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Abstract The development of a quantitative model that
correlates conduction in and sensing with p-type gas
sensitive metal oxides is presented here. The theoretical
results are confronted with the experimental data and found
to be in very good agreement. The model also explains the
differences between the performance of gas sensors based
on n and p-type metal oxides and indicates the possible
improvement routes.

Keywords Chemical sensors - Conduction models - p-type -
Metal oxide - Gas sensors

1 Introduction

Conductometric gas sensors based on semiconducting metal
oxides are actually one of the most investigated groups of
gas sensors because of their: low cost and flexibility
associated to their production; the simplicity of their use;
the large number of detectable gases/possible application
fields [1-4]. After it was discovered that there is an
electrical effect of the metal oxide-gas reaction—Heiland
[5], Bielanski et al. [6] and Seiyama et al. [7]—Taguchi
made the decisive step of bringing to the market semicon-
ducting metal oxide based sensors for flammable/explosive
gases detectors (SnO, based Taguchi-type sensors [8]). It
was a success and, nowadays, there are many companies
offering this type of sensors, such as Figaro, FIS, MICS,
UST, CityTech, AppliedSensors, NewCosmos, etc [9].
Their current applications span from “simple” explosive
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or toxic gases alarms (see information provided by the gas
sensors manufacturers on their homepages) to air intake
control in cars [10] to components in complex chemical
sensor systems [11]. Most of the companies still use SnO,
based sensing materials; also employed in commercial
applications are WO;, Ga,0s3;, which are n-type semi-
conductors, and Cr, 4Ti,O3,, which is a p-fype semicon-
ductor. In R&D the situation is somehow similar; any
survey of the contributions in the field of metal oxide based
sensors presented at the most recent major sensors confer-
ences (Eurosensors and International Meeting on Chemical
Sensors) will show that, by far, even after more than
30 years of commercial use, SnO, is still the most
investigated gas sensing material and CO, NO, and volatile
organic compounds (VOC) the main target gases. The
second most studied material is WO;3; while the other
industrially used materials are practically not investigated
anymore. Accordingly, most of the experimental and
theoretical knowledge was gained on SnO, [1, 2] and all
modelling of, e.g. sensing and transduction, is focused on
the n-type case [12]. Recently, [13], we investigated the
way in which surface reactions-induced electrical changes
are affecting the sensor signals of thick porous layers of
Cr,05, a p-type material, by using simultaneous DC and
work function changes (Kelvin probe method) as well as
AC impedance spectroscopy measurements; on their basis
we developed a conduction model, which qualitatively
explains the experimental data. The most important finding,
the validity of which should apply to all p-fype metal oxides
used as gas sensitive materials, is that the use of the sensing
layer resistance changes as sensor output downgrades the
sensor performance for that type of materials. The reason is
the way in which the conduction takes place that adds to the
measured gas sensitive resistance of the oxide’s surface
depleted layer the gas insensitive resistances of its bulk, in
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parallel, and of the contact resistance between the semi-
conductor and the electrode, in series. In [13] we were not
able to quantitatively analyze the experimental data because
the modeling of conduction in gas sensitive p-type oxides
was not available. Here, we are proposing such a model and
we are using it in order to extract the relevant material
parameters.

2 Sensing and transduction

For semiconducting metal oxide based gas sensors the
cause of the change of sensor resistance (sensor signal) is
the transfer of free charge carriers (electrons or holes) from/
to the semiconductor to/from an adsorbed surface species.
Due to the fact that most gas sensing applications are taking
place in the ambient atmosphere, a very important role is
played by oxygen and water vapors. In a certain temper-
ature range, which depends on the specific metal oxide, the
adsorption of oxygen involves the trapping of electrons
from the semiconductor; the result will be a decrease of the
free charge carriers’ concentration (electrons) in the case of
n-type semiconductors—e.g. SnO,, In,O;, WOs;—or an
increase of the free charge carriers’ concentration (holes) in
the case of p-type semiconductors—e.g. Cr,O3, NiO, CoO.
There are cases in which the reaction with ambient oxygen
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even changes the type of conduction at the surface of the
metal oxide [14].

It is generally thought that the reaction of reducing gases
with pre-adsorbed oxygen is responsible for the change in
resistance of the sensors and also that the presence of pre-
adsorbed water vapors-related species influences the reac-
tion. There is evidence that this is not the only way in
which reducing gases interact with the metal oxides [15],
but a more detailed discussion on the way in which the
surface reactions take place goes beyond the scope of this
contribution. Here, we want to devise a conduction model
that links the changes of the surface charge to the measured
resistance of the sensor. For doing so, we will consider that,
as already discussed in [13], the main effect of the exposure
to reducing gases is the decrease of the negative charge
trapped at the surface of the semiconductor in the form of
oxygen ions. Figure 1 middle, depicts what happens at the
surface of a p-type semiconducting metal oxide when
electrons from the valence band are captured on the surface
traps considered to be associated to the adsorption of
ambient oxygen as oxygen ions: one records an increase of
the concentration of holes in the vicinity of the surface—
build-up of an accumulation layer—described in the energy
bands representation as an upward band bending; as a
consequence, the electrical resistance of that layer decreases
in comparison with the flat bands situation (case depicted in

surface state

Z 22 .

Pod,

Fig. 1 Energy bands representation of the surface processes associ-
ated to the reaction with ambient oxygen and reducing gases: /eff, the
flat band situation prior to any surface reaction; center, the trapping of
electrons due to oxygen adsorption and the formation of the holes
accumulation layer; right, the decrease of the surface charge associated
to the decrease of adsorbed oxygen ions following the reaction with
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the reducing gas. Eyyc is the energy level of the electrons far away
from the semiconductor; £ is the minimum of the conduction band;
Ey is the maximum of the valence band; £, is the energy level of the
intrinsic acceptors; @ is the work function and y is the electronic
affinity of the semiconductor
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Fig. 1 left). Figure 1 right describes the situation after the
exposure to reducing gases has decreased the concentration
of oxygen ions: the decrease of the surface negative charge,
described in the energy bands representation as an
downward band bending (gAVs = A in the Figure),
determines a decrease of the hole concentration resulting
in the increase of the resistance of the accumulation layer.
As already demonstrated in [13], the sensor resistance will
be the result of the combination between the contributions
of the resistances of the surface accumulation layer, bulk
and contacts between the electrodes and the semiconductor.
The particular manner in which those different contribu-
tions are combined depends on the morphology of the
sensitive layer; moreover, in the case of the experimental
results presented in [13] it was possible to identify the
contribution of the electrode-semiconductor contact as a
parallel (RC) element in the equivalent circuit that fits the
AC impedance spectra; its identification was made possible
by the fact that the values of the resistance and capacitance
do not change upon exposure to gases. This fact makes it

possible to extract out of the data the contribution of the
sensing layer and confront it with a conduction model.

To devise a conduction model we need to make some
assumptions that will simplify the calculations but also
capture all relevant contributions. We will examine a
system consisting of loosely aggregated grains in contact
with each other but not sintered together (absence of open
necks, as defined in [12]). A cartoon description of the
sensing layer is presented in Fig. 2. There, the morpholog-
ical features of the sensing layer are presented together with
their corresponding energy bands representations and the
corresponding contributions to the overall layer resistance.
The generic contributions of the metal-semiconductor
contacts are labeled with A and C, and the contribution of
the semiconductor grain-grain contacts is labeled with B.
The upper part of the figure provides more details on the
valence band accumulation layers, on the one hand,
determined by the upper band bending at the metal-
semiconductor contact due to the difference in work
function between the two materials, and, on the other hand,

Fig. 2 Cartoon representation

of the sensing layer: center,
simplified depiction of the
relevant sensing layer elements,
namely the metal-semiconductor
contacts (a and c¢) and the grain-
grain contacts (b). The energy
bands are constructed on the

basis of Fig. 1; upper part,
zoom-in into the relevant
contact regions; lower part,
equivalent DC circuit

Electrical transport
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the upper band bending determined by the oxygen
adsorption at the ambient exposed grain surfaces. For
simplicity sake it was considered that the work function
of the metal is higher; from the point of view of the
contribution to the overall sensing layer resistance, due to
the fact that the metal-semiconductor resistance does not
change under gas exposure [12, 13], it does not make any
difference if the opposite situation is encountered. In the
lower part of Fig. 2, the corresponding equivalent DC
circuit is sketched; it is important to recognize that we have
four types of contributions:

e The ones of the metal-semiconductor contact, which are
in series with all the others;

* The ones of the outer conductive and narrow accumu-
lation layers at the surface of the grains and of the
resistive but broad bulk of the grains. They are in
parallel to each other and in series with the metal-
semiconductors contribution and the

* Grain-grain contacts, which are putting together two
accumulation layer regions.

Such a system gives a good description for most state of
the art semiconducting MOX gas sensors that are based on
porous, thick films realized from pre-processed powders.

For a first step, we will consider that the building blocks
of the model are cubic metal oxide grains (grain size D, see
Fig. 3(a)) and we will not discuss the contribution of the
metal-semiconductor contacts. The grains consist of a
relatively (when compared to the grain size) thin conduc-
tive skin (thickness x,) and a more resistive bulk. In the
case of a grain fully contacted on two opposed faces, an
electrical current passing from one side to the opposite one
will experience three types of resistors (see Fig. 3(b)): R; 4,

(a) (b)

corresponding to the conductive regions of the cube’s
faces through which the current enters and leaves the
grain, R, corresponding to the outer conductive layer and
R;, corresponding to the bulk. In fact, R; , represent the
contribution to the grain resistance of its contacts to the
other grains in the sensing layer and also the only regions
affected by the surface processes that the current is
obliged to pass through. After leaving those regions the
current can divide between the bulk and the surface and
the specific way in which this will happen and, as a
consequence, the degree to which the surface processes
influence the overall resistance, depends on both geomet-
rical characteristics of the grain (D), reactivity of the
surface and bulk properties (grouped together in x,). The
grain resistance, R, is (Fig. 3(c)):

Ry - R3

R=R, + 218
1+R2+R3

+ Ry (1)

One can easily calculate all contributions to grain
resistance, R, in the hypothesis that (D >> xy):

1 X0
Ri=— —=R 2
1 qups D2 4 ()
1 D—2-xp
R, = — - 5
q-H-Ps DZ—(D—Z-xo)
1 1
q-H-Ps X0
1 D-2- 1 1
Ry = al — =Ry (4)

g ups (D—2-x)° q-Hps D

Fig. 3 Simplified model of the metal oxide grains, used for the calculation of the grain resistance: lef, the cubic grain model; center, sketch of the
electrical connection between the different grain parts; right, the corresponding DC equivalent circuit of the grain
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The formulae above are obtained by considering that the

mobility, s, is the same in all the grain and with pg being the

average concentration of holes in the accumulation layer.
One can express all resistances as a function of Rp:

=R £ (5)
pg D
P s ax (6)

And the result for the grain resistance is:

2-X 1
230 py

D ]AjS 1_|_4%.§_Z

R=Rg- (7)

In Eq. 7, the first term in parenthesis represents the grain-
grain contact, which is a pure “surface”, in fact surface layer,
contribution and the second term describes the distribution of
the current between the bulk and the outer surface region of
the grain. The terms that describe the surface effects are £
and x,. The way in which the surface affects the resistance s
determined by the value of the ratio 7%. Already in Eq. 7 one
can observe why the sensitivity of the p-type materials can
be very low even if the surface reactivity is very high; high
surface effects will mean a high increase of pg in comparison
to pp. This will make the first term in Eq. 7 the pure
“surface” one, small in comparison with the second one and,
in this way, its weight in the grain resistance not significant.
In the second term, the importance of the surface will depend
strongly on both the geometric balance between x, and D
and the surface reactivity; for example, if one has a ratio

Fig. 4 Sketch of the conduction
models used in the theoretical
modeling: upper part, the actual
sensing layer; center, the
approximation of cubic grains in
full contact; lower part, the
approximation of cubic grains
partly in contact

between grain size and accumulation layer depth of a factor
100, which is quite reasonable, we will need an increase of
the average surface concentration of holes of a factor 25 to
have a halving of the grain resistance.

Equation 7 can be corrected to take into account the fact
that the contact between grains is not between two faces, by
introducing an effective contact area size, D¢, which can be
much smaller than the grain size (see Fig. 4) and of an
effective grain size, Dg, which will include the numerical
factors (4 in Eq. 7) that are depending on the specific
geometry chosen for the modeling (spheres, cylinders,
cubes, etc). As a consequence, the geometry of the parallel
bulk-surface regions will also be modified from the simple
cube-like ones and that will change the numeric factors in
the second term of Eq. 7. We think that a good proposal for
the grain resistance and, in an effective medium approach,
for the sensing layer resistance is:

1
gy [omn 1 -
D¢ ps 14 s
G DB

It is possible to make explicit the dependence on the surface
band bending of the resistance and, by that, decouple the
geometric and surface effects. For that we need to calculate
Ps. In the case D >> x, one treats the situation in a planar
and semi-infinite manner (one-dimensional problem) and
we can write:
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In Eq. 9 the assumption of the Fermi energy still far away
from the valence band edge was made in order to be

allowed to use the Boltzmann distribution. In order to
proceed with the integration we need to:
+ change the variable from x to V'
0
v

~ exp (L=
=2 | i) (10)

Y (%)

» use the results of the first analytical integration of the
Poisson’s equation for a p-fype semiconductor [16]

dv 2T - py1'2 v\ qv  ]"?

— | =4 — - =-1 11
(dx) { €€ } P\ kT kT (1)
to express everything as a function of the potential V. The
integral is now:

0
4
ps=+2 xlir) voo(12)
X0 2uTp, ] v v 1/2
o[22 fexn () — g7 — 1]
By subtracting p;, from both sides of Eq. 12
m e (fr) LY
pS —pp == X0 f IRLE 1/2dV 0 fpbdx =
o [] -5 .

120 [exp( ) I]dV
— 4P |_es
- ix: [2kTp;,i| f [exp(z]l/ 7,,1/71]1/2

and by observing that, similarly to the approach used in
[17]

d qV qV
av ["’“’(ﬁ) AT l]

:%?Fp(;>_q

one finally obtains for pg:

(14)

Ps = Db

Lp qVs qVs 12
S —=2- — ) —-=—-1 1 15
G o) 521 T}
where Lp is the Debye length, a measure of the screening of

the bulk from the surface effects [16] and having values
close to the ones of x,, defined as:

ceokT
9°ps

(16)

D =

@ Springer

One can further simplify Eq. (15) by observing that, as
shown in Fig. 5 and keeping in mind that fc—g\/f ~ 1, one
can make the approximation

L Vs
ziﬁm@%
X0

2kT

for all values of V.
By using (8), (15) and (17) one obtains for the sensor
layer resistance:

R = Ry

LD qVS 1

(DC exp( ZkT) * 1+ 4 LD exp(?,?)) (18)
Equation 18 is having the advantage that it decouples the
surface effects (Vs) from the bulk/material properties (Lp)
and morphology (D¢ and Dg). It also captures all important
parameters that control the dependence of the sensor
resistance on the ambient atmosphere composition and
clearly shows that the effect of what happens at the surface
(changes of band bending V) will be felt quite differently
for different materials and, for the same materials, different
sensing layer morphologies. Some examples are provided
in Fig. 6 and 7, where the effect of the geometrical/
morphological parameters (Lp/Dc and Lp/D) is examined
in the hypothesis of a large variation of band bending. One
can see that the most important effect, highest effect of
band bending on layer resistance, comes from the grain size
reduction.

—o— exact solution o
—o— approximation /
10° 5 PP o
/
0O
|
£ 10"+ ﬂ
o
w4 0—o-0ooom—0o-08
T T a T
0.01 0.1 1 10

Fig. 5 The dependencies of the normalized surface average hole
concentration on band bending for the exact solution (Eq. 15) and the
approximate one (Eq. 17)
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Fig. 6 Influence of the contact size over the sensor response at
constant grain size

In the case of n-type materials, for a similar layer
morphology the term that will dominate the resistance is
equivalent of the first term in the brackets of Eq. 18, which
provides the large series resistance proportional to
exp(%3)[12]. By having the dominant resistive term being
the one that depends most strongly on the surface effects,
the n-type materials will show better gas responses than the
p-type ones, provided that the surface reactivity and layer

morphology are comparable.

3 Discussion

It is interesting to see how good the model proposed by
Eq. 18 is by applying it to the results obtained with real

RAR,

Fig. 7 Influence of the grain size over the sensor response at constant
contact size

sensors. In [13], on the one hand, we performed AC sensor
impedance measurements and, on the other hand, we
performed simultaneous work function changes and DC
sensor resistance measurements. From the former, we have
been able to identify and subtract the resistance of the
electrode-metal oxide contact; from the latter, we are able to
correlate the sensor layer signal—expressed as the ratio
between the resistance of the sensor in the presence of
ethanol vapors and the resistance of the sensor in air—and
the changes in the band bending. According to (18) the
sensor signal § is:

Lp ( quas) 1
D, CXp{ — =+ L qVgas
S — Rgas o = 2kT 1+D_€«‘exP( 57 )
B Rair L - €Xp 4V air + !
L 9Vair
D¢ ( 2kT> 1+%.exp( 2/§T )

(19)

The measured work function change upon ethanol vapours
exposure is:

AD = qVyir — qVeas = qVeas = q@Vair — AP (20)

so Eq. 19 becomes

S — Reas
Rair
Lp . _ qVar . AP 1
Dc exp( 2kT) eXp (ZkT) + 1+[L7—€<exp("zl;—f’;’)»exp(7§(‘l;)

L Vi
B e (~58) + oy

(21)

With obvious notations, Eq. 21 can be re-written as:

AP 1
t - exp (W) + T —— -
s = Rew _ or(s) (22)

1
Rair A + T

1.7

1 — Fit
Experimental points

164 O

1.5

1.4

1.3

Sensor signal S

1.2

1.1 4

1.0

T T T T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Potential changes A® (eV)

Fig. 8 Dependence of the sensor signal on band bending; experi-
mental results and fitting with the formula described by Eq. 22
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Fig. 9 Simulation of the impact
of grain and contact size on the
sensor response for a sensitive
material that has an initial band
bending of 300 meV 10

qVv,.=03eV
L,=14 nm
P, = 1.4*10*/m’

Sensor signal $

The experimental results of the sensor signal dependence on
the work function changes are presented in Fig. 8 together
with the curve obtained by fitting the data with Eq. 22; the
values obtained for the fit parameters are: ¢,=0.00762 and
1,=0.47669. To get a feeling about the meaningfulness of the
fit parameters we need to make some assumptions; because
during ethanol exposure the work function changes were
close to 300 meV without recording saturation, we know that
the minimal initial bend bending (¢V,;) should be at least
300 meV. In this case we will obtain for the bulk/
morphological parameters (Lp/D¢c and Lp/Dg):

L
=014
Lp __

Lo = 0.02

Keeping in mind the fact that the average grain size is around
500 nm, we are obtaining for the Debye length a value of
around 14 nm—corresponding to a p,, value of around 1.4 x
102 m™, see Eq. 16—and for the size of the grain-grain
contact a value of around 100 nm (one fifth of the value of
the grain size); the obtained values look reasonable for a

Fig. 10 Simulation of the
impact of grain and contact size
on the sensor response for a
sensitive material that has an
initial band bending of 600 meV or

qV.. = 0.6 eV
L,=0.8 nm
P, = 4.5*10"/m’

Sensor signal S
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semiconducting metal oxide. There are not too many
possibilities to compare the values resulting from the fit to
directly experimentally determined ones; the values we
found in literature for p,, in a comparable temperature range
(280°C) [18] for the case of Cr,O; with induced non-
stoichiometry, are around 10°° m ™, which would correspond
to a value of the initial band bending of about 700 meV; the
later value is also reasonable, even if a bit high. Anyways,
the values given in [18] seem to be pretty high and in order
to match them with the measured conductivity values the
author assumes an extremely low value of hole mobility, 3 to
5x10°° cm?/V s, in full contradiction to the values found by
Hauffe and Block [19], namely 0.76 cm?*V s at a much
higher temperature (600°C). On the basis of the information
available in the literature it seems reasonable to assume that
the initial band bending values are between 300 and
600 meV. For the latter case, the value of the Debye length
is around 0.8 nm—corresponding to a p,, value of around 4 x
10 m>—and the value of the size of the grain-grain
contact a value of around 6 nm (a bit more than one
hundredth of the value of the grain size). Figure 9 and 10
present the hypothetical cases in which the grain size (Dg)

D, =8-500 nm

01 LD/D

D.=08-8nm
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and morphology (D) of two materials, which are having the
bulk properties (Lp) of the two extreme cases considered
above, are changed. One can observe that for high effects
one needs materials that: are highly reactive to oxygen (high
initial band bending); have high concentrations of free
charge carriers (low L, value) and low grain sizes. The
effect of morphology, Ly/D¢, is limited in those cases (see
Fig. 10). On the opposite, in the case of materials with not so
high oxygen reactivity and lower concentration of free
charge carriers, the effects of grain size and morphology
are comparable (see Fig. 9). In the case of n-type materials,
the grain size influence over the sensor signal will be limited
because the contribution of the non-sensitive part of the
grains, the bulk, is limited by its lack of influence in the
overall layer resistance (low series resistance) (Fig. 1).

The conduction model developed here has some limi-
tations imposed by the conditions in which it is possible to
obtain an analytical solution, mainly Dg >> Lp. This fact
limits its applicability to “large” grains and excludes the
analysis of “fully” enriched materials. The elaboration of a
more comprehensive model is currently undertaken.

4 Conclusion

A conduction model valid for p-type gas sensitive metal
oxides with large grain sizes, when compared to the Debye
length, was developed and found to be in good agreement
with the experimental results. It provides a quantitative
explanation for the low sensor signals of those materials in
spite of their high surface reactivity and guidance on how to
attempt the improvement of the sensor performance. It also
explains the origin of the differences between n and p-type
gas sensitive metal oxides. The boundary conditions in
which the conduction model was devised are limiting its
applicability and asking for its extension towards materials
whose grains are fully influenced by surface reactions.

References

1. D.E. Williams, Semiconducting oxides as gas-sensitive resistors.
Sens. Actuators B Chem. 57, 1-16 (1999). doi:10.1016/S0925-
4005(99) 00133-1

o0

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. N. Barsan, M. Schweizer-Berberich, W. Gopel, Fundamental and
practical aspects in the design of nanoscaled SnO2 gas sensors. A
status report, Fresenius’. J. Anal. Chem. 365, 287-304 (1999).
doi:10.1007/s002160051490

. G. Korotcenkov, Gas response control through structural and
chemical modifications of metal oxide films: state of the art and
approaches. Sens. Actuators, B 107, 209-232 (2005)

. K. Thokura and W. J., The stannic oxide gas sensor: principle and
application. (CRC, 1994)

. G. Heiland, Zum Einfluss von Wasserstoff auf die elektrische
Leitfahigkeit von ZnO-Kristallen. Z. Phys. 138, 459-464 (1954).
doi:10.1007/BF01340692

. A. Bielanski, J. Deren, J. Haber, Electric conductivity and
catalytic activity of semiconducting oxide catalysts. Nature 179,
668—669 (1957). doi:10.1038/179668a0

. T. Seiyama, A. Kato, K. Fujiishi, M. Nagatani, A new detector for
gaseous components using semiconductive thin films. Anal.
Chem. 34, 1502f (1962). doi:10.1021/ac60191a001

. N. Taguchi, in U.S.Patent. 3,631,436, 1971

. http://www.figarosens.com, http://www.fisinc.co.jp, http://www.

appliedsensors.com, http://www.citytech.com, http://www.micro

chem.com

J. Marek, H.-P. Trah, Y. Suzuki, I. Yokomori, Sensors for

automotive technology (Weinheim, VCH Weinheim, 2003)

T.C. Pearce, S.S. Schiffman, H. Troy Nagle, G.J.W., Hand-

book of machine olfaction: electronic nose technology. (Wiley,

2003)

N. Barsan, U. Weimar, Conduction model of metal oxide gas

sensors. J. Electroceram. 7(3), 143-167 (2001). doi:10.1023/

A:1014405811371

S. Pokhrel, C.E. Simion, V. Quemener, N. Barsan, U.

Weimar, Investigations of conduction mechanism in Cr,O3

gas sensing thick films by ac impedance spectroscopy and work

function changes measurements. Sens. Actuators, B 133(1), 78—

83 (2008)

A. Gurlo, N. Barsan, A. Oprea, M. Sahm, T. Sahm, U. Weimar, A

n- to p- type conductivity transition induced by oxygen adsorption

on «-Fe203. Appl. Phys. Lett. 85(12), 2280-2281 (2004).

doi:10.1063/1.1794853

N. Barsan, D. Koziej, U. Weimar, Metal oxide based gas sensor

research: how to? Special Issue, 25th Anniversary of Sensors and

Actuators B: Chemical, E. Bakker, M. Egashira, M. Koudelka-

Hep, R. Narayanaswany (Eds.). Sensors and Actuators B 121,

18-35 (2007)

S.R. Morrison, The Chemical Physics of Surfaces (Plenum, New

York, 1977). ISBN 0-306-30960-2, Sec. 2.2

N. Barsan, R. Tonescu, The mechanism of interaction between CO

and SnO2 surface—the role of water vapour. Sens. Actuators, B

12(1), 71-75 (1993)

L.N. Cojocaru, Electrical properties of non-stoichiometric Cr,05.

Z. physic. Chem. Neue Folg 64(5/6), 255-262 (1969)

K. Hauffe, J. Block, Defective array model of an intrinsic-

impurities semiconductor, Cr,O3. Z. Phys. Chem. 198(5/6), 232—

247 (1951)

@ Springer


http://dx.doi.org/10.1016/S0925-4005(99) 00133-1
http://dx.doi.org/10.1016/S0925-4005(99) 00133-1
http://dx.doi.org/10.1007/s002160051490
http://dx.doi.org/10.1007/BF01340692
http://dx.doi.org/10.1038/179668a0
http://dx.doi.org/10.1021/ac60191a001
http://www.figarosens.com
http://www.fisinc.co.jp
http://www.appliedsensors.com
http://www.appliedsensors.com
http://www.citytech.com
http://www.microchem.com
http://www.microchem.com
http://dx.doi.org/10.1023/A:1014405811371
http://dx.doi.org/10.1023/A:1014405811371
http://dx.doi.org/10.1063/1.1794853

	Modeling of sensing and transduction for p-type semiconducting metal oxide based gas sensors
	Abstract
	Introduction
	Sensing and transduction
	Discussion
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


