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ABSTRACT

This paper investigated the nitrogen dioxide and ammonia gas-sensing properties of Au-coated ZnO
thin films obtained by a hybrid method combining atomic layer deposition (ALD) and thermal evaporation
techniques. The scanning electron microscopy (SEM) results showed Au nanoparticles, and the thickness of
the Au-coated ZnO thin films was approximately 33 nm. X-ray photoelectron spectroscopy (XPS) results
confirmed that Au nanoparticles were coated on the surface of the ZnO thin films. The gas sensor based on
Au-coated ZnO thin films was tested upon exposure to nitrogen dioxide and ammonia gases with concentrations
of 10 ppm to 90 ppm at 250 °C. Furthermore, the Au-coated ZnO thin films showed an excellent response at
a low nitrogen dioxide concentration (10 ppm) with a relative response value of 574%. Moreover, the gas

sensor exhibited a high relative and selectivity response to nitrogen dioxide gas.
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Introduction

The international air pollution problem has become increasingly urgent because it can cause damage
to the human respiratory system. Nitrogen dioxide (NO,) is the most hazardous and highly toxic gas, a reddish-
brown gas or dark brown to yellowish liquid with a strong odor. The combustion of fuels, power plants,
automobile exhaust, and chemical factories produces the air pollution. Moreover, nitrogen dioxide can cause
photochemical smog, acid rain, and pollution haze [1, 2]. A threshold limit value (TLV) of 5 ppm for short-
term NO, exposure was set by the U.S. Occupational Safety and Health Administration (OSHA), while the
TLV for long-term exposure was set at 100 ppb by the U.S. Environmental Protection Agency (EPA) [3].
Ammonia has corrosive properties and is highly toxic. It can harm eyes, skin, and throat. Particularly, inhaling
ammonia gas can harm lungs if inhaled in excess of safe levels. It can cause life-threatening diseases.
The Occupational Safety and Health Administration (OSHA) has set an acceptable exposure limit for ammonia
to humans at 25 ppm and 35 ppm for 8 hours and 15 minutes, respectively [4]. Therefore, reliable and highly
efficient NO, and NH; gas sensing devices must be developed.

A gas sensing device based on zinc oxide (ZnO) materials has the characteristics of high sensitivity,
fast response and recovery times, good selectivity, high electron mobility, stability, operating at room
temperature, and low concentration detection [5-9]. They have great advantages for various gas detection, such
as acetone, ethanol, benzene, methanol, formaldehyde, ammonia, nitrogen dioxide, carbon monoxide, hydrogen,
and hydrogen sulfide gases [10-18]. Zinc oxide is an N-type metal oxide semiconductor (MOS) with a wide
band gap of 3.37 eV. Several methods have been used to synthesize zinc oxide materials, for example,
hydrothermal, sol-gel, spray pyrolysis, electrochemical anodization, thermal evaporation, precipitation,
microwave-assisted, and physical vapor deposition (PVD) [19-26]. Accordingly, a gas sensing device based on
zinc oxide with various morphologies, such as nanorods, nanofibers, nanotubes, nanowires, nanoparticles,
nanosheets, and thin films, has been advanced for NO, gas detection. To improve the gas sensitivity and
response in zinc oxide materials, doping is induced either by noble metals such as Ag and Au or transition
metals such as Fe, Mn, Cu, and Ni for acting as catalysts [1, 16, 27-30].

Research studies have been reported on the gas sensing device based on zinc oxide materials.
Ponnuvelu et al. fabricated hybrid ZnO@Au core-shell nanorods by using a rapid and cost-effective in situ
chemical synthesis method. The gas sensor based on ZnO@Au core—shell nanorods exhibited good selectivity
toward NO, and was very stable [31]. Bonyani et al. synthesized Au-decorated ZnO-polyaniline (PANI)
composite nanofibers with different amounts of PANI (10, 25, and 50 wt.%) by using electrospinning and coating
for NO, gas detection. The sensor with 256 wt.%, PANI exhibited the best response to NO, gas at 300 °C.
Moreover, the optimized sensor showed high selectivity to NO, gas [32]. Kim et al. synthesized gold (Au)

nanoparticles (NPs)-decorated zinc oxide (ZnO) nanowires (NWs) for nitrogen dioxide (NO,) gas sensing. The
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sensor showed high sensitivity and rapid response to nitrogen dioxide (NO,) gas at room temperature [33].
Moreover, research studies have reported on the effects of the thickness on thin films for gas sensors. Li et al.
fabricated gas sensors based on TiO, nano-films with thicknesses of 100 nm, 50 nm, and 30 nm employing a
capacitor-like sandwiched Pt/TiO,/Pt structure for a H, gas sensor. The TiO, nano-film with a thickness of 30 nm
exhibited the highest response to H, gas at a concentration of 1000 ppm at 100 °C [34]. Hung et al. synthesized
SnS thin films with different thicknesses (30, 50, 80, and 100 nm) for nitrogen dioxide (NO,) gas sensing.
The response of the SnS thin film with a thickness of 30 nm was significantly higher than that of other sensors
[35].

In this investigation, the Au-coated ZnO thin films were synthesized by using the hybrid method
combining atomic layer deposition (ALD) and thermal evaporation techniques. The advantages of the thermal
evaporation method include the ability to adjust the thin film thickness at the nanoscale, as well as its simplicity
and low cost [36]. Atomic layer deposition (ALD) method is one of the approaches used to synthesize
nanomaterials. The advantages of the ALD method include high-quality films, control over film thickness, high
film density, and uniform thickness over large areas. Therefore, thermal evaporation and atomic layer deposition
techniques are considered facile methods for preparing pristine ZnO and Au-coated ZnO thin film materials
[37]. The dynamic response and recovery cycle of Au-coated ZnO thin films upon exposure to NO, and NH,
gases with concentrations ranging from 10 to 90 ppm at 250 °C was reported. Gas sensing behavior was

observed for the Au-coated ZnO thin films toward NO, gas with high response and selectivity.

Materials and Methods
Synthesis of Au-coated ZnQO thin films
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Figure 1 Schematic of synthesized Au-coated ZnO thin films by the two-step method.
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First, the ZnO thin films were deposited on SiO,/Si substrates by the atomic layer deposition method
(ALD). The ALD cycles were repeated for 85 cycles at 100 °C by using 10 s of diethyl zinc (DEZ) pulse, 10 s
H,0 pulse, and two N, purges per cycle. Therefore, the as-synthesized ZnO thin film thickness was 30 nm.
Subsequently, a thermal evaporator coated Au nanoparticles onto as-synthesized ZnO thin films with a
deposition rate of 0.1 Assec. The thickness of the Au nanoparticles on the as-synthesized ZnO thin films was
3 nm. After that, the sample was annealed at 400 °C for 1 h under an Ar atmosphere. Finally, the Au-coated
ZnO thin films were successfully synthesized by a hybrid method combining ALD and thermal evaporation

techniques, as shown in Figure 1.

Characterization of Au-coated ZnO thin films

A scanning electron microscope (SEM, Hitachi S-4800) was used to investigate the surface morphology
of the Au-coated ZnO thin films. X-ray photoelectron spectroscopy (XPS, K-alpha, Thermo Scientific) was
used to analyze the valence and composition of the surface elements of pristine ZnO thin films and Au-coated

ZnO thin films.

Fabrication and measurement of the Au-coated ZnO thin films gas sensor

The interdigitated electrodes (IDE) (Cr/Au, 3/70 nm) were deposited on the surface of Au-coated ZnO
thin films (Figure 1). Subsequently, the response of the sample was measured by using a Keithley-4200
semiconductor parameter analyzer and the responses were examined by exposing them to NO, and NH; gas
with concentrations ranging from 10 to 90 ppm at 250 °C. However, testing gas detectors in response to
ammonia gas and nitrogen dioxide gas is conducted at different times. Figure 2 shows the system configuration

for a gas sensor.

Chamber
Gas inlet
\ Pump
MFC NO,
MFC NH,
MFC Air

Figure 2 diagram of the gas sensing system.
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Results and discussion

Figure 3 shows the surface morphology of the Au-coated ZnO thin films, which were examined by
using the SEM technique. The results showed uniformly distributed nanoparticles of gold with a diameter of
approximately 10 — 30 nm, as shown in the enlarged SEM images of the Au-coated ZnO thin films (Figure
3(b)). Figure 3(c) shows the cross-section of the Au-coated ZnO thin films. Considering the thickness of the

Au-coated ZnO thin films, the results showed that the thin films had a uniform thickness of approximately 33 nm.

Au-coated ZnO
thin film

Si

Mag = 50.00 K X EHT = 3.00 kV

T e e -

Figure 3 SEM images of (a) Au-coated ZnO thin films, (b) enlarged SEM images of Au-coated ZnO thin

films, and (c) the cross-section of Au-coated ZnO thin films.
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The components and valence of elements were investigated by using the XPS technique. The survey
spectrum of the pristine ZnO thin films showed peaks of Zn, O, and C elements, while the Au-coated ZnO
thin films showed the peaks of Zn, O, Au, and C elements, as shown in Figure 4(a). The results clearly showed
that the intensity of the ZnO thin films was higher than that of the Au-coated ZnO thin films, especially the
peak of Zn 2p. Figure 4(b) shows symmetry peaks of Zn 2p1/2 and Zn 2p3/2, corresponding to binding
energies of 1044.2 and 1021.1 eV, respectively. The distance between Zn 2p1/2 and Zn 2p3/2 is 23.1 eV,
corresponding to the Zn®' state in both pristine ZnO and Au-coated ZnO thin films [38, 39]. Comparing the
spectral Zn 2p1/2 and Zn 2p3/2 peaks of Au-coated ZnO and pristine ZnO thin films, it was found that the
Zn 2p1/2 and Zn 2p3/2 peak of Au-coated ZnO thin film was slightly shifted forward by 0.2 eV, which could
indicate an increase the electron density due to the coating of Au nanoparticles on the ZnO thin films [38].
The oxygen element peaks of Au-coated ZnO and pristine ZnO thin films are shown in Figure 4(c-d). The
results showed that the O 1s peaks of pristine ZnO thin films appear at 530.0, 531.5, and 532.6 eV, which
correspond with lattice oxygen (O;), oxygen vacancy (Oy), and adsorbed oxygen (Oc), respectively. However,
the peaks of O;, Oy, and O¢, Au-coated ZnO appear at 529.8, 531.2, and 532.0 eV, respectively. As a result,
the oxygen vacancy (Oy) and adsorbed oxygen (Oc) spectra of Au-coated ZnO thin films increased as compared
to that of pristine ZnO thin films, and the lattice oxygen (O) spectra of Au-coated ZnO thin films markedly
decreased [40]. The percentage of oxygen vacancy (Oy) and adsorbed oxygen (O¢) in Au-coated ZnO thin
films increased from 20.17% to 25.93% and from 3.97% to 7.82%, respectively. Therefore, Au-coated ZnO
thin films can provide more oxygen vacancy (Oy) and adsorbed oxygen (O¢) than pristine ZnO thin films. For
this reason, Au-coated ZnO thin films are useful to improve the gas sensitive properties of the sensor. Because,
the Au on the surface of the ZnO thin film facilitates the reaction between the reactive gas and the oxygen
atmosphere [41]. The peaks at 88.0 eV and 90.8 eV can be attributed to the Au 4f;,, and Zn 3p;,,, respectively,
as shown in Figure 4(e) [42].
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Figure 4 XPS spectra of ZnO and Au-coated ZnO thin films (a) survey spectrum, (b) Zn 2p, (c) O 1s (d) Au-
Zn0, and (e) Au 4f-Zn 3p.

The dynamic response curve of the Au-coated ZnO thin films gas sensor is shown in Figure 5. The
Au-coated ZnO thin films gas sensor was exposed to NO, and NH; gases with concentrations ranging from
10 to 90 ppm at 250 °C. The result showed that Au-coated ZnO thin films gas sensor can respond to NO,
and NH; gases at concentrations as low as 10 ppm. High-resolution images of the dynamic response curve of
NO, and NH; gases at a concentration of 20 ppm at 250 °C are shown in Figure 6(a-b). The results showed
that the response times (t.,) of the Au-coated ZnO thin films gas sensor were 300 and 600 s, corresponding
to NO, and NH; gases, respectively. As a result, the Au-coated ZnO thin films gas sensor reacted significantly
faster to NH; gas than NO, gas. However, the recovery times (t,..) of NH; and NO, gases of the Au-coated
Zn0 thin films gas sensor were similar. Figure 6(c—d) shows a high-resolution image of the dynamic response

curve of the Au-coated ZnO thin films gas sensor in response to NH; and NO, gases at concentrations of 80
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and 90 ppm at 250 °C. Considering the two cycles in NH; gas, the results showed that the Au-coated ZnO
thin films gas sensor was able to return to its initial resistance value with a slight difference in resistance in
air (R,), while the resistance value of the Au-coated ZnO thin films gas sensor decreased with increasing
concentration of NH; gas. In NO, gas, the results showed that when the Au-coated ZnO thin films gas sensor
was exposed to NO, gas, the resistance value increased with increasing concentration of NO, gas. As a result,
it was shown that the air resistivity of the two loops was 94 and 145 MJ(), corresponding to the gas
concentration loops of 80 and 90 ppm. The results showed that as the concentration of NO, gas increased, the
resistance value of the Au-coated ZnO thin films gas sensor also increased. However, the resistance of the Au-
coated ZnO thin films gas sensor could not return to the initial resistance value in air within 3600 s, as shown

in Figure 6(d). The initial resistance recovery in NH; gas is better than that in NO, gas. However, it is possible

that the AR value of the response to NO, gas is approximately 40 times greater than that of NH; gas, as

shown in Figure 7. Consequently, the resistance while responding to NO, gas cannot return to the initial resistance

within 3600 s. In contrast, the AR value of the response to NH; gas is small, allowing the resistance to return

to its initial value within 3600 s.
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Figure 5 The dynamic response curve of the Au-coated ZnO thin films gas sensor upon exposure to NO, and

NH, gases with concentrations ranging from 10 ppm to 90 ppm at 250 °C.
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Figure 6 High-resolution images of the dynamic response curve of Au-coated ZnO thin films gas sensor upon

exposure to 20 ppm concentration of (a) NHs and (b) (NO,) gases and 80-90 ppm concentrations of (c) NH;
and (d) NO,, at 250 °C.

2000 4

B \H
1800 4 8
I o,

(o 1600 -
1400 A
1200 -
1000 A
800 4
600 -
400 -
200 4

0 -

Relative Response (%

10 20 30 40 50 60 70 80 90
Concentration (ppm)

Figure 7 Comparison of the relative response of Au-coated ZnO thin films to NH; and NO, gases at

concentrations ranging from 10 ppm to 90 ppm at 250 °C.
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A comparison of the relative response of the Au-coated ZnO thin films gas sensor upon exposure to

NH; and NO, gases is presented in Figure 6. The relative response was calculated using equations (1)-(2)

R,—-R
AR (%) = [%}100% For Reducing gas (1)
g

R,-R
AR (%) = [%jxloo% For Oxidizing gas (2)

a

where AR is relative response in percent, R, is resistance in an air atmosphere, and R, is resistance in a gas

atmosphere [43].

To investigate its selectivity, the Au-coated ZnO thin films gas sensor was exposed to NO, and NH;

gases at concentrations ranging from 10 ppm to 90 ppm at 250 °C. The relative responses (AR) of the Au-
coated ZnO thin films gas sensor to 10 - 90 ppm NO, gas were 574.17, 814.29, 1261.38, 1420.73, 1857.14,
1848.75, 1221.59, 672.34, and 511.91, respectively. The relative responses of the Au-coated ZnO thin films
gas sensor to 10 - 90 ppm NH; gas were 13.26, 19.29, 30.94, 39.97, 48.09, 59.29, 64.69, 71.33, and 78.94,
respectively. As a result, the results showed that the relative response in NO, gas tended to increase in the gas
concentration range of 10-50 ppm and decreased in the range of 60-90 ppm. Additionally, the sensor's relative
response value in NH; gas tended to increase with increasing gas concentration, as shown in Figure 7 (red bar
chart). According to the relative response bar chart, the Au-coated ZnO thin films gas sensor responded more
to NO, than NH; gas. Therefore, the gas sensing device based on Au-coated ZnO thin films has a high selective
response to NO, gas.

Figure 8 shows the mechanism of the Au-coated ZnO thin films gas sensor. Due to the Au-coated
ZnO thin films, the gas sensor exhibited n-type semiconductor materials behavior. The sensing mechanism of
the gas sensing device can be described by the electron depletion layer theory (EDL). Under an air atmosphere,
when the sensor was exposed to air, nearby oxygen molecules were chemisorbed on the surface area of the
Au-coated ZnO thin film materials. The chemical reaction of the sensor in an air atmosphere can be explained

via the following equations (3)-(6) [43].

O (gas) — Oztaci) (3)
Opatsy + € > Ooasg (T < 100°C) (4)
Opatsy & — 200us) (100°C< T <300 °C) (5)

Oza 0+ e —— O(Za‘ds) (T > 300°C) (6)
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As shown in Figure 8(a), when the Au-coated ZnO thin films gas sensor was exposed to air, the nearly
free electrons were captured by the oxygen molecules on the sample’s surface area. Therefore, the oxygen
molecules become oxygen ions, as shown in equations (4-6), because the surface area of the Au-coated ZnO
thin films had a low free electron concentration. As a result, the electron depletion layer of the Au-coated ZnO
thin films became wider and increased the resistance value of the sample. When the Au-coated ZnO thin films
gas sensor was exposed to NH; gas, the resistance of the sensor was lower than the initial resistance value
because NH3; molecules react with oxygen ions, and the captured free electrons were released to the surface
area of the sample as shown in equation (7) [44]. However, the Au nanoparticles act as a catalyst for the
dissociation of oxygen molecules. The Au nanoparticles on the surface area of the ZnO thin films catalyzed
the dissociation of nearly oxygen molecules on its surface area. Therefore, the oxygen molecules were easily

separated on the surface area of the Au nanoparticles [44].

4NH3(ads) + 30£(ads) E— N2(ads) + 6H20(ads) + 367 (7)

(a) Electron

| Depletion Layer

2NH; + 30,4

N, + 3H,0 + 3¢

b) Electron NO; + 204

‘ Depletion Layer | _ NOj; + O
[ ) [+ Y e

Au @O M Zn0

Figure 8 Mechanism of Au-coated ZnO thin films gas sensor upon exposure (a) NH; and (b) NO, gases.
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Figure 8(b) shows the sensing mechanism of the Au-coated ZnO thin films gas sensor exposed to NO,
gas. This mechanism is divergent from the ammonia gas sensor. In the NO, atmosphere, free electrons and
oxygen ions are captured by NO, molecules and converted to nitrogen dioxide ions, as shown in equations
(8-10). As a result, the free electrons concentration is low. Moreover, this reaction causes a lower free electron
concentration and a wider electron depletion layer. Therefore, the resistance value of the Au-coated ZnO thin

films is greater than the initial resistance value [32, 45].

NO,(g) ——> NO, (ads) (8)
NO, + 200 —— NO, + 0%" (10)

Conclusion

Overall, the Au-coated thin film materials were successfully synthesized by using a hybrid method
combining ALD and thermal evaporation techniques. The surface morphology of as-synthesized materials
showed a uniform Au nanoparticle on ZnO thin film materials. Moreover, the thickness of the Au-coated thin
film materials was approximately 33 nm. The Au-coated ZnO thin films gas sensor responded to NH; and
NO, gases with 10 to 90 ppm concentrations at 250 °C. The Au-coated ZnO thin films gas sensing device
had a high relative response and high selective response to NO, gas. However, the Au-coated ZnO thin film
gas sensor exhibited a fast response to ammonia gas, though its relative response was still significantly lower

than that of NO, gas. Therefore, an Au-coated ZnO thin film gas sensor is suitable for detecting NO, gas.
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