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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.
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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 (SnO2 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

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 SnO2

based sensing materials; also employed in commercial
applications are WO3, Ga2O3, which are n-type semi-
conductors, and Cr2−xTiyO3+z, which is a p-type 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, SnO2 is still the most
investigated gas sensing material and CO, NO2 and volatile
organic compounds (VOC) the main target gases. The
second most studied material is WO3 while the other
industrially used materials are practically not investigated
anymore. Accordingly, most of the experimental and
theoretical knowledge was gained on SnO2 [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
Cr2O3, 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-type 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. SnO2, In2O3, WO3—or an
increase of the free charge carriers’ concentration (holes) in
the case of p-type semiconductors—e.g. Cr2O3, NiO, CoO.
There are cases in which the reaction with ambient oxygen

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

Fig. 1 Energy bands representation of the surface processes associ-
ated to the reaction with ambient oxygen and reducing gases: left, 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

the reducing gas. EVAC is the energy level of the electrons far away
from the semiconductor; EC is the minimum of the conduction band;
EV is the maximum of the valence band; EA is the energy level of the
intrinsic acceptors; Φ is the work function and χ 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 (qΔVS ¼ ΔΦ 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
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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:

& 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 x0) 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)): R1, 4,

corresponding to the conductive regions of the cube’s
faces through which the current enters and leaves the
grain, R2, corresponding to the outer conductive layer and
R3, corresponding to the bulk. In fact, R1, 4 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 x0). The
grain resistance, R, is (Fig. 3(c)):

R ¼ R1 þ R2 � R3

R2 þ R3
þ R4 ð1Þ

One can easily calculate all contributions to grain
resistance, R, in the hypothesis that (D >> x0):

R1 ¼ 1

q � m � epS � x0D2
¼ R4 ð2Þ

R2 ¼ 1

q � m � epS � D� 2 � x0
D2 � D� 2 � x0ð Þ2

� 1

q � m � epS � 1

4 � x0 ð3Þ

R3 ¼ 1

q � m � pB � D� 2 � x0
D� 2 � x0ð Þ2 � 1

q � m � pB � 1
D

¼ RB ð4Þ

Fig. 3 Simplified model of the metal oxide grains, used for the calculation of the grain resistance: left, 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,μ, is the same in all the grain and with epS being the
average concentration of holes in the accumulation layer.

One can express all resistances as a function of RB:

R1;4 ¼ RB � pBepS � x0
D

ð5Þ

R2 ¼ RB � pBepS � D

4 � x0 ð6Þ

And the result for the grain resistance is:

R ¼ RB � 2 � x0
D

� pBepS þ 1

1þ 4�x0
D � epSpB

0@ 1A ð7Þ

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 pBepS
and x0. The way in which the surface affects the resistance is
determined by the value of the ratio x0

D . 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 epS in comparison
to pB. 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 x0 and D
and the surface reactivity; for example, if one has a ratio

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, DC, 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:

R ¼ RB � x0
DC

� pBepS þ 1

1þ x0
DG

� epSpB
0@ 1A ð8Þ

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 calculateepS . In the case D >> x0, one treats the situation in a planar
and semi-infinite manner (one-dimensional problem) and
we can write:

epS ¼ 1

x0

Zx0
0

pðxÞdx ¼ 1

x0

Zx0
0

pb exp
qV

kT

� �
dx ð9Þ

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
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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

epS ¼ pB
x0

Z0
VS

exp qV
kT

� �
dV
dx

� � dV ð10Þ

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

dV

dx

� �
¼ � 2kT � pb

""0

� �1=2
exp

qV

kT

� �
� qV

kT
� 1

� �1=2
ð11Þ

to express everything as a function of the potential V. The
integral is now:

epS ¼ � pb
x0

Z0
VS

exp qV
kT

� �
2kT �pb
""0

h i1=2
exp qV

kT

� �� qV
kT � 1

� 	1=2dV ð12Þ

By subtracting pb from both sides of Eq. 12

epS � pb ¼ � pb
x0

R0
VS

exp qV
kTð Þ

2kT �pb
""0

h i1=2
exp qV

kTð Þ�qV
kT�1½ �1=2

dV � 1
x0

Rx0
0
pbdx ¼

¼ � pb
x0

""
2kT �pb

h i1=2 R0
VS

exp qV
kTð Þ�1½ �dV

exp qV
kTð Þ�qV

kT�1½ �1=2
ð13Þ

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

d

dV
exp

qV

kT

� �
� qV

kT
� 1

� �
¼ q

kT
� exp

qV

kT

� �
� 1

� �
ð14Þ

one finally obtains for epS :
epS ¼ pb

� LD
x0

ffiffiffi
2

p
� exp

qVS

kT

� �
� qVS

kT
� 1

� �1=2
þ1

( )
ð15Þ

where LD 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 x0, defined as:

LD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
""0kT

q2pb

s
ð16Þ

One can further simplify Eq. (15) by observing that, as
shown in Fig. 5 and keeping in mind that LD

x0

ffiffiffi
2

p � 1, one
can make the approximation

LD
x0

ffiffiffi
2

p
� exp

qVS

kT

� �
� qVS

kT
� 1

� �1=2
þ1

( )

� LD
x0

ffiffiffi
2

p
exp

qVs

2kT

� �
ð17Þ

for all values of VS.
By using (8), (15) and (17) one obtains for the sensor

layer resistance:

R ¼ RB

� LD
DC

� exp � qVS

2kT

� �
þ 1

1þ LD
DG

� exp qVs
2kT

� � !
ð18Þ

Equation 18 is having the advantage that it decouples the
surface effects (VS) from the bulk/material properties (LD)
and morphology (DC 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 VS) 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 (LD/DC and LD/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.

0.01 0.1 1 10

100

101

102

p S
/p

b

qV
S
/kT

 exact solution
 approximation

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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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 qVS

kT

� �
[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

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 S is:

S ¼ Rgas

Rair
¼

LD
DC

� exp � qVgas

2kT

� �
þ 1

1þLD
DG

�exp qVgas
2kTð Þ

LD
DC

� exp �qVair

2kT

� �þ 1
1þLD

DG
�exp qVair

2kTð Þ
ð19Þ

The measured work function change upon ethanol vapours
exposure is:

ΔΦ ¼ qVair � qVgas ) qVgas ¼ qVair �ΔΦ ð20Þ
so Eq. 19 becomes

S ¼ Rgas

Rair

¼
LD
DC

� exp � qVair

2kT

� � � exp ΔΦ
2kT

� �þ 1
1þLD

DG
�exp qVair

2kTð Þ�exp �ΔΦ
2kTð Þ

LD
DC

� exp � qVair

2kT

� �þ 1
1þLD

DG
�exp qVair

2kTð Þ
ð21Þ

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

S ¼ Rgas

Rair
¼

t1 � exp ΔΦ
2kT

� �þ 1
1þt2� 1

exp ΔΦ
2kTð Þ

t1 þ 1
1þt2

ð22Þ
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Fig. 6 Influence of the contact size over the sensor response at
constant grain size
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Fig. 7 Influence of the grain size over the sensor response at constant
contact size
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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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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: t1=0.00762 and
t2=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 (qVair) should be at least
300 meV. In this case we will obtain for the bulk/
morphological parameters (LD/DC and LD/DG):

LD
DC

¼ 0:14

LD
DG

¼ 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 pb value of around 1.4×
1023 m−3, 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

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 pb, in a comparable temperature range
(280°C) [18] for the case of Cr2O3 with induced non-
stoichiometry, are around 1026 m−3, 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
5×10−5 cm2/V s, in full contradiction to the values found by
Hauffe and Block [19], namely 0.76 cm2/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 pb value of around 4×
1025 m−3—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)

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

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
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and morphology (DC) of two materials, which are having the
bulk properties (LD) 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 LD value) and low grain sizes. The
effect of morphology, LD/DC, 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 >> LD. 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.
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