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ZnO is a promising gas sensing material for its excellent gas sensing response characteristics and long-term
stability. Moreover, the improvement in the sensitivity and response speed of ZnO gas sensors can be
achieved by the nanostructure fabrication. This paper proposes a facile method to deposit ZnO
nanospirals using glancing angle deposition (GLAD) for application in nitric oxide (NO) sensors. ZnO
nanospirals with porous characteristics have larger relative surface area and more active surfaces,
compared with dense ZnO thin film. A sensor using nanospiral ZnO film shows a response factor of 16.9
to 100 ppb NO at 150 °C in 40% RH, which is 3 times larger than that of the sensor using dense ZnO
film. Such a ZnO nanospiral sensor system can detect NO as low as 10 ppb which is below the NO

concentration (>30 ppb) in exhaled breath of patients with asthma. The effects of working temperature
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Accepted 23rd March 2020 and humidity on the sensor performance were investigated systematically in this work. Moreover, the
sensor response showed a good selectivity to NO and high stability as the time increased up to 24 days.

DOI: 10.1039/d0ra00488] NO gas sensing mechanism was discussed in detail and nanospiral ZnO film sensors are promisingly
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Introduction

There is extensive research on developing sensitive and selective
nitric oxide (NO,) gas sensors for applications in the fields of
high temperature combustion, environmental protection and
clinical analysis.’** In the clinical analysis application, nitrogen
monoxide (NO) concentration in exhaled human breath is
a biomarker for pulmonary inflammation processes of the lower
respiratory tract, e.g. asthma.*>” Normally, the amount of NO in
exhaled breath of a healthy human being is below 10 ppb.*®
However, in the case of an asthma patient due to inflammatory
response in the airways, which is especially serious for young
children, the NO concentration in the exhaled breath can
increase up to 100 ppb.*®** In general, human exhaled breath is
a mixture of N,, CO,, NO,, NH;, CO, and hundreds of volatile
organic compounds with concentrations ranging from several
ppt to ppm.*>™** Regarding the complexity, breath analysis needs
a NO sensing material with high sensitivity which is able to
detect NO concentrations in the range of 1 to 100 ppb, and is
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applicable for exhaled human breath application compared with some other NO sensors.

selective against the above exhaled breath mixture in a highly
humid environment (relative humidity (RH) > 80%).

Due to the stability, good sensing response characteristics
and possibility for low-cost and mass fabrication, metal-oxides,
such as Sn0,,"” In,03,"* WO; and Cr,0; (ref. 17-19) etc. are
widely used as sensing materials for NO gas sensing in recent
years. However, the limit of detection (LOD) of NO gas in human
breath using these metal oxide-based sensors still needs
improvement.>** Assembling sensing materials into porous
and nano-sized structures to form active surfaces is an effective
method to enhance the sensitivity, selectivity, as well as the
response and recovery speed of NO gas sensors.**>* However, to
explore large-scale synthesis technology of nanostructures with
a specific morphology by a controllable and reproducible
chemical route, and to establish the relationship between
a specific nanostructure and its physicochemical properties, are
always challenging.

ZnO is an ideal NO gas sensing material with a wide energy
band gap (3.3 eV), and the advantage that the selectivity, the
sensitivity and the response time can be improved by fabri-
cating porous nanostructures thin films using glancing angle
deposition (GLAD).>***” GLAD technology can grow nearly arbi-
trary shaped nanostructures, which is considered as a desirable
configuration for sensors due to their simplicity in synthesis,
high reproducibility, and excellent compatibility to the well-
established semiconductor fabrication processes.”®** Although
highly sensitive detection of various gases using sensors based
on porous thin film with nanostructures has been reported,****
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so far, the systematically research on the detection of ppb-level
NO using porous ZnO nanostructures thin film in the environ-
ment with various temperature and humid has not been studied
yet.

In this work, we report NO sensors possessing enhanced
performance using ZnO nanospirals fabricated by facile and
efficient GLAD. The porous ZnO nanospirals with high surface-
to-volume ratios present remarkably high sensitivity and
selectivity to NO at 150-300 °C even in high RH of 80%. Our ZnO
nanospirals sensor system can detect the NO concentration as
low as 10 ppb which is below the one (>30 ppb) in exhaled
breath of patients with asthma, indicating the great potential
for the application in breath analyzers.

Experimental section
ZnO thin film deposition

ZnO nanospiral thin film with the thickness of 400 nm was
deposited using the traditional RF magnetic sputtering by
GLAD method. To fabricate gas sensors, alumina ceramic plates
with the dimension of 10 x 10 x 0.5 mm pre-patterned with
inter-digital Ag electrodes were used as the substrates. A
metallic zinc target (99.99% pure and 3 inch in diameter) was
sputtered in a reactive gas mixture (50% O, + 50% Ar) under
a pressure of 50 mT at a power of 200 W. The target to substrate
distance was kept to be 5.5 cm. The angle 6 between the normal
vector to the substrate and the incident flux was set at 85° with
the deposition rate of 12 nm min~ ' and the rotation rate of
0.5 rpm. To compare with ZnO nanospiral films, a dense ZnO
thin film with the same thickness was also prepared using on-
axis RF sputtering.

Microstructure and gas sensing properties characterization

The microstructure of the films was characterized by X-ray
diffraction (XRD) measurements using a Cu Ka radiation with
A = 1.5408 A. High Resolution Transmission Electron Micro-
scope (HRTEM) images were obtained using JEOL 2100F
microscope with an accelerating voltage of 200 kV. The
morphologies of the deposited films were characterized using
a scanning electron microscope (SEM, Zeiss Supra 55). Photo-
luminescence (PL) spectrometer, using He-Cd laser as the
excitation source, was operated at 325 nm in the air at room
temperature to study the crystalline quality and defects of
nanospiral and dense ZnO films. After deposition, ZnO thin
films were annealed at 400 °C for 2 hours. Gas-sensing prop-
erties of the fabricated ZnO thin film sensor were evaluated
using an intelligent gas-sensing analysis system. The sensor was
put into the test chamber where the temperature was control by
an external heating system and the chamber was initially filled
with N, gas. When the resistance of the sensor became stable,
target gas NO (purity of 99.9%) with desired concentrations
flowed into the chamber. The change of the sensor resistance
was monitored by the intelligent gas-sensing analysis system.
After the sensor resistance reached a constant value, it was then
recovered by inducing ambient N, gas into the chamber. The
response of the gas sensor is defined as:
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S = Rgas/Rambient fOr NO, Or § = Rambjient/Rgas for CHy, NH3, CO
and H,, which was determined by measuring the baseline
resistances of the sensors in ambient atmosphere and the fully
saturated resistances after exposure to the test gas.

The response time was defined as the time taken by the
sensor to achieve the total resistance change in the case of gas
adsorption. Similarly, the recovery time was defined as the time
taken for the resistance to return back to the baseline. It is
found that the working temperature and relative humidity (RH)
play important role in the gas sensing performances. The
sensors show good selectivity to NO and good long-term
stability in N, ambient.

Results and discussion
Characterizations of deposited ZnO films

Fig. 1 shows the XRD patterns of the deposited nanospiral and
dense ZnO films. For the dense ZnO film, only reflections cor-
responding to (002) and (004) plane of ZnO located at ~34° and
~72° are observed, indicating growth in a preferred orientation
with its c-axis normal to the substrate. Besides reflections cor-
responding to (002) and (004) plane of ZnO, some minor
reflection peaks around 31.6° and 36.2° can be found for ZnO
nanospiral, which correspond to (100) and (101) plane of ZnO,
respectively. Moreover, the XRD intensity of dense ZnO film for
(002) plane is stronger than that of ZnO nanospiral. It is sug-
gested that the dense ZnO film has good crystallinity with its c-
axis normal to the substrate and ZnO nanospiral has (100) and
(101) plane besides (002) and (004) plane because of the
glancing angle deposition. A comparison of the full-width at
half-maximum (FWHM) values of (002) peak intensities of
dense ZnO film and ZnO nanospiral thin film show an decease
in crystallinity by a 0.1° decrease in the FWHM value.

Fig. 2 shows the room PL spectra of nanospiral and dense
ZnO films. The typical ZnO emission peaks located at around
380 nm in ultraviolet (UV) region for nanospiral and dense ZnO
films can attributed to the free exciton emissions near band
edges for wide band gap of ZnO. Comparing to nanospiral ZnO
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Fig. 1 XRD patterns of nanospiral and dense ZnO thin film. The inset
shows the detail of the XRD pattern with 26 from 30 and 40 degree.
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Fig. 2 Room temperature PL spectra of deposited dense and nano-
spiral ZnO films.

films, dense ZnO films show relatively sharper and stronger UV
emission peak, confirming better crystalline quality of the
grown films as discussed in XRD patterns. In addition to NBE
emission, one broad deep-level (DL) emission peak centred at
around 580 nm can be found for nanospiral ZnO films. The DL
emission band which lies in the visible region of spectrum has
been attributed to the oxygen and zinc vacancies. As shown in
the inset of Fig. 1, it can be observed that nanospiral ZnO films
have (100) and (101) plane besides (002) and (004) plane
because of the glancing angle deposition, which increase the
nature and concentration of oxygen and zinc vacancies.

To characterize the microstructure of the nanospiral and
dense ZnO films, SEM was used to observe the cross-sectional
morphologies of ZnO films. Fig. 3a shows the dense ZnO
films with typical compact columnar structure, while nano-
spiral ZnO films exhibits nanospiral-like structure with large

.
(c)

Fig. 3 Cross-sectional morphologies of nanospiral and dense ZnO
thin film. (a) SEM images of the cross-sectional view of dense ZnO
films. (b) SEM images of the cross-sectional view of nanospiral ZnO
thin film. (c) HRTEM images of a small area of nanospiral ZnO.
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specific surface area (Fig. 3b). To further investigate the details
of the microstructure, HRTEM was used to observe the cross-
sectional morphologies of the nanospiral ZnO films in
a microscopic region. A porous ZnO thin film nanostructures
that look similar to the chicken intestinal villi was shown in
Fig. 3c. These observations suggest that the porous nanospiral
ZnO thin films with high specific surface area were obtained in
our work.

Gas sensing properties

The NO gas sensing performance of nanospiral and dense ZnO
thin films were investigated. Fig. 4 shows the repetitive cycles of
resistance variation of the sensors as they were exposed to NO
gas with a fixed concentration of 100 ppb at 150 °C with 40% of
RH in N, ambient. For nanospiral ZnO thin film, initially, the
sensor showed a resistance around 1 MQ. After NO target gas
was pumped into the test chamber (i.e., the adsorption of gas on
the sensor surface), the resistance increased rapidly and
reached a saturated value over 17.5 MQ. Then the NO gas was
stopped and followed by the ambient N, gas, the resistance
gradually returned to its original value. The response and
recovery times of the sensors are around 50 s and 500 s,
respectively. For comparison, the sensor based on dense ZnO
thin film shows an increase of the resistance to 6 MQ after NO
injection. The response and recovery times of the dense ZnO
thin film sensor are around 60 s and 1100 s, respectively. The
responses of nanospiral and dense ZnO thin film sensors to
100 ppb of NO gas at 150 °C under 40% of RH in N, ambient
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Fig. 4 The resistance changes of the sensors based on (a) nanospiral
and (b) dense ZnO thin film when exposed to NO with 100 ppb at
150 °C under 40% in N, ambient.
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were calculated to be 16.9 and 5.2, respectively. Compared to
dense ZnO thin film sensor, the sensor based on porous
nanospiral ZnO thin films showed better NO sensing perfor-
mance with higher response (resistance change), faster
response and recovery speeds. The sensor exhibited a good
reproducibility after repeated testing cycles, as the sensor
showed a nearly constant amplitude of the initial response
without any obvious change after consecutively three tests
expose to the same NO concentration.

The response performance of the porous nanospiral ZnO
thin films sensor corresponding to different NO concentrations
of 70, 80 and 90 ppb at 150 °C under 40% of RH in N, ambient is
shown in Fig. 5a. The resistance increased immediately after
exposed to the NO gas and recovered completely after pumped
in the ambient gas, showing good reproductive when the sensor
was tested at different NO concentrations. Therefore, the
porous ZnO nanospiral thin film is capable for reusable sensor
in highly stable operation. The sensor response increases line-
arly with the increasing NO concentration, which is a basic
feature for sensors based on n-type semiconductor. In order to
estimate the NO experimental detection limit of the ZnO thin
film sensors, NO concentrations of 5, 10, 20, 30, 40, 50 and
60 ppb at 150 °C under 40% of RH in N, ambient were used in
our experiments to test the response of nanospiral and dense
ZnO films as shown in Fig. 5b. The porous ZnO nanospiral thin
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Fig. 5 (a) The resistance changes of the sensors based on nanospiral
ZnO thin film when exposed to NO gas with 70, 80, 90 ppb at 150 °C
under 40%. (b) The responses changes of the sensors based on
nanospiral and dense ZnO thin film when exposed to NO with different
concentration at 150 °C under 40%.
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film sensor does not respond to 5 ppb NO, but concentration
higher than 10 ppm is readily detected. Even with concentration
of 10 ppb, the porous ZnO nanospiral thin film sensor shows
a clear response of 2.5. On the other hand, dense ZnO thin film
sensor can only detect NO gas with the concentration over 40
ppb. The linear relationship between the response value and the
gas concentration demonstrates the feasibility and the opera-
tion capability of the sensors for real human breath diagnostic
application.

Fig. 6a shows that the response values depend on the
working temperature (range from 100 to 300 °C) of the sensors
based on nanospiral and dense ZnO thin films exposed to NO
gas of 90 ppb under 40% RH in N, ambient. It shows that the
working temperature has a great impact on the response of the
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Fig. 6 (a) The response, (b) response and (c) recovery times of the
sensors based on nanospiral and dense ZnO thin films exposure to NO
gas of 90 ppb under 40% RH in N, ambient at different working
temperature (range from 100 to 300 °C).
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sensors. For sensors based on nanospiral ZnO thin films, the
response increases rapidly with the increase of working
temperature and reaches a maximum value of ~23 at 250 °C,
then decreases gradually as the working temperature increases
further. On the other hand, although the responses also
increases with the increase of working temperature, the influ-
ence of the working temperature on the sensor based on dense
ZnO thin films is not as much as that of the sensor based on
nanospiral ZnO thin films. The sensing process is a dynamic
balance of diffusion, adsorption, reaction and desorption of NO
molecules on the ZnO surface and nanostructure interface.
Increased working temperature will accelerate the diffusion and
reaction between NO molecules and ZnO films, and depress the
adsorption. This acceleration will be enhanced by the porous
nanospiral ZnO thin films. However, higher temperature (>250
°C) will cause a large amount of oxygen molecules dissociate
and adsorb on the active sites, resulting in the decrease of the
free active sites for the adsorption of NO, which cause the
decrease of the sensor's response.

The kinetic performance of the NO gas sensing depends on
the working temperature of the sensors, which can be charac-
terized by the response and recovery times. Fig. 6b and c present
the response and recovery time of the sensors based on nano-
spiral and dense ZnO film depending on the working temper-
ature ranging from 150 to 300 °C. It is found that nanospiral
ZnO films show faster response and recovery speed than that of
dense ZnO thin film in the temperature range of 150-300 °C,
and the sensors based on nanospiral ZnO films show the fastest
response and recovery at the working temperature of 250 °C.
These results can be explained by the gas diffusion and the
reaction on the surface of ZnO thin films. The gas diffusion
strongly depends on the porosity, the relative surface area and
the active surfaces and interface. The nanospiral ZnO thin films
provide porous characteristics and large relative surface area,
which are favourable for the rapid diffusion of gas molecules
and also provide more active surface. Moreover, the increase of
the working temperature will accelerate the diffusion, the
adsorption, the reaction and desorption of NO gas on the
nanospiral ZnO thin film, resulting in the highest rates of the
response and recovery speed at 250 °C. Therefore, the response
value, the response/recovery speed, the performance of the
sensor based on nanospiral ZnO thin film working at 250 °C has
been optimised.

As for breath analysis application, the anti-interference
ability of NO sensors based on nanospiral ZnO thin film to
NH;, CH,, H, and CO, which usually exist in exhaled human
breath, should be considered. Selectivity histogram for the NO
sensors based on nanospiral ZnO thin film was investigated by
exposing the gas sensors to different types of gases with a fixed
concentration of 90 ppb, including NO, NH3;, CH,, H, and CO at
the working temperature of 150 °C under 40% RH in N,
ambient, which is shown in Fig. 7. Obviously, the sensor
exhibits the highest response to NO gas compared to other
interference gases, indicating a very good selectivity. The
selectivity of the sensor against NO could be attributed to lower
activation energy of ZnO thin film against NO, which accelerates
the desorption reactions and enhances the NO sensing

This journal is © The Royal Society of Chemistry 2020
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Fig.7 The anti-interference ability of NO sensors based on nanospiral
ZnO thin film to NHz, CH4, H, and CO.

performance compared to other gases. For working temperature
of 150 °C, there are much less ionized oxygen species on the
surface of ZnO. Therefore, reducing gases such as NH3, CHy, H,
and CO have a poor sensitivity at this temperature.

For exhaled breath application, normally the sensor should
work in a highly humid environment (RH > 80%). Therefore, the
gas sensing performance of the ZnO film sensor exposed to
90 ppb NO gas working at the temperature of 150 °C were
investigated with different humidity conditions. The RH values
were controlled by filling N, gas flow passing through saturated
aqueous solutions of different salts of CH;COOK, Mg(NO3),,
NaNOj;, and KNOjs, yielding 20%, 40%, 60% and 80% RH,
respectively. The dependence of the response, the response and
recovery time on the RH were shown in Fig. 8a-c, respectively. It
is found that the response decreases and the response and
recovery time increases with the increasing of RH for both
nanospiral and dense ZnO thin film sensors. This is because
water molecules adsorbed on the surface of ZnO films at high
RH, occupying the active sites and blocking off the apertures.*
Therefore, the adsorption and the diffusion of NO molecules
were interfered by water molecules, resulting in lower and
slower sensor response. However, even with RH value as high as
80% at the working temperature of 150 °C, nanospiral ZnO thin
film sensors exposed to 90 ppb NO gas still have response as
high as 14 with the response time and recovery time of 60 s and
700 s, respectively.

To evaluate the long-term stability of the sensor in N,
ambient conditions, we conducted the stability measurement of
nanospiral and dense ZnO thin film sensors in continuous
operation for more than 20 days at 150 °C under 40% RH in N,
ambient. The sensors were relatively stable with a variation
below 5% of the response after repeated exposure to 90 ppb of
NO gas over 20 days (Fig. 9), which might due to the air-stability
of the nanospiral and dense ZnO thin film itself.

NO gas-sensing mechanism

NO gas-sensing mechanism can be understood based on the
resistance change resulted from the adsorption of NO gas
molecules onto nanospiral and dense ZnO thin film, and the
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Fig. 8 The response, response and recovery times of the sensors
based on nanospiral and dense ZnO thin films exposure to NO gas of
90 ppb at 150 °C under different RH in N, ambient.

reaction between them.** The possible reactions on the surface
of the ZnO thin films can be described as following:**-*

Oxgas) T € = O3 (ads) &Y

%Oz(g'dS) te” = O (2)

0 (g + € = O () (3)

NOas) + 02 (ags) T € = NO3 aas) + O (as) (4)
NO(gas) + Oads” = NOpgag) + €~ (5)
NO(gas) + € = NO™ (a45 (6)

NO ™ (ads) + 02 (ads) T 267 = NO(gas) + O (ads) (7)
2NO(gas) + 2™ — Nigag) + 207 (aats) (8)

The possible reactions mentioned above include the
adsorption and desorption of oxygen molecules as well as the
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surface response to NO, NO ™, and NO,~ adsorption. Due to the
oxygen and zinc vacancies exist in ZnO thin film, oxygen
molecules adsorb on the surface of ZnO thin film. Because of
their electronegativity, the adsorbed oxygen molecules trap
electrons from the conduction band of ZnO thin film, which
thus causes the formation of oxygen species such as O, (ags),
O (aas) and 02’(ad5] on the surface of ZnO thin films. Because of
the electron trapping from ZnO thin film, the population of
electrons as major free charge carriers is lowered, which results
in the formation of a depletion region on the surface layer of
ZnO thin films. Therefore, the charge carrier concentration
decreases and the resistance of ZnO thin films increases. The
molecular NO, has an unpaired electron and is known as
a strong oxidizer than other gases.” When exposed to NO gas,
the active sites on the surface of ZnO thin film were occupied by
NO molecules, which thickens the depletion layer via capturing
electrons from the conduction band ZnO thin film and gener-
ates NO~, NO®>~ and O””.* These nitrite and/or nitrate species
can also be result from the reactions between NO molecules and
oxygen species on the surface of ZnO films. Consequently, the
total resistance of the sensor is further increased. Compared to
dense ZnO thin film sensor, there are some reasons for nano-
spiral ZnO thin film sensor possess better sensing performance.
Firstly, porous nanospiral ZnO thin film with high surface to
volume ratios can provide more active adsorption sites, hence
higher response values. Secondly, nanospiral ZnO thin film
exhibits (100) and (101) crystal plane and broad DL emission
peak, demonstrating more oxygen and zinc vacancies, which
enhances the absorption and reaction of NO gas on the surface.
Moreover, porous nanospiral ZnO thin film provide lots of gas
channel to accelerate the diffusion and desorption of NO,
resulting in the high response and recovery speed. The
improvement of sensing performance by constructing nano-
structures has also been successfully reported in mesoporous
ZnO nanosheets, atomically thin-layered MoS,, WS, nano-
sheets, etc.>>™**

A comparative table about the sensor performance of this
work with some other NO sensors is shown in Table 1. Most of
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Fig. 9 The long-term stability of the sensors based on nanospiral and
dense ZnO thin films when exposure to NO gas of 90 ppb at 150 °C
under 40% RH.
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Table 1 Performance of NO sensors based on different sensing materials

Working temperature

Material NO (ppm) Response (°C) LOD (ppb)  Humidity (RH%)  tresp/treco (S)  Ref.
Villi-like WO3 1 275 200 0.08 80 100/20 9
0.1Pd-WO; 20 164.4 200 — — 185/400 37

ZnO nanobelt 50 6.5 28 500 — 200/250 43
ZnO/CdO (2.8 : 1) nanofibers 3 1.7 215 1200 Ignorable 47/1249 38

ZnO nanofibers 12 7 200 — — 400/1200 44
In,03-ZnO 10 8 100 12 — 210/2700 45
Nanospiral ZnO 0.09 14 150 10 80 60/700 This work
Dense ZnO 0.09 2 150 40 80 ~100/~1500  This work

the sensors works at high NO concentration and shows large
limit of detection (LOD). Few investigations on the effect of
humidity on the sensing performance have been reported.
Although the sensors reported in our work shows relatively good
sensitivity, long-term stability and reproducibility, the response
and recovery speed needs improvement in our future work.

Conclusions

In this work, we have proposed a facile technique to fabricate
NO gas sensor with excellent sensing performance based on
nanospiral ZnO thin film deposited by GLAD. Nanospiral ZnO
thin film exhibits (100) and (101) crystal plane and broad DL
emission peak, demonstrating more oxygen and zinc vacan-
cies, which enhances the absorption and reaction of NO gas on
the surface. Moreover, the porous and nanospiral-like char-
acteristic provides more active sites for NO absorption and the
reaction between NO gas and ZnO thin film, and also accel-
erates the diffusion and desorption, which ensure the large
response and response and recovery speed. Even upon expo-
sure to 10 ppb NO at 150 °C under 40% RH in N, ambient, the
nanospiral ZnO thin film sensor still showed a clear response
of 2.5. The response increased and the response and recovery
time decreased with the increasing humidity. However, even
with RH value as high as 80%, nanospiral ZnO thin film
sensors still presented a response as high as 14 with
a response and recovery time of 60 s and 700 s, respectively.
Moreover, we demonstrated that the nanospiral ZnO thin film
sensor had good selectivity to NO and high stability in oper-
ation for over 20 days. Since NO is a well-known biomarker of
chronic airway inflammation in asthma, ZnO nanospiral
sensor fabricated by facile and efficient GLAD has a great
potential for the use in breath analysis.
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