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Abstract

Conventional screen-printing inks are constituted of the active material, tin oxide in this study, organic and mineral binders. This lasttconstitue

is beneficial to the mechanical strength and adhesion of thick films, especially onto micro-hotplates, but is detrimental to the electrical propertie
required for sensor applications. An innovative solution consists in its replacement by a precursor which is transformed thioi@nthe

thermal annealing of the layers. Inks containing a tin powder, an organic binder and either a gel or an alkoxide as precursor, with various
compositions were studied. The organic binder is necessary to adjust the rheological properties of the ink, but it creates porosity and decreases
the conductance. The addition of a gel allows to improve electrical properties but complicates ink preparation, and the adhesion remains
insufficient. The use of an alkoxide (tin(ll) 2-ethylexanoate) at a low content (15 wt.%) combined with the organic binger (24 wt.%) and tin
oxide powder promotes both adhesion and conductance. Moreover, the low decomposition temperature of the alkogiylal(@@8 to

decrease the annealing temperature of the layers which reinforces the compatibility of screen-printing with micro-hotplate technology.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction inthe ink. For smooth surfaces such as Si-based wafers which
are more and more used as micro-machined subsfrate,

Screen-printing technology is a low costtechnology which adhesion of the sensing thick film becomes critical. Thus, in

allows to deposit thick films (a few to hundreds microme- a previous papetwe proposed a solution consisting in the

ters) and is widely used in the field of gas sensors since manyreplacement of the mineral binder of conventional ink by a

yearst2 This technique is often used to elaborate the metallic gel precursor of the active material, tin oxide. The new ink,

tracks acting as electrical abductors (gold) or heating resis-named gel ink, improved both electrical conductivity and ad-

tance (platinum) on ceramic substrates, or more scarcely thehesion of the resulting devices. However, the gel synthesis

sensing elements based either on semi-conducting dXides complicates the process and the resulting inks are not very

or solid electrolyte. However, for sensing materials, a major  stable. So, investigations presented in this paper concern the

problem to solve is the screen-printing ink composition in replacement of the gel by the organic precursor itself which

order to fit with electrical properties requirements. Conven- is a tin alkoxide. The performances of sensors issued from

tional inks incorporate a mineral binder phase (glass) which the gel ink and from the alkoxide ink are presented.

gives the mechanical strength of the layers and their adhesion

onto the substrates, but it presents a negative effect for elec-

trical conductiorf” In case of ceramic substrates with ahigh o Experimental

surface rugosity or including binders at their surface, itis pos-

sible to avoid or at least reduce the inorganic binder content  Three types of inks with various compositions were pre-

pared using commercial constituents which are a tin ox-
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e conventional inks without mineral binder only contain _ 3.0E-05, {3y
Sn(_)z ppwder qnd the organic vehicle; E 2 5E-05 : Pt
e gelinkis constituted by Sngpowder, a gel prepared from  § . (x} : number of deposits / @ —
the alkoxide and the organic binder. The process of gel g =~ A/' e
preparation is described elsewhére; § 15E0S o / 3 e
e alkoxide ink is similar to gel ink but the gel is replaced by é 1.0E-051 5 —e—20%
the alkoxide. S 5.0E-06- ) 4y
o (4)
. . . . . (2) (2) (3) (3)
These inks were deposited using a semi-automatic Aure| ~ %-0E+00 : ' ' '
10 30 50 70 90

C890 screen-printing machine, with 180 mesh mask. After
deposition, the films were dried at 100 during 10 min and
then annealed under ambient air at 660during 2 h. Fig. 1. Influence of organic binder (wt.%) in a conventional ink without

In order to perform physico-chemical characterizations mineral binder on the sensors thickness (function of deposits number) and
and electrical measurements, layers were depositedoonto their conductance under air at 500.
alumina substrates. Large deposits (25 m2b mm) were ) o
used for material characterizations using conventional tech- 1€ two results are a consequence of the binder elimina-
niques like X-ray diffraction, thermogravimetric analysis, tOn during annealing of the layers. The higher the organic
specific area measurements, porosimetry and scanning e|eCf_r<':_1ct|on is, the less tin oxide content the_re is, resulting in
tron microscopy (SEM). For sensor fabrication, sensing ele- _th|nne_r Ia)_/ers. Moreover, the organic vehicle creates poros-
ments of 4 mmx 2 mm were deposited on 3.81 cn0.51 cm ity during its removal and the values of condyctance can be
alumina substrate equipped with a platinum heater on the Correlated to the porous volume of the layéfg. 2 shows
opposite face. The sensors were tested under air and carthat inks containing high f_ract|on of organic blnde_r are more
bon monoxide (300 ppm in dry air) at 50@, using a DC porous and Ie_:ss conductive, the comparison being que at
electrical circuit. The second type of substrates used in this & constant thickness of nearly @& for the four composi-
study is Si-based micro-hotplates, onto which deposits of t|ons_._Hence,_the rol_e of_the organic binder is significant as it
300pm x 500pm were performed. These devices were ded- Medifies the final thick film properties. _
icated to test the compatibility of screen-printing with micro- ~ 1h€ objective of the gelinkis to avoid the presence of min-
hotplate technology, and to evaluate the adhesion of the layer<£r@! binder in the final layer and to improve the mechanical
thanks to a cutting tedtobservations of wafers after cutting 2dhesion. The gel is a SaQrecursor and will be conse-

enable to determine if the thick layers can withstand this duently transformed into Snluring the annealing, inside
treatment, and thus present a satisfying adhesion. the layer and may create chemical bonds with both the initial

powder and the substrate surface. Moreover, as its transfor-
mation occurs at relatively low temperature (3@),” such
a solution is interesting to lower the annealing temperature
compared to conventional inks, and thus to improve the com-
patibility with micro-machined substrates which usually can
not withstand temperatures higher than 600-8650

In order to simplify the process and avoid the gel synthesis,
we decided to introduce directly the tin(ll) 2-ethylexanoate

Layer thickness (um)

3. Results and discussion

Before studying the influence of the gel or of the alkox-
ide in the ink, it is necessary to understand the effect of the
organic binder on the resulting layers. Its first role is to ad-

just the rheological properties of the ink which must have a alkoxide in the ink. The thermal decomposition of the alkox-

thixotropic behavior. Moreover, in our previous papeve ; L "
have shown that an increase of the organic binder content de-Ide was studied in the same conditions as thel geid SnQ

creases the ink viscosity but also the electrical conductance
of the obtained layers. Results obtained under air with four

) - o o~ 7.E-06 - 1.2E-04 ©
inks containing 20, 25, 35 and 40 wt.% of organic binder are g 6.E06 A —o—Gair )
reported inFig. 1 For each ink composition, various thick-  § 5'E o 20% \\ —=—Gco 1.0E-04 %"
ness layers were obtained, resulting from 1 to 4 successive 5 8.0E-05 &
deposits during screen-printing process. The influence of the g * 6 6.0E-05 B
thickness for a given composition has been investigated in § &% oE0s 3
a previous stud§.Concerning the influence of the organic 5 2E06 — ————aB%——40% °

) . o organic binder content( wt%) 2.0E-05 =
binder, two phenomena can be observed when its content § 1.E-06 - 3
increases: © 0.E+00 ; . ; : ; | 0.0E+00 <=

013 014 015 016 017 018 019
e at a fixed number of deposit, the resulting thickness de- Layer porous volume (ml/g)
creases;

at a given thickness. conductance is decreased as mer]I_:ig. 2. Correlation between conductance under air and CO (300 ppm) at
* av I ! u ! 500°C and the porous volume of thick films (aroundi2%), depending on

tioned previously. the organic binder content (wt.%).
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Fig. 3. X-ray diffraction patterns of SnQowders resulting from alkoxide Ti h
thermal treatment at 300 and 700. ime (hour)
Table 1 Fig. 5. Comparison of conductances at 8@0of sensors prepared from

. ) . conventional, gel and alkoxide inks.
Characteristics of powders issued from the gel and alkoxide thermal treat-

ments at 300 and 70@

Powder Annealing Crystallite Specific area

temperature®C) size (nm) (m?/g)
Ex-gel 300 4 142

700 30 14
Ex-alkoxide 300 17 73

700 55 12

powders resulting from these two precursors at different tem-
peratures were analyzdeig. 3shows X-ray diffraction pat-
terns of powders issued from the alkoxide at 300 and*700 1
during 12 h. Crystallites sizes determined from the width of 6a (gel) 6b (alkoxide)

diffraction peak and specific areas of powders issued from

the gel and the alkoxide are reportedTiable 1 These re- Fig. 6. SEM observations of the surface of 30@ x 500um thick films
sults indicate that the crystallization and the grain growth of Prepared from gelink (a) and alkoxide ink (b), after the cutting test.
ex-alkoxide powder is more rapid than that of the gel. To com-

pare electrical performances, two inks with the same compo- After the cutting test, films issued from the alkoxide ink are
sition were prepared: Sn(powders 66 wt.%, gel or alkox-  |ess damaged compared to ex-gel layers which have been
ide 27wt.% and organic binder 7wt.%. SEM observations partly withdrawn from the substrat€if. 6). This difference
(Fig. 4) of the surface of deposits onto micro-hotplates re- of behavior may be linked to the texture of the filnf¥sg(, 4),

veal that the ex-alkoxide layer is more homogeneous and hasand to the higher reactivity of the alkoxide (crystallization,
less cracks. Despite these morphological differences, elec-grain growth) which may enhance bonding with initial ShO
trical performances are quite similar for both ex-gel and ex- grains (commercial powder) and the substrate.

alkoxide sensorsHig. 5). Conductances under air and CO Previous results prove that the alkoxide ink is more effi-
are strongly increased compared to the conventional ink only cient than the gel one. However, as the final sensor properties
containing Sn@ powder and the mineral binder. However, a depends on the ink composition, we studied six alkoxide inks
strong difference between this two layers is their adhesion. with different contents of Sn©powder and organic binder
(Table 3. SEM observations of the resulting layers indicate
that inks A and B which do not contain organic binder lead
to completely cracked films. The conductance of the cor-

— 100gm — 100xm

Table 2
Composition (wt.%) of alkoxide inks
Inks SnQ Alkoxide Organic binder
A 63 37 0
: . B 50 50 0
) . C 67 26 7
4 1 4b (alkoxide
a (geh ( ) D 64 26 10
. . L E 66 17 17
Fig. 4. SEM observations of the surface of 308 x 500.m thick films F 61 15 o

prepared from gelink (a) and alkoxide ink (b), after deposition and annealing.
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_ B.E-05 previous case, which is explained by the strong weight loss
E Ink E during its thermal transformation. Hence, the composition of
;-‘2 ink F represents a good compromise. The stability of sensors
;_E_ /m developed with ink F have been tested in a laboratory bench
L 4E05 for an isothermal running at 50C€ during more than 900 h:
§ A co Ink C any significant deviations of the conductance under air and
g \ D CO were observed during this test.
= Ink A
.g Ink B
5 0.E+00 - ‘ :
o 9 9.5 10 105 1 4. Conclusion

Time (hour)

The results presented in this paper show that the mor-
phological and electrical properties of Snéick films are
strongly dependant on the ink composition used for their elab-
oration. The substitution of mineral binders used in conven-

responding sensors (normalized to a constant thickness oftional inks by a tin oxide precursor is an innovative solution
10um) is quite low Fig. 7). This behavior is explained by ~ Which improves the performances of the resulting sensors.
the h|gh Viscosity of these two inks which do not have the The introduction of the initial alkoxide instead of its geI sim-
required rheology for screen-printing: the organic binder is plifies the ink preparation and is beneficial to the adhesion
thus an indispensable constituent. The behavior of inks C Properties onto micro-machined substrates. Another advan-
and D on one hand, and E and F on the other hand is similar.tage is that it is possible to reduce the annealing tempera-
Their morphology is the same as the one showRi 4b. ture (650°C) compared to conventional inks (83D), which

The only slight difference concerns ink F which is more fluid reinforces the compatibility of screen-printing with micro-
due to its high organic binder content. The surface of ink F hotplate technology.

film is more homogeneous and the resulting layers are thin-

ner, around 1@&.m compared to 20.m for inks E and D films

and 30um for ink C films. Concerning conductancésg. 7 References
shows that, for the same thickness, sensors issued from inks o
E, F are more conductive than the ones resulting from inks C, - szrgdggi'a“'
D. As for the influence of the orgamp binder conteffig 2), 2. Menil, F., Lucat, C. and Debeda, H., The thick film route to selective
the effect is correlated to the porosity of the layers: layers C  gas sensorsSens. Actuators BL995, 24-25 415-420.

and D are more porous (pore vol. 0.16 ml/g) and less con-3. Simon, I., Brsan, N., Bauer, M. and Weimar, U., Micromachined metal
ductive than E and F layers (pore vol. 0.12 ml/g). Concerning oxide gas sensors: opportunities to improve sensor performaecs.
adhesion properties estimated from the cutting test, no clear Actuators B2002,73, 1-26. .
difference can be pointed out for inks C to F which present 4. Vincenz1, D., Buttur, M. A, Guidi, V., Carotta, M. ., Martinell,

. " G., Guarnieri, V.et al, Development of a low-power thick-film gas
good properties. On the contrary, as it could be expected, the sensor deposited by screen-printing onto a micromachined hotplate.
adhesion of layers A and B is quite poor. Sens. Actuators B2001,77, 95-99.

Hence, the Optimization of alkoxide ink Composition can 5. Billi, E., Viricelle, J-P., Montanaro, L. and Pijolat, C., Development of
be mainly performed in regards of the electrical conductiv- a protected gas sensor for automotive applicatiBEE Sens. J.2002,
. . 2(4), 342-348.
ity, an_d thus Of_ the porosity of the Iayers. _T_he presence of 6. Cauhaup, J. S., Lucat, C., Bayle, C., Menil, F. and Portier, J., Role
organic binder is necessary. Then, the addition of the alkoX-  of the mineral binder in the sensing properties of screen-printed layers
ide (for example, 15wt.% for ink F) improves both electrical ~ of semiconducting oxidesSens. Actuators B1988,15, 399-416.
performances and adhesion: the desired effect of the alkoxide’- Riviere, B., Viricelle, J. P. and Pijolat, C., Development of tin oxide
consisting in a better sintering of the layer due to chemical g‘:;zr'icﬁzaigigeggg;tg‘g gzclh”;;‘;gy for micro-machined gas sensor.
bonds_, and a cqnsequent '°_W9r porosity is reached. HOW'B. Montmeat, P., L’alauze,, R Viricelle, J. P., Tournier, G. and Pijolat,
ever, if the alkoxide content increases too much (for exam- ¢ model of the thickness effect of SnO2 thick film on the detection
ple, 26 wt.% for ink C), the porosity increases compared t0  properties.Sens. Actuators B004,103, 84-90.

Fig. 7. Influence of alkoxide ink compositiofgble 2 on air and CO
(300 ppm) conductances (normalized toud) at 500°C.

M., Thick film technolog$gens. Actuators ,A991,25-27
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