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Abstract: Air pollution caused by toxic gases has become a major concern for human health and the
environment. Among the many hazardous gases, Nitrogen dioxide (NO2) has been identified as the most
detrimental, causing respiratory, lung, and cardiovascular diseases even at low concentrations. Therefore,
the development of low-cost and environmentally friendly sensors that can operate at moderate temperatures
and consume minimal electric power is highly desirable. In this study, we developed a highly sensitive and
selective NO2 gas sensor by depositing zinc oxide (ZnO) nanoballs on porous silicon (PS) substrates using
the radio frequency magnetron sputtering technique. The PS substrates were synthesized at room temperature
via metal assisted chemical etching technique to enhance the surface-to-volume ratio and provide high active
surface area. The ZnO nanoballs sensor chip exhibited a high sensing response of 29.2% with fast response
and recovery times of 70 sec and 96 sec, respectively, to 20 ppm NO2 in dry air at 250°C. The sensor also
demonstrated high stability and reproducibility for up to four months and six cycles, respectively, and was
capable of detecting NO2 down to 2 ppm at 250°C. The study provides a novel approach for designing a
highly repeatable sensor with notable performance for low (ppm) detection of NO2 in the environment at
lower operating temperature regimes.

Keywords: Nitrogen dioxide (NO2), Zinc oxide (ZnO), Porous silicon (PS), Gas sensor, Selectivity, Sensing
properties.

1. INTRODUCTION

In the present time, our environment has become highly poisonous due to human activities and carelessness
towards pollution control.! Rapid industrial development along with improving life quality caused to increase
the percentage of toxic gases in the environment. The rising portion of greenhouse gases by burning of fossil
fuels in our atmosphere caused climate change globally.>® Various toxic gases such as ammonia (NH3), carbon
monoxide (CO), Nitrogen monoxide (NO) and Nitrogen dioxide (NO2) possess enormous health issues in
front of human beings. Among these gases, NO: is the most hazardous air pollutant causing lungs, respiratory
and cardiovascular disease even at low concentration. The threshold limit value (TVL) for NO2 is 3 ppm for
continuous exposure of 8 h or detached exposure of 40 h in a week at the workplace without known adverse
effects. Moreover, the ceiling limit (CL) for NO2 is 5 ppm which is the concentration that should not exceed
at any time in the environment.* Therefore, the precise detection of ppm level NO, along with the development
of high-performance sensor are required for the protection of human health and to maintain the quality of the
environment. In the present scenario, low cost and environment friendly sensors are highly desirable to detect
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hazardous gases which are capable to operate near room temperature and consume minimum electric power.®
Nowadays, numerous synthesis techniques have been used to fabricate environmental gas sensors. Several
materials such as metal oxides,®’ graphene and its compounds,® metal sulfides,® etc. are also being
incorporated into sensor technology to meet the present requirements. Among these materials, metal oxide
semiconductors are broadly employed as sensing element due to their low cost, highly stable, nontoxic in
nature and repeatable over time.1% However, this kind of sensors possess some demerits such as lack of
selectivity towards specific gas and worked at relatively high operating temperatures.
Nanostructured metal oxides provide enhanced sensing properties due to their high surface to volume ratio
and hence increase the active surface area of sensing element for the interaction of analyte gas molecules over
the surface. In sensor technology, doping with catalyst, fabrication of heterojunction, illuminating sensor
surface and decoration of metal nanoparticles over sensing element are other methods to enhance the sensor
performance. In addition, particular morphologies of metal oxides such as nanorods, nanospheres, nanoballs,
nanosheets are also reported and exhibit enhanced sensor response with high selectivity towards specific gas.
In the present work, we are using porous silicon substrates to develop hydrophobic surface and hence to
minimise the humidity effect on the sensor performance. Porous nanostructures will provide high active
surface area and high diffusivity to analyte gas molecules to enhance the sensor performance at relatively low
operating temperatures.*2
Metal oxide semiconductors such as zinc oxide (ZnO), titanium dioxide (TiO>), cerium(IV) oxide (CeO>),
gadolinium(111) oxide (Gd20s), iron(Il1) oxide (Fez0s3), etc.***® have been widely investigated for sensor
applications. However, ZnO nanostructures-based sensors have attracted much attention due to their excellent
electrical and optical properties. It is non-toxic, less corrosive, highly stable and easily synthesised which is
effectively used in gas sensor devices as well as in other energy applications.*”® Different nano structured
morphologies of the ZnO can be easily synthesised by several techniques such as DC/RF sputtering, pulsed
laser deposition, hydrothermal, sol gel, chemical vapour growth, etc.
In this work, ZnO nanospheres were synthesised on porous silicon (PSi) substrates by RF sputtering method
at room temperature. The NO> gas sensing properties of ZnO/PSi sensor element were examined in detail.
The nanospheres of ZnO showed the improved response towards NO2 under lower detection limit down to 2
ppm. Herein, a study on gas selectivity and reproducibility along with sensing mechanism were also discussed
in detail. Moreover, we have also studied the changes in sensing performance under different humidity
conditions for practical applications.
2. EXPERIMENTAL DETAILS
2.1 Materials and chemicals
The zinc (Zn) target of 5 mm in thickness and 50.4 mm in diameter with high purity (99.98%) was purchased
from ACI Alloys Inc. USA. Argon (Ar) and oxygen (O2) gas cylinders were obtained from Sigma Gases, New
Delhi, India.
N-type Si (111) substrates were bought from Excel Instruments, Mumbai, India.
2.2 Sensor fabrication
In this work, to synthesise the PSi substrates, n-type highly doped and (111) oriented silicon substrates with
resistivity of 0.05 Q-cm-0.07 Q-cm were used. These silicon substrates were ultra-sonicated first in isopropyl
alcohol and later in acetone consecutively for 10 min each. The prepared porous silicon (Si) substrates were
also cleaned in deionised (DI) water and then immersed in piranha solution which contains sulfuric acid
(H2S04) 30% and hydrogen peroxide (H202) 90% for a period of 15 min in volume ratio of 3:1.
This solution was prone to all the organic species and established a thin oxide layer over the surface. It is then
detached at room temperature by etching in 2% aqueous Hydrofluoric (HF) solution for 8 min. Thereafter, Si
wafers were washed out with aqueous 4% HF to detach native oxide layer present on the surface and cleaned
them in DI water and dried up with Ar gas flow for few minutes. The schematic representation of all steps
used during formation of PSi substrate is shown in Figure 1.
Herein, ZnO nanoballs were grown on the as prepared PSi substrate using RF magnetron sputtering method.
During sputtering, atom by atom deposition takes place to fill the pores of 900 nm in diameter and we get
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nanoballs like surface morphology. Nanoballs like structure possess high active surface area for the interaction
of analyte gas molecules over the sensor surface, caused to enhance the sensing properties.
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Figure 1: Schematic diagram for the synthesis of porous silicon substrates using chemical etching process.
Sputtering is one of the most prominent physical vapour deposition (PVD) technique to fill the pores of even
100 nm in diameter at room temperature. Moreover, using sputtering we can also synthesise the high-quality
contamination free thin films in wide range of operating temperature. Prior to deposition, to obtain high quality
thin film, the base pressure of sputtering chamber was achieved 5x107¢ Torr using turbo molecular pump
backed by rotary pump.

To initiate the plasma, 20 sccm Ar gas was inserted into the deposition chamber using mass flow controller.
Here, ZnO nanoballs thin film samples were synthesised using Zn sputtering target. During deposition, the
Ar:O; gas ratio of 4:1 was maintained thoroughly using mass flow controller. The distance of 7 cm between
target and substrate was fixed to fill the Si pores at room temperature. The sputtering power of 60 watt was
used at fixed working pressure of 5 mTorr. Four ZnO thin film samples with various thicknesses of 0.4 um,
0.9 um, 1.5 pm and 2.2 um were synthesised using sputtering. The thickness of each ZnO thin film sample
was controlled by deposition time. To synthesise the ZnO nanoballs, the deposition time was fixed to 1 h at
room temperature.

2.3 Characterisation

The crystallographic structure of the ZnO layer was studied using x-ray diffractometer (CuK, radiation,
1.5406 A) with a scan rate of 2°/min at room temperature. The chemical bonding and structural analysis of as
prepared sample was investigated by Raman spectroscopy (Renishaw, United Kingdom) with 514 nm laser as
an excitation wavelength. The surface morphology and crosssectional measurements of ZnO layer were
performed using field emission scanning electron microscopy (FESEM, Carl Zeiss Ultra Plus). 1-V curve and
gas sensing properties of proposed sensor were examined using Keithley source meter connected with personal
computer.

The gas sensing setup comprises of a steel chamber of volume 200 cm?®. It is equipped with mass flow
controller to monitor the flow of different gases and an electric heater to precisely measure the operating
temperatures. For gas sensing and 1-V measurements, silver paste was used to form the electrical contacts on
the top surface of sensing layer. During sensing measurements, we measured the base line resistance in dry
air at fixed flow rate of 2 standard L per min (slpm) at working temperature of 250°C. Thereafter, the mixture
of high purity NO> gas and dry air was inserted into the testing chamber at a fixed rate of 2 slpm using mass
flow controller under different humidity conditions. Thereafter, we used different gases mixed in dry air and
inserted into the test chamber one by one with controlled flow rate using mass flow controller.
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3. RESULTS AND DISCUSSION
31 Structural properties
Figure 2(a) shows the x-ray diffraction (XRD) pattern of ZnO thin film deposited on PS substrate. It depicts
four characteristic peaks centred at 26 equal to
31.82°, 34.56°, 36.45° and 56.88°, respectively, which corresponds to 100, 002, 101 and 110 orientations of
hexagonal wurtzite structure of ZnO [JCPDS card no. 80-0075]. The XRD reflection observed at 69.84°
corresponds to 111 orientation of porous silicon substrate (JCPDS no. 271402).

(a) XRD spectra of ZnO/PSi (b) Raman spectra of ZnO/PSi
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Figure 2: (a) X-ray diffraction and (b) Raman spectra of ZnO/PSi thin film sample.
The crystallite size (d), inter-planar distance (1), dislocation density (0), number of crystallite size per unit area
(n) and distortion parameters (z) were calculated using the following equations®®:
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Using XRD curve all the calculated parameters for ZnO thin film are shown in Table 1.
Table 1: XRD parameters of ZnO thin film.

20 BecosOin d in o I n

(degree) radian (nm) (m—2x1015) (A) (m—2x1014) :
31.82 0.01290 10.74 8.669 2.8100 2.268 0.04708
34.56 0.01105 12.00 6.944 2.5932 1.500 0.03536
36.45 0.01425 9.70  10.628 2.4636 2.699 0.04557
56.88 0.02058 6.80  21.626 1.6174 5.142 0.04314

From Equation (1), the average crystallite size was found to be 9.8 nm (as shown in Table 1). Moreover, the
Williamson-Hall plot for ZnO thin film is shown in Figure S1. It can be seen that the average crystallite size
was found to be 12.24 nm and the micro strain in the ZnO film was observed to be 0.01063.

A Raman spectrum of deposited ZnO thin film is shown in Figure 2(b). It exhibits three characteristic peaks
centred at 325 cm™!, 438 cm™! and 582 cm™!. The Raman peak observed at 325 cm™' is second order spectral
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feature, which basically originates from zone boundary phonons of ZnO and it is associated with A1 mode of
transverse optical (TO).2° The Raman active phonon modes found at 438 cm™' and 582 cm™! collaborated to
E2 high mode and E; longitudinal optical (LO) vibration modes of first order, respectively.?! Both these
vibrational modes indicate the hexagonal structure with good quality of ZnO crystal, which is consistent with
XRD results. Thus, these structural measurements reveal that the sensing layer is made up of pure ZnO
material.
Figures 3(a) and (b) show the FE-SEM surface morphologies of PSi substrate and as synthesised ZnO layer
on PSi, respectively. As shown in Figure 3(a), the average pore diameter was found to be 900 nm. Figure 3(b)
reveals the densely packed nanoballs (NBs) like morphology of ZnO thin film. It also depicts that the average
size of ZnO nanoballs was observed to be 800 nm. Figure 3(c) exhibits the cross-sectional view of PSi
substrate, which indicates the vertical depth of the pores is about 1 micron (um). Figure 3(d) shows the cross-
section cut of ZnO coated PSi sensing element. It can be seen that the thickness of ZnO layer is about 1.5 um.
We also performed the energy dispersive spectrometry (EDS) mapping of as prepared ZnO thin film (as shown
Iin_Figure S2). Herein, Zn and O elements are uniformly distributed over the surface of the sensing element.
(a) > 4 o

Figure 3: (a) FE-SEM image of PSi, (b) FE-SEM image of ZnO/PSi thin film sample, (c) cross-section cut of
PSi and (d) cross-section cut of ZnO/PSi thin film sample.

Hydrophobic surface shows water-repellent property, so that the water droplets which are residing on sensor
surface exhibit contact angle greater than 90°.22 Figures 4(a) and (b) show the contact angle image of bare PSi
and ZnO coated PSi, respectively. The contact angle values (using sessile drop method) for bare PSi and ZnO
coated PSi were found to be 100° (x2°) and 120° (£2°) degree, respectively. It can be seen that the ZnO coated
PSi sensor element is highly hydrophobic in nature as compared to bare PSi substrate.

Hydrophobicity measurements of bare PSi and ZnO coated PSi were carried out by calculating the contact
angle of a water droplet on top of materials surface at four different places. Herein, the hydrophobic PSi
substrate can act as a template for the uniform growth of ZnO nanoballs. The hydrophobic sensor surface
caused to decrease the effect of moisture on the device performance, resulting to improve the sensitivity as
well as cyclability.
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Figure 4: (a) Contact angle image of porous silicon and (b) Contact angle image of ZnO.
3.2 Gas sensing characterisation
The change in electric resistance upon interaction of analyte gas molecules over the sensor surface depends
on the type of majority charge carriers present in the material as well as on the nature (reducing or oxidising)
of target gas molecules.?® As it can be observed that the oxidising gases (e.g. NO) behave like acceptors,
hence increasing the electrical resistance of n-type sensing material and in contrary it decreases the resistance
of p-type semiconducting materials.?* For oxidising gases with n-type sensing element the sensor response is
defined by Equation (6) as®:
Rg—Ra

Sensor Response (%) =— x 100 (6)
Ra
where, Rg and Ra are the sensor resistance in the presence of oxidising gas and in dry air, respectively.
Figure 5(a) depicts the current-voltage characteristics for ZnO/PSi thin film sample at 250°C in the presence
of dry air and 20 ppm NO. gas mixed with dry air. It depicts the rectifying diode behaviour of device in dry
air as well as in 20 ppm NO> gas at 250°C within the voltage range of —3V to 3V. This reveals the change in
the electronic properties of sensing layer upon exposure to analyte gas molecules. It can be observed that after
exposure to 20 ppm NO. the number of free charge carriers on sensor surface increases, which causes to
improve the electrical conductivity.?®
Figure 5(b) shows the sensor response curve at different operating temperatures towards 20 ppm NO2 with
flow rate of 2 slpm in dry air. It can be seen that the sensor device exhibits the increasing trend of sensor
response up to operating temperature of 250°C. As we increase the working temperature, the interaction
between oxygen ions and analyte gas molecules increases, which can significantly rise the response of the
given sensor.
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Figure 5: (a) 1-V characteristics for ZnO/PSi thin film sample at 250°C in the presence of dry air and at 20
ppm NO:2 level, (b) Response versus temperature curve at different operating temperatures to 20 ppm NO2,
(c) Resistance versus time curve to different concentration (2 ppm-100 ppm) of NO> at 250°C for ZnO/ PSi
thin film sensor and (d) Sensor response versus NO2 concentration curve at 250°C for ZnO/PSi sensor.
It can be observed due to slow chemical activation energy between the adsorbed analyte gas molecules and
active sensing element at low operating temperatures. On the other hand, response starts to decline if
temperature rises beyond 250°C. At high operating temperatures, desorption of analyte gas molecules occurs
before the chemical reaction takes place.?” The wide band gap (3.2 eV) of ZnO corresponds to lower
recombination rate of electronhole pairs which caused to diminish the noise effect in the sensor signal. Thus,
it can promote to synthesise the stable sensor signal even at high operating temperatures.?®
Figure 5(c) depicts the sensor resistance versus time curve to different concentrations (2 ppm-100 ppm) of
NO- at 250°C for ZnO/PSi thin film sensor. It revealed that the sensor response was progressively enhances
as a function of the analyte gas concentration. Herein, we observed that the proposed sensor is able to detect
trace amount of NO2 down to 2 ppm at 250°C. The response time is defined as time lapsed to reach in 90% of
maximum stable signal, and recovery time is defined as the time taken to recover the sensor signal up to 10%
of the maximum stable value. Figure 5(d) shows the variation in the sensor response for ZnO/PSi sensor to
different NO2 concentrations (2 ppm-100 ppm) in dry air at flow rate of 2 slpm. During the sensing
measurements, we controlled the flow of analyte gas mixed in dry air using mass flow controller (MFC). We
have fixed the flow rate of dry air to 2 slpm and change the concentration of analyte gas at fixed flow rate to
get the desired concentration. For chemiresistive gas sensors, the origin of sensor response is notable due to
the interaction of analyte gas molecules on top surface of the sensitive layer. These outcomes show the
noticeable rise in the sensor performance with enhancing the analyte gas concentration. The high sensing
response can be documented to porous structure and large active surface area of ZnO/PSi sensor element.? It
can be seen that such type of nanostructures may provide a path for fast transfer of charge carriers during the
adsorption and desorption process of target gas molecules over the surface. The variation in sensing response
with film thickness was also investigated in Figure S3. It reveals that the response to 20 ppm NO; at 250°C
was observed to be maximum for 1.5 pm ZnO sensing layer. Initially the response gradually increases with
thickness of sensing layer from 0.4 um to 1.5 um. Thereafter, the response started to decrease at higher
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thickness (2.2 um) of ZnO layer. The decline in response at higher thickness of ZnO film might be due to the
presence of microstructural defects in the sensing layer.?® In addition, the sensor response could collaborate
with the diffusivity of analyte gas molecules inside the sensing element. As a result, at higher thickness of
ZnO layer, the response may start to decline due to the increase of the diffusion length for analyte gas
molecules inside the sensing element.*
Figure 6(a) depicts the cyclability test for proposed sensor up to 6th cycles at 20 ppm NO: level in dry air. It
shows that the response and recovery time was found to be 70 sec and 96 sec, respectively. It was observed
that the ZnO/PSi sensor exhibits almost stable signal up to 6th cycles, which collaborate to long term stability
of the sensor chip for practical applications. Figure 6(b) shows the variation in response and recovery times
with different concentrations of NO2 at 250°C for ZnO/PSi nanoballs sensor. These results display the
response time decreases with increasing the target gas concentration; however, the recovery time rises with
enhancing the NO> concentration at 250°C. It can be recognised due to limited diffusion Kinetics at lower
concentrations of analyte gas molecules.®! In addition, the high active surface area of ZnO nanoballs will
provide the large number of catalytically improved surface reaction sites for significant adsorption of analyte
gas, and hence enhanced the detection rate of NO..” Figure 6(c) displays the cross sensitivity test of ZnO/PSi
nanoballs sensor at 20 ppm concentration of various gases. It can be seen that the proposed sensor device
exhibits highest response (29.2%) to NO> with respect to weak response (13%) towards additional potentially
interfering gases at 20 ppm level in dry air. It demonstrates that ZnO/PSi nanoballs sensor is highly selective
to NO2 gas in dry air at 250°C.
In this report, we developed hydrophobic thin films to prevent the effect of relative humidity on the sensor
performance. To make the hydrophobic thin films firstly we developed the PSi substrates and then thin films
were synthesised on these substrates which are prone to be hydrophobic. Thus, the effect of humidity on the
sensor performance can be controlled by developing hydrophobic thin films for sensors operating at low
temperature. Figure 6(d) reveals the sensor response versus humidity curve to 20 ppm NO- at 250°C. Here,
we investigate the effect of humid environment on the sensor performance under different humidity conditions
and about 8% decline in initial response was detected at 62% relative humidity conditions. The slightly drop
in response is mostly attributed to the adsorption of hydroxyl ions (OH") on the sensor surface under high
humid conditions. The decrease in sensor response in the presence of water molecules might be preventing
the adsorption of target gas molecules on the sensor surface.?® Therefore, the interaction of gas molecules with
surface oxygen species may be deteriorated, which causes decrease in baseline resistance and hence declining
the response.® In addition, the stability test of ZnO/PSi sensing element was performed to 20 ppm NOz in dry
air up to four months at 250°C (Figure S4). It can be seen that about 7% change in the response signal was
observed after four months. It is nearly constant response and exhibiting the long term stability of the proposed
sensor. The change in the response value might be due to repeated heating of the active sensing element at
250°C.%® Thus, the proposed sensing element possesses good quality life time for numerous practical
applications. Brief summary of previous reported literature for ZnO based NO gas sensor is shown in Table
S1.
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Figure 6: (a) The cyclability test up to 6th cycles at 20 ppm NO: level in dry air, (b) Shows the variation in
response and recovery times with different concentrations (2 ppm-100 ppm) of NO> at 250°C for ZnO/PSi
sensor, (c) Cross sensitivity test at 20 ppm concentration of various gases and (d) Depicts the response versus
humidity curve at 20 ppm of NO> for proposed ZnO/PSi sensor.
3.3 Gas sensing mechanism
The gas sensing mechanism of chemiresistive based gas sensors depends on the change in electrical resistance
upon adsorption and desorption of analyte gas molecules over the sensor surface. Metal oxide semiconducting
materials adsorb the oxygen from environment and generate the different oxygen species (O,~, O~ and O%") at
the top surface according to the operating temperature. The chemical reactions are gives as follow:
Op(gas) + € — O2(adsorbed) for temperature less than 100°C (7) Ogz(adsorbedy + € — 2O(adsorbed) for

(8)

O(adsorbed) + € — O*~ for temperature greater than 300°C  (9) Basically, the carrier concentration of the
sensing layer changes on reaction of target gas molecules with sensing material, which causes the change in
electrical conductivity or resistance. Initially, oxide semiconducting electrode materials get adsorbed oxygen
molecules from the ambient air and converted it into and oxygen species at the surface via following chemical
reactions:

temperature between 100°C to 300°C

02(gas) — 20(adsorbed) (10)
O(adsorbed_) + e (from ZnO) — O— (11)
O(adsorbed)+ 2e (from ZnO) — 02— (12)

Equation (5) reveals that the electrons are extracted from the conduction band of sensing layer, which forms
a surface depletion layer, resulting in decrease and increase the conductivity of n-type and p-type materials,
respectively.
As we already know that NO> is an oxidising gas in nature which can react with the oxide surface directly or
can react with sensing layer via adsorbed oxygen species present on the surface.'> %

NO; +e — NO:- (13)

NO2+ O +2¢ — NO + 0> (14)
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2

NO; + O* +2¢” - NO + 20~ (15)
Here, higher electron affinity of NO2> may extract a greater number of electrons from the oxide surface and
hence electron concentration reduces which causes decline in conductivity for n-type sensing materials.
However, in contrary, when the reducing gases interact with the n-type sensing layer, then reducing gas may
donate its electrons to the sensing element which causes to enhance the conductivity.
4. CONCLUSIONS
In summary, we have synthesised a highly sensitive and selective NO2 sensor based on PSi filled ZnO
nanoballs using RF magnetron sputtering technique. Herein, all the sensing properties to NO2 at low
temperature were studied in detail. The proposed sensor depicts high sensing response (29.2%) with fast
response and recovery time of 70 sec and 96 sec, respectively to 20 ppm of NO> gas in dry air at flow rate of
2 slpm. It also revealed the highly stable (up to four months) and reproducible (up to 6th cycles) sensor signal
to 20 ppm NO3 at 250°C. This sensor is capable to detect NO> down to 2 ppm at low operating temperature
of 250°C. Thus, the PSi based thin film sensing device open up a novel approach to design a highly repeatable
sensor with notable performance for low (ppm) detection of NO in our environment at lower operating
temperature regime.
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