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Abstract CuO-decorated ZnS nanowires were synthesized by the thermal evaporation of ZnS powders followed
by a solvothermal process for CuO decoration. The NO2
gas sensing properties of multiple-networked pristine and
CuO-decorated ZnS nanowire sensors were then examined.
The diameters of the CuO nanoparticles ranged from 20 to
60 nm. The multiple-networked pristine and CuO-decorated ZnS nanowire sensors showed the responses of 394
and 1055 %, respectively, to 5 ppm of NO2 at room temperature under UV illumination at 2.2 mW/cm2. The
response and recovery times of the ZnS nanowire sensor to
5 ppm of NO2 were also reduced by decoration with the
CuO nanoparticles. The responses of the sensors to NO2 at
room temperature increased significantly with increasing
UV illumination intensity. The underlying mechanisms for
the enhanced response of the ZnS nanowire sensor to NO2
gas by CuO decoration and UV irradiation are discussed.

1 Introduction
Zinc sulfide (ZnS) has diverse applications, such as lightemitting diodes, lasers, flat panel displays, infrared windows, sensors, and biodevices, owing to its remarkable
fundamental properties [1]. In particular, ZnS can be applied
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to the fabrication of ultraviolet (UV) light sensors and gas
sensors. Over the past decade, several ZnS nanostructurebased gas sensors have been reported. These include ZnS
single-nanobelt sensors for H2 sensing [1], ZnS nanobelt
sensors for H2 sensing [2], ZnS microsphere sensors for O2
sensing [3], ZnS nanowire sensors for acetone and ethanol
sensing [4], and ZnS nanotube array sensors for humidity
sensing [5]. On the other hand, ZnS nanostructures-based
gas sensors have attracted less attention than metal oxide
semiconductor nanostructures-based gas sensors [1–5].
Recent studies have shown that the sensing properties of
semiconductor gas sensors, such as selectivity, sensing
time, and sensitivity, can be enhanced using heterostructures when fabricating gas sensors [6–10]. Indeed, most
heterostructured gas sensors studied over the past few
decades have employed heterostructures involving two
dissimilar metal oxide semiconductors. On the other hand,
the semiconducting materials forming the heterostructures
should not necessarily be limited to oxide semiconductors.
In this study, multiple-networked CuO-decorated ZnS
nanowire sensors, i.e., CuO–ZnS composite structured
nanowire sensors, were fabricated, and their NO2 gas
sensing properties at room temperature under UV illumination were examined to determine the combined effects of
oxide–nonoxide heterostructure formation and UV irradiation on the gas sensing properties of ZnS nanowires.

2 Experimental procedure

Department of Materials Science and Engineering, Inha
University, 100 Inha-ro, Nam-gu, Incheon 22212, Republic
of Korea

2.1 Preparation and characterization of CuO
nanoparticle-functionalized ZnS nanowires

Department of Materials Science and Engineering, Hanyang
University, 253 Haengdang-dong, Seongdong-gu,
Seoul 402-751, Republic of Korea

CuO-decorated ZnS nanowires were synthesized by a twostep process involving the thermal evaporation of ZnS
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powders and a solvothermal process for CuO decoration. A
quartz tube was mounted horizontally inside a tube furnace.
An alumina boat containing ZnS powder with a purity of
99.99 % was placed in the 850 °C temperature zone, which
was in the middle of a quartz tube furnace. The 4-nm Aucoated (100) Si substrate was placed in the 700 °C temperature zone, which was approximately 5 mm away from
the ZnS powder. The N2 gas flow rate was set to 50 cm3/
min so that the total pressure might be maintained at
1.0 Torr. The thermal evaporation process was carried out
for 1 h, after which the furnace was cooled to room temperature and the products were removed.
A 50-mM CuO precursor solution was prepared by
dissolving copper sulfate (CuSO4) in 100-ml distilled
water. Subsequently, 100 ml of a 50 mM NaOH solution
was added to 10 ml of the CuO precursor solution. The
mixed solution was stirred well using a magnetic bar and
then ultrasonicated for 30 min to make it uniform. The
solution was then centrifuged at 5000 rpm for 2 min to
precipitate the CuO powders. The precipitated powders
were collected by removing the liquid, leaving the powders
behind. The collected powders were rinsed in a 1:1:1solution of acetone, isopropyl alcohol (IPA), and distilled
water to remove the impurities. The centrifuging and
rinsing processes were repeated five times. Subsequently,
the CuO powder-containing solution was dripped onto the
ZnS nanowires on a substrate, and the substrate was rotated
at 1000 rpm for 30 s to decorate the ZnS nanowires with
the CuO nanoparticles. After the spin coating process, the
CuO-decorated ZnS nanowire sample was dried in an oven
at 150 °C for 1 min and then annealed in a vacuum
(pressure 1 mTorr) in a quartz tube at 500 °C for 1 h. The
morphology and crystal structure of the collected nanowire
samples were then examined by scanning electron microscopy (SEM, Hitachi S-4200,10 kV) and glancing angle
X-ray diffraction (XRD, Philips X’pert MRD) with Cu-Ka
radiation (k = 0.1541 nm), respectively.
2.2 Sensor device fabrication and sensing tests
The pristine and CuO nanoparticle-decorated ZnS nanowires (50 mg) were dispersed ultrasonically in ethanol in
two different beakers. Two sets of multiple-networked
nanowire sensors were fabricated by spreading the suspensions of the nanowires in ethanol over thermally oxidized Si substrates equipped with a pair of interdigited Pt
electrodes with a gap of 20 lm. A flow-through technique
was used to measure the gas sensing properties of the
fabricated multiple-networked sensor in a tube furnace
with a resistance heater. The pristine or CuO-decorated
ZnS nanowire sensor was inserted in a dynamic gas flow
chamber. NO2 gas diluted with dry synthetic air was
introduced into the quartz tube at a flow rate of 200 cm3/
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min at room temperature. Electrical and sensing measurements were taken at room temperature under 40 % RH by a
voltamperometric method. The electrical resistance of gas
sensors was determined in the dark and under UV light
(k = 365 nm) illumination at 0.5–2.2 mW/cm2 by measuring the electric current using a Keithley source meter2612 under a constant applied voltage of 1 V. The detailed
procedures of the sensor device fabrication and sensing
tests are described elsewhere [11]. The pristine and CuOdecorated ZnS nanowires (50 mg) were dispersed ultrasonically in ethanol in two different beakers. Two sets of
multiple-networked nanowire sensors were fabricated by
spreading the suspensions of the nanowires in ethanol over
thermally oxidized Si substrates equipped with a pair of
interdigitated Pt electrodes with a gap of 20 lm. A flowthrough technique was used to measure the gas sensing
properties of the fabricated multiple-networked sensor in a
tube furnace with a resistance heater. The pristine or CuOdecorated ZnS nanowire sensor was inserted into a
dynamic gas flow chamber. NO2 gas diluted with dry
synthetic air was introduced into the quartz tube at a flow
rate of 200 cm3/min at room temperature. The electrical
and sensing measurements were taken at room temperature
under 40 % RH using a voltamperometric method. The
electrical resistance of the gas sensors was determined in
the dark and under UV light (k = 365 nm) illumination at
0.5–2.2 mW/cm2 by measuring the electric current using a
Keithley source meter-2612 under a constant applied
voltage of 1 V. The detailed procedures of the sensor
device fabrication and sensing tests are described elsewhere [11].

3 Results and discussion
Figure 1 presents a SEM image of the ZnS nanowires
decorated with CuO nanoparticles. The nanowires with a
mean diameter of 100 nm and lengths ranging from 5 to
20 lm were oriented randomly (Fig. 1a). A close examination of an enlarged SEM image of a typical 1D nanostructure revealed 20- to 50-nm CuO particles decorating
the nanowires (inset in Fig. 1a). A low-magnification TEM
image (Fig. 1b) exhibited a spherical morphology of CuO
nanoparticles with a mean diameter of 10 nm. Both the
high-resolution TEM (HRTEM) image (Fig. 1c) and the
corresponding selected area electron diffraction (SAED)
pattern (Fig. 1d) revealed that ZnS nanowires as well as the
CuO nanoparticles are single crystals. The HRTEM and
SAED showed fringe patterns in which atoms are arranged
in perfectly, regularly, and solely spotty diffraction pattern,
respectively. Figure 1e shows the XRD patterns of the
pristine and CuO-decorated ZnS nanowire samples. All the
reflection peaks in the pattern of the pristine ZnS nanowire
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Fig. 1 a SEM image of CuO-decorated ZnS nanowires. Inset,
enlarged SEM image of a typical CuO-decorated ZnS nanowire.
b Low-magnification TEM image, c high-resolution TEM image, and
d corresponding selected area electron diffraction pattern of a typical
CuO-decorated ZnS nanowires. e XRD pattern of the pristine and
CuO-decorated ZnS nanowires

sample were assigned to the wurtzite-structured ZnS phase
(JCPDS Card No. 89-2942). In contrast, many small
reflection peaks assigned to a monoclinic-structured CuO
phase in addition to the wurtzite-structured ZnS phase were
found in the pattern of the functionalized ZnS nanowire
sample.
Figure 2a, b show the gas response transients of the
pristine ZnS nanowires and CuO-decorated ZnS nanowires,
respectively, toward NO2 gas under UV illumination at 2.2
mW/cm2 at room temperature. The gas response transients
exhibited stable and reproducible response and recovery
characteristics. Figure 3a presents plots of the responses of
networked pristine and CuO-functionalized ZnS nanowire
sensors as a function of the NO2 concentration. The CuOdecorated ZnS nanowire sensor showed a stronger response
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Fig. 2 Sensing transients of a the pristine ZnS nanowires and b CuOdecorated ZnS nanowire toward NO2 gas at room temperature under
UV illumination at 2.2 mW/cm2

(1055 %) to 5 ppm of NO2 than the pristine ZnS nanowire
sensor (393 %). The response was defined as [Rg/
Ra] 9 100 (%) for NO2 gas, where Rg and Ra are the
electrical resistances of sensors in NO2 gas and air,
respectively. Table 1 compares the responses of the CuOdecorated ZnS nanowire sensor with various 1D nanostructured oxide sensors to NO2 gas [12–22]. A direct
comparison of the responses of the different nanomaterials
was difficult because of the different test conditions, but
the CuO-decorated ZnS nanowire sensor exhibited a similar response (114 %) to NO2 in the dark to that of the SnO2
nanoribbon sensor (116 %) measured at room temperature
and a comparable response to many other oxide sensors
measured at higher temperatures. The CuO-decorated ZnS
nanowire sensor also exhibited more rapid response and
recovery than the pristine ZnS nanowire sensor at the same
NO2 concentration (Fig. 3b, c). A comparison of the
response times and recovery times of the pristine and
decorated nanowire sensors showed that the ZnS nanowire
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The responses of the pristine and decorated nanowire
sensors increased from 107 to 394 % and from 114 to
1055 %, respectively, with increasing UV illumination
intensity from 0 to 2.2 mW/cm2. Figure 5b shows the
selectivity of the two sensors to NO2 compared to other
gases. Both the pristine and CuO-decorated ZnS nanowire
sensors showed stronger responses to NO2 gas than to H2,
NH3, H2S, CH4, and CO.
The origin of the ZnS-based sensors to NO2 gas is not
clearly understood at present. The selectivity might be due
to the different optimal operating temperatures of the
sensor for different target gases. The response of a sensor
material to a certain gas might depend on many factors
such as the solid solubility of the gas in the material,
decomposition rate of the adsorbed molecule at material
surface, charge carrier concentration in the material, Debye
length in the material, catalytic activity of the material, and
orbital energy of the gas molecule [23].
ZnS and CuO are the n- and p-type semiconductors,
respectively. When the pristine ZnS nanowires are exposed
to air at room temperature, reactions occur between ZnS
and the adsorbed oxygen molecules, transferring electrons
from the conduction band of ZnS to the adsorbed oxygen
atoms; ionic species, such as O-, O2-,and O2-, form as the
by-products of the reaction of ZnS with oxygen depending
on the temperature. Of these oxygen species, O2- is
dominant at room temperature [3, 24]. A depletion layer
forms in the surface region of the ZnS nanowire due to the
consumption of electrons in the ZnS nanowire. Upon
exposure to NO2 gas, NO2 gas adsorbs to the ZnS nanowire
surface and extracts electrons from the conduction band of
ZnS, as shown in the following equations [25]:
NO2 ðg) þ e ! NO
2 ðadsÞ

ð1Þ



2
NO
2 ðadsÞ þ NO2 ðadsÞ þ 2e ! NOðgÞ þ 2O ðadsÞ

ð2Þ
Fig. 3 a Response, b response time, and c recovery time of the
pristine ZnS nanowires

sensor at 5 ppm of NO2 was reduced from 52 to 45 s and
from 207 to 170 s, respectively, by CuO decoration. The
response and recovery times were defined as the times to
reach 90 % of the resistance change upon exposure to H2
and air, respectively.
Figure 4a, b presents the gas response transient curves,
showing a strong dependence of the responses of the
pristine and CuO-decorated ZnS nanowire sensors to NO2
on the UV illumination intensity. Figure 5a shows the
responses of the pristine and CuO-decorated ZnS nanowire
sensors to 5 ppm of NO2 at room temperature, which was
measured as a function of the UV illumination intensity.
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This reaction will expand the depletion layer further,
leading to an increase in the resistance of the nanowire
sensor. The enhanced sensing performance of the CuOdecorated ZnS nanowire sensor compared to the pristine
ZnS nanowire sensor could be explained mainly by electronic sensing mechanisms. A critical difference between
the pristine and CuO-decorated ZnS nanowire sensors is
the existence of CuO–ZnS p–n junctions in the latter. Two
electronic sensing mechanisms for the existence of these p–
n junctions, i.e., modulation of the depletion layer width or
conduction channel width at the heterojunction interface
[26, 27] and modulation of the interfacial potential barrier
height [28, 29], should be considered when explaining the
enhanced sensing performance of the CuO-decorated ZnS
nanowire sensors. Figure 6a shows the depletion layer and
conduction channel forming in a pristine ZnS nanowire in a
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Table 1 Comparison of the responses of the CuO-decorated nanowire sensor with those of other oxide 1D nanostructure sensors
Nanomaterial

Temp. (°C)

NO2 conc. (ppm)

Response (%)

References

CuO-decorated ZnS nanowires

25

5

114 (dark)

Present work

CuO-decorated ZnS nanowires

25

5

1055 (UV)

Present work

ZnO nanorods

300

0.1

35

[12]

ZnO fibers

100

0.4

50

[13]

In-doped SnO2 nanoparticles

250

500

100

[14]

SnO2 nanoribbon

Room temperature

3

116

[15]

SnO2 hollow spheres

160

5

1150

[16]

In2O3 nanowires

400

50

360

[17]

In2O3 nanowires

250

50

200

[18]

WO3 nanorods

300

1

200

[19]

Au-doped WO3 powders
SnO2-core/ZnO-shell nanofibers

150
300

10
70–2000

350
20–320

[20]
[21]

ZnGa2O4-core/ZnO-shell nanowires

250

1

260

[22]

Fig. 4 Sensing transients of a the pristine ZnS nanowires and b the
CuO-decorated ZnS nanowire to 200 ppm of NO2 at room temperature under UV illumination at different intensities at room
temperature

Fig. 5 a Responses of the pristine ZnS nanowires and CuO-decorated
ZnS nanowires to 200 ppm of NO2 at room temperature as a function
of the UV illumination intensity. b Comparison of the response of the
pristine ZnS nanowires and CuO-decorated ZnS nanowires to NO2
with those to other gases
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vacuum, air, and NO2 gas, and Fig. 6b shows the depletion
layer, conduction channel, and potential barrier forming at
the CuO–ZnS interface and adjacent regions in a CuOdecorated ZnS nanowire [30]. In a vacuum, thin depletion
and accumulation layers form at the surfaces of the ZnS
nanowire and the CuO nanoparticle, respectively, in the
CuO-decorated ZnS nanowire due to the trapping of carriers at the surface states in the surface region. In air, a
thick depletion layer and an accumulation layer form at the

surfaces of the ZnS nanowire and CuO nanoparticle,
respectively, due to the transfer of electrons from the
conduction band of ZnS to the adsorbed oxygen atoms and
the generation of holes, respectively. In addition to the
depletion layer, a potential barrier with a height of V1 also
forms at the CuO–ZnS interface. Upon exposure to NO2
gas, however, thicker depletion and accumulation layers
form in the interfacial region on the ZnS and CuO sides,
respectively, due to the corresponding transfer of more

Fig. 6 a Schematic diagram of a pristine ZnS nanowire. b Schematic
diagram of a CuO-decorated ZnS nanowire in the dark and under UV
illumination showing the depletion layer and conduction path.

c Energy band diagram of a CuO–ZnS junction in the dark and
under UV illumination showing the depletion layer and potential
barrier forming at or near the junction

123

Light-activated NO2 gas sensing of the networked CuO-decorated ZnS nanowire gas sensor

electrons from the conduction band of ZnS to the adsorbed
oxygen atoms and the generation of more holes. In addition
to the depletion and accumulation layers, a potential barrier
with a height of V2 also forms at the CuO–ZnS interface.
Consequently, the depletion layer width, conduction path
width, and potential barrier height change from WD1 to
WD2, from WC1 to WC2, and from V1 to V2, respectively,
accompanying the adsorption and desorption of NO2 gas,
leading to a change in resistance. As shown by a comparison of the pristine and CuO-decorated ZnS nanowire in
Fig. 6a, the conduction channel widths in the decorated
nanowire in air and NO2 gas, WC1(F) and WC2(F), are
smaller than those in the pristine nanowires in air and NO2
gas, WC1(P) and WC2(P), respectively, leading to a larger
change in resistance or an enhanced response of the CuOdecorated ZnS nanowires to NO2 gas. As mentioned above,
in addition to the difference in the depletion layer width or
conduction channel width, a potential barrier forms at the
CuO–ZnS interface in the CuO-decorated ZnS nanowire
sensor, but does not form in the pristine ZnS nanowire.
Figure 6 also shows the differences in the depletion
layer width and potential barrier height between in the dark
and under UV illumination. Electron–hole pairs are generated in the ZnS nanowires and CuO nanoparticles upon
exposure to UV light with a photon energy larger than the
band gaps of ZnS and CuO. The generated holes migrate to
the surface of the n-type ZnS nanowire and discharge the
negatively charged adsorbed oxygen ions, leaving unpaired
electrons behind, resulting in a thinning of the depletion
layer in the ZnS nanowire and accumulation in the surface
region of the p-type CuO nanoparticle. Consequently, in
the case of the desorption of NO2 gas, i.e., exposure to air,
the depletion layer shrinks and less energy band bending
occurs on the ZnS side, whereas the accumulation layer
expands and more significant energy band bending occurs
on the CuO side. In contrast, in the case of adsorption of
NO2 or in NO2, the depletion layer shrinks further and less
energy band bending occurs on both sides of the ZnS–CuO
interface. These changes lead to a larger potential height
difference between in air and in NO2 [V1(UV)-V2(UV) [ V1(dark)-V2(dark)]. In other words, the change in
resistance of the sensor accompanying the adsorption and
desorption of NO2 gas will be increased under UV illumination due to the generation of additional carriers.
Overall, UV excitation increases the accumulation layer
width and decreases the depletion layer width, i.e., conduction channel width increases with increasing carrier
concentration and the potential barrier height decreases
with decreasing interface state density. Therefore, UV light
irradiation can enhance the gas sensing properties of the
sensors.
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4 Conclusions
The response of ZnS nanowires to NO2 gas at room temperature was enhanced significantly by a combination of
CuO decoration and UV illumination. The response and
recovery times of the ZnS nanowire sensor were reduced
by the combined techniques. The substantial enhancement
of the response of the CuO-decorated ZnS nanowire sensor
under UV illumination might be due to the larger change in
resistance caused by the increased number of carriers
participating in the reactions with NO2 molecules as a
result of the photo-generated electron–hole pairs and
modulation of the potential barrier height and the modulation of conduction channel width. Overall, this study is
expected to contribute to the development of gas sensors
with high performance that can be operated at room
temperature.
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