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Abstract
The effects of oxygen gas pressure and operating temperature on the sensing layer of resistive
oxygen gas sensors are analytically studied. We include the effects of the temperature, gas
pressure, energy gap, Fermi energy, and concentration of the electrons and holes. To achieve
more accurate equations for the temperature and gas pressure dependency of the oxide
semiconductor sensing layers, Fermi–Dirac distribution is employed instead of the
conventionally used Boltzman function. Consequently, we have derived new equations that give
the variation of conductivity of the sensing layer as a function of operating temperature and gas
pressure more accurately. To examine the exactness of our derived equations, the responses of
CeO2 and SrTi0.65Fe0.35O3−δ based oxygen gas sensors as a function of temperature and gas
pressure are calculated using Matlab software. The obtained results are in close agreement with
the reported measured results.

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

1. Introduction

The precise measurement of oxygen concentration has
gained great importance in a variety of fields, including
those of combustion control, food preservation, experimental
measurement, biology, medical engineering, industry, and
control of large combustion furnaces [1]. Resistive
sensors have been investigated intensively in recent years.
Due to their simplicity, low cost, small size, IC-process
compatibility, measurement circuit simplification, and low
power consumption, resistive oxygen gas sensors stand out
among the other types of sensors [2].

Oxygen sensors based on CeO2, TiO2, Ga2O3, BaTiO3

(Nb), TiO2(Nb, Cr), and SrTiO3 are at an advanced stage
of development [3–7]. These sensors operate at a high
temperature (500–1200 ◦C) and are used to detect the gases
exhausted by car engines or during metallurgical processes.
In many materials, such as SnO2, SnO2(Li), SnO2/Pt,
ZnO, ZnO(Li), Cu2O, and Nb2O5, surface effects induce
a conductance variation, and hence these materials have
been employed in sensors designed for detecting low oxygen

pressures (1–1000 mbar) at low and medium temperatures
(200–500 ◦C) [8–10].

The main disadvantage of the oxide semiconductor resis-
tive oxygen sensor is their dependency on temperature [11].
The resistive oxygen gas sensors are sensitive to temperature
because, not only does it influence the physical properties of
oxide semiconductor sensing layers such as variation of free
carrier concentration, the energy gap, and the Fermi energy, but
also because it affects the reaction taking place on the semicon-
ductor which determines the most probable species adsorbed
and hence, the reaction sites. Since the operating temperature
has a considerable effect on the response of resistive oxygen
gas sensors, a detailed study of this is of great importance.

2. Theoretical study

The general expression for the dependency of the electrical
conductivity, σ of the resistive sensing layer and the operating
temperature is given by [12]:

σ ∝ eEA/kT . (1)
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The above relation does not consider the temperature
dependency of some parameters such as activation energy EA

and mobility, which are also a function of temperature. We
will investigate the effect of the most effective parameters
and introduce new equations for sensor response. The n-type
and p-type sensing oxide layer semiconductors will be studied
separately.

2.1. Resistive oxygen gas sensors based on n-type
semiconductors

The general expression for the electrical conductivity of n-type
semiconductors is given by [12]:

σe = qμene (2)

where q is the electron charge, μe is the electron mobility, and
ne is the electron concentration. It should be noted that both μe

and ne are temperature-dependent and one should take account
of both of these terms when the sensing layers are studied.

The mobility is temperature-dependent and can be
determined by experiment or calculation. However, it will be
of the form [13]:

μe = μ0T −m (3)

where μ0 is a constant, T is the temperature, and m is the
power exponent. For crystalline semiconductors with low level
of defect concentration (<1%), m = 1.5 at high temperature,
but m may be considerably larger (e.g. m = 4.5) in disordered
semiconductors due to charge localization and dislocations. So
the dependency of mobility on temperature cannot always be
ignored.

We will mainly concentrate on evaluating the dependency
of ne on operating temperature and the detecting gas pressure.

2.1.1. Evaluating concentration of electrons n as a function of
the temperature and oxygen pressure. The concentration of
electrons in the conduction band can be determined by solving
the following integral [14]:

n =
∫ ∞

Eg

De(E) fe(E) dE (4)

where (De(E)) is the density of states and fe(E) is the
occupation probability and they are respectively given by:

De(E) = 1

2π

(
2me

h̄2

)1.5 (
E − Eg

) 1
2 ,

fe(E) = 1

e
(E−Ef)

kT

.

(5)

If we assume E − Ef � KB T for the conduction band
of a semiconductor, the Fermi–Dirac distribution function
reduces to the Boltzman distribution function. Considering this
assumption and substituting equations (5) in (4) we obtain the
approximated equation for n as:

n = 2

(
mekT

2π h̄2

)1.5

exp

(
Ef − E

kT

)
. (6)

To calculate the concentration of the electrons ‘n’ more
accurately, we employed the Fermi–Dirac function in
equation (4) instead of the Boltzman function and n was
derived by solving the following equation:

n = 1

2π

(
2me

h̄2

)1.5 ∫ ∞

Eg

(
E − Eg

) 1
2 × 1

e
(E−Ef)

kT + 1
dE . (7)

To solve the above integral, first of all, we have to evaluate the
general form of integral:

∫ ∞
0

xs

Aex +1 dx .
In doing so, the more accurate equation for the

concentration of electrons is derived:

n =
√

π

4π2

(
2mek

h̄2

)1.5

T 1.5
∞∑

n=0

(−1)n

(n + 1)1.5
e−(n+1)(Eg−Ef)/kT

(8)
where, Eg and Ef are the energy gap and Fermi energy,
respectively.

The Fermi energy of oxide semiconductors used as
oxygen sensing layers is affected by oxygen gas pressure and
temperature. We have derived the governing equation and the
final result is:

Ef = Ef,0 −
(

kT

2(γ + 1)

)
Ln

(
pO2

pO2,0

)
(9)

where Ef,0 is the Fermi energy at a reference oxygen pressure
PO2,0 and γ equals 1 or 2 depending on the number of ionized
oxygen vacancies.

We can practically measure the variable Ef,0 (e.g. by the
Hall effect method) and obtain its value for a reference oxygen
pressure.

The temperature dependency of the energy gap for semi-
conductors is fitted by the following empirical relation [15]:

Eg(T ) = Eg(0) − αT 2

β + T
(10)

where Eg(0) is the value of the energy gap at 0 K, α and β are
constants.

Substituting equations (3), (8), (9), and (10) in
equation (2), the general and more accurate equation for the
electrical conductivity of the oxygen gas sensors is obtained:

σe = qμ0

4

(
2mek

π h̄2

)1.5

T 1.5−m

[ ∞∑
n=0

(−1)n

(n + 1)1.5

× e−(n+1)(Eg(0)−Ef,0
αT 2

β+T )/kT
(

Po2

Po2,0

) −(n+1)
2(γ +1)

]
. (11)

As it is clear from equation (11), the conductivity of n-type
oxide semiconductor oxygen sensing layers is affected by
operating temperature and oxygen gas pressure.

2.2. Resistive oxygen gas sensors based on p-type oxide
semiconductors

The same procedure as carried out for the n-type oxide
semiconductors is applied to the p-type sensing layers. The
obtained results indicate that the electrical conductivity of the
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Figure 1. The conductivity of the ceria sensor versus oxygen
pressure for four different temperatures.

p-type oxide semiconductors also depends on the operating
temperature and oxygen pressure. The derived relationship is:

σh = qμ0

4

(
2mhk

π h̄2

)1.5

T 1.5−m

×
[ ∞∑

n=0

(−1)n

(n + 1)1.5
e−(n+1)Ef,0/kT

(
Po2

Po2,0

) (n+1)
2(γ +1)

]
. (12)

3. Analytical results

The derived equations (11) and (12) for the conductivity of the
sensing layers were investigated by substituting the appropriate
reported values for the parameters based on the n-type and p-
type oxygen sensing layer. The graphs of conductivity versus
temperature and pressure were plotted using Matlab software.
The results for n-type and p-type layers will be discussed
separately.

3.1. N-type sensing layers based on CeO2

Since CeO2 is an n-type oxide semiconductor and its operation
temperature is high, it can be a good candidate to investigate
equation (11) derived for n-type sensing layers. The substituted
values of the parameters required in equation (11) were as the
values reported by Kosacki [15]:

Eg(0) = 3.4 eV, Ef,0 = 2.5 eV,

P(O2)0 = 2 × 10−2 Pa, m = −1.7,

α = 4.5 × 10−4, β = 514.2 and γ = 2.

The graphs of conductivity versus oxygen gas pressure and
temperature using equation (11) and Matlab software are
shown in figures 1 and 2, respectively.

3.2. P-type oxygen sensing layers based on SrTi0.65Fe0.35O3−δ

Recently, SrTi0.65Fe0.35O3−δ, due to its strong sensitivity to
oxygen pressure, has received considerable attention for use
as a resistive oxygen sensor. On the other hand, since

Figure 2. The conductivity of the CeO2 sensor versus operating
temperature at different pressures.

Figure 3. Plot of the response of the SrTi0.65Fe0.35O3−δ sensor as a
function of the operating temperature at different pressures.

SrTi0.65Fe0.35O3−δ is a p-type semiconductor at high oxygen
pressure, we can use our equation (12) and plot conductivity
as a function of temperature and oxygen gas pressure and
investigate its effects. Figure 3 shows the response of the
SrTi0.65Fe0.35O3−δ sensor as a function of temperature at
different oxygen pressures using equation (12) and the value
of the required parameters as: Ef,0 = 0.3 eV, P(O2)0 =
2 × 104 Pa, m = 4.5 and γ = 1 [16].

It is clear from our calculated results shown in figure 3,
that at high temperatures (>900 K) the electrical conductivity
is independent of temperature, as is the case with the measured
result reported by Litzelman et al [16].

In figure 4 the conductivity of SrTi0.65Fe0.35O3−δ as a
function of oxygen pressure at five different temperatures using
equation (12) and Matlab software is shown.

As indicated in figure 4, the calculated electrical
conductivity increases with increasing oxygen pressure, which
is expected according to the reported measurement results [16].
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Figure 4. Conductivity versus oxygen pressure for SrTi0.65Fe0.35O3−δ

based sensors at five different temperatures.

(a)

(b)

Figure 5. Calculated and measured results for SrTi0.65Fe0.35O3−δ

based sensors. (a) The measurement results by Scott Litzelman [16]
and (b) the calculated results.

Figure 6. Electrical conductivity of SrTi0.65Fe0.35O3−δ based sensors
as a function of oxygen pressure for five different temperatures.
(a) Measured results by Scott Litzelman [16] and (b) the calculated
results (this work).

4. Comparison of the analytical with the reported
results

Comparison of our calculated results with the reported experi-
mental results for the sensing layers response of CeO2 [12, 15]
and SrTi0.65Fe0.35O3−δ [16] will be accomplished in two sep-
arate sections. The SrTi0.65Fe0.35O3−δ sensing layers act as
p-type at high temperatures and CeO2 layers as n-type oxide
semiconductors.

4.1. The SrTi0.65Fe0.35O3−δ based oxygen gas sensors

Figure 5(a) shows the experimental and figure 5(b) the
calculated temperature dependency of the SrTi0.65Fe0.35O3−δ

sensor results, respectively. Figure 5(a) gives three different
measured results for sensors having three different sensing
layers of grain sizes from 70 to 316 nm. The reported operating
temperature range is 150 to 900 K and oxygen pressure is
1 Pa [16]. Our obtained equations do not take account of
the grain size effect on the sensor response. Therefore, only
a single plot in figure 5(b) is drawn using equation (12)
considering the temperature range of 150–900 K and oxygen
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(a)

(b)

Figure 7. Conductivity versus temperature for CeO2 based sensors.
(a) The measured results by Igor Kosacki [17] and (b) the calculated
results (this work).

pressure of 1 Pa. Comparing figures 5(a) and 5(b), we can
conclude that our calculated results in figure 5(b) differ by less
than 1% from the measured values of Scott Litzelman [16] as
shown in figure 5(a) for the grain size of 158 nm.

Figure 6(a) shows the measured conductivity of
SrTi1−x Fe0xO3−δ based sensors versus oxygen pressure at five
different operating temperatures. The SrTi1−x Fex O3−δ based
sensors exhibit n-type semiconductor behavior at low oxy-
gen pressures and p-type semiconductor behavior at high pres-
sures. This behavior is indicative of a transition from n- to
p-type conductivity at the corresponding pressure range, for
SrTi1−x FexO3−δ [16]. Figure 6(b) shows the calculated re-
sponse of SrTi0.65Fe0.35O3−δ based sensors at high oxygen
pressure (>10−1 Pa), i.e. in the p-type region. Comparing our
calculated results of figure 6(b) with the right hand section of
the measured results of figure 6(a) [16], having x = 0.35 (as
indicated by an arrow), the mismatch is about 0.9%.

4.2. The n-type oxygen sensors based on CeO2

The measured operating temperature effect on the CeO2 based
oxygen sensor by Kosacki et al, is shown in figure 7(a) [15].
There are three plots showing the response of three sensors
having sensing layers of grain sizes 10 nm, 30 nm, and 5 μm.
The operating temperature range is 800–1250 K at an oxygen
pressure of 105 Pa [15]. In figure 7(b) our single calculated

(a)

(b)

Figure 8. The response of ceria based sensors to oxygen pressure at
different temperatures. (a) The calculated results (this work) and
(b) the measured results by Piotr Jasinski [12].

plot, using equation (11) and Matlab software, is shown.
The calculation is carried out applying the same conditions
as in the experiment, but without considering the grain size.
Comparing our theoretical plots with the experimental ones
figure 7(a) [15], we may conclude that our results match with
the reported plot related to sensing layers of 10 nm grain size.

The measurement results reported by Piotr Jasinski [12]
for the response of the resistive oxygen gas sensor based
on ceria as a function of oxygen pressure, at different
temperatures, are shown in figure 8(a). The calculated results
employing equation (11) and Matlab software are shown in
figure 8(b). The considered parameters in equation (11) are
identical to the measurement conditions. Our calculated results
of figure 8(a) are compared with the reported measured results
of figure 8(b) [12], and the mismatch is about 0.8%. However,
the analytically drawn plots are slightly shifted up compared to
the reported plots.

5. Conclusion

The conductivity of the oxide semiconductor sensing layer
of oxygen gas sensors is analytically studied. More
precise equations, compared to those so far reported for the
conductivity of the n-type and p-type oxide semiconductors,
are derived. The analytical study includes most of the
physical parameters affecting the sensing layer response to
oxygen gas, such as mobility, Fermi energy, and energy gap.
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However, the effect of the grain size of the sensing layer
is not included in our work and should be studied. By
applying the obtained equations and using Matlab software,
we examined the responses of oxygen sensors based on CeO2

and SrTi0.65Fe0.35O3−δ as a function of temperature and oxygen
gas pressures. The calculated results are compared with the
reported measured results and in most cases there was a close
agreement between them.
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