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Abstract. The networked ZnO nanowires (NWs) are synthesized by thermal evaporation at 900 °C,
using a mixture of ZnO and graphite. The morphology, crystalline structure, and chemical compo-
sition of the NWs are evaluated by field-emission scanning electron microscopy, X-ray diffraction,
and energy-dispersive spectrum. The NO, gas-sensing properties of a networked ZnO NWs-based
sensor are considered in a correlation between the operating temperature and UV radiation with
various operating temperatures as well as UV intensities. The results reveal that the sensing prop-
erties of the UV-illuminated sensor measured at room temperature are comparable to those of the
heated sensor. The results also indicate that the UV intensity affects strongly both the response
and the sensing kinetic of the sensor at all operating temperatures. Furthermore, based on a sys-
tematic investigation of the sensing performance of the sensor under both UV illumination and
thermal activation, a model to explain the role of UV illumination is also proposed.
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I. INTRODUCTION

Nowadays, the rapid development of various fields, including artificial intelligence, the
Internet of Things (IoT), and nanomaterials have resulted in the need to develop portable mul-
tifunctional devices. Besides, since the concerns of air pollution have increased worldwide, the
hazardous gas-detecting function should be integrated into such devices. From the literature, there
are many kinds of gas sensors with various gas-sensing principles [1-3]. Among them, chemore-
sistive gas sensor shows an outstanding performance owing to its lightweight, small size, and
simple structure. The gas-detecting mechanism of a chemoresistive gas sensor is based on the re-
sistance change of the gas sensing-material layer under the exposure of target gas. Therefore, the
adsorption/desorption processes of the target gas and oxygen molecules in the environment onto
the surface of the sensing layer play an important role in controlling the sensing performance.
Unfortunately, the sensing layer is usually made of metal oxide semiconductors (MOSs), which
need to be thermally activated to adsorption/desorption reactions take place effectively. Gener-
ally, the operating temperature of MOS sensors is in the range of 150 - 400°C [4-6]. Because
of such high operating temperatures, the properties of the MOS sensors are unstable due to the
particle agglomeration phenomenon. Moreover, high operating temperature leads to a series of
unfavorable issues, such as high-power consumption, incompatibility of flexible substrates, or a
high risk of flammable and/or explosive environments. Therefore, a high operating temperature
is a key obstacle that hinders MOS sensors to be integrated into portable electronic devices. In
order to address this issue, various solutions have been proposed to reduce the operating tem-
perature, such as morphological/structural modification of nanomaterials [7, 8], ultra-violet (UV)
and/or visible light illumination [9, 10], doping [11], self-heating [12], etc. While the repeata-
bility of the fabrication process is a significant limitation of almost all the above solutions, UV
illumination provides a stable technological solution to obtain a low-temperature gas sensor. In
recent years, many reports have indicated that thermal activation could be replaced by UV illu-
mination effectively. The UV-illuminated sensors show outstanding sensing performance toward
both reducing gases and oxidizing gases at low-temperature, even room temperature (RT). Inter-
estingly, although some target gases (CH4, CO) are known to be difficult to detect, even at high
temperatures, some reports claim that these gases could be detected at low temperatures under UV
illumination [13, 14]. Moreover, B. P. J. de Lacy Costello ef al. reported that the control of the
UV intensity is a simple and convenient way to achieve selectivity. In addition to the optimiza-
tion of the sensing properties under UV illumination as discussed above, various mechanisms are
also proposed to explain the unique and interesting performances of the UV-illuminated sensors.
The most commonly provided explanations are: (i) the formation of photo-generated electrons
that make the adsorption/desorption processes take place more favorably [15]; (ii) the dissociation
of target gases under UV radiation into the components that is favorable to adsorb [14]; (iii) the
photon-gas interaction, which promotes the desorption of gas molecules from the surface of the
sensing layer [16, 17]; (iv) and the modulation of the depletion layer width that aims to obtain
nanosize effect [15]. Although all the above explanations are related to various aspects of the
sensing mechanism, a complete and deeper understanding of the sensing mechanism under UV
illumination remains unclear. Therefore, theoretical and experimental investigations need to be
further conducted to give reliable and precise assessments.
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In this study, we report the sensing behavior of networked ZnO NWs toward NO, gas
under the correlation between the operating temperature and UV radiation. The results illustrate
that the UV-illuminated sensor could operate effectively at room temperature without heating.
Besides, based on a systematic investigation of the sensing performance of the networked ZnO
NW sensor under both UV radiation and thermal activation, a model is proposed to explain the
role of UV radiation in control of the sensing behavior of the sensor under UV illumination at
various temperatures. Therefore, the aim of this study is not to maximize the response of the
sensor that will be considered in future works.

II. EXPERIMENT

II.1. Sensor fabrication

An oxidized-silicon substrate integrated with a comb-type platinum electrode (silicon sub-
strate) was used to fabricate the networked ZnO NW sensor. The fabrication procedure was
schematically illustrated in Fig. 1. First, a cleaned-silicon substrate was sputtered with a 5 nm
gold layer as a catalyst. Then 0.3 g powder consisting of ZnO and C (ratio 1:1) was placed into
a quartz tube furnace with the prepared substrate. The distance between the powder and the sub-
strate was controlled at 4 cm. The growth procedure was started by making a vacuum value of
1.8 x 10~! Torr with the presence of a 30 sccm argon gas flow in the quartz tube using a rotary
pump. When the vacuum achieved the desired value, the furnace was heated to reach 900°C with
a heating rate of 30°C/min. During the heating stage, 1 sccm oxygen was supplied to the quartz
tube when the furnace temperature obtained 820°C. After achieving the necessary temperature, the
furnace was remained at that temperature within 60 min for the growth of ZnO nanowires. During
the cooling process, the oxygen flow was shut when the furnace cooled down to 700°C. Finally,
when the temperature of the furnace reached room temperature, the sensor was removed from the
quartz tube and stored for further analyses.

Powder Substrate

Silicon substrate
ZnO nanowires

Au

Exhausted
gas

Sensor

Gold sputtering

Fig. 1. Schematic illustration of the fabrication process of the networked ZnO nanowires sensor.
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I1.2. Material characterizations and gas-sensing property measurement

The morphology of the ZnO NWs was observed by a field-emission scanning electron mi-
croscopy (FE-SEM, JSM-7600F), while the chemical composition was analyzed by energy disper-
sive spectroscopy (EDS) equipped with SEM. The crystalline structure of nanowires was exam-
ined by X-ray diffraction (XRD, Bruker D5005) using Cu Ko radiation (A = 0.154056 nm) with
a scanning rate of 0.015°/s.

The gas-sensing properties of the sensor were investigated with a home-made measurement
system. NO; and dry air flows were controlled accurately by mass flow controllers (MFCs) and
were mixed to create desired NO, concentrations. To ensure the stability of the gas-sensing test,
the total flow rate of the gas mixture was maintained at 300 sccm. The response of the sensor ()
was determined by S = R, /R,, where R, and R, are the resistance values of the sensor in the gas
mixture and dry air, respectively. The response time was estimated technically by the time to reach
~90% maximal response level, whereas the recovery time was for ~90% the value of R, (or total
time of recovery process if the corresponding recovery process is incomplete).

To consider the effect of UV radiation, the sensor was illuminated from a UV lamp (BLE-
220B, Spectroline, USA) at a fixed distance. The UV intensity can be changed using shutters of
various diameters. The real values of different UV intensities on the surface of the sample were
measured by a commercial UV detector (XRP-3000, Spectroline, USA).

III. RESULTS AND DISCUSSION

IILI.1. Structural and morphological characteristics

Figure 2(a) shows that ZnO NWs grow densely on the electrode regions. In the gap region
between two electrodes, the NWs connect to form networked NWs with a lower density. The SEM
image with a higher magnification displays a narrow distribution of the diameters of the synthe-
sized NWs with a characteristic diameter of ~ 35 nm (Fig. 2(b) and the inset). The mechanism of
vapor-liquid-solid growth of ZnO NWs is also confirmed with the presence of the catalytic gold
particle at the top of the nanowire (the inset). The 1D morphologies of NWs lead to preferen-
tial orientations of (100) and (101) lattice planes that are confirmed by X-ray diffraction in Fig.
2(c). From the literature, isotropic ZnO particles are characteristic with comparable diffraction
intensities of (100), (002), and (101) peaks [18,19]. In this study, ZnO NWs display the wurtzite
crystalline structure (JCPDS 36-1451) with narrow and sharp diffraction peaks, which reveals a
high crystalline quality. There are no peaks of contaminants that could be detected under the res-
olution of the XRD equipment. This result is in good agreement with that of the EDS spectrum
(Fig. 2(d). Furthermore, atomic percentages of Zn and O elements estimated from EDS show a
non-stoichiometry composition of ZnO with an O deficiency that creates the n-type semiconduct-
ing property of this metal oxide. Generally, the various investigations prove that a networked ZnO
NWs-based sensor was fabricated successfully.

IILI.2. Gas sensing properties and sensing mechanism

The dynamic responses of the networked ZnO NWs-based sensor upon exposure of 5 ppm
NO; are investigated both in dark and under UV irradiation with different intensities at 30°C
(Fig. 3(a)). For comparison, the responses of the sensor toward 5 ppm NO; at various operating
temperatures are also examined. The key results are summarized as follows:
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Fig. 2. (a, b) SEM images with different magnifications of networked ZnO nanowires
grown by thermal evaporation technique. The inset shows a typical nanowire with a gold
particle on the top. (c) X-ray diffraction and (d) EDS spectra of ZnO nanowires.

i) The sensor showed the extremely slow response and recovery kinetics with a low
response in dark at 30°C. On the contrary, the response and response/recovery kinetics
are enhanced significantly in the condition of either UV irradiation or heating.

ii) The responses of the sensor under various UV intensities (excluding the response at
the UV intensity of 1350 uW/cm?) are larger than those of the sensor supported by
heating below 200°C (Fig. 3(c)). Besides, there is an optimal value of UV intensity to
achieve the maximal response of the UV-illuminated sensor.

iii) The response/recovery times of the sensor under different UV intensities are shortened
proportionally along with UV intensities. Interestingly, when the sensor was illumi-
nated with an intensity of 1350 uW/cm?, the recovery time of the sensor is shorter than
that of the sensor measured at all of the investigated temperatures (Fig. 3 (a, b, d)).

It should be noted that the response (S) of the sensor was determined by S = R, /R, =
(Ra+ AR)/R,. Therefore, AR = R,—R, shows the supply level of electrons to the surface for
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Fig. 3. The transient response curves of the networked ZnO nanowires-based sensor
toward 5 ppm NOj: (@) in dark and wunder various UV intensities
at 30°C and (b) at different operating temperatures in dark. Summaries of the (c)
responses and (d) response/recovery times derived from (a) and (b).

the adsorption process. While the response of the sensor depends on both the base resistance
(R,) and the surface adsorption (AR), the response/recovery kinetics depend on only the adsorp-
tion/desorption processes of the gases on the surface of the sensing layer. The thermal energy is
small when the sensor is measured in dark and at 30°C. Therefore, surface reactions (1), (2), and

(3) related to the adsorption/desorption of oxygen gas (Oz)/oxygen ion (O, ) and NO; molecules
are difficult to take place:

Oy +e — O, (D)
NOygas) +€~ —> NO, 2)
NOz(gas) + O; — NO; + Oz(gas) 3)
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As a result, the sensor reveals ex-
tremely slow response/recovery Kinetics
(Fig. 3 (a, d)). Under either UV illumi-
nation or heating, the sensor showed sig-
nificantly faster response/recovery kinetics
compared to the sensor in dark at 30°C
(Fig. 3(a,b)). These observations indicate
that UV illumination can promote the ad-
sorption/desorption of the gases, which is
usually supported by heating. The higher
the intensity is, the faster the response and
recovery kinetics are. To further under-
stand the enhanced sensing mechanism of
the sensor under UV radiation, we exam-
ined the effect of UV illumination on the re-
sponses of the networked ZnO nanowires-
based sensor measured at various operat-
ing temperatures (Fig. 4). As one can see
that the presence of UV illumination short-
ens the response/recovery times of the sen-
sor in all of the examined temperatures.
However, the effects of UV irradiation on
the responses and sensing kinetics decrease
gradually along with the increase of the
operating temperature. While the differ-
ences in the response curves are clear at
below 250°C (Fig. 3(a) and Fig. 4 (a,b)),
the response curves of the sensor under
various UV intensities at 250°C showed
an insignificant difference (Fig. 4(c)).
These results indicate that the UV illu-
mination is effective at low temperatures
(below 250°C), while it is little sense at
higher operating temperatures. Similar ob-
servations were recorded when the sensor
was examined at a fixed intensity of 1350
uW/cm? with various operating tempera-
tures (Fig. 5). At low operating temper-
atures (30°C and 100°C), the sensor dis-
plays the fast response/recovery kinetics.
However, response/recovery Kkinetics be-
came significantly slower when the operat-
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Fig. 4. The effect of UV illumination on the re-
sponses of the networked ZnO nanowires sensor
measured at various operating temperatures.
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ing temperature increases further. Besides, the response of the sensor is enhanced clearly at high
operating temperatures (> 150°C) compared to that of the sensor at low operating temperatures
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(< 150°C). These observations further confirm that the effect of UV illumination is dominant at
low operating temperatures, while that of heating is overwhelming at high operating temperatures.
The existing states of oxygen on the surface of MOS known is to depend on the temperature.
Physical adsorption is in low-temperature regions, whereas chemical adsorption at higher temper-
atures. Therefore, based on the observed results, the UV-dependent recovery kinetic of the sensor
at all operating temperatures should be ascribed to the enhancement of gas release by UV photons.
The amount of energy that a NO, molecule receives through the collision with UV photons, along
with thermal energy, allows the NO, desorption to become more effective, thereby the recovery
process. It can be observed that the recovery time reduces significantly with an increase of UV
intensity at all operating temperatures (Fig. 3(a) and Fig. 4). It is noteworthy that the UV intensity
is proportional to the number of UV photons. Therefore, the higher the intensity is, the more much
the UV photons collide with NO, molecules. As a result, a larger amount of NO, molecules could
be desorbed from the surface of the ZnO nanowires at a higher UV intensity. In this study, the
sensor is irradiated by a 365 nm wavelength, which corresponds to a photon energy of ~ 3.39 eV.
In the meanwhile, the theoretical calculations indicate that the maximal binding energies of O, and
NO; molecules on the (100) preferential plane are 2.08 eV [20] and 0.36 eV [21], respectively.
The energy of the UV photon is large enough to desorb NO, and O, molecules directly from the
surface of ZnO nanowires, thereby shortening significantly the recovery times of the sensor under
UV radiation. At a fixed UV intensity, the slower responses and/or recoveries of the sensor oper-
ated at at high operating temperatures compared to those of the sensor at RT in Fig. 5 should be
considered by the change of the existing state of oxygen ions on the surface of ZnO nanowires as
discussed above, as well as the changes in the reactions of NO, with the surface and pre-adsorbed
oxygen ions. Generally, more detailed discussions are necessary, but they should be considered in
another work. In this study, the recovery time of the sensor was still shortened when the sensor
is illuminated by UV radiation at all operating temperatures. Therefore, we safely claim that UV
illumination can shorten the recovery time through the direct desorption of NO, molecule from
the surface of ZnO nanowires. The effects of UV radiation on the response and response kinetics
are more complicated and will be discussed below.

The enhanced response and response kinetics of the UV-illuminated sensor are considered
under some aspects. Fig. 6 shows the resistance change of the networked ZnO nanowires sen-
sor against UV radiation. It should be noted that the energy of the UV photon is ~ 3.39 eV,
whereas the bandgap of ZnO is in a 3.1 - 3.37 eV range [22,23]. Therefore, the resistance reduces
rapidly when the UV lamp is turned on. This behavior is related to the band-to-band transitions.
However, a slow and small increase in the resistance is also observed as a second stage under
UV illumination, which is ascribed to the re-adsorption of a small number of oxygen molecules,
which are pre-desorbed by UV photons. Similarly, the recovery process takes time of the order
of hours. Therefore, this process should be considered by not only band-to-band transitions, but
also the surface processes. The recovery of resistance includes two stages: the first stage with a
fast recovery, which is contributed by band-to-band transitions, while the extremely slow second
stage is ascribed to the re-adsorption of oxygen molecules. Clearly, a new equilibrium between
the adsorption/desorption processes of oxygen ions needs a long time to achieve. A. Giberti, et
al. also reported a similar observation regarding the overwhelming role of surface processes in the
resistance change of WO3 nanopowder under UV illumination [16]. Therefore, the effect of UV
radiation on the response behavior of the sensor is proposed as follows:
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Fig. 6. The resistance change of the networked ZnO nanowires-based sensor
against UV irradiation.

1) The adsorption sites increased significantly due to the desorption of oxygen ions under
UV illumination compared to the adsorption site density in dark. The surface reactions
under UV radiation are proposed as follows:

02_ + ht— OZ(gas) 5)
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OZ(gas) + e(_hv) — 02_(hv) (6)
NOx(gas) + () —> NO,, )
NO2(gas) + O;(hv) - Nog(hv) + O2(gas) ®)

As a result, more NO, molecules were adsorbed onto the surface of ZnO
nanowires, thereby leading to a larger change of energy barrier AqVb(hv) compared
to that of energy barrier in dark AgVb (Fig. 7). These surface reactions are respon-
sible for the higher response of the sensor under UV illumination as shown in equa-
tion (9) [24]:

S =Ry/R, ~ exp|AqVb/kT], )
where AgV b is the change in the potential barrier height at nanojunction between two
nanowires, k is Boltzmann, and T is the absolute temperature.
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Fig. 7. The illustration of surface reactions and the corresponding changes of
energy barriers of ZnO nanowires under exposures of dry air and NO, gas at
room temperature: (a) in dark and (b) under UV illumination.

ii) The presence of UV-generated electrons leads to an effective supply of UV-generated
electrons to the surface reactions, including the adsorption reaction of NO, molecules.
Therefore, along with the increased adsorption sites, the effective supply of UV-
generated electrons allows NO, molecules to adsorb more easily and effectively, thereby
creating a faster and higher response.

iii) The maximal response of the sensor is reached when two following factors are sat-
isfied: (1) a large amount of NO, molecules are adsorbed onto the surface of the
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nanowires to obtain a large AR; (2) the depletion layer width of nanowires is compa-
rable to the size that reaches the nanosize effect. In the meanwhile, both two these
factors strongly depend on the UV intensity. Therefore, the sensing response shows a
peak at a UV intensity of 605 uW/cm? (Fig. 3 (a,c)). The response decreases if the
UV intensity is far away from the optimal UV value is due to the reduced adsorption
of NO;, molecules and/or the inefficient modulation of the depletion layer width.

IV. CONCLUSIONS

The effect of UV radiation on the sensing behavior of the networked ZnO nanowires-based
sensor was investigated. The UV-illuminated sensor has been proven to be a good alternative to
the heated sensor. The UV-illuminated sensor could obtain faster response/recovery kinetics with
a higher response if the UV intensity is chosen suitably. Besides, a systematical investigation of
the sensing behavior of the networked ZnO nanowires-based sensor under both UV radiation and
heating suggests an enhanced sensing mechanism, which is based on the UV photon-supported
desorption of gases; the effective supply of UV-generated electrons to the surface reactions; and
the modulation of the depletion layer width. The results of this study are another approach to
understand further the sensing mechanism of the MOS sensors under UV radiation, which is ex-
pected to pave the way to develop room-temperature gas sensors.
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