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Abstract

In this work, the Zn; ,Na,O (x =0, 0.01, 0.03, and 0.05) thin film gas sensors were prepared via the sol-gel spin coating
method to study the impact of sodium on structural, morphological, elemental, electrical, and gas sensing applications.
Crystal structure (XRD), energy dispersive X-ray analysis (EDX), X-ray photoelectron spectroscopy (XPS), field emission
scanning electron microscopy (FESEM), four-probe hall measurement, and NO, gas sensing properties were investigated to
ascertain the elemental composition, morphology, defect density states, working temperature, response/recovery time,
stability, selectivity, and repeatability. The 3 wt.%Na:ZnO gas sensor displays a gas-accessible structure with more oxygen
vacancies, remarkable stability, and sensitivity towards NO, gas at an optimum temperature (210 °C). A possible gas-sensing
mechanism was also discussed and correlated with structural, elemental, morphological, and electrical properties.

Graphical Abstract

Pure, 1 wt.% Na-doped, 3 wt.% Na-doped, and 5 wt.% Na-doped ZnO thin film sensors were fabricated via the sol-gel spin
coating technique and exhibited a hexagonal wurtzite structure. The incorporation of Na into the ZnO matrix was confirmed
by EDX and XPS analysis. The 3%Na-doped ZnO thin film exhibits more oxygen vacancies and carrier concentration. The
3%Na-doped ZnO thin film shows an enhanced gas sensing response of 22.53 against 75 ppm of NO, gas. Good selectivity,
outstanding stability, rapid response and recovery times, and excellent reproducibility are all demonstrated by the 3%Na-
doped ZnO.
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Highlights

e Through sol-gel spin coating technique, pure, (1,3, and 5) wt.% Na-doped ZnO thin film sensors were fabricated and

characterized.

e 3 wt.%Na-doped ZnO thin film with porous structure exhibit more oxygen vacancies and carrier density.
e 3%Na-doped ZnO thin film shows enhanced gas sensing performance against 75 ppm of NO, gas.

1 Introduction

Nowadays, industrialization and urbanization release a wide
range of harmful gases into the atmosphere, including H,S,
CO,, NH3, NO,, Cl,, etc., which harm human health and the
environment. Amongst, nitrogen dioxide (NO,), a major air
pollutant, is produced by burning fossil fuels, leading to
acid rain and can cause lung and respiratory-related diseases
[1]. So there is a greater need to develop NO, gas sensors
with low optimal temperatures, remarkable gas sensitivity,
outstanding stability, and excellent repeatability. Recently,
several research groups have focused on developing metal
oxide semiconductor (MOS) gas sensors, such as Fe,Os,
CuO, NiO, In,0O3, W03, SnO,, ZnO, Co30y,, etc., to detect
oxidizing and reducing gases [2-9].

Among the assorted MOS gas sensors, Zinc Oxide (ZnO)
is attracted by many researchers due to its exceptional
features such as broad bandgap, high exciton binding
energy, a wide range of electrical resistivity from 10* to
102 Q-cm, abundance in nature, nontoxicity, environmental
friendliness, suitable for doping, etc. [10]. Even though
ZnO is a promising candidate for monitoring various toxic
gases like CH4, NHj3, Cl,, NO,, H,S, CO, etc. In addition,
ZnO has numerous drawbacks, including low reliability,
low gas sensitivity, and a high working temperature, which
may restrict its gas-sensing applicability [11-14]. Novel
methods of ZnO fabrication and doping with relevant ele-
ments have been used to address these limitations of ZnO
gas sensors.

Many research groups have focused to developed porous,
nanocomposite, nano-rod, nano-strutured, hetero-structured,
and utilizing suitable dopants to enhance the gas sensing
efficiency of ZnO [15-20]. However, little attention is paid
to doping ZnO with alkali metals (Li, Na, or K) to improve
gas sensitivity [10, 21, 22]. Our earlier published work
demonstrates that Li-doped ZnO successfully improves NO2
gas detection [23]. For improved NO, gas sensing applica-
tions, we here further develop another alkali metal (Na)-
doped ZnO. Sodium (Na) is one of the appropriate materials
which can tailor the structural, morphological, elemental,
and gas-sensing properties of ZnO. The ionic radius of
sodium (95 pm) is higher as compared with zinc (74 pm),
which may substitute either an interstitial site of ZnO (Na;)
or a lattice site of ZnO (Nag,), expecting n-type conductivity
or p-type conductivity, respectively [24, 25]. It has a shallow
substitutional level, expected to be 170 meV below the

@ Springer

conduction band minimum (CBM) [11, 12, 25]. The strength
of interaction between the defect density states, formed by
Na doping, and the inherent defect states might play a pro-
minent role in the electrical characteristics and gas sensing
capabilities of Na:ZnO [24, 26-31]. When Na is substituted,
the defect states may align closely with the inherent defect
states of ZnO, leads to enhance NO, gas sensitivity. Thus,
alkali metal-doped ZnO was considered to be a promising
material for device applications for future study.

In this scenario, we have prepared Na (0, 1, 3, and
5 wt.%) doped ZnO (Na: ZnO) thin films via the sol-gel
spin-coating technique for NO, gas sensing applications.
The deposited thin film samples were examined through
various characterization techniques, including XRD, XPS,
FE-SEM, EDX, and the Hall measurements to investigate
the effect of Na on the structural, morphological, and
electrical properties of Na: ZnO thin-film. Among the
deposited samples, 3%Na:ZnO thin film sensor exhibits the
remarkable sensitivity and rapid response/ recovery dura-
tion toward NO, gas at its optimum temperature of 210°C.
Also, a possible the gas sensing mechanism was discussed
and correlates it with defect density states of Na: ZnO.

2 Experimental techniques
2.1 Chemical reagents

All chemical reagents used ACS-quality that can be used
without further purification., zinc acetate dehydrate
(Zn(CH5C0OO0),.2H,0),  sodium  acetate  trihydrate
(CH3COONa-3H,0), diethanolamine (DEA), and isopropyl
alcohol (IPA), are purchased from Sigma Aldrich (India).
Calibrated Nitrogen dioxide (NO,) gas cylinders purchased
from Chemtron scientific laboratory, Pvt. Ltd, India.

2.2 Film fabrication

The Na:ZnO thin-film gas sensors were fabricated via sol-
gel spin coating on a low-cost, transparent, heat-resistive
glass substrate [26-28]. To ensure the quality of the
deposited films, the substrate was first cleaned with an
ultrasonic cleaner followed by acetone. We prepared the
precursor solution of 0.5 M by adding equimolar amounts of
DMA (stabilizer) and the required quantity of zinc acetate
dihydrate to the IPA (solvent). The mixture was then stirred
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Fig. 1 a X-ray diffraction spectra and (b) zoomed XRD spectra of Na:ZnO thin film sensor

at room temperature until a clear solution was obtained.
Then, add the necessary amount of sodium acetate trihy-
drate (0, 1, 3, and 5 wt.%) and stir until the solution turns
transparent. For stability, we stored the prepared solution
for 48 h before spin-coating it onto a glass substrate and
drying it at 150 °C in a hot air oven for 20 min, followed by
30 min of annealing at 500 °C in a tube furnace as per our
previous fabrication procedure [23, 32].

2.3 Thin films characterization

The crystalline structure studies were carried out by X-ray
diffractometer (PAN Analytical, Japan, A = 0.154 nm with
Cu-Ka radiation), surface morphology and elemental com-
position collected from FESEM Carl Zeiss Supra, 40 VP,
EDX (Joel, JSM-6010), and chemical state of elements
obtained from XPS (Kraton, Axis Ultra). Electrical para-
meters of the thin films were measured at RT by a four-
probe Hall measurement system, HMS-3000, Ecopia, S.
Korea. The gas sensing parameters of the Na:ZnO thin-film
sensors were collected from a Keysight 34461 A (6.5-
resolution) multimeter while it was exposed to different
concentrations of NO, gas at optimal temperature (210 °C).
Finally, to ensure a moisture-free environment and for
baseline resistance stabilization, the gas sensors were pre-
heated for 20 min at 500 °C and humidity had been negli-
gible at high temperatures above 150 °C [33]. Sensitivity is
defined as follows [34]:

=

gas
)
Rair
Rair

For an oxidizing gas, sensitivity =

And for reducing gas, sensitivity =
gas

Table 1 XRD parameters of Na:ZnO thin films

Lattice
parameters (A)

Thin films FWHM(B) a=b ¢ Crystallite size (D) Volume
(deg) (nm) Ay
Pure ZnO  0.4853 2.8804 4983 16.37 35.79
1%Na:ZnO 0.4473 2.8571 4.9427 17.76 34.94
3%Na:ZnO 0.3471 2.8604 4.9484 22.89 35.06
5%Na:ZnO 0.3749 2.8542 49377 21.19 34.83

3 Result and discussions
3.1 structural study

Figure 1a depicts the XRD pattern of Na:ZnO thin films (0, 1,
3, and 5 wt.%). All the obtained peaks are attributed to the hcp
structure of ZnO according to JCPDS card No-89-0510 with
no extra diffracted peaks observed corresponding to Na or
Na,O [35]. In the ZnO lattice, Na atoms are either replaced by
Zn atoms (Zny,) or introduced into interstitial sites (Na;). The
peaks are slightly shifted to the higher angle side up to 3%
Na:ZnO, after which they tend to shift towards the lower angle
side. This suggests that up to 3% Na: ZnO, Na enters the
interstitial site rather than the lattice site, after which Na
occupies the lattice site instead of an interstitial site, Fig. 1b
[23, 36-39]. Na interstitials are present close to oxygen
vacancies (VO), which is favorable for improved gas sensi-
tivity [40]. The crystal structure of ZnO is not altered by
doping sodium, but it affects the peak intensity. In order to
investigate the causes of this reduction in intensity, various

@ Springer
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Fig. 2 FE-SEM (surface and cross sectional) image of (a) pure ZnO, (b) 1%Na:ZnO, (¢) 3%Na:ZnO and (d) 5%Na:ZnO thin film sensor

lattice parameters are determined. The following equations are

used to compute the lattice constants “a”, “c”, volume (V) and

crystallite size (D) of ZnO thin films with (002) orientations:
2

\/5’;.11 5 ©= AV= ‘/3; € = 0.866a2c and Scherrer’s

equation D = p()c'gslle‘ Where 0 is the Bragg’s angle, A is the

a—=

X-ray wavelength, and f is the full width at half maximum
(FWHM) of the (002) plane. Table 1 shows the lattice para-
meters a, c, crystallite size, volume, and FWHM along the
(002) plane. It shows FWHM decreases, but crystallite size
shows an increasing trend with Na doping and a decrease after
3% Na:ZnO, reveals that dopants can act as nucleation sites,
promoting crystallite formation [41]. Na has essentially no
impact on the ZnO host since there is only a small change in
the lattice parameter of ZnO.

3.2 FE-SEM analysis

The morphology of the ZnO nanostructures changed by Na
doping is identified using FE-SEM analysis, as shown in

@ Springer

Fig. 2a—d and the histogram is used to determine the grain
size of Na:ZnO, depicted as Fig. 3. In 1%Na:ZnO, the
surface morphology changes significantly, and the grain
size reduces when compared to pure ZnO, Figs. (2b, 3b).
The decrease in trend in grain size has continued up to 3%
Na:ZnO with larger voids and a porous structure, serving as
an active site for the test gas, Figs. (2c, 3c). It is due to
insoluble Na atoms being segregated at the grain boundaries
and that leads to suppression of ZnO crystal growth at the
same time it can act as nucleation sites, promoting crys-
tallite formation, Table 1 [35, 42, 43]. Besides, in 5%
Na:ZnO, particles accumulate more and exhibit a high
degree of aggregation, Figs. (2d, 3d). The fluctuation in
surface energy due to the local inhomogeneity of sodium
distribution may be the cause this alteration. A cross-
sectional section image of FE-SEM (insert of Fig. 2a—d) is
employed to compute the thickness of a Na:ZnO thin film
sensor, with a range of 625-648 nm (inset of Fig. 2a—d)
[44, 45]. The elemental distribution of the pure and Na:ZnO
samples is confirmed by EDX analysis and is displayed in
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Fig. 3 Size distribution histogram diagram of Na:ZnO thin film sensor

Fig. 4a—d. The EDX results reveal that Zn and O are present
in pure ZnO, instead Na, Zn, and O were seen in Na-doped
ZnO thin films, which gives clear evidence that Na was
successfully doped into the ZnO matrix.

3.3 Hall measurement

The electrical conductivity studies of Na:ZnO thin-films
have been evaluated using a four-probe Hall measurement
system, and the results are tabulated in Table 2. The elec-
trical conductivity measurement reveals that pure, 1, and

1%Na:Zn0O

Count

30 35 40 45 50 55
Grain size (nm)

5%Na:Zn0

0
20 22 24 26 28 30 32 34 36 38 40
Grain size (nm)

3 wt% Na:ZnO thin film sensors exhibited n-type, whereas
5 wt% Na:ZnO is p-type. Usually, oxygen vacancies of ZnO
are of shallow donor levels just below the conduction band
minimum (CBM) for the n-type ZnO, (Table 2a) this may
be expressed using the Kroger-Vink notation, Eq. (1) [32].

Zn0 & Znl, + Vo +¢ (1)
In both the 1%Na:ZnO and 3%Na:ZnO thin film sensors,

Na is expected to occupy the interstitial site and release an
electron for conduction. As a result, electrical resistance

@ Springer
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Fig. 4 EDX image of (a) Pure, (b) 1%Na:ZnO, (c) 3%Na:ZnO, and (d) 5%Na:ZnO thin film sensor

Table 2 Gas-sensing and

. . Thin Film Carrier-concentration Resistivity Mobility Type Gas-Sensitivity (R/R,) Response/
::}lfctglcal parameters of Na:ZnO (per cm®) (Q-cm) (cm?/Vs) Recovery
in-films Time (s)
(a) Pure ZnO  1.16 x 10" 1.17x10°  4.63 n 12.35 22/193
(b) 1%Na: ZnO 1.41 x 10'6 234x10° 1.9 n 17.94 16/141
(c) 3%Na: ZnO 2.09 x 10'6 7.46x 10" 4.0l n 21.53 18/112
(d) 5%Na: ZnO 2.68 x 10 1.03x10° 2258 p 17.23 18/146

decreases with increasing carrier concentration, as expres-
sed in Eq. (2), (Table 2b, c).

27n0 _ -
Na,O & Na; +¢' 4+ Of (2)
Besides 5%Na:Zn0O, shows p-type conductivity with a

significant increase in resistance and a reduction in carrier
concentration, as per Eq. (3), (Table 2d) [24].

27Zn0O , < .
Na,O & 2Na, + O} + 2h (3)

@ Springer

3.4 XPS analysis

The extended effect of defect states in Na:ZnO thin films has
been investigated using XPS. We have also attempted to
correlate the roles of Na ions that are either interstitial (Na;)
or substitutional (Nag,) in the presence of oxygen vacancy
defects. There are several distinct peaks seen that are caused
by absorbed carbon, Zn, O, and Na. However, there are no
peaks associated with impurity components within the
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Fig. 5 a XPS survey study, (b) Scan for Zn2p spectra, (c—f) spectra of O 1s and (g) Na 1 s binding energy level

detection limit. The XPS survey spectra of the Na:ZnO thin
film are shown in Fig. 5a. High-resolution XPS spectra of
Zn, Na, and O have been collected to evaluate the influence
of Na on ZnO samples. Figure 5(b) reveals that the binding
energies of Zn 2ps;, and 2py; the energies between the two
states, which correspond to pure 1%Na:ZnO, 3%Na:ZnO,
and 5%Na:ZnO thin films, are 23.1 eV, 23.05¢eV, 23 eV, and
23.1eV, respectively, concurring with previous reports [46].

The oxygen vacancies of Na:ZnO thin film samples has
been calculated by fitting the O 1s peak into three peaks
(I, I, and III) using Gaussian multiple peaks fit, as depicted
in Fig. S5c—f. Peak I is attributed to O, surrounded by ZnO
crystals, peak II to lack oxygen in ZnO compound, and peak

Table 3 Oxygen defects among the deposited samples

Thin film Peak 1 Peak 11 Peak III
Pure ZnO 45.9% 38.1% 16%
1%Na:ZnO 59.7% 24.1% 26.2%
3%Na:ZnO 27.4% 15.2% 57.4%
5%Na:ZnO 74.2% 6.3% 19.5%

IIT to oxygen-deficient Zones. The results revels that, 3% Na:
ZnO thin film sensor, as displayed in Table 3, has sig-
nificantly greater oxygen vacancies, making it a suitable
choice for NO, gas sensing applications. Additionally, XPS
Na 1 s spectra reveal that the 3% Na:ZnO thin film sensor has
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a lower binding energy (1071.22eV), confirming the inter-
stitial substitution of Na* (Na;), while the 5% Na: ZnO thin
film sensor has a higher binding energy (1071.75eV), con-
firming the lattice substitution (Na,,) in the ZnO matrix [30].

3.5 Gas sensing study

The sensitivity of a MOS gas sensor mostly depends on the
optimal temperature. In this study, primarily, gas sensing
performance of the fabricated samples were tested at various
temperatures (70-240 °C) after being exposed to 75ppm of

3500000 4

0, .
141 sec ! /o:Na.ZnO

3000000 4

2500000 4

2000000

1500000 -

1000000 -

Recovery Time

500000 -

| Response Time

- 1 T 1 .
50 100 150 200 250

Time (sec)

(=4

12000000 - 1555

146sec  5%Na:Zn0
10000000 4 oy
8000000 4
6000000 -

4000000 4

2000000

Recovery Time

Response Time

0 50 100 150 200

Time (sec)

NO, gas Fig. 6a [23]. Further, the gas-sensing studies of the
pure and Na:ZnO thin-film sensors with various NO, gas
concentrations (15ppm to 75ppm) are studied, Fig. 6b.
Besides, the response/recovery duration and NO, gas sen-
sitivity of Na:ZnO thin film sensors at 75ppm are measured,
Fig. 7 and Table 2. In short, the optimum temperature and
suitable material for gas sensing applications are 210 °C and
3% Na:ZnO, respectively.

As part of the selectivity study, pure and 3%Na:ZnO thin
films were exposed to 75ppm of various toxic gases
(Cl,, NH3, NO and NO,) at 210 °C, and the results showed
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Table 4 Comparison of different

dopants on ZnO thin films for SI. No Dopant toeﬁflnel:::t?] e €0 Sensitivity EZZE?,ZSG E&lz/ © Bibliography
NO, gas sensing performance P vy
1 ZnO-branched SnO, 300 26.61 550/100 [50]
nanowires
2 Ga,05-core/ZnO- 300 7246.6%  840/400 [51]
shell
Nb/ZnO 300 1640% 30/250 [52]
ZnO/CuO NWs 350 30 250/340 [53]
ZnO-decorated 300 1.023 93.1/285.2 [54]
MWCNT
Al/ZnO 250 11 540/ 600 [55]
Na:ZnO 210 21.53 18/112 Present study

our samples were most selective to the NO, gas, (Fig. 6¢).
Then, the gas sensing measurements of pure and 3%
Na:ZnO sensors were performed at 210 °C, in the presence
of 75 ppm of NO,, in order to depicts their long-term
durability. For freshly prepared samples, gas sensitivity was
determined to be 12.35 and 21.53, respectively. Addition-
ally, the gas sensing measurement has been performed after
three months, with 9.86 (decreased by 20.3%), and 19.7
(decreased by 8.4%), demonstrates the superior quality of
3%Na:ZnO thin film, Fig. 6d. Also, the reproducibility of
3%Na:ZnO thin films was tested, and results show that
sensor behavior does not significantly change, (Fig. 6e). In
summary, 3%Na:ZnO is a desirable material for gas sensing
devices. In Table 4, we summarize the comparative study of
different dopants on ZnO thin films for NO, gas sensing.

3.6 Gas sensing mechanism

The gas sensing mechanism of MOSs mostly depends on
the change in resistance in the presence of the test gas, by
the formation of free electrons at the surface of ZnO.
Oxygen vacancies and sensor resistance are improved when
the dopant is incorporated. The oxygen vacancies play a key
role in gas sensing mechanism [34]. In this study, 3%
Na:ZnO thin film sensor have more surface oxygen
vacancies as proved by XPS result (Fig. Se), and Table 3.
Thus, oxygen vacancy plays a key role on gas sensing
mechanism, the oxygen vacancy defects are more favored
for adsorption site of NO, gas, this could be explained using
the following Eqgs. (4) and (5) [38, 39].

ZnOy_1 + 0Oy +e +NO, — ZnO + NO(ads) 4)

No(q4s5) + ZnO — NO + ZnO (5)
At room temperature, the oxygen ion adsorbed on the
surface of the thin film sensor withdraw electrons from the

conduction band, resulting in negatively charged species
[23, 47, 48]. When NO, gas is introduced, it interacts with

@ Springer

the previously adsorbed O as shown in the equation
below (6) [49].

NOZ(“ds) + O%t;ds) +2 & Nog(ads) + 20(;(15) (6)

As a result, a potential barrier is formed with a positive
charge in the semiconductor and a negative charge on the
adsorbed gases. In the presence of NO, gas, the height of
the barriers enlarges due to the withdrawal of extra electrons
from the surface of thin film sensor, resulting in an increase
in sensor resistance. This could be explained by Na has a
shallow substitutional level, just below CBM, closely
associated with oxygen vacancy. As a result, the interaction
between the defect states created by the dopant and the
intrinsic defects of ZnO becomes prominent leads to
remarkable gas sensitivity, Fig. 6b. The sharp increase in
sensitivity also may be due to a decrease in grain size with
porous and voids structure, as shown in Fig. 2c, also pro-
vides active site for NO, gas adsorption. Meanwhile, it can
be concluded that, the 3%Na:ZnO shows remarkable NO,
gas sensing performance and rapid response/recovery time
were suitable for device application.

4 Conclusion

In this study, pure/Na:ZnO thin film gas sensors are fabricated
for NO, gas sensing applications via the sol-gel spin coating
technique. The influence of Na dopant to the structural, mor-
phological, and electrical features of the ZnO samples are
analyzed via XRD, XPS, FE-SEM, EDX, and a four-probe
Hall measurement system. The hexagonal wurtzite phase of
the prepared samples is verified by XRD data. Spherical and
irregular particles with average grain sizes ranging from 24 to
58 nm with Na substitution and thicknesses ranging from 625
to 648 nm have been revealed by FE-SEM analysis. Four-
probe Hall measurement provides the electrical conductivity,
and the XPS spectra prove the existence of defect states in
Na:ZnO thin film sensors. The low resistive 3%Na:ZnO
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displays a gas-accessible structure with more oxygen vacan-
cies showed remarkable stability and sensitivity toward NO,
gas. Therefore, our research affirms that the 3%Na:ZnO is one
of the best combination to tune the density of defect states host
system and is a promising material for future gas sensing
applications.
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