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Abstract

Single-crystal SnO2 nanowires (NWs) were successfully synthesized and characterized as sensing materials for long-term NOx stability

detection in environmental monitoring. Reproducible and selective growths of the SnO2 NWs on a patterned, 5 nm-thick gold catalyst

coated on a SiO2/Si wafer as substrate were conducted by evaporating SnO powder source at 960 1C in a mixture of argon/oxygen

ambient gas (Ar: 50 sccm/O2: 0.5 sccm). The as-obtained products were characterized by field-emission scanning electron microscopy

(FE-SEM), high-resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD), Raman scattering, and photo-

luminescence (PL). The SEM and HRTEM images revealed that the products are single-crystal SnO2 NWs with diameter and length

ranges of 70 nm–150 nm and 10 mm–100 mm, respectively. The three observed Raman peaks at 476, 633, and 774 cm�1 indicated the

typical rutile phase, which is in agreement with the XRD results. The NWs showed stable PL with an emission peak centered at around

620 nm at room-temperature, indicating the existence of oxygen vacancies in the NW samples. The electrical properties of synthesized

SnO2 NWs sensor were also investigated and it exhibited a negative temperature coefficient of resistance in the measured range

(300–525 K). The calculated activation energy Ec of SnO2 NWs was 0.186 eV. Moreover, the SnO2 NW sensors exhibited good response

to NOx gas. The response of the sensors to 5 ppm NOx reached 105% at an operating temperature of 200 1C.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Air pollution caused by the emission of toxic NOx gas, a
mixture of nitric oxide and nitrogen dioxide produced by
the reaction between nitrogen and oxygen gases in the air
during combustion in internal engines at high tempera-
tures, is increasing. The increase is especially evident in big
cities where there is more motor vehicle traffic. NOx gas
exhaust is catalytically reduced through the reaction with
NH3 gas to reduce the amount of nitrogen oxide emissions
[1]. The monitoring of exhaust NOx gas is a key factor for
effectively reducing NOx Therefore, developing gas sensors
for monitoring NOx is necessary to reduce NOx emissions,
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protect people from over-exposure to dangerous gases, and
improve environmental quality.
Tin oxide is classified as an n-type semiconductor, with a

band gap of 3.6 eV at room temperature, because of the
oxygen vacancies in its crystal structure and its advanced
physical and chemical properties. It is commonly used as a
sensing material for gas sensor applications because of its
high sensitivity to various gases, such as CO, C2H5OH, O2,
and NOx [2]. Resistive-type sensing devices are simple and
low cost, and work based on the change in the sensors’
electrical resistance upon gas adsorption on the sensing
material surface. SnO2 nanowire (NW)-based sensors are
highly sensitive to reduce CO, H2, CH4, or oxidizing gases
(O3, NO2) because their sensing properties greatly depend
on the carrier density, surface area, and the fabrication
process. Gas-sensing materials with porous nanostructures
show better sensitivity compared with the compacted ones
[3,4]. Nanomaterials, such as nanoparticles, nanotubes,
rved.
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and NWs of SnO2, promise relatively high sensitivity to
reducing and oxidizing agents because of their high area to
volume ratio. Recently, many researchers have tried to
fabricate the nanostructure of SnO2 for gas sensor applica-
tions, such as thin films [5], nanorods [6], NWs [7], and
nanobelts [8]. The vapor–liquid–solid (VLS) [9], vapor–
solid [10], anodic aluminum oxide, carbon nanotube
template-assisted [11], and solution-based methods have
been developed to synthesize metal oxide NWs [12]. The
thermal evaporation method is effective for high-quality
NW growth, which can enhance the stability of gas
sensors. In addition, systematic investigation of the growth
and gas-sensing properties of SnO2 NWs for NOx detec-
tion is crucial in developing NW-based gas sensors.

The current work studies the growth and physical
characterizations of SnO2 NWs synthesized using the
thermal evaporation method for gas sensor applications.
High quality SnO2 NWs are easily deposited on interdigi-
tated Pt/Ti electrodes for sensing device fabrication. The
electrical and NOx gas-sensing properties of as-synthesized
SnO2 NWs are also studied. Results revealed that the
catalytic thermal evaporation method is effective for the
fabrication of high quality single-crystal SnO2 NWs for
sensitive NOx gas sensor applications.

2. Experimental

2.1. Tin oxide nanowire synthesis and characterizations

A schematic diagram of the experimental apparatus for
synthesizing SnO2 NWs is shown in Scheme 1. The
apparatus successfully fabricated ZnO NWs using the
method described in [13]. The synthesis system consisted
of a horizontal alumina tube furnace, a quartz tube (3 cm
diameter and 80 cm length) for reaction, a gas supply with
attached mass flow control systems, and a rotary pump.
The ends of the reaction tube were sealed with rubber
O-rings. The carrier (Ar) gas-line and O2 gas-line were
connected to the left end of the quartz tube. The rotary
pump was connected to the right end of the quartz tube,
Scheme 1. The schematic diagram of tin oxide NW fabrication system. It cont

introduced into the quart tube by using two mass flow controllers. Source ma
and a needle valve was placed between them to maintain
the desired pressures. The ultimate vacuum of the set-up
was approximately 10�2 Torr. Tin monoxide (SnO) was
selected as the source material because it allows working at
moderate temperature with respect to the SnO2 powder
source, and has better control of tin vapor with respect to
Sn powder. Approximately 0.3 g SnO powder was charged
on an alumina boat. A gold-coated, 5 nm thick, p-type
(100) Si wafer was used as the substrate and placed in the
same boat as the source. For investigation about the role
of catalyst on the growth of NWs, the Au layer was
pattered into islands of 200� 200 mm2. The entire boat was
covered by a quartz plate with a small opening for
facilitating gas-flow into the assembly. The complete unit
was placed in the horizontal quartz tube of a high-
temperature furnace with a sharp temperature gradient.
The temperature in the furnace was rapidly ramped up to
960 1C for 30 min. During the process, a constant pressure
of 10 Torr was maintained by flowing 50 sccm Ar (99.99%)
through the furnace. After a few minutes at the set-point
temperature, 0.5 sccm oxygen gas was flowed through the
quartz tube for 2 h. The temperature was then decreased to
room temperature. The SnO2 NWs in the white wool-like
products were found on the Si substrate. The morphology
and microstructures of the SnO2 NWs were characterized
by field-emission scanning electron microscopy (FE-SEM),
energy dispersive spectroscopy (EDS), transmission elec-
tron microscopy (TEM), X-ray diffraction (XRD), Raman
scattering, and photoluminescence (PL) spectra.

2.2. Sensor device fabrication and characterizations

As-synthesized SnO2 NWs on the Si substrate were
dispersed in a methanol solution for 5 min under ultra-
sonic vibration. The dispersed SnO2 NWs were then
dropped onto an interdigitated Pt/Ti electrodes fabricated
on a thermally oxidized SiO2 substrate, and were dried in
air at 150 1C for 30 min. The size and the distance between
the fingers of electrodes were 20 mm. The sensing device
was then placed in the center of a tube furnace for heat
ains a quart tube located in a horizontal furnace. The carrier gases can be

terials and substrate were located in the center of the quart tube.
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treatment process to increase the adhesion and contact
between the NWs and electrodes. The heat treatment
was performed in N2 at 400 1C for 1 h. For electrical and
gas-sensing property characterization, the sensors were
installed in a steel stainless chamber supported by a
controllable heater. The temperature of the sensor could
be controlled in the range of 30 1C–400 1C. Dry air and
NOx 1000 ppm were used as carrier and target gases. Dry
air and NOx were flown through the chamber using two
mass flow controllers. The flow rate could be varied to get
the desired concentration of NOx During the measure-
ment, the total flow rate of gas was kept constant at
500 sccm to eliminate the effect of temperature shock due
to the switching on/off from dried air to analytic gas. This
method has been widely used in the gas sensor technology
[11,13]. All the measurements were performed using a
programmable Keithley 2400, which was controlled by a
Labview program.
3. Results and discussion

The morphology of the as-synthesized SnO2 NWs was
characterized by FE-SEM and TEM, as shown in Fig. 1.
The SnO2 NWs only grew where the Au catalyst layer was
deposited on the Si substrate, as shown in Fig. 1A. This
confirmed that the SnO2 NWs could grow only with the
assistance of Au catalyst. Further investigation on the role
of Au catalyst was done by the SEM image of the
patterned Au layer after increasing the furnace tempera-
ture without supplying SnO for the growth of SnO2 NWs.
The SEM image reveled that during heat treatment, the Au
layer was partially melted to generate the small islands of
an average size of about 20 nm (Fig. 1A, inset). Those
Fig. 1. (A) and (B) FE-SEM images of as-growth tin oxide NWs: insets

are the SEM images of Au catalytic islands after thermal treatment ((A),

inset) and the Au particle at the tip of a NW ((B), inset), respectively; (C)

TEM and (D) HRTEM images of as-synthesized tin oxide NWs. Inset is

SAED pattern of corresponding NW ((D), inset).
small islands acted as catalytic seeds for the growth of
NWs. Therefore, the Au sphere observed on top of a NW,
and the diameter of a NW were much smaller than the size
of patterned Au area (200� 200 mm2). The network struc-
tures of SnO2 NWs lay on the silicon substrate to form a
porous thin film. The SnO2 NWs had smooth surfaces with
lengths reaching up to hundreds of micrometers, as shown
in Fig. 1B. In the inset of Fig. 1B, the SEM image focused
on the tip of a NW and confirmed the presence of the Au
catalyst, indicating that the growth of NWs obeyed the
VLS mechanism. The TEM image of SnO2 NWs was also
characterized and shown in Fig. 1D. The SnO2 NWs had
very smooth, single-crystal surfaces, with an average
diameter of approximately 80 nm. The HRTEM image in
Fig. 1D shows that the single-crystal phase of NWs had a
very clear lattice structure with an interspace of 0.33 nm,
which corresponded to the distance between the (110)
planes of SnO2 [11]. The single-crystal of NWs was also
confirmed by the selective area electron diffraction
(SAED), as shown in inset of Fig. 1D. The SAED pattern
showed the bright spot diffraction of a single crystal but
not the rings of polycrystals. This result is consistent with
recent report on the single crystal of SnO2 WNs fabricated
by chemical vapor deposition (CVD) using Au nanoparti-
cles as catalysts [9]. The growth mechanism of SnO2 NWs
could be explained based on the VLS mechanism first
reported by Wagner and Ellis [14]. In comparison with the
SnO2 NWs synthesized in a previous work [15], the NWs in
the current work did not exhibit many differences in
morphology. The advantages of the synthesized method
used in the current work are that the quartz tube was much
less contaminated compared with that in other methods
[15] and less SnO powder sources were used. In previous
synthesis methods, the new quartz tube is replaced after
two or three synthesis runs. The current synthesis method
is convenient for growing doped SnO2 NWs, such as
Zn-, In-, and Sb-doped SnO2 NW, which is difficult to
obtain using the previous method. The doping of SnO2

NWs is not within the scope of the current paper, and will
be published in another work.
The XRD pattern of the as-obtained SnO2 NWs is

shown in Fig. 2A. All of the diffraction peaks can be
perfectly indexed to the tetragonal rutile structure of SnO2,
which coincides with the reported data from the JCPDS
card (77-0450). Raman characterization was also per-
formed, as shown in Fig. 2B. Three Raman shifts
(approximately 467, 633, and 774 cm�1) showed that the
typical feature of the rutile phase of the SnO2 NWs
coincides with previous reports [14]. Moreover, PL is a
suitable technique to determine crystalline quality and the
presence of impurities in the material and exciton fine
structures. For these reasons, the room-temperature PL
spectra of the SnO2 NWs were characterized, as shown in
Fig. 2C. It is clear that a very broad peak located at yellow
emission of around 620 nm is observed for as-synthesized
SnO2 NWs. The emission peak at 620 nm (2.00 eV) is
smaller than the band gap of the SnO2 material (3.6 eV).



Fig. 2. Microstructure characterizations: (A) XRD pattern, (B) room-

temperature Raman spectrum, and (C) room-temperature PL spectrum of

as-synthesized SnO2 NWs.

Fig. 3. EDS analysis of the as-growth tin oxide NWs sample. The

presence of Si was original from silicon substrate whereas the O and Sn

were from tin oxide NWs.

Fig. 4. SEM images of fabricated SnO2 NWs based gas sensor: (A) the

interdigitated Pt electrode deposited on a thermally oxidized silicon

substrate, (B) SnO2 NWs deposited on the silicon substrate as a network

of NWs and bridging between two electrodes.
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Therefore, the visible emission peaks cannot be ascribed to
the direct recombination of a conduction electron in the Sn
4d band and a hole in the O 2p valence band. The
semiconductor behavior of SnO2 is attributed to the
presence of oxygen vacancies, which are also crucial to
their optical properties [14,15]. Therefore, the emission
peak at 620 nm is believed to have originated from the
luminescence centers formed by tin interstitials or the
dangling bonds in the SnO2 NWs. The oxygen vacancies
with high density interact with the interfacial tin, and lead
to the formation of a considerable amount of trapped
states within the band gap, thus giving rise to a high PL
intensity at room temperature [14–18].

The elemental analysis of as-growth tin oxide NWs by
EDS is shown in Fig. 3. The EDS spectrum demonstrated
the existence of Si, O, and Sn elements, in which the
presence of Si was originally from the silicon substrate
whereas the O and Sn were these of tin oxide NWs.
The composition of tin oxide NWs estimated from the
EDS analysis was about SnO1.8. This indicated that the
as-growth tin oxide NWs were un-stoichiometric due to the
vacancy of oxygen in the crystal and on the surface
of NWs.
The SEM images of the gas-sensing device after fabrica-
tion are shown in Fig. 4. The deposition of SnO2 NWs on
the substrate results in the very thin layer; thus, the
interdigitated Pt/Ti electrodes could be clearly seen, as
shown in Fig. 4A. This occurrence ensured that all of the
NWs were exposed to the analytic gas when characterized
by the sensor. Fig. 4B confirms the existence of SnO2 NWs
that acted as a net of NWs to bridge the two electrodes,
acting as conducting channels for current flow during
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sensing measurements. In addition, when compared with
the SEM image of as-synthesized NWs in Fig. 1B, it was
clearly that the NWs looked shorter because the ultrasonic
vibration broke them into fragments of NWs.

The dependence of the electrical resistance of sensor on
temperature was measured by applying a voltage of 5 V
between sensor electrodes and the current was recorded. The
temperature was increased to a given value and maintained
for 5 min before recording the current. The resistance was
calculated by dividing the applied voltage to the recorded
current; the data are shown in Fig. 5A. It is clearly that the
sensor resistance decreased rapidly with increase in tempera-
ture ranging from 30 K to 525 K. Herein, the measured value
involved the resistances the NWs, the contacts between
individual NWs and contacts between the NWs and the
metal electrodes. Therefore, the sensor resistance decreased
with increasing temperature would be the results of the
intrinsic semiconductor behavior of the NWs, the decrease
Fig. 5. Electrical characterizations of (A) the dependence of sensor’s

resistance on temperature; (B) the I–V curves of the sensor measured at

different temperatures; and (C) Ln(I) versus (1/T).
in barrier height between individual NWs, and between the
NWs and the metal electrodes. The electrical properties of the
sensor are also dependent on the oxygen adsorptions on the
surface of SnO2 NWs. In ambient air, the oxygen adsorbed
on the surface of SnO2 depends on the temperature. In
temperatures ranging from 300 K to 550 K, the oxygen can
adsorb on the surface of the SnO2 in the form of O2, O2

�,
O�, or O2� [19]. The adsorbed oxygen molecules on tin
oxide withdraw electrons from SnO2 and decrease the
conductivity of SnO2. The dependence of conductivity of
tin oxide semiconductor on ambient temperature is expressed
by the formula [20]:

s¼ s0 expð�Ec=ðkBTÞÞ ð1Þ

where Ec is the thermal activation energy of conduction not
dependent on temperature; kB is the Boltzman constant; and
T is the absolute temperature. For a more detailed investiga-
tion of the effect of temperature on the conductivity of SnO2

NWs, the I–V curves were recorded at temperatures ranging
from 300 K to 525 K in air atmosphere. The measurement
results are shown in Fig. 5B. The I–V curves showed good
linear behaviors, indicating an Ohmic contact between NWs
and electrodes. The current increased as the temperature
increased. Ec was approximately 0.186 eV, and was calcu-
lated from the fitting curve of Ln(I) versus 1/T, as shown in
Fig. 5C. The activation energy Ec affected the response and
recovery times of the sensor, and the smaller Ec exhibited
higher sensitivity [21]. Note that the activation energy
(0.186 eV) was lower compared with the optical transitions
at 2 eV, and the expected bandgap of SnO2 (3.6 eV). The
lower activation energy was possibly due to the high level
defect of NWs and/or the results of the contacts between
NWs.
NOx is one of the most prolific toxic gases that pollute

the environment. NOx existing in the air can cause acid
rain. Long-term exposure to NOx, even at low concentra-
tions can have adverse effects on health, such as anesthe-
tizing the nose. The early detection of NOx is necessary
because it will help people prevent damage from the toxic
gas. NOx sensing was measured at 200 1C, the optimized
working temperature of SnO2-based sensor devices [22].
The changes in sensor resistance upon exposure to differ-
ent concentrations of NOx are shown in Fig. 6A. The
resistance of the sensor increased abruptly when NOx gas
flowed into the chamber. After stopping the flow of NOx

and purging the chamber by dry air, the sensor resistance
decreased rapidly to approximately the initial value. By
fitting the resistance of sensors after normalization accord-
ing to an exponential function, the recovery time of the
sensor was about 2 min. Good recovery of the sensor was
observed at an operating temperature of 200 1C, indicating
that the interaction between NOx and the surface of SnO2

NWs is reversible. SnO2 material is known as an n-type
semiconductor with free electrons as carriers due to the
vacancy of oxygen. Thus, when NOx was adsorbed on
the surface, the NOx molecules accepted the electron from
the tin oxide, decreased the carrier density, and resulted in the



Fig. 6. (A) The change in sensor resistances upon the exposure of

different concentrations of NOx, (B) and sensor response as a function

of gas concentration.
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increase in sensor resistance [23,24]. The dependence of sensor
response on NOx concentration is shown in Fig. 5B. The
sensor response was calculated as S(%)¼100(RG�RO)/RO,
where RG and RO are the sensor resistances in NOx and
dry air, respectively. The sensor response was 105% to
5 ppm of NOx and increased as the NOx concentration
increased. This is a fairly high response value if we note
that the sensitivity of SnO2 thin film to 20 ppm NOx

measured at a similar temperature (475 K) was only 106%
[25]. At concentrations higher than 20 ppm, the sensor
response reached saturation values. However, this beha-
vior did not affect the performance of the sensor when it
was used to detect NOx at low concentrations of allowable
exposure limits (5 ppm) and at ppb levels.
4. Conclusion

Single-crystal SnO2 NWs were successfully synthesized on
Si substrates supported with Au thin film as catalyst by
thermal evaporation method with SnO as the precursor. The
high-quality, as-synthesized SnO2 NWs, with an average
diameter of 80 nm and length up to hundreds mm, have been
found effective for the fabrication of NW-based gas sensors.
The electrical properties of SnO2 NWs were also studied, and
found to be highly sensitive to NOx. The SnO2 NW-based
sensor can detect the concentration of NOx down to
ppm levels with fast response and recovery.
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