
Influence of particle size on the conductance of SnO2 thick films

M.A. Ponce, C.M. Aldao, M.S. Castro*

Institute ofMaterials Science andTechnology (INTEMA), (CONICET—UniversidadNacional deMar del Plata), Av. Juan B. Justo 4302 (B7608FDQ),

Mar del Plata, Argentina

Received 5 June 2002; received in revised form 20 December 2002; accepted 13 January 2003
Abstract

The electrical response of SnO2 thick films was found to be highly dependent on the grain size. This result can be explained as the
consequence of the type of intergranular potential barriers developed at intergrains. Specifically, samples with smaller particle size
have overlapped potential barriers and samples with higher particle size have separated potential barriers. Also, the influence of gas

transport phenomena on the resistance of the gas sensor was investigated. From an analysis of the possible mechanisms involved in
the oxygen diffusion, the Knudsen diffusion is suggested as the controlling step.
# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Gas sensors based on semiconducting metal oxides
are devices which present a change in the resistivity with
the gas exposure. The sensing mechanism involves an
electrical conductance change caused by gas adsorption
on the semiconductor surface, which is highly depen-
dent on the surface stoichiometry.1 Also, the sensing
properties are influenced by the microstructural fea-
tures, such as the grain size of semiconductor particles,
the geometry, and the connectivity between particles.2

Sensors based on tin oxide are widely used for detection
of oxidising or reducing gases. On this matter, disks,
thick and thin films have been used to construct this
type of sensors.3 Beside the technological progresses in
tin oxide gas sensors, basic understandings of semi-
conductor interfaces have also deepened through the
elucidation of the role of Schottky barriers and adsor-
bed oxygen, grain size effects, and chemical and elec-
tronic sensitisation mechanisms.4 Thus, Maekawa et al.
have determined that the sensitivity and selectivity to
gases depend strongly on the grain size, and the selec-
tivity is improved by growing the grain size.5
Gas sensors are provided as a porous sensing layer of a
semiconductor oxide. Oxygen diffuses in the sensing layer
where is adsorbed on the grain surface. Then, the gas con-
centration inside the sensing layer would decrease with the
diffusion depth. As a consequence, the transient response
of the sensor is directly affected by the gas diffusion rate.6

It is known that the n-type semiconducting behaviour of
tin oxide is due to oxygen vacancies that act as donors. In
these materials, electrical conduction is determined by
grain boundary barriers that depend on the amount of
chemisorbed oxygen. Oxygen chemisorbed from the
atmosphere forms charged species and then electrons are
trapped at the grain boundaries modifying the potential
barriers. Reducing gases remove some of the adsorbed
oxygen, the potential barriers are changed and then the
overall conductivity, originating a sensor signal.7�10

In this paper we present a study of the influence of the
grain size on the conduction process in SnO2 thick films.
Electrical conductance as a function of temperature
during heating and cooling of the film and transients at
step isothermal changes in oxygen pressure are pre-
sented. Also, an interpretation of the possible diffusion
processes is discussed.
2. Experimental

Commercial high-purity SnO2 (Aldrich, medium par-
ticle size 0.4 mm) was ground until a medium particle
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size of 0.1 mm (labelled powders P1). A calcination pro-
cess carried out at 1100 �C for 2 h led to powders with
larger particle size (labelled powders P2). Then, a paste
was prepared with an organic binder (glycerol) and the
powders P1 and P2. The used 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 500 �C. Samples were
labelled S1 (small particle size) and S2 (high particle
size). The thick of the films was measured using a coor-
dinates measuring machine Mitutoyo BH506.
To image the tin oxide surfaces a Philips 505 SEM

and a commercial scanning tunnelling microscopy
(STM) Nanoscope II were employed. The STM can be
operated at air pressure under different gases or mix-
tures. A platinum–iridium tip was used for imaging. All
experiments were conducted in the dark with the
microscope placed on a vibratory-isolated optical table.
Samples were secured with a small metallic clip con-
nected to the microscope ground. A sample-tip voltage
of 8V and a current of 0.5 nA were used to acquire the
STM images. Samples images were successfully acquired
under a nitrogen atmosphere. Size particle distributions
of the powders were determined by the Sedigraph tech-
nique with a Micromeritics.
Resistance vs. time curves were measured while chan-

ging the vacuum into air flux and, after having reached
quasi-saturation, changing the oxygen flux back into
vacuum. In temperature cycling experiments, resistance
was measured while raising and then decreasing the
temperature from room temperature up to 400 �C at a
rate of �2 �C/min with the sample kept in oxygen (8.4
mmHg).
3. Results and discussion

Table 1 shows data from particle size distributions
corresponding to powders P1 and P2. We considered
that D90, D50 and D10 are the corresponding diameters
of 90, 50 and 10% volume respectively, and
W=(D90�D10)/D50 is a measure of the distribution
width of particle size. From Table 1 it is apparent that
the increasing in the particle sizes is significant after the
powder calcination at 1100 �C. Also, powders P2 have a
wider particle size distribution.
In Fig. 1 SEM micrographies of the samples S1 and
S2 are shown. Both samples present homogeneous
microstructures. From SEM micrographs a significant
difference in the microstructures of S1 and S2 is
observed. Both samples showed the presence of
agglomerates, but samples made with higher particle
size (S2) showed a highly porous microstructure with
the presence of some cracks (not showed in this figure).
From Fig. 1A, the average particle size of sample label-
led S1 was determined to be between 100 and 250 nm,
while for sample labelled S2 it was determined to be
between 250 and 420 nm. However, using STM we
observed that we are dealing with particle agglomerates
having a mean particle size of 50 nm in sample S1 (see
Fig. 2). The mean thick of the films was 100 mm for
sample S1 and 440 mm for sample S2.
Fig. 3 shows the electrical response (resistance vs.

time) of the sample with smaller particle size after
Table 1

Particle size distributions of the powders P1 and P2
Sample
 D20 (mm)
 D50 (mm)
 D80 (mm)
 W
P1
 0.15
 0.42
 0.88
 1.74
P2
 0.26
 0.68
 3.3
 4.47
 Fig. 1. SEM micrographs of the films (bar=2 mm). Sample S1 (A),
sample S2 (B).
2106 M.A. Ponce et al. / Journal of the European Ceramic Society 23 (2003) 2105–2111



changing the vacuum into oxygen flux (t=0) and back
into vacuum. In Fig. 3A—experiment carried out at
280 �C—after a quick increasing due to oxygen expo-
sure, the electrical resistance is almost constant over a
lapse of 700 s. On the other hand, for temperatures
higher than 280 �C (Fig. 3B) a diminution in the resis-
tance after a quick increasing is observed. In both cases
the resistance decreases after the oxygen removal.
Fig. 4 shows electrical responses (resistance vs. time)

of the sample with larger particle size after changing the
vacuum into oxygen flux (t=0) and back into vacuum.
Fig. 4A and B show an electrical response similar to
that observed in sample S1 at low temperature (Fig. 3A).
When the temperature is increased at values close to
400 �C, a slow decreasing in the resistance with expo-
sure time was registered (Fig. 4C). This behaviour is
similar to that observed at lower temperatures in sample
S1 (see Fig. 3B). However, in sample S2 a slower
response to that of S1 is apparent.
Resistance versus time curves can be understood by

considering that intergranular potential barriers are
responsible for the observed electrical response. The
rapid increase of the resistance, when samples are
exposed to oxygen, indicates that equilibrium at the
surface is quickly reached. The interaction of oxygen
with grain surfaces produces the transfer of electrons
from the bulk to the surface. From this process, the
barrier height and the depletion width become larger
and, as a consequence, the sample resistance increases.
The subsequent slow change in the electrical response
needs a more subtle discussion. In a previous work, we
proposed that oxygen diffusion into the grains is
responsible for these slow evolution in resistance by
affecting the oxygen vacancies concentration and then
the Schottky barrier widths.11
It is generally accepted that oxygen vacancies in tin
oxide act as electron donors and thus they tend to
increase the conductivity of the film. A band model for
large grains is shown in Fig. 5(a) in which Schottky
barriers of height � at the grain surfaces determine the
sample conductivity. After oxygen diffusion into the
grain, Fig. 5(b), oxygen vacancy concentration is
reduced, the depletion width of intergrain barriers
becomes larger while the barriers heights are not
altered. Thus, due to a lower electron density and wider
barriers that reduce thermionic and tunnelling currents,
the sample conductivity decreases. However, not always
a reduction in the number of oxygen vacancies has this
effect.12 For small grains, see Fig. 5(c), depletion widths
can be large enough to overlap. In this case, a diminu-
tion of the vacancy concentration reduces the intergrain
barriers that electron must overcome to flow as seen in
Fig. 5(d).
At temperatures higher than 270 �C—in the samples

with small particle size—the oxygen diffusion into the
grains is significant and the bottom of overlapped
potential barriers increases. At lower temperatures the
oxygen diffusion into the grains is very slow and the
Fig. 2. STM image of sample S1 (bar=100 nm).
Fig. 3. Resistance vs. time curves of sample S1 for an oxygen pressure

of 8.4 mmHg at 280 �C (A) and 320 �C (B).
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oxygen vacancies annihilation is not enough to produce
a relevant modification of the potential barriers in the
time frame of the our experiments. Kamp et al. deter-
mined diffusivities of SnO2 single crystals.

13 At odds
with our results, they found that surface exchange reac-
tion of oxygen on SnO2 rather than diffusion of oxygen
into their samples controls the conductivity. Our find-
ings, however, indicate the presence of a second
mechanism and experimental results are consistent with
the interpretation of a slow diffusion of oxygen into the
grains. We think that differences with the work of
Kamp et al. can be attributed to the nature of the sam-
ples used.
On the other hand, after a first quick increasing, the

sample with large particle size (S2) only presents a
decrease in the resistivity when it is exposed to oxygen
at temperatures close to 400 �C. In this sample, barriers
are separated due to the large particle size, and then
overlapping is only possible when oxygen diffusion into
the grains is very important (temperatures as high as
400 �C). At low or moderate temperatures oxygen dif-
fusion into the grains is not enough to produce the
potential barrier overlapping, and then a monotonous
increasing in the resistivity is observed.
The sample with larger particle size (S2) showed a

relatively slower response than sample with smaller
particle sizes (S1). This result could be explained by
considering that sample S2 is thicker than S1. It has
long been suggested that the response of a semi-
conductor gas sensor is related to reaction and diffusion
of gas molecules inside gas sensing layers.14 Since there
is no reaction in the experiments presented here, only
diffusion of the gas into the sensor layer has to be con-
sidered. In order to explain the temporary response of
the sensors we will take into account that pores included
in the films are fairly developed. Films have macropores
(between grains and agglomerates) and mesopores
(within agglomerates). Macropores have radius far lar-
ger than 100 nm and mesopores have radius ranging
from 1 to 100 nm. It is known that diffusion through
porous materials is typically described as either ordin-
ary, Knudsen, or surface diffusion. Ordinary diffusion
occurs when the pore diameter of the material is large in
comparison to the mean free path of the molecules of
the gas (in the macropores). Molecular transport
through pores which are small in comparison to the
mean free path of the gas is described as Knudsen dif-
fusion (in the mesopores). In surface diffusion, mole-
cules are adsorbed on the surface of the material and are
subsequently transported from one site to another with
a net flux in the direction of the decreasing concen-
tration. This diffusion has been assumed to contribute
little to the overall transport but it could be important
in thin films consisting of very fine oxide grains.4,15

Taking into account Knudsen diffusion (DK) inside
mesopores, and ordinary diffusion (Do) inside macro-
pores, the effective diffusion coefficient (De) depends on
both diffusion processes.
Ordinary diffusion contributes to the total molecular

transport through the macropores, it depends on the
porosity of the particle and the length of the path along
which the molecule travels. This diffusion coefficient can
be expressed as

Do ¼ D:�=�; ð1Þ

where � is the porosity and � the tortuosity factor.
Knudsen diffusion coefficient (DK) is expressed as
Fig. 4. Resistance vs. time curves of sample S2 for an oxygen pressure

of 8.4 mmHg at 260 �C (A), 354 �C (B) and 405 �C (C).
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DK ¼ 9700:r:
ffiffiffiffiffiffiffiffiffiffiffi
T=M

p
; ð2Þ

where T is the temperature (K), r the pore radius pore
(cm), and M the molecular weight of gas.
For the sake of simplicity, we will assume that the

porous film can be represented by a straight channel
structure. Thus, each channel is a round pore of radius r
and length L. This effective diffusion is expressed by the
following equation:

@CA=@t ¼ De @2CA=@x
2

� �
ð3Þ

where x is the distance from the film surface, t is the time,
CA the gas concentration at x, t. The concentration profile
of the gas can be obtained solving Eq. (3). Three boundary
conditions are needed in order to determine the three
integration constants involved. One boundary condition
is CA=CA,s at x=L, where CA,s is concentration of A in
the surrounding atmosphere (assuming that the resis-
tance to the mass transport in the gaseous phase is
neglected), another condition is that there is not flux at
the film–substrate interface, i.e. @CA=@x ¼ 0 at x=0, the
third boundary condition considers that the CA,0=0 at
t=0 in the film. Then, using the separation of variables
method, Eq. (3) can be solved to give
CA � CA;0

� �
= CA;s � CA;0

� �

¼ 1� 4=�
X1
n¼0

�1ð Þ
n= 2nþ 1ð Þ

2:cos 2nþ 1ð Þ�x=2L½ 
:

exp � 2nþ 1ð Þ
2�2Det= 4L

2
� �� �

ð4Þ

Then, the amount of oxygen transferred into the film
at any time can be determined by integrating the con-
centration over the thickness. Therefore, the mass
transferred at any time is

Mt ¼ 2 CA;s � CA;0

� �
L

�
1� 8=�2

X1
n¼0

1= 2nþ 1ð Þ
2:

exp � 2nþ 1ð Þ
2�2Det= 4L

2
� �� �	

:

ð5Þ

The maximum uptake of the film corresponds to the
limit t!1; i.e.
M1 ¼ 2L CA;s � CA;0

� �
: ð6Þ

The uptake relative to the maximum is given as
Fig. 5. Band diagrams showing the effect of decreasing the oxygen vacancy concentration in tin oxide grains. For large grains (a), when depletion

layers do not overlap, a lower vacancy concentration implies a lower conductivity (b). For small grains (c), when depletion layers are overlapped, a

lower vacancy concentration implies a larger conductivity (d).
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Mt=M1 ¼ 1� 8=�2 �
X1
n¼0

1= 2nþ 1ð Þ
2:

exp � 2nþ 1ð Þ
2�2Det= 4L

2
� �� �

:

ð7Þ

According to this equation the time needed to reach
the steady state is directly related to Det=L

2. Then, if we
consider that L=100 mm for sample S1 and L=440 mm
for sample S2, the S2 response is approximately twenty
times slower than S1 assuming that De is the same for
both types of samples. In fact this is the relation found
in the experiments between the times needed to reach
steady states.
It is known that Do is about one order of magnitude

larger than DK, and that a higher porosity favours
ordinary diffusion. Then, DK is the controlling resis-
tance of the process. Since this diffusion coefficient has a
small variation between samples S1 and S2, De is
practically the same. The Knudsen diffusion relevance
was also assumed by Sakai et al. in their theory of
gas-diffusion controlled sensitivity for thin films.4

They considered that an inflammable gas moves
inside the film by Knudsen diffusion, while it reacts
with the adsorbed oxygen following a first-order reac-
tion kinetic.
On the other hand, the sample S2 showed a higher

Rair/Rvacuum relation than S1. This behaviour could be
related to different conduction processes. As it was
explained above, the sample S1 presents a small grain
size and overlapped potential barriers, while the sample
S2 presents a large grain size and separated potential
barriers.
To gain confidence in the above interpretation, the
evolution of conductance as a function of temperature
was studied. In Fig. 6 conductance vs. 1/temperature
curves for a sample with small particle size are pre-
sented. Conductance was measured by raising and then
decreasing the temperature under oxygen reaching dif-
ferent final temperatures. For temperature ramps in a
range below 160 �C, the conductivity in the cooling
process is lower than in the heating process. This beha-
viour could be associated with the oxygen adsorption on
the particle surface which produces a diminution in the
sample conductivity. In this case, oxygen adsorption
produces an increasing of the potential barrier height
and then a reduction in the sample conductivity is
observed. At these temperatures oxygen diffusion into
the grains is not significant. Conversely, temperature
ramps at temperatures higher than 220 �C produces a
final effect of increasing the sample conductivity. At
these temperatures the oxygen into the grains provokes
an increasing in the bottom of the overlapped barriers
and, as a consequence, the conductivity increases.
These results are consistent with the curves presented
in Fig. 3.
In Fig. 7 conductance vs. 1/temperature curves for a

sample with larger particle size are presented. Experiments
were performed as described above. In all the set of mea-
surements conductance after cooling was lower than after
heating. As it was previously discussed, in this sample the
overlapping of the potential barriers is not expected. Also,
oxygen diffusion into these thick samples is very slow
and then in this dynamic experiment the overlapping of
the potential barrier does not occur. As a consequence,
only the effect of surface adsorption was detected.
Fig. 6. Electrical conductance during heating and cooling under oxygen (8.4 mmHg) as a function of 1/temperature for sample S1.
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4. Conclusions

From the experimental results, it is possible to con-
clude the following.
1. Thick films made from medium particle size of 0.4

mm have mostly overlapped potential barriers at the
grain boundaries. When the film is exposed to an
oxygen atmosphere, two processes take place. First, the
oxygen adsorption provokes the increasing of the poten-
tial barrier height. After that, oxygen diffusion into the
grains reduces the intergrain barriers height. Then, an
increasing in the resistance and a subsequent decreasing
in the resistance is observed.
2. Thick films made from medium particle size of

0.7 mm have mostly separated potential barriers at the
grains. These samples present a monotonous increasing
in the resistivity with the oxygen exposure times. Oxygen
diffusion into the grains can produce the potential barrier
overlapping only after large exposition times.
3. Transient behaviours through the films could be

explained using a simple diffusion model. Effective dif-
fusion was related to the Knudsen mechanism.
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