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The gas detection using metal oxide semiconductor (MOS) nanomaterials is rising. Among numerous MOS,
ZnO is a feasible candidate for gas detection. ZnO-based gas sensor working at high operating temperatures is
mostly reported. As the high-temperature operation reduces the long-term stability of the sensor, more research
work has to be done to develop a room-temperature gas sensor. Because of low thermal energy at room
temperature, the availability of electrons on the ZnO surface and the adsorption of oxygen molecules is low, which
results in the low gas response. In this prospectus, this work reports a novel method of enhancing the gas sensing
efficacy of MOS-based gas sensors at ambient temperature. In this work, the ZnO film was synthesized adopting
the spray pyrolysis route and was characterized by X-ray diffraction (XRD), UV-Visible spectroscopy, and scanning
electron microscopy (SEM). The static potential of 0-24 V was applied to the spray-coated nanostructured ZnO film
to increase its oxygen adsorption capacity on its surface, and then its ammonia sensing ability was measured at
ambient temperature. The gas sensing measurements showed the enhancement of gas response from
30.290 + 0.042 at 0V to 54.581 +0.062 at 24 V. It also showed quick response with a response/recovery time of
4/338 at 24 V. Thus, this report claims that the application of DC potential could be one of the useful alternative

methods of achieving a MOS-based gas sensor working with a significant response.
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1. INTRODUCTION

Ammonia, ethanol and acetone are volatile and toxic
chemicals that are used in common places. Ammonia is
highly used in food processing, medical diagnosis,
manufacturing nitrogenous fertilizers, industrial
refrigerants, etc., [1, 2]. Acetone is used in pharmaceuticals
for producing pills, liquid medicines, as an antiseptic and in
the textile industry for decreasing wool and degumming silk
[3]. Ethanol is mostly consumed for different applications
such as food additives, antiseptics, fuel, antifreeze,
industrial and commercial solvents, and antibacterial
products [4]. In this regard, the global production of these
gases is significantly increasing [2, 4, 5]. Direct exposure to
these gases may cause severe health problems. For example,
excessive exposure to ammonia may cause permanent
blindness, throat and lung diseases and severe burns [6].
Acetone evaporates quickly at ambient temperature, and
when exposed to humans, it can cause anesthesia and
damage to the nervous system, liver, and kidneys [3].
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Likewise, exposure to ethanol produces much damage, such
as liver, ventricular and septal wall thickening [3, 6, 7].
Hence, early detection and monitoring of these toxic gases in
all environments is necessary for health security. Several
techniques have been employed to detect the leakages of
these toxic gases, such as using conducting polymer [8],
potentiometric electrodes [9], infrared devices, optical fibers
[10], and metal oxide semiconductors (MOS) films. Among
them, MOS-based devices have been found mostly preferred
due to their cost-effectiveness and simplicity [11-13]. MOS
used for gas detection are SnQOz, CuO, ZnO, Fe20s3, TiOg,
WO3, V205 etc. [12, 14-18]. ZnO has emerged as one of the
potential materials due to its easy tunable optical and
electrical properties, high chemical and thermal stability,
and nontoxic nature [2, 19].

Recently, the gas sensor based on ZnO nanostructures
for various vapours/gases such as methanol, ethanol,
acetone, ammonia, isopropanol, Hz, O2, CO, COs, CH4, H2S
etc. has been reported. Most of the reports showed the
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operating temperature greater than 300 °C [20-25]. As the
high-temperature operation reduces the stability, a lot of
work has been done to create gas sensors that respond well
at room temperature or lower operating temperature,
adopting various strategies including metal doping,
nanocompositing and both. Only a few reports are
available for the gas sensor working at room temperature
[1, 26, 27]. Since few thermal electrons are available on the
ZnO surface at room temperature or lower operating
temperatures, few oxygen ions are adsorbed on the ZnO
surface. These oxygen ions are thermally stable and
difficult to extract from the ZnO surface. It results in low
sensing performance at room temperature [25]. Hence, it is
necessary to look at a strategy for developing a gas sensor
working at room temperature with a higher response.

To increase the gas sensing abilities of ZnO,
researchers adopted several strategies, including metal
doping, functionalization, conducting polymer doping, UV-
light activation, surface modification, etc., and succeeded
in enhancing the gas sensing ability of ZnO [28-31].
Despite this; the scientists are attempting to use a novel
approach to increase the gas detection capability even
further. Keeping these factors in mind, this work presents
a novel approach to improve the gas-sensing capability of
Zn0. The ZnO film is subjected to a DC potential to
enhance its oxygen adsorption ability. The gas sensing
capacity was assessed at various DC applied potentials
ranging from O to 24 V. Since our earlier paper [32]
already reported on sensing characteristics such humidity
effect, detection limit, selectivity, etc., this study solely
focuses on the impact of DC applied potentials on the
ammonia sensing ability of the spray-coated ZnO film and
prospective gas detecting mechanism.

2. EXPERIMENTAL
2.1 Substrate Surface Cleaning

Cleaning the glass substrates before his film deposition
is crucial for producing a uniform and sticky thin coating
across the substrate's surface. The 76 mm x 26 mm x 2 mm
commercially available glass substrates were first scrubbed
with labeline detergent before being ultrasonically cleaned
with acetone, deionized water, and then deionized water
once again. After being cleaned, the glass substrates were
dried in an oven set to 60°c for 30 minutes.

2.2 Preparation and Characterization of ZnO Thin
Film

A 0.35M precursor solution was created by dissolving
Zn(CH3CO00)2:H20 in deionized water using a magnetic
stirrer at 60°C for 1 hr. It is then sprayed on the glass
substrates at 380 °C using a nebulizer (CN-01W). The ZnO
films were deposited due to evaporation, solute
condensation, and pyrolytic decomposition of sprayed
droplets of the precursor solutions. During film deposition,
the parameters: glass nozzle to substrate distance (2 cm),
nozzle diameter (0.2 cm), carrier gas flow rate
(0.33 ml/min) and substrate temperature (380 + 10°C),
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were kept fixed. The films were coated on the substrate up
to 5 layers. The prepared film was characterized by
scanning electron microscopy (SEM; MAIA3, TESCAN,
Czech Republic), energy-dispersive analysis of X-rays
(EDX; the EDX detector attached to the above-mentioned
SEM microscope MAIA3) and X-ray diffraction (XRD;
Explorer X-Ray diffractometer made by the GNR
Analytical Instruments, Italy). The sample for SEM and
EDX analysis was sealed with a carbon layer of thickness 4
nm to minimize charging and the EDX analysis was
performed at low magnification and the accelerating
voltage of 30kV. Then the sample was sealed with a
platinum layer of thickness 4 nm to further improve
sample resistance to e-beam damage and charging, and its
surface was observed at high magnification with the help
of secondary electron imaging at an accelerating voltage of
3 kV. The XRD measurements were performed in theta-
2theta geometry (2theta range 2-80°, angle step 0.01°,
CuKa radiation with wavelength of 1.5406 A.

2.3 Gas Sensing Setup

The schematic diagram of the gas sensor set-up is
depicted in figure 1(a). It is made of a steel chamber. With
three holes: one for the gas injection, another for connecting
wires along with the thermocouple and the third one for the
gas ejection. The gas seep was stopped by employing a cork
and an iron O-ring. The zoom-in of the gas-sensing element
(ZnO film on the glass substrate) with circuit diagram is
depicted in Fig. 1(b). The FTO glass plate was held slightly
above, parallel to the ZnO film. The ZnO film and FTO film
was separated by 1.00+0.07 mm with the help of an
insulating support. Electrodes were made using silver paste
and copper wire on the two ends of the ZnO film and the
FTO film. The two electrodes from the ZnO film are joined to
an LCR meter (IM3536, Hioki) to measure the resistance of
the ZnO film in air and gas, respectively [Fig. 1 (b)]. The
positive and negative terminals of the DC supply (0-30 V)
were connected to the FTO glass plate and one of the
electrodes of the ZnO film respectively to apply the static
potential in the ZnO film. The gas response was measured
by varying the applied static potential.

(a) I(;as Outlet

Airln  Chamber
— FTC

\

)
LCR (IM3536)

ZnO

Glass Plate

Fig. 1 - (a) Schematic of the gas sensor set up, (b) circuit diagram
for gas sensing measurement at different applied static potentials
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To get the required amount of ammonia vapour, a set
volume of liquid ammonia was injected using a syringe into
the airtight external conical flask. The flask was placed on
the hot plate at a temperature of 120 + 10°C and is joined to
the chamber through a borosilicate glass tube [(Fig. 1 (a)].
The concentration of ammonia was calculated following the
method explained in the previous report [28]. The ammonia
vapour quickly dispersed from the conical flask to the ZnO
film in the steel chamber. The analyte gas was ejected from
the chamber by supplying air employing a nebulizer.

3. RESULTS AND DISCUSSION
3.1 Structural Characteristics

Fig. 2 depicts the XRD pattern of the ZnO film. A
sharp diffraction peak at 26 = 34.42° was observed. This
corresponded to the (002) interplanar of ZnO hexagonal
structure (JCPDS card no. 36-1451). The other diffraction
peaks disappeared in the background noise due to the
fact that the ZnO layer was very thin. The d-spacing was
estimated using Bragg’s law: 2d sinf = nl. The crystallite
size (D) was estimated using Debye-Scherer’s formula:
D=0.94/pcos6 [34, 35]. Here, 1 — wavelength of X-
radiation, and S — full-width at half maxima of the
diffraction peak. The wvalues for d-spacing and D
corresponding to the (002) plane were found to be
2.6023 A and 37.97 nm, respectively.
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Fig. 2 — XRD pattern of the ZnO film

3.2 Optical Characteristics

The HR 4000 ocean optics spectrophotometer was
used to measure the ZnO film's UV-Vis transmission
spectrum in the wavelength range from 340 to 1000 nm.
Figure 3(a) depicts the ZnO film’s transmission spectrum.
This shows that the average transmittance of the ZnO
film exceeded 82% in the visible region. A sharp drop in
transmittance was noted near the UV range. It is because
of the fundamental absorption of light. The optical band
gap (Eg was evaluated from the Tauc plot:
(ahv)? = A(hv — Eg) where @ A, and hv are the
absorption coefficient, energy constant, and photon
energy, respectively [36]. Extrapolating the linear portion
of the curve into the hv-axis yielded the value of Eg (band
gap) of 3.297 + 0.002 eV [Fig. 3(b)], which is in agreement
with the published reports [37].
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Fig. 3 — (a) Transmitance and (b) band gap of ZnO film

3.3 SEM and EDX Analysis

b

Fig. 4 — (a) SEM image and (b) EDX spectrum of ZnO film

The nature of the sensor surface plays a vital role in
the gas-sensing task [38]. Fig. 4 (a) presents the SEM
image of the ZnO film. It clearly shows the surface of
spherical grains with a slightly porous structure. The
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sample’s elemental composition was confirmed by EDX
analysis. EDX spectrum [Fig. 4(b)] showed sharp peaks
corresponding to Zn and O, indicating the purity of the
film. Other low-intensity peaks, corresponding to
elements Si, C, Na, Ca, Mg, Al, and K, were also
observed. The presence of these elements was due to the
elements in the supporting glass substrate.

3.4 Sensing Characteristics

The gas sensing characteristics were examined by
assessing the ZnO film’s resistance in the air as well as in
exposure to 400 ppm ammonia vapour at various applied
static potentials. Fig. 5(a-e) shows the variation of ZnO
film’s resistance for 4 cycles of gas injection and ejection at
different applied static potentials (0-24 V). A sharp
reduction in the ZnO film’s resistance resulted from the
exposure to ammonia vapour, and then acquired stable
minimum saturation values. The observed stable values of
the ZnO film’s resistances in the air (Rs) and in ammonia
vapour (Ry) at different static potentials are presented in
table 1. The resistance was decreased to almost the same
lower values at all applied electrode potentials in 4 cycles,
indicating good repeatability. But the base resistance of
the film was increased with the applied potentials
[Fig. 5(f)]. Therefore, the application of potentials resulted
in a greater change in the ZnO film’s resistance.
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Fig.5—(a-e) ZnO film’s resistance variation with time at
400 ppm NH3 exposure for 4 cycles, and (f) base resistance at
applied potentials of 0-24 V

The gas response (R) was determined using the
formula: R = RJ/Rg, where Ra and R represent the ZnO
film’s resistance in the air and gas, respectively [39]. The
calculated value of gas response is presented in Table 1.
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Table 1 — Base resistance (in air) and stable resistance in
ammonia vapor and gas response at different potential

Applied Base Stable Gas response

Potential | Resistance Resistance in | (Rd/Rg)

%) (in air) NH;
Rq, x 105 Q Rg,x 103 Q

0 1014.111 + 3342.611 + 30.292 +
1.567 3.708 0.972

6 1256.511 + 3462.071 + 36.324 +
2.859 1.383 1.150

12 1290.091 = 3286.512 + 38.893 +
2.486 3.699 1.121

18 1391.372 + 3291.921 + 42.662 +
1.661 3.353 0.672

24 1829.392 + 3288.932 + 54.581 +
2.093 1.992 1.255

Fig. 6 shows the gas response at different applied
potentials. The gas response was increased with an
increase in the applied potentials. The enhancement in
the gas response was due to the large change in the ZnO
film’s resistance after ammonia exposure in the presence
of applied potentials.
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Fig. 6 — Gas response Vs applied potential

Fig. 7(a-e) represents the plot for variation of the ZnO
film’s resistance with time after injection/ejection of the
NHs vapour for response/recovery time calculations.

The response/recovery time is the time needed to
change the sensor signal (say, resistance) by 90% after
injection/ejection of gas. The calculated response/recovery
time at different potentials is depicted in Fig. 7(f). ZnO
film showed a fast response with the response time of 4-5
sec at all potentials and a delayed recovery with recovery
times of 186, 271, 337, 344 and 338 sec at potentials of 0O,
6, 12, 18 and 24 V, respectively.

3.5 Sensing Mechanism

In Fig. 5(a)-(e), the ZnO film’s resistance dropped
precipitously before reaching the saturation value on
exposure to the ammonia vapour. The ZnO film’s
resistance again increased and achieved the initial value
after the ejection of ammonia vapor. In Fig. 5(f), the base
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resistance of the film was increased on the application of
potential. It can be illustrated using the classical model

presented in Fig. 8(a-c).
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Fig. 7 — (a-e) Calculation of response/recovery times and (f) plot
of response/recovery times at different potentials (0-24 V)

Fig. 8(a) depicts the adsorption of oxygen molecules onto
the film’s surface in the absence of applied potential in an
air environment. The oxygen molecules extract the electrons
from the conduction band and change into Oz ions. As a
result, the depletion region as well as the potential barrier
height increases. It increases the ZnO film’s resistance up to
the stable value. This resistance was chosen as the base
resistance under the study and is denoted as R.. When the
potential is applied to the FTO surface, the positively
charged FTO surface attracts the electrons from ZnO’s
conduction band, and additional Oz ions are adsorbed onto
the ZnO surface by taking electrons from its conduction
band. As a result, the depletion layer widened more, thereby
increasing the potential barrier height and the film’s
resistance. Figure 8(b) illustrates this phenomenon. This
explains why the applied potential raised the film’s base
resistance. When NH3s vapor is exposed to ZnO films surface,
NH3s molecules interact with Oz ions, releasing electrons
back to film’s surface. This lowers the depletion layers and
height of the potential barrier and hence the film’s
resistance, resulting in a steady value of resistance. This is
illustrated in Figure 8(c). This explains why the film's
resistance dropped as it was exposed to gas.

In Figure 6, the response increases with increasing
applied potential. It is because the application of positive
potential on the FTO surface increases Oz ions
adsorption onto the ZnO surface and hence increases the
value of base resistance, Ra. When the NHs vapour is
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exposed to the ZnO in the presence of the field, the NHs
molecules interact with additional oxygen ions and an
additional electron is liberated. It results in an additional
change in the ZnO film resistance when the potential is
applied, and a high response results. This phenomenon is
illustrated in Fig. 8(c).

In Fig. 7(a-e), the ZnO exhibited fast response with a
response time of 4-5 sec (nearly the same value) at all
applied potentials. It is because the rate of interaction of
NH3 molecules with adsorbed Oz ions determines the
response time. The higher the reaction rate, the faster
the release of electrons by Og2 ions and the faster the
response. Also, the interaction rate of the NHs molecules
with the Os~ ions was independent of the applied
potential. Therefore, response time is nearly the same in
all applied potentials. The faster the response. Also, the
interaction rate of the NHs molecules with the Og ions
was independent of an applied potential. Therefore,
response time is nearly the same in all applied potentials.
(b) In air
(Potential applied)

(c) In NH3

(a) In air
(No potential)

Energy
JQI’A?(M

— Depletion region
® NH;

Energy
JL\ fae (g

FRO" Conduction channel

@0, € - Conduction electron

Fig. 8 — Sensing mechanism of the ZnO sensor: depletion region
and barrier height of ZnO when (a) no potential, and (b)
potential is applied in air, and (c) in NH3 vapour environments

4. CONCLUSION

In summary, the ZnO film was synthesized using the
spray pyrolysis route and characterized both optically and
structurally. Its gas-sensing ability at room temperature
was investigated by applying various static potentials
(0-24V) during exposure to 400 ppm ammonia. At
increased potential, the gas response was enhanced. By
increasing the applied potential from 0 to 24V, the
response value nearly doubled, rising from 30.292 + 0.042
to 54.581 + 0.062. The ZnO showed a fast response with a
response time of 4-5 seconds at all applied potentials and
slow recovery at the higher applied potentials. The result
obtained in this work will be useful in constructing an
efficient room-temperature gas sensor.
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IToxpamenusa 3garHocTi faTanka Ha ocHOBi ZnO 10 BuaBIeHHd rady:
BIIJIUB CTATHUYHOTIO HOTeHHiaJIy
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Busisiienns rasy 3a J0mmoMoron HaHOMAaTepiaJiB HA 0CHOBI Merasokcu-HamBnpoBinaukis (MOII) HabyBae Bce
6urbmol momyssipHocti. Cepen umcirenrnx MOII-tpausucropiBe ZnO € MOMIMBAM KAHIUIATOM IS BUSIBJIIEHHS
ragdy. Haifuacrime mOBIIOMIISIETBCS IIPO Ta30BHM CeHCOpP Ha OCHOBI Zn(O, Io Ipaloe 3a BUCOKHUX POOOUMX
temreparyp. OCKiIbKE pob0oTa 3a BHCOKUX TEMIIEPATYP 3HUIKYE JOBIOTPHUBAJLY CTAOLIBHICTH CEHCOpPa, HEOOXIITHO
IPOBECTH OLIbIIE HOCIIKEeHb I PO3POOKM Ia3oBOI0 CEHCOpa I KIMHATHOI TeMIepaTyph. depe3 HHUSBKY
TEIUIOBY €HEepPril0 3a KIMHATHOI TeMIepaTypH, JOCTYIIHICTh eJeKTPOHIB Ha moBepxHi ZnO Ta amcopObiiis Moaexryst
KHCHIO € HU3BKUMHU, 10 IIPU3BOJUTD 0 HU3BKOI Peakilil HA rasd. Y I[bOMY IIPOCIEKTI IOBIIOMIISETHCSA IIPO HOBUIL
MeTOJ IMiIBUINEHHS e()eKTUBHOCTI Ira30Boro crupuitHsarts Ha ocHoBi MOII-Tpansucropis 3a KIMHATHOI TeMIIEpATYPH.
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IMPROVEMENT IN THE GAS DETECTION CAPACITY OF ZNO-BASED... JJ. NANO- ELECTRON. PHYS. 17, 04009 (2025)

VY mi#t po6ori rwiBky ZnO OyJsi0 CHHTE30BAHO METOIOM PO3IMJIIOBAJILHOTO INPOJI3y Ta O0XapaKTepHU30BAHO 3a
JIOTIOMOT010 peHTTeHiBehKol audpakirii (XRD), Y®-BuamumMol CIIeKTPOCKOIIl Ta CKaHYIY0l eJIeKTPOHHOI MIKPOCKOIII
(CEM). Cratuyunii morenriian 0-24 B Oyso mpuksiameHo 10 HaHECEHOI HA HAHOCTPYKTYpoBaHy miiBKy ZnO, oo
30LIBIIMTH II 3JATHICTH 0 a1CcOopOIrii KMCHIO Ha il ITOBEPXHI, a IOTIM Ii 3JATHICTH J0 CIIPUMHATTS aMmiaky Oyja
BUMIpSHA 3a KIMHATHOI TeMmIepaTypu. BuUMIpiOBaHHS ra3oBOT0 30HYBAHHS IIOKA3AJIA IIOKPAIIEHHS Ia30BOL
peaxrii 3 30,290 + 0,042 mmpu 0 B mo 54,581 + 0,062 mpu 24 B. Takox 0ys10 IIpogeMOHCTPOBAHO IIBUAKY PEAKIIIO 3
4JacoM peakril/BinHoBieHHa 4/338 mpu 24 B. Takumm umHOM, y IIbOMY 3BITI CTBEPIKYETHCS, IO 3ACTOCYBAHHS
TIOCTIMHOTO TMOTEHIATy MOXKe OYTH OJHUM 13 KOPUCHUX aJIbTEPHATHBHUX METO/IIB OTPUMAHHS ra30BOr0 CEHCOpa Ha
ocHorl MOH, stkwmii mipairioe 31 SHAUHOI PEAKIIIEH.

Knrouogi cinosa: [Tniska ZnO, Posnmmosansauit mipostis, 'azosi souau, Binryk, CraTuasuii morTeHIiagL.
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