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The current study investigates the effect of thickness on the structural, morphological, electronic, and optical
properties of pure zinc oxide (ZnO) and 7% Mn-doped ZnO thin films, deposited by sol-gel spin coating method.
All films exhibited a hexagonal wurtzite structure with a high preferential c-axis orientation. The surface
morphology showed a good uniformity with cracks and wrinkles. The transmittance decreased with thickness.
The bandgap energy was inversely varying with coating number. Photoluminescence spectra showed ultraviolet
with strong and weak blue and weak green emission peaks. Density functional theory and Hubbard (DFT + U)
method was then applied to study the structural, electronic, and optical properties of pure and 6.25% Mn-doped
ZnO materials. A decrease in bandgap energy from pure to 6.25% Mn-doped ZnO material was shown using the
DFT + U method. It also found that the Mn3d states were distributed far from Fermi level with a coexistence of
both ionic and covalent nature bonds. A slight shift toward the lower energy was noticed for optical properties by

Mn doping. The theoretical findings showed a similar behavior to those obtained by experiment.

1. Introduction

Zinc oxide (ZnO), a II-VI semiconductor material, has been receiving
much consideration and extensively studied owing to its wide bandgap
(3.37 eV) and large exciton binding energy (60 meV) [1]. Thus, its
physical and chemical properties are attracting many researchers to use
it in certain applications [2,3]. Different material composition, con-
centration, thickness, annealing temperature, and other parameters can
change the structural, electronic, and optical properties of ZnO thin
films, which can lead to the change in the surface morphology, particle
size, orientation of crystalline structure, and concentration of defect
modifications [4]. Furthermore, to improve its properties, ZnO is doped
with transition metal elements such as Fe, Al, Co, and Mn [5].

ZnO doped with Mn*2 has a promising optical and luminescence
properties such as a high optical gain (300 cm™), and very short lumi-
nescence lifetime, which are required for various optoelectronic and
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magneto-optical devices [6,7]. Generally, doping ZnO with Mn?* keeps
the wurtzite structure, which is similar in the ionic radius of Mn3t (0.80
10\) and Zn%** (0.74 10\) ions, facilitating the incorporation of the dopant in
the host lattice [8]; however, it may cause changes in the luminescence,
electronic, and optical properties of ZnO. Unlike strain and roughness,
numerous studies found that the grain size, average transmittance, and
bandgap values of Mn-doped ZnO thin films are less than the pure ZnO
values [7,9].

The thickness effect of pure ZnO thin films was widely studied using
different physical and chemical synthesis methods such as atomic layer
deposition [2], pulsed laser deposition [10], filtered cathodic vacuum
arc method [11], spray pyrolysis [12,13], magnetron sputtering [3,14],
and sol-gel [15-19].

However, to the best of our knowledge, investigations on the thick-
ness effect of Mn-doped ZnO thin films, which mostly used RF magne-
tron sputtering method for preparation, are limited [20-22]. It is worth
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Fig. 1. XRD patterns for various deposited layers of (a) pure and (b) 7% Mn-

doped ZnO thin films.

Table 1
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Fig. 2. Texture coefficient (TCiy) values of (a) pure and (b) 7% Mn-doped

ZnO thin films for various deposited layers.

Structural parameters of pure and 7% Mn-doped ZnO thin films for various deposited layers.

Samples Coating number Thickness (nm) 260 (°) cd) FWHM (°) Peak intensity Crystallite size (nm) Strain, €, (%) Grain size from AFM (nm)
Pure ZnO 05 242 34.52 5.194 0.224 1073 37.15 —0.233 54.60
10 609 34.54 5.192 0.218 2598 38.00 —0.284 64.86
15 808 34.50 5.198 0.209 3870 39.63 —0.169 46.33
20 1194 34.49 5.198 0.199 2622 41.74 —0.166 70.31
7% Mn:ZnO 05 450 34.36 5.218 0.824 614.14 10.09 0.219 46.33
10 951 34.38 5.215 0.815 695.14 10.20 0.165 50.96
15 1295 34.40 5.212 0.807 907.30 10.30 0.097 55.59
20 1871 34.42 5.209 0.820 992.41 10.14 0.055 62.50
Table 2
Different structural and optical parameters of pure and Mn-doped ZnO thin films reported in the literature at different thicknesses.
Sample Thickness  Substrate Zn (mol/ Mn (%)  Method c(A) CS(nm)  Strain(%) BG(eV) AT (%) PO Ref.
L)
Pure ZnO 220 Glass - 0 Sol-gel - - 0.0775 3.22 77 (101) [51]
227 Glass 0 FCVAD 5,21 22.52 —0.065 3.20 >90 (002) [41]
280 Glass 0.20 0 Sol-gel - - - 3.245 86.9 (002) [42]
295 Glass 0.65 0 Sol-gel - 19.70 —0.05 3.227 95 (002) [38]
500 Glass 0.30 0 Sol-gel 5,170 27.6 -0.71 3.27 80 (002) [40]
600 Glass 0.10 0 Sol-gel - - 0.47 3.272 79.21 (002) [17]
600 Glass 0.10 0 Spray pyrolytic 5,208 23 0.28 3.19 (101) [12]
910 Glass 0.10 0 Spray pyrolytic 5,203 27 0.26 3.210 60.1 (101) [12]
800 Glass 0.70 0 Sol-gel 5,203 31.88 0.185 3.277 85 (002) [39]
1300 Glass 0.016 0 Sol-gel 5,205 - - 3.31 75 (101) [36]
Mn-doped 398 Fused quartz - 5 RF sputtering in nitrogen 5210 18 0.035 3.37 57 (002) [22]
ZnO 957 Fused quartz 5 gas 5.190 21 —0.303 3.34 50 (002) [22]
1346 Fused quartz 5 5.190 26 —0.246 3.31 47 (002) [22]
1650 Fused quartz - 5 5.200 24 —0.218 3.03 41 (002) [22]

Zn = Zinc concentration.

Mn = Manganese content in Zn.

C = Lattice parameter.
CS = Crystallite size.
BG = Bandgap energy.

AT = Average transmittance.

PO = Preferred orientation.
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Fig. 3. FESEM cross sectional images of the samples of 5 layers; (a) pure ZnO thin films, ((b) 7% Mn-doped ZnO thin films.

noting that thickness parameter has a significant influence on the
properties of pure and Mn-doped ZnO thin films. Based on the literature,
for pure ZnO, studied using the sol-gel method, the films prefer the
(002) c-axis orientation and crystalline wurtzite structure. By increasing
the thickness (number of coats), the crystallinity improves with the in-
crease of grain size and roughness, while the strain, average trans-
mittance, and bandgap decreases [15,18,23]. This behavior is similar to
Mn-doped ZnO prepared by RF magnetron sputtering method with
thickness [20-22].

Theoretically, to predict the physical properties of pure and Mn-dope
ZnO materials, few research were performed using the first-principle
pseudopotential method based on density functional theory (DFT) and
different forms of exchange-correlation function [24-26]. The standard
DFT method failed to describe the ground-state properties of materials
containing strong localized d- and f-electron metals and underestimated
their fundamental bandgap and corresponding optical properties [27].
However, the DFT + U approach was then successfully applied to
address this problem [28].

This study aims to investigate experimentally the influence of
thickness on the structural, morphological, and optical properties of
pure and 7% Mn-doped ZnO thin films. The different coating layers were
deposited on glass substrates using the simple and low-cost sol-gel spin
coating method. Then, the properties of pure and Mn-doped ZnO (Zn;.
Mn,O, x = 6.25%) were theoretically assessed using the DFT + U
approach.

2. Experimental details
2.1. Preparation of the sample

The sol-gel spin coating technique was used to synthesize pure and
Mn-doped ZnO thin films grown on glass substrates. Zinc acetate
dehydrate [Zn(CH3COO),-2H>0] and manganese acetate tetrahydrate
[Mn(CH3COO0)2-4H,0] were used as a precursor and source of Mn2t
dopant ions. For pure ZnO samples, the precursor was dissolved in iso-
propanol [(CH3)2CHOH]. Then, monoethanolamine [NH,CH;CH;0H]
was added to the solution as stabilizer. The molar ratio of the mono-
ethanolamine to ion metal was fixed at 1. The solution was stirred at
65 °C for 1 h and aged at room temperature for 24 h. Then, it was
deposited at a spinning rate of 2000 rpm for 30 s and then was dried. The
deposition was on a glass substrate, which was cleaned in an ultrasonic
bath with acetone, ethanol, and deionized water for 10 min. To evapo-
rate the solvent and remove organic residuals, the deposited films were
preheated in a furnace at 250 °C for 5 min. The process of coating and
preheating was repeated to increase the film thickness. The obtained
films were then annealed in air at 500 °C for 1 h. To prepare the doped
films, [Mn (CH3COO),—4H>0] and [Zn (CH3COO0),—2H50] were mixed

together at 7% mol concentration and were dissolved to form the solu-
tion. To deposit the Mn-doped ZnO thin films on the glass substrates, the
same steps were followed as in pure ZnO.

2.2. Characterization of the samples

The film thicknesses were measured using Stylus Profilometer
(model: D 500). Using an X-ray diffractometer (XRD; X’Pert PRO MPD X-
ray diffractometer) with Cu-ka radiation having a wavelength of A =
1.5406 A, the structural properties of the films were characterized. The
surface morphology of the films was observed by atomic force micro-
scopy (AFM; model Asylum Research, MFP-3D Classic) and field emis-
sion scanning electron microscope (FESEM; Zeiss Supra 35 VP). The
optical transmission spectra were measured by an ultraviolet-visible
(UV-vis) spectrophotometer (UV-3101 PC-Shimadzu) in the spectral
range of 350-800 nm, and the bandgap was then evaluated. Photo-
luminescence (PL) measurements were recorded using a spectrofluo-
rometer (Perkin Elmer LS 50B) with the excitation wavelength of 325
nm.

3. Computational details

The 2 x 2 x 4 ZnO supercell containing 64 atoms is constructed from
the optimized bulk wurtzite ZnO unit cell. Then, two Mn atoms substi-
tutionally replaced two nearest Zn sites to achieve the concentration x =
6.25%, and antiferromagnetic phase was considered. For the practical, x
= 6.25% of Mn concentration was used as it is the nearest value to 7%
(concentration of Mn in the experimental part), which offers a less time-
consuming DFT calculation. This was confirmed in the previous works
for x = 12.5% [29,30], where Mn atoms form cluster around the O atom.
The obtained supercells of pure and Mn-doped ZnO materials
(Zn;_,Mn,O; x = 6.25%) are optimized using DFT as implemented in
CASTEP code [31]. The generalized gradient approximation (GGA) in
the scheme of Perdew-Burke-Ernzerhof (PBE) was used to treat the
exchange-correlation function [32].

Valence electron configurations for constructing pseudopotential
were as follows: O: 2s% 2p*, Zn: 3d'? 4s%, and Mn: 3d° 4s% The plane-
wave ultrasoft pseudopotential method was used to reduce the cut-off
kinetic energy [33], which was fixed at 400 eV. The 3 x 3 x 1 k-point
grid was employed for the Brillouin-zone integration. Geometric opti-
mization was performed using the convergence thresholds of 5 x 10
eV/atom for total energy, 0.05 eV/A for maximum force, 0.05 GPa for
pressure, and 1.0 x 10 A for maximum displacement. The total toler-
ance of self-consistent calculations was 5 x 10 eV/atom. Based on the
semi-empirical GGA + U approach to improve the bandgap energy [34],
the following effective Hubbard U values were used: 5.5 eV for Zn 3d
states, 10 eV for Mn 3d states, and 8 eV for O 2p states.
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7% Mn-doped ZnO
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Fig. 4. 3D AFM images of pure ZnO thin films: (a) 5, (b) 10, (c) 15, and (d) 20 layers. 3D AFM images of 7% Mn-doped ZnO thin films: (e) 5, (f) 10, (g) 15, and (h)

20 layers.

4. Results and discussion
4.1. Structural properties

The structural properties of pure (Fig. la) and Mn-doped ZnO
(Fig. 1b) were studied by XRD, and three main peaks were observed:
(100), (002), and (101). These peaks indicate that the pure and Mn-
doped ZnO thin films are polycrystalline with a preferential orienta-
tion along the c-axis. No secondary phase (impurity) was formed in the

doped films, such as ZnMnOs [20]. It was also shown that Mn*2
substituted for Zn?* of ZnO host does not change the wurtzite structure
[6].

However, it is observed that the (002) diffraction peak is stronger
than the other peaks, indicating that the common direction along the c-
axis is the preferential growth direction. Another factor is that the sur-
face free energy of (002) planes is the most stable compared to others
[35]. The diffraction peaks become broader for Mn-doped ZnO thin films
because of the increase of strain due to Mn*? incorporation in the Zn
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Pure ZnO

Fig. 5. FESEM images of pure ZnO thin films: (a) 5, (b) 10, (¢) 15, and (d) 20
layers. FESEM images of 7% Mn-doped ZnO thin films: (e) 5, (f) 10, (g) 15, and
(h) 20 layers.

lattice site [6,36]. The obtained results are confirmed by the large values
of the strain of Mn-doped ZnO thin films compared to those of the
undoped ones for all deposited layers.

The lattice constants a = b and c¢ of the thin films with different
deposited layers are calculated using the structure factor for wurtzite
structure [37]. The c-axis constant shifts toward higher values when
going from the pure ZnO thin films to the doped ones (Table 1). This can
be attributed to the fact that the ionic radius of Mn>" (0.80 f\) is larger
than that of Zn%* (0.74 i\). The c-axis constant of Mn-doped ZnO thin
films slightly decreases with the increase in coating number and ap-
proaches the bulk value 5.207 A (JCPDS 36-1451) [7]; however, it
insignificantly increases with thickness for pure ZnO thin films. This
evolution is inversely proportional to the slight shift toward the lower
angles of the (002) peak 20 position with the increase of the coating
number caused by relaxation of the residual strain [21]. The c-axis
values at maximum relative deviation up to 0.42% (pure ZnO) and
0.52% (Mn-doped ZnO) agree well with those reported in the literature
[12,22,38-41].

The average crystallite size was calculated using the full-width-at-
half-maximum (FWHM) of the most intense peak (002) by Scherrer’s
formula for pure and Mn-doped ZnO films with various thicknesses

Ceramics International 47 (2021) 17276-17285

(Table 1). It can be seen that the values of crystallite size of pure ZnO
films are higher than those of Mn-doped films for all deposited layers.
This may be due to the strain induced in the doped ZnO caused by the
replacement of the host (Zn2+) by the dopant (Mn2+) cations that pre-
vents the grain growth [6,9].

Furthermore, for pure ZnO thin films, the calculated values of the
crystallite sizes strongly depend on the number of the deposited layers
and increase when the number of the deposited layers increases; how-
ever, for Mn-doped ZnO thin films, these values slightly vary and
generally tend to increase as the number of deposited layers increases. It
is worth noting that a similar behavior of the crystallite sizes was
observed by others for pure ZnO thin films synthesized by sol-gel [16,
42] and for 5% Mn-doped ZnO films synthesized by RF sputtering in
nitrogen gas [22].

The strain (ezz) values are calculated using the following equation
[40]:

€77 = [(c —cp) / c0].100% D

where c is the lattice parameter of the strained films estimated from the
X-ray diffraction data and cy is the unstrained lattice parameter of bulk
ZnO (Table 1). The compressive strain decreases with the increase of the
film thickness for pure thin films, where the film is relaxed and becomes
thicker. However, Mn-doped thin films present a decreasing tensile
strain.

Most of the results reported in literature (Table 2), generally present
a similar behavior by increasing the thickness compared to those found
in the present study (Table 1). The values are not close to our results due
to deposition method, Mn concentration, or thickness differences. The
most effective peaks on XRD were further analyzed by texture coefficient
TCniry estimated using the following relation [38]:

TC ) = Jowy / : XN: (I(hkl) ) (2)
Lo iy N T Lo iy

where Iy (hkl) is the intensity of the standard powder diffraction peak, N

is the number of diffraction peaks, and I(hkl) is the measured relative

intensity of a diffraction peak.

The texture coefficient TCgy) for all peaks observed in XRD patterns
of pure (Fig. 2a) and Mn-doped ZnO (Fig. 2b) thin films were calculated
for various thicknesses. The highest TCg) value was in the (002) plane
for both pure and Mn-doped ZnO thin films, indicating that all films
present a preferred growth orientation along c-axis, i.e., (002) plane,
whatever the number of the deposited layers is. The degree of c-axis
orientation depends on the number of the deposited layers where the
higher value of texture coefficient reveals a better crystallinity of thin
film. It can be seen that the intensity of (002) diffraction peak is
increased as the film is grown up to 15 layers for both pure and Mn-
doped ZnO thin films. Above 15 layers, unlike the pure ZnO thin
films, where the (002) peak was decreased, the (002) intensity peak
continued to increase for Mn-doped ZnO thin films. The intensity of
(100) and (101) peaks were found to be increased with coating numbers
for both pure and doped ZnO films. However, the TCgyy values for the
main peak (002) of the Mn-doped ZnO thin films slightly vary in the
range of 1.57-2.07 with the number of deposited layers.

4.2. Morphological properties

It is observed that the film thickness was increased with coating
number, especially for Mn-doped thin films (Table 1). The average
thickness of each layer was found to be 50 nm for pure ZnO and 90 nm
for Mn-doped ZnO (Fig. 3). To investigate the morphological properties
of pure and Mn-doped ZnO thin films with various thicknesses, AFM
(Fig. 4) and FESEM analyses (Fig. 5) were used. The 3D AFM images
were scanned over an area of 1.0 x 1.0 pm?2. The grain size and surface
roughness of samples were extracted from the AFM images (Table 1)
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Fig. 6. Transmittance spectra (a, b), extinction coefficient (c, d) and refractive index (e, f) of pure and 7% Mn-doped ZnO thin films for various deposited layers. Inset

in (a) and (b) shows average transmittance (Av. Trans.).

using WsXM software [43]. The samples present a uniform growth, the
grains are round shape in plane for all samples, and their size generally
increases by increasing the coating number for both doped and pure ZnO
thin films. This means that the grain growth is mainly vertical and then
tends to become lateral by increasing the film thickness, which agrees
with our XRD analysis. The ZnO thin films involve columnar grains that
grow along the (002) direction perpendicular to the substrate surface.
The surface roughness of the films was found to be increased with
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thickness.

A wrinkled microstructure was observed in the FESEM images of
pure and Mn-doped ZnO thin films, which is distributed homogenously
over the whole film surface. As the thickness increased, the width,
length, and height of wrinkles were increased. Also, cracks appeared
from the samples of 10 layers for both pure (Fig. 5b) and Mn-doped ZnO
(Fig. 5f), whereas the samples of 5 layers are without cracks. The width
of cracks increased with increasing thickness. Similar surface shape was
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Fig. 8. PL spectra of (a) pure and (b) 7% Mn-doped ZnO thin films for various
deposited layers. Multi-peak Gaussian fits were also shown in the inset.

observed for pure ZnO [44,45], and Ni-doped ZnO [46].

4.3. Optical properties

To investigate the effect of film thickness on the optical properties of
pure (Fig. 6a) and Mn-doped (Fig. 6b) ZnO thin films, UV-vis spectra
were measured in the wavelength range of 350-800 nm at room tem-
perature. In the visible region, the transmittance generally decreases

Ceramics International 47 (2021) 17276-17285

with the increase of coating number for both pure and Mn-doped ZnO
thin films.

The average transmittance values of the pure ZnO thin films (inset of
Fig. 6a) are higher than those of Mn-doped ZnO ones (inset of Fig. 6b) at
the same coating number, indicating a good visible transparency for
pure ZnO thin films. This may be due to the increase in optical scattering
caused by the decrease of grain size for Mn-doped thin films [2]. It is
well known that the film becomes thicker as the coating number in-
creases, which may affect the scattering of light and then decreases the
transmittance for pure ZnO thin films [15,16,42].

However, a sharp (pure ZnO films) and blunt (Mn-doped ZnO films)
absorption edge was observed. By increasing the thickness, a red shift of
the absorption edge was observed for both pure and Mn-doped thin
films. For the pure ZnO films, the slight shift toward the large wave-
lengths could be attributed to the decrease of the carrier concentration
ascribed to the increase in the grain size and the enhancement of the
crystalline quality [19]. This result shows that the bandgap slightly
decreases from 3.28 to 3.26 eV as the film thickness increases.

Optical constants such as refractive index (n) and extinction coeffi-
cient (k) can be determined from the transmittance data by using the
following equations [47-49]:

A=log(1/T) 3
R=1-A-T @
a=2303 A/t ()
k=aij4n @)

n:(l+R)/(1—R)+w/4R/(1—R)27k2 (7)

where T is the transmittance, R is the reflectance, A is the absorbance, t is
the film thickness, a is the absorption coefficient and A is the wave-
length. The variation of k and n is presented for pure (Fig. 6¢ and e) and
Mn-doped (Fig. 6d and f) ZnO thin films. For all the films, the refractive
index varies sharply near the optical edge and tends to be constant for
the medium and low energy in the visible region. By increasing the
coating number (thickness), the refractive index increases and shifts to
lower values of energy with an appreciable amount for Mn-doped ZnO
thin films than for pure ZnO thin films. The decrease in crystallite size of
Mn-doped ZnO thin films compared to the pure ones (Table 1) causes an
increase in film density and then an increase in refractive index [49].
Also, the optical absorption edges for the extinction coefficient are
clearly seen and predict a noticeable variation of band gap with coating
number for Mn-doped ZnO than pure ZnO. These findings exhibit a
similar behavior to those calculated by other researchers for pure ZnO
[41,47,48,50] and sometimes they are in agreement with them despite
the different elaboration method and the film thickness [49].

The absorption coefficient, previously calculated, was then used to
evaluate the bandgap (E,) by utilizing the Tauc’s equation [39]. The

(ahv)® vs. photon energy hv for both pure (Fig. 7a) and Mn-doped
(Fig. 7b) ZnO thin films were plotted for various deposited layers. The
bandgap values for the pure ZnO thin films (inset of Fig. 7a) are higher
than those of the Mn-doped ZnO (inset of Fig. 7b). This may be attrib-
uted to the shrinking of the bandgap caused by the merging of an im-
purity band near the conduction band caused by the exchange
interaction between localized states of the transition metal ions and s-p
states of the host band [6,36]. For pure ZnO thin films, the bandgap
slightly decreases from 3.28 to 3.26 eV when the coating number is
increased from 5 to 20. There was a slight deviation (up to 2.07%) in the
energy bandgap from our results compared with those reported in pre-
vious works (Table 2).

However, the bandgap decreases with appreciable variation from
3.20 to 2.88 eV for Mn-doped thin films. The observed deviation, which
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Fig. 9. Band structure of pure (a) and Mn-doped (b) ZnO structures and partial density of States (PDOS); (c) O 2s, O2p, (d) Zn 4s, Zn 3d, (e) Mn 4s and Mn 3d states.
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Fig. 10. Distribution (010) surface of charge density difference for (a) pure and (b) Mn-doped ZnO.

is somewhat higher (up to 8.88%), is attributed to the fact that the
bandgap values are taken from 5% Mn-doped ZnO concentration [22].
The bandgap variation for both pure and Mn-doped ZnO might be due to
the change in the strain along the c-axis [22,42].

The effect of the coating number on the PL properties of pure
(Fig. 8a) and Mn-doped (Fig. 8b) ZnO thin films were investigated. The
obtained experimental data of PL spectra were fitted by multi-peak
Gaussian shape (insets of Fig. 8). In the pure and doped thin film
spectra, two major peaks were shown: the near-band-edge emission
centered at 387 nm, which is due to free exciton emission [39], and
broad blue emission centered at 439 nm. A second blue emission at
around 475 nm can be seen for both pure and Mn-doped ZnO thin films,
but it becomes more pronounced for pure ZnO thin films and vanishes
progressively for Mn-doped ZnO thin films with thickness. This indicates
that the oxygen vacancy concentration is decreased for Mn-doped ZnO
thin films with thickness, which may be due to the formation of multi-
layer Mn segregation in ZnO grain boundary [52]. The samples also
show a weak green emission with a peak centered at 525 nm.

However, the origin of these emissions has not been decisively un-
derstood where many researchers suggested various origins for the same
peak in the visible emission region [53-55]. The broad and strong blue
emission at around 439 nm could be originated from transition from
interstitial Zn; to the valence band; the second blue emission may be

attributed to the electron transition from the oxygen vacancy level to the
valence band; and the green emission, as quoted by some researchers,
may be due to the transition from conduction band to the Oz, level [53,
56].

As the film thickness increases, the intensity of the visible emission
increases for pure ZnO thin films, which is affected by the appreciable
change in the grain size and defect concentration of the pure ZnO [6,16].
Unlike pure ZnO, the intensities of the visible emission of the doped thin
films inversely vary as the coating number increases.

4.4. First-principle calculation

The optimized lattice constants of pure (a = b = 3.236 A and ¢ =
5.202 A) and Mn-doped (a = b = 3.255 A and ¢ = 5.238 A) ZnO
structures are slightly increased with Mn concentration, which are
comparable with our experimental results. To analyze the electronic
properties, the energy band structures (Fig. 9a and b) and partial density
of O2s, O2p, Zn 4s, Zn 3d, Mn 4s and Mn 3d states, PDOS, (Fig. 9¢c, d and
e), are shown for pure and Mn-doped ZnO structures. It is observed that
both structures are direct band gap at G point; Eg = 3.381 eV for ZnO
and Eg = 3.246 eV for Mn-doped ZnO. However, the incorporation of the
semi-empirical GGA + U approach with appropriate effective Hubbard U
values improves significantly the theoretical direct bandgap values
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Fig. 11. Complex dielectric function (a) and refractive index, n, and extinction
coefficient, k, (b) for pure ZnO and Mn-doped ZnO structures. Inset in (a) shows
dielectric function within the energy range 10.5-10.9 eV. Inset in (b) shows n
and k within the visible range of photon energy.

compared to our values obtained without taking into account the Hub-
bard correction (Eg = 0.742 eV for ZnO and Eg = 0.003 eV for Mn-doped
ZnO0) and to other previous results [30,57].

By incorporating Mn atoms, the conduction band, which mainly
originates from Zn 4s with some mixture of Mn 3d, O 2p states, and a
little Mn 4s effect, was shrunk and shifts downward to Fermi level,
which slightly decreases the bandgap (Fig. 9¢, d and e). On the other
hand, the top of valence band appears to be relatively flat within a re-
gion of 7.5 eV and is mainly from mixture of O 2p and Zn 3d states with a
little contribution from Mn 3d states. These latter states seem to be
distributed far from Fermi level.

The average Mulliken charges are found to be as follows: for pure
ZnO, Zn: 0.950e, and O: —0.950e, and for Mn-doped ZnO, Zn: 0.955e,
Mn: 0.960e, and O: —0.954e. Then, the effective valence of Zn is 1.050
for pure ZnO and that of Zn is 1.045 and Mn is 1.040 for Mn-doped ZnO.
This indicates the coexistence of both ionic and covalent bonding either
for pure or Mn-doped ZnO structures.

The distribution (010) surfaces of charge density difference were
studied for pure (Fig. 9a) and Mn-doped (Fig. 10b) ZnO. Yellow regions
show charge loss (depletion), red regions represent charge accumula-
tion, and blue color indicates a region with minimal difference. This is
consistent with the results obtained for the atomic population; the more
the atom has effective valence, the more it attracts electrons.

The frequency-dependent dielectric function is the main parameter
to deduce the optical properties of materials [58,59]. Both pure and
Mn-doped ZnO present similar behavior in the complex dielectric
function presentation (Fig. 11a). The peak intensities of pure material
are all slightly higher than those of Mn-doped material because of the

Ceramics International 47 (2021) 17276-17285

replacement of Zn atoms by Mn ones. There is an exception within a
narrow energy range (10.5-10.9 eV), where a peak is appeared at
around 10.7 eV (insets of Fig. 11a). This peak may be mainly derived
from the transition between the O 2p and Mn 3d orbitals. The shrinking
of bandgap energy for doped material causes a slight shift of dielectric
function toward the lower energy of incident photon.

The calculated refractive index and extinction coefficient are also
shown (Fig. 11b) for pure and Mn-doped ZnO structures. The extinction
coefficient presents a sharp increase near the optical edge with slight
shift to lower energy for Mn-doped ZnO structure (Inset in Fig. 11b). The
refractive index tends to be constant for lower photon energy in the
visible region (around 1.56 for pure and 1.55 for Mn-doped ZnO struc-
ture). Both refractive index and extinction coefficient exhibit a similar
behavior to those deduced from experiment in this work within the
considered energy range of the incident photon (1.55-3.5 eV).

5. Conclusions

“The thickness effects of pure and 7% Mn-doped ZnO thin films on
glass substrates, obtained by sol-gel spin coating method, were charac-
terized and calculated by GGA + U. All films present a polycrystalline
hexagonal wurtzite structure with a preferential orientation along the
(002) axis. A uniform growth and round shape in plane of grains are
observed, and their grain size slightly increases by increasing the
thickness. A wrinkled microstructure is homogeneously distributed in
pure and Mn-doped ZnO thin films, whose roughness is found to be
increased with thickness. The transmittance and bandgap were found to
be decreased for both pure and doped ZnO films with thickness, where
the bandgap slightly decreases for the pure ZnO films. The high PL
properties are remarked at low thickness for Mn-doped ZnO films and at
high thickness for pure ZnO films. The GGA + U approach improves the
theoretical direct bandgap values. The covalency of bonds is slightly
influenced from pure to Mn-doped ZnO structure, and both ionic and
covalent bonding are coexisted. Combination of experimental and
theoretical from this work will shed light on designing Mn-doped ZnO
thin films for optical, sensors and solar cell applications”.
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