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ABSTRACT

Rutile-structure SnO; (cassiterite) is a wide-gap n-type semiconductor with oxygen vacancies as
bulk donors. It has many technical applications, e.g., in the fields of oxidation catalysis and
chemical sensing where its surface properties play a key role. Its ability to transduce different
gas-surface interactions to conductivity changes makes it useful in gas-sensor applications. The
gas-surface interactions, such as adsorption/desorption, removal of lattice oxygen and other
chemical reactions with a solid surface product (e.g., a possible ion exchange in the case of volatile
sulphides) form the basis for the receptor function. The removal of lattice oxygen from the
SnO4(110) surface is considered here as an example of the defect mechanism for the receptor
function. The electronic and atomic structures of the surface change with changes in the lattice
oxygen content. This leads to a surface relaxation and changes in the dipole layer at the jonic surface
in addition to changes in the Schottky barrier which is a result of the charge accumulation onto the
surface from the bulk Bloch states of the n-type semiconductor. Changes in the dipole layer and the
Schottky barrier change the work function of the semiconductor oxide and may reflect in its
electrical conductivity. Grain contacts together with electrode-ceramic interfaces play the key role
for the transducer function in the structure of a porous ceramic gas sensor, A transistor model is
described for the transducer function in the case of the adsorption/desorption mechanism and the
role of tin(II) ions at the reduced SnO;(110) surface is discussed in the case of the surface defect

mechanism.

1. Introduction

In semiconductor gas sensors, the chemical signal
is transduced through the electronic structure of the
material to measurable electrical characteristics, such
as a change in conductance. Tin dioxide, SnO,, is used
in monitoring many minor constituents of air due to its
stability up io high temperatures and environment de-
pendent surface chemistry [1]. The “oxygen chemis-
try” at the grain surfaces of the usnally porous SnO,
material is strongly dependent on the surrounding gas
atmosphere and temperature, and forms the basis for
the receptor function of the sensor [2]. It is reflected in
the easily measurable electrical conductance of the ma-
terial which is the usual way to transduce the chemical
information to an electrical signal. This transducing
property depends also on the microstructure of the
sensing material and can be very different, e.g., in
sintered thick films and in sputtered thin films, respec-
tively.

Oxide semiconductors form a group of compound
semiconductors whose specific properties of interfaces

and surfaces are widely used in today’s electronics. An
exchange of lattice oxygen with the surrounding atmo-
sphere, especially, at elevated temperatures, is a spe-
cific property of the oxide semiconductors. This is also
a property which is of central importance for the use
of semiconducting oxides as gas sensors. In many ox-
ides, the oxygen exchange leads to a surface decom-
position, already at relative low temperatures, which
usually reflects in a serious stability problem in sen-
sor applications [3]. An advantage of SnO, gas sen-
sors is their good stability to irreversible surface
changes. Tin is an element in Group IV of the Periodic
Table and appears with two different valence states
Sn** and Sn** in its compounds, such as SnO, and
Sn0, respectively. Owing to this variable valency,
specific properties relate to the lattice-oxygen ex-
change at SnQ, surfaces which are not possible at
other oxide surfaces where the cation has only a single
valence state, like in ZnO. For example, the exchange
of the lattice oxygen at SnO, surfaces is possible with-
out any contribution of conduction electrons from
the bulk material.
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The (110) erystal face of SnO; has the lowest sur-
face energy and, therefore, it is the most stable and
dominant face of the rutile-structure SnO,.The
stoichiometry of the Sn0,(110) surface is sensitive to
the processing conditions under which the surface is
prepared. Viewed perpendicular to the [110] direc-
tion, the rutile structure is built up from neutral
stacked layers of three alternating planes of (O), (2Sn +
+ 20), and (O) with the nominal ionic charges of 2—,
4+ and 2- in the surface primitive cell, respectively.
The termination of the (110) face with a neutral layer
of three planes [(0)(2Sn +20)(0)] in FIG. la is pos-
sible, since it does not leave a repeating unit with a
net dipole moment [4]. The surface terminates to
2-fold-coordinated bridging oxygen atoms. A re-
moval of the bridging oxygen atoms to form the re-
duced (110) surface in FIG. 1b is possible in the case
where the 4-fold-coordinated (from the removal of
bridging oxygens) tin ions in the surface plane reduce
to tin(II) ions which removes the repeating dipole unit
[@H(2-)2-)[EH(2-)(2-)] - from the structure
and creates a nominal dipole layer [[2+)(2-)] at the
surface. Experimentally, the (110) face can have dif-
ferent partial occupations of the bridging oxygen sites
and the surface can display p(I1x1), c(1x1), p(4x2),
p(4x1), or disordered structures [5]. COX ET AL. [6]
have described methods for producing nearly perfect
stoichiometric Sn0;(110)-1x1 surfaces.

The applications of stannic oxide in gas sensing
and as an oxidation catalyst have stimulated inten-
sive study of its surfaces both experimentally and
theoretically. The surface electronic structure has
been investigated with various spectroscopies and
surface states in the band gap were found in the case
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of reduced surfaces [6]. It was concluded that they
arise from the bridging oxygen vacancies, because
the states were absent at the stoichiometric surface.
The atomic structure at the (110) face has been in-
vestigated with LEED and also with STM, see [4]
and further references therein. Computational meth-
ods are now also at a level to give realistic results for
both atomic and electronic structures of surfaces.
Cluster models have been used to study the unrelaxed
Sn0,(110) surface computationally with the den-
sity-functional theory and local-density approximation
(DFT-LDA) [7]. The unrelaxed (110) surface was in-
vestigated with different oxygen contents [8] and
other adsorbates [9, 10]. It was found in agreement
with the experimental observations in [6] that surface
states arise in the band gap from the bridging oxygen
vacancies. However, the relaxation of the surface is
essential in explaining the surface electronic structure
and the finite-size cluster effects have to be elimi-
nated in order to obtain reliable quantitative results,
This is possible using a three-dimensional periodic
slab model [11-13].

2. Two mechanisms for the receptor
function

Two different mechanisms have been used for the
semiconductor gas seusors to describe gas-surface in-
teractions. In the adsorption/desorption mechanism
[14], the interactions restrict only to adsorbed species
and their mutual reactions while the surface defect
mechanism is based on different surface defects origi-

Polar surface: [(2+)(2-)][(2-) (4+)(2-)1[(2-)(4+)(2-)]...

St
dipole layer
FIG. 1. Perspective view of stoichiometric (a) and reduced (b) SnO,(110)-1x1 surfaces (after [12]). Nominal ionic charges in the
primitive surface cell are also shown for different atomic planes in the two uppermost layers.
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nating in the gas-surface interactions [15]. The two
phenomena may appear also simultaneously and, then,
there is a need lo combine the two mechanisms. A
schematic illustration of the two mechanisms in a band
picture is shown in FIG. 2.

Adsorption/desorption model
(rate-equation simulation)

The Sn0,(110) face is used here for the discussion
of the surface defect mechanism. An exchange of the
bridging oxygens at the surface (FIG. 1) with the sur-
rounding atmosphere is now possible without an elec-
tron transfer between the bulk and surface, since tin(II)

G~exp(-eVs/kT)
conduction band L

E
Jotm = o=t de(~ny) SXev, AE
 Ecs I’\ _______ — Ey €n Ec
J —.J) 'Jb‘_"(JE'JC) EF
(Je- Je at steady state C\'A T
Oy(gas) == 8: + ny electrons/m3
2 £ 0O 0O00DO0O0O E
T— + + + € A E
Et(OXYQE‘ﬂ)l T _\ _________ Er valence band ¥
Donors (oxygen vacancies in SnOy) Co
mobile at higher temperatures
Defecl [ —~ I A
states 8

Surface defect model
(electronic structure calculation)

FIG. 2. Schematic band drawing (left) describing some possible surface and bulk phenomena in an n-type oxide semiconductor (see
text), and a schematic picture of a grain contact (right) where oxygen ions generate a depletion layer and a Schottky surface barrier

as is sketched in the band picture above the grains.

The adsorption/desorption mechanism is based on
adsorbed oxygen ions (O, O7) on the semiconductor

surface. According to the general electronic theory of
chemisorption, this is due to discrete energy levels in-
troduced by oxygen within the band gap at the semi-
conductor surface (£, in FIG. 2). A band bending,
together with a surface Schottky barrier eV, in FIG, 2),
follow the oxygen ionosorption on the surface. The
height of this Schottky barrier is usually related to the
activation energy of conductance G in a porous ceramic
(FIG. 2) and it controls the current through the mate-
rial. A simple Scholtky relation connects the barrier
height eV; to the trapped electron density ¥, at the sur-
face in the case of a constant donor concentration N

1 2
e'N’
eV, = L
%N, (1)
where & (= gg,) is the permittivity of the

semiconductor. In the case of mobile donors, the
relation has the form [16]:

2
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where Ny is the donor concentration at the surface.
Ionosorption of oxygen and other oxidizing gases and
catalytic surface reactions between the oxygen ions
and reducing gases form the receptor function for the
adsorption/desorption mechanism.

ions at the surface can store the electrons from the
bridging oxygen vacancies. Therefore, the exchange of
the bridging oxygens with the ambient atmosphere
does not reflect in the band bending (Schottky barrier)
at the surface. On the other hand, a dipole layer
[(2+)(2-)] is formed at the reduced (110) surface (FIG. 1),
but the surface relaxation together with a high polariza-
tion of the tin(II) ions compensate, to a large extent, the
dipole layer strength at the surface [17]. The bridging
oxygen vacancies originating, e.g., in catalytic reac-
tions with reducing gases form now the basis for the re-
ceptor function on the SnQO,(110) surface. These
vacancies may also have an important effect on the ad-
sorption/desorption phenomena which means that the
two mechanisms are closely connected.

3. A transistor model for the transducer
function in the case of the
adsorption/desorption mechanism

The Schottky barrier, eV, in Egs. (1) and (2) is
very sensitive to the surface density of trapped elec-
trons N, This means that N, stays practically constant
during the adsorption/desorption phenomena and tem-
perature which is the well-known Weisz limitation
[18]. The current density J, = —eKN, in FIG. 2 (arrows
show the direction of electrons in FIG. 2) depends now
on the injection rate X of electrons from the surface
traps (oxygen ions) to the conduction band. By contin-
uing with an analogy to the bipolar transistor (J; is the
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base current density), the current density from the sur-
face to the bulk (the emitter current density from the
average flux of electrons impinging against the surface
from the bulk in FIG. 2) J, = 1/d4evyn; (similarly with
the thermionic emission current density in Schottky di-
odes), where n, is the conduction electron concentra-
tion at the surface and Vu, is the average thermal
velocity of the electrons (8 kT/mm*)* (m* is the effec-
tive mass of electrons) for the Maxwell-Boltzmann
distribution of electrons. The capture cross-section to-
gether with the unoccupied trap density at the surface
can now be used to describe the fraction, v, of the im-
pinging electrons which is captured by the surface
traps (adsorbed oxygen). At a steady state, the current
density from this capture fraction, Y./, is equal to —J;.
The rest of the electrons impinging against the surface
(the current density J;) are assumed to continue to a
neighbouring grain at a grain contact (FIG. 2) and now
the current density at the grain contact (the collector

current density) J, = (1- y)J, and the current gain:
J|_(A-y)J, _1-v
B=f=r—"—t=n—.
g v, ¥ 3)

Here, we assume, in fact, that the oxygen traps are
present also inside the contact (pressed ceramic). In the
case of no electron traps inside the grain contact, the
gain factor B = 1/y. The electron injection rate from the
surface traps to the bulk conduction band confrols the
current in a porous sample in this transistor model for
the adsorption/desorption mechanism, similarly, as the
base current controls the collector current in a bipolar
transistor. In the model, the sensor current is independ-
ent of the conduction electron concentration in the bulk
(dependence only on »;) and the temperature depend-
ence of the current follows the temperature depend-
ence of the rate constant, K, for the electron injection
from the surface traps (according to the Weisz limita-
tion &, is insensitive to temperature). It is possible to
derive expressions for 7y and K, e.g., from a
rate-equation simulation model for the Schottky bar-
rier, eV, in [19] and [20]. It is also possible to apply the
transistor model in the case of both frozen and mobile
donors [21, 22], respectively,

4, Transducing with defects at
SnO,(110) surfaces

Two different terminations, stoichiometric and re-
duced, of the Sn(0,(110) face is shown in FIG. 1. All
bridging oxygens are absent from the reduced surface,
but the surface can also have a partial occupation of
bridging oxygens between the two extreme situations
in FIG. 1. A nominal dipole layer ([(2+)(2-)] in FIG. 1)

increases at the surface with the decreasing bridging
oxygen content, since the two electrons from each
bridging oxygen vacancy are trapped in a tin(II) ion.
The strength of this dipole layer at the surface depends
on the surface relaxation (ionic polarization) and elec-
tronic polarization, especially of tin(I) ions, at the sur-
face.

4.1. Dipole layers at distorted surfaces

In an infinite (or periodically repeated by the
Born-von Karman boundary conditions) solid, the
crystal potential U™ can be expressed as a sum of con-
tributions from Wigner-Seitz cells about each lattice
point [23]:

U™@r)=> v(r-R)
; 4

where
ar’

v(r) = —e[ p(r)——

Jr-r (5)

p(r) is the total charge density from ions and electrons

and the integration is over a Wigner-Seitz cell C. From

the multipole expansion of electrostatistics for 1/|r—1’|
it is possible to obtain

v(r)=—eg—e p.:" +O(—13—J
.

r r

(6)

where 0 = J' Cp(r')dr’ is the total charge of the cell and
p= _“cr'p(r')dr’ is its total dipole moment. In a

periodic crystal, each primitive cell is neutral and 0 =0
and in a crystal with inversion symmetry also p=0. For
instance, in a cubic symmetry the quadrupole potential
(coefficient of the 1/r* term) will also vanish. If we cut
a finite crystal from an infinite crystal by a surface V
and suppose that the charge density in the Wigner-Seitz
cell about each ion remains undistorted, even in the
cells near the surface, the crystal potential [23]

U™(r)=Y v(r-R).
RinV" (7)

A schematic illustration of the situation is shown in
FIG. 3a. The work function, #;, and the electron affin-
ity, ey, are also shown for the ideal surface in the case
of an n-type semiconductor in FIG. 3a.

However, the actual charge distribution in cells
near the surface of a finite crystal differs from the
charge distribution of interior cells. The surface relax-
ation is a reason for that and, furthermore, the elec-
tronic charge distribution in surface cells need not have
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FiG. 3. Schematic description of the work function, ¥, and elec-
tron affinity, ey, for an undistorted surfuce (a) and a distorted
surface (b) of an n-lype semiconductor. p and U describe the
charge and crystal potential, respectively, in the 1-dimensional
crystal. Both electronic and ionic (relaxation) distortions arc
shown in the surface cell in (b).

the symmetry of the Bravais lattice. Such cells will
have a nonvanishing electric dipole moment and may
even yield anonvanishing net electrical surface charge.
The situation is illustrated in FIG. 3b for the case where
the distortion of the surface cells does not result in a net
macroscopic charge at the surface (no band bending at
the semiconductor surface). Within the surface layer in
which the cells are distorted (with both an ionic dis-
placement and electronic polarization in FIG. 3b), this
distortion will give rise to an electric field E against
which an amount of work Wa=eya= I eE - dz must be

performed, to move an electron through the layer, The
correct work function and electron affinity for the sur-
face are now given by W'=W;+ Wy and ey =e(y; + Ya),
respectively.

4.2. Dipole layers at Sn0,(110) faces

The ideal (non-relaxed) stoichiometric SnQ,(110)
surface, shown in FIG. 4a, is non-polar, but a removal

of the bridging oxygens from the surface will give rise
to a surface dipole layer. It is possible to represent the
distortion in the charge of surface cells as a uniform
macroscopic surface density of dipoles. When the two
electrons of each bridging oxygen vacancy are trapped
by the tin(II) ions in the (2Sn + 20) surface plane, it is
possible to express, with the density of [(2+)(2-)] di-
poles at the reduced (110) surface, the potential differ-
ence, U, over the dipole layer by the equation: I/ =2eN
<d>[g,, where N is the surface density of the tin(II) ions
(=4.7-10"® m™), <d> is the average distance between
opposite charges in the dipole and e, is the permittivity
at the surface. If the value of the atomic distance be-
tween tin(IT) and O ions is used in the case of the
non-relaxed reduced (110) surface, 0.129 nm, for <d>
and the bulk permittivity (~ 12 &) for &, (thus neglect-
ing the decrease of €, from the bulk value at the inter-
face between air and SnQ,), a value 1.81 V for the
potential difference, U, is obtained. The obtained sur-
face relaxation (ionic polarization) for the reduced
(110) surface in [24] decreases, from calculations as
above, the potential difference over the dipole layer at
the surface by about 0.6 V. In the relaxation, the oxygen in
the (2Sn + 20) surface plane of the reduced surface
(F1G. 1b) moves outwards about 0.04 nm with respect
to the tin atoms in the same plane. It was also found in
[12, 24] that the electrons from the bridging oxygen va-
cancies reduce the tin atoms below the bridging oxy-
gen vacancies at the surface plane to tin(II) ions which
have a high polarization from the Sn3s-5p hybrid
lone-pair electrons pointing outwards of the surface, as
shown in FIG. 4b. This electronic polarization of tin(II)
ions may, of course, decrease the potential difference,
U, to alarge extent. A preliminary value for the potential
difference, U, at the reduced SnQ,(110) surface from the
first-principles calculations [24] was about 0.2 V. This
means that the electron affinity and work function of
the (110) surface decrease by about 0.2 eV when the
bridging oxygen leaves the surface (eAy in FIG. 2). An
affinity decrease of about 0.2 eV was found also by CoX
ET AL. [6] from their ultraviolet photo-electron
spectroscopy (UPS) measurements upon heating an oxi-
dized (stoichiometric) SnO>(110) surface in vacuum up
to 700 K. From their ion-scattering spectroscopy
(ISS) and UPS measurements they further concluded
that the bridging oxygen disappeared from the oxi-
dized surface during heating up to about 700 K in vac-
uum. The results in [6] show also that the SnO,(110)
surface can remain reduced in air at low temperatures,
but oxidizes to the stoichiometric form during heating
up to 700 K in an atmosphere having sufficient oxygen.

4.3. Grain contacts with an interfacial layer

Grain contacts between two ceramic grains or be-
tween a ceramic grain and the electrode metal are the
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FIG. 4. Perspective view of stoichiometric SnO,(110)-1x1 surface without relaxation (a) and of reduced and relaxed SnO,(110}-1x1
surface (b) where the Sn5s-35p hybrid lone-pair electrons of tin(II) ions occupy stereochemical positions upwards of the surface.

critical points for the transducer function in porous ce-
ramic gas sensors. An illustration of the contact to-
gether with an interfacial layer between the two grains
is shown in FIG. 5. Consider first a metallic crystal
(grain B in FIG. 5) with two inequivalent faces F,, and
F,.". Their work functions ¥ and W' need not be the
same, since the contributions Wy and Wy’ (F1G. 3b)
may arise from different dipole layers at the two sur-
faces. In moving an electron from the interior Fermi
level around the loop B in FIG. 5 and back to the Fermi
level, the total work done in such a cycle must vanish,
if energy is to be conserved. This means that the two
faces of the crystal must be at different electrostatic po-
tentials ¢ and ¢ ’ (an electric field outside of the crystal
from a macroscopic charge redistribution between the
faces) satisfying the equation: —e(¢ —¢)=W - W' In
the case of a semiconductor crystal (grain 4 in FIG. 5),

the compensating amount of work for the difference
e(y -7 ") in a corresponding cycle (loop 4) needs, e.g.,
different barrier heights eV, and eV, " at the two faces F;
and F;', respectively, satisfying the equation: e(V," —
V) = e(y, —7"). However, a macroscopic charge redis-
tribution between different faces of a semiconductor
grain is also possible. Now, the sum (ey, + eV, +e¢) has
the same value for each face of the grain. Then, Eqgs. (1)
and (2) for the Schottky barrier, based on the charge
neutrality of the semiconductor surface, are no more
valid.

Next, we assume that the two grains 4 and Bin FIG. 5
are SnQ, grains separated by a Schottky barrier eV; due
to electron traps in the interfacial layer F;. A change
eAy g of the electron affinity of the (110) faces due to a
change in the amount of the bridging oxygens will
change the work function in the grains. If the electron
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FIG. 5. Schematic picture of a contact with an interfacial layer
between two crystal grains. Loops 4 and B refer to a semicon-
ductor erystal and to a metallic crystal, respectively. In the case
of loop C, grains 4 and B are semiconductor crystals and the
schematic band picture at the bottom shows for a special case a
change of bands around the contact during a change eAy 4 of the
dipole layer at the surfaces of grains 4 and B.

affinity (ey) does not change in the interfacial layer
during the affinity change of the (110) faces and there
is no charge redistribution between the faces, the bar-
rier, eV, across the layer will also change (by the
amount eAy, g in the band picture at the bottom in FIG. 5
for the special case where the change of the work func-
tion is also eAy ). However, a charge redistribution be-
tween the faces may change the picture, to a large

extent. This is a possible model for the transducer
function in the case where current is controlled through
changes in the dipole layers at the grain surfaces.

4.4. Surface conductivity

A schematic drawing of a line of tin(II) ions to-
gether with their lone-pair electrons at the reduced
Sn(04(110) surface is shown in FIG. 6a. The line corre-
sponds to a 1-dimensional crystal with the lattice con-
stant ¢ (of SnO,). There is, in fact, an essential overlap
between the wave functions of the lone-pair electrons
in the line and, therefore, their energies form a
1-dimensional band with a relative high dispersion in
the k space. According to the first-principles calcula-
tions [12, 24], the electron energies E(%) occupy theen-
ergy gap of SnO, from the top of the valence band up to
near the Fermi level in the n-type SnO-. A sketch of the
situation is shown in FIG. 6b where the band width of
3.0 eV continues from the valence band edge F, of
SnO; up and reaches the maximum at the
Brillouin-zone boundary (& = + 5/2) where E(k) is
about 0.6 eV below the conduction band edge £, (the
band gap E, = 3.6 eV in Sn0O;). The conduction band
(second band) of the 1-dimensional “crystal” in FIG. 6b
is above E. and, therefore, a possible injection of the
lone-pair electrons from the tin(IT) ions with increasing
temperature may happen to the conduction band of
SnQ,, as it is sketched in FiG. 6¢ for the case where the
crystal is in vacuum. eAy, in FIG. 6¢ shows the change

&4
Sni+
b) c) ‘
ET Lp
4_>Jj Ec(z)
Ec- accumulation 5
of electrons |
reduced Eig ;
eAy
stoichiometric Egg
i 2
Pk <
I LI
E, > b z
-b/2 0 +b/2 i P~
j¢———1. Brillouin zone ——————»] 3 distance from
b = 2n/c Y the surface

FIG. 6. a) Schematic description of a line of {in(lI) ions with the spacing ¢ and with their lone-pair clectrons at the reduced

Sn0,(110) surface, b) a sketch of the band structure of this 1-dimensional erystal in the band gap of Sn0O;, ¢) a band picture for the

case where a part of lone-pair electrons is released from tin(Il) ions to the conduction band of SnQ,. The Debye length Lp describes
the width of the electron accumulation Jayer at the surface.
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of the electron affinity between the stoichiometric and
reduced SnQ,(110) faces and the bands bend upwards
in vacuum through the accumulation of electrons at the
surface. The Debye length L is for the width of the ac-
cumulation layer. A band bending upwards from the
surface by about 0.4 eV, similarly as in FIG. 6c, was
also deduced in [25] on the basis of UPS (Hell excita-
tion) and XPS (Hel and MgK, excitations) spectra
measured from SnO, samples (see also the interesting
discussion in [25]). The possible holes at the top of the
1-dimensional band (FIG. 6b) and the 2-dimensional
electron gas at the surface (FIG. 6¢c) from a possible
electron injection from the tin(II) ions to the conduc-
tion band of SnO, may have a strong effect on the sur-
face conductivity of the SnO,(110) face at elevated
temperatures, especially in vacuum. At higher injec-
tion rates, the 1-dimensional line, with its partially
filled band in the band gap of SnO,, may change to an
electron conductor instead of the hole conductor.

In an ambient atmosphere containing oxygen,
however, the situation is very different. Now, the bands
bend downwards through the depletion of electrons at
the surface (oxygen ionosorption). The transistor
model described in the Section 3 needs a revision since
there is now an electron injection from both the oxygen
ions and tin(II) ions to the conduction band. The Weisz
limitation is no more valid and, in principle, a high in-
crease can appear in the amount of oxygen ions on the
surface. Then, the current density, J, in the model in-
creases and the gain factor, B, in Eq. (3) amplifies the
increase |AJy] to an increase AJ. = B|AJ,| of the current
density J, (the collector current density). Of course, the
rate constant, K, for the electron injection from the sur-
face traps (oxygen ions) to the conduction band may
also change with the changing amount of the bridging
oxygen vacancies. On the other hand, holes in tin(II)
ions make it possible for mobile O ions on the surface
to occupy the corresponding bridging oxygen vacan-
cies. This is a possible mechanism for the occupation
of empty bridging oxygen sites in an oxygen
athmosphere at high enough temperatures, as was
found to happen at the Sn0O,(110) surface by COX ET
AL, [6]. A high dispersion of the band of lone-pair elec-
trons in the band gap of SnO, (FIG. 6b) means that the
occupation of the empty bridging oxygen sites with the
proposed mechanism takes place over a broad temper-
ature range. An increasing occupation of the bridging
oxygen vacancies may decrease the electron injection
rate from the tin(II) ions to the conduction band which
leads to a decrease in the amount of oxygen ions on the
surface and the sensor (collector) current also de-
creases through the transistor action. This may be an
explanation for the observed conductance decrease of
different SnO; thick-film sensors in FIG. 7 during heat-
ing the sensors in dry synthetic air over the temperature
range between 290°C and 420°C [26]. The origin of the
hysteresis in the conductance values between the

— — — cooling
heating

Conductance [S]

10-10 L

-11 I | 1 1 1 ! 1 |
10 1.2 14 16 1.8 2.0 22 24 26
1000/T K]
FIG. 7. Conductance of pure, Sb- and Al-doped SnO; thick-film
samples with Au electrodes in dry synthetic air as a function of

inverse temperature, measured at a cooling and heating rate of
2.4 Kmin™ [26].

heating and cooling runs in FIG. 7 may also relate to the
bridging oxygen. During a long stay in dry synthetic air at
a low temperature, they may disappear from the
Sn0,(110) faces, but reappear again during heating in air
at high enough temperatures. The transistor model will
also be used to explain the different conductance values
between the sensors with different doping in FIG. 7.

5. Conclusions

A discussion is given for the transducer function of
porous SnQ, gas sensors in two cases where the
gas-surface interactions are based on the adsorp-
tion/desorption mechanism and on a surface defect
mechanism, respectively. A possible connection be-
tween the two receptor mechanisms is also discussed.
A transistor model with an analogy to the bipolar tran-
sistor is given for the transducer function in the case of
the adsorption/desorption mechanism. A feature of the
model is that the sensor response is insensitive to the
bulk electron concentration, since the electron injec-
tion rate from the surface traps (oxygen ions) {o the
bulk conduction band controls the sensor current, and
not vice versa.

The bridging oxygen vacancies at the SnO,(110)
face arc used as an example for the discussion of the
surface defect mechanism. A dipole layer at the (110)
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surface is a result of the removal of bridging oxygen
from the surface. However, the relaxation of the sur-
face together with a high polarization of tin(II) ions de-
crease effectively the strength of the dipole layer at the
reduced SnQ,(110) surface. Grain contacts with an in-
terfacial layer are used to describe a possible trans-
ducer function which is based on changing dipole
layers at the grain surfaces through changes in the
amount of the bridging oxygen at the (110) surfaces.
The role of the lone-pair electrons of tin(II) ions at the
surface which form a wide 1-dimensional band in the
band gap of Sn0s is also considered. A possible release
of these electrons to the conduction band of SnQO, at
higher temperatures may have remarkable effects on
the surface conductivity, especially in vacuum, and
also to the conductance behaviour and transducing
properties of SnO, gas sensors in air.
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