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F. Schipani, C. M. Aldao, and M. A. Ponce
Institute of Materials Science and Technology (INTEMA) University of Mar del Plata
(UNMdP) and National Research Council (CONICET) J.B. Justo 4302, B7608FDQ - Mar del
Plata, Argentina

(Received 24 May 2012; accepted 2 August 2012; published online 9 August 2012)

The oxygen adsorption effects on the Schottky barriers height measurements for
thick films gas sensors prepared with undoped nanometric SnO2 particles were stud-
ied. From electrical measurements, the characteristics of the intergranular potential
barriers developed at intergrains were deduced. It is shown that the determination of
effective activation energies from conduction vs. 1/temperature curves is not generally
a correct manner to estimate barrier heights. This is due to gas adsorption/desorption
during the heating and cooling processes, the assumption of emission over the barrier
as the dominant conduction mechanism, and the possible oxygen diffusion into or out
of the grains. Copyright 2012 Author(s). This article is distributed under a Creative
Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4746417]

Gas sensors based on semiconducting metal oxides are devices that present a change in the
electrical conductivity after gas exposure.1, 2 The sensing mechanism of these sensors involves an
electrical conductance change caused by gas adsorption at the grains surface of a polycrystalline
film.3 It is widely recognized that wide bandgap semiconducting oxides, such as tin oxide SnO2,
exhibit surface states that behave as electron donors and/or electron acceptors. Electron donors or
acceptors at the surface cause an exchange of electrons within the interior of the semiconductor, thus
forming a space charge layer close to the surface.3 Gas adsorption alters surface states modifying
the space charge layer and the film conductivity is thus modulated.4 Despite the technological
progresses in tin oxide gas sensors, basic understandings of semiconductor gas sensors still remains
controversial. In particular, we have proposed that oxygen diffusion into the grains is responsible for
conductance changes by affecting the oxygen vacancies concentration and then the Schottky barrier
widths.1

It is generally accepted that barriers formation between grains is responsible for the sensor
conductivity and that they have a Schottky-type nature. As a first approach, of the barrier height
calculations, researchers have regularly considered a thermionic conductivity that leads to a conduc-
tivity of the type3

G = G0 exp(−�/kT ), (1)

where � is the barrier height, T the temperature, and k the Boltzmann constant. This equation reflects
an activated process due to intergranular barriers. As several authors do it, with Eq. (1) (i.e. assuming
an Arrhenius relation) the barrier height is estimated. By plotting the conductance (ln G) vs. the
reverse function of temperature (1/T), an activation energy (Ea) can be obtained from the slope of
a fitting straight line. Many authors consider that the Schottky barrier height (φ) can be assumed to
be the activation energy (Ea) thus determined.5–11

At this point, it is important to note that assuming φ = Ea implies three conditions that must be
fulfilled.
a) No gas adsorption/desorption takes place during the heating and cooling processes.12

b) Only thermionic conduction is relevant.
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c) No oxygen diffusion into or out of the grains occurs during the heating or cooling within the
temperature range of the study.13, 14

In several articles, Eq. (1) is applied to estimate the φ value by plotting the conductance as a
reverse function of temperature, without considering that the gas sensor is being cooled in vacuum,
air, or CO, and that tunneling through the barriers can be significant.5–11 In this work we will present
the behavior of a tin oxide gas sensor under vacuum (<10–2 mmHg), air (dried using a zeolite
trap), and an atmosphere with commercial CO (99.9%). The resulting conductivity as a function of
temperature will be interpreted and the limitations on determining the barrier height value will be
addressed.

Gas sensor films were obtained from commercial high-purity SnO2 (Aldrich, medium particle
size 0.4 μm). Size particle distributions of the powders were determined with the Sedigraph technique
using a Micromeritics. A calcination process carried out at 1300◦C for 2 h led to powders with larger
particle size. Then, a paste was prepared with an organic binder (glycerol) and the powder. The
solid/organic binder ratio was 1

2 . No dopants were added. Thick, porous film samples were made
by painting onto insulating alumina substrate on which electrodes with an interdigit shape has been
deposited by sputtering. Finally, samples were thermally treated for 2 h in air at 100◦C in order
to evaporate the organic binder. The thick of the films was measured with a Surtronic 3+ (Taylor
Hobson) profilometer with a diamond stylus (radius: 1μm).

To image the tin oxide surfaces a JEOL JSM 6460-S scanning electron microscope was em-
ployed. In temperature cycling experiments, the resistance was measured while raising and then
decreasing the temperature from room temperature up to 350◦C at a rate of ∼1◦C/min with the
sample kept under vacuum, under air at atmosphere pressure, and under 90 mm Hg of CO. Mea-
surements were made after reaching steady state at different temperatures of the experiment range.
An Agilent 3440A multimeter was used for the electrical conductance measurements.

Figure 1 shows a typical Arrhenius plot for the conductivity of our samples under vacuum.
During the first heating up to 350◦C, the resistance was not stable due to desorption of species from
the grains surface (mostly oxygen). After that, the conductivity had only one value as a function of
temperature for successive temperature cycles, i.e., the conductivity was a single-valued function of
temperature. Since the sample in under vacuum, oxygen adsorption is not possible and desorption
is not expected as long as temperature is not raised beyond the previous temperature reached. The
dashed line corresponds to a fitting with a straight line of the experimental results of the measured
conductivity. The resulting activation energy is 0.31 eV and this value, according to Eq. (1), could
be interpreted as the barrier height. Considering that the sample was at 350◦C under vacuum, a low
barrier is expected due to oxygen desorption, but the measured barrier height seems to be too small
since typical reported barriers heights are in the range 0.5–1 eV.3–5 A low barrier is not the only
expected effect after heating under vacuum. Indeed, for temperatures above 220◦C, we have regularly
detected that oxygen diffuses out the grains increasing considerably the density of vacancies that, in
tin oxide, behave as donors.13, 14

Assuming that parabolic Schottky barriers form at the grain boundaries, the barrier height (φ),
and singly ionized donor density (Nd) within a grain are directly related as follows3

φ = q2 N 2
s

2εrε0 Nd
, (2)

where Ns is the number of electrons per unit of area extracted from the depleted surface region
of width ω, ε0 the vacuum permittivity, εr the metal oxide relative permittivity, and q the electron
charge. The usual Schottky relation between φ and ω can be obtained from Eq. (2) considering
charge neutrality that for a single Schottky barrier is Ndω = Ns. The energy φ (eV) is the energy that
the electrons must attain to overcome the barrier. Then, ω can be write from Eq. (2) as follows

ω =
[

2ε0εrφ

q2 Nd

]1/2

. (3)

The width of the depletion region is crucial because tunneling through a barrier strongly depends
on the barrier width.15, 16
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FIG. 1. Arrhenius plot for the conductivity of a SnO2 film under vacuum. The plot shows results after a first heating up to
350◦C, when the conductivity as a function of temperature was single-valued.

The total electron current density through a potential barrier can be calculated with

J = AT 2 exp[−(φ + ξ )/kT ] + AT

k

∫ φ

0
F(E)P(E)d E . (4)

The first term corresponds to the thermionic contribution while the second term to the tunneling
contribution. F(E) is the Fermi-Dirac distribution, P(E) is the transmission probability that can be
calculated by means of the Wentzel-Kramer-Brilloin (WKB) approximation, and ξ the difference
between the bottom of the conduction band and the Fermi level.15, 16 The filled line in Fig. 1 shows
a possible fitting using Eq. (4). For the sake of simplicity, we adopted a simple single parabolic
Schottky barrier with singly ionized donors.16 Since a high density of donors is expected, we
chose Nd = 1019 m–3. A barrier height of 0.62 eV results in a very good fitting of the temperature
dependence. Interestingly, the tunneling current is dominant along the whole temperature range and
presents a characteristic concavity as a function of 1/T as experiments show.16, 17

Figure 2 shows the measured conductance as function of 1/T for a sample under vacuum (A-B),
exposed to air (C-F), and exposed to an atmosphere with CO (G-H). For comparison, the conductance
corresponding to Fig. 1, sample under vacuum, was included. Lines are only drawn as a help to the
eye but they do not correspond to any modeling.

After the first experiment in which the sample was kept under vacuum to the point that no
evidence for further desorption was detected, the sample was exposed to air at low temperature,
T = 94◦C. The conductance was affected very rapidly implying that barriers increased due to the
presence of oxygen. Once the conductance was stable, the second experiment started at point C of
Fig. 2. As temperature was raised, the conductance increased (C-D) with effective activation energy
of 0.42 eV, not very different from the effective activation energy observed with the sample under
vacuum (A-B). Being the sample exposed to air, a higher barrier would be expected. Then, the
barrier height would change as the temperature increases (C to E). On the other hand, it is known
that the amount and adsorbed oxygen species depends on temperature.12 Despite these complexities,
researchers determine activation energies from plots of this type.
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FIG. 2. Conductance as function of 1/T for a sample under vacuum (A-B), exposed to air (C-F), and exposed to an atmosphere
with CO (G-H). The conductance under vacuum of Fig. 1 is also included. Lines are only drawn as a help to the eye but they
do not reflect any modeling.

At T ≈ 200◦C, point D of Fig. 2, the conductance changed its slope to the point that practically
became temperature independent up to the highest temperature of our experiment, 358◦C (point E).
We interpret this result as a consequence of oxygen diffusion into the grains, which is activated
at temperatures above 200◦C.13, 14 As oxygen incorporates into the grains, the dopant concentra-
tion reduced and then the tunneling conduction was affected in such a way that compensates the
temperature increasing effect (D-E).

After reaching 358◦C, the temperature was decreased (E to F). Interestingly, the conductance
differed completely from that observed during the heating up process. Indeed, the conductance
decreased abruptly with an effective activation energy of 1.15 eV. We understand that in this stage
the sample presented a lower dopant concentration that strongly reduced the conductance by affecting
tunneling. As before, while cooling down (E-F), the barrier height is not necessarily constant, because
the amount of adsorbed oxygen is temperature dependent. The conductivity was very low by 220◦C
to the point that we could not measure it beyond point F.

In the third experiment, after heating the sample up to 350◦C (in air atmosphere), we pumped out
the air and rapidly introduced 90 mmHg of CO into the chamber. Initially, when CO is incorporated,
a low increase of the electrical resistance is observed (from 13.5 k� to 42.5 k�, point G). Note that
the conductance in the CO atmosphere (G-H) increased with respect to the previous measuring in air
(E-F) indicating that the effect of CO was to reduce the barrier height. Conversely, the conductance
in the CO atmosphere (G-H) is lower than that with the sample in air during the heating up (C-D).
This result cannot be explained just considering thermionic conductivity, in which the conductance
depends only on the barrier height. Furthermore, from the slope in the low temperature regime
(T≤200◦C) the activation energy would be 0.48 eV, slightly higher than that with the sample in air
in the heating up process (C-D). These findings are also consistent with a tunneling current, which
not only depends on the barrier height but also on its width. The low dopant concentration, after the
exposure of the sample to air at high temperatures, is responsible for reducing the tunneling
contribution to the point of having a lower conductance in spite of the lower barrier height in-
duced by the CO that favors conduction.
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FIG. 3. Band diagrams showing the proposed changes in the intergranular potential barriers corresponding to Fig. 2.

In Fig. 3, a band diagram model showing the proposed changes in the intergranular poten-
tial barriers is presented. First, before the sample is exposed to vacuum, the oxygen adsorbed
(Oads) during the thermal treatment is responsible for a relative high barrier and low doping
(Fig. 3(a)). After the exposure to vacuum and a relative high temperature oxygen desorbs as oxygen
molecules. Then, the barriers heights and widths reduce and the conduction is favored (Fig. 3(b)).
Afterwards, when the sample is exposed to an oxygen atmosphere, the oxygen adsorbs at the surface
increasing the barriers heights to reach point C (Fig. 3(c)). At temperatures above 220◦C, oxygen
diffuses into the grain annihilating oxygen vacancies and then the barriers widths increase, D-E
(Fig. 3(d)). During cooling (E-F), the conductance decreases very rapidly as a low dopant con-
centration implies a wide depletion layer and a small tunneling contribution to the total electrical
conduction (Fig. 3(e)). Finally (G-H), in the third step, the sensor is exposed to a CO atmosphere.
CO2 is formed and, during de reaction, the Oads reduces drastically and oxygen out diffusion takes
place at temperatures above 220◦C. These phenomena provoke the decrease of the barrier height and
depletion region width. Interestingly, the conductance is lower than that corresponding to vacuum
indicating a lower vacancy density that reflects in a smaller tunneling contribution.

From the analysis of the electrical conduction evolution observed in our experiments, it can
be concluded that gas adsorption/desorption during the heating and cooling processes, a relevant
tunneling contribution to conduction, and oxygen diffusion into or out of the grains must be consid-
ered. The effective activation energies determination from conduction vs. the reversal of temperature
curves is not generally a correct manner to estimate barrier heights. Only for vacuum cycles we
could say that Ea = φ, but the resulting conduction vs. 1/temperature curves cannot be explained just
considering the thermionic contribution to conductivity, for which only the barrier height is relevant.
Tunneling conduction must be taken into account and then in/out oxygen diffusion, which alters the
donor density, affects the resulting conductance.
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