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ABSTRACT

This paper presents a novel ultraviolet (UV) irradiation assisted nanostructured ZnO film
for high performance oxygen sensing under a low working temperature. Nanorod ZnO
structures with high exposing area are synthesized on a glass substrate with interdigital
sensing electrodes utilizing the developed two-stage sol-gel and hydrothermal processes. A
UV-LED with the emission wavelength of 370 nm is then used to enhance the sensing
performance of the nanostructured ZnO film. The oxygen sensor can work at a temperature of
50°C while with the assist of UV irradiation. The response of the UV-assisted ZnO film
shows 4.66 times larger than the same film without UV exposure. The method developed in
the present study provides a simple yet high performance method for oxygen sensing under

low operation temperature.

Keywords: UV-LED; Nanorod ZnO; Oxygen sensor; Sol-gel; Hydrothermal
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I. INTRODUCTION

Oxygen is one of the most important elements required to sustain life as it plays the roles
in respiration and oxidation for all living things. The monitoring of the environmental oxygen
content is essential in various fields including the medicine, aquaculture, farming, chemical
industries and fuel combustion [1, 2]. The ambient oxygen concentration is also considered as
a safety factor for industrial applications [3]. For example, high ambient oxygen level is risky
for explosive but low oxygen content can cause gas poisoning for underground engineers. The
dissolved oxygen concentration in water is typically maintained in about 5 - 8 ppm for
aquaculture applications.[4] Therefore, there is an urgent demand for developing high
performance and cost-efficient oxygen sensors. Oxygen concentration in an environment can
be determined with various measuring principles including the electrochemical redox
detections or the solid-state sensors.[2, 5, 6] Over these sensing methods, solid-state ceramic
films such as metal oxides fabricated with vapor deposition processes are the most promising
approach for producing commercial oxygen sensors [7]. These devices have several
advantages including low cost, small size, easy to integrate with electronic circuit and

relatively low power consumption.

Semiconductor-based metal oxides have been used for gas sensing since 1962, when
Seiyama et al. used a thin layer of zinc oxide to detect volatile organic compounds (VOC) of
propane and n-butane[8]. Inspired by the work, a number of metal oxide layers such as
TiO,[9-11], SnO,[12-14] and In,Os[15, 16] were used as the sensing materials for various
gases detections. However, metal oxide-based gas sensors usually rely on a high working
temperature to enhance catalytic properties of the metal oxides for gas sensing.[REF] The

high working temperature for this kind of sensor consumes more energy for heating the
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sensing element and also reduces the lifetime of the sensor. On contrast, the sensing
performance of these metal-oxide based sensors dramatically decreases at lower working
temperatures. Therefore, a number of methods have been developed to enhance the sensing
performance of the metal-oxide based gas sensors. Modifying the metal oxide layer by doping
a trace amount of transient metal such as Cr, Fe or Pd is the most simple and straight forward
way to enhance the sensing performance of these sensors[17-19]. Introducing the structural
defects into the material matrix to increase the carrier mobility using the heterogeneous
structure [20-22] or producing porous structures to increase the exposed sensing area [23, 24]
are also common approaches for sensing performance enhancement. For example, metal oxide
layer comprising a ZnO/SnO; hetero-contact interface was used for detecting CO was
reported[25]. Chen et al.[26] used the a-Fe,O3/SnO, core-shell structure for ethanol detection
at an operating temperature of 220°C. Recently, a Pd-doped SnO, was reported to detect
formaldehyde of the concentration as low as 50 ppb at 190°C [27]. These approaches were
capable of enhancing the detection performance of the gas sensors in a simple way. However,
the fabrication for the heterogeneous structured metal oxides usually needs a high sintering
temperature. Moreover, these gas sensors also required a relative high working temperature
(higher than 150°C) to reach the catalytic temperature [6]. Nanostructured metal oxides were
popular to be employed in producing high performance sensors due to their excellent catalytic
behaviors and high surface-to-volume ratio. The sensing performance of these gas sensors
was greatly enhanced and the working temperature was also significantly reduced.
Nevertheless, this work is to further enhance the performance of the nanostructured ZnO

metal oxide sensing layer.

Ultraviolet (UV) is a high energy beam with the photon energies from 3.0 to 12.4 eV

(400 nm — 10 nm) which is overlapped with the band gap of zinc oxide (around 3.4 eV) [28].
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Therefore, UV exposure can be an efficient way to excite the hole-electron pairs in the
sensing materials, such that the measured resistance of the semiconductor metal oxides is
significantly reduced [29]. Recently, the interaction between with light irradiation with ZnO
surface was investigated [30]. The light-induced electrons in ZnO may attract the high
electron negativity molecules, such as oxygen or fluorine, and minimized the mobility of the
electrons. The resistance of the sensing material increases with the increasing amount of the
attracted oxygen molecules [31]. In this regards, UV irradiation can enhance the sensing
performance of the gas sensors without using the high working temperature to produce the
electron-hole pairs. With this sensing mechanism, there are a number of researches have
demonstrated to use nanostructured ZnO layer with UV radiation for gas sensing in the recent
years. For example, Peng et al reported a ZnO nanorod-based formaldehyde sensor with a
120-fold sensitivity enhancement under UV exposure[32]. However, the nanorod structured
ZnO was grown parallel to the substrate surface such that the exposed surface area was
limited. Fan et al.[33] presented the used of packed polycrystalline ZnO nanoparticles for
NO;. Results showed that the ppm-level of NO, could be detected with the assistance of UV
exposure. Nevertheless, the fabrication process for packing the ZnO nanoparticles into a line

trench was delicate and time-consuming.

In order to enhance the sensing performance under low operation temperature, this
study reports a simple and reliable method to produced out-of-plane ZnO nanorods for oxygen
detection. The grass-like ZnO structure is produced with a two-stage sol-gel and hydrothermal
process. The high exposed area of the out-of-plane ZnO nanorod greatly enhances the UV
exposure efficiency. On contrast, a lower dark current can be obtained due to small contact
area to the substrate electrode [34]. Therefore, the resistance change due to the UV exposure

is greatly increased such that oxygen detection can be achieved without applying a high
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working temperature. The surface morphology of ZnO nanostructures and the sensing
performance produced with different ZnO producing processes are systematically inspected in
the present study. The repeatability of the developed oxygen sensor utilizing UV-assisted
ZnO nanorods is also experimentally measured to evaluate the performance of the oxygen

sensor under a low working temperature.

II. MATERIALS AND METHODS

A. Sensing mechanism

Figure 1 presents the working principle of the proposed oxygen sensing method. The high
exposed area of the nanostructured ZnO sensing layer is beneficial for high efficient carrier
induction. The UV irradiation on the ZnO nanostructures can induce the excited electrons on
the material surface and reduce the resistance of the sensing layer. The mechanism regarding
the photoelectric response of the nanostructured ZnO is related to the surface adsorbed species
and the volume process.[35] The oxygen molecules are attracted by the UV induced electrons
and form O, «aas) due to the greater electronegativity.[36] The conductivity of the ZnO is then
decreased due to the deceasing electron carriers in the sensing layer, resulting in a increasing
measured resistivity. In contrast, the ZnO nanorods without applying UV exposure surface
exhibited fewer electrons, resulting in a lower affinity for oxygen molecules adsorbing onto
the surface of ZnO nanorods. In general, the decreased conductivity is promotional to the
adsorbed oxygen molecules on the surface of nanostructured ZnO. High performance oxygen

detection can be achieved at a low working temperature with the assistance of UV irradiation.

B. Chip fabrication and Synthesis of nanostructured ZnO
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Figure 2 presents the fabrication process of the oxygen sensing chip. A low-cost
soda-lime glass was used as the substrate for developed oxygen sensor. Interdigital sensing
electrodes were patterned with a standard photolithography process and metal etching process
(Fig. 2A). Chromium and gold metal layers with the thicknesses of 500 A and 2000 A were
first deposited on the glass substrate, respectively. The substrates were spin-coated with
AZ4620 photoresist and soft-baking at 100°C for 3 min. The interdigital area was patterned
using a standard UV lithography process. The patterned substrate was then immersed into the
developer (AZAOOK: DI water = 1:3) . After rinsing DI water, the substrates were immersed
into gold etchant (Type TFA).The substrates were rinsed in DI water and immersed into
chromium etchant (Cr-7T). After finishing metal etching, the photoresist layer was removed
with acetone to expose the metal electrodes (Fig. 2B). The nanostructured ZnO sensing layer
were synthesized on a substrate with interdigital electrodes by the sol-gel process to form the
ZnO seed layer and then a hydrothermal process to grow the grass-like ZnO nanorods. The

reagents of zinc acetate (Zn(CH3COO), - 2H,0) and hexamethylenetetramine (C¢H;,Ny) were

purchased from Panreac-Quimica (Barcelona, Spain). Ethanolamine (C,H;NO) was purchased
from Sigma-Aldrich (Louis, USA). Methanol (CH40) was obtained from Echo Chemical Co.,
Ltd. (Miaoli, Taiwan). All of the chemical reagents and solvents were of an analytical grade.
A 0.1 M of precursor solution prepared by dissolving 2x10 moles of zinc acetate in 20 ml of
methanol. Once the solution was prepared, ethanolamine of 2x107 moles was added into this
precursor solution. The solution was then stir-mixed and heated at 60°C for 1 hour and stored
for one day. The ZnO precursor solution was spun onto a substrate with interdigital electrode
with 1000 rpm for 20 s and then baked at 100°C for 10 min. (Fig.2C) The spun substrate with
ZnO precursor was sintered in at 200°C for 30 min then ramped to 400°C for 0.5 hour to form

the ZnO seed layer on the substrate with interdigital electrodes.(Fig. 2D) After producing the
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seed layer, the substrate was then immersed into a mixed solution composed of 10% M zinc
acetate and 107 M hexamethyltetramine for hydrothermally growing the ZnO nanorods. The
hydrothermal process was kept at 90°C for 30 minutes to grow ZnO nanorods from the seeds.
(Fig. 2E) The substrate was finally cleaned with 95% alcohol followed by DI water and then

dried on a hotplate. (Fig. 2F)
C. Oxygen detection

The sensing performance including the resistance response and time response of the
produced ZnO-based oxygen sensor were characterized in a home-built chamber. An 1 W
UV-LED with the major emission wavelength of 370 nm was used to enhance the sensing
performance of the developed sensor. The measured surface irradiance on the sensor surface
was 0.15 mW/cm®. The resistance change of the sensing layer was measured using a LCR
meter (U1732C, Agilent, USA). The measured frequency for resistance response of the
oxygen sensor was set at 1 kHz. The measured resistance was acquired and recorded using a
PC via an IR-USB connecting cable. For measuring the resistance response, the chamber was
first pumped to 5x10 mTorr and then set to the desired oxygen concentration by injecting
pure oxygen and pure nitrogen into the chamber by means of a mass flow controller (MFC).

The sensing performance of the sensors was evaluated with a defined parameter “Response”.

Response = i—R x100% (1)
0

Where Ry is with the initial resistance of the sensor and AR is with the measured
resistance change corresponding to the change of oxygen concentration. The sensitivity (S)
was defined as the ratio of Response/A% O, to further quantitatively evaluate the sensing

performance of the developed sensors. The equation for the definition of sensitivity is
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described below, where A% O, was the change of the oxygen concentration.

Sensitivity = Response 2
=% 0, @)

I. RESULTS AND DISCUSSION

Figure 3 shows the XRD patterns of the synthesized ZnO nanorod layer for oxygen
detection. The diffraction peaks for 28 at 31.77°, 34.42°, 36.25°, 47.54°, 56.6°, 62.87° and
67.96° indicate the (100), (002), (101), (102), (110), (103), and (112) crystalline planes,
respectively. It was found that the crystalline structure of the ZnO nanorods is wurzite
structure since the diffraction pattern of the produced ZnO nanorods matches with JCPDS
card # 36-1451[37]. The XRD result confirms that the purity of the high purity of the
produced ZnO nanorods. The high intensity of (002) diffraction peak illustrates that the
synthesized ZnO nanorods exhibited significant tendency for growing along the c-axis. Figure
4 shows the close-up view for the surface morphology of the synthesized ZnO nanostructures
utilizing various procedures. Figure 4(A) shows the sol-gel grown ZnO seed layer prior to the
hydrothermal growth for the nanorods. The SEM image indicated that ultra-fine ZnO
nanospheres of the size about 10 nm were deposited on the substrate. Figure 4(B) shows the
synthesized ZnO nanospheres by sol-gel method with 0.5 M of precursor bath. A higher
precursor concentration resulted in a bigger grown ZnO particle such that the size of these
nanospheres was about 20 nm in size. It’s also noted that there were some micro-cracks
observed on the surface of the grown ZnO layer. These cracks could be formed due to the
mismatched thermal expansion coefficient between the substrate and the formed ZnO layer

under the high sintering temperature. Figure 4(C) shows the top view image for the surface
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morphology of synthesized ZnO nanorods. The SEM image showed that the nanostructured
ZnO was uniformly distributed on the substrate and the diameter of grown ZnO nanorods was
about 40 nm. The extended surface area of the ZnO nanorods greatly enhanced the exposed
area in compare to the nanospheres ZnO sensing layer. Figure 4(D) shows the side-view
image of synthesized ZnO nanorods. Results again confirmed the growth direction of the
nanorods was perpendicular to the substrate, indicating that the ZnO was grown along the

C-axis. It is also noted that the length of ZnO nanorods was about 600 nm.

Figure 5 presents the measured response for exposing the ZnO nanorod sensor into 97%
oxygen with and without UV irradiation under different operation temperatures. Results
showed that the response of ZnO nanorods with UV irradiation was significantly higher than
the same film without UV irradiation at all operation temperatures. The measured results also
showed that the UV irradiated ZnO sensing layer exhibited a lower Ry compared to the same
film without UV irradiation. The results supported that the ZnO nanorods surface has more
conductive carriers in the sensing layer. It is also noted that the response of the developed
oxygen sensor increased with the increasing operation temperature in a certain temperature
range, which is similar to other reports[27]. It is also noted that the sensing response of
UV-assisted ZnO oxygen sensor decreased while the operation temperature was at 250°C.
This might be caused by the thermal expansion induced delamination between the
nanostructured ZnO sensing layer and the glass substrate at this high temperature. Figure 6
shows the measured response for detecting 97% oxygen using various ZnO sensing layers
with and without UV irradiation at a low operation temperature of 50°C. Results showed that
the grass-like ZnO nanorod sensing layer with UV irradiation exhibited the highest response
due to its large exposed surface area. The measured response for the UV irradiated ZnO

nanorods sensing layer was 419% while the same sensing layer without UV irradiation

10
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showed the response only 74%. Results showed that the UV irradiation enhanced the sensing
response for 4.66 times compared to the same sensing layer without UV irradiation. The UV
irradiation was an efficient way to enhance the sensing performance of ZnO-based gas sensor.
Figure 7 presents the measured time response of various sensing layer with and without UV
irradiation at the low working temperature of 50°C. The calculated adsorption (90% response)
and desorption times (63% response) for the UV-assisted nanorod ZnO were 286 and 54 s,
respectively. Results showed the time response of the developed UV-assisted nanorod ZnO
sensing film was much faster than the same sensor without UV irradiation. The changing rate
for the electrical resistance of the ZnO nanorods was expected to be faster than the sensing
layer without UV irradiation due to its point-junction property of the ZnO layer [38]. Those
point junctions in the sensing material provided the potential barriers such that the electrical
resistance changed faster while oxygen sensing. In addition, the ZnO nanospheres showed the
slowest adsorption behavior due to the aggregation of the ZnO nanoparticles, resulting in a
longer diffusion path for oxygen molecules. The repeating tests showed that the developed
sensor had good repeatability and stability for oxygen detection. Figure 8 shows three
repeating measurement for detecting 97% oxygen to evaluate the repeatability for the
developed sensor with UV irradiation. The calculated variation for these three measurements

was only 3.3%, indicating nice reproducibility of the ZnO-based oxygen sensor.

Figure 9 shows measured sensing performance of the developed UV-assisted ZnO
nanorods for detecting oxygen at a low working temperature of 50°C. Figure 9A shows the
continuous measurement for the step response for detecting oxygen of different pressures.
Figure 9B presents the relationship between the measured responses and the oxygen pressures.
Note that the measurement was performed in a high vacuum chamber under a precise pressure

control. Results showed that the nice linearity (R2:0.9952) from 5 to 1000 mTorr was

11
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obtained, confirming the good sensing performance of the developed sensor. Results also
indicated that the limit of detection (LOD) for the oxygen sensor was as low as 5 mTorr. The
calculated sensitivity of the sensor was 0.17(%/mTorr O;). The LOD and sensitivity of the
developed sensor were 64.4 and 3.1 times greater than the reported cobalt-doped ZnO
nanofibres, respectively [39]. Figure 10 presents measured sensing performance of the
developed sensor for detecting oxygen concentration at 50°C under 1 atm. Figure 10A shows
the measured step response for detecting oxygen of different ratios. Figure 10B presents the
relationship between the measured responses under various oxygen ratios. The chamber was
purged to 1 atm with the sample gas composed of different oxygen ratios (mixed with pure
nitrogen) by means of a precision MFC. Results indicated that nice linearity (R*=0.9337)
from 10% to 97% of oxygen ratio was obtained. The calculated sensitivity for the developed
oxygen sensor was 1.83(%/% O,) under 1 atm of measuring condition. The sensitivity of the
developed sensor was 3.5 times higher than the SnO,-gated A1GaN/GaN transistor under 1
atm [40]. In addition, the developed sensor also exhibited the sensitivity about 4.5 times
higher than that of the multi-wall carbon nanotubes based oxygen sensor at the same
condition [41]. The experimental results confirmed that the wide detection range and good
sensing performance for the developed oxygen sensor assisted with UV irradiation. The
developed oxygen sensor utilizing UV-assisted ZnO nanorods has shown its potential to be a

high performance oxygen sensor which can be operated at a low working temperature.

IV. CONCLUSIONS

A high performance oxygen sensor utilizing UV-assisted ZnO nanorods under a low
operation temperature has been developed. A simple two-stage sol-gel and hydrothermal

processes was used to synthesize the ZnO nanorods for oxygen detection. The grass-like

12

Page 12 of 28



Page 13 of 28

RSC Advances

nanostructured ZnO sensing layer exhibited a high expose area to the oxygen sample and for
UV irradiation. A low-cost UV LED with the wavelength of 370 nm was used to efficiently
induced electron carriers in the nanostructured ZnO sensing layer for sensing performance
enhancement. The measured resistance of the ZnO sensing layer significantly reduced while
UV irradiation, indicating the increase for conductive carriers in the ZnO and the enhanced
without using a high working temperature. Results indicated that the developed sensor has a
low limit of detection as low as 5 mTorr for detecting oxygen with a short time response of
less than 5 min. The calculated variation for three repeating tests for the sensor was around
3.3%, indicating the nice reproducibility for the oxygen sensor. The calculated sensitivities are
0.17(%/mTorr O,) and 1.83(%/% O,) for detecting oxygen of different pressures and
concentrations, respectively. The developed oxygen sensor has shown its potential to be a

high performance oxygen sensor under a low working temperature.

13
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Figure Captions:

Figure 1: Schematic showing the mechanism for enhancing the sensing performance of the

nanostructured ZnO oxygen sensor utilizing UV irradiation.

Figure 2: A simplified fabrication process for producing the developed oxygen sensor

including the sol-gel and hydrothermal synthesis process.

Figure 3: XRD diffractogram of the synthesized ZnO nanorod after the two-stage sol-gel and

hydrothermal processes. Note that the peaks of Au were from the interdigital electrode.

Figure 4: SEM images showing (A) sol-gel grown nanosphere seed-layer, (B) sol-gel grown
nanospheres, (C) hydrothermal grown nanorods and (D) the cross-section of the nanorod

structure.

Figure 5: The measured sensing responses of ZnO nanorods under various operation

temperatures.

Figure 6: The measured sensing responses of various ZnO sensing layers with and without

UV irradiation at 50°C.

Figure 7: The measured time response of various ZnO sensing layer with and without UV

irradiation at 50°C.

Figure 8: Three repeating tests for detecting 97% of oxygen using the developed oxygen

sensor with UV irradiation at 50°C.

14
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Figure 9: (A) The measured step response for detecting oxygen of different pressures. (B)
The relationship between the measured responses and the oxygen pressures. (with UV

irradiation at 50°C).

Figure 10: (A) The measured step response for detecting oxygen of different concentrations.
(B) The relationship between the measured responses and the oxygen concentrations. (with

UV irradiation at 50°C)
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Figure 1

Ey+ hv ZnO + h'+ e

AR >0 0O,

hv 7 __ ¥ __ ZnO+h*+0),

Figure 1: Schematic showing the mechanism for enhancing the sensing performance of the

nanostructured ZnO oxygen sensor utilizing UV irradiation.
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Figure 2
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Figure 2: A simplified fabrication process for producing the developed oxygen sensor

including the sol-gel and hydrothermal synthesis process.
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Figure 3
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Figure 3: XRD diffractogram of the synthesized ZnO nanorod after the two-stage sol-gel and

hydrothermal processes. Note that the peaks of Au were from the interdigital electrode.
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Figure 4

Figure 4: SEM images showing (A) sol-gel grown nanospheres seed-layer, (B) sol-gel grown
nanospheres, (C) hydrothermal grown nanorods and (D) the cross-section of the nanorod

structure.
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Figure 5
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Figure 5: The measured sensing responses of ZnO nanorods under various operation

temperatures.
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Figure 6
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Figure 6: The measured sensing responses of various ZnO sensing layers with and without

UV irradiation at 50°C.
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Figure 7: The measured time response of various ZnO sensing layer with and without UV

irradiation at 50°C.
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Figure 8
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Figure 8: Three repeating tests for detecting 97% of oxygen using the developed oxygen

sensor with UV irradiation at 50°C.
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Figure 9
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Figure 9: (A) The measured step response for detecting oxygen of different pressures. (B) The
relationship between the measured responses and the oxygen pressures. (with UV irradiation

at 50°C).
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Figure 10
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Figure 10: (A) The measured step response for detecting oxygen of different concentrations.
(B) The relationship between the measured responses and the oxygen concentrations. (with

UV irradiation at 50°C)
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