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Abstract—In this paper, vertical arrays of zinc oxide (ZnO)
nanowires (NWs) are synthesized by a chemical vapor deposition
system and then deposited on patterned electrodes using dielec-
trophoresis. The NW devices illustrate four orders of magnitude
increase in conductivity when exposed to ultraviolet (UV) irradia-
tion of 1220 μW/cm2 . UV response has a fast component, due to
electron-hole generation, as well as a slower component, attributed
to the release of oxygen species from the surface of NW. Moreover,
due to the increased electron density in the presence of UV, the
type of oxygen species on the surface of ZnO changes to more re-
active negative ions. In addition, when the pressure is decreased to
0.05 mBar, the conductivity of the NWs increases ∼3.5 times due
to the removal of oxygen molecules from the surface. For the first
time, UV irradiation is used to improve the carbon monoxide (CO)
sensing properties of ZnO NWs. When exposed to 250 μW/cm2

UV irradiation, not only the sensitivity increases more than 75%,
but also a repeatable and recoverable response is obtained, which
is due to formation of more reactive oxygen ions. For the same
reason, when the temperature is elevated, higher sensitivity to CO
is achieved. The devices demonstrate exponential sensitivities of
more than four decades when the relative humidity (RH) increases
to 86% at room temperature.

Index Terms—Carbon monoxide (CO) sensing, UV activated
sensing, dielectrophoresis (DEP), gas sensor, oxygen, relative hu-
midity (RH), ultraviolet (UV) detector, zinc oxide (ZnO) nanowire
(NW).

I. INTRODUCTION

MONITORING and control of environmental parameters
such as humidity, oxygen concentration, light intensity,

and air pollutants is essential for improving the quality of life
and refining manufacturing and operational processes in auto-
motive, medical, and semiconductor industries. With the emerg-
ing demands for fast, accurate, low-cost, and ubiquitous sens-
ing of these parameters, small footprint and low-cost sensors
based on zinc oxide (ZnO) nanostructures have become attrac-
tive. The simplicity, variety, and low-cost of synthesis meth-
ods (e.g., chemical vapor deposition (CVD), laser ablation, hy-
drothermal, and sol–gel processes) as well as the morphologi-
cal diversity (e.g., nanoparticles, nanowires (NWs), nanorods,
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nanobelts, and tetrapods) have made ZnO an appealing can-
didate for sensing applications. Owing to the high surface-to-
volume ratio of nanostructures as well as the surficial oxygen
vacancies, ZnO nanosensors are highly sensitive to various envi-
ronmental parameters such as concentrations of oxygen [1]–[5],
carbon monoxide (CO) [3], relative humidity (RH) [6]–[9], hy-
drogen [10], and ultraviolet (UV) irradiation [11].

Scalable integration of these nanostructures, in particular
NWs, into electronic devices, as the active component, still
remains as a challenge. Conventional fabrication processes for
making metallic contacts to the NWs involve sophisticated pho-
tolithography, electron-beam lithography or focused ion beam,
which hinder the commercial development of NW-based de-
vices. In recent years, dielectrophoresis (DEP) [12], [13] has
shown to be a powerful, low cost, scalable and yet high-yield
alternative for assembly of NW devices.

Despite several reports on sensing applications of ZnO NWs
[3], [6], [14]–[16], there has not been a thorough study on vari-
ous aspects of ZnO NW’s sensitive nature, as most of the pub-
lished articles only focus on the response of sensors to a specific
type of stimulus. In this paper, a comprehensive study is pre-
sented for the sensing properties of DEP-assembled devices, in
response to different intensities of UV irradiation and varying
concentrations of oxygen, RH, CO, and vacuum levels. More-
over, not only the effect of UV irradiation on sensing behavior
to each of these stimuli is examined but also the correlation
between UV and RH as well as hydrostatic pressure is system-
atically studied. We believe this comprehensive study not only
increases our knowledge about the science behind the sensing
mechanism of the ZnO NWs but also paves the way for address-
ing the selectivity issue of the metal oxide sensors.

II. EXPERIMENTAL DETAILS

A. NW Synthesis and Characterization

Synthesis of NWs was carried out in a horizontal tube of a
CVD system. The NWs were grown on a (1 0 0) silicon wafer
coated with a 100 nm thermally evaporated gold layer as sub-
strate. Equal molar ratios of ZnO (99.999%, Alfa Aesar) and
graphite powder (99.9%, Alfa Aesar) were used as the precur-
sor for NW growth. Horizontal tube furnace was heated up to
950 ◦C and then a quartz boat containing the precursor mixture
and silicon growth substrates was loaded inside the furnace in
such a way that the source material was located in the middle
of the hot zone and the silicon substrates at 12–14 cm far from
the source on downstream (∼800 ◦C). Furnace is connected
to a vacuum pump that maintains the pressure level inside the
tube at ∼1 mbar under a constant flow of 30 standard cubic
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Fig. 1. (a) Low and (b) high magnification 45◦-titled SEM micrograph of
vertically aligned ZnO NWs (scale bar is 10 and 2 μm for a and b, respectively),
and (c) XRD pattern and (c) PL spectrum of the synthesized ZnO NWs.

centimeters per minute comprising 90% Ar and 10% oxygen.
The growth process takes 2–3 h depending on the desired length
of the NWs. The as-grown NW arrays were characterized by
scanning electron microscope (SEM), X-ray diffraction (XRD),
and photoluminescence (PL) spectroscopy. Fig. 1(a) illustrates
a typical 45◦ tilted SEM micrograph of the synthesized ZnO
NW arrays, showing a high density of vertically aligned NWs
grown uniformly, and Fig. 1(b) displays a higher magnification
SEM image confirming NWs with diameter of 80–130 nm and
an approximate density of∼25 NW/μm2 . In addition, the strong
intensity of ZnO (0 0 2) diffraction peak [see Fig. 1(c)] confirms
a vertical alignment of the single crystalline NWs. The photolu-
minescense properties of ZnO NW arrays were also examined
at room temperature using a pulsed laser (35 ps pulse duration
and 10 Hz repetition rate) with excitation wavelength of 266 nm
and intensity of 5 mW/cm2 . As shown in Fig. 1(d), a narrow
band ultraviolet (UV) emission was observed in PL spectra at
the wavelength of about 385 nm that is attributed to the near
band edge transition of ZnO NWs.

B. Device Fabrication

A 25-mm2 substrate onto which the NWs were grown was
ultrasonicated (using a bath ultrasonic) in 2 mL of ethanol for a
few seconds to detach the NWs from the substrate and disperse
them in ethanol. N-type Si (100) wafers with 300-nm thermally
grown silicon oxide were used as the substrate for device fabri-
cation. Micropatterned gold electrodes (100-nm thick and 3-μm
channel width) were developed by standard photolithography
and lift-off process. ZnO NWs were then deposited between
micropatterned gold electrodes using DEP by dropping 5 μL
of NW suspension in ethanol and applying a sine voltage with
amplitude of 10 V and frequency of 0.5 MHz for 2 min. These
values for amplitude and frequency were tuned based on the gap
size and NW concentration in the solution in order to obtain the
highest probability for capturing NWs in the gap. The ac signal
generates an alternating electric field in the gap between gold
electrodes and induces a dipole in ZnO NW so that the polar-

Fig. 2. Current–voltage characteristic of a typical ZnO sensor. A DEP-
assembled device with an NW captured between two gold electrode as well
as the schematics of an NW aligned across two metallic electrodes are shown
in the insets.

ized NW is attracted toward electrode gap under a high electric
field gradient [9]. The inset in Fig. 2 shows SEM micrographs
of a device after DEP and capturing of NWs between metallic
electrodes.

Fig. 2 illustrates a typical current–voltage characteristic of a
ZnO device at room temperature. As observed, the device shows
a resistive behavior with a relatively good Ohmic behavior for
the applied voltage range of −10–10 V.

The fabricated devices were wire bonded to a printed circuit
board and placed in a custom made aluminum environmental
chamber electrically wired to a semiconductor characterization
system (Keithley 4200-SCS). The chamber was connected to a
gas mixer controlled with fully controlled mass flow controllers
(MKS 1179) and a digital readout (CCR 400A) run by a com-
puter. Moreover, the chamber as well as the tubes and fittings
were wrapped with heating tape connected to a temperature con-
troller equipped with a K-type thermocouple. The steady state
as well as transient current–voltage characteristics were sys-
tematically measured and investigated under various conditions
described in the following sections.

III. RESULTS AND DISCUSSION

A. Ultraviolet (UV) Light Detection

ZnO has a wide band gap (∼3.3 eV [17]) and as shown in the
PL results in Fig. 1(d), the observed UV emission wavelength
of 385 nm at room temperature corresponds to this band gap
energy. Fig. 3(a) illustrates the sensitivity of the current–voltage
characteristics of the ZnO NWs to different intensities (from
0 to 1220 μW/cm2) of UV irradiation (peak intensity λmax
of 365 nm). The intensity of the incident UV irradiation was
measured separately using a photodetector (Newport 818-UV).
As shown in the figure, under UV illumination, carriers are
generated by a band-to-band transition, resulting in the observed
dramatic increase in the current [11], [18], [19]. For instance, a
UV intensity of 1220 μW/cm2 increases the electrical current
by more than four and Y. Li et al. [20], can be attributed to the
low carrier density under dark conditions due to the oxygen rich
CVD synthesis of our NWs [9]. Fig. 3(b) depicts the transient
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Fig. 3. (a) Current–voltage characteristics of the sensor under UV illumination with different intensities (at room temperature). The transient response of the
sensor to (b) the UV pulses with different intensities, and (c) four successive UV pulses with the same intensity (1220 μW/cm2 : black, and five times attenuated:
red).

response of the sensor to the UV irradiation pulses (300 s)
with different intensities, showing the scaling of the current
with the pulse intensity. Fig. 3(c) demonstrates the transient
response of the sensor normalized to dark current to four pulses
(120 s) of UV with the same intensity 1220 μW/cm2 (and also
for five times attenuated intensity of 250 μW/cm2), signifying
the repeatability of the response. As observed from these two
figures, the sensors demonstrate fast and repeatable transient
responses to UV pulses with a response time (10% to 90% of
final value) of∼38 s and a recovery time (90% to 10%) of 12 s for
the maximum intensity (1220 μW/cm2). For the 20% intensity,
the response and recovery times are 21 and 6 s, respectively.

The UV responses of the sensors are tested at the atmospheric
and reduced pressures by placing the devices in a vacuum cham-
ber connected to a semiconductor analyzer. To ensure the re-
moval of humidity, the chamber is purged and refilled with the
dry air (H2O < 10 ppm). As seen in the inset of Fig. 4, the resis-
tance of the sensor under dark condition decreases as the pres-
sure reduces, due to the desorption of previously chemisorbed
oxygen species [1] from the surface of NWs that leads to re-
lease of electrons contributing to improved conduction in the
NW. Fig. 4 illustrates the transient response of the sensor to a
UV pulse (180 s) at the atmospheric and 0.005 mbar pressures.
Although the device shows similar photocurrents under both
pressure levels, it exhibits different recovery behaviors. It is de-
duced that the response and recovery of a ZnO NW to UV light is
not solely due to bulk generation and recombination processes.
Under UV irradiation the release of oxygen molecules from
the surface can occur due to the migration of holes toward the

Fig. 4. Transient response of the sensor to a 180-s UV pulse under atmospheric
versus reduced pressure at room temperature. The inset shows the resistance of
the sensor as a function of pressure under dark conditions.

surface and reaction with the negatively charged chemisorbed
oxygen species (h+ + O−

2 → O2) [21]. As a result, when the
UV is turned OFF, while the majority of electrons and holes
recombine rapidly, a residual electron population associated to
the released oxygen molecules will remain until oxygen is re-
absorbed on the surface [21]–[23]. As expected this recovery
is dramatically slow under vacuum conditions in comparison to
the atmospheric pressure. The same behavior, slower recovery
under vacuum, is also observed previously [22], [23].



KIASARI et al.: ENVIRONMENTAL GAS AND LIGHT SENSING USING ZnO NANOWIRES 371

Fig. 5. Time transient behavior of the ZnO sensor to pulses of oxygen and
argon (a) under dark and (b) under UV irradiation at room temperature.

Fig. 6. (a) Time transient response of the sensor to successive pulses of oxygen
and argon at different temperatures. (b) Sensitivity as a function of temperature.
(c) Arrhenius plot of the sensor’s response.

B. Oxygen Sensing

In addition to sensitivity to vacuum, adsorption and desorp-
tion of oxygen on the surface of the NW can be used for sensing
the oxygen content of the ambient. Fig. 5 displays the response
of a ZnO NW sensor to repetitive pulses (300-s long) of pure
oxygen and argon in the dark and under UV irradiation. As
observed, the sensor response is weak in the dark, since the
surface of NW is highly saturated with oxygen. However, once
the sensor is under UV irradiation, the current of the sensor
changes about 250% when the surrounding oxygen atmosphere
is replaced with argon. The influence of light irradiating on gas
sensing properties of metal oxides has been reported in the lit-
erature [24]–[27]. The pronounced sensitivity to oxygen affirms
our previous discussion that the UV illumination facilitates re-
moval of some chemisorbed oxygen species, thus increasing
sensitivity to oxygen in the ambient. In particular, UV irradia-
tion forms weakly bound photoinduced oxygen ions [28], which
require less energy for desorption at room temperature.

Thermal energy can be used to overcome the energy barrier
of oxygen adsorption and desorption instead of UV irradiation
[29]. Fig. 6 displays the transient response of the ZnO NWs to
pulses of oxygen and argon at different temperatures (100, 150,
and 175 ◦C). The increased sensitivity at higher temperatures

can be attributed to the increased surface activity as well as the
additional role of some reactive oxygen species that occur at
higher temperatures [1]. It is known that at room temperature,
an oxygen molecule accepts one electron from the NW to forms
O−

2 . However, at temperatures higher than 100 ◦C, the oxygen
molecule dissociates and accepts another electron to form 2 O−

[30]. From the Arrhenius plot, the activation energy of this
reaction is estimated to be 146 meV for pure oxygen ambient
for 100 ◦C < T < 200 ◦C [31].

C. RH Sensing

The steady state and transient responses of the ZnO NWs
are investigated under humidified air with controlled RH as
monitored by an independent digital humidity meter (TPI 597)
connected to the test chamber. As shown in Fig. 7(a), the con-
ductivity of the ZnO NW is improved significantly with an
increasing RH (i.e., more than four orders of magnitude change
in current when the ambient changes from dry to 86% RH).
Although it has been widely known that water molecules can
dissociate and donate electrons to ZnO through a chemisorption
process, this usually requires a high energy and does not happen
at temperatures below 100 ◦C [32]. As we demonstrated in our
previous study [9], the mechanism responsible for the observed
change in the conductivity at room temperature is the replace-
ment of the initial oxygen species on the NW surface [30] with
physisorbed water molecules. This replacement leads to release
of electrons in the NW and increased conductivity.

In the inset of Fig. 7(a), the transient response of the sensor to
86% RH pulses is shown, which signifies a fast, and repeatable
response. Fig. 7(b) illustrates the transient response of the sensor
to step-like changes of RH from dry to 86% (10-min long steps)
showing a stable operation at room temperature.

Fig. 8 depicts the correlation of the effect of UV and RH on
the sensor response. The transient response to the successive
pulses of 80% RH air and dry air under both dark and UV
irradiation conditions is shown in Fig. 8(a). In contrast, Fig. 8(b)
demonstrates the response to UV pulses under dry and 80% RH
conditions. From these two measurements, it is observed that not
only the sensitivity to RH drops in the presence of UV but also
the sensitivity to UV diminishes substantially in the presence
of humidity. For example, the sensor’s sensitivity to 80% RH
pulses with respect to dry air decreases from 8000 to 3.5 under
UV irradiation. Similarly, the sensitivity to the UV pulses drops
from 2000 to 5 in an 80% RH ambient.

As mentioned earlier, both UV and humidity lead to an in-
creased number of carriers. As a result, in the presence of UV or
humidity, the sensitivity to the other is lower due to the existing
carriers in the NW.

D. CO Sensing

Fig. 9 demonstrates the transient responses of ZnO NW sen-
sors to pulses of CO. Oxygen species on the surface of NW can
react with CO to form carbon dioxide and release an electron
in the NW. Similar to previous studies [3], [29], [33], at room
temperature and under dark conditions, the sensitivity of the
sensor to pure CO gas is low, as shown in Fig. 9(a). However,
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Fig. 7. (a) Steady state I−V characteristic of the ZnO sensor under various RH levels at room temperature. The inset shows the transient response to pulses of
86% RH between dry air purges. (b) Transient response of the sensor to increasing RH from dry to 86%.

Fig. 8. Transient response of the sensor at room temperature to (a) the suc-
cessive 80% RH air and dry air pulses under dark and UV irradiation, and (b)
the successive UV pulses in the dry and 80% RH air ambient.

under UV irradiation, the sensitivity increases to 75% due to the
formation of reactive photoinduced oxygen ions on the surface
of the NW [28]. The improvement in the sensitivity, however,
is not as remarkable as the case of oxygen. This difference can
be attributed to the partial release of the chemisorbed oxygen
species from the surface of the NWs under UV irradiation [21],
which is not desirable for CO sensing. Fig. 9(b) illustrates the
sensitivity of the ZnO sensor to the CO pulses at different am-
bient temperatures (i.e., 100, 150, 175, and 200 ◦C). As seen, at
elevated temperatures, the sensitivity significantly improves due
to the enhanced surface activity similar to the case of oxygen. In
addition, as reported by Takata et al. [30], at temperatures below
100 ◦C, the dominant reactive oxygen ions are O−

2 , as compared

Fig. 9. Transient response of the sensor to (a) pulses of pure CO and air
under dark and UV irradiation conditions, and (b) the successive 5-min-long
CO and air pulses at different ambient temperatures (100, 150, 175, and 200 ◦C).
(c) Arrhenius plot of the sensitivity of the NW sensor to pure CO.

to the more reactive O− species at temperatures between 100
and 300 ◦C [34].

Fig. 9(c) depicts the Arrhenius plot of the sensitivity to
pure CO, signifying a linear behavior in agreement with the
thermionic emission model [5]. An effective activation energy
Ea of 180 meV for pure CO ambient can be extracted (slope =
Ea/kB , where kB is the Boltzmann constant) for 100 ◦C < T <
200 ◦C.

Fig. 10 shows the transient response of the sensor at 200 ◦C
ambient temperature to the successive pulses of air having dif-
ferent concentrations of CO (i.e., 10%, 20%, . . . 100%), which
displays a monotonic dependence of the current to the concentra-
tion of CO. When the CO percentage varies from 10% to 100%
the response times vary from 50 to 160 s, respectively, showing
a slower response at larger changes in the concentrations of CO.
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Fig. 10. Transient response of the sensor to the successive pulses of air having
different concentrations of CO from 10% to 100% at 200 ◦C.

However, the recovery times remain almost independent of the
CO concentration and between 87 and 97 s.

IV. CONCLUSION

We have shown a low-cost and convenient way for fabri-
cating high-performance environmental sensors based on CVD
grown single-crystalline ZnO NWs. The fabricated devices ex-
hibit more than four orders of magnitude change in conduc-
tivity when exposed to UV light with the power density of
1220 μW/cm2 . It was shown that the change in conductivity of
ZnO NW is not only due to EHP generation but also release
of negatively charged oxygen species from the surface of NWs.
Also the resistance increases more than three times when the
sensor is exposed to pure oxygen ambient at 175 ◦C and four
times improvement in conductivity when exposed to CO am-
bient at 200 ◦C. The sensors also illustrate exponential change
in excess of four decades in response to 85% RH air at room
temperature. In addition, these devices displayed improved sen-
sitivity to oxygen and CO when exposed to UV illumination due
to the formation of weakly bound photoinduced oxygen species
at the surface of the NW. It was noticed that not only the sensi-
tivity to RH drops in the presence of UV but also the sensitivity
to UV diminishes substantially in the presence of humidity.
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