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bstract

Screen-printing technology is widely used in the field of gas sensors and can also be used to fabricate electrodes for solid oxide fuel cell (SOFC).
he compatibility of this technique with micro-hotplate is studied to produce micro sensors and micro SOFC. For sensors application, development
f inks containing precursor of sensing element allows to decrease annealing temperature and to improve adhesion. For SOFC development, we
nvestigated a new type of device named single-chamber fuel cell (SCFC) for which the fuel and the oxygen are mixed and in contact with both the
node and cathode. Such devices were firstly built at a millimeter scale using LSM for cathode, YSZ for electrolyte and Ni-YSZ cermet for anode.
wo types of configuration were studied: SCFC developed on YSZ support with screen-printed electrodes, and SCFC entirely manufactured by
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creen-printing on a inert ceramic substrate made of alumina. Although weak power densities were measured, around 1 mW/cm2, the feasibility of
CFC was confirmed. Then, preliminary results concerning LSM cathode deposition on micro-hotplate were obtained. LSM layers annealed up to
00 ◦C resist well to temperature cycling but exhibit low conductivity.
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. Introduction

It can be expected that research and commercial interests in
ydrogen technology and fuel cells will continue to grow dur-
ng the next coming years. Several research directions are driven
y microtechnology. One direction includes the development of
ensor systems for monitoring the fuel gas concentrations and the
peration of fuel cells. Another research topic is the microtech-
ological implementation of micro fuel cell modules as power
upply. The future vision would be to create, e.g. autarkic sensor
ystems, where the power supply, the sensors for micro fuel cell
peration and the application-specific sensors are integrated in
single device.

The fabrication of sensors and solid oxide fuel cell (SOFC)
odules in microtechnology is particularly challenging since

igh operating temperatures of several hundred degrees are

eeded [1]. In this study, the compatibility between screen-
rinting technology and micro machined substrates is inves-
igated. Screen-printing is widely used in the sensor field to
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eposit sensing films with a few micrometers’ thickness, and
lso suits well to deposit porous electrodes for SOFC. This
echnique is easily transferable to mass production but it is usu-
lly applied with conventional ceramic substrates and not with
icro-hotplates. In this case, three major problems have to be

olved: the positioning of the deposits, the mechanical resistance
f the micro-hotplate and the adhesion and functional proper-
ies of the resulting layer (Fig. 1). The two first technological
ifficulties may be clear up thanks to adjustment of depositions
arameters. For the two latter, the composition of the screen-
rinted inks has to be optimized.

The first example presented in this paper concerns the devel-
pment of tin dioxide sensor on micro-hotplate. Particular SnO2
nks are developed to improve layer adhesion while keeping
atisfying electrical properties. The second example deals with
articular SOFC, single-chamber fuel cell (SCFC) for which no
eparation of fuel and oxygen by the electrolyte is required. The
wo gases are mixed and are in contact with both electrodes [2,3].
he principle of such device is based on the selective catalytic

ctivity of each electrode towards the considered gas: fuel oxi-
ation at the anode and oxygen reduction at the cathode. The
ain advantage of SCFC is that no gas separation is required.
ence, the design and the technology for their development is

mailto:viricelle@emse.fr
dx.doi.org/10.1016/j.snb.2006.04.031
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either LSM or a mixture of NiO and YSZ (50–50 wt%) with
organic binder and solvent. The layers were annealed at 1200 ◦C
during 2 h [5]. Then, two gold collectors were also deposited by
screen-printing in the form of a grid (Fig. 3). The microstruc-

2

ig. 1. SnO2 thick film (350 �m × 500 �m) deposited by screen-printing on a
nd (b) functional SnO2 layer.

uite simplified compared to conventional SOFC, especially in
egards of miniaturization. We firstly investigated the feasibility
f a SCFC at a millimeter scale, using well-known materials
or SOFC: LSM (La0.8Sr0.2MnO3) for cathode, YSZ (Yittria
8 mol%) Stabilized Zirconia) for electrolyte and Ni-YSZ cermet
or anode. These materials are not optimized for SCFC concept,
ut the objectives of this study are to show the feasibility and to
emonstrate possibilities of miniaturization rather than to obtain
igh performances. The first studied SCFC device is supported
n sintered YSZ electrolyte. Then, in order to miniaturize this
ystem, a SCFC entirely manufactured by screen-printing on
lumina substrate was studied. Finally, in order to go to further
iniaturization, preliminary tests of deposition of LSM cathode

y screen-printing on micro-hotplate were conducted.

. Results

.1. SnO2 sensor development on micro-hotplate

For tin oxide gas sensor development, a conventional ink
ould be constituted of the active material (SnO2) and of volatile

nd permanent binders in order to control, respectively, the
heological properties for the deposit and the adhesion of the
esulting material onto the substrate [4]. As permanent binders
re usually glasses that are electrical insulators, some problems
f SnO2 percolation strongly decrease the conductivity. Hence,
new ink without mineral binder has been developed. However,

n this case, some problems of layer adhesion are encountered
Fig. 1a). To solve this point, a Sn alkoxide precursor has been
ntroduced in the ink, leading to the formation of SnO2 during

hermal annealing. Various ink compositions have been studied
Table 1). The conductance’s under air and under 300 ppm CO
t 500 ◦C of the corresponding sensors obtained after annealing
f the layers at 650 ◦C are shown in Fig. 2. Inks A and B con-

able 1
omposition (wt%) of SnO2 inks

nks SnO2 Alkoxide Organic binder

63 37 0
50 50 0
67 26 7
64 26 10
66 17 17
61 15 24 F

1

-hotplate for gas sensor application; (a) problems of positioning and adhesion

aining no organic binder leads to cracked layers, explaining the
ow sensor conductance. Layers resulting from inks C to F were
uite homogeneous and presented a good adhesion (Fig. 1b).
he lower conductance of sensors issued from inks C and D is
xplained by the higher porosity of these layers due to the higher
lkoxide content.

Thus, by adjusting the screen-printing parameters and the ink
omposition, it has been possible to improve the alignment on
he micro-hotplate and to reduce the annealing temperature to
50 ◦C, while keeping a good adhesion and electrical perfor-
ances.

.2. SCFC development

The new concept of single chamber [2,3], allows development
f planar devices running in a mixture of fuel and air. In this case,
creen-printing technology is well adapted to deposit the two
orous electrodes but also the electrolyte as a high densification
ate is not required for single chamber SOFC.

.2.1. YSZ-supported SCFC
In order to confirm SCFC concept and to set up a measure-

ent bench for SOFC, the first devices were built at a millimeter
cale on YSZ pellets for the electrolyte. Then, the two electrodes,
SM and Ni-YSZ cermet were deposited by screen-printing on

he YSZ pellet. The inks were constituted of the initial powders,
ig. 2. Influence of SnO2 ink composition on the conductance (normalized to
0 �m thickness) at 500 ◦C of sensors obtained after annealing at 650 ◦C.



Fig. 3. Single-chamber fuel cell on sintered YSZ pellet, with screen-printed
electrodes (6 mm × 6 mm) and collectors.
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ig. 4. Cross-section SEM of the LSM porous cathode deposited by screen-
rinting, annealed at 1200 ◦C during 2 h.
ure of the materials is shown in Fig. 4 (LSM) and in Fig. 5
Ni-YSZ/YSZ interface). LSM layers are quite porous, around
0% and homogeneous. The porosity of the cermet anode is
imilar but their microstructure is quite heterogeneous.

ig. 5. Cross-section SEM of the Ni-YSZ anode, annealed at 1200 ◦C during
h, deposited by screen-printing on YSZ pellet.
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ig. 6. YSZ-supported SCFC open circuit voltage as a function of temperature
nd CH4/O4 ratio.

The SCFC devices were tested in CH4/oxygen mixtures with
atio in the range 1.5–3 at various temperatures in a furnace. With
ur experimental conditions, it can be seen in Fig. 6 that, for a
xed CH4/oxygen ratio, the temperature range to obtain a sig-
ificant open circuit voltage (OCV) is quite narrow and strongly
epends on the gas ratio. This behavior is explained by the strong
nfluence of the electrode catalytic activity towards CH4 and
xygen depending on the temperature. At 770 ◦C, with a ratio
H4/oxygen equal to 2, a maximum power density of around
mW/cm2 was measured (Fig. 7). This low performance is
xplained by the non-adequate microstructure of the anode, and
ot by the SCFC geometry. Effectively, a conventional device
laborated with the same materials, with electrodes on the oppo-
ite faces of the YSZ pellet exhibit a maximum power density
imilar to the SCFC one [5]. This result thus validates the SCFC
oncept.

.2.2. Al2O3-supported SCFC
The second step of the SCFC development with a final objec-

ive of miniaturization consists in the development of a device
ntirely manufactured by screen-printing technology on a self-
eated �-Al2O3 substrate. Such substrates are commonly used
or gas sensor application. In this study, the �-Al2O3 rectangular
late (5 mm × 38 mm) is equipped with a platinum resistance
f 10 � and gold connectors for electrical contacts (Fig. 8a).
n the opposite side, a YSZ electrolyte layer (4 mm × 4 mm)
s deposited by screen-printing (Fig. 8b). The ink is prepared
ith the same YSZ powder as for the YSZ pellet previously
sed. 30 wt% of organic solvent is added to the powder, and two
eposits are performed resulting in a final layer of 40 �m after

ig. 7. Polarization curves of the SCFC at 770 ◦C, with a CH4/O4 ratio equal
o 2.
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ig. 8. Single-chamber fuel cell supported on alumina substrate: (a) platinum
eater and (b) SCFC with screen-printed YSZ (4 mm × 4 mm), NiO-YSZ and
SM electrodes (4 mm × 1 mm) and gold and platinum collectors.

nnealing at 1380 ◦C during 2 h. A cross-section micrograph of
he YSZ layer is shown in Fig. 9. Despite a high porosity close to
5% as measured by mercury penetration method, its electrical
onductivity is satisfying, around 0.1 S/cm at 1000 ◦C, as it is
imilar to the one of the YSZ sintered pellet. Then, the LSM cath-
de and the NiO-YSZ anode (4 mm × 1 mm) are deposited using
he same inks as for previous SCFC device on YSZ support, with
he same thermal treatment, 1200 ◦C during 2 h. Finally, metallic
ollectors, respectively, of gold on the cathode and of platinum
n the anode, are also deposited by screen-printing (Fig. 8). The
ifferent nature of the metallic collectors reinforces the differ-
nce of catalytic activity between the anode and the cathode,
hich is the basis of the SCFC concept, and allows to improve
CFC performances [2,5].

This new device was firstly tested in a furnace in similar
onditions as previous ones for the device on YSZ pellet. In this
ase, a similar behavior is observed. The open circuit voltage is
trongly dependant on the combination of temperature and gas
omposition. A maximum OCV of nearly 600 mV is obtained
t 760 ◦C with a CH4/O2 ratio of 2, or at 750 ◦C if this ratio
s equal to 2.5 (Fig. 10). The maximum power density with

uch device is also around 1 mW/cm2. However, if this SCFC
rototype is tested in a glass reactor using its own platinum
eater instead of a furnace, no significant performances can be

ig. 9. Cross-section SEM of the YSZ layer deposited by screen-printing on
lumina support, annealed at 1380 ◦C during 2 h.
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ig. 10. Alumina-supported SCFC open circuit voltage as a function of temper-
ture and CH4/O4 ratio.

easured. This result confirms that the catalytic activity and thus
he gas composition and the temperature are crucial parameters
hich have to be optimized, as well as the choice of electrode
aterials for the SCFC concept.

.2.3. LSM deposited on micro-hotplates
The third step of this study concerning SCFC development

s the miniaturization on micro-hotplate. The three materials
cathode, electrolyte and anode) could be successively deposited
y screen-printing. Preliminary results dealing with the LSM
athode deposit are presented here. The micro-hotplates were
repared on silicon wafers by IMT (Neuchâtel) [6]. They consist
n a dielectric membrane in which a platinum heater is embed-
ed, and covered on top by electrodes. The heater is made of
latinum with a tantalum adhesion layer (225 nm). The plat-
num film is patterned using a lift-off process. Two low-stress
PCVD silicon nitride films form the thermally insulated 1.0 �m

hick membrane of the micro-hotplate. One hundred and fifty
anometer thick platinum/tantalum electrodes are patterned on
op of the membrane using a lift-off process. The membrane
s released using backside bulk micro-machining of the sili-
on wafer. The membrane has an area of 1.0 mm × 1.0 mm,
nd the areas covered by the double meander heater and the
lectrodes are of 450 �m × 450 �m and of 400 �m × 400 �m,
espectively. Four electrodes having 180 �m wide square con-
acts and a gap of 40 �m between them were patterned as shown
n Fig. 11. The power consumption of these micro-hotplates
s around 120 mW at 600 ◦C. They can survive to annealing
t 600 ◦C in an oven, and local temperatures up to 800 ◦C on
otplate can be reached. LSM films of 450 �m × 450 �m were
eposited by screen-printing using the same LSM ink as for
revious SCFC devices, on square chips including 7 × 7 mem-
ranes. Fig. 12 showing the resulting deposits indicates that 6
embranes over 49 were broken during screen-printing process.
or the others, the alignment of the layers on the membranes is
orrect.

Two types of annealing were performed after LSM screen-
rinting deposition and drying at 100 ◦C: (i) annealing of the
hole wafer in a furnace at 400 ◦C during 10 h or at 600 ◦C dur-
ng 2 h or (ii) on-chip annealing at 700 or 800 ◦C during 30 min.
hen, on-chip conductivity measurements were performed with
two point mode as the LSM layer resistance is quite high,

uring a temperature cycle up to 630 ◦C, using the embed-



Fig. 11. Photograph of the micro-hotplate with four square electrodes contacts
[6].
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Fig. 14. Resistance variation vs. temperature cycling of screen-printed LSM
films on micro-hotplate: influence of high on-chip annealing temperature 700 ◦C
or 800 ◦C, 30 min compared to 400 ◦C, 10 h.
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ig. 12. Photographs of LSM films deposited by screen-printing on chip of 7 × 7
embranes.
ed platinum heater. Variations of resistance versus temperature
hown in Fig. 13 indicate that the layers are sufficiently robust
o resist to the temperature cycle. However, for 400 ◦C annealed
ayers, the resistance evolves and is lower during cycling down.

ig. 13. Resistance variation vs. temperature cycling of two screen-printed LSM
lms on micro-hotplate: influence of annealing temperature 400 ◦C, 10 h or
00 ◦C, 2 h.
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ig. 15. Cross-section SEM of the LSM cathode deposited by screen-printing,
nnealed at 1000 ◦C during 2 h.

n the contrary, for 600 ◦C treated layers, the resistance is sta-
le and similar for cycle up and down. Moreover, the values are
imilar for both layers during cycle down. This result proved
hat on-chip annealing is possible, at least up to 630 ◦C, and
hat’s why we performed annealing at 700 and 800 ◦C. How-
ver, these higher temperatures don’t significantly improve the
onductivity of the LSM layer (Fig. 14). The value of conduc-
ivity calculated from previous experiments is quite low, around
S/cm at 630 ◦C, with activation energy of 18 kJ/mol. For a sin-

ered material elaborated from the same LSM powder used for
nk preparation, the conductivity is around 100 S/cm at 630 ◦C
nd the activation energy equal to 9 kJ/mol, which is agreement
ith values found in the literature This weak conductivity of the
SM layer is explained by the low annealing temperature which
ot allows the LSM layer sintering as proved by the microscopic
bservations of layers annealed at 1000 ◦C (Fig. 15). It is neces-
ary to reach 1200 ◦C (Fig. 4). to have a sufficient sintering and
hus conductivity of the LSM layer.

. Conclusions
Preliminary results demonstrate that screen-printing is a sim-
le technology which can be compatible with micro-hotplates if
he inks are optimized, for various applications. For SnO2 gas
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ensors, the problem of layer adhesion due to low acceptable
nnealing temperature to avoid hotplate damages was solved
hanks to a new ink formulation.

For SOFC application, despite weak performances due to
on-adequate anode microstructure and non-optimized mate-
ials, the SCFC concept was validated. Devices with a sim-
le planar geometry and coplanar electrodes were built and
xhibited a power density of around 1 mW/cm2 in the range
00–700 ◦C, with an methane–oxygen mixture. Preliminary
esults for LSM deposits on micro-hotplates, with the objective
f SCFC miniaturization, show problems of temperature limita-
ion for the annealing. As for the development of SnO2 sensors
n micro-hotplate, the elaboration of ink including precursors
f the desired material (LSM) may be a solution which is under
ocus.

This paper only presents the feasibility study of material
eposition by screen-printing on micro-hotplates. Obviously,
any points have to be investigated in more details, such as

hermo-mechanical compatibility of chosen materials. Due to
ast experience with SnO2 gas sensors, it is known that thick-
ess layers have to be minimized to reduce stress, and, at
he moment, temperature are limited to 600 ◦C due to thermal
esistance of micro-hotplates. These problems are still under
ocus.
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