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Abstract: The research on solid state transducers started in the University of Oulu in the middle of the 1970s, soon after the beginning of the
research on thick-film hybrids in the Microeletronics Laboratory. Screen printing is the common technology for the fabrication of both hybrid circuits
and thick-film transducers, and has served also as a good possibility for the integration of our thick-film sensors with the necessary signal processing
electronics in the form of hybrid modules. A novel double-paste screen-printing method was also developed in our Laboratory for the fabrication
of multilayer transducer structures. Pad printing is another thick-film printing technique which offers the possibility for printing fine lines down to a
width of about 50 um. Therefore, it offers a possibility for more dense structures, especially in thick-film sensor arrays. A useful feature of the
technique is that it offers a possibility to 3-dimensional printing, which allows a printing for complicated structures.

Semiconductor gas sensors are taken here as an example of our study on thick-film transducers. Our research on semiconductor gas sensors has
continued since 1983 and during 1987-1991 we were a research partner in a EUREKA project that aimed to develop semiconductor gas sensors
for some practical applications. We have also studied the possibility of using semiconductor gas sensors for monitoring of pollutant gases in
combustion emissions and in city air. In a semiconductor gas sensor, the chemical receptor signal on the semiconductor surface is usually
transduced through the microstructure of a sintered ceramic into a resistance change of the ceramic. Therefore, different thick-film tehcniques
serve as a useful and economic way to produce these devices.

Plinski senzorji - primer razvoja debeloplastnih
pretvornikov

Kljuéne besede: elektronika, mikroelektronika, pretvorniki debeloplastni, pretvorniki polprevodniski, hibridi debeloplastni, senzorji plinov
polprevodniski, proizvodnja senzorjev

Povzetek: Z raziskavami na podro&ju pretvornikov smo na Univerzi v Oulu zageli sredi sedemdesetih let, kmalu po zadetku raziskav na podrogju
debelopiastnih hibridnih vezij v Laboratoriju za mikroelektroniko. Sitotisk je primerna tehnologija tako za izdelavo hibridnih vezij kakor za izdelavo
debeloplastnih pretvornikov in je tako ponujal moznost integracije debeloplastnih senzorjev s potrebno elektroniko za obdelavo signala v obliki
hibridnih modulov. Za veéplastne strukture pretvornikov smo v nadem laboratoriju razvili nov nacin sitotiska. Za tiskanje ozkih linij s $irino do 50
jm pa je primeren gravurni ofset tisk. To omogoca izdelavo e gostejsih struktur, kar pride v postev pri debeloplastnih senzorskih poljin. Uporabna
znadilnost tega nadina tiskanja je, da omogoéa tridimenzionalen tisk, kar posebej pride v postev pri izdelavi zapletenih struktur.

Polprevodniske plinske senzorje smo tukaj vzeli te kot primer preucevanja debeloplastnih pretvornikov. Nade raziskave polprevodniskih senzorjev
tedejo ze od leta 1983 in v letih 1987-1991 smo kot raziskovalni partner sodelovali v EUREKA projektu, katerega cilj je bil razviti polprevodniske
plinske senzorje za praktiéno uporabo. Ravno tako smo preucevali moznost uporabe polprevodnigkin plinskih senzorjev za nadzor onesnazevanja
mestnega zraka. V polprevodniskem plinskem senzorju kemijska sprememba na povrsini polprevodne keramike povzro¢i spremembo upornosti.
Na ta nadin lahko razliéne debeloplastne tehnike uporabimo za uginkovito in ekonomicéno izdelavo omenjenih elementov. .

1. INTRODUCTION gas sensitive semiconductors, the devices are also
called oxide, metal-oxide or ceramic gas sensors.

In the literature on sensors, gas sensing devices which

consist of a semiconductor between two metal elec- Semiconductor gas sensors utilize the chemical sensi-
trodes and which respond to changes in the composi- tivity of semiconductor surfaces for gas sensing appli-
tion of the surrounding atmosphere with a change in cations. A metal-oxide n-type semiconductor is the
conductance are commonly termed as semiconductor usual sensing material in these devices. The sensor
gas sensors. Sometimes they are called as homogene- detects a gas component due to a change in electrical
ous gas sensors to distinguish these devices from struc- conductance of a polycrystalline ceramic semiconduc-
tured sensors such as gas sensing diodes and field tor. For the basic understanding of a chemical sensor
effect transistors. In the case where metal oxides are the one needs to separate the receptor function which
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recognizes a chemical substance, and the transducer
function which transduces the chemical signal into an
electric output signal. In a thick-film semiconductor gas
sensor, the chemical signal on the semiconductor sur-
face is transduced through the microstructure of the
sintered semiconductor into a resistance change.
Hence, various grain contacts together with the grain
size of the ceramic microstructure are the key concepts
for the transducer function /1/. In addition, the mobility
of donors, like oxygen vacancies in oxidic semiconduc-
tors, may have strong effects on the transducing prop-
erties of the sensors /2-4/.

Although the metal oxides used as sensing materials in
semiconductor gas sensors have wide band gaps typi-
cal of insulators, they possess conductivity in the range
of semiconductors due to point defects in the crystal
structure. Semiconducting oxides are employed as gas-
sensitive resistors for monitoring changes in oxygen
partial pressure and small concentrations of impurity
gases in air. In the case of response to changes in
oxygen partial pressure at temperatures around 700 °C
and above, the materials are reflecting the equilibria
between the atmosphere and their bulk stoichiometry.
The conductance change may then reflect the bulk
conductivity effect, i.e. the change in the amount of bulk
charge carriers due to native defects related to non-
stoichiometry. An n-type binary oxide, TiOg, is the ma-
terial which is used commercially for these applications
(lambda sensors).

In the case of the second major category which is to
monitor the concentration of minor constituents of an
atmosphere (normally air), the oxygen partial pressure
remains effectively constant. For this type of application,
the sensing material is normally held at a relatively lower
temperature (below 500 °C), when some surface reac-
tions cause the conductance changes. In sensor appli-
cations, the semiconductor material is usually in the
form of a thick or thin film over a substrate containing
metal film electrodes and a heating resistor. In this
structure a high surface area to bulk ratio is achieved.

For the basic understanding of the operation of
semicnductor gas sensors, one needs to know both the
surface interaction with the active gases (receptor func-
tion) and the way to transduce it into conductance
signals (transducer function).The dissociation of the
oxide lattice (starting at the surface) occurs usually with
low oxygen pressure and/or high temperature. In the
case of sensing the oxygen partial pressure with the
butk conductivity change (lambda sensor), such a dis-
sociation reaction is the prerequisite for the sensor
operation. There is also the possibility that such a reac-
tion will occur on the semiconductor surface at lower
temperatures when “surface conductivity” changes are
used for sensing. For this case, however, the mecha-
nism most often quoted as the dominant one for detec-
tion of reducing or combustible gases in an oxygen
containing atmosphere is the adsorption/desorption
mechanism in which oxygen is preadsorbed on the
surface of the material, trapping electrons from the
conduction band, the amount of oxygen chemisorbed
being controlled by the oxygen concentration and the
amount of reducing gases in the atmosphere.
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The surface defect mechanism, provided with the crea-
tion and diffusion of oxygen vacancies in the surface
layer, is the other suggestion for the receptor function
which may also provide a better explanation for some
slow response and recovery properties of semiconduc-
tor gas sensors. The dissociation problem, whichis very
important in selection of semiconducting oxides for
sensor applications, is closely related to slow and irre-
versible changes in the conductance of the sensor and
limits even some of the most desirable oxides, such as
Zn0O, in their temperature range of application /5/. Re-
moval of lattice oxygen by a chemical reaction on the
oxide surface (CO or hydrocarbons, for example) is
another source for the surface defect mechanism. Tin
dioxide, SnOg2, has resistant surfaces against irre-
versible decomposition up to 500 °C and, therefore, it
is the usual material in commercial sensors.

2. THICK FILM PRINTING TECHNIQUES
2.1 Screen printing and sensor integration

Thick-film technology based on screen printing serves
as an economic way to produce sintered SnO2 sensors
with a high surface area to bulk ratio. The simple struc-
ture of a thick-film sensor is shown in Fig. 1(a). A planar
ceramic alumina acts as the substrate for the thick-film
sensor. Laser machining is used for scoring and drilling
the alumina. Both the metal electrode (normally Au) and
the SnOz2 layer over the electrode, are made by screen
printing on the substrate which has a thick-film Pt heat-
ing resistor {around 10 Q) printed on the reverse side of
the substrate.

The gas-sensitive layer is prepared by making the semi-
conductor powder in the form of a paste suitable for
screen printing. Commercial SnO2 powders of high
purity and decomposable salts of tin, such as
SnCla.5H20 and SnSO2, have been used in paste mak-
ing for SnO2 sensors. In the case when the chloride was
used, different conductivity levels were obtained by
adding Al or Sb in chloride form to the solution from
which tin hydroxide was precipitated and the oxide
formed in a calcination step. A surface binder, such as
silica, is usually added to the mixture which is formed
into the paste. The binder may have a strong effect on
the characteristics of the sensor.

There are many procedures to introduce catalysts into
the SnO2 powders used to make thick-film layers. One
way is to modify the SnO2 powder with the catalyst,
screen print the layer, and then sinter. Agglomeration of
the metal particles into small isles results from this
technique.

Screen printing is the common technology for the fab-
rication of hybrid circuits in addition to thick-film
transducers, which has served as a good possibility for
the integration of thick-film sensors with the necessary
signal processing electronics in the form of a hybrid
module. An integration of SnO2 gas sensor into a
screen-printed hybrid module is shown in Fig.1(b). Be-
cause of the heating of the sensor up to elevated tem-
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Figure 1: (a) Cross section of an SnOz thick-film sensor together with a Pi-heating resistor on the reverse side of an
alumina substrate (6x8 mm?2). (b) An integration of a thick-film SnOz gas sensor (3x3 mm?2) with a
signal-processing hybrid circuit into a screen-printed hybrid module.

peratures, it is connected to the hybrid circuit only with
narrow (about 1 mm) alumina-substrate bridges con-
taining electrodes both for sensing and for the Pt heat-
ing resitor on the reverse side. Conductance response
is changed to a voltage output by the module.

2.2 Pad printing of one-electrode gas sensors

Standard thick-film technology based on screen print-
ing is practicable for many sensor applications, but has
also some limitations compared with thin-film tech-
niques. The narrowest line widths obtained by standard
screen printing are about 100 um and this has some
limitations for sensor applications. Pad printing or gra-
vure-offset printing is a novel thick-film printing tech-
nique which offers the possibility of printing conductor
lines down to a width of 50 um /6/. The principle of
gravure-offset printing is describedin Fig. 2. The desired
pattern which is etched in a gravure plate is first flooded

blade g printing ink silicon rubber pad

Fig. 2: Description of the principle of pad printing or
gravure-offset printing.

with ink and then scraped clean so that ink remains only
in the engraved pattern. Subsequently, the pattern is
picked up and transferred from the plate by a flexible
silicone rubber pad when it is pressed against the
substrate. In order to get a good print, it is necessary to
optimise all the parameters of the printing process.
Typically the depth of the engraved pattern in the plate
after etching is 15-25 um. The smoothness of the sub-
strate surface has a considerable effect on the quality
of printing trace, but generally all thick-film substrates
can be used. A useful feature of gravure-offset printing
is that the technique offers a possibility of 3-D printing,
which allows the printing of very complicated structures.

One-electrode semiconductor gas sensors are taken
here as an example of the use of pad printing in sensor
fabrication. In a typical sensor construction, the sensing
semiconductor is between two metal (Au or Pt) elec-
trodes and a third metal electrode, usually platinum, is
used for the heating of the sensor device (Fig.1). Inthe
one-eletrode construction /6/, a thin platinum-wire (¢ =
20 um) spiral is embedded inside a sintered oxide-semi-
conductor buttom. Figure 3(a) shows a construction of
the one-electrode sensor /6/. The one-electrode spiral
acts both as the heating resistor and measuring elec-
trode, and the sensor works under a stabilized constant
current feed. The function of the one-electrode sensor
is based on shunting of the heating resistor as a result
of a gas interaction with the oxide semiconductor. The
equivalent circuit in Fig. 3(b) describes the operation of
the sensor. At the gas exposure, the sensor response
is obtained as a voltage change AVm. In the case of a
reducing gas like CO with an n-type semiconductor, a
decrease of the overall resistance R (parallel resistance
of the Pt resistor Ry and oxide-semiconductor shunt
resistor Rs), decreases the heating power RIZ (with a
constant current [) and the operation temperature of the
Sensor.
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(a) Structure of a bulk-type one-electrode semiconductor gas sensor where a thin Pt-wire spiral is embedded

inside a sintered oxide-semiconductor buttom. (b) Equivalent circuit for the operation of the one-electrode
semiconductor gas sensor. Ry and Rs are the Pt-heating resistor and shunting-semiconductor resistor,

respectively.

Both screen printing and pad printing were used in the
fabrication of our one-electrode thick-film sensors to
print Pt thick-film resistors over alumina substrates. The
structure of these two sensor types with screen-printed
(Itype) and pad-printed (ll-type) Pt resistors are shown
in Figs. 4(a) and 4(b), respectively. Screen printing is
used for the printing of the sensing SnOz thick film over
the Pt resistor in both sensor types.

The practical limit for the minimum line width in screen
printing is currently about 100 um. This makes possible
to print Pt resistors with resistance only up to few tgns
of ohms over a small substrate area (about 5x5 mm”™ or
less) of the sensor. The shunting semiconductor thick-
film resistor should have a resistance value of the same
order with that of the Pt resistor at the operation tem-
perature. That means, in the case of screen-printed Pt
resistors, a heavy doping of the sensing oxide, e.g.,
SnO2 with a group V element such as Sh. However, the
heavy doping may change the sensing propeities of the

Pt-resistor
thick film

SnOz-based
thick film

a)

Fig. 4:

oxide film and impair the performance of the sensor.
Therefore, an increase of the resistance of the Pt thick-
film resistor is of great practical importance for the
fabrication of our sensor protolype. '

Pad printing offers possibilities for fine-line printing
which makes possible to increase substantially the re-
sistance of the Pt resistors. Sinterable Pt pastes for the
resistor printing were modified by adding an appropri-
ate mixture of organic binder and solvents to make the
viscosity suitable for pad printing. Typically, the thick-
ness of the fired conductors printed by gravure-offset
technique ranges from 1 to 3 um depending on the
properties of the paste and the depth of engraving on
the printing plate. The line width of the Pt resistor in Fig.
4(b) was possible to press down to about 50 um. Then,
pad printing made possible to produce Pt thick-film
resistors with resistance up to kQ and avoid the heavy
doping of the sensing SnO2 films with donors.

b) Pt-resistor
thick film

Sn02~based
thick film

X

anpnnnn

AIZO3 substrate

Structure of thick-film one-electrode semiconductor gas sensors with a) screen-printed (I-type) and b)

pad-printed (Il-type) Pt thick-film resistors on alumina substrate. The SnO2 sensing layer over the Pt resistor
is screen printed in both sensor types. The substrate areas were 6x8 mm? and 5x5 mm?2 with the line width
of Pt resistors of about 100 and 60 um, respectively, for I-type and fl-type sensors /6.
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The response of two one-electrode thick-film sensors
with the same Ag-doped SnO2 sensing layer to different
amounts of H2S (1,2,3, and 4 ppm) in dry synthetic air
is shown as a function of time in Figs. 5(a) and 5(b),
respectively, for sensors with screeen-printed (I-type)
and pad-printed (ll-type) Pt-heating resistors. Heating
powers were adjusted in pure synthetic air to corre-
spond the operation temperature of 450°C for both
sensors. The sensor with the pad-printed Pt resistor
(I-type) is sensitive to HaS from 1 ppm level up, but the
sensor with screen-printed Pt resistor (-type) is not at
all suitable for H2S sensing in the low ppm range. The
low resistance of the screen-printed Pt resistor as com-
pared with that of the shunting SnO2 layer is the reason
for that behaviour. In the case of the li-type sensor in
Fig. 5(b), the Pt-resistor resistance is comparable with
the shunting resistance.
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Fig. 5: Voltage response of (a) a l-type and (b) ll-type

sensor with Ag-doped SnOz sensing layer to
1, 2, 3 and 4 ppm of H2S in dry synthetic air.

3. CONDUCTANCE OF SINTERED SnO2
THICK FILMS

it is well known that negative charges accumulate on
the surface of n-type semiconductor materials like SnO2
in oxygen-containing atmospheres. According to the
general electronic theory of chemisorption this is due to
discrete energy levels introduced by oxygen within the
band gap. This negative charge generates a depletion
layer and a Schottky potential energy barrier on the
semiconductor surface which has a very pronounced
effect on the electrical conductivity if the material is in
the form of porous ceramics, as in the case of SnOz thick
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films. The vibrating capacitor (Kelvin probe) seems to
be a useful tool for measuring work-function changes
also over the surface of thick-film samples /7/. Resuit of
simultaneous response of work function and resistivity
of some SnO2 based thick-film samples to Mo at three
different temperatures of 420, 500 and 620 K /7/ support
the Schottky barrier model for the conductance re-
sponse. The depletion mode seems to prevail on SN0z
surfaces in the presence of small Hz concentrations in
air, although in the UHV (ultra high vacuum) case,
ionized surface donors, e.g., adsorbed hydrogen atoms
or oxygen vacancies may turn the surface to the accu-
mulation mode /8/. In the case of surface depletion, the
work function eVk of an n-type semiconductor increases
by the amount of the Schottky barrier eVs, as is sketched
in Fig. 6(a). A decrease of the negative surface charge

vacum - g ————— =~ = AT—~ [
[ -
teve affinity ex eVie = work function (air)
(s eAVK {with H,)
Schottky barrier evgl -t Ec
(air}) [ Je
Rimime o —om o £ (with Hy)
By (air)
s T
o
M, z . j+ | neutral
(H,5) 0 e
0] + +é
, p——si depletion region (air)
d) w—s  deplefion region (with H,)

conduction band

Ey

valence band

b)

Fig. 6: (a) lllustration of the effect of negative surface
charge (oxygen ions) and the Schottky barrier
eVs on the work function eVk on the surface
of an n-type semiconductor. (b) Schematic
picture of the contact between two semicon-
ducting oxide particles where the negative
surface charge due to jonosorbed oxygen
species generates a depletion layer and a
Schottky barrier, as is sketched in the upper

band diagram.
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(adsorption/desorption mechanism) as a consequence
of catalytic reactions, e.g., Hz in the figure, also de-
creases the work function (by eAVk in Fig. 6(a)). A
change of the work function may origin also from the
surface defect mechanism, since a release of lattice
oxygen by a reducing agent such as CO at the surface
may create a dipole layer at the ionic surface.

A schematic picture of the contact between two semi-
conducting oxide particles in sintered thick films is
shown in Fig. 6(b) where the negative surface charge
due to ionosorbed oxygen species generates a deple-
tion layer and a Schottky potential energy barrier eVs as
is sketched in the upper band diagram in the figure. An
energy level Et introduced by oxygen within the band
gap, near the Fermilevel Er in the surface region, is also
shown in Fig. 6(b), although there are, of course, differ-
ent levels related to different oxygen species (02", O).
Reducing agents such as Hz (or CO) in the ambient
remove the negative charge from the surface by cata-
lytic oxidation reactions (adsorption/desorption model)
which have the effect to decrease the Schottky barrier
eVs and increase the conductance of the sample.

The Schottky barriers at intergranular contacts in sin-
tered samples (Fig. 6(b)) dominate the resistance, since
the electrons must overcome a substantial energy bar-
rier eVs in order to cross from one grain to another. In a
compressed powder pellet, at least, the same constant
surface barrier eVs (Fig. 6(a)) may be assumed to exist
on both sides of the intergranular contact in Fig. 6(b)
and, as a first approximation, the conductance G at a
temperature T may be described by the equation

G = Go exp(-eVs/kT) (1)

where Go may be considered as a factor which includes
the bulk intragranular conductivity and geometrical ef-
fects. In order that the form of egn. (1) is valid, the
voltage drop at each intergranular contact must be less
than kT/e so that the voltage dependence of the current
is ohmic.
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Conductance of pure, Sh- and Al-doped
SnOzq thick-film samples with Au electrodes in
dry synthetic air as a function of inverse tem-
perature, measured at a cooling (- - -) and
heating (——) rate of 2.4 Kmin™ /9/.

Fig. 7:

Figure 7 shows measured conductance values of pure,
Sd-doped and Al-doped SnOz thick-film samples in dry
synthetic air (humidity few ppm) between 100 and
550°C during heating and cooling with a rate of 2.4
Kmin'/9/. The Arrhenius plots with the irreversible con-
ductance behaviour in Fig. 7 are very characteristic for
sintered SnO2 samples in dry ambient atmosphere.
During heating, the conductance of all the four samples
with very different surface concentration of electrons
turn to decrease at exactly the same temperature of
280°C.

P T 150 ~—= 350 °C

RH = 36%
400
TIME(s)

600 800

(a) Conductance with time of two SnOz thick-film sensors in synthetic air after introduction of 5 ppm of H2S

at time zero on equilibrium surfaces at 150°C (- - -) and on non-equilibrium surfaces rapidly cooled from 400
to 150°C (——)/10/. (b) Conductance response of an SnO2 thick-film sensor in the temperature-pulsed mode
between 150 and 350°C to 0, 0.5, 1, 2, 4 and 10 ppm of H2S in air with r.h. of 36 %.
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Therefore, the behaviour origins from structural surface
changes which naturally relate to the lattice-oxygen
balance at ionic oxide surfaces. A clear understanding
of the unusual sigmoid variation of conductance with
inverse temperature were very desirable, since some
“sensitization” of sensors seems to relate to this phe-
nomenon. After a rapid cooling from temperatures
above the downward deflection temperature (280°C),
sensors are usually much more sensitive at low tem-
peratures. Fig. 8(a) shows conductance response of
two SnO2 thick-film sensors in dry air after introduction
of 5 ppm of H2S at time zero on equilibrium surfaces at
150°C and on non-equilibrium surfaces rapidly cooled
from 400 to 150°C /10/. In the case of equilibrium sur-
faces, the sensors were allowed to remain at 150°C for
two days before the measurements, while in the case of
non-equilibrium surfaces, temperature of the sensors
was raised to 400°C and they were allowed to remain at
this temperature for about 20 h. This makes possible a
temperature-pulsed mode of sensor operation (Fig.
8(b)) /11/.

4. COMPUTATIONAL APPROACH FOR
CHEMICAL SURFACE ACTIVITY

A model approach for the chemical response of a semi-
conductor surface is based (1) on a possible ionic
response of the semiconductor bulk on changing inter-
nal electric fields, (2) on rate equations to describe
electron transfer processes between the semiconduc-
tor- bulk Bloch states and surface adsorbates, and (3)
on localized electron interactions at the surface. High-
speed computers of today make possible to attack to
all these three prerequisities for a proper dynamical
treatment of the chemical surface activity /12/. At ele-
vated temperatures, the grains in a ceramic semicon-
ductor may behave as a solid electrolyte where dopant
distributions inside the grains change with changing
electrical potentials. Now, the electrical potential inside
a grain is a solution of the Poisson-Boltzmann equation
for which a computational approach is necessary, e.g.,
in the spherical grain geometry. It was found /13/ very
large differences in the potential distribution inside a
grain between the two cases with frozen and mobile
donors, respectively. Expressions which are similar to
those for the generation-recombination processes in
semiconductors (Shockley-Hall-Read theory) can be
used to describe the variation of electron transfer rates
versus surface potential for MOS diodes. In our simula-
tion procedure for electron transfer rates between the
bulk Bloch states and surface adsorbates, we have
adopted similar expressions to describe electron cap-
ture rates from the bulk conduction band, e.g., to oxy-
gen surface species /14/.

A computational approach for localized electron inter-
actions at the semiconductor surface is described here.
A surface structure and adsorbates on the surface can
be modeled either with a cluster, a chunk of surface, or
a slab model, an infinite periodic system with a unit cell
describing the surface structure of interest. Cluster
models, which are often most convenient to describe
localized structures and phenomena ignore the peri-
odicity, and thus, yield a molecular electronic structure
with discrete one-electron levels. If the band structure
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of the continuum levels at the surface is essential, one
has to invoke the slab models and intrinsically pericdic
methods.

The case chosen to present here is stannic oxide SnOz2
and its (110) surface to illustrate some basic aspects of
the gas-sensor surface phenomena. SnOz is one of the
most applied material and the stable (110) face is its
nonpolar surface that can be studied even in its bulk
derived geometry without relaxation. Nitrogen oxide
(NO molecule) is taken as an example of the adsorbate
and chromium (Cr atoms) as an example of an impurity
used to dope the SnO2 semiconductor. The adsorption
and doping effects can be examined as local phenom-
ena to the extent where a cluster model in Fig. 9 is
adequate /15/.

For such a large cluster the density functional method
with the local density approximation (LDA) is the
method of choice, if an ab initio level approach is de-
sired. There are a collection of good commercial soft-
ware, of which we have mostly been using DMol and
DSolid from Biosym, but also academic codes have
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Fig. 9: Geometry of an Sneg071Cra cluster (in Coy
symmetry) modeling the (110)-1x1 surface of
SnO». Cr atoms as dopants substitute some
of the Sn at 1,65 (and its Cov symmetry site)
and 88 sites, and a NO molecule is placed as
an adsorbate on a probable surface site. The
bridge oxygen sites on the surface are as-
sumed to be occupied in usual conditions.
The calculated “molecular” one-electron level
structure (without the adsorbate) at the “band-
gap” region is shown below. Part of the popu-
lation analysis (the strongest atornic orbital
component of each level) is also showrn [15/.
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been employed for more specific purposes. Very briefly,
these SCF ab initio methods are based on the linear-
combination-of-atomic-orbitals (LCAO) theory and ba-
sis functions in numerical form from atomic and ionic
calculations.

The band gap of bulk SnO2is about 3.6 eV, and roughly,
the valence band maximum is created from 2p levels of
oxygen and the conduction band minimum from 5s
levels of tin. There are some surface states (levels) in
the band gap, of which many are related to the missing
bridge oxygen atoms. There are also gap levels arising
from the finite size effect of our small cluster, i.e., there
is more surface than only the intended (110) surface. All
this can be nicely seen in the level map in Fig. 9.
Chromium impurities in SnO2 have a strong effect on
the electrical properties both in the bulk and at the
surface. It is a consequence of Cr 3d levels, which
emerge in the band gap. The bulk impurities cause the
deep levels near the valence band and the surface
impurities create levels in the middle part of the gap.
Both of these level types behave as conduction electron
tfraps in an n-type SnO2 semiconductor. This explains,
for example, why Cr impurities have so strong effect on
the conductivity of polycrystalline SnO2 film.

Chromium impurities in SnO2 have a strong effect on
the catalytic properties, too. It seems that the high
reactivity of Cr ions at the surface is responsible for the
enhanced adsorption and dissociation of NO. We can
start the analysis from the one-electron orbitals of the
NO molecule, shown in Fig. 10.

The bond in the NO is formed by the fully occupied
bonding 1n and 5¢ orbitals and weakened by one
electron in the antibonding 2z* level. Thus, the bond is
something between the triple bond of N2 and double
bond of O2. Further occupation of antibonding levels
would weaken the bond, and in fact, dissociation of free
NO implies degeneration of the 1z, 50, 2r* and 6c*

BE(SnO,Cr-cluster): 3344 eV [eV]
BE(SnO,Cr-cluster+NO): 341.0eV 15
200 0 i
— — Cr3dx Eg%3.9cV“ 4
B OG- B ~CBS“OZ __
- Cryg,
Cr3dx7_ y -6
—T/Cr,) 777 ¥YB
~ ~VBsuo, |8
—-10
——— ]
50 —1-12
N m ame 3 -1
In S —. e

NO-molecule Cluster with NO-adsorbate

SnO,Cr-cluster

Calculated one-electron levels of free NO
molecule and the SnOx-Cr cluster with and
without the NO adsorbate. Only the levels
originating from NO or Cr are shown explicitly
/15/.

Fig. 10:
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levels to the atomic 2p levels, thus decreasing (increas-
ing) the occupation of bonding (antibonding) levels.
This is also the mechanism of the NO dissociation on
the Cr activated SnO2 surface, though energetically
much more favorable than the dissociation of free NO.
InFig. 10itis seen how NO 1, 50, 2r* orbitals hybridize
with the Cr 3d levels leading to slightly decreased
occupation of bonding and strongly increased occupa-
tion of antibonding molecular orbitals. This is actually
the conventional picture of transient formation of an NO"
ion with increased occupation of 2r* in catalytic reduc-
tion of NO.

Surface relaxation and even reconstructions are known
to be large for some compound semiconductor sur-
faces. Usually they are also essential in tuning the
catalytic activity through adjusting the polarity and dan-
gling bonds and oher factors in the surface density of
states. Inthe present case removal or adding the bridg-
ing oxygen atoms in Fig. 9, change the surface relaxa-
tion considerably. For instance, we want to establish the
role of the bridging oxygen atoms in the irreversible
conductance behaviour of different doped SnO2 sam-
ples in Fig. 7. In the case of CO exposure, for instance,
conductance changes ofthe samples in Fig. 7 foliow the
exposure only at temperatures above 280 °C, and now
the structural surface changes have also a close relation
to the catalytic properties of the surfaces.

Though static geometries give certain understanding of
surface processes in the long run with increasing com-
putational resources it will be possible to study more
dynamical aspects at the ab initio level. This could be
done by ab initio molecular dynamics or through evalu-
ation of potential energy hypersurfaces, for example
/16/.

5. AN EXAMPLE OF H2S MONITORING AS
AN AIR POLLUTANT

An important application of gas sensors is for the meas-
urement of air pollutants, concentrations of which are
usually in the low ppb range. To obtain good sensitivity
and selectivity to a certain polluting gas with semicon-
ductor gas sensors is not very straightforward at the
moment. We have used some Ag-doped SnOg sensors
to monitor the H2S concentration as a polluting agent in
the atmosphere of the city Oulu /11, 17, 18/. A sensor
array construction consisting of few Sn0O2 sensors has
been installed at the city air-poliution monitoring station
where HaS and SO2 cencentrations are being simulta-
neously recorded by commercial analysing equipment
based on coulometric titration together with the conduc-
tance signals from the semiconductor gas-sensor array.

The southern part of the city Oulu was an ideal place for
such a test. The schematic location of the city monitor-
ing station (centre of the circle) is shown in Fig. 11
together with the city map and the distribution of wind
directions in the city area. The most probable sources
for polluting gases have also been marked on the city
map. There are three concentrated sources of air pollu-
tion between the West North West (WNW) and the North
North East (NNE) while the other directions are clean.
The wind has about 40 % probability of blowing from the
directions between WNW and NNE.
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The recorder trace of a mV recorder was used to de-
scribe the conductance response of the SnOz sensors
together with the H2S and SOz outputs from the com-
mercial analysers. The SnO2 sensors, differently doped
with Ag and mixed with Al203, were running at a con-
stant temperature of 250°C during the monitoring. A
recorder trace covering a day interval from the city
station is shown in Figs. 2(a) and (b). The time period
in Fig. 12(a) covers 24 h starting at 4.00 am (16 th
December, 1990). During that time the wind turned from
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(PEATOL) '\
NNW NNE
2% 4%
NW s L N

CELLULOSE
FACTORY {bkm)

1% W

Fig. 11:  Location of a pollution monitoring station
(centre of the circle) shown on the city map
of Oulu, Finland. The distribution of wind di-
rections and three main polluting sources are
also shown [17/.
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Fig. 12:

W to SSE, passing through the directions of the three
main air-polluting sources in the city (a cellulose factory
in WNW, the city heat power plant in NNW and a
chemical factory in NNE). Half-hour average values of
H2S pollution in ug/m?3, available in a printed form from
the station, are also shown around each hour in
Fig.12(a). The relation 1 ppb = 1.35 ug/m? holds for HaS
in atmospheric air around 20°C. The highest H2S poliu-
tion peak (106 ug/m?) appeared around 5.00 am from
the csllulose factory. Between 2.00 pm and 11.00 pm,
the origin of the H2S pollution was the chemical factory
and the half-hour average values of the H2S pollution
increased up to 8 ug/m°. As is shown in Fig. 12(a), all
the three SnO2-based sensors are very sensitive to Ha5
pollution. They also show conductance peaks between
8.00 am and 12.00 am when the wind blew from the
direction (NNW) of the city heat power plant and the
commercial analyser showed zero HzS pollution. The
same situation appears also in Fig. 12{(b), where the
wind stayed in clear directions all day and the readings
from the commercial H2S analyser were zero. In spite
ofthat, the semiconductor sensors show some conduc-
tance peaks, especially around midday. It seems that
the sensors are sensitive to HaS poliution even in the
sub-ppb range.

6. SUMMARY

Semiconductor gas sensors are discussed as an exam-
ple of research with different thick-film transducers in the
Microelectronics and Material Physics Laboratories of
the University of Oulu, Finland. The use of different
thick-film printing techniques in the fabrication of semi-
conductor gas sensors is also described. An example
is given of the use of the common screen-printing
technology for the integration of a semiconductor thick-
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(a) Recorder trace of 16th December, 1990 (starting 4.00 am) from the city air-monitoring station. Curves

numbered 1 to 3 show the conductance response of the three differently doped SnO2 + (Ag + Al203)
sensors together with the outputs of the commercial H2S and SOz analyser. The time scale increases from
right to left and the wind directions, together with the half-hour average concentrations of H2S, are shown
at the top /11/. (b) Recorder trace of 17th December, 1990 from the city station with the same symbols as
in (a). The wind was in clean directions between SE and SW all the time [11].
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film gas sensor with a hybrid circuit for signal process-
ing. Semiconductor gas sensors in the form of the
one-electrode construction are used to describe the
possibilities of pad printing in the fabrication of thick-film
transducers. Conductance response of semiconductor
thick-film gas sensors to different ambient atmospheres
is also discussed and a computational approach for the
chemical activity of semiconductor surfaces is de-
scribed. HoS monitoring as an air pollutant in city air is
taken as an example of the application of semiconduc-
tor gas sensors.
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