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Synthesis of Mn doped nanostructured zinc oxide thin films for H; gas sensing
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Thin films of zinc oxide and (ZnO:Mn) with 1% and 3% concentrations were created at
400 °C by spray pyrolysis. According to X-ray diffraction (XRD) investigation, ZnO films
are polycrystalline and have a cubic structure with a distinct peak in one direction (101).

The grain size increases as manganese content rise, from 12.66 nm to 14.66 nm. While the
strain (g) for ZnO reduced after manganese doping, it decreased from 27.36 to 23.63.
Surface topography and nanostructure study reveal that as the manganese (Mn) content of
ZnO films increased, cluster grain size, average roughness, and root mean square
roughness (Rrms) all significantly reduced. SEM images show substantial morphological
changes from flat islands to spherical nano-grains post-manganese via Mn content. The
average transmittance was >70% in the visible area for Undoped ZnO and 1, 3%
Manganese doping optical transmittance demonstrates exceptional optical transparency.
When doping levels are increased by 1% or 3%, the absorption coefficient rises. The
optical band gap widens in ZnO: Mn film for allowed direct transition has been decreased
from (3.32 to 3.21) eV. Results illustrate that the films' refractive index and extinction
coefficient decreases with increasing Mn Doped. Hydrogen gas decreases resistance in
ZnO films, suggesting p-type behavior. Doping with 3% Mn increases resistance.
Decreased sensitivity with higher Mn content after hydrogen gas exposure indicates
increased electrical resistance in the film.
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1. Introduction

Zinc oxide (ZnO) possesses distinctive characteristics, including being an n-type
semiconductor, exhibiting high transparency, and demonstrating elevated electron mobility and
thermal conductivity. Zinc oxide has many applications due to its excellent optical, photoelectric,
and piezoelectric properties. Thus, this approach is ideal for realizing optical devices, including
LED , and solar cells,. In the applications above, zinc oxide (ZnO) with a hexagonal wurzite
structure has recently shown potential as an ITO alternative [1-4]. It is particularly interested in
wide bandgap semiconductors due to the growing commercial need for short-wavelength LED [5-
7]. ZnO-nanostructured films are a great option because of their wide bandgap (3.37 eV) and high
exciton binding energy of 60 mV [8-11]. ZnO is grown using a variety of techniques, such as dip
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coating [12], chemical vapor deposition [13], hydrothermal growth [14], thermal vacuum
evaporation [15], RF sputtering [16], electrodeposition [17], atomic layer deposition [18] and SPM
[19], Spray pyrolysis is one of these techniques suitable for broad-area thin film production and
simple doping [20]. This paper reports the experimental findings of physical attributes discovered
using various characterization methods. The thin films under study were applied to a glass
substrate using spray pyrolysis, which can produce large-area films with good optical properties
and crystalline at a low cost. The temperature and deposition time are crucial because this is a
chemical procedure. This work aims to show Mn's effect on the physical characterization and gas
sensing.

2. Experimental

The current study used CSP to manufacture Mn-doped ZnO film on a glass slide substrate.
Thin films of ZnO were produced using this technique. 0.1 M of ZnCl, dissolved in the 1:1
mixture of deionized water and ethanol was used to manufacture ZnO thin films. The doping
substance was manganese trichloride (MnCls), which was dissolved in deionized water, and a few
drops of hydrochloric acid were added so the solution would be transparent. The following are the
requirements for preparation: Base temperature was 400 °C, there was a distance of 28 cm between
spout and base, and the spraying period was 8 s, but it was prolonged by 65 seconds to prevent
cooling, the spray rate was 5 ml/min, and N, was used as the transporter gas. The thickness was
determined using the gravimetric method of 340 + 20 nm. The thin film ZnO generated was
established by XRD analysis, and AFM was used to evaluate the films' structure and morphology.
SEM images were acquired utilizing a multi-function scanning electron microscope model ALS
2300 Angstrom. Transmittance is estimated using a UV-Vis NIR. A gas sensor was developed
using undoped ZnO and Mn-doped ZnO thin films featuring aluminum electrodes. The gas
sensitivity was assessed based on the percentage change in resistance within a cylindrical chamber
(radius: 8.5 cm, height: 17 cm).

3. Results and discussions

Figure (1) presents the XRD patterns of the ZnO thin film synthesized through a simple
chemical method before annealing. The peaks at angles of 31.73°, 36.24°, 47.42°, and 62.65°
correspond to the (100), (101), (102), and (103) planes, respectively [21, 22]. These peaks indicate
a polycrystalline nature and a preferred orientation along the (101) direction, as confirmed by the
ICDD card number (36.1451), revealing a crystalline structure with a specific orientation[10]. The
grain size (D) was calculated using Scherrer's Eq. (1) [23, 24]:
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where A is the X-rays' wavelength, p and 6 are FWHM and the Bragg angle of (101) peak,
respectively. The results presented in Table (1) indicate an increase in D from 12.66 to 14.66 nm
with the addition of ZnO: 3% Mn. This suggests that the manganese content plays a crucial role in
adjusting the crystal sizes [25, 26].

Evaluation is also done on other structural metrics, including dislocation density (6) from
Eq. 2 [27, 28].
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The calculation of the strain (€) is calculated using the following equation [29, 30]:
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Table (1) presents the data, indicating a reduction in strain with an increase in manganese
content. The improvement in crystalline quality is attributed to the regular atom arrangements in
the crystal lattice [31, 32]. These findings suggest a fundamental impact of manganese
concentration on crystallite size, decreasing from 12.66 to 14.66. Fig. (2) depicts the structural
parameters (S—para) as functions of manganese concentration.
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Fig. 1. XRD patterns.

Table 1. D, optical bandgap and Sy, of prepared films.

Specimen 2] | (hkl) | FWHM E, D 3 (x 10“‘2> E
@) Plane ® (eV) (nm) (lines/m”) (x10
Undoped ZnO 36.24 101 0.66 3.32 12.66 62.33 27.36
Zn0: 1% Mn 36.21 101 0.62 3.26 13.48 54.97 25.70
Zn0: 3% Mn 36.17 101 0.57 3.21 14.66 46.47 23.63
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Fig. 2. Spyq of the grown films.
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Fig. 3. AFM informations of the grown films.




797

The AFM image in Figure 3 reveals the three-dimensional surface morphology of zinc
oxide films produced by SPM. Table 1 summarizes the films' average particle size (P,,), Rrms, and
roughness (Ra). Average particle sizes for ZnO, ZnO:1% Mn, and ZnO:3% Mn were (92.6),
(85.7), and (47.8) nm, respectively. As the doping increases, the Rrms value for as-deposited ZnO
thin films decreases to 1.99 nm [33]. The Ra roughness parameters, as depicted in Figs. 3(a;), (bs),
and (c3), exhibit a trend with dopant concentration. Detailed AFM parameter Papy values are
presented in Table 2.

Table 2. P4y of the intended films.

Samples P, R, Rims
nm (nm) (nm)

Undoped ZnO 92..6 8.31 10.81
Zn0: 1% Mn 85.7 6.27 6.15
Zn0: 3% Mn 47.8 3.96 5.23

The morphological changes observed in the SEM images (Figure 4) indicate that
Manganese doping in the synthesized films, consisting of undoped and manganese-doped ZnO,
significantly influences the film morphology. Initially, the surface exhibits distinct, virtually flat
islands [19]. However, a notable transformation occurs with an increase in manganese doping,
resulting in a uniform surface coverage with spherical nano-grains. The decreasing size of these
nano-grains as Manganese doping concentration increases implies a correlation between the level
of manganese doping and the resulting nanostructure. This highlights the substantial impact of
increased Manganese doping on shaping the film morphology [34, 35].
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Fig. 4. SEM images (a) udoped ZnO (b) 1% doped by Mn (c) 3% doped by Mn.

The transmittance is calculated from equation 4 [36]:

I
%=I_% (4-)

o

where (Io) is the initial light intensity and (I) is the light intensity after it passes through the
sample. Fig. (5) displays the transmittance (T) spectra of ZnO film and doped films. The
decrease in transmittance observed in Figure (5) with increasing manganese content indicates that
the introduction of Manganese into the ZnO film impacts its optical properties. The reduction in
transmittance may be attributed to the influence of Manganese on the crystal structure and optical
properties of the ZnO film, leading to changes in its optical behavior [20].

The absorption coefficient (a) is determined [37, 38]:

a =2303(A4/T) 5)
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where t is the film thickness, The observed increase in the absorption coefficient (o) with an
elevation in manganese doping, as depicted in Fig. 6, signifies a notable influence of manganese
on the optical properties of the ZnO thin films [39].

The energy gap E, is plotted following Tauc relation [40, 41]:

(ahv) = A(hv — Eg)% (6)

where A is the constant, v is the incoming radiation's frequency, and h is Planck's constant; Figure
7 displays the resulting graph, illustrating the energy gap values of ZnO and manganese-doped
ZnO films. The energy gap for ZnO is approximately 3.32 ¢V, while the manganese-doped ZnO
film exhibits a reduced energy gap of about 3.21 eV. This decrease in the energy gap indicates a
modification in the material's electronic structure due to the incorporation of Manganese. The
observed trend aligns with findings reported by other researchers [8, 42].
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Fig. 5. Transmittance versus wavelength of the grown films.
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Fig. 6. Absorption coefficient versus hv for deposited films.
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Fig. 7. (ahv)’ versus hv for the ZnO with different Mn doping.

The extinction coefficient (K) is meaured by Eq. 7 [43, 44]:

_ak

e = 41 Q)

The observed change in the extinction coefficient (k) in Figure 8 indicates a slight
reduction after magnesium doping. This reduction is linked to the wavelength of polarized light.
However, it is noteworthy that k quickly regains its absorption characteristic, emphasizing the
dynamic nature of the material's optical properties following Manganese doping [45].

Eq. 8 obtains the refractive index (n )[46, 47]:

= (1R 4R 12
n= 1_R)+ RErD k ®)

where R is the reflectance, In Figure 9, the observed trend demonstrates a marginal decrease in the
refractive index (n) with increasing manganese content, as plotted against wavelength (A). This
suggests that the incorporation of Manganese influences the optical properties of the material,
resulting in a slight reduction in refractive index [19, 48].
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Fig. 8. k of the grown films.
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In Fig. (10), the resistance via response time is depicted for films with undoped ZnO and
manganese-doped ZnO. The observed decrease in resistance for all samples upon introducing
Hydrogen gas into the chamber indicates that ZnO behaves as a p-type semiconductor. This
suggests that oxidizing gases like hydrogen molecules (H,) (a concentration of 180 ppm.) react
with the film surface, capturing electrons from the conduction band. This process increases the
number of holes (majority charge carriers in p-type semiconductors) in the conduction band,
reducing film resistance [49].The ZnO:Mn doping at 3% concentration also demonstrated the

highest resistance, suggesting the impact of doping on the semiconductor properties of the films
[17].
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Fig. 10. Resistance as a function of operating time for Undoped and ZnO: Mn films with different dopant.

The percentage change in resistance after exposure to gas is a popular way to determine a
film's sensitivity (S). This can be expressed as the ratio of the resistance in air to the steady-state
value when gas is present [50]. The following formula can be used to determine the sensor's
response or detection sensitivity [51, 52]:

Sensitivit AR
ensitivity = — =
Rg

Rg — R,
R

x 100 % C)]

g

The decrease in sensitivity with increasing Tin content, as observed in the sensitivity plots
in Figure (11) after exposure to hydrogen gas, can be attributed to the heightened electrical
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resistance of the film. This increase in resistance results from the recombination process between
the charge carriers of holes and electrons released from oxygen. Specifically, the reduction in
sensitivity from 53.6% to 20.1% for 180 ppm, from 49.9% to 14.7% for 180 ppm, and from 46.4%
to 12.2% for 90 ppm for undoped ZnO and Tin-doped ZnO, respectively, suggests that the doping
concentration influences the film's response to hydrogen gas [53].
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Fig. 11. Sensitivity of Undoped and ZnO: Mn films with different dopant.

4. Conclusion

We looked at spray pyrolysis-deposited thin films of zinc oxide. According to XRD
findings, annealed ZnO films have a preferred orientation of 101 degrees. Microstructural
parameters have been computed for prepared samples. Particle size increases as the manganese
content does, from 12.66 nm to 14.66 nm. The surface morphology of the deposits' materials has
been investigated using AFM. Undoped ZnO, ZnO:1% Mn, and ZnO:3% Mn nanoparticles were
found to have grains between 92.6, 85.7, and 47.8 nm in size, respectively. SEM images illustrate
a significant transformation from flat islands to spherical nano-grains following Manganese
doping in ZnO films. The transmittance in the visible range is greater than 78 %. The absorption
coefficient decreased by increasing Mn content, and the optical bandgap values decreased from
3.32 to 3.21 eV with an increase in manganese-doped zinc oxide. The extraction coefficient and
refractive index are lower with manganese concentration in zinc oxide thin films.Hydrogen gas
reduces resistance in ZnO films, indicating p-type behavior. Doping with 3% Mn increases
resistance. Decreasing sensitivity with higher Tin content in hydrogen gas exposure indicates
elevated electrical resistance.
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