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a b s t r a c t

A honeycomb-like tin oxide (SnO2) film was grown on the silicon nanoporous pillar array (Si-NPA)
substrate by a chemical vapor deposition (CVD) method. After SnO2 growth the pillar morphological
characteristic of Si-NPA was inherited and the honeycomb-like SnO2 film surface was porous and
crumpled, with the average nanopores sizes of ~50 nm. A methanol sensor was made based on SnO2/Si-
NPA and its methanol sensing properties were characterized. It was found that the optimum working
temperature of the sensor was determined to be 320 �C. The device response increased from ~3.6 to 38.9
monotonously with the methanol concentration changed from 10 to 500 ppm. The response and re-
covery times were measured to be ~4e13 and ~9e11 s, respectively. Furthermore, the sensor was proved
to be excellent selective to methanol. Our results indicate that SnO2/Si-NPA might be a candidate ma-
terial for fabricating practical methanol sensors.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Gas sensors have been used in a wide variety of applications,
such as environment monitoring, industrial process control, and
agricultural or medical detection and analysis [1e5]. In recent
years, the attention to pollution free environment has increased
day by day, due to the rising emission of toxic and harmful gases in
the atmosphere. As a common chemical material, methanol has
beenwidely used inmany industry productions such as antifreezes,
fuels, colors, and drugs. However, methanol has very strong toxicity
to human’s blood and nervous system, hence it is essential to
develop reliable and selective sensors detecting methanol in
ambient air [6,7]. In the past decade, there has been increasing
interest in developing high performance gas sensors based on
metal oxide semiconductor nanostructures, such as ZnO [8e10],
SnO2 [11,12], In2O3 [13,14]and TiO2 [15,16]. As n-typewide band gap
semiconductor, SnO2 has been demonstrated as a potential candi-
date for gas sensors [17e20].

Material structure plays an important role in gas sensing
properties. Recently, numbers of nanostructures have been exten-
sively utilized in gas sensors due to their large specific surface area
.

and relatively high sensitivity [21e24]. Especially lots of researches
have devoted to improve the device performances of gas sensors
based on various SnO2 nanostructures such as nanowires [25e27],
nanotubes [28,29], hollow spheres [30e32], and flowerlike nano-
structures [33] in the past several years. In the previous studies, we
reported the preparation and characterization of silicon nano-
porous pillar array (Si-NPA), a unique silicon hierarchical structure
prepared by a hydrothermal etching method [34]. It has been
illustrated that Si-NPA is an ideal template formaterials growth and
the composite materials show excellent sensing properties
[35e37], such as SiC/Si-NPA which exhibited high sensitivity,
repeatability and long-term stability to H2S [38].

In this paper, a honeycomb-like SnO2 film was grown on Si-NPA
substrate by a chemical vapor deposition (CVD) method. The
methanol sensing properties of SnO2/Si-NPA, including the opti-
mumworking temperature, response, response and recovery times,
and selectivity were studied systematically. Our results indicated
that SnO2/Si-NPA might be an ideal sensing material for fabricating
practical methanol sensors.
2. Experimental details

As described in detail elsewhere [34], the Si-NPA substrate was
prepared by hydrothermally etching (111) oriented, heavily boron-
doped single crystal silicon (sc-Si) wafers (rectangles specified by

mailto:2013064@zzuli.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2016.04.257&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
http://dx.doi.org/10.1016/j.jallcom.2016.04.257
http://dx.doi.org/10.1016/j.jallcom.2016.04.257
http://dx.doi.org/10.1016/j.jallcom.2016.04.257


Fig. 2. (a) A schematic diagram to illustrate the structure of SnO2/Si-NPA methanol
sensor. (b) A photograph of the gas sensing analysis system.
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15 mm � 15 mm) in the solution of hydrofluoric acid (HF) con-
taining ferric nitrate (Fe(NO3)3). The honeycomb-like SnO2 was
grown on Si-NPA through the chemical-vapor-deposition (CVD)
method in a horizontal tube furnace (Fig. 1(a)). High-purity tin
powder was used as Sn source, while Si-NPA as the substrate was
placed 10 cm away from the Sn source downstream to the carrier
gas. After the chamber inner pressure was pumped down to ~10 Pa,
high-purity argonwith a rate of 200 standard cubic centimeters per
minute (sccm) and oxygen with rates of 50 sccm flows were
introduced, respectively. Then tube chamber was heated up to
900 �C with a rate of 10 �C/min and then remains constant for
30 min. Finally, the furnace was cooled down to room temperature
with a rate of 10 �C/min. The chamber inner pressure was main-
tained at 450 Pa during the whole CVD process and a schematic
diagram of the preparation process of SnO2/Si-NPA was shown in
Fig. 1(b).

The sensor was prepared through magnetron sputtering
coplanar interdigital silver electrodes onto SnO2/Si-NPA sample.
The schematic diagram of the sensor was illustrated in Fig. 2(a). The
gas sensing properties of the sensor weremeasured on CGS-1TP gas
sensing measurement system (Beijing Elite Tech Co., Ltd, China).
The analysis system offered an external temperature control (from
room temperature to 500 �C with a precision of 1 �C), which could
conductively adjust the sensor temperature directly. Two probes
were pressed on sensor substrates to export electrical signals.
When the resistances of the sensors were stable, saturated target
gas was injected into the test chamber (18 L in volume) by a micro-
injector through a rubber plug. The saturated target gas was mixed
with air by two fans in the analysis system. After the sensor re-
sistances reached new constant values, the test chamber was
opened to recover the sensors in air. The sensor resistance and
sensitivity were collected and analyzed by the system in real time.
A photograph of the gas sensing analysis system was shown in
Fig. 2(b). The crystal structure and surface morphology of as-
prepared SnO2/Si-NPA were characterized by an X-ray diffractom-
eter (XRD, Panalytical X0 Pert Pro) and a field-emission scanning
electron microscope (FE-SEM, JSM 6700F), respectively. All the
measurements were carried out at room temperature under at-
mospheric pressure.
3. Results and discussion

3.1. Crystal structure and surface morphology

Fig. 3 shows the XRD pattern of as-prepared SnO2/Si-NPA. Here
nine diffraction peaks were observed and all of themwere indexed
to tetragonal rutile SnO2, which indicates the growth of SnO2 on Si-
Fig. 1. A schematic diagram of tube furnace (a), and preparation process of SnO2/Si-
NPA (b).

Fig. 3. The XRD pattern of SnO2/Si-NPA.
NPA. As has been characterized previously [34], Si-NPA is a Si hi-
erarchical structure characterized by a large area and regular array
composed of micron-sized, quasi-identical and highly-porous Si
pillars. After the CVD process, the surface morphology of SnO2/Si-
NPA was presented in Fig. 4. Observed from the low magnification
FE-SEM image (Fig. 4(a)), honeycomb-like SnO2 film was grown on
Si-NPA, with the pillars of Si-NPA still well-separated and the
morphological characteristic of the pillar array of Si-NPA is
inherited. From the FE-SEM image with a larger magnification
(Fig. 4(b)), the honeycomb-like SnO2 film surface was porous and
crumpled, with an average nanopores size of ~50 nm. Obviously,



Fig. 4. The FE-SEM images of SnO2/Si-NPA.
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the regular array as well as the hierarchical features of honeycomb-
like SnO2/Si-NPA could provide an effective path for gas transport
and an enlarged specific area for gas sensing, and both of them
might enhance the sensing effects.
3.2. Methanol-sensing properties

3.2.1. Response and optimum operating temperature
It is well known that the sensing properties of a resistive-type

metal oxide semiconductor gas sensor highly depend upon its
working temperature. In order to determine the optimum oper-
ating temperature of SnO2/Si-NPA, the responses of the sensor to
methanol with concentrations of 50, 100 and 200 ppm, were
measured as a function of temperature (200, 240, 280, 320, 360 and
400 �C, respectively). Fig. 5 shows the corresponding response-
temperature curves, where the response was defined as R ¼ Ra/
Rg, where Ra represented the measuring resistance of the sensor in
ambient air and Rg the resistance of the sensor in the target gas.
Obviously, the response-temperature curves measured with
different methanol concentrations show a similar evolution trend.
When the operating temperature increases from 200 to 300 �C, all
the responses of the sensor show an initial slow increase, and then
the responses increasemuchmore rapidly between 300 and 320 �C.
However, the responses all decreases when the operating temper-
ature higher than 320 �C in the testing range. Obviously, the
maximum response was obtained at 320 �C for all the three curves.
Therefore it could be concluded that the optimum work tempera-
ture of SnO2/Si-NPA is 320 �C, and all the following measurements
would be carried out at this temperature.

Fig. 6 shows the response of SnO2/Si-NPA sensor exposed to
methanol with concentrations of 10, 25, 50, 100, 200, 300, 400 and
Fig. 5. The response-temperature curves of SnO2/Si-NPA sensor.

Fig. 6. (a) The response-concentration curve of SnO2/Si-NPA sensor operated at 320 �C.
(b) the corresponding log (R þ 10) versus logC curve transformed from the data pre-
sented in (a).
500 ppm at 320 �C, respectively. When the methanol concentration
changed from 10 to 500 ppm, the device response increased from
~3.6 to 38.9 monotonously, indicating that SnO2/Si-NPA might be a
suitable material for methanol detection. To obtain a linear
response curve for practical usage, suitable mathematical data
transformation was the most commonly used method. Fig. 6(b)
represents a chart of logarithm of the response of the sensor
(R þ 10) versus the logarithm of methanol concentration (C)
transformed from the data of Fig. 6(a). The line is the corresponding
linear fitting results, with the adjusted R-square value of 0.9985.



Fig. 7. The transient response-recovery of SnO2/Si-NPA sensor to methanol at different
gas concentrations at 320 �C.
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The results suggest that the response of the sensor based on SnO2/
Si-NPA has a good linear relationship with the methanol concen-
tration in the range of 10e500 ppm in logarithmic form.

The high response of the sensor should attributed to the
intrinsic physical and chemical properties of as-prepared honey-
comb-like SnO2/Si-NPA. According to the surface charge model
proposed for explaining the sensing mechanism of oxide semi-
conductors [39e41], the change of resistance is due to the species
and amount of chemisorbed oxygen on the surface. In the case of
honeycomb-like SnO2/Si-NPA, when the sensor was exposed to air
the resistance is determined by the concentration of absorbed ox-
ygen ions (O�, O2� and O2

�) which trap electrons leading to the
resistance increasing. When the sensor was exposed to the meth-
anol, themethanol molecule would react with the adsorbed oxygen
species reducing their concentration and the sensor resistance
would decrease. The corresponding reactions on the sensor surface
would be following [42,43].

CH3COH þ 2O� / CO2 þ H2O þ 2e� (1)

When the sensor is exposed to the air, the SnO2/Si-NPA sensor
recovers to the original electronic state again. In addition, both the
pillar structure and the enlarged specific surface area of the
honeycomb-like SnO2/Si-NPA with porous crumpled surface
contribute greatly to the high response. For porous sensing ma-
terials, the target gas molecules may diffuse into both the surface
and the inner layers of the sensing film and interact with the
surface oxygen adsorbed on the interior grains. There are plenty of
pores which provide more active sites, so they may adsorb more
gas molecules and consequently the sensitivity will increase
[44e47]. The results indicated that SnO2/Si-NPA has both the high
sensitivity and the linearity of the logarithmic response-
concentration, and would be a potential sensing material for
methanol detection.
Table 1
Comparison of the methanol sensing performances of various metal oxide nanostructure

Sensing materials Working temperature (�C) Methanol concentrati

SnO2/Si-NPA 320 50
200

La0.8Pb0.2FeO3 nanoparticles 230 200
Ce-doped In2O3 nanospheres 320 100
a-Fe2O3 hollow spheres 280 10
CdS-doped SnO2 films 200 5000
3.2.2. Response/recovery times and measurement reproducibility
Quick response and recovery properties are vital for gas sensors

practical applications. Fig. 7 represents the transient response
curve of the SnO2/Si-NPA sensor to methanol gas with different
concentrations of 10, 25, 50, 100, 200, 300, 400, and 500 ppm at
320 �C. It can be seen that the response of the sensor increased
rapidly after the injection ofmethanol, and then decreased abruptly
to its initial value after the test gas was released. With the response
time was defined as the time required for the response variation to
reach 90% of the equilibrium value after injecting the test gas into
testing chamber, and the recovery time as the time needed for the
sensor to return to 10% above the initial response in air after
releasing the test gas, the response and recovery times for SnO2/Si-
NPA sensor were calculated to be ~4e13 and ~9e11 s for different
methanol concentrations, respectively. Compared with the
response and recovery times measured for the methanol gas sen-
sors based on other nanomaterials (Table 1), the relative quick
response and recovery times of SnO2/Si-NPA might be attributed to
the unique structural and morphological characteristic of
honeycomb-like SnO2/Si-NPA. The valleys surrounded the pillars
constitute a well-connected channel network, which provided an
effective pathway for gas transportation and was helpful for the
rapid adsorption/desorption of methanol molecules. Furthermore,
from the experimental data shown in Fig. 7, it should be noted that
SnO2/Si-NPA sensor possessed good measurement stability and
reproducibility among the reversible cycles for different ethanol
concentration.
3.2.3. Selectivity
The selectivity is also important for gas sensor to practical

application [51]. The selectivity of honeycomb-like SnO2/Si-NPA
sensor was investigated by comparing its relative response to
methanol with those to methanal, ethanol, acetone, toluene and
benzene with the same concentration of 100 ppm for all the four
target gases. Fig. 8 shows the relative response of the four target
gases, where the relative response is defined as the ratio of the
responses of methanal, ethanol, acetone, toluene and benzene to
that of methanol. It was found that the responses of methanal,
ethanol, acetone, toluene and benzene were only ~14.1%, 36.3%,
~22.7%, ~7.5%, and ~5.9% to that of methanol, respectively. This in-
dicates that as-prepared honeycomb-like SnO2/Si-NPA sensor ex-
hibits excellent selectivity to methanol at 320 �C.
4. Conclusions

In conclusion, a honeycomb-like SnO2 filmwas grown on the Si-
NPA substrate through CVD method and its methanol sensing
properties were characterized. The results showed that SnO2/Si-
NPA inherited the pillar morphological characteristic of Si-NPA, and
a methanol sensor with coplanar interdigital electrode arrange-
ments was made based on the sample. The optimum working
temperature of the sensor for methanol was determined to be
320 �C. The device response increased from ~3.6 to 38.9
s.

on (ppm) Response (Ra/Rg) Response/recovery times (s) Ref.

7.7 10/9 Present work
27.4 5/10
50 40/75 [48]
35.2 14/10 [39]
25.1 8/9 [49]
70 40/110 [50]



Fig. 8. The relative responses of SnO2/Si-NPA sensor to methanol, methanal, acetone,
toluene and benzene measured with the same concentration of 100 ppm at 320 �C.
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monotonously when the methanol concentration changed from 10
to 500 ppm, and there was a good linear relationship in logarithmic
form between the response and the methanol concentration in the
testing range. The response and recovery times were measured to
be ~4e13 and ~9e11 s, respectively, and the sensor also exhibited
good sensing selectivity. The excellent sensing performance might
be attributed to the unique structural and morphological charac-
teristic of honeycomb-like SnO2/Si-NPA. These results demonstrate
that honeycomb-like SnO2/Si-NPA might be a promising material
for fabricating practical methanol gas sensors.
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