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Abstract SnO, nanowires were synthesized via vapor
transport method by modulating the thickness of the Gold
(Au) catalyst. The effect of morphology and photolumines-
cence properties of nanowires on gas sensing was investi-
gated. The structural and morphological studies reveal that
the synthesized nanowires are crystalline in nature with high
density. The nanowires were evenly spread on the surface
of the substrate. These nanowires were tested for gas sens-
ing properties based on change in resistance under exposure
to air and gases (CO, CH,, Methanol). The results showed
an improved response as compared to the previous studied.
These sensors have potential applications in advanced sens-
ing devices.
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1 Introduction

One-dimensional (1D) nanostructures have attracted great
interests due to their outstanding properties and potential
applications in last two decades [1-3]. There has been an
increasing demand for highly sensitive and selective gas-
sensing devices in many fields such as environmental moni-
toring, security systems and health care systems [4, 5]. Tin
Oxide (SnO,) is one of the most important sensing material
and widely used as a metal oxide semiconductor gas sen-
sor [6], mainly due to its sensitivity towards different gases
[7]. Sensitivity of sensors depends upon the thickness of
the depletion layer when the dimension of sensor material
is comparable to the thickness of that layer [8]. Therefore
different nanostructures such as nano-powders [9], nanow-
ires [10—13], nanotubes [14—16] and nano-belts [17-19] are
being used for UV light and gas sensing owing to their high
surface to volume ratios. Recently, authors have reported
the CO gas sensing mechanism of both un-doped and Mg
doped ZnO nanostructures [20]. Yamazoe et al. proposed
that by reducing the crystallite size of nanomaterials, sen-
sitivity and energy consumption of metal oxide gas sensors
can be achieved [21]. Nanowires with Debye length (thick-
ness of the space charge layer) having small diameter and
high surface-to-volume ratio are of much importance. It is
already established that sensitivity and response time of sen-
sors significantly depend on the processes taking place at
the surfaces of nanostructures [22, 23]. Sensing models on
space charge region for various nanostructures have been
presented by Yamazoe et al. and Hernandez-Ramirez et al.
[24, 25]. Zhang et al. reported that the sensitivity of single
crystalline 1D SnO, nanocrystals with controllable sizes had
closely related to the specific surface area of these nanocrys-
tals [26]. Lipeng et al. proposed square-shaped and single
crystalline SnO, nanowires synthesized by hydrothermal
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method and observed that these nanostructures exhibit good
sensitivity, excellent stability and selectivity in addition to
quick response and short recovery times under exposure to
acetone gas [27]. Kalmakov et al. proposed the improvement
in sensitivity of Pd functionalized SnO, nanowires towards
oxygen and hydrogen and observed that gas sensitivity of
these nanostructures depends on the catalytic dissociation
on Pd nanoparticle surfaces and the subsequent diffusion of
atomic species onto the surface of oxide [28]. Kwon et al.
recently reported the NO, gas sensing behavior of SnO,
nanowires and observed that Sn interstitials are responsi-
ble for improvement in enhanced sensing response [29]. Jin
Wau et al. also fabricated SnO, zigzag nanobelts via cata-
lyst assisted carbothermal reaction of SnO, powder [30].
Dang et al. presented the chlorine gas sensing of ZnO, WO,
and SnO, nanowire sensors at low temperatures [31]. Most
recently, Zheng et al. proposed the modeling and simulation
of individual SnO, nano-belt gas sensors with FET struc-
ture and observed the output characteristics of the device
by employing a modified drift—diffusion model and taking
into account the quantum mechanical effects [32]. Various
approaches have been used to fabricate SnO, nanomaterials,
such as the molten salt method [33], carbothermal reduction
method [34], laser ablation vapor deposition [24, 25], hydro-
thermal method [26], and plasma treatment [16]. Among
them, vapor transport growth is one of the most widely used
methods due to its low cost and flexibility [35]. Different
source precursors such as SnO [36—41], SnO, [35], SnO/
graphite [42—45] and SnO,/graphite have been used in previ-
ous studies [46].

In the present work, the effective control of the diameter
and effect of surface defects on SnO, nanowires for gas sen-
sors by a simple vapor liquid solid (VLS) mechanism have
been demonstrated. SnO, nanowire-network-based gas sen-
sor for CO gas sensing properties as a function of diameter
(aspect ratio) and surface defects is evaluated. These results
show improved sensing response compared to that reported
earlier in terms of sensitivity and limit of detection.

2 Experimental

2.1 Chemicals

The reagents, SnO, (99.99%) and graphite (99.99%) powders
were purchased from Sigma-Aldrich and used without fur-
ther purification. Au was used as catalyst. Isopropyl alcohol
(IPA) and acetone were used for cleaning of substrates.

2.2 Instruments

Ton sputtering of Au layer was deposited on Si substrates
by JFC 1500 sputtering unit. Ball milling was performed in
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zirconia jar and zirconia balls were used for this purpose.
The crystallinity, morphology and elemental composition
were determined by using powder X-ray diffraction (p-XRD,
X’Pert PRO Difractometer, PANalytical with Cu Ka radia-
tion A=1.5418 A), scanning electron microscopy (SEM,
Hitachi SU 1500), transmission electron microscopy (TEM)
and energy dispersive X-ray spectroscopy (EDX). Optical
properties of the synthesized nanostructures were carried
out by absorption spectroscopy (lambda 950 UV—-Vis spec-
trophotometer) and photoluminescence (PL, DONGWOO
Optron, 325 nm Ar laser). Gas sensing experiments were
performed via two probe method at room temperature using
a Keithly 2100 multimeter.

2.3 Synthesis of SnO, nanowires and fabrication of gas
sensors

SnO, nanowires were synthesized by vapor transport method
on n-type Si (100) substrates using VLS mechanism as
shown in Fig. la. Substrates were ultrasonically cleaned
in IPA and acetone prior to deposition. Au catalyst layer
was deposited by ion sputtering technique. The thickness
of catalyst layer was controlled in-situ during ion sputtering
by film thickness monitor. Three Si substrates were prepared
having Au catalyst layers of 1, 2 and 5 nm thickness. For
deposition of SnO, nanowires, SnO, and graphite powders
with weight ratio of 4:1 were mixed in a ball mill for 2 h and
then loaded in a ceramic boat. Ball milling was performed
in zirconia jar and zirconia balls were used for this purpose
instead of stainless steel balls as reported by Butt et al. [47].
Ceramic boat containing the mixture was placed at the center
of a quartz tube with dimensions as 3.5 cm in diameter and
100 cm in length which then transferred to furnace. Three
experiments were performed on Si substrates having 1, 2
and 5 nm of Au catalyst layers while all the experimental
parameters were kept same. The synthesis temperature of
the VLS process was maintained at 900 °C for 45 min in the
nitrogen atmosphere with a constant flow rate of 60 sccm.
The furnace was cooled down to room temperature after
completion of experiment and substrates were collected for
various characterizations.

The gas sensors were fabricated by using the technique
reported earlier by authors [20] and gas sensing experiments
were performed via two probe method at room tempera-
ture using a Keithly 2100 multimeter. The sensing response
S =Ra/Rg) of the device was measured by the resistance
change upon exposure to air (R,) and test gas (Rg) in a home-
built gas chamber connected to a multimeter, gas flow meters
and tube furnace. The schematic design of sensor and gas
sensing setup are shown in Fig. 1b—d. A photograph of gas
sensing setup with an inset showing sensor and pressure
contacts (Fig. 1d).
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Fig. 1 a Experimental setup of furnace for synthesis of nanowires. b Schematic of fabricated SnO, Nanowires sensor. ¢ Gas sensing setup. d
Photograph of gas sensing experimental setup and sensor with pressure contacts (inser)

3 Results and discussion
3.1 Growth mechanism

The vapor liquid solid (VLS) technique has been proposed
to explain the formation of SnO, nanowires. It is well known
that the growth of a crystal is always initiated from the
nucleation process. For heterogeneous processes, as in the
present work, gold particles act as a nucleation sites for the
subsequent growth of SnO, crystals. The main driving force
for the nucleation and growth of crystal is the value of super-
saturation of the growth species. In 1D growth processes that
produce nanowires, catalysts act as a nucleation site and a
higher value of supersaturation of incoming species leads
to the growth in one dimension only. The vapors of source
material carry high Gibb’s free energy which gives rise to
its diffusion into the catalyst droplet in order to minimize
the energy. The liquid alloy droplet supersaturates with the
source material vapors resulting in growth of crystalline
structures of source material at the liquid—solid interface
(L-S interface) on the surface of substrates, consequently,
forming one dimensional nanostructure. The growth kinet-
ics of SnO, nanowires by VLS method have been explained
earlier by Zhang et al. [26].

3.2 Morphology and stoichiometry

Figure 2 shows the SEM images of SnO, nanowires
with three different thicknesses along with EDX spectra

associated with each sample. Figure 2a shows large quantity
of the cylindrical nanowires grown on substrate having 1 nm
of Au layer are randomly oriented with very high aspect
ratio of 384. The average diameter and length of nanowires
are 104 +32 nm and 40.3 + 14.0 um, respectively. Figure 2b
shows cylindrical nanowires grown on substrate having 2 nm
of Au layer are randomly oriented with aspect ratio of 209.
The average diameter and length of nanowires are found
to be 127 +30 nm and 26.6 +12.3 um, respectively. The
measured aspect ratio for sample three having 5 nm of Au
layer is 101. Figure 2¢ shows nanowires for sample three
having average diameter and length of 198 + 19 nm and
20.0 + 11.8 pm, respectively.

EDX spectrum of SnO, nanowires shown in Fig. 2d
clearly depicts the tin and oxygen peaks. The approximate
atomic ratios are found to be 28:65. The appearance of Si
peak is obviously due to the substrate. It can be observed
that diameter of the synthesized nanostructures increases
with increasing the thickness of catalyst layer. This incre-
ment in diameter is due to the availability of lager nucleation
sites that increases linearly with thickness of catalyst layer.
The presence of nanoparticles on the tips of nanowires is
considered to be the evidence of vapor-liquid—solid mecha-
nism [48]. The growth of 1D structure depends on the rate of
adsorption of incoming vapors to the catalyst particles, their
diffusion and the rate of crystallization at L-S interfaces.

Figure 3a—c show low and high magnification TEM
images of SnO, nanowires. The TEM image shown in
Fig. 3a clearly shows the catalyst particles on the tips of
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Fig. 2 SEM images of SnO, Nanowires at 900 °C. a Nanowires at 1 nm Au layer. b Nanowires at 2 nm Au layer. ¢ Nanowires at 5 nm Au layer
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Fig. 3 TEM images of SnO, nanowires for sample 1 (a, b) at different magnification and (¢c) HRTEM image

the nanowire suggesting the VLS growth. HRTEM image
(Fig. 3c) shows the lattice fringes (inter planer spac-
ing=0.26 nm) of crystalline nanowires suggesting their
growth in tetragonal rutile phase of SnO,.

3.3 XRD analysis

The X-ray diffraction patterns of the synthesized SnO,
nanowires are shown in Fig. 4. All diffraction peaks
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identified correspond to the tetragonal phase of SnO,.
Measured lattice parameters for three samples are as fol-
lows: Sample 1, a=b=4.75 A, c=3.20 A, Sample 2,
a=b=4.74 A, c=3.20 A, Sample 3, a=b=4.74 A,
¢=3.19 A. All calculated parameters are comparable to the
standard reported reference data (ICDD 00-041-1445). The
sharpness of the XRD patterns reflects the crystallinity of
the SnO, nanowires. The appearance of diffraction peaks
corresponding to Si and SiO, is due the substrate’s effect. No
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Fig. 4 XRD patterns of SnO, nanowires

diffraction peaks for other impurities are detected in XRD
patterns and observed XRD results are consistent with that
obtained from TEM.

3.4 Optical properties

The optical properties of SnO, nanowires have been stud-
ied by UV—-Vis absorption spectroscopy (lambda 950,
UV-Vis spectrophotometer). Figure 5a shows the absorp-
tion spectrum for three samples having nanowires of dif-
ferent diameters. The band gap can be calculated by using
the Tauc Eq. [49, 50]:

ahv = A(hv — Eg)'/? (1)
where A is constant, E, is band gap of the nanowires. The
band gap was calculated by extrapolating the straight por-
tion of the (athv)? versus hu graph on the photon energy axis
at a=0 as shown in Fig. 5c.The inset shows the absorption
spectra of nanowires.

The estimated optical energy band gaps of SnO, nanow-
ires were found to be 3.76, 3.68 and 3.63 eV for sam-
ples with 1, 2 and 5 nm of catalyst thicknesses, respec-
tively. The observed decrement in values band gap with
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Fig. 5 a Absorbance spectra. b Room temperature photoluminescence spectra and (¢) Band gaps of SnO, nanowires
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increasing thickness of catalyst layer is in accordance with
the observations reported earlier [35, 51].

Figure 5b presents the room temperature photolumines-
cence (PL) spectra of three samples with He-Cd laser excited
at 325 nm. Broad emission peaks at 567 and 572 nm for all
three samples suggesting defect-related (O vacancies and
Sn interstitials) electronic states within the band gap [52,
53]. Peaks at 393, 411, 416 and 435 nm are due to trapped
states within the band gap. Nanowires with smaller diameter
(Sample 1) showed a blue shift in emission peak observed at
lower wavelength as compared to that observed for samples
2 and 3. This shift is attributed to the production of more
defects due to high surface to volume ratio [35]. XRD pat-
terns show a slight shift of diffraction peaks from original
values for all three samples. This shift is observed due to
the defects like oxygen vacancies and Sn interstitials cre-
ated during growth process at high temperature. The role
of carbon in creation of defects during growth process is
also crucial due to carbo-thermal reaction and presence of
carrier gas i.e. N, at high temperature in oxygen deficient
environment. Figure 5b represents the PL spectra at room
temperature, broad peaks at ~567 and 572 nm are observed
in all samples which are believed to originate from the
defect-related electronic states in the band gap [46, 53]. In
the present work, graphite (carbon) serves both as a cata-
lyst and reducing agent in the reaction. SnO, reduces into
SnO,, x <2 in the presence of iron. At elevated temperature,
it becomes unstable and is converted to SnO and Sn vapors
[47]. It is believed in general that SnO is the metastable state
and decomposes into Sn and SnO, vapors [54]. This decom-
position will increase the amount of Sn atoms in the system,
whereas SnO, deposits onto the silicon substrate providing
nucleation sites for the growth [55].

The extent of non-stoichiometry i.e. crystal defects in SnO,
nanowires can be described by intensity ratio of visible lumi-

These results are consistent with gas sensing response of SnO,
nanowires presenting that PL emission and decay time strongly
depend on the shape of the nanocrystals [56, 57].

3.5 Gas sensing mechanism

The sensing mechanism is based on the principal of change in
electrical resistivity/conductivity as a result of chemical reac-
tion between gas molecules and the reactive oxygen ions on
the surface of SnO, nanowires. When air is flown over the
surface of SnO, nanowires the oxygen ions are attached at the
surface by capturing electrons from conduction band [58, 59].
At high temperature, reactive oxygen species (0>~ O, and
O7) are chemisorbed by these nanowires resulted in electron
transfer. At a certain level of adsorption, a thick depletion
layer is formed on the surface due to which resistance of the
material is increased. In contrast, when SnO, nanowires are
exposed to the CO gas, adsorbed oxygen ions produce CO,
which ultimately reduces the resistance and enhances the car-
riers concentration [60].

As metal oxide nanostructures are known to differ much in
their stoichiometry due to their rich defects chemistry which
means that, although they may have been grown through the
same process, the three samples of the nanowires can have dif-
ferent charge carrier densities which lead to different L values
according to relation in Eq. (2).

Ly= (egokT/e’n,)" @)

The Debye length of the material is generally used to give
an estimate for the width of space-charge layer for metal-
oxides used in gas sensor technology [61].

The mechanism is schematically presented in Fig. 6 and can
be summarized by the following chemical reactions:

nescence to ultra-'v101et luml.nes.cerllce ad,/L,. If1,/1, ratio Osgas) = Oraa) 3)
is higher, there will be more intrinsic defects. The calculated
ratio of /,,/1,, for the present study is 4.0, 1.5 and 0.46 for  O,,q +e — Oy 4)
samples 1, 2 and 3, respectively. The systematic decrement
observed in the value of emission intensities reveals that Oz@d) +te— 20_(ad) 5)
defects are upsurges with increase in diameter of nanowires.
Fig. 6 Schematic of possible (@) (b)
mechanism of SnO, nanowires
sensor responses to CO in air 2 Air Potential barrier
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E: Ee
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[ ¥ g,
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2CO + Oy gy + € > 2C0y 4, + e~ (6)

CO+20™ = CO;* = CO, +1/20, +2¢ @)

3.6 Gas sensing properties

Figure 7a—c shows the sensing response signals of SnO,
nanowires for CO gas, CH, gas and Methanol respectively
as a function of catalyst thickness for three samples. The
sensing experiments were performed at 300 °C with
3 min cycles of dry air for 20 ppm CO gas and interfer-
ence gases (400 ppm CH, gas and 200 ppm Methanol)
for comparison [62, 63]. Figure 7a shows decrement in
resistance upon exposure to CO and recovered completely
to the initial value upon removal of CO. Sensing response
of the nanowires is found to be 3.35, 2.58 and 2.32 for
aspect ratios 384, 209 and 101, respectively. Sensing
response to CH, gas is 1.20, 1.09 and 1.05, respectively

for above mentioned aspect ratios (Fig. 7b). For methanol
gas observed sensing response is 2.61, 2.33 and 1.80 for
three aspect ratios, respectively (Fig. 7¢). Selectivity of
SnO, nanowires is shown in Fig. 7d.

Summary of the gas sensing results are shown in
Table 1 and Colum graph in Fig. 7e. Gas sensing results
demonstrate that sensing response increases with increase
in aspect ratio and decrease in diameter of the nanow-
ires. Gas sensor shows sensitive and a little bit selective
response to CO gas compared to other test gases. The
high response of SnO, nanowires for three gases is due to
high surface to volume ratio, which could provide more
active sites at the surface for oxygen adsorption or to con-
tact with surrounding gases [64, 65]. Presented results
illustrate an improved sensing response compared to that
reported earlier with respect to gas sensing response and
limit of detection as shown in Table 2.
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Table 1 Summary of gas

. Sample no. Gas sensing response (S = R,/R,) Properties
sensing results
CcO CH, Methanol Aspect ratio PL intensity Diameter (nm)
(20 ppm, (400 ppm, (200 ppm, (L/D) (atio
300 °C) 300 °C) 300 °C) 1,/1,)
1 3.35 1.20 2.61 384 4.0 104 +32
2.58 1.09 2.33 209 1.5 12730
3 2.32 1.05 1.80 101 0.5 198+19
Table 2 Comparison'with Sensor description CO concentration ~ Gas response T (°C) References
reported SnO, nanowires CO
£as sensors Network SnO, NWs (CVD) 20 ppm R,/R, ~3.35 300 Present work
Single SnO, NWs (CVD) 100 ppm R/R, ~2.0 250-400 [33]
100 ppm G,/G, ~1.9R/R, ~1.2 [34]
500 ppm [35]
Screen printed SnO, NWs (CVD) 100 ppm R/R,~2.9 400 [36]
Network SnO, NWs 100 ppm R/R,~1.8 350 [29]
Network SnO, NWs 100 ppm R/R, ~1.32 380 [37]
SnO, NWs (CVD) 400 ppm R/R,~3.9 400 [38]
4 Conclusions References
Size controlled SnO, nanowires (NWs) have been synthe- 1. S. Iijima, Helical microtubules of graphitic carbon. nature

sized by a simple vapor transport method by modulating
the thickness of Au layer as catalyst. XRD peaks indi-
cated the crystalline quality of nanowires. SEM images 3.
revealed that the nanowires are in cylindrical form with
high aspect ratio. TEM and HRTEM images confirmed the
VLS growth of SnO, nanowires consistent to XRD results. 5.
The photoluminescence and optical properties provided
the bandgap energies and surface defects of deposited
nanowires. The gas sensing results revealed a sensitive
and selective response of nanowires sensors to 20 ppm of
CO gas at 300 °C compared to other test gases. Maximum 7.
value of sensing response was found to be 3.35 for the
nanowires with aspect ratio of 384. This improved sens-
ing response is attributed to the large number of active
sites for oxygen adsorption resulted from high aspect 9.
ratio and large surface to volume ratio of SnO, nanowires.

These sensors have potential applications in modern and

advanced gas sensing devices. 10.
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