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a b s t r a c t

The ZnO–SnO2 core–shell nanowires (NWs) were synthesized by a continuous two-step vapor growth
method at different synthesis temperatures. A crystalline 15–20 nm-thick, SnO2 shell layer was pseudo-
epitaxially coated on ZnO NWs with a diameter of 50–80 nm. The gas response of the ZnO–SnO2 core–shell
NW sensor to 10 ppm NO2 reached ∼33 times enhancement compared to that of the ZnO NWs at 200 ◦C.
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In addition, the ZnO–SnO2 core–shell NW sensors showed selective detection to NO2 at 200–300 ◦C and
to C2H5OH at 400 ◦C. The enhanced gas responses to NO2 and C2H5OH are discussed in relation to the
thin SnO2 shell layer and core–shell configuration of the NWs.

© 2010 Elsevier B.V. All rights reserved.
O2 sensor
2H5OH sensor

. Introduction

One dimensional (1D) semiconductor nanowires (NWs) are an
ttractive material platform for gas sensor applications due to
heir large surface area, less agglomerated configuration and high
rystallinity [1–4]. In particular, the gas response can be greatly
nhanced when the diameter of 1D nanostructures becomes similar
o the dimension of the electron depletion layer [5]. The forma-
ion of isolated functional layers on the surface of NWs using noble

etals or metal oxides has also been studied to improve the gas
esponses and selectivity [6–8].

The formation of 1D heteronanostructures such as nanocom-
osite NWs or core–shell NWs can also be used to enhance the
as sensing characteristics. The electrospun SnO2–ZnO composite
anofibers [9,10] have been reported to show high and selec-
ive responses to C2H5OH. Pulsed laser deposition and atomic
ayer deposition of a thin oxide shell layer on the electrospun
ore nanofibers or nanorods have been employed to prepare

nO2–ZnO [11], TiO2–ZnO [12] and ZnO–SnO2 [13,14] core–shell
D nanostructures. The �-Fe2O3–SnO2 [15] and �-Fe2O3–ZnO [16]
ore–shell nanorods were also synthesized by hydrothermal prepa-
ation of nanorods and subsequent coating of the shell layer. These

∗ Corresponding author. Tel.: +82 2 3290 3282; fax: +82 2 928 3584.
E-mail addresses: jongheun@korea.ac.kr, leejongheun@gmail.com (J.-H. Lee).

925-4005/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2010.05.052
showed the potential of hetero-nanostructures to enhance the
sensing performance such as gas response and selectivity. How-
ever, the research in this field is in the beginning stage and further
investigation is required to enhance and optimize the gas sensing
characteristics.

In this contribution, crystalline ZnO–SnO2 core–shell NWs were
synthesized by a two-step vapor phase deposition method and
their gas sensing characteristics were compared to those of ZnO
NWs. The gas responses and selectivity to NO2 and C2H5OH were
enhanced significantly by the formation of a SnO2 shell layer and
the tuning of the sensor temperatures. The effect of the 15–20 nm-
thick SnO2 shell in improving the gas sensing characteristics is
discussed in relation to the electron depletion of the shell layer
and gas sensing mechanism of the hetero-nanostructures.

2. Experimental

The ZnO NWs were grown by carbothermal reduction process
using ZnO and graphite powders in a horizontal furnace. The Si
wafer coated with a 30 Å-thin Au layer was placed at the down-
stream. After the quartz tube was evacuated to ∼10−2 Torr using

a rotary pump, Ar gas was introduced at a constant flow rate of
100 sccm. The furnace temperature was increased to 900 ◦C and O2
gas with the flow rate of 2 sccm was introduced for 30 min. After
the synthesis of single crystalline ZnO NWs, the furnace was cooled
from 900 to 700 ◦C to deposit the SnO2 shell layer. Tetramethyltin

dx.doi.org/10.1016/j.snb.2010.05.052
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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Fig. 1. Scanning electron microscopy (SEM) images and X-ray diffraction (XRD) pat-
96 I.-S. Hwang et al. / Sensors an

(CH3)4Sn, 99.999%, UP Chemical Co., Ltd.), one of the simplest
rganic tin compounds, was introduced into the quartz tube by
r carrier gas at a flow rate of 0.5 sccm and reacted with an O2 gas
ow of 2 sccm for 10 min.

The morphology and structure of the ZnO–SnO2 core–shell
Ws were characterized with X-ray diffraction (XRD, Rigaku
/MAX-2500V/PC), field emission scanning electron microscopy

FESEM, Hitachi S-4300), transmission electron microscopy,
nergy-dispersive X-ray spectroscopy and selected area electron
iffraction (TEM/EDX/SAED, JEOL JEM-3011).

The as-grown ZnO or ZnO–SnO2 core–shell NWs were dispersed
n a mixture of deionized water and isopropyl alcohol (IPA) (5:5 ml)
y ultrasonication. The gas sensors were fabricated by depositing
slurry containing ZnO or ZnO–SnO2 core–shell NWs on a poly-

imethylsiloxane (PDMS)-guided substrate. Subsequently, after
rying and removal of the PDMS-guided layer, as-fabricated gas
ensors were located at the sensing furnace and then heat-treated
t 600 ◦C for 2 h in order to remove any residual organic contami-
ant. Detailed experimental procedures for sensor fabrication have
een presented elsewhere [17]. The sensors were measured via a
ow-through technique with a constant flow rate of 500 sccm at
he gas sensing temperatures. The concentration of the target gas
as controlled by changing the mixing ratio of the target gas and
ry synthetic air.

. Results and discussion

The SEM images and X-ray diffractions of as-grown ZnO NWs
nd SnO2-coated ZnO NWs on Si substrate were shown in Fig. 1.
he as-grown ZnO NWs were 50–80 nm-thick and several tens
f micrometers long (Fig. 1(a)). After the deposition of SnO2 for
0 min, the thickness was increased to 75–120 nm and the surface
ecame rougher (Fig. 1(b)). The as-grown ZnO NWs were identified
s hexagonal wurtzite ZnO (JCPDS #36-1451) from the XRD analy-
is results (Fig. 1(c)). In the SnO2-coated ZnO NWs (Fig. 1(d)), rutile
nO2 (JCPDS #41-1445) peaks were found, but no second phases
uch as SnO, ZnSnO3 and Zn2SnO4 were observed.

The as-grown ZnO and SnO2-coated ZnO NWs were separated
rom Si substrate and dispersed in a mixture of deionized water
nd IPA (5:5 ml) by ultrasonication. A slurry containing NWs after
ltrasonic treatment was used both in TEM analysis and gas sen-
or fabrication. The ZnO NWs are single crystalline ones with clean
urface morphology (Fig. 2(a)). After SnO2 deposition, NWs with a
ore–shell configuration were obtained (Fig. 2(b)). High resolution
EM images show that the approximately 15 nm-thick crystalline
hell layers were uniformly coated onto the ZnO NWs (Fig. 2(c)).
oiré patterns were clearly observed in the core region, having a
avy surface with a periodic range of about 3.7 nm (Fig. 2(b)), which
as attributed to the overlapping of the different crystal lattices of

nO and SnO2. Two lattice planes with the interplanar distances
f 0.52 and 0.48 nm correspond to the (0 0 0 1) plane of wurtzite
nO and the (1 0 0) plane of rutile SnO2, respectively (Fig. 2(c)).
he SAED pattern for the region in Fig. 2(c) is shown in Fig. 2(d).
he two sets of diffraction patterns, i.e. those for ZnO (red square)
nd SnO2 (white square) were in agreement with the wurtzite ZnO
2 1̄ 1̄ 0] and rutile SnO2 [1 0 0] zone axis patterns, respectively.
he ZnO–SnO2 nanostructure having a different crystal structure
as been reported to reveal a special epitaxial relation [18]. The
resent SAED data support the epitaxial relationship that has been
eported between a wurtzite ZnO core and a rutile SnO2 shell, i.e.

0 1 0)SnO2 || (0 1̄ 1̄ 0) and [1 0 0]SnO2 || [0 0 0 1]ZnO [18]. However, the
urface of SnO2 shell layer was not completely smooth but locally
ough. This suggests that some crystallites with the different orien-
ations coexist. Therefore, the SnO2 shell layer is thought to have a
seudo-epitaxial relationship with core ZnO NWs.
terns of as-grown ZnO NWs and ZnO–SnO2 core–shell NWs: (a) SEM images of ZnO
NWs, (b) SEM images of ZnO–SnO2 core–shell NWs, (c) XRD pattern of ZnO NWs
and (d) XRD patterns of ZnO–SnO2 core–shell NWs.

The results of element mapping (Fig. 2(e and f)) clearly con-
firmed that the Sn elements were homogeneously distributed
on the surface of the ZnO NWs. The presence of Sn, Zn and O
elements within an individual NW was also confirmed by EDS
analysis (data not shown). The above results demonstrate that
ZnO–SnO2 core–shell NWs can be synthesized successfully by
pseudo-epitaxial deposition of crystalline SnO2 shell layers on sin-
gle crystalline ZnO NWs.

The gas sensing characteristics of ZnO and ZnO–SnO2 core–shell

NWs were investigated at sensing temperatures of 200 and 300 ◦C
(Fig. 3). Note that ZnO and ZnO–SnO2 core–shell NWs were heat-
treated at 600 ◦C after sensor fabrication. However, considering that
the heat treatment temperature is lower than the temperatures
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or the growth of ZnO NWs (900 ◦C) and the subsequent deposi-
ion of SnO2 shell layers (700 ◦C), the physico-chemical change of
Ws during heat treatment can be regarded as small. Both sen-
ors showed typical gas sensing behaviors of n-type semiconductor,
.e. the resistance increased upon exposure to oxidizing gases
NO2) and decreased upon exposure to reducing gases. Accord-
ngly, the gas responses to NO2 and to reducing gases are defined

ig. 2. (a) Transmission electron microscopy (TEM) image of ZnO NWs, (b and c) TEM im
e and f) compositional analysis along a single ZnO–SnO2 core–shell NW. The NWs were
ater and IPA by ultrasonic treatment to prepare TEM specimens.
ators B 148 (2010) 595–600 597

as Rg/Ra and Ra/Rg (Rg: resistance in gas and Ra: resistance in air),
respectively. The gas responses of ZnO–SnO2 core–shell NWs to
10 ppm NO2 at 200 and 300 ◦C were 66.3 and 12.4, respectively,

which were ∼33 and 8.9 times higher than the respective values
of 2.0 and 1.4 for ZnO NWs. The gas responses to other reduc-
ing gases such as CO, C3H8, CH4, H2 and C2H5OH were negligible
(1.0–1.9), which revealed the promising potential of the ZnO–SnO2

ages, (d) selected area diffraction pattern (SAED) of ZnO–SnO2 core–shell NWs and
separated from Si substrate and subsequently dispersed in a mixture of deionized
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Fig. 3. Gas responses (Rg/Ra or Ra/Rg , Ra: resistance in air and Rg: resistance in gas)
to 10 ppm NO2 and 200 ppm of CO, C3H8, CH4, H2 and C2H5OH at 200 and 300 ◦C
(Rg/Ra for NO2 and Ra/Rg for other reducing gases).
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ig. 4. NO2 sensing transients of ZnO–SnO2 core–shell NWs at (a) 200 ◦C and (b)
00 ◦C.

ore–shell NWs for the sensitive and selective detection of NO2 at
00–300 ◦C.

The NO2 sensing transients of the ZnO–SnO2 core–shell NWs
t 200 and 300 ◦C are shown in Fig. 4. The gas responses to

◦
.5–10 ppm of NO2 ranged from 8.3 to 66.3 at 200 C, but were
ecreased to 2.6–12.4 as the sensor temperature was increased to
00 ◦C (Figs. 4 and 5(a)). The detection limits of NO2 for ZnO–SnO2
ore–shell NWs were estimated to be approximately <15 and
38 ppb at 200 and 300 ◦C, respectively, when the criterion for gas

Fig. 5. (a) Gas responses (Rg/Ra), (b) 90% response time (�res) and (c) 9
ators B 148 (2010) 595–600

detection was set to Rg/Ra > 1.2. In contrast to the decrease of gas
response, the speeds of gas response and recovery were greatly
enhanced by the 100 ◦C increase in sensor temperature. To quantify
this, the times to reach 90% variation in resistance upon exposure
to NO2 and air were defined as the 90% response (�res) and 90%
recovery (�recov) times, respectively, and were calculated from the
sensing transients in Fig. 4. The �res and �recov values to 0.5–10 ppm
NO2 were shortened by 15.8–65 and 5.0–11.4 times, respectively,
as the sensor temperature was increased to 300 ◦C (Fig. 5(b and
c)). This was attributed to the enhanced gas diffusion and the rate
of surface reaction for gas sensing at the higher temperature. The
operation of the sensor at 200 ◦C is advantageous for gas response
and selectivity, whereas 300 ◦C is an attractive option for the rapid
detection of NO2 with moderate selectivity.

In the literature, the temperatures for maximum NO2 response
in SnO2 and ZnO NWs (or nanobelts) sensors range from 200 to
225 ◦C [19–21], which agree well with the present results. Tamaki
et al. [22] reported that the adsorbates originating from NO2 are
basically the same as those from NO because NO2 is easily dis-
sociated on the surface of SnO2. Thus, the sensing of NO2 at low
operating temperatures is generally expressed by the chemisorp-
tions of NO or NO2 and consequent electron depletion according to
the following reaction [20,23,24].

NO2(g) + e− → NO2
−(ads) (1)

NO(g) + e− → NO−(ads) (2)

In any case, chemisorbed oxygen (O− or O2−) is not necessary
in the gas sensing reaction. Thus, Baratto et al. [20] attributed the
relatively low temperature for sensing NO2 to the peculiar reaction
mechanism of NO2 with metal oxide that does not involve oxy-
gen chemisorbed species. The maximum NO2 response at 200 ◦C
in the present study can be understood in the same viewpoint.
The decrease of NO2 response with increasing sensor temperature
seems to be related to the desorption of NO2

−(ads) at the higher
temperature.

The variation of sensor temperatures not only changes the gas
responding/recovery kinetics but also the selectivity in the gas
sensing reaction [25,26]. Thus, the gas sensing characteristics of
ZnO and ZnO–SnO2 core–shell NWs at 400 ◦C were also investigated
(Fig. 6). Interestingly, the response of the ZnO–SnO2 core–shell NWs
to 200 ppm C2H5OH was as high as 280, compared to a range from
2.3 to 16.2 for other gases (10 ppm of NO2 and 200 ppm of CO, H2,

C3H8 and CH4). In particular, the response to 10 ppm NO2 became
negligible (2.3) compared to those at 200 and 300 ◦C (66.3 and 12.4).
This demonstrated the ability to detect C2H5OH with minimum
interference from other gases by increasing the sensing tempera-
ture to 400 ◦C. The selective detection of 200 ppm C2H5OH was also

0% recovery time (�recov) to 0.5–10 ppm NO2 at 200 and 300 ◦C.
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ig. 6. Gas responses (Rg/Ra or Ra/Rg) to 10 ppm NO2 and 200 ppm of CO, C3H8, CH4,
2 and C2H5OH at 400 ◦C (Rg/Ra for NO2 and Ra/Rg for other reducing gases).

bserved in ZnO NWs, but at a level of only 1/7 that of the ZnO–SnO2
ore–shell NWs (Fig. 6). This confirmed that the gas response and
electivity to C2H5OH can be enhanced by the formation of a SnO2
hell layer and the tuning of the sensor temperatures.

The formation of a nanocomposite between SnO2 and ZnO is
nown to increase the gas response and selectivity [9,10,27]. How-
ver, in the present study, SnO2 shell layers were coated not in
discrete configuration but in a continuous and pseudo-epitaxial
anner onto single crystalline ZnO NWs. Thus, the enhanced cat-

lytic effect due to nanocomposite formation could be excluded
n this study. The very high gas responses of the ZnO–SnO2 core
hell NWs to NO2 and C2H5OH should therefore be understood in
elation to the formation of thin SnO2 shell layers.

In pure ZnO NWs at 200–400 ◦C, an electron depletion layer is
ormed near the surface by the adsorption of negatively charged
xygen (O−), which increases the sensor resistance. Upon expo-
ure to NO2 or reducing gases, the surface becomes more resistive
r conductive due to the reductive or oxidative interaction with
ases, respectively. In this regard, the resistance variation of a sin-
le ZnO NW is determined by the parallel conduction along the
esistive shell and semiconducting core and the resistive serial con-
act between NWs should be additionally taken into account in the
etworked ZnO NWs [17].

When a very thin SnO2 layer is coated on the surface of ZnO NWs,
he conduction mechanism becomes rather complex. Just after the
ormation of junction between SnO2 and ZnO, the electrons will
ow from the material with low work function to that with high
ork function until their Fermi levels equalize, which creates an

lectron depletion layer at the interface and bends the energy band.
nfortunately, the relative levels of work functions for SnO2 and
nO are not consistent in the literatures [28,29] and depend on
he degree of nonstoichoiometry [30]. In any case, the formation
f electron depletion layer in the vicinity of the interface due to
he difference of work functions can be considered. The adsorption
f negatively charged oxygen (O−) at 200–400 ◦C at the surface of
he shell SnO2 layer forms another electron depletion layer near
he surface. Barsan and Weimer [31] reported that the thicknesses
f the electron depletion layer near the surface of the SnO2 single
rystal were 21 and 11 nm at 327 and 427 ◦C, respectively. Con-
idering the 15–20 nm-thick SnO2 shell layer in the present study,
ost of the SnO2 shell layers were assumed to be fully depleted.

hus, the resistance of the networked ZnO–SnO2 core–shell NWs
as primarily determined by the fully depleted shell layer, the elec-

ron depletion layer at the interface between SnO2 and ZnO, and
he resistive contacts between NWs. The R values of ZnO NWs
a

nd ZnO–SnO2 core–shell NWs at 200 ◦C are 96.7 and 730.7 k�,
espectively. In the present study, the SnO2 shell layers are coated
ompletely and pseudo-epitaxially on the ZnO cores. Accordingly,
his ∼7-times greater resistance strongly supports the formation

[

[

ators B 148 (2010) 595–600 599

of a highly resistive, electron-depleting, SnO2 shell layer by the
adsorption of negatively charged oxygen near the surface and the
formation of an electron depletion layer at the interface between
SnO2 and ZnO. In this configuration, the resistance change upon gas
exposure is primarily dependent upon the SnO2 shell layers as well
as the electron depletion layer at SnO2–ZnO hetero-interface and
is greatly increased. Thus, the significantly enhanced gas responses
by the formation of the ZnO–SnO2 core–shell NWs can be attributed
to the nearly complete depletion of the SnO2 shell layers.

4. Conclusion

The ZnO–SnO2 core–shell nanowires (NWs) were synthesized
via a two-step vapor growth method. After growth of single crys-
talline ZnO NWs by carbothermal reaction, a 10–15 nm-thick, SnO2
crystalline layer was uniformly coated on the ZnO NWs by vapor
phase reaction. The sensitive and selective detection of NO2 and
C2H5OH was achieved at 200 and 400 ◦C, respectively, with respec-
tive gas responses that were 33 and 6.8 times higher than those
of the ZnO NWs. These enhanced gas sensing characteristics were
attributed to the formation of a fully depleted thin SnO2 shell layer
and the electron depletion layer at SnO2–ZnO interface.
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