
icro-hotplates the same increase in resistance was found in

bout 20 h. Based on this pronounced difference between both
ypes of samples, the degradation is most likely not only caused
y the thin film material itself. Instead, it may be associated with
he entire system. As already pointed out in Section 3.2, bend-
ng of the hotplate might affect the integrity of the thin film.
urthermore, the mismatch in thermal expansion coefficient
TEC) of α = 1.6 × 10−6 K−1 [23] for the membrane material
SiN) and α = 14 × 10−6 K−1 [24] for the thin film might also
e critical to the film. It is expected that the performance can be
ignificantly improved by using Al2O3 as the membrane mate-
ial. Besides a reduction of bending, the TEC of Al2O3 with
= 7.8 × 10−6 K−1 [25] is also beneficial and should help to
aintain the performance for longer time.
Thermal cycling is a critical issue for operation of SOFCs

nd was addressed with the following experiment. A sam-
le deposited onto a micro-hotplate was exposed to several
apid (10 ◦C s−1) temperature cycles from room temperature to
20 ◦C. The resistance was recorded versus time as shown in
ig. 7. The vertical lines indicate fast thermal cycling steps to
oom temperature resulting in high resistance; the other resis-
ance values are taken at 620 ◦C. The resistance increases with
very cooling and heating cycle, but stays in the same order
ig. 7. Electrical resistance of thin films at 620 ◦C as a function of annealing
ime and cycling (vertical bars indicate rapid temperature cycles).
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his case cycling is performed with only 3 ◦C min−1. For these
amples only a few thermal cycles have been done because each
ycle takes 200 times longer compared to the micro-hotplate-
ased samples. Bending, mismatch in TEC and perhaps aging
f the material become more important in thermal cycling than
n long-term tests at constant temperature, thus degradation is
aster during cycling. The unique ability of micro-hotplates to
erform these fast temperature cycles creates the possibility to
erform accelerated aging tests with placing heavy demands on
he materials. This drastically speeds up degradation tests, which
re otherwise very time consuming.

. Summary and conclusion

The feasibility to combine LSCF thin films, a typical SOFC
athode material, with micro-hotplates, a technology platform
nitially developed in the field of sensors, has been demonstrated
n this work.

The micro-hotplates were able to withstand temperatures
bove 800 ◦C, which offers a secure margin to the target oper-
ting temperature of 600 ◦C.

The functionality of the LSCF thin film under these condi-
ions was proven by obtaining the same electrical conductivity
s for reference samples deposited onto bulk substrates. More
apid increase in the resistance of samples deposited onto micro-
otplates as a function of time was attributed to mismatch in
EC and bending of the micro-hotplate. Both might be dimin-

shed by using Al2O3 instead of SiN as the membrane material,
ince Al2O3 offers superior stiffness and a TEC closer to the
alues of LSCF and other fuel cell materials.

The integrated heater and the low heat capacity of the micro-
otplate allow fast heating rates up to 10 ◦C s−1 leading to short
nnealing times. After 5 min of annealing the film on the chip the
icrostructure did not change further even with longer anneal-

ng times. The conductivity data indicated that 30 min annealing
n-chip leads to the same result as almost 4 h annealing on a bulk
ubstrate, since the flexible membrane allows faster crystalliza-
ion of the thin film.

When the integrated heater was used during film deposition,
elective film growth in the heated areas only was obtained and
hus no masking was required. However, flooding of the mem-
rane from the surrounding spray solution outside the heated
rea has to be avoided.

In conclusion, the micro-hotplate is a suitable platform for
icro-SOFC. Deposition of an electrolyte and anode as well as

oles in the membrane for gas access would be the next steps to
ntegrate a whole micro-SOFC on a micro-hotplate.
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