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ABSTRACT Formulae display: [ MathJax ?
The structural, optical and gas detection characteristics of Mn-doped ZnO thin films synthesised
by the Successive lonic Layer Adsorption and Reaction (SILAR) process with varied doping

SZKS “entrations (4, 6 and 8%) were examined. X-ray diffraction data was used to investigate the
structural properties and confirm the hexagonal wurtzite crystal structure. The surface
morphology and the existence of all elements were verified using a field emission scanning
electron microscope and energy dispersive X-ray spectroscopy, respectively. To explore the
vibrational bands present in Mn-doped ZnO films, we used FTIR spectra at ambient
temperature. Ultraviolet-visible analysis reveals the absorption edge, which is found in the

ultraviolet area, with a minor shift towards high wave length, whereas the energy bandgap
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properties of Zn0.92Mn0.080 showed good sensitivity, selectivity and shorter response time

when compared to other prepared films.

Q KEYWORDS: Metal oxide sensitivity selectivity gas sensor

1. Introduction

Nowadays, a slew of issues come to the attention of the public, one of which is the monitoring
and detection of poisonous and hazardous gases such as CO, CO,, CH4, NO, and others in both
industrial and home settings. Dangerous gases such as nitrogen dioxide (NO,) are created
during combustion in industries, thermal power plants, chemical facilities and motor vehicles
[1]. It is extremely beneficial to build a NO, gas sensor with high sensitivity for detecting low
NO, concentrations. Environmental monitoring and early warning systems can benefit from
NO, gas sensors. Metal oxides, porous silicon and carbon nanotubes are utilised to make

various materials and thin films for detecting NO, gas in ambient air [2].

Due to their superior optical, chemical and physical characteristics, metal oxide semiconductors
have been widely used in the fabrication of gas sensors as a sensing material to detect harmful
gases. The most commonly utilised materials for gas detection are metal oxides such as ZnO,
SnO, and WO3 [3-5].

ZnO is a prominent material of semiconductors used in a variety of applications such as gas
sensing, optical, opto-electronic, piezoelectric, antibacterial activity, antifungal activity and
photocatalytic devices [6-10]. Due to its relatively large surface area to volume ratio, wide band
gap of 3.37 eV at room temperature, and high exciton binding energy, ZnO nanostructures have
gained great attention in the field of gas sensing. Thus, it has become the best candidate among

various metal oxide nanostructures [11].

Different techniques to improve the reaction speed and sensitivity of these metal oxide
materials appear to have been devised. These include noble metal additions, metal oxide
catalyst doping, the development of hybrid sensing materials, and the construction of

nanostructures with enormous surface areas, various morphologies and nanoscale sizes [12].
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working temperature of the ZnO sensor, as well as improving its selectivity, stability and fast
response towards target gases. The morphology of the surface can be altered by doping, and
the particle size of doped ZnO nanostructures is smaller than that of undoped ones due to
host-dopant interaction, which prevents crystal growth [13]. Because doping with other
elements is a proven method for regulating the amounts of donors and acceptors in
semiconductors, it is frequently used to improve the gas sensing characteristics of metal oxide

semiconductors [14].

The incorporation of a transition metal into a metal oxide semiconductor nanostructure
improves electrical, magnetic and optical properties. Donor defects present in the material have
an impact on the electrical and optical properties of transition metal doped metal oxide
nanostructures. Additionally, it improves ferromagnetic and gas sensitive properties. As a
result, the transition metal doped metal oxide semiconductor nanostructure is used in gas

sensing [15].

Mn-doped ZnO exhibits high solid solubility without phase segregation due to the ionic radius
of Mn?* being extremely close to that of Zn?* among transition metals, and Mn has exactly half-
filled 3d orbitals that promote its assimilation into the ZnO lattice. In addition, Mn?* doping
creates additional states within the ZnO band gap [16,17]. By doping transition metals like Mn
into ZnO nanostructures, ferromagnetic characteristics at room temperature may be obtained,
which improves sensor device sensing capability [11]. ZnO's electrical, magnetic and optical
characteristics benefit from Mn doping. As a result, ZnO doped with Mn has emerged as a viable
option for diluted magnetic semiconductors. Applications for diluted magnetic semiconductor
materials include their magneto-optical, magneto-electrical and magneto-transport capabilities,
etc. [18].

Various prepared methods have been applied to the synthesis of Mn-doped ZnO films for
different applications, such as the dip-coating sol-gel method [19], RF magnetron sputtering
[20], spray pyrolysis [21], chemical bath deposition [16] and SILAR [22].

In comparison to other methods, the SILAR offers the best chance of producing a large-scale
film at a reasonable cost for technological applications. It is appropriate for use at low
temperatures and aids in the regulation of composition thickness and phase purity. Variations

in deposition time and deposition cycles can also alter the characteristics of produced films
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This article's goal is to study the structural, morphological, optical and sensing characteristics of
thin films of Mn-doped ZnO fabricated using the SILAR method. According to our knowledge, we
think this work represented a first attempt to use Mn-doped ZnO as a sensing material to detect

NO, gas.

2. Experimental details

2.1. Synthesis of Mn-doped ZnO films

Zinc acetate dehydrate, ammonia solution and manganese acetate have been used as
precursors for the preparation of Mn-doped ZnO thin films. For the deposition process, glass
substrates have been used. Such substrates were first kept in a hot solution of chromic acid and
then washed with detergent mixed with tap water and rinsed with acetone. Finally, it was

washed with distilled water and dried at room temperature.

Zinc acetate and manganese acetate were dissolved in distilled water with the pH value
adjusted to 11 by adding ammonia solution for the production of (Zn,-yMn,0), where x = (0.04,
0.06 and 0.08) thin films. The precursor solution was swirled at room temperature for one hour
until it became clear and homogenous. Pre-cleaned glass substrates were steeped in precursor
solutions at 60°C for 30 s before being submerged in hot water at 60°C for another 30 s. The
approach was done 30 times. The coated films are heated at 400°C in a muffle furnace for an
hour at the end of the cycles to yield extremely crystalline Mn: ZnO thin films. Figure 1 shows

the schematic diagram of the SILAR method.

Figure 1. Schematic diagram of SILAR method.

N

Mn/Zn0O
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To calculate the film thickness, the weight difference method was used as follows:

Wy is the weight of the cleaned substrate. W, is the weight of the cleaned substrate plus film.
W,-W, =the weight of the film

AW = mg

m = AW /gm= p xV; where m is the mass of the film, p is the density of the film material and V
is the volume of the film.

Volume = (Width X Length X Thickness)of the film.

As a result, the thickness of the film =‘Volume'/('Width x Length)'.

The thicknesses of the three prepared films, Zng 95 MNg 040, ZNp.94Mng 060 and Zng.goMng g0

are found to be 1.8, 2.70 and 2.85 pm, respectively.
2.2. Gas sensing test

The gas sensing performance of Mn-doped ZnO films was investigated using a home-built static
gas sensing device, which measured the change in resistance of the films in response to
different NO, gas concentrations at a working temperature of 200°C. A sealed stainless steel
test chamber with a capacity of 250 cm?, a flat heating plate with a temperature controller, and
a gas supply input (to enter gas) and output (to remove gas) are all part of the system. The film
sensor's outside connections were wired into a Keithely 6514 electrometer with a computer-
controlled data gathering system. A conducting silver paste was applied to both ends ofa 1 cm
x 2 cm film, which was then mounted on two probe sample holders and placed in a stainless
steel test tube. Mn-doped ZnO thin films' resistance was measured in dry air flow prior to the
addition of gas in order to establish the baseline resistance. Then, a microsyringe is used to
inject a predetermined volume of gas into the housing. The following formula was used to

determine the quantity of gas concentration that was injected:
volume of gas (ml) X conc. of gas in chamber (1000 ppm)

Conc. of test gas (ppm) =
gas (ppm) volume of testing chamber (250 ml)

The gas response of sensor was calculated by using the relation:

R
__9
S=qp. (M

Where R, and Rg are resistances of the sensor in air and gas testing respectively.
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3. Results and discussion

3.1. XRD analysis

The XRD patterns in the range 26 (20°-80°) of Zn,Mn,O (x = 0.04, 0.06 and 0.08) films are
indicated in Figure 2. All films have a ZnO wurtzite structure that matches JCPDS card No.
36-1451 without any additional phases such as Mn or MnO, indicating that Mn doping has no

effect on the ZnO wurtzite structure.

Figure 2. XRD patterns of (@) Zng.geM no_o4o (b) ZNg gaM n0‘06O () Zno_gzMno_ogo.

Intensity (a.u)
L;
~
-
-

20 ' 40 ' 60 ' 80
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Display full size

The crystalline size of films was calculated by using Sherrer's equation:

D=5cose @

Where D is crystalline size, 1 is wave length of incident X-ray, g is full width half maximum
(FWHM) and @ is diffraction angle [25,26]. The crystalline size was found to increase with
increasing of Mn doping concentration, which confirms the incorporation of Mn?* (0.80 A at

the Zn%* (0.74 A9) sites [27-29]. A highly prominent (101) diffraction peak seen in XRD patterns
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increasing dopant concentration, the breadth of the (100), (002) and (101) peaks decreases,
leading in an increase in grain size. The narrowing of XRD peaks as a result of doping clearly
suggests that Zn?* has been effectively replaced by Mn?* on the ZnO host thin film structure.
Table 1, shows that the three main peaks positions, crystalline size and FWHM of prepared

films.

Table 1. Peaks positions, FWHM and crystalline size of the three main
peaks.

Download CSV  Display Table

The lattice constants ‘a’ and * ¢’ can be estimated from the peaks (100) and (002) respectively by

using the relations:
4

= \/§Sin 9(100) (3)
A

c=o—— 4
sin 9(002)
The unit cell volume can be calculated by using the equation.

V =0.866 x a* Xc (5)

The obtained values of a and ¢ as well as unit cell volume as shown in Table 2, show that as the
Mn content increases, the lattice constants and unit volume increase. This is likely owing to the
expansion of the lattice parameter caused by the substitution of the comparatively large ionic

radii Mn?* (0.80 A9) ions at the smaller radii Zn?* (0.74 A) sites, resulting in a modest rise in the

lattice constants with the Mn contents [30].

Table 2. Lattice constants and unit cell volumes of prepared films.
Display Table

The density dislocation and micro strain can be determined from the relations:
1

~ -
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Where D is crystalline size.

B
4tan 6 (7)

Where B is full width at half maximum in radian and 6 is diffraction angle in radian.

The calculated values showed decreased of density dislocation and microstrain with increase of

Mn dopant concentrations as shows in Table 3.

Table 3. Average density dislocation and strain of films for three main
peaks.

Download CSV  Display Table

3.2. Morphological analysis

Figure 3(a-c) shows field emission scanning electron micrographs of Mn-doped ZnO. The
presence of Mn at the Zn location has been discovered to affect the surface morphology of the
films. The production of numerous spherical particles all over the surface of the Mn-doped ZnO
film. The agglomeration of tiny grains into bigger clusters is seen, and this agglomeration is
found to be increased with Mn doping as well as nanorod-like structures appearing in certain
regions specifically in Zng goMng ogO film, as illustrated in Figure 3(c). The movement of grain
boundaries, which causes the coalescence of smaller grains for greater dopant concentrations,

may be to blame for the rise in agglomeration.

Figure 3. FESEM micrographs of (a) Zng.96Mng 040 (b) Zng.94Mng 060 (€) ZNg.92Mng g0 and

average particle size of (d) Zng.96Mng.040 (€) ZNg.94MnNg 0sO (f) ZNg.92MnNg ogO.
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Figure 3(d-f) shows the particle size of prepared sample Zng.96Mng.040, ZNg.94Mng 00 and

ZNng.9oMng 080, respectively.

3.3. EDS analysis

EDS was used to determine the manganese content of ZnO films produced on a glass substrate.

The EDS analysis, as shown in Figure 4(a-c), demonstrated that the quantity of Mn

incorporation is proportional to the amount of Mn concentration, as well as the dominance of

oxygen in all samples with oxygen-rich stoichiometry.

Figure 4. EDS spectra of (a) Zno_%M n0_04O (b) Zno_94|\/| no.06o (C) Zno_gzMno.ogo.
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3.4. FTIR analysis

FTIR spectra in the range 4000-600 cm™" were used for the identification of functional groups
and chemical bonds in the Mn-doped ZnO thin films. From the FTIR spectra as shown in Figure 5
(a-c), the peak at 3400 cm™ is attributed to O-H stretching mode [31]. The peak located at

2896 cm™ is due to asymmetric and symmetric vibration of C-H [27,31-33]. The peak around
2313 cm™'is due to atmospheric CO, bound [34]. peaks at 1695 and 1518 cm~! are attributed to
asymmetric and symmetric C = O stretching, respectively [33]. The peak located at 1383 cm™
may be attributed to the stretching vibration of CH3 [35]. The band at 950 cm~'-623 cm™! of Mn-
doped ZnO samples are due to the vibration of Zn-O and ZnMn-O [36].

Figure 5. FTIR spectra of (a) ZNg.g96Mng 040 (b) ZNp.94MnNg 060 (€) ZNg.92Mng 0g0.
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3.5. UV-VIS analysis

As shown in Figure 6(a-c), the UV-Vis spectra of Mn doped ZnO thin films in the range 300-800
nm exhibit the absorption edge at 341, 360 and 361 nm, respectively. The absorption peaks

show a shift towards high wavelengths with an increase of Mn dopant; this result agrees with
that reported by [11,28].

Figure 6. UV-VIS spectra of (a) ZN0.96MnNg.040 (b) ZNg.94MnNg 060 (C) ZNg.92Mng 0g0.
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The optical energy band gap was estimated by using Tauc's equation:
ahv = A(hv — Eg)n (8) where a is the absorbance coefficient, hv is photon energy, Eg is the
optical band gap, A is constant and n is the index, which can take the values 2 for indirect

allowed, % for direct allowed, 3 for indirect forbidden and 1/3 for direct forbidden transition

[37].

By plotting of (ahv)? versus photon energy ‘hv/, as illustrated in the inserts in Figure 6(a-c). The
linear segment of these plots, that intersect the energy axis at (ahv)? = 0 yields the band gap
energy ‘Eg’ [38]. Table 4 shows the values of the energy band gap. The results showed a
decrease in energy band gap with increasing Mn concentration, It might be owing to the sp-d
exchange interaction between transition metal ions and Zn or it could be due to Mn clustering,

which results in a shift in average crystallite size and surface area-to-volume ratio [18,29,39].

Table 4. Energv band gap of prepared films. %
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3.6. Gas sensing properties

3.6.1. Sensitivity and response/recovery time

Rg/Ra and Ra/Rg are the gas responses to oxidising and reducing gases, respectively, where Ra
is the sensor's resistance in air and Rg is the sensor's resistance in analytic gas. The first step in
analysing a ‘metal oxide gas sensor’ is to establish the ideal operating temperature. Therefore,
the Mn-doped ZnO samples are used to detect NO, gas at 40 ppm at different working
temperatures in order to determine the ideal working temperature. The results are displayed in
Figure 7. As can be observed from Figure 7, the sensitivity increases as the working temperature
increases, peaking at 200°C. At temperatures above 200°C, the sensors’ responsiveness starts
to decline. This indicates that the sensitivity of the Mn-doped ZnO thin film based sensor
reduces as temperature increases. This may be because NO, gas molecules compete with
oxygen atomic species for energetic locations on the metal oxide surface [40]. In the meantime,
Figure 7 shows that for NO, gas detection with our ‘Mn-doped ZnQO'’ thin films, 200°C is the ideal

working temperature.

Figure 7. Response of Mn-doped ZnO samples (a) Zn g.96Mn ¢.040 (b) ZNn .94Mn (060 (C) Zn

0.92Mn (08O towards 40 ppm concentration of NO, gas at different operating temperature.
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Figure 8(a-c) shows the responses of prepared samples to a 40 ppm concentration of NO, gas
at 200°C operating temperature, which were 1.11, 1.2 and 1.97 for the samples Zng ggMng 040,
ZNg.94Mng 050 and Zng 9oMng g0 respectively. The response of Mn/ZnO clearly increases with
increasing Mn concentration. The highest response found to be 1.97 for the sample

ZNng.92Mng 0g0. The nanorods which appear specifically in Zn g.9o Mn g g O film as illustrated in
Figure 3(c) may play an important role in performance of gas sensors is significantly influenced.
Since there is only one electron transit route possible in the one-dimensional structure and
longer nanorods have a bigger surface area, there is a free path for electron transport. As a
result, nanorods have increased sensitivity. The calculated response/ recovery time of prepared
films for 40 ppm NO, gas concentration were found to be 20.5/73.8 s, 15.22/192.5 s and
12.75/122 s for the prepared films Zng.96Mng 040, ZNg.94Mng 05O and Zng 9oMng o8O respectively.
The response time was found to decrease as the Mn concentration increased. The film
ZNng.92Mng g0 showed a shorter response time to 40 ppm NO, concentration around 12.75 s
than others, which represented the film Zng 9oMng g0 as an optimal candidate to use for
detecting NO, gas. The calculated response and response/recovery time towards 40 ppm of

NO, gas are listed in Table 5.
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Table 5. The response and response/recovery time of the prepared samples
to wards 40 ppm of NO, gas at 200°C.

Display Table

For more characterisation, we used the film Zng 9,Mng g0 to study the response and response/
recovery time at different NO, gas concentrations, as illustrated in Figure 9. From the figure, the

response of film is found to be increased by increased of gas concentration, the values obtained

R
by using the relation S = R—g were found to be 1.97, 2.51, 2.73 and 2.92 at NO, gas

a

concentrations 40, 60, 80 and 100 ppm respectively.

—_ ~ = e r,, L m e~ A A~
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The increase in response with increase of gas concentration is linear relationship can be
attributed to increase of surface adsorption and reaction. The response/recovery time is found
to be increased with increment of gas concentrations. Table 6, shows the response and
response/recovery time of Zng 9oMng ggO, towards different concentrations of NO, gas at 200°C

operating temperature as compared to various reported undoped and doped ZnO
nanostructures.

Table 6. The response and response/recovery time of Zng ggMng ¢gO
towards different concentration of NO, gas at 200°C, as compare to various
reported undoped and doped ZnO nanostructures.

Display Table

3.6.2. Selectivity

The selectivity of gas sensors is one of the important parameters in gas sensing. The selectivity
of prepared Zn0.92Mn0.080 was analysed at a 200°C operating temperature under 100 ppm of

In this article

A

16 of 26 6/16/2024, 11:12 AM



Full article: SILAR-deposited manganese doped zinc oxide thin films f... https://www.tandfonline.com/doi/full/10.1080/01411594.2023.2179921

17 of 26

of a Zn0.92Mn0.080 thin film towards various gases at a constant concentration of 100 ppm.
The Zn0.92Mn0.080 shows a significant response to NO, gas compared to other gases, which
were almost negligible compared to NO, gas. The sample showed greater selectivity toward
NO, than other gases as a result of the oxygen-deficient sensor surface's increase in NO,
adsorption sites. NO, species adsorb more quickly and effectively than other test gases due to

their high reactivity and higher electron affinity (2.28 eV) in comparison to pre-adsorbed oxygen
(0.43 eV) and other test gases [46].

Figure 10. Selectivity of Zng.92Mng ggO thin film.
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3.6.3. Gas sensing mechanism

During the adsorption and desorption of target gas molecules on the sensing layer surface, the
changes in electrical resistance of the sensing layer surface play an important role. As a result of
this, the working principle of the Mn doped ZnO sensor in the presence of nitrogen dioxide gas
is as follows: When oxygen molecules from the atmosphere are adsorbed on the surface of the
sensing layer, they grab electrons from Mn/ZnQ's conduction band, causing a drop in charge

carrier concentration and a rise in the sensing layer's resistance [15]. This can happen in the

In this article ~

6/16/2024, 11:12 AM



Full article: SILAR-deposited manganese doped zinc oxide thin films f... https://www.tandfonline.com/doi/full/10.1080/01411594.2023.2179921

O2gas = O2qas (9)
OZads +e — Oz_ads (10)
Ozqas + € = 205 (11)

Ogas + €~ = 0gds (12)

Due to the oxidising nature of NO,, NO, molecules either react with the oxygen species that are
already adsorbed on the Mn/ZnO surface or trap electrons from the conduction band of Mn/
ZnO, which further increases resistance [1] as following reactions:

NO, +e~ - NO, (13)

NO, + 05 +2e~ - NO; +20~ (14)

NO, + 0™ +2e~ > NO; +07% (15)

4. Conclusions

In this study, we successfully synthesised of Mn-doped ZnO thin films by using the SILAR
method. The characterisation of the structural, morphological, elemental and optical
characteristics of the Mn-doped ZnO was conducted using XRD, SEM, EDS, FTIR, and UV-Vis. All
samples show hexagonal wurtzite crystal structures, according to XRD analysis. The size of the
crystallite, the lattice constants, and the FWHM, point to Mn ions being substituted at the Zn site
of the ZnO lattice. The FESEM images confirm numerous spherical particles all over the surface
of the Mn doped ZnO film. The agglomeration of tiny grains into bigger clusters is seen, and this
agglomeration is found to be increased with Mn doping. Zn, Mn, and oxygen are present across
the scanned region of the samples, according to EDS spectra. FT-IR study confirms the proper
incorporation of Mn ions in the Zn site of ZnO. UV-VIS analysis shows that the increase in Mn
concentration causes a slight shift of the absorption edge and a decrease in the band gap. The
response of Mn/ ZnO to 40 ppm of NO; gas increase with increment of Mn concentration. The
highest response was found to be 1.97 for the sample Zng g, Mng og O, with response/ recovery
time 12.75/ 122 s. The response of Zn0.92 Mn0.080 to different NO, gas concentrations

increases as the NO, gas concentration increases.
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