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Abstract 
 
Technologies established for microsystems combined with electronic and ionic conducting 
oxides made by thin film deposition techniques enable the miniaturization of Solid Oxide 
Fuel Cells (SOFC) for mobile power generation.  
 
In this paper, special high temperature silicon nitride based micro hotplates [1, 2] were 
used as a platform for preparation and testing of SOFC cathode thin films. The hotplates 
withstood a maximum temperature of 800°C and several hours of long term operation at 
600°C. La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) – an SOFC cathode material – was deposited onto 
these hotplates by spray pyrolysis (thickness ~ 500 nm) [3, 4]. Crystallization of the initially 
amorphous thin films was carried out at temperatures around 600°C either in an external 
furnace or using the integrated heater directly on the hotplate. Using the integrated heater 
instead of the external furnace for this annealing led to significant reduction of the required 
time. Furthermore, very fast heating and cooling rates of several 100°C / min were 
obtained with the integrated heater of the micro hotplate. 
 
The electrical conductivity of the thin film nano-grained LSCF was measured on the micro 
hotplate as a function of temperature and compared to reference samples deposited onto 
bulk substrates. The conductivity of thin films deposited onto micro hotplates was in the 
same order of magnitude as the conductivity of the reference samples indicating proper 
functioning of the LSCF thin films under these conditions.  
 
Further development of this technology is aimed for the integration of an entire micro 
SOFC onto a micro hotplate providing an integrated heating system for start up operation 
of the fuel cell.  
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Introduction 
 
Micro hotplates are generally fabricated from silicon wafers with a thin (~1 µm) dielectric 
top layer that spans over an opening in the wafer as a membrane [2, 5-7]. A heater is 
integrated in the hotplate, which typically allows operation at temperatures around 200 to 
400°C [1]. In recent years high temperature micro hotplates operating at temperatures 
higher than 500°C have been developed [2, 6, 8, 9]. Most hotplates are used for sensor 
applications [2, 6]. 
 
LSCF is often used as SOFC cathode material, especially for operation of SOFC at 
temperatures between 500 – 700°C [10]. Due to its high electronic and ionic conductivity 
as well as catalytic activity towards oxygen reduction, it offers better performance than 
traditional LaxSr1-xMnO3 based cathodes at these low operating temperatures [11]. 
However, only limited data are available on preparation [3, 12] and properties of LSCF thin 
films. Thus, we characterized microstructures and electrical conductivity of LSCF thin films 
deposited onto micro hotplates [2] by spray pyrolysis [3, 4] using the integrated heater for 
variation of the temperature during the measurements [13].  
 
 

Experimental 
 

Micro Hotplate Design and Fabrication 
 
Silicon wafers were used as substrates for the micro hotplates. A heater was embedded in 
the dielectric membrane, and covered on top by electrodes (Figure 1 A). The heater was 
made of platinum (Pt) with a tantalum (Ta) adhesion layer (225 nm-thick). The Pt film was 
patterned using a lift-off process. The 1.0 µm-thick membrane was formed by two low-
stress silicon nitride (SiN) films deposited by low pressure chemical vapor deposition 
(LPCVD). 150 nm-thick Pt/Ta electrodes were patterned on top of the membrane using a 
lift-off process. Wet etching was used to release the membrane. A more detailed 
description of the fabrication process can be found elsewhere [2]. 
 
The membrane has an area of 1.0 × 1.0 mm2, and the areas covered by the double 
meander heater and the electrodes were of 530 × 530 µm2 and of 400 × 400 µm2, 
respectively. Two different geometries for the shape of the electrodes in a four point 
configuration were fabricated. The electrodes were made of four square contact pads with 
two different gaps and widths. One design has 50 µm wide square contacts and a gap in 
between the different square contacts of 300 µm. The other design has 180 µm wide 
square contacts and a gap in between the square contacts of 40 µm and is shown in 
Figure 1 B. 
 
The temperature reached at the centre of the micro-hotplates as a function of the input 
power was calibrated using a micro-thermocouple, type S, made of Pt-PtRh wires with a 
diameter of 1.3 µm [14]. Only a low power of 120 mW is needed to reach a temperature of 
600°C. 
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A) 

 
 

B) 
 

 

 
Figure 1  A) Schematic of a micro hotplate cross section. B) Top view on a  
  micro hotplate showing the contacts and the double meander heater 
 

Thin Film Deposition 
 
LSCF thin films were deposited by air pressurized spray pyrolysis. The spray solution was 
prepared using a mixture of metal salts with a molar ratio of LaNO3·6H2O : SrCl2·6H2O : 
Co(NO3)2·6H2O : Fe(NO3)3·9H2O = 3:2:1:4 (all from Fluka with purity > 98 or 99 %) and a 
total salt concentration of 0.02 mol / l. This mixture was dissolved in a solvent composition 
of 1/3 (volume fraction) ethanol (Scharlau and Merk, purity > 99.5 %) and 2/3 diethylene 
glycol monobutyl ether (from Fluka and Acros Organic, purity 98 and 99 %). The resulting 
solution was pumped (peristaltic pump: Ismatec MS Reglo or syringe pump: Razell 
Scientific Instruments A 99) with a solution flow rate of 30 ml / h through a nozzle (Badger 
Air-brush Model 150), which was located 20 cm above the micro hotplate and atomized by 
air pressure of 1 bar. These droplets were sprayed through a shadow mask onto the micro 
hotplate using an external hotplate at around 270°C in order to evaporate the solvent. The 
micro hotplate was fixed in an aluminum holder which also held and aligned the shadow 
mask. At these conditions a spraying time of 60 min resulted in a layer thickness of ~500 
nm to ~1 µm, depending on the substrate material. More details on this process can be 
found elsewhere [3]. 
 
The as-deposited film is amorphous and can be crystallized in an additional annealing step 
using the integrated heater or using an external furnace. Annealing is typically done at 
600°C in air for four hours.  
 

 
Characterization 

 
Light microscopy (NIKON Optiphot 150) and scanning electron microscopy (Philips XL30 
ESEM-FEG) was used for characterization of the microstructure. The film thickness was 
determined from cross section micrographs of the film on the micro hotplate membrane 
and used to determine the conductivity of the LSCF coating.  
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The electrical conductivity of the LSCF films deposited onto the micro hotplate was 
measured in air in a two-point and four-point probe configuration using the integrated Pt 
electrodes. The silicon chip was glued to a TO-5 socket and the contact pads of the heater 
and electrodes connected using wire bonding. The HP 6644A DC power supply was used 
to warm up the chip using the integrated heater. The control of the power supplied to the 
heater and the monitoring of the electrical resistance of the LSCF films from the multimeter 
HP 34401A was performed using Labview. 
 
The electrical conductivity of the LSCF films deposited onto the sapphire bulk substrates, 
which served as reference samples, was measured in a tubular furnace in air. Four-point 
configuration was used and the data recorded with a multimeter (Keithley 2000) connected 
to Labview software. Flattened Pt wires (Johnson Matthey, thermocouple quality) were 
used as electrodes. To ensure good adhesion of the electrodes, sputtered Pt and Pt paste 
(Heraeus C 3605 P) connected the electrodes to the film, plus the electrodes were glued 
to the substrate outside the film using fire resistant glue (Firag) with some Pt powder 
(Johnson Matthey, amorphous Pt powder < 10 µm 99.9%) for improved adhesion.   
 
 
 

Results and Discussion 
 

Microstructure 
 
The microstructure of LSCF thin films on micro hotplates before and after annealing is 
shown in Figure 2. Figure 2 A shows a non-annealed film with round grain type features of 
about 500 nm in diameter and (in the lower right hand corner) rim structures originating 
from the film formation of droplets. Figure 2 B shows a film after annealing in an external 
furnace where a few cracks are visible. In Figure 2 C a film is shown, which was annealed 
using the integrated heater of the micro hotplate. The annealing conditions were 4 hrs at 
600°C, the heating rate for the furnace 3°C / min, whereas the micro hotplate reached 
600°C within one minute. More cracks are found on this sample, possibly because using 
the integrated heater leads to stronger bending of the membrane, compared to the case 
where the entire chip is at the same temperature [13].  
 

A B CA B C

 
 

Figure 2 Scanning electron micrographs showing LSCF thin films on micro hotplates 
 A) non-annealed and annealed B) in a furnace, or C) using the integrated 
 heater. Scale bar: 2 µm 
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Electrical Conductivity 
 
To evaluate the functionality of the LSCF thin film on the micro hotplate, the in plane 
electrical conductivity was measured versus temperature and compared to a reference film 
deposited onto a bulk sapphire substrate. Both films were annealed for 4 hrs at 600°C in 
air in a furnace, prior to the conductivity measurement. For varying the temperature during 
the conductivity measurement, the integrated heater of the micro hotplate was used for the 
film deposited onto the micro hotplate, whereas an external furnace was used for the 
reference film. In both cases the conductivity was recorded during cooling. As shown in 
Figure 3, both films exhibit similar conductivity over a wide temperature range. Mainly at 
the lowest temperatures a discrepancy outside the experimental error is detected. This 
might be attributed to contact problems towards the end of the experiment.  
 

 
 

Figure 3 Electrical conductivity versus temperature of LSCF thin films, deposited onto 
 bulk sapphire substrates and micro hotplates 
 
The electrical conductivity was also measured versus time during the annealing process. 
Again, an LSCF thin film deposited onto a micro hotplate was compared to one deposited 
onto a bulk sapphire substrate, but this time the integrated heater was used for annealing 
at 600°C in air for the micro hotplate, whereas an external furnace was used for the 
sapphire based sample. Both films show increasing conductivity with time with a 
comparable rate. We attribute this change in conductivity to the increasing amount of 
crystalline phase fraction in the films with increasing annealing time at 600°C. As recently 
shown for spray pyrolysis films, higher temperatures or longer annealing times are needed 
in order to transform all amorphous material into a crystalline phase [15]. The latter has a 
higher electrical conductivity than the amorphous state.  
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After about 30 min of annealing the film deposited onto the micro hotplate already reached 
the conductivity, which the film on the bulk substrate reached after 4 hrs of annealing. 
Meaning the film on the flexible micro hotplate crystallizes faster than the film which is 
constrained by the rigid sapphire substrate. A similar relation between microstrain and 
crystallinity has recently been reported [15]. 

 

 
 

Figure 4 Electrical conductivity of LSCF thin films deposited onto bulk sapphire 
 substrates and micro hotplates during annealing at 600°C in air  
 
 

Summary and Conclusion 
 

An SOFC cathode material (LSCF) was deposited by spray pyrolysis onto micro hotplates 
and bulk substrates to proof the feasibility of integrating SOFC components on micro 
hotplates. Differences in the LSCF microstructure are found with respect to the heat 
source used for annealing of the thin films. Using the integrated heater of the micro 
hotplate led to formation of more cracks in the thin film than the use of an external furnace 
where the entire chip is at the same temperature.  
 
The conductivity measured on films deposited onto micro hotplates is similar to the one 
measured for reference films deposited onto bulk substrates, which proofs the functionality 
of the thin film cathode under these conditions. Interestingly by using the integrated heater, 
the annealing of the LSCF thin film finishes in about 15 % of the time required for 
annealing of films on bulk substrates due to faster crystallization of the film on the flexible 
micro hotplate, where less constrain in present than on the rigid bulk substrate.   
 
In conclusion, successful integration of an SOFC cathode on a micro hotplate was 
achieved. Further work to integrate also the electrolyte and anode and fabrication of gas 
channels is needed to fabricate an entire micro SOFC based on a micro hotplate.  
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