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Conduction mechanisms in polycrystalline SnO, thick sensing films were investigated by means of DC
electrical resistance during heating-cooling cycles. Samples were maintained at relatively high temper-
atures in H, or O, ambient atmospheres before performing electrical measurements under vacuum or
before performing XPS measurements in order to determine band bending. Results suggest that inter-
grains present Schottky barriers that are responsible for the observed conductivities regardless of gas

pre-treatment. Oxygen diffusion modulates barrier widths affecting conductivity through tunneling
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transport. The electrical response to subsequent exposure to an oxygen atmosphere is consistent with
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1. Introduction

Gas sensors based on semiconducting metal oxides are used to
monitor the content of oxidizing and reducing gas molecules in a
surrounding medium [1-3]. The goal is the development of low-
cost devices, based regularly on gas sensitive materials that change
resistance and/or impedance when hazardous substances appear in
the ambient. The operational principle of these sensors consists in
transforming the adsorption and desorption of different gases into
an electrical signal. In particular, gas sensors based on polycrys-
talline SnO, offer some advantages such as low cost, long lifetime,
and high selectivity and sensitivity [4-6].

The basic mechanisms responsible for gas sensing in semicon-
ducting metal oxides are generally accepted [1-3]. There is a finite
density of electron donors and/or electron acceptors bound to the
grain surface of a wide bandgap semiconducting oxide, such as
tin oxide. These electron donors or acceptors cause an exchange
of electrons with the interior of the semiconducting grains, thus
forming a space charge layer close to the surface. By changing
the surface concentration and/or the energy distribution of the
donors/acceptors, the space charge region is modulated and thus
the conductivity. However, despite technological progress, the
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mechanisms by which intergranular barriers form and electronic
conduction occurs are still controversial.

Gas sensor devices consisting of a porous sensing layer of a semi-
conductor oxide involve gases diffusion in the sensing layer where
they are adsorbed on the grain surfaces. Usually, it is assumed
that large enough grains present a surface space charge layer and
an unaffected bulk. For n-type materials, gases modify the sen-
sor conductivity by altering the amount of negative surface charge
associated to acceptor levels at intergrains. With the exposure to
reducing (oxidizing) gases, the amount of oxygen ions decreases
(increases), the intergrain barriers are reduced (increased), and
then conductivity increases (decreases).

In this work we studied the electrical conductance under vac-
uum of SnO, films treated previously in oxygen or hydrogen
containing atmospheres as a function of temperature. Furthermore,
we determined band bending changes using X-ray photoemission
spectroscopy. Subsequently, we also determined the conductivity
evolution when films are exposed to an oxygen rich environment.
Our results suggest that Schottky barriers are always present and
that tunneling transport through barriers is the dominant mecha-
nism controlling conductivity.

2. Experimental

Commercial high-purity SnO, (Aldrich, medium particle size
0.4 wm) was ground until a medium particle size of 0.13 pm was
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obtained. Then, a paste was prepared with an organic binder (glyc-
erol). The solid/organic binder ratio was 2, and no dopants were
added. Thick, porous film samples were prepared by painting onto
insulating alumina substrates on which electrodes with aninterdig-
itated shape had been deposited by sputtering as described below.
After cleaning the 96% dense alumina substrates with acetone and
isopropyl alcohol, they were blown with dry nitrogen and placed in
a sputtering chamber. After pumping the chamber to its base pres-
sure (10~ mbar), an adhesion layer consisting of 25 nm of titanium
was deposited. Without breaking vacuum, a platinum film 200 nm
thick was then deposited over the Ti layer. Both depositions were
performed using RF guns with 2-inch targets and 5 x 10~3 mbar, Ar
as the working gas. The powers for Ti and Pt depositions were set
to 150 W and 100 W, respectively. For defining the electrodes, the
substrates with the metal films were placed in a home-built micro-
machining system consisting of three translation stages and a20 W,
frequency tripled Nd:YVO4 laser (A =355nm). The conditions for
removing the platinum film to expose the alumina substrate (thus
defining the interdigitated electrodes) were: 0.5 W laser power and
2 mm/s writing speed. The interelectrode distance was 20 m.

After painting, in order to evaporate the organic binder and to
improve the adhesion of films to the alumina substrate, samples
were kept at 100°C for 1h in air. Later, samples were heated up to
380°C using a heating rate of 1°C/min and exposed to dry air at
380°C during 1 h. Finally, some of the samples were kept at 380°C
for 4h in a Np atmosphere with 5% H,. Samples were labeled S,
(samples only exposed to dry air) and Sy, (samples exposed to
hydrogen).

The electrical behavior of films was analyzed using a multime-
ter (Agilent 34401A). Resistance vs. temperature measurements for
samples Sp, and Sy, were carried out raising and then decreasing
the temperature with different temperature ranges at a rate of
~2°C/min with the samples kept in vacuum (~10~% mbar). Later,
the resistance of the film labeled Sy, was measured while raising
and then decreasing the temperature from room temperature up
to 380°C at a rate of ~2°C/min with the sample kept in a dry air
atmosphere (atmospheric pressure).

X-ray Photoelectron Spectroscopy measurements (XPS) were
performed under UHV conditions (base pressure <5 x 10~10 mbar)
in a SPECS spectrometer system equipped with a 150 mm mean
radius hemispherical electron energy analyzer and a nine channel-
tron detector. XPS spectra were acquired at a constant pass energy
of 20eV using an un-monochromated Mg Ka (1253.6eV) source
operated at 12.5kV and 20mA and a detection angle of 30° with
respect to the sample normal on grounded conducting substrates.
The binding energies quoted are referred to the Au 4f;, emission
at 84.0eV.

3. Conduction mechanisms

Tin dioxide is a wide gap n-type semiconductor with a band gap
of about 3.6 eV. Although different types of defects are present in
Sn0,, oxygen vacancies, which behave as electron donors, are dom-
inant. It has long been recognized that the resistance of this type of
gas sensors is determined by Schottky barriers at grain surfaces [4].
Therefore, the key issues are barrier formation at intergrains and
electron transport between grains. Adsorption of different gases is
accompanied by changes in barriers heights. This in turn affects
electron transport between grains and thus the resistance of the
device changes. Conduction mechanisms have been interpreted in
analogy to those in metal-semiconductor contact diodes. Accord-
ingly, the electrical properties of polycrystalline semiconductors
are usually described with a simple one-dimensional model rep-
resenting the interface between two grains. Fig. 1 depicts the
double Schottky barrier model that is generally accepted. In spite of
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Fig. 1. Diagram for the intergranular double-Schottky barrier model. The band
bending is eVs and ¢ the height of the barrier. Arrow (a) indicates emission of elec-
trons from the left grain to the right grain over the top of the barrier, the thermionic
contribution to current transport. Arrow (b) indicates quantum mechanical tun-
neling through the barrier, the thermionic-field emission contribution to electron
transport.

possible complexities due to the randomness of the structure,
usually a so-called bricklayer model with cubic-shaped grains of
identical size is assumed [7]. Also, it is regularly considered that a
thermionic mechanism is responsible for the sample conductivity.
This conduction mechanism is described by [8]

G = Gg exp(—eVs/kT) (1)

where Vs is the band bending, T the temperature, and k the Boltz-
mann constant. This equation reflects an activated process due to
intergranular barriers. Using Eq. (1) (i.e. assuming an Arrhenius
relation) the band bending, or the barrier height ¢ that can be
defined as the band bending or eVs+Ec—Er (as shown in Fig. 1),
is regularly estimated. Indeed, by plotting the conductance (In G)
vs. the reverse function of temperature (1/T), an activation energy
can be obtained [9].

It has been pointed out that a thermionic-field emission or
tunneling contributions are unavoidable for the usual barriers char-
acteristics [10]. The tunneling current can be calculated with

AT [
]tunneling = T/ F(E)P(E)dE (2)
0

where F(E) is the Fermi-Dirac distribution and P(E) is the trans-
mission probability, which can be determined by means of the
Wentzel-Kramer-Brilloin (WKB) approximation [11]. Despite its
relevance most researchers do not include this contribution in
their calculations [6]. Indeed, typical proposed band bendings and
dopant concentrations make thermionic-field emission the most
relevant conduction mechanism in many cases.

As discussed above, two models have been used in the litera-
ture to rationalize electron conduction in polycrystalline SnO,: (i)
an activated thermionic mechanism that depends only on intergra-
nular barrier heights and (ii) an electron tunneling mechanism that
depends both on intergranular barrier heights and widths. As we
should see below temperature dependence conductance measure-
ments as well as band bending measurements can be used jointly
to discriminate the dominant electron conduction mechanism.

4. Results and discussions

Before presenting the polycrystalline SnO, conductance mea-
surements, it is important to determine the chemical composition
of the samples employed, as the presence of undesirable contam-
inants could have dramatic effects on conductivity. Therefore, we
have characterized our samples with X-ray photoemission spec-
troscopy (XPS). Fig. 2 shows XPS spectra corresponding to the
oxygen annealed SnO; sample (Sp,) and the oxygen annealed fol-
lowed by hydrogen reduction SnO; sample (Sy, ). Broad scans show
the presence of only Sn and O related peaks with no detectable
amounts of undesirable contaminants. The later corroborates the
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Fig. 2. So, and S, XPS broad scans. Only Sn and O related XPS peaks are observed
indicating the absence of contaminants in detectable amounts.

absence of possible impurities on the semiconductor surface. Fur-
thermore, note the complete absence of C 1s signals expected at
approximately 285 eV in both cases. This is a significant finding as
it indicates that the oxygen treatment employed was successful
in removing the organic binder employed during sample prepara-
tion. Therefore, these data indicate that, within the sensitivity of
our XPS measurements, we are dealing with well-defined samples,
an important point in conductivity measurements.

Fig. 3 shows the conductance under vacuum of oxygen treated
(So,) and hydrogen treated (Sy,) samples vs.the inverse of tem-
perature, in cycling experiments. Specifically, conductance was
measured by raising and then decreasing the temperature under
vacuum reaching about 140 °C. In this temperature range, the con-
ductivity change for the Sy, sample is quite small (slope of 0.17 eV)
and the room temperature value isrecovered after the cycle. The So,
sample shows a conductance change that corresponds to an average
activation energy of 0.45eV. Furthermore, the room temperature
conductance increases about 50% after reaching the highest tem-
perature.
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Fig. 3. Conductance for the hydrogen (Su,) and oxygen (So, ) treated samples in
temperature cycling experiments up to 140°C. The line for the sample Sy, corre-
sponds to the conductivity of a Schottky diode with a barrier height of 0.69 eV and
dopant concentrations of 1.8 x 10'® cm~3. The line for the sample So, is just a guide
to the eye.
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Fig.4. Conductance cycle for the So, sample under vacuum up to 295 °C. After cool-
ing down, the conductivity adopts a much larger value than at the beginning of the
cycle. Lines are a guide to the eye.

Fig. 4 also shows a temperature cycle for the S, sample under
vacuum; in this case, the temperature was raised up to 295°C, a
typical temperature used in gas detection with this type of sen-
sors. As expected, the conductance presents the same behavior as
shown in Fig. 3 during heating up to 150 °C with a 0.45 eV activa-
tion energy. Note however that a further increase in temperature
results in an activation energy decrease to 0.31 eV. Finally when the
cycle is reversed and the temperature is decreased, the conductiv-
ity presents higher values, reaching a room temperature value two
order of magnitude greater than the initial one. Conversely, a simi-
lar cycle for the Sy, (not shown) presents a similar behavior to that
of Fig. 3, and the room temperature value is recovered at the end
of cycle.

Let us first interpret the results of Fig. 3 using the thermionic
model based on Eq. (1) and neglecting electron tunneling. The
Su, sample conductivity was high due to a low intergrain oxygen
amount that is not affected by the heat treatment; i.e., the oxygen
amount at the intergrains remains constant during the temperature
cycle. Different conductivities between the Sy, and the S, samples
would indicate barriers about 0.3 eV lower for the hydrogen treated
samples, consistent with the observed slopes.

In contrast to Fig. 3, the results of Fig. 4 are not easy to explain
within the frame of a thermionic mechanism for conduction. With
heating, the conductivity increases with a slope corresponding to an
activation energy of 0.45 eV. Interestingly, above 150 °C, the slope
reduces to 0.31 eV indicating that the activation energy, according
to Eq. 1, must change in the 150-295 °C range. First, we can assume
that oxygen desorbs as the temperature is increased and then the
activation energy would decrease with T. However, with a reduc-
ing barrier height, the conductivity should increase faster than at
low temperatures, as a low activation energy facilitates conduction.
Second, we can assume that the activation energy increases with T.
This could be due to the adsorbed oxygen that is in the form of O, ~
below 150°C while above this temperature it chemisorbs as O~ or
02~ [12]. However, after cooling down, the conductivity adopts a
much larger value than at the beginning of the cycle, result that is
incompatible with a higher barrier.

As discussed above the activated thermionic model described
by equation 1 fails to interpret the data presented in Fig. 4. A
different reason for this type of behavior can be put forward.
When heating the samples to a high enough temperature, oxy-
gen intragranular diffusion takes place [13,14]. This phenomenon
affects the oxygen vacancies concentration and then the width
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Fig.5. Sn3d5/2 core level energy distribution curves for the Sy, and the So, samples.
Similar binding energy indicates that barrier heights do not differ considerably.

of the intergranular potential barriers. The thermionic contribu-
tion to conductivity would not be modified as long as the band
bending remains constant, see Eq. (1). Conversely, the thermionic-
field emission contribution would be strongly altered as tunneling
depends on both height and width of the barriers, Eq. (2).

If tunneling contribution to conductivity is relevant, the results
of Fig. 3 can be interpreted as follows. The Sy, sample is expected
to have a high density of oxygen vacancies and then narrow bar-
riers that facilitate tunneling. Thus, the high conductivity and its
small temperature dependence would be a direct effect of tunnel-
ing through a narrow barrier. The Sp, sample is expected to have
a lower density of oxygen vacancies and then wider barriers. Con-
sequently, its conductivity is expected to be much lower than for
the Sy, sample and its dependence with temperature higher, as
observed.

Results of Fig. 4 have also a direct interpretation if tunneling is
the dominant mechanism in conduction. Indeed, as temperature
is raised, oxygen can diffuse out of the Sp, sample increasing the
donor density. Thus, tunneling is favored and after cooling down the
sample presents a much higher conductivity. In a low doped sam-
ple, grains can be completed depleted. As doping increases, grains
can have a bulk region in their centers. The slope change in con-
ductivity at about 140°C is an indication that oxygen diffusion led
to a doping that narrowed the space charge regions to the point at
which grains were not completed depleted [15-17].

By means of XPS core level analysis, comparative values of the
interface Fermi level position in the gap can be determined as it is
directly related to the XPS peak binding energy position. In partic-
ular, the Sn3d5/2 peak can be used due to the quality of the signal
that can be obtained as presented in Fig. 5 [18,19]. Results obtained
for the Sy, and the Sp, samples show that barrier heights do not
differ considerably. Interestingly, the barrier for the Sy, sample is
slightly higher than that for the Sp, sample. Fittings indicated a dif-
ference in binding energy of 0.08 eV, as shown in Fig. 5. Therefore,
the Schottky barrier height for the Sy, sample is 0.08 eV higher than
for the Sp, sample.

We determined the binding energy from other core levels of
Sn, specifically Sn4d and Sn4s, and also from O 1s. Results con-
firmed a Schottky barrier difference of 0.06 & 0.04 eV with a slightly
higher barrier for the Sy, sample. These results represents strong
evidence in favor of a dominant tunneling conduction mechanism
as the thermionic contribution only depends on Schottky barrier
height and then it could not be responsible for the conductivity
experimentally observed.
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Fig. 6. Conductance cycles for the Sy, sample in air up to 140°C and 325 °C. After
the second cycle, the conductivity reduces abruptly. Lines are a guide to the eye.

Finally, we heated up the sample Sy, in air as shown in Fig. 6. The
exposure to air at room temperature very rapidly leads to a reduc-
tion in conductivity. Then, conductance was measured by raising
and then decreasing the temperature reaching about 140 °C. After
the cycle, the resistance increased from 58 K2 to 860KS2, indi-
cating doping changes since quite low temperatures. By heating
up to 325°C, the conductivity suddenly drops and the resistance
becomes higher than 5MS. With the subsequent cooling of the
sample, the resistance increases very fast to values higher than
100 M€2, which is beyond our detection. These findings are con-
sistent with the action of two mechanisms. At room temperature,
barrier heights increase due to the presence of oxygen and then the
conductivity reduces. Heating up to 140 °C affects the conductivity
moderately but for higher temperatures the conductivity reduces
abruptly. We attribute this large change to a lower vacancy den-
sity due to oxygen diffusion into the grains, which directly affects
tunneling contribution to conduction.

So far we have argued qualitatively in favor of a tunneling con-
duction mechanism in order to interpret our data. Let us now fit
our findings including tunneling contributions to conductivity as
expressed in Eq. (2). As mentioned, a double Schottky barrier model
is widely accepted to describe polycrystalline semiconductor inter-
grains. However, many researchers consider grain boundaries of
essentially zero width, while others take into account a non-
negligible disordered layer at the grain boundaries, such that the
electron transport occurs in two steps [10]. Since the main conclu-
sions will not differ, for the sake of simplicity we adopted here the
second assumption. Also, we will assume that barriers are spatially
uniform to allow a one-dimensional treatment [20].

The interpretation of conductivity in nanocrystalline semi-
conductors, normally acknowledged in the field of gas sensing, is
inaccurate as it neglects tunneling contribution. Transport analysis
requires calculating the probability that an electron can pass from
one side of the potential barrier to the other. We can resort to the
WKB approximation

X2

P(E) = exp —Z/a(x)dx 3)

X1
where the limits x; and x; are the classical turning points and

a(x) = @[V(x) —EJ'? (4)
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Fig. 7. Current-voltage curve for the sample Sy, under vacuum. The non-linear
characteristic indicates the presence of intergrain barriers. The line corresponds to
the I-V characteristic of a Schottky diode in reverse with the determined barrier
height from Fig. 2 (0.69 eV) and donor concentration (Ny=1.8 x 10'° cm~3).

After integrating Eq. (3), the probability for an electron to pass
the barrier is

1+(1*i)1/2

(s

1/2
3 (eVe)/2Av2m E E
T = exp — 1—e—vs —alog

-

SN—"
=
S

Now, Eq. (2) can be applied using any regular computing
method. According to the geometry of our sensors, the electrical
resistance can be related to that of semi-infinite electrodes, copla-
nar with a gap separating them. Thus, the corresponding resistivity
can be determined from resistance measurements [21].

Fig. 3 includes results of our fittings using Egs. (2) and (5) for the
sample Sy, . A high doping is expected as result of the thermal treat-
ment under a hydrogen containing atmosphere. Indeed, the filled
line represents the expected conductivity values for a dopant con-
centration N;=1.8 x 1019 cm~3 and a band bending eV;=0.69¢eV,
values that are consistent with capacitance measurements (not
reported here).

Itisinteresting to note that the barrier height is not as low as one
could expect after a treatment in a reducing atmosphere. It seems
that the effect of this treatment reflects on the high doping that we
understand are oxygen vacancies. It is also important to note that
the system is quite complicated as grains with different sizes form
a complex structure and intergranular barriers are not necessarily
uniform nor parabolic [22]. Therefore, we expect far from negligi-
ble errors in applying the simple model presented here. However,
we showed that tunneling transport happens to be a conduction
mechanism that can explain the dominant observations.

As discussed above, the Sp, sample, previous to the thermal
cycle, has grains depleted of carriers. Thus, its doping must be
lower than 7 x 10'7 cm~3 assuming grains with a diameter of about
130nm. After the temperature cycling, based on the resulting
conductivity, our calculations indicate that doping increased to
8 x 1018 cm—3.

The exposure of the sample Sy, to vacuum, and especially
after a treatment in a reducing atmosphere, could provoke the
absence of negative surface charge associated to oxygen, responsi-
ble for surface acceptor levels. However, we have seen that the high
observed conductivity can be the consequence of narrow intergra-
nular Schottky barriers due to high donor concentrations.

If there were no intergrains barriers, for a flat band condition
or in the presence of accumulation layers, the sample would have
an ohmic behavior (linear and symmetric). In Fig. 7 we present
the current-voltage curve for the sample Sy, under vacuum that
is clearly non linear, far from ohmic. The line corresponds to the
[-V characteristic of a Schottky diode in reverse with the deter-
mined barrier height from Fig. 2 (0.69 eV) and donor concentration
(Ng=1.8 x 10'9 cm~3). We considered that all the applied voltage
drops in the inverse biased diode, approximation that overesti-
mates the conductivity. Anyway, the result is surprisingly good,
given the number of simplifications we have adopted. The impor-
tant point is that tunneling through a narrow barrier presents the
electrical behavior observed experimentally, with the nonlinear
behavior typical for a diode.

5. Conclusions

We have presented a series of experiments that would be
very difficult to explain by considering that conductivity in poly-
crystalline SnO, depends only on intergranular barrier heights.
Interestingly, XPS results show that samples with different con-
ductivities can present similar barrier heights. Thus, a thermionic
mechanism cannot be responsible for the observed differences. It
is expected that the preparation of the samples before measure-
ments lead to samples with different vacancy density and then with
different intergranular barrier widths. Thus, the observed results
come naturally with the incorporation of tunneling contributions
to conductivity as barrier widths directly affect this conduction
mechanism.
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