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This paper suggests a simple and cost-effective method for fabricating nanowire (NW) gas sensors. Oxide
NWs were deposited uniformly over a defined electrode area by coating with a solution containing NWs
after patterning with polydimethylsiloxane (PDMS). The hydrophobic PDMS guide wall prevented out-
stretching of the deposited solution, which allowed the density of the NWs in the sensor to be manipulated
conveniently. The high-density NWs sensor enhanced the gas sensitivity toward CO, C3H8, C2H5OH, and
NO2 but reduced the gas response and recovery speed. The correlation between the NW density and gas
sensing characteristics are discussed in relation to the gas sensing mechanism.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

One-dimensional oxide nanostructures are promising materials
or applications in electronic and optoelectronic devices [1]. In par-
icular, the high surface area/volume ratio and less-agglomerated
tructures of oxide nanowires (NWs) are beneficial for enhancing
he gas sensing characteristics [2,3].

Semiconductor-type gas sensors can be fabricated using either
ingle NWs or NW networks. The single-NW configuration allows
fundamental understanding of the gas sensing mechanism of
W-based gas sensors [4,5], which is different from that in their
ano-particle-based counterpart [6–8]. The single crystalline NW
f n-type oxide semiconductor establishes the electron deple-
ion layer near the surface as a result of oxygen adsorption
ith a negative charge. Due to the lack of grain boundaries,

lectronic conduction through a single NW is determined by
arallel competition between the resistive shell and semiconduct-
ng core [4,5,9]. In comparison, a number of nano-particles with
ore(semiconducting)-shell(resistive) configuration contact with
ach other, which change the resistance upon exposure to gas.
ccording to the contact configuration, the sensing mechanism can
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e described either by neck model or by grain-boundary model
6–8].

However, the formation of electrodes precisely onto a single
W is a challenge requiring rather expensive e-beam lithography
rocesses [9–11]. In contrast, the fabrication of NW networks sen-
or is relatively simple and cost-effective compared with that of
single NW sensor. In addition, the networked structure of NWs

stablishes a number of resistive contacts at the junctions between
Ws. The large variation in resistance at these junctions provides
n additional sensing mechanism based on the serial connection
etween the resistive grain boundary and semiconducting core,
hich leads to an increase in gas sensitivity [3]. The configuration of
Ws network is less-agglomerated than that of the nano-particles
ounterpart, which can promote the diffusion of target gas on to
he sensing surface. Accordingly, the NW-network gas sensor is of
reat importance not only for cost-effective fabrication but also for
nhancing the gas sensitivity.

To date, several approaches to deposit NWs network or nano-
articles on to the patterned area have been suggested. These

nclude the coating of carbon nanotubes (CNTs) bundles using the
ombination of electrophoresis and dip coating [12], the align-
ent of single-walled CNTs using a funnel-shaped microchannel
n a polydimethylsiloxane (PDMS) mold [13], and the patterning of
lurry containing tin oxide nano-particles using micromolding in
apillary [14].

In this study, another facile route for fabricating a well-defined
Ws gas sensor in a networked configuration was suggested using a

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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DMS patterning and solution deposition method. The NW density
as manipulated by controlling the coating parameter. The effect
f the NW density on the gas sensing characteristics, such as the
as response and response time, were investigated.

. Experimental

SnO2 NWs were grown by a vapor phase transport using Sn
etal (99.999%). The source loaded in the Al2O3 boat was located

n the center of a quartz tube (inner diameter: 28 mm; length:
00 mm) in a horizontal furnace. A Si wafer coated with Au (thick-
ess: 30 Å) was placed 5 cm downstream from the source. After
vacuating the quartz tube to ∼10−2 Torr using a rotary pump,
he furnace temperature was increased from room temperature to
50 ◦C, and the NWs were formed by a reaction between the source
nd O2 gas (0.5 sccm) for 20 min.

For sensor fabrication, the Ti (50 nm) and Pt (300 nm) layers
ere deposited in sequence on a 4-in. SiO2 (300 nm)/Si wafer by
C sputtering, and comb-like electrodes with a 500 × 500 �m2

rea were formed using a lift-off process (Fig. 1(a)). The sub-
trate was coated with a solution containing PDMS and hardener
9:1 by volume) and subsequently hardened at 60 ◦C for 5 h. The
DMS patterns with a square type hole were formed by cut-
ing the PDMS layer above the electrode area and its subsequent
emoval by tweezers (Fig. 1(b)). The as-grown 0.01 g SnO2 NWs
ere dispersed in a mixture of deionized water and isopropyl

lcohol (IPA) (5 ml:5 ml) by ultra-sonication. A slurry droplet con-
aining SnO2 NWs (10 �l) was dropped onto the PDMS patterned
ubstrate using a micro-pipette (Fig. 1(c)) and dried gradually
Fig. 1(d) and (e)). The coating of NWs on a defined area was
onfirmed by the observation using optical microscope (OLYM-
US, BX51M). The density of NWs was controlled from low to high
y manipulating the number of droplets deposited. Two sensors

ere fabricated by coating one and five droplets of the slurry,
hich were referred as low-density nanowires (LD-NWs) and high-
ensity nanowires (HD-NWs) sensors, respectively. In order to
ecrease the density of NWs further, 0.005 g SnO2 NWs were dis-
ersed in a mixture of deionized water and isopropyl alcohol (IPA)

e
c

s
o

Fig. 1. Experimental procedures to prepa
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5 ml:5 ml) and 1 droplet of slurry was dropped and dried. This sen-
or was referred as very-low-density nanowires (VLD-NWs). The
as sensing characteristics of three sensors were measured and
ompared.

The sensor was contained within a quartz tube and heat-treated
t 400 ◦C for 12 h to decompose any residual PDMS that might dete-
iorate gas sensing characteristics. And the temperature of furnace
as set to the gas sensing temperature. The gas concentration was

ontrolled by changing the mixing ratio of the parent gases and dry
ynthetic air. A flow-through technique with a constant flow rate
f 500 cm3/min was used. The gas responses (S = Ra/Rg or Rg/Ra) to
itrogen dioxide (NO2), carbon monoxide (CO), propane (C3H8), and
thanol (C2H5OH) were measured at 300–400 ◦C by comparing the
ensor resistance in the target gases (Rg) with that in high-purity
ir (Ra). The dc 2 probe resistance of the sensor was measured using
n electrometer interfaced with a computer.

. Results and discussion

The as-grown SnO2 NWs were typically 50–100 nm in thickness
nd several tens micrometers in length (Fig. 2(a)) and showed a
utile structure (JCPDS #41-1445) (Fig. 2(b)). High resolution trans-
ission electron microscopy (HR-TEM) confirmed the NWs to be

ingle crystalline SnO2 (Fig. 2(c)). A solution containing the SnO2
Ws, water and alcohol was prepared and coated on the elec-

rodes. In the absence of a covering PDMS pattern, the droplet with
ydrophilic characteristics spread over a wide area of substrate,
hich hindered the deposition of SnO2 NWs onto a defined area

dotted rectangular area in Fig. 1 and Fig. 1(f)). The introduction
f a PDMS guard pattern with a hydrophobic nature effectively
revented the spread of the droplet and confined the solution to
ithin the designated area (Fig. 1 (d) and Fig. 1(g)). Accordingly,
ithout outstretching, high-density NWs could be coated on the
lectrodes by repeating the solution deposition and drying pro-
esses.

Fig. 3(a) shows a low magnification SEM image of a typical
ensor (LD-NWs sensor). The SnO2 NWs were coated uniformly
ver the comb-shaped electrodes. Only limited region was cov-

re the networked NWs gas sensor.
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using In2O3 NWs and reported that the detection limit of NO2 in
ig. 2. (a) SEM image, (b) X-ray diffraction pattern, and (c) high-resolution TEM
mage of the as-grown SnO2 nanowires.

red by NWs in the VLD-NWs sensor (Fig. 3(b)). At the LD-NWs
ensor (Fig. 3(c)), approximately one monolayer of SnO2 NWs was
oosely packed with each other. Five repetitions of the solution
eposition and drying procedure increased the NW density sig-
ificantly (HD-NWs sensor at Fig. 3(d)). The NWs were connected

n a rather compact manner and showed a multilayer configura-
ion. It should be noted that the NWs coated on the electrodes
ere approximately 5 �m long, which are shorter than the as-
repared ones (Fig. 2(a)). This means that the NWs are broken

nto the shorter ones during the ultrasonic treatment for disper-

ion.

The dynamic gas sensing characteristics toward 100 ppm CO,
3H8, and C2H5OH were measured at 400 ◦C, and the results are
hown in Figs. 4 and 5. The gas response (Ra/Rg) values of the VLD-

t
s
t
d
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Ws sensor upon exposure to 100 ppm CO, C3H8, and C2H5OH
ere 1.81, 1.6, and 3.3, respectively. In the LD-NWs sensor, these

alues became 1.66, 1.8, and 23.8, respectively. Finally, in the HD-
Ws sensor, the Ra/Rg values upon exposure to 100 ppm CO, C3H8,
nd C2H5OH increased to 3.95, 2.98, and 42.6, respectively. The
a/Rg values tended to increase as increasing the density of NWs
lthough a small fluctuation was found in the sensing of CO. This
uggests that the density of NWs is a key parameter determining
he Ra/Rg value. It should be noted that the response and recov-
ry kinetics are also closely related to the NW density. The times
o reach 90% variation in resistance upon exposure to gas and air
ere defined as the 90% response time (t90%(air-to-gas)) and 90%

ecovery time (t90%(gas-to-air)), respectively, and were obtained
rom the response transients shown in Fig. 4. The t90%(air-to-gas)
nd t90%(gas-to-air) values increased up to 5.5 and 27.5 times with
ncreasing NW density (Fig. 5(b) and (c)), respectively. The response
nd recovery kinetics should be understood in the framework of
gas diffusion and surface reaction. In this study, the same NWs
ere deposited at different densities. Therefore, at a constant sens-

ng temperature in the absence of a catalyst, gas diffusion rather
han a surface reaction should be considered to be the primary
actor for determining the reaction kinetics, even though further
tudies will be needed to understand the sensing reaction. The
low response and recovery kinetics of the HD-NWs sensor can be
xplained by the sluggish diffusion of the target gas onto the sens-
ng surface through the agglomerated network of NWs as well as
he slow counter diffusion of the reactant gas toward the ambient
tmosphere, respectively.

The gas sensing characteristics toward NO2 were also examined.
ecause the sensor resistance increased upon exposure to oxidiz-

ng NO2 gas, the gas response to NO2 was defined as Rg/Ra. The
g/Ra values to NO2 increased with decreasing sensing temper-
ture from 400 ◦C to 200 ◦C. However, the gas response kinetics
t 200 ◦C was very slow. The optimum temperature for detect-
ng NO2 was 300 ◦C when both the gas response (Rg/Ra) value
nd response kinetics were considered (Fig. 6). The Rg/Ra values
f the LD-NW sensor upon exposure to 0.2, 0.5, and 1 ppm NO2
ere 2.5, 6.2 and 10.6, respectively. These increased to 4.2, 7.3,

nd 21.0, respectively, in the HD-NW sensor. The detection lim-
ts of NO2 were estimated to be approximately <100 and <60 ppb
or the LD-NW and HD-NW sensors, respectively, when the cri-
erion for gas detection was set to Rg/Ra > 1.3. The t90%(air-to-gas)
nd t90%(gas-to-air) values increased by up to 20.6 times with
ncreasing NW density. The increase in the response and recovery
imes is analogous to the sensing characteristics to CO, C3H8, and
2H5OH, and can be also explained in part by gas diffusion. It has
een reported that the undoped SnO2 nanowires and nanostruc-
ures show high sensitivities to C2H5OH and NO2 [3,15–18]. Thus,
he higher gas responses to C2H5OH and NO2 compared to those
o CO and C3H8 in the present NWs network sensor are consis-
ent with the literature. Note that the difference of response and
ecovery times between the LD-NW and HD-NW sensors in the
ensing of NO2 (Fig. 6(d) and (e)) is higher than those in the sens-
ng of CO, C3H8, and C2H5OH (Fig. 5(b) and (c)). At this moment,
he reason is not clear and should be studied further. However,
he differences in the gas sensing temperature and gas sensing

echanism (reductive interaction of CO, C3H8, and C2H5OH and
xidative interaction of NO2) can be considered as the possible
easons.

Zhang et al. [11] prepared single-NW and NW-networks sensors
he NW-networks gas sensor was lower that that in a single-NW
ensor. The increase in sensitivity was attributed to the effect of
he NW/NW junctions. The higher gas sensitivity with the higher-
ensity NWs sensor in this study has a similar physical meaning
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ig. 3. SEM images of the sensors: (a) low magnification, LD-NWs sensor; (b) h
agnification, HD-NWs sensor.
nd can be explained as follows. At 200–400 ◦C, the single crys-
alline SnO2 NWs form an electron depletion layer near the surface
hrough the adsorption of oxygen with a negative charge (O− or
2−). In a single NW configuration, the overall sensor resistance was

d
s
N
l

ig. 4. Dynamic gas sensing characteristics at 400 ◦C: (a) VLD-NWs, 100 ppm CO; (b) LD
D-NWs, 100 ppm C3H8; (f) HD-NWs, 100 ppm C3H8; (g) VLD-NWs, 100 ppm C2H5OH; (h
agnification, VLD-NWs sensor; (c) high magnification, LD-NWs sensor; (d) high
etermined by parallel competition between conduction along the
emiconducting core and that along the resistive shell. Therefore, a
W diameter comparable to the thickness of the electron depletion

ayer (several nm) is essential for accomplishing high gas sensitiv-

-NWs, 100 ppm CO; (c) HD-NWs, 100 ppm CO; (d) VLD-NWs, 100 ppm C3H8; (e)
) LD-NWs, 100 ppm C2H5OH; (i) HD-NWs, 100 ppm C2H5OH.
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Fig. 5. (a) Gas responses (Ra/Rg), (b) 90% response time (t90%(air-to-gas)), and (c)
90% recovery time (t90%(gas-to-air)) to 100 ppm CO, C3H8, and C2H5OH at 400 ◦C.
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Fig. 6. Dynamic gas sensing characteristics of (a) LD-NWs and (b) HD-NWs sensors to 0.
and (e) 90% recovery time (t90%(NO2-to-air)) to 0.2, 0.5, and 1 ppm NO2 (measured at 300
ators B 136 (2009) 224–229

ty: the sensitivity decreases significantly with further increases in
he NW diameter [19].

In contrast, in the NW networks sensor, conduction should occur
cross the potential barriers established at the junction between
he NWs. This is analogous to the ‘grain-boundary model’ in the
as sensing mechanisms based on nanocrystalline particles [20].
hus high gas sensitivity can be attained using NW network. How-
ver, the nanoparticles tend to aggregate easily through strong van
er Waals forces [21]. When the secondary aggregates are large and
ense, the gas diffusion toward the inner region of secondary par-
icles becomes sluggish or difficult, which slows the gas response
inetics to a great extent or even deteriorates the gas sensitivity
y decreasing the active surface area. Although the high-density
W networks showed slightly slower response kinetics, the 90%

esponse times to 100 ppm CO, C3H8, and C2H5OH at 400 ◦C were
till quite short (1–22 s). Accordingly, the major advantages of NW-
ased sensors over the nano-particles-based ones can be found
rom the rapid response kinetics as well as the high gas sensitiv-
ty due to the less-agglomerated configuration. As shown in Fig. 2,
D-NW sensors have more junctions between NWs. The overall

ensor resistance will be dominated more by the resistive junc-
ions at the higher NW density. Accordingly, the dramatic change
n resistance near the junction upon exposure to a gas will enhance
he gas sensitivity of the HD-NW sensor significantly.

It was previously reported [15] that the sensitivity and selec-
ivity to C2H5OH of the SnO2 NW gas sensor can be enhanced
ignificantly by dropping a La-salt solution with subsequent heat
reatment. This suggests another method to tune the gas sensitiv-
ty and selectivity of NW-based gas sensors in the application of
rtificial olfaction based on a sensor array. Indeed, an electronic
ose has been fabricated using oxide NWs by varying the NW
ensity and using a temperature gradient [22]. The present method
rovides a simple and cost-effective way of realizing the NW-based
as sensors and NW-based sensors array with high sensitivity and
electivity.
. Conclusion

This paper suggests a facile route for fabricating oxide
emiconductor nanowire (NW) gas sensors employing poly-
imethylsiloxane (PDMS) patterning and solution deposition. The

2 ppm NO2 and (c) gas responses (Rg/Ra), (d) 90% response time (t90%(air-to-NO2)),
◦C).
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ydrophobic PDMS guide wall prevented outstretching of the
eposited solution, which facilitated a well-defined, high-density
oating of NWs on the electrodes. The gas sensitivity was increased
p to ∼13 times by increasing the NW density, while the response
nd recovery speeds decreased. The enhanced gas sensitivity at the
igh NWs density was attributed to the increase in the number
f NW/NW junctions that vary the resistance significantly upon
xposure to gas. The retardation of the response and recovery reac-
ions was explained by the slow gas diffusion caused by the soft
gglomeration of NWs.
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