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Abstract
This paper investigates the effect of water vapour in CO sensing by using
Pd doped SnO2 sensors realized in thick film technology as an example of
the basic understanding of sensing mechanisms applied to sensors. The
results of phenomenological and spectroscopic measurement techniques, all
of them obtained under working conditions for sensors, were combined with
modelling in order to derive conclusions able to be generalized to the field
of metal oxide based gas sensors. The techniques employed were: dc
conductance, ac impedance spectroscopy, work function (by using the Kelvin
probe method), catalytic conversion and diffuse reflectance infrared Fourier
transform measurements. The most important conclusion is that the different
parts of the sensor (sensing layer, electrodes, substrate) are all influencing the
gas detection and their role has to be taken into consideration when one attempts
to understand how a sensor works.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

This contribution uses mainly results obtained in the last few years by the Gas Sensor Group
at the University of Tübingen in an attempt to understand metal oxide based gas sensors. The
reason for starting this work was the finding that a fractal knowledge is the result of research
and development in this field. Accordingly, the aim was to put together a research approach
that results in a coherent picture integrating both a basic understanding and sensor application
aspects. The approach/research program was first outlined in [1]. Its rationale is presented in
the following:

• Assessment of the state of the art by a literature survey and selection of an appropriate
metal oxide system. The candidate used for this is SnO2.
SnO2 is a wide bandgap n-type semiconductor, its conduction type being related to the
intrinsic oxygen vacancies. Gas sensors based on this material are extensively used in the
detection of toxic gases. Their advantages, such as low cost and high sensitivity, make
them very attractive, whereas their disadvantages, such as lack of selectivity and the strong
interfering effect of water vapour, still hinder their use as measuring devices.

• Definition of objectives for the next steps:

∗ What are the relevant parameters to be focused on?
+ Identification of relevant problems, e.g. CO in the presence of humidity.
+ Typical 3S parameters (stability, sensitivity, selectivity) as a basis for

benchmarking.
∗ What are the experimental and boundary conditions?

+ Measure as much as possible in real world conditions and on real world samples.
This will lead to measurements performed under gas atmospheres provided by
gas mixing stations. Most of the measurements are electrical measurements and
optical spectroscopy. For material characterization tasks UHV techniques were
also used.

• Preparation of appropriate samples according to the following criteria:

∗ ‘Simple’ preparation of sensitive material, which avoids additives (where the additive
role is not quite understood).

∗ Very sensitive samples to get sufficient ‘effect’ (good signal to noise ratio).
∗ Optimized substrate (materials).
∗ Solid experimental basis: high throughput reproducible preparation method, which

ensures a high sample to sample reproducibility and consequently allows for testing
of devices in totally different experimental rigs in different laboratories over a long
period.
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• Extensive testing for selection of appropriate combinations of samples and relevant
parameters. Anticipating a little bit, the main conclusions were:

∗ The home-made SnO2-based sensors live up to the standards of commercial SnO2-
based sensors. In particular, the ones doped with 0.2 wt% Pd showed excellent
sensitivity for CO detection and remarkable long-term stability and have been chosen
for the following basic studies.

∗ CO detection is especially influenced by the presence of humidity. Consequently, the
water–CO combination was used as a model system.

• Selection of complementary experimental techniques appropriate to the above mentioned
research approach.

∗ DC resistance measurements are the ‘normal’ way for sensor measurements and allow
for the screening of a large number of sensors.

∗ AC impedance spectroscopy as a technique which is applied in normal operation
conditions. AC impedance spectroscopy provides knowledge on the different
contributions (surface, bulk, contact) to gas sensing.

∗ Work function change measurements by the Kelvin method are also performed
in normal operation conditions. They additionally provide insight about surface
reactions where free charge carriers are not involved.

∗ Catalytic conversion measurements in normal operation conditions give additional
information about the gas sensing reaction paths.

∗ Infrared spectroscopy, and especially DRIFT measurements, are allowing (in
principle) the identification of the surface species involved in the sensing process
in normal operation conditions. It is one of the few spectroscopic techniques which
can be applied in normal operation conditions.

• Development of the necessary tools for the interpretation of the experimental findings;
the modelling should start from elementary steps governing those surface–molecule
interactions which lead to charge transfer (adsorption, reaction, desorption, etc) and then
show how these steps are linked with the macroscopic parameters describing the sensor
response.

• Application of the interpretation tools to precisely planned experimental model systems.

Most of the experimental techniques were used in the past for studying gas sensors [2–13].
However, they were never combined and applied to the same samples/sensors and their results
never integrated into a complete modelling of gas sensing.

Partly, the experimental results and the modelling tools are already published [14–18]
or submitted for publication [19, 20]. Nevertheless, the general picture became clearer just
recently and it was not reported up to now. In the following, the approach is demonstrated in
a step by step manner.

2. Experimental details

2.1. Sample preparation

The sensing material is based on a nanocrystalline tin oxide powder. As a starting point,
Sn(OH)4 is precipitated by adding ammonia to an aqueous solution of tin chloride. After
a washing step, the precipitate is calcined at 450 ◦C for 8 h. The surface doping (0.2 wt%
Pd) of the final sensing material is realized by powder impregnation using the corresponding
metal chloride. An additional heat treatment (450 ◦C for 1 h) reduces the metal chloride to
metallic Pd and removes the chlorine. Afterwards, the powder is mixed with an appropriate
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Figure 1. SEM pictures of the SnO2 sensing layer.

Interdigitated Electrodes

Sensitive Layer (SnO2)

Platinum Heater

25.4 mm

4.2 mm

Tin dioxidePt Electrodes

Pt Heater

0.7 mm

 50 µm

5 µm

5µm

Top View

Bottom View

Side View

Cross Section

Alumina
Substrate

3.5 mm

7 mm

Figure 2. Layout of the planar alumina substrate with Pt electrodes and Pt heater. The SnO2 layer
is printed on top of the interdigitated electrodes. The heater on the back keeps the sensor at the
operational temperature.

mixture of solvents (mainly propandiol) until a homogeneous, printable paste is obtained. The
paste is afterwards transferred onto an planar alumina substrate by an automatic screen printer
(EKRA Microtronic II). The front side of the alumina substrate is provided with interdigitated
electrodes onto which the paste is deposited. The Pt heater on the backside of the substrate
enables the operation of the sensor at a well-controlled temperature. The final annealing
(700 ◦C for 10 min) removes the solvent and binds the sensing layer to the substrate. Figure 1
shows a SEM picture of the resulting sensing layer. Figure 2 shows a schematic of the sensors
used in this work. A complete microstructural characterization of the sensing material is given
in [21]. A presentation of the gas sensing performance and the long-term behaviour of the
sensors is given, for example, in [22].
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2.2. DC measurements

The typical measurement technique for metal oxide sensors is the measurement of conductance
or resistance. In this work dc measurements were performed by using electronic circuitry
which ensures a constant voltage drop over the sensing layer. With such a technique, a defined
polarization and a known and constant measurement potential, were ensured. In this way,
effects of the possible influence of the measuring potential, like the ones already reported for
very similar samples, were avoided [23]. The measuring potential was adjusted in a range in
which its influence on the measurement is minimal.

2.3. Catalytic conversion measurements

The catalytic conversion of CO to CO2 during the gas sensing with SnO2-based sensors was
monitored by using a combination of liquid amperometric CO sensors (EC) and IR CO2 sensors
(for details, see [17]). The gas mixtures produced by a gas flow system were successively
delivered to: first to the EC and then to the sensors and, afterwards, first to the sensors and
then to the EC. The differences in the signal of the EC were used to calculate the amount of
CO catalytically converted to CO2 and the IR CO2 sensor was used as an additional checking
method. The absence of any other reaction products was previously checked by a FTIR
spectrometer.

2.4. Work function change measurements

The technique used here for measuring differences in work functions is the well established
Kelvin oscillator method [24, 25]. In our case, the Kelvin oscillator consists of a metallic grid
in electrical contact with the sample, which oscillates at a mean distance d over the sample.
Due to the electrical contact, a contact potential VC , which is equal to the difference in work
function of the two materials ��, occurs. This results in an electrical field between the two
plates of the capacitor, the sample and the grid. Changes in distance due to the oscillation
result in changes of the capacity C and therefore in a current i(t) according to

C(t) = εε0 A/(d0 + δ sin ωt) = Q(t)/VC (1)

i(t) = Q̇ = −VCεε0 Aδω cos ωt/(d2
0 (1 + δ/d0) sin ωt)2. (2)

Experimentally, a counter-voltage VG is adjusted until i(t) disappears and the contact potential
VC = −VG = �� is measured (for details see figure 3). Consequently, if the work function of
the metallic grid is unaffected by changes in the ambient atmosphere it is possible to determine
the work function changes of the sample dependent on gas adsorption.

2.5. Impedance spectroscopy measurements

For the measurements a Hewlett-Packard impedance analyser (HP 4194A) was used in
combination with a self-made test fixture designed for the auto-balancing bridge method.
The analyser allows us to measure in the frequency range between 100 Hz and 40 MHz and to
perform open/short compensation for the whole frequency range in one run. The home-made
test fixture, in fact a gas-tight test chamber provided with gas inlet and outlet, allowed the
plugging in of the sensor by using a standard connector. Comparison of the results obtained
by measuring standard resistances and capacitances with the test fixture provided by Hewlett-
Packard and with the home-made test fixture did not show significant differences. For details
see also [20].
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Figure 3. Principal set-up of a Kelvin probe. A metallic grid oscillates over a sample. The
counter-voltage VG is adjusted in such a way that the current i vanishes.

2.6. DRIFT measurements

Among the spectroscopic techniques, needed to be applied in order to validate the
phenomenological results, infrared spectroscopy seems to be the most suitable for experiments
performed under realistic operation conditions. Due to its nature, as most of the signal
comes from indirect reflections and its good sensitivity in the spectral range where interesting
surface species are found, DRIFT is particularly suitable for application to studies of surface
phenomena and large specific surface materials such as the sensing layers we are interested in.
In our experiments, the sensors were placed in a special home-made sensor chamber, which
allows for:

• a maximum of diffuse reflectance from the sensor surface due to the presence of windows
through which the IR incident beam could enter and the diffuse reflected beam could reach
the DRIFT optical system.

• the exposure of the sensor to different gas mixtures due to the possibility of connecting
the tight sensor chamber to a gas flow system and purging it with the desired gas mixtures.

• the sensor chamber being placed in the DRIFT unit of an evacuable Bruker IFS 66v FTIR
spectrometer, which allowed for recording spectra at a spectral resolution of 2 cm−1 and
1024 scans. For more details on the experimental procedure see [19].

2.7. Gas tests

The adjustment of the desired gas mixtures was performed by means of a gas flow system with
computer-driven mass flow controllers. The humidity was adjusted by bubbling synthetic air
through a column of water and subsequently mixing it with dry air in a gas blender. Between
two successive exposures to test gases the sensors were purged for 1 h with background gas
(dry or humidified synthetic air) to allow the sensors to recover.

3. Results and discussion

3.1. CO sensing and transduction—state of the art

Tin oxide sensors are generally operated in air in the temperature range between 200 and 400◦C.
At these temperatures it is generally accepted that the conduction is electronic; it is also accepted
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Figure 4. Schematic representation of a porous sensing layer with geometry and energy band. λD

is the Debye length, xg is the grain size and x0 is the depth of the depletion layer.

that chemisorption of atmospheric gases takes place at the surface of the tin oxide. The overall
conduction in a sensor element,which will determine the sensor resistance, is determined by the
surface reactions, the resulting charge transfer processes with the underlying semiconducting
material and the transport mechanism from one electrode to the other through the sensing
layer (the latter can even be influenced by the electrical and chemical electrode effects). For
example, it is well known and generally accepted that the effect of oxygen ionosorption as O−

2
or O− will be the building of a negative charge at the surface and the increase of the surface
resistance [1, 26–28]. It is also considered that reducing gases like CO react with the surface
oxygen ions, freeing electrons—the sensing step—that can return to the conduction band. The
transduction step, i.e. the actual translation of this charge transfer into a decrease of the sensor
resistance, depends (as shown in [14]) on the morphology of the sensing layer. The result
is that, even for exactly the same surface chemistry, the dependence of the sensor resistance
on the concentration of CO can be very different for compact and porous sensing layers (as
defined in [14]).

In our case, the sensing layer consists of single crystalline grains with a narrow size
distribution (see figure 1 and [21]). Due to the fact that the final thermal treatment is performed
at 700 ◦C, the grains are just loosely connected. Accordingly, the best way to describe the
conduction process is to consider that the free charge carriers (electrons for SnO2) have to
overcome the surface barriers appearing at the surface of the grains (see figure 4 and [14]).
Due to the narrow size distribution it is also quite probable that a mean-field treatment suffices
and there is no need for Monte Carlo simulations or percolation theory. One can easily model
the dependence of the resistance on the CO concentration by making the following assumptions,
supported by the already established knowledge in the field:

• The reaction of CO takes place just with the previously adsorbed oxygen ions (well
documented for the temperature and pressure range in which the gas sensors operate).

• The adsorption of CO is proportional to the CO concentration in the gas phase (quite
reasonable but never really experimentally proved).
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On the basis of the a.m. assumptions one can combine quasi-chemical reaction formalism with
semiconductor physics calculations and one obtains power-law dependences of the form

R ∼ pn
CO (3)

where the value of n depends on the morphology of the sensing layer and on the actual bulk
properties of the sensing materials (see a complete analysis in [14]). The relationship described
by equation (3) is well supported by experiments.

In order to verify the validity of the modelling, it is very important to check whether the
assumption of the proportionality between the adsorbed and gaseous CO is valid; this is one
of the objectives of our experimental studies.

For the effect of water vapour on the resistance of tin oxide based gas sensors there
are a couple of ideas, briefly presented below (for details see [14]). There are three types
of mechanisms to explain the experimentally proven increase of surface conductivity in the
presence of water vapour. Two, direct mechanisms, are proposed by Heiland and Kohl [29]
and the third, indirect, is suggested by Morrison and by Henrich and Cox [30, 31].

The first mechanism of Heiland and Kohl attributes the role of the electron donor to the
‘rooted’ OH group, the one including lattice oxygen. The equation proposed is

H2Ogas + SnSn + OO � (Snδ+
Sn − OHδ−) + (OH)+

O + e− (4)

where (Snδ+
Sn − OHδ−) is referred to as an isolated hydroxyl or OH group (dipole) and (OH)+

O
is the rooted one. In the first equation, the donor is already ionized.

The reaction implies the homolytic dissociation of water and the reaction of the neutral H
atom with the lattice oxygen. The latter is normally fixing two electrons and then consequently
being in the (2−) state. The built-up rooted OH group, having a lower electron affinity, can
become ionized and become a donor (with the injection of an electron into the conduction
band).

The second mechanism takes into account the possibility of the reaction between the
hydrogen atom and the lattice oxygen and the binding of the resulting hydroxyl group to the
Sn atom. The resulting oxygen vacancy will produce, by ionization, the additional electrons.
The equation proposed by Heiland and Kohl [29] is

H2Ogas + 2SnSn + OO � 2(Snδ+
Sn − OHδ−) + V2+

O + 2e−. (5)

Morrison, as well as Henrich and Cox [30, 31], consider an indirect effect more probable.
This effect could be the interaction between either the hydroxyl group or the hydrogen atom
originating from the water molecule with an acid or basic group,which are also acceptor surface
states. Their electronic affinity could change after the interaction. It could also be the influence
of the co-adsorption of water on the adsorption of another adsorbate,which could be an electron
acceptor. Henrich and Cox suggested that the pre-adsorbed oxygen could be displaced by water
adsorption. In any of these mechanisms, the particular state of the surface plays a major role,
due to the fact that it is considered that steps and surface defects will increase the dissociative
adsorption. The surface dopants could also influence these phenomena; Egashira et al [32]
showed by TPD and isotopic tracer studies combined with TPD that the oxygen adsorbates are
rearranged in the presence of adsorbed water. The rearrangement was different in the case of
Ag and Pd surface doping.

In choosing between one of the proposed mechanisms, one has to keep in mind that:

• in all reported experiments, the effect of water vapour was the increase of surface
conductance,

• the effect is reversible, generally with a time constant of the order of around 1 h.
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It is not easy to quantify the effect of water adsorption on the charge carrier concentration,
nS (which is normally proportional to the measured conductance). For the first mechanism of
water interaction proposed by Heiland and Kohl (‘rooted’, equation (4)), one could include the
effect of water by considering the effect of an increased background of free charge carriers on
the adsorption of oxygen.

For the second mechanism proposed by Heiland and Kohl (‘isolated’, equation (5)) one
can examine the influence of water adsorption (see [33]) as an electron injection combined with
the appearance of new sites for oxygen chemisorption; this is valid if one considers oxygen
vacancies as good candidates for oxygen adsorption. In this case one has to introduce the
change in the total concentration of adsorption sites [St ]:

[St ] = [St0] + k0 pH2O (6)

obtained by applying the mass action law to equation (5). [St0] is the intrinsic concentration
of adsorption sites and k0 is the adsorption constant for water vapour.

In the case of the interaction with surface acceptor states, not related to oxygen adsorption,
one can proceed as in the case of the first mechanism proposed by Kohl. In the case of an
interaction with oxygen adsorbates, one can consider that the dissociation of oxygen ions is
increased and examine the implications.

Due to the large effort implied by the modelling, it is important to find out which of the
proposed mechanisms is the important one. This is also an objective of the experiments to be
presented in what follows.

The influence of water vapour on CO detection is well documented (see, for
example, [16, 33–39]). Generally the papers are just describing the effects without going too
far into the modelling/explanation of the effects. When they provide models, they are not based
on the combination of spectroscopic and phenomenological measurement techniques applied
in realistic sensor operation conditions, as presented here. The explanations span between
considering OH groups as weak acceptors, competing with oxygen for the same adsorption
sites and more easily accessible to the reaction with CO [28] to a complete decoupling between
the CO and water surface reactions [35, 38]. Anyhow, the active surface species related to
water vapour are considered to be the hydroxyl groups.

3.2. DC measurements

The results obtained by dc characterization of Pd doped sensors can be summarized as follows.
With increasing humidity:

• the resistance in air decreases,
• the resistance in the presence of CO decreases,
• the sensor signal to CO increases,
• the calibration curves and the corresponding sensor signals can be approximated by power

laws.

These facts are not surprising and are very similar to the ones generally reported. Interesting
findings are shown in figures 5 and 6; figure 5 shows two types of normalized sensor signal
dependences on CO concentration (in the range 50–500 ppm) for 0 and 50% relative humidity.
The sensor resistance is either related to the sensor resistance in the absence of CO (S1) or to
the sensor resistance in the presence of a fixed CO concentration (S2).

The difference in the dependence on humidity is quite striking. The sensor signals S1 for
0 and 50% relative humidity differ strongly, whereas the sensor signals S2 overlap completely
in the presence of CO. When the normalization procedure S2 is applied to the resistance data
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temperature. The Pd doped sensors have been characterized for operational temperatures between
150 and 400 ◦C, the ambient humidity was varied between 0 and 50% relative humidity, the CO
concentration was between 50 and 500 ppm. Above 250 ◦C, S2 is independent of the ambient
humidity and hardly dependent on the operational temperature.

obtained at the various operational temperatures (250–400 ◦C) it does not only work for each
single temperature, but also all resulting sensor curves overlap. This is illustrated in figure 6.
The normalization S2 completely eliminates the influence of water for CO concentrations in
the range 50–500 ppm and temperatures between 250 and 400◦C. These findings suggest that
CO reacts at the surface of the Pd doped sensors with water-related species and, as is generally
accepted, with oxygen ions; it seems that the reaction with the water-related species is limited
to concentrations below 50 ppm CO and that, in terms of the influence on conductance, its
effect appears as a constant multiplicative term at concentrations above 50 ppm CO.
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Figure 8. CO consumption related to the individual sensor parts of Pd doped thick film sensors.
Left: CO consumption related to the bare alumina substrates, alumina substrates with Pt electrodes
and heater, alumina substrates with sensitive layer on top, and consumption of sensors. Right:
consumption related to the sensitive layer as calculated from the consumption data for sensors and
the consumption data for substrates provided with electrodes and heater.

The results also support the idea that in this temperature range CO interacts with only
one type of ionosorbed oxygen species, probably O−; otherwise reactions with different
ionosorbed species would determine different relationships between sensor resistance and
CO concentration [14], i.e. different slopes for sensors and no overlapping curves as shown in
figure 6.

3.3. Catalytic conversion measurements

The main results obtained by studying the catalytic conversion of CO to CO2 during sensing are
presented in figures 7 and 8 (a detailed presentation can be found in [17]). One can observe that
the CO consumption is a linear phenomenon, which increases when the temperature is increased
and the humidity is decreased (see figure 7). The linearity of the consumption relation suggests
that the assumption of a linear relationship between gaseous and adsorbed CO is correct and,
as a consequence, the non-linearity of the dependence of the resistance/conductance is indeed
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determined by the transduction. The increase of the catalytic conversion by the increase of the
operational temperature is not surprising. What is really surprising, at least at a first glance, is
the decrease of consumption due to the increase of humidity. One would expect that, due to
the fact that the increase in humidity determines an increase of the sensor signal and that an
increased sensor signal means more sensing reactions, the associated CO consumption should
also increase. This fact signals that a sensor, being a complex device,means there are additional
phenomena that result in CO consumption without an electrical/sensor signal counterpart. To
clarify that aspect, the catalytic conversion associated with the different sensor parts was
investigated (figure 8, left). One can see that the bare alumina substrates show—within the
precision of the measurement—no CO consumption. Substrates provided with electrodes and
a heater show a significant consumption, which strongly decreases with humidity. Alumina
substrates with a sensitive layer on top also show strong consumption but no measurable
dependence on humidity, although we expected an increase in consumption with increasing
ambient humidity. Finally, the consumption of sensors is remarkably large and decreases
with increasing humidity. These findings suggest that the humidity influence is not related
to the sensing material alone but to a combination of the substrate and the electrode-sensing
material. One could assume that the consumption of the sensors is an independent overlapping
of the consumption of the sensitive layer and the substrate provided with electrodes and heater.
However, any attempts to apply such a reasoning for calculation of the CO consumption of the
sensors as a sum of the consumption associated with its constituents failed. As a consequence,
one can conclude that the consumption of the sensor is not just the sum of the independent
contributions of the sensitive layer and the substrate. The substrate and the sensitive layer
interact in some way. If one calculates the contribution to the CO consumption that is due to
the sensing layer–electrode combination one finds that it is increases with increasing humidity,
which is in line with the humidity influence on the sensor signal (figure 8, right).

3.4. Work function change measurements

By performing simultaneous conductance/resistance and work function measurements one
can get information about the changes in surface concentration species that are not carrying
a net charge, such as dipoles. This is of special interest when one studies the effect of water
vapour because their surface interaction can lead to such species (see equation (4)). This
happens because work functions � of semiconductors contain three contributions: the energy
difference between the Fermi level and conduction band in the bulk (EC − EF)b, band bending
qVS and electron affinity χ (equation (8) and figure 9). All three contributions may, in principle,
change upon gas exposure:

� = (EC − EF )b + qVS + χ. (7)

The corresponding conductance G may formally be described by equation (8) (see, for
example, [14]); here we assume that the work function changes measured by the Kelvin probe at
the outer layers are identical with the electrostatic potential changes involving the inner grains.
The latter control the conduction changes upon gas exposure; one also assumes a narrow
size distribution of the electrically active grains in the sensing layer and hence homogeneous
electrical properties, percolation paths of the conductivity independent of the work function
changes, and constant mobility of the charge carriers in the nanoparticles:

G = G0 exp

{
(EF − EC)b − qVS

kT

}
= G0 exp

{
χ − �

kT

}
. (8)

It is worth mentioning that changes in the electron affinity χ influence the work function �

but not the electrical conductance G.
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ESS levels). � denotes the work function, χ is the electron affinity and µ is the electrochemical
potential.

By combining equations (7) and (8), it gives that

kT ln G/G0 = χ − �. (9)

If the sensors are exposed to two different gas atmospheres (initial gas atmosphere I and final
gas atmosphere F) and the related resistances (RI , RF ) and work functions (�I ,�F ) are
monitored, the different contributions to the work function change, ��, can be determined
according to

�I,F = −kT ln(G I,F/G0) + χI,F . (10)

Hence

�� = �F − �I = kT ln(G I /G F) + χF − χI = kT ln(RF/RI ) + �χ (11)

where �I , RI and χI are the work function, the resistance and the electron affinity in the initial
gas atmosphere, respectively, and �F , RF and χF are the corresponding values in the final gas
atmosphere. In all our experiments �� and the electrical resistance were measured and, by
using equation (12), �χ was calculated.

In order to characterize the influence of water only, the sensors (operated at 270 ◦C)
were exposed to an atmosphere with different concentrations of water vapour. The results
are presented in figure 10. An increase in humidity results in a decreased resistance and
an increased electron affinity χ . Affinity changes may formally be attributed to changes
in the coverage and/or absolute value of dipoles oriented perpendicular to the surface [40].
The observed increase in electron affinity and the decrease in resistance (band bending) with
increasing humidity can be explained by an increased coverage of surface hydroxyl groups as
suggested by the mechanisms proposed by Heiland and Kohl ([29] and equations (4) and (5))
and the appearance of donors. It is still not possible to decide between the two models because
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one cannot differentiate, with phenomenological techniques, between the different ways in
which the donors are produced; one can just record the effects, namely the decrease of the
resistance.

To further investigate the CO–water interaction,simultaneous work function and resistance
measurements have been performed in a background of both humidified and dry synthetic
air. Figure 11 shows typical results of the influence of water during CO exposure. For zero
humidity the electron affinity χ did not change (within the precision of the measurement). In the
presence of water the electron affinity changes dramatically upon exposure to CO even at very
low concentrations and remains almost constant for higher CO concentrations. The decrease
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of the electronic affinity can be attributed to a decrease of the concentration of isolated surface
hydroxyl groups associated to a reaction with CO. It was proposed in [15] that, following a
reaction of CO with the oxygen of the isolated hydroxyl group, the freed H atom could build up
a donor in a similar way as the one in which donors were built by hydrogen atoms resulting from
the dissociation of the water molecule. In the case of the first mechanism (equation (4)) this
decrease in electron affinity may be explained by the decrease of the concentration of surface
dipoles, attributed to (Sn+

Sn − OH−), and the observed resistance decrease by the generation
of additional ‘rooted’ OH groups:

COgas + (Sn+
Sn − OH−) + OO → CO2

gas + SnSn + (OH)+
O + e− (12)

whereas in the case of the second mechanism (equation (5)), one would have to assume that

COgas + (Sn+
Sn − OH−) + OO → CO2

gas + (Sn+
Sn − OH−) + V2+

O + 2e−. (13)

For the second case, the electron affinity would not change, which contradicts the experimental
observations. This strongly suggests that the mechanism of water adsorption is the one
described by equation (4). The reaction of equation (12) occurs in addition to the reaction of CO
with ionosorbed oxygen. The proposed mechanism explains the sensitization effect of water
on CO detection by the fact that an increased humidity results in an increased concentration
of surface dipoles and thus in an increased number of reaction partners (hydroxyl groups) and
an increased efficiency in the CO reaction.

The impact of the CO–water reaction seems to decrease strongly with increasing CO
concentration; above 10 ppm CO, there are only small changes in the electron affinity. The
same behaviour is also observed at higher temperatures up to 400 ◦C but, due to the thermal
decomposition of OH groups, the corresponding absolute changes in �χ , as well as the
sensitivity to CO, decrease. It looks like the difference in CO sensitivity for this type of
sensor, doped with Pd, when the temperature or the dopant concentration changes, is mainly
related to the changes in the interaction with water vapour. The results of work function change
measurements provide a more solid basis for the findings of dc measurements alone.

For a confirmation of the results one can evaluate the change in surface dipole coverage
(�θ); this can be determined by means of the following equation (see [40]):

�χ = q

εSε0
�θ Nad

(S)max µ̄
ad . (14)

With the assumptions that Nad
(s)max ≈ 1019 m−2 (surface density of tin atoms), µ̄ad ≈

1.66 D = 1.66 × 3.3 × 10−30 C m [5] and εS = εSnO2/(2)0.5 = 8.5, the changes in dipole
coverage are in the range of fractions of a monolayer (ML). Bearing in mind that, for hydroxyl
groups, TDS coverage experiments indicate a surface coverage of about 15% of a ML [41],
the results seem quite reasonable.

3.5. Impedance spectroscopy measurements

Impedance spectroscopy is an useful tool for the identification of different elements of a
complex device, such as a thick film gas sensor. In figure 12 the different elements possible
to be present in our gas sensors are shown together with their ac equivalent circuits and
their dependence on the main parameters that might be influenced by the different ambient
atmospheric conditions (VS and ε: for details see [20]). As has been discussed before, the
sensitive layer of the sensors consists of interconnected tin dioxide grains. In the presence of
oxygen the surface layer of every grain becomes depleted of charge carriers and, in the case of
λD < r , an energy barrier results (for the full modelling,see [14]; the case in which the opposite
situation is present, λD > r , would be modelled by the case of fully depleted grains with no
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Figure 12. Equivalent circuit for the different contributions; intergranular contact, bulk and
electrode contact. Intergranular contact: the ionosorption of oxygen at the grain surface results
in the creation of a potential barrier and the corresponding depletion layers at the intergranular
contacts. An intergranular contact can be represented electronically by a resistor Rgb (due to
the high resistive depletion layers) and a capacitor Cgb (due to the sandwiching of high resistive
depletion layers between two high conductive ‘plates’ of bulk material) in parallel. The electrode
contact can also be represented by a (RC) element. The values of the resistor Rc and the capacitor
Cc are independent of the ambient gas atmosphere. The bulk contribution can be represented by a
resistor Rb , whose resistance value is hardly influenced by changes in the ambient atmosphere.

band bending described by simple resistors, see also [27]). The depletion layer thickness and
the corresponding barrier height depend on the ambient gas atmosphere. A similar situation
holds for the semiconductor–metal contact at the electrodes. However, in contrast to the
grain–grain contacts, their Schottky barrier height is determined by the difference in the work
functions of the metal and semiconductor and not by the surface processes (see [14]). Changes
in the electron concentration near the metal–semiconductor contact due to the gas interaction
at the SnO2 grains are immediately compensated by electron transfer from the electrode and,
as a result, the resistance of the metal–semiconductor contact does not depend on the ambient
atmosphere.

The experimental results are presented in figures 13–16.
The results, which have been obtained by ac characterization, can be summarized as

follows:

• The sensor impedance can be represented by an equivalent circuit consisting of a resistor,
a (RCPE) element and, for dry air, an additional (RC) element, all in series (figures 13
and 14).

• For dry background air, the CO dependence of all resistive and capacitive elements
of the equivalent circuit resemble those of an intergranular Schottky contact, i.e. the
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Figure 13. Equivalent circuit for the sensitive layer with dry synthetic air as background gas.
(a) Impedance data in the Bode diagram for dry background gas. Two measurements have been
performed for each CO concentration (0, 10–50 ppm). The data can be fitted nicely with an
equivalent circuit consisting of a resistor (R0), a R-CPE (R1 ‖ CPE) element and a (RC) element
(R2 ‖ C) parallel to the geometric capacitance Cgeom . The resistances are in the k	 range, while
the capacitance and the CPE are in the pF range. The geometric capacity determined Cgeom is
constant for all ambient atmospheres and equal to the geometric capacitance of a bare substrate.
(b) The resistance R1 decreases for all operational temperatures with increasing CO concentration
(0–50 ppm).

resistance decreases with increasing CO concentration, whereas the capacitance increases
(see figures 13 and 15 and the formula in figure 12; the decrease of the band bending VS

decreases the resistance and increases the capacitance).

• For humid background air, the resistance behaviour resembles that for dry air, but the
capacitive behaviour is different. For small CO concentrations the capacitance is decreased
whereas for higher CO concentrations it is increasing as in the case of dry background
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Figure 14. Equivalent circuit for the sensitive layer in the case of humid synthetic air as the
background gas. (a) Impedance data in the Bode representation for humidified background gas.
Two measurements have been performed for each CO concentration (0, 10–50 ppm). The data
can be fitted nicely with an equivalent circuit consisting of a resistor (R0) and a (R-CPE) element
(R1 ‖ CPE) in parallel to the geometric capacitance Cgeom . The resistances are in the k	 range
and the CPE are in the pF range. The determined geometric capacitance Cgeom is constant for all
ambient atmospheres and equal to the geometric capacitance of a bare substrate. (b) The resistance
R1 decreases for all operational temperatures with increasing CO concentration (0–50 ppm).

air (see figures 14 and 15). The ‘strange’ capacitive behaviour can be explained if one
considers that, in the value of the capacitance of intergranular contacts, one also has the
dielectric constant (see figure 12). For low CO concentrations, the water–CO reaction
dominates, i.e. surface dipoles (OH groups) are removed from the surface and electrons
are released into the grains. This is in line with the observed decrease in resistance. The
reason for the observed capacitance decrease is the decrease of ε associated to the decrease



Topical Review R831

0 10 20 30 40 50 60
0,0

0,5

1,0

1,5

2,0

humid air

dry air

N
or

m
al

is
ed

 C
P

E
 

CO concentration (ppm)

 250°C
 300°C
 350°C
 400°C

Figure 15. Normalized values of the CPE in a background of dry and humid air (50% relative
humidity) for exposure to CO (0–50 ppm). In the case of dry air as the background gas, the
CPE value increases monotonically with increasing CO concentration. In the case of humid air
(50% relative humidity) as the background gas it decreases at first when exposed to 10 ppm CO
and then increases with increasing CO concentration. For CO concentrations above 20 ppm, the
curves in dry and humid air are approximately parallel.

240 260 280 300 320 340 360 380 400 420

-0.65

-0.60

-0.55

-0.50

-0.45

-0.40

-0.35

-0.30

-0.25

n

 R
0

 R1

240 260 280 300 320 340 360 380 400 420

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

n

 R0

 R
1

 R2

0% r.h. 50% r.h.

Temperature (°C) Temperature (°C)

Figure 16. Influence of the operational temperature on the different resistors in the equivalent
circuit for dry air (left) and humid air (right) as the background gas. The resistance behaviour of
the various resistors in the presence of CO has been characterized by the power law exponent n. The
power law exponents have been obtained by fitting the resistance curves of a resistor as a function
of the CO concentration with a power law (R = R0 p−n

CO). The error bars in the plots represent
the standard deviation of the fitting values. The power law exponent of R0 decreases slightly with
increasing temperature, whereby the behaviour is similar for dry and humid air. The power law
exponent dependence of the other resistors on the operation temperature is significantly different.
However, the behaviour of the exponents in dry air again resembles the exponent behaviour in
humid air.

of surface dipole concentration, which is dominant at low CO concentrations. One assumes
that in the capacitance change the driving factor is the change in the dielectric constant
ε (which decreases the capacitance) and not the change of band bending VS (which, as
already described, increases the capacitance). For higher CO concentrations, the CO–
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oxygen reaction dominates, which means that the dominant factor is the decrease of the
band bending VS . Accordingly the resistance is decreased and the capacitance is increased
exactly as in the dry case, so the curves in dry background gas and in humid background
gas become parallel with increasing CO concentration.

• The different behaviours in dry and humid background air confirm the hypothesis resulting
out of the work function measurements of a dominant OH–CO interaction for low CO
concentrations (ε-effect) and a dominant CO–O interaction for high CO concentrations
(VS-effect).

The resistance dependence on the CO concentration can be described by a power law function
(R ∼ p−n

CO) in the examined concentration range (10–50 ppm CO) for all resistors R0 to R2

(one has to remember that R0 appears without a capacitive term, which could indicate that
it is not associated with a depletion region). If the exponents are plotted for both dry and
humid background air as a function of the operational temperature (figure 16), the exponents
for R0 and R1 in dry background air resemble those for humid background air. Moreover,
the exponent behaviour of R2 greatly resembles the exponent behaviour of R1. The exponent
values for R1 and R2 are strongly affected by changes in the operational temperature, whereas
for R0 the exponent changes only slightly with operational temperature. Based on these
results, it is plausible to assume that, for both dry and humid background air, there are two
contributions within the sensitive layer, which behave qualitatively differently. These two
contributions might be related to two different regions within the layer or to two different
types of contribution, which are distributed more or less homogeneously within the layer. R2,
which only appears in dry background air, shows a similar CO dependence to R1. It is likely
that, in the case of humidified background gas, the humidity masks the presence of R2 in the
fit, for example, resulting in a more narrow distribution of the grain boundary characteristics
reflected by only one (RC) element.

Before, it was assumed that all resistors R0 to R2 are related to Schottky barriers at the grain
boundaries. The qualitative difference in CO dependence should thus be related to two different
types of grain–grain interconnections or to grain boundaries with two different surroundings.
However, theoretical calculations [42, 43] show that a distribution of the energy barriers around
a mean value can be approximated by an effective barrier height q · V ef f

S . Therefore, the CO
interaction and thus the power law exponent should not be affected.

The observed difference in the power law exponent of the resistors R0 and R1 (R2) could
then be related to a change in the reactivity. If this is the case, a difference in the surroundings
must cause this change in reactivity. One explanation would be that the surface of SnO2 grains,
which are rather close to the Pt electrodes, might be populated—due to the catalytic activity of
the electrodes—with a different concentration of reactive species than those which are rather
distant from the electrodes.

Another possible interpretation for the presence of different reactivities would be a mixture
of partly and completely depleted grains. In this case the different surroundings of the grain–
grain interconnections are the depleted (r < λD) or partly depleted grains (r > λD) with
which they are connecting. As presented in [14], depleted grains and partly depleted grains
would also give rise to different power law exponents. Also, completely depleted grains should
appear only as a resistor in the equivalent circuit due to the lack of a Schottky capacitance.
The CO dependence of the resistor can be described by a power law whose exponent is smaller
than that of partly depleted grains. This is in accordance with what has been observed for R0

in relation to R1 and R2.
There are a few elements that indicate that the first explanation might be the right one.

First of all, the above-mentioned effect of Pt electrodes on the CO catalytic conversion. In
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Figure 17. Dependence of the sensor resistance in air and in 10, 40 and 120 ppm CO on the
sensor geometry as determined by Bauer et al [23]. The measurements have been performed in
50% relative humidity. (a) Dependence on the layer length l. (b) Dependence on the layer thickness
d.

addition, results obtained by Bauer et al [23] on similar thick film sensors, where the sensitive
layer of these sensors is based on doped SnO2 and has been deposited by screen printing on
an identical alumina substrate, may provide additional information on the results discussed
previously. Figure 17 presents the influence of the geometry on the sensor resistance in air
or CO (10–120 ppm). The sensitive layer deposited can be approximated as a parallelepiped.
Transmission line measurements have been performed on the layer, i.e. the resistance of the
layer has been determined for various electrode distances and thus various sample lengths l.
With increasing sample length l, the resistance in air and in CO increases in a linear fashion
as one would expect from

R = ρl

bd
(15)

with l = layer length, b = layer width and d = layer thickness.
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If, on the other hand, the layer thickness d is reduced from 100 to 5 µm, only the resistance
in air changes as expected. In contrast to this, the resistance in CO remains unchanged. As
a consequence, the resistivity ρ cannot be homogenous throughout the layer. It is reasonable
to assume that a partial layer with resistance and a thickness of d < 5 µm determines the
resistance in the case of CO exposure. A further increase in the total layer thickness does not
change the layer resistance. Therefore the resistivity of the added part has to be significantly
larger. The total layer can be divided into three partial layers: a layer at the top which is in direct
contact with the gas atmosphere, a layer in the middle which is reached after gas diffusion and a
layer at the bottom which is in direct contact with the substrate. With increasing thickness, the
thickness of the intermediate layer is increased. Therefore it is plausible to assume that either
the top or the bottom layer is the layer which has the characteristically low resistivity under
CO exposure. In another experiment on the same sensors Bauer et al [23] investigated the
dependence of the response time and the recovery time for CO exposure on the layer thickness.
They found that the response time increases in a linear way with the layer thickness. This is a
hint that the layer on the bottom plays the main role in the case of CO detection and that the gas
has to reach the bottom layer before the equilibrium response can be achieved. These results
emphasize once more the significant influence of the substrate on the gas sensing properties.

On the basis of the results obtained from the phenomenological sensor characterization,
the sensing of CO in the presence of water vapour seems to be described as follows:

(1) CO sensing on tin oxide sensors is associated with consumption forming CO2. The
consumption is a linear phenomenon. The power law dependence of the resistance on the
CO concentration is due to the transduction dominated by Schottky barriers.

(2) Water adsorption results in the formation of:

• hydroxyl groups bound to Sn atoms forming strong surface dipoles and hence leading
to changes in the electron affinity;

• donors attributed to ‘rooted’ hydroxyl groups.

(3) Oxygen adsorption results in temperature-dependent ionosorbed species (O−
2 , O2− and

O−), with O− dominating in the range of interest (250–400 ◦C)

(4) CO sensing occurs via two pathways:

• reaction with ionosorbed oxygen and
• reaction with hydroxyl groups, which changes the electron affinity and releases H

atoms. The latter combine with lattice oxygen and provide donors (rooted hydroxyl
groups), i.e. free charge carriers.

For lower concentrations and temperatures the reaction with OH groups dominate.
(5) The resistance dependence—of the equivalent circuit resistors corresponding to the

different elements in the sensing layer—on the CO concentration for both dry and humid
background air can be described by a power law (R ∼ p−n

CO) and resemble each other.
The dependence of the exponent on the operational temperature can be related to two
qualitatively different contributions to the layer resistance. These two contributions could
be due to tin dioxide grains close to and further away from the catalytically active electrodes
or due to the existence of depleted and undepleted grains.

(6) The overall consumption of sensors is not an independent combination of the contributions
of the different sensor parts. The presence of the substrate influences the consumption of
the sensitive layer. The effect of the sensor signal and the sensitive layer in contact with
the Pt electrodes increases with increasing water vapour content of the gas.

For the validation of the modelling, additional spectroscopic measurements were performed.
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Figure 18. DRIFT spectra of a sol–gel SnO2 powder and of the Pd doped sensor in the OH range
at room temperature.

3.6. DRIFT measurements

The DRIFT spectra of sensors can be divided into three regions with their characteristic bands
(for experimental details and complete results, see [19]):

• the region between 4000 and 3000 cm−1: the stretching mode of hydroxyl groups and
water-related species,

• the region between 2700 and 2000 cm−1: hydrated proton species, CO and CO2 in the
gas phase, physisorbed CO and CO2,

• the region between 2000 and 1000 cm−1: unidentate, bidentate carbonates, carboxylates,
oxygen ions, the deformation mode of water-related species and the absorption of free
charges.

As an illustration, figure 18 shows RT DRIFT spectra of a powder prepared by a sol–gel
method with a grain size of 100 nm and of a Pd doped sensor in the region between 4000 and
3000 cm−1 (the baseline was performed by using the spectra of KBr powder and of a KBr
layer deposited over a sensor substrate). This comparison was necessary in order to:

• assess, by comparison with the well known and accepted use of the DRIFT technique on
powders, the correctness of our results,

• to evaluate the differences originating from the sensor substrate.

One can see that several bands corresponding to the surface hydroxyl groups from the spectra
of the sensor and the powder are overlapping. The bands at 3660, 3623 and 3608 cm−1

correspond to the isolated OH groups from tin dioxide (Sn–OH) while the bands at 3555, 3525
and 3484 cm−1 correspond to the tin dioxide rooted hydroxyl groups (OO–H). This indicates
that what we are measuring is coming from the SnO2 sensitive layer.

However, in this region we also see differences. For example, a sharp band at 3728 cm−1,
not detected in the powder, can be assigned to hydroxyl groups observed on the alumina
substrate [44, 45]. The occurrence of this additional band is due to the fact that the penetration
depth of the IR radiation is in the range of millimetres and the thickness of the sensitive layer
is 50 µm only; accordingly, we will also gain information related to the species adsorbed on
the substrate. Also, the band at 3522 cm−1, corresponding to the one for the rooted OH group,
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Figure 19. DRIFT spectra of Pd doped sensor at different CO concentrations in humid air; the
different spectral ranges are shown separately.

and the broad band corresponding to the coordinated water/hydrated proton species belonging
to the SnO2 were not observed in the spectrum of the powder. The latter differences are most
probably caused by the different pre-treatments of the powder and sensor and by the different
surface properties of the compared SnO2.

In the recorded DRIFT spectra of the sensor a general increase of absorption can be
seen: it is caused by the absorption on free charges and almost completely masks all useful
information between 2000 and 1000 cm−1. As an example, figure 19 presents the effect of CO
adsorption in the presence of humidity on the DRIFT spectra of the Pd doped sensors (for the
baseline correction the spectra of the sensor before CO exposure was used as reference). In
the presence of water the isolated hydroxyl groups on SnO2 are becoming broader and show
a shift towards lower wavenumbers. This fact indicates an association of the hydroxyl groups
to water molecules most probably through hydrogen bonds. Hydroxyl groups on alumina do
not show the same trend (no broadening and shifting of this band) (figure 19(a)). The broad
band belonging to the OH/H2O associations shows a very marked decrease with the increase of
CO concentration (more than one order of magnitude when compared to the dry case: results
not shown here; for details, see [19]). The OH groups on alumina also show a decrease in
intensity. Parallel to the decrease of the band intensity in the OH/H2O region, a clear increase
of hydrated proton species, CO2 and CO in the gas phase (between 2700 and 2000 cm−1) and
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an increase of free charge concentration were observed. At 50% relative humidity the decrease
of the hydroxyl group band intensity, the sensor signal and the concentration of the hydrated
proton species, as well as the concentration of the free charges, are much higher upon CO
exposure than in the case of dry air. In order to derive the correlation between the changes
in the intensity of the different bands during CO exposure, a quantitative band analysis for
Pd doped and undoped sensors was performed. (Measurements on undoped sensors are still
being carried out and their detailed results will be published elsewhere.)

To summarize, the results for CO experiments on Pd doped sensors are:

• the reduction of the bands in the OH/H2O region is much higher in humid air than in dry air,
as well as the increase of the concentration of the hydrated proton species (between 2700
and 2000 cm−1) and free charges (2000 and 1000 cm−1). The reaction between surface
oxygen ions and CO is most probably responsible for the changes of the resistance in dry
air. In the presence of water, the reaction between CO and hydroxyl groups determines
the creation of hydrated protons, which additionally increases the sensor signal. The exact
role of Pd in the reaction mechanism is still unclear but, due to the fact that for undoped
sensors we record a different effect of humidity, Pd should play a determining role. It
is also important to note that hydroxyl groups present at the sensor surface do not seem
to react with CO in the absence of water vapour; this fact indicates that the association
between OH groups and H2O is the condition necessary for reaction with CO.

• The creation of CO2 is not in line with the expected sensitization in the presence of
humidity. As shown in [17], the cause is the additional oxidation of CO on the Pt electrodes
and heater, which does not influence the sensor response and which is inhibited by the
presence of humidity.

The results of DRIFT studies suggest that the role of the donor is played by the hydrated
proton and not by the rooted hydroxyl group as was assumed by only taking into account the
phenomenological studies. This again indicates that spectroscopic knowledge is crucial to the
understanding of gas sensing. Using only electrical studies it is not possible to distinguish
between the surface species which can play the same ‘electrical’ role.

On the basis of the knowledge gained up to now, one will have to advance in the following
directions:

• Improvement of the performance of the DRIFT method with the aim of gaining useful
information in the spectral range where the absorption bands of oxygen ions, carbonates
and carboxylates are present;

• Using knowledge of the nature of the reaction paths for the microscopic modelling of the
elementary steps with the aim of determining the associated energetic (electronic) levels
of the surface, adsorption complex, precursor state and free molecule, and understanding
the role of dopants;

• The transformation of the microscopic knowledge of changes in concentrations and
mobilities of free charge carriers and the sensor resistance dependence of the ambient
atmosphere to be validated by phenomenological measurements.

4. Conclusion and outlook

This work demonstrates that gas sensors based on metal oxides are complex devices and that
it is not possible to understand them in the absence of a systematic approach. Accordingly,
such an approach was proposed and applied with a reasonable degree of success. The results
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obtained up to now are the first steps in understanding the mechanism of gas sensing with metal
oxide sensors starting with the mechanistic level and continuing with the transducer function.

There are still a number of specific topics to be investigated and clarified; however, the
already acquired knowledge allows for the next advances, especially towards an understanding
of the role of dopants. The open questions are currently under investigation following the
proposed line of thinking.

We think that by using the methodology developed in this work it is possible to expand this
approach to other model systems including different metal oxides and target gases (mixtures).
It is important to remember that the identification of the research targets, the preparation of the
samples needed and the use of the appropriate research methods are crucial steps in any such
attempt. Accordingly, it seems to us that sensor science has to be elaborated by combining
the interests and knowledge of sensor developers, sensor users and scientists aiming at basic
understanding; all these experts should talk to each other for their mutual benefit. The users
can clearly identify the relevant objectives, the developers can optimize the samples/sensors
and the scientists will be able to acquire the knowledge needed for further advances. The latter
will have to be validated by the development of better performing real world sensors able to
be applied for solving relevant practical problems.
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and electrodes on the characteristics of thick films SnO2 gas sensors; influence of measuring voltage Proc.
11th European Microelectronics Conference (Venice, May 1997) pp 37–44

[24] Riviere J C 1969 Work Function: Measurements and Results in Solid State Surface Science ed M Green (New
York: Dekker) pp 179–289

[25] Tracy J C and Blakely J M 1968 A study of faceting of tungsten single crystal surfaces Surf. Sci. 13 313
[26] Ihokura K and Watson J 1994 The Stannic Oxide Gas Sensor Principles and Applications (Boca Raton, FL:

Chemical Rubber Company Press)
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