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Highly porous and nanostructured SnO2 thin-film gas sensors with Pt interdigitated electrodes have
been fabricated via a combustion chemical vapor deposition process. The SnO2 films were less than
1 µm thick and consisted of nanocrystallines smaller than 30 nm. At 300 °C, the as-prepared SnO2 gas
sensor showed a sensitivity of 1075 to 500 ppm ethanol vapor, and the corresponding response time and
recovery time were 31 and 8 s, respectively. The extrapolated low detection limit appears to be below
1 ppm. Consequently, the as-fabricated sensor demonstrated significant improvements over those reported
in the literature. These highly sensitive, fast-responding, and low-cost SnO2 sensors could have many
practical applications.

Introduction
Highly sensitive and reliable gas sensors are vital to many
applications such as monitoring and control of air quality,
detection of flammable or toxic gases, electronic noses,
medical diagnosis, and optimization of combustion efficiency. Tin dioxide is an n-type semiconductor widely used
for gas sensors. The gas detection mechanism is based on
the reversible change in conductivity of the surface of SnO2
particles/grains induced by gas-solid interaction.1 Several
strategies have been adopted to enhance the performance of
SnO2 gas sensors, including doping with aliovalent ions (e.g.,
Cu, Zn,2 In3), catalytically active additives (e.g., Pt and Pd),4,5
and addition of carbon nanotubes.6
Further, it is well known that gas-sensing characteristics
of SnO2 can be dramatically altered by morphological and
microstructural features of the sensing elements such as
particle size, shape, surface/volume ratio, and porosity.
Ultrathin films, porous films, and more recently, nanocrystalline films of SnO2 have been fabricated by a variety of
approaches, such as evaporative methods,7,8 sputtering,9,10
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niques.12,13 Many of these techniques suffer from one or more
drawbacks such as low deposition rate, prolonged postprocess
(e.g., annealing) time, and expensive target/precursor and
apparatus. Combustion chemical vapor deposition (CVD) is
a cost-effective and versatile process capable of producing
films with a wide variety of morphologies. Highly porous
and nanostructured films have been synthesized for energy
storage and conversion applications such as solid oxide fuel
cells and batteries.14,15 In this article, we report a nanostructured, thin-film SnO2 gas sensor with interdigitated Pt
electrodes fabricated using a cost-effective combustion CVD
process. The extremely porous SnO2 thin film demonstrated
exceptionally high sensitivity and fast speed of response and
recovery upon exposure to ethanol vapor.
Experimental Section
Platinum interdigitated electrodes were fabricated on 25.4 mm
× 76.2 mm quartz slides. Titanium (20 nm in thickness) was
deposited on quartz slides to improve the adhesion of metals on
the substrates. The platinum was then deposited by direct current
(DC) sputtering over the thin titanium layer. The patterned platinum
electrode stripes are 10 µm wide, and the spacing between two
adjacent electrode stripes is 10 µm. There were in total 40 stripes
on each pattern. Approximately 20 patterned electrodes were
fabricated on each quartz slide and were cut into individual pieces
(4 mm×10 mm) after fabrication.
SnO2 thin-film gas sensors were deposited on patterned platinum
electrodes using a combustion CVD process, which has been
employed to fabricate many novel nanostructures and devices
recently.14,15 Precursor solution was prepared by dissolving tin(II)
2-ethylhexanoate (Aldrich) in absolute ethanol. Deposition was
carried out at 850 °C for 20 min. For structural analysis, an X-ray
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Figure 2. XRD pattern of SnO2 film fabricated at 850 °C for 20 min. The
SnO2 thin film is determined to has a tetragonal structure.

Figure 1. (a) SEM image of platinum interdigitated electrodes with a strip
width of 10 µm and line space of 10 µm. (b) Top view of nanostructured
SnO2 gas sensor fabricated at 850 °C by a combustion CVD process.
(c) Higher magnification SEM micrograph of SnO2 thin film, showing each
individual particle is less than 30 nm. (d) Cross-sectional view of SnO2
sensor. The left portion shows SnO2 thin film directly deposited on quartz
substrate, while the right part shows SnO2 film grown on Pt electrode.

diffraction (XRD) sample was prepared on a clear quartz slide
without Pt electrodes under identical conditions.
The structure and morphology of the as-prepared samples were
characterized using an X-ray diffractometer (XRD, Phillips PW
1800) and scanning electron microscope (SEM, LEO 1530 thermally
assisted FEG).
Ethanol-sensing tests were conducted in a tube furnace from 200
to 500 °C at a 50 °C interval. Dry air and air-ethanol vapor mixture
were delivered to the furnace via a three-way valve at a constant
rate of 100 sccm. The current flowing through the SnO2 sensor
was registered using a Solartron 1285 potentiostat interfaced with
a PC at an applied constant voltage of 100 mV. Initially, tests were
conducted from 200 to 500 °C using a constant ethanol vapor
concentration of 500 ppm. Once the temperature of highest
sensitivity was identified, experiments were carried out at that
temperature using ethanol vapor from 50 to 500 ppm.

Results and Discussion
Shown in Figure 1a is an SEM image of Pt interdigitated
electrodes with a line width of 10 µm and line space of
10 µm. Pt strips are straight and well defined. Figure 1b is
a top view of the SnO2 gas sensor film deposited at 850 °C.
The film consists of small particles, most of which are
smaller than 1 µm with the exception of some particles as
large as 3 µm in diameter. The top-view SEM micrograph
also reveals the outline of the Pt interdigitated electrodes,
indicating the deposited SnO2 film is thin and semitransparent. As seen from a higher magnification micrograph of the
SnO2 film, Figure 1c, each individual agglomerate that
appears in Figure 1b actually consists of much finer crystals
less than 30 nm in diameter. Figure 1d shows a crosssectional SEM micrograph of the sample. The left portion
shows SnO2 thin films directly deposited on quartz substrate,
while the right part shows SnO2 films grown on a Pt

electrode. The SnO2 film is about 1 µm thick, and each grain
has a columnar orientation.
Shown in Figure 2 is an XRD pattern for a SnO2 film
sample prepared on a quartz slide under the same deposition
condition as for the SnO2 sensor shown in Figure 1. The
intensities and locations of all the peaks match those on
JCPDS# 41-1445, confirming the as-deposited SnO2 film has
a tetragonal structure with a ) 4.7382 Å and c ) 3.1871 Å.
The as-prepared SnO2 films were tested for ethanol sensing
behavior from 200 to 500 °C at 50 °C intervals. A typical
electrical response of the SnO2 thin film sensor to 500 ppm
ethanol vapor at 450 °C is shown in Figure 3a. Initially, the
current flowing through the sample under a constant DC
voltage of 100 mV was trivial (about 2.2 × 10-6 A). Upon
exposure to ethanol vapor, however, the current passing
through the film jumped abruptly and reached a steady
plateau in a relatively short period of time. The response
behavior followed an exponential correlation. The recovery
process mirrored the initial process with similar characteristics, albeit at much higher speed.
Shown in Figure 3b are the Arrhenius plots for the
response and recovery time, which is defined as the time
needed to reach 90% of total signal change. It took 95 s for
the SnO2 sensor to respond and 26 s to recover at 250 °C.
However, the response and recovery time were reduced to
39 and 11 s, respectively, as the operating temperature was
raised to 450 °C. Generally, gas sensors made from thin films
take less time to reach a saturation plateau than to fully
recover. However, for SnO2 sensors fabricated by combustion
CVD, the speed of recovery is actually faster than that of
response. Since the sensing material and testing parameters
were comparable to those reported in the literature, the fast
speed of response/recovery should be attributed to the highly
porous and nanostructured morphology of the sensor film.
As shown in Table 1, the response and recovery time are
compared with those of SnO2 sensors fabricated by other
approaches. For instance, it took 36-45 s to respond and
300-420 s to recover for a SnO2 film sensor tested at
275 °C and 1000 ppm ethanol, while the corresponding
characteristic constants for a sensor fabricated by combustion
CVD and tested at 300 °C and 500 ppm were 31 and 8 s,
respectively.
Usually, gas sensitivity (S) is expressed as the ratio of
electrical resistance in air (Ra) to that in the testing gas (Rg):

Highly SensitiVe and Fast-Responding SnO2 Sensor

Chem. Mater., Vol. 17, No. 15, 2005 3999

Figure 3. (a) Typical electrical response of a SnO2 gas sensor to 500 ppm
ethanol vapor measured at 450 °C. Open circles on the curve represent the
current values acquired at every second. (b) Response and recovery time
of the sensor to 500 ppm ethanol vapor as a function of testing temperature
from 200 to 500 °C.

Figure 4. (a) Sensitivity of a SnO2 sensor fabricated at 850 °C and tested
for 500 ppm ethanol at different temperatures. (b) Relative conductance
change with ethanol vapor concentrations for a SnO2 sensor tested at
300 °C.

S ) Ra/Rg. Sensitivities at different testing temperatures for
SnO2 sensor fabricated using combustion CVD are shown
in Figure 4a. At low temperatures, the sensitivity is relatively
low (e.g., 50.5 at 200 °C), but it increases very rapidly with
temperature. At 300 °C, the sensitivity peaked to its
maximum value of 1070. Above 300 °C, sensitivity gradually
decreased as the testing temperature increased further. The
trend and the most sensitive temperature are in good
agreement with data reported in the literature.16 However,
as shown in Table 1, sensitivities at the corresponding
individual testing temperatures are dramatically higher than
those reported in the literature.

It is well recognized that the sensing behavior of a thinfilm gas sensor is extremely sensitive to grain size and
surface conditions. The gas-detecting mechanism of SnO2
is relevant to the electron-depletion region on the surface of
SnO2 particles/grains created by the preadsorbed surface
oxygen. The resulting nonstoichiometry in surface layers
leads to a higher energy barrier to electron transport through
these regions. The energy barrier can be lowered when the
reducing gas species in the surrounding environment interact
with the preadsorbed surface oxygen.1 The smaller the grain
size, the higher the surface area and the larger the change in
electrical conductivity upon exposure to reducing gas species.
For comparison, a porous film gas sensor consisting of large
SnO2 particles showed a sensitivity of 15 when exposed to
100 ppm ethanol at 300 °C,17 while our sensor with nanosize
grains displayed a sensitivity of 280 under the same
conditions. The relative conductance changes are also plotted
on a logarithmic scale in Figure 4b as a function of ethanol
concentration. The ethanol concentration dependence follows
the well-known power behavior, ∆G/G0 ) A[Cgas]B, where
Cgas is the concentration of the testing gas. If we assume a
relative variation in conductance of 40%, the detection limit
at 300 °C is 0.05 ppm, a great improvement over current
sensing devices. Since an effective breath analyzer must
detect at least 200 ppm ethanol corresponding approximately
to 0.5 g alcohol/L in the blood,18 the low detection limit of
our sensor improves sensitivity by several orders of mag-
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Table 1. Comparison of Sensing Characteristics of Pure SnO2 Gas
Sensors Fabricated by Different Approaches
fabrication
approach
sol-gel23
spin coating24
RT CVD18
EB evaporation25
not specified26
combustion CVD
(this work)

ethanol
response recovery
concentrated temperature sensitivity
time
time
(ppm)
(°C)
S ) Rair/Rgas
(s)
(s)
150
400
1000
300
1000
500

250
200
300
300
275
200

3.2
6.2
100
160
280
50.5

36-45
122

300-420
39

100
300
500

300
300
300

280
696
1075

55
42
31

17
12
8

170
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nitude. For 200 ppm ethanol, the relative conductance change
at 300 °C is 46000%.
The gas-sensing behavior of a semiconducting oxide can
be attributed to both surface and bulk interactions, depending
on grain size or film thickness. If the grain size or film
thickness is much larger than the Debye length λD of the
material, the bulk interactions will dominate the sensor
response. On the other hand, if the grain size or film thickness
is smaller than or in the same order of magnitude as λD,
surface interactions will dominate the sensor behavior.19,20
The large surface-to-volume ratio of the nanostructured SnO2
thin film suggests that ethanol-SnO2 interactions on the
surface may play an important role.
The interactions between ethanol and lattice oxygen OOX
in a metal oxide such as SnO2 can be described in general
by the following defect reaction (in Kröger-Vink notation)
6OOX + C2H5OH(g) ) 2CO2(g) + 3H2O(g) + 6VO•• + 12e′
(1)
Similarly, the interactions between ethanol and the surfaceadsorbed oxygen species21 such as superoxide ion O2- and
peroxide ion O22- can be described as
3O2- + C2H5OH(g) ) 3H2O(g) + 2CO2(g) + 3e′

(2)

3O22- + C2H5OH(g) ) 3H2O(g)+2CO2(g) + 6e′

(3)

These reactions produce more electrons and thus increase
the conductivity of SnO2 (n-type) upon exposure to ethanol.
The dependence of conductivity on partial pressure of ethanol
can be derived from these reactions using mass-action law
and charge neutrality relations. This will be further investigated in subsequent studies.
The retarded recovery speed for most existing gas sensors
makes them inconvenient for practical use, since either much
longer waiting time or higher temperature is required for full
recovery. The SnO2 thin layers deposited via combustion
CVD show dramatically improved surface interaction with
gas molecules as indicated by the short response time and,
more particularly, the super-fast recovery speed for ethanol
vapor. This behavior can be tentatively justified by assuming
that nanosized particles imply much higher surface areas,
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porosity, and stronger bonding between particles as well.
While the detailed mechanism for the superior ethanolsensing performance of the thin film SnO2 sensor is yet to
be confirmed, the interdigitated nanoporous sensor may have
significant scientific and technological implications: This
makes combustion vapor phase deposited sensors quite
interesting for many potential applications such as food
quality control,22 alcohol identification, electronic noses, and
medical diagnosis. The ultralow detection limit (<1 ppm)
and high sensitivity offer unique options for cost-effective
sensors with a greatly improved level of reliability. Combustion CVD presents a cost-effective technique easily scaled
up for quick manufacturing of fast acting, highly sensitive,
and reliable gas sensors. Further, the sensor can be miniaturized, which is essential to the development of integrated and
smart systems with compact volume and less power consumption. The sensor can also be fabricated in arrays and
integrated with a signal-processing unit to further enhance
the sensitivity and selectivity.
Conclusions
In summary, highly porous and nanostructured SnO2 thin
film gas sensors with Pt interdigitated electrodes have been
fabricated via a combustion CVD process. The SnO2 films
were less than 1 µm thick and consisted of nanocrystallines
smaller than 30 nm. The as-prepared SnO2 gas sensors have
been tested for ethanol vapor sensing behavior in the
temperature range of 200-500 °C. At 300 °C, the sensitivity
to 500 ppm ethanol vapor was 1075 while the corresponding
response time and recovery time were 31 and 8 s, respectively. The extrapolated low detection limit seems to be
below 1 ppm. Consequently, the as-fabricated sensor demonstrated significant improvements over those reported in
the literature. These highly sensitive, fast-responding, and
low-cost SnO2 sensors could have many practical applications.
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