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A B S T R A C T

This study aims to prepare manganese-doped zinc oxide (MZO) thin films with low Mn content (x = 0, 2, 4 %) 
using the sol–gel spin coating method and to characterize their structural, optical, and magnetic properties. 
Experimental techniques were complemented by Density Functional Theory calculations with Hubbard correc
tion (DFT-LDA + U). All films exhibit a polycrystalline wurtzite hexagonal phase of ZnO. As the Mn doping 
increases, all diffraction peaks are getting weaker, which leads to deterioration in the crystallinity of the samples. 
Furthermore, Mn doping affects the grain size (57.44–38.20 nm), the surface morphology (rms: 45.24–30.47 
nm), the transmittance (93–54 %) and the optical band gap energy (Eg: 3.27–3.18 eV). Photoluminescence 
spectra reveals ultraviolet peaks (386–395 nm) along with weak green (525 nm) and strong (438 nm) and weak 
(475 nm) blue peaks. DFT-LDA + U calculations exhibits an antiferromagnetic phase with slightly reduced Eg 
(3.379 eV for x = 0 % and 3.267 for 3.7 %), attributed to the influence of Mn3d states near the Fermi level. This 
study presents a comprehensive analysis of low-content Mn-doped ZnO thin films by combining experimental 
and theoretical approaches. The findings provide valuable insights into the electronic, structural, optical, and 
magnetic properties of MZO, emphasizing the critical role of Mn 3d states in altering the magnetic behavior and 
adjusting Eg.

1. Introduction

Zinc oxide (ZnO) stands out as a II–VI semiconductor material 
characterized by a direct wide band gap of 3.37 eV and a substantial 
exciton binding energy of 60 meV at room temperature. This unique 
combination of properties, including high chemical stability, non- 
toxicity, low growth temperature, and transparency in the visible 
range, makes ZnO a highly promising candidate for various applications 
and its potential spans across multiple devices.

Recent years have seen a surge in research focusing on the doping of 
ZnO with various elements such as Co, Mg, Al, Si, Ti, Ru and Mn to 
enhance its properties [1–4]. In particular, Mn has been frequently used 
as a dopant, with numerous studies investigating the diverse physical 
properties of Mn-doped ZnO (MZO) thin films synthesized under 
different experimental conditions [5]. This interest is driven by the 
potential of ZnO in developing optoelectronic devices in the blue and 
ultraviolet spectral ranges and its unique properties as a dilute magnetic 
semiconductor (DMS), including room temperature ferromagnetism and 
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semiconductivity [6]. These characteristics have drawn significant 
attention due to their magnetic, magneto-optic, and magnetoelectric 
attributes. On the other hand, theoretical predictions of the properties of 
ZnO and MZO structures have been conducted using first-principle 
pseudopotential methods based on density functional theory (DFT) 
with various exchange–correlation functionals [7,8]. Numerous DFT 
calculations using LDA or GGA have studied intrinsic and extrinsic point 
defects but face the band-gap problem, affecting energy difference ac
curacy [9]. DFT calculations with Hubbard correction (DFT-LDA + U or 
DFT-GGA + U) methods are proposed to correct formation and transi
tion energy levels [9,10]. While DFT with pseudopotentials accurately 
predicts ground state properties, it struggles with d and f electron 
localization in transition materials [11]. The DFT-GGA + U approach 
significantly improves these calculations by better accounting for elec
tron localization [12].

Numerous studies have been conducted on ZnO thin films covering a 
large Mn content and aiming to discover the phase transition for such 
materials [1,5,6]. Few experiments are limited to investigate low Mn 
doping which helps maintain the optical transparency, structural 
integrity, and electrical conductivity, while preventing defects and 
performance degradation associated with higher Mn levels in ZnO host 
lattice [13,14]. Besides, the study tackles challenges in DFT calculations 
related to accurately predicting the properties of MZO, especially for 
optical and electronic properties for materials that exhibit d and f 
electron localization, aiming to provide reliable computational models 
for optimizing ZnO-based devices [7–12].

This study aims to fabricate thin films of ZnO and MZO at low Mn 
concentrations (x = 2 and 4 %). Characterization of pure ZnO and MZO 
thin films was reported, with the electronic, structural, optical, and 
morphological properties comprehensively analyzed using various 
analytical techniques. Theoretically, the DFT-GGA + U approach was 
adopted to calculate the properties of ZnO and MZO structures. These 
theoretical predictions are then compared with experimental data.

2. Experimental and computational details

Manganese acetate tetrahydrate [Mn(CH3COO)2⋅4H2O], Zinc acetate 

dihydrate [Zn (CH3COO)2⋅2H2O] and isopropanol were used as a start
ing material, dopant source and stabilizer, respectively, to prepare MZO 
thin films by sol–gel method spin coated on glass substrates [15]. The 
metal ion concentration was set at 0.7 M with a 1:1 M ratio of Mono
ethanolamine (MEA) to metal ions, followed by stirring at 65 ◦C for 2 h 
and aging at room temperature for 24 h. The solution was dropped into a 
clean (ultrasonic cleaner and deionized water) and dry substrate at 
2800 rpm for 30 s, followed by the preheating of the obtained films at 
250 ◦C for 10 min. The preheating and coating process was repeated 
several times. The films were finally annealed at 500 ◦C for 1.5 h. The 
precursors were mixed in varying molar ratios to achieve the desired Mn 
dopant content, following the procedure detailed in Ref. [16].

Many techniques were used to investigate the films; X-ray diffrac
tometer XRD (X’Pert PRO MPD-Cu-kα: λ = 1.5406 Å), Atomic Force 
Microscopy (AFM: MFP-3D CAR), Photoluminescence spectrofluorom
eter (PL: Perkin Elmer LS-50B λ = 325 nm) and Ultraviolet–visible 
spectrophotometer (UV–vis: UV-3101 Shimadzu). The film thicknesses 
were measured using Stylus Profilometer (model: D 500).

DFT calculations, as implemented in CASTEP code, were performed 
to estimate the electronic, structural, magnetic and optical properties of 
ZnO and MZO [17]. The exchange–correlation function was described 
using the generalized gradient approximation (GGA) in the scheme of 
Perdew–Burke–Ernzerhof (PBE) [18]. The substitutional method and the 
optimized ZnO primitive cell (Fig. 1.a) were used to constitute 3 × 3 × 3 
ZnO supercell model (Fig. 1.b) and achieve the Mn content x of 3,7% 
[19]. The energy cut-off of 400 eV was used for the plane-wave ultrasoft 
pseudopotential method [20]. K-point meshes of 2 × 2 × 1 is used to 
sampling the Brillouin zone. The valence-electron configurations for the 
O (2s2 2p4), Zn (3d10 4s2) and Mn (3d5 4s2) were selected. The 
convergence tolerance is fixed at 0.05 eV/Å for maximum force, 5 ×
10− 6 eV/atom for energy change, 10− 3 Å for maximum displacement 
and 0.05 GPa for maximum stress, 5.0 10− 6 eV per atom for self- 
consistent field (SCF) threshold. The effective Hubbard U values 
within the semiempirical LDA + U approach were fixed at 8.0 eV for O 
2p, 5.5 eV for Zn 3d, and 10 eV for Mn 3d states [8,21,22]. Antiferro
magnetic phase of MZO, supported by previous studies, was adopted 
[8,23].

Fig. 1. The structure of ZnO-based material; (a) ZnO primitive cell, and (b) 3 × 3 × 3 ZnO supercell; two Mn atoms (yellow) substitute two Zn atoms (gray) to obtain 
a concentration of x = 3.7 %, and Zn atom is tetrahedrally surrounded by four O atoms (red).
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3. Results and discussion

3.1. Experimental results

The XRD pattern (Fig. 2.a) validates the formation of a poly
crystalline wurtzite hexagonal phase for MZO thin films (x = 0, 2, and 4 
%) without other phases. Furthermore, all samples exhibit a preferential 
orientation along the (0 0 2) axis as reported previously in the literature 
for MZO [5,8,24]. However, with increasing Mn doping, the diffraction 
peaks gradually weaken, indicating a decline in the crystallinity of the 
samples.

The lattice constants a = b and c are found slightly affected by x due 
to the close ionic radius of Mn2+, 0.83 Å, to that of Zn2+, 0.74 Å 
(Table 1). The lattice strain ε and the average crystallite size (D) were 
estimated based on the methodology outlined in Ref. [25]. Unlike pre
vious reports where excess Mn accumulates at grain boundaries at high 
doping levels [8,26], the strain value increases with x (Fig. 2.b), indi
cating the films become stressed due to the substitution of Zn2+ by Mn2+

cations. The crystallite size decreases with increasing x (Fig. 2.c) due to 
the strain caused by the incorporation of the dopant Mn2+ preventing 
grain growth [8,19,27].

The texture coefficient (TC(hkl)) values were also estimated from the 
XRD pattern [25] and presented in Fig. 2.e. All films exhibit highest TC 
values and greater than unity for (0 0 2) plane indicating a better 

crystallinity and preferred growth along c-axis is slightly decreased with 
increasing x.

AFM images (1.0 × 1.0 µm2 2D and 3D) are shown for ZnO and MZO 
thin films (Fig. 3a, b, c). The grains are round shaped with the average 
size decreasing with x (Table 1). This finding aligns with the decrease in 
(0 0 2) preferential orientation and then the c-axis grain growth as x 
increases. The surface becomes smooth with increasing level of x. This 
morphology is consistent with the values of the average grain size 
(Table 1) and the previous results reported by Amari et al. [19].

The increase in strain and reduction in grain and crystallite size with 
Mn doping enhance the density of grain boundaries, which are beneficial 
for photocatalysis and gas-sensing applications by increasing surface 
reactivity. Additionally, these changes can improve the electronic 
properties of the material, making it suitable for optoelectronic devices 
[6,14].

Fig. 4.a shows the transmission spectra of MZO thin films, which 
were used to deduce Eg (inset in Fig. 4.a). The transparency of the films 
generally decreases (93, 68 and 54 % for x = 0, 2 and 4 %, respectively) 
due to the increase in grain boundary density caused by the decrease in 
grain size with Mn doping. This decrease in transmission can be assigned 
to the loss of light due to oxygen vacancies [28]. The sharp UV ab
sorption edge shifts slightly to longer wavelengths with increased Mn 
content, reducing Eg from 3.27 eV to 3.18 eV, which aligns with the 
findings reported for MZO film [15,26,29,30].

Fig. 2. (a) X-ray diffraction patterns, (b) Variation of strain, (c) Variation of crystallite size, (d) Variation of FWHM and (e) Variation of TC(hkl) of MZO thin films (x 
= 0, 2 and 4 %).

Table 1 
Morphological and structural parameters of ZnO and MZO thin films (x = 2 and 4 %).

X (%) 2θ (◦) a = b (Å) c (Å) FWHM (◦) Peak intensity Crystallite size (nm) Grain size (AFM) (nm) Rrms (nm)

0 34.459 3.244 5.198 0.251 (0 0 2) 32.00 57.44 45.24
2 34.455 3.245 5.204 0.425 (0 0 2) 19.02 36.67 29.48
4 34.453 3.245 5.205 0.501 (0 0 2) 15.01 38.20 30.47
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The optical parameters such as the absorption coefficient α, the 
extinction coefficient k, the refractive index n, the real part of the 
dielectric function and the imaginary part ε2 were calculated using the 
measured film thickness (~242 nm), which was found to be unaffected 
by Mn doping, as well as the transmittance and the absorbance [31,32]. 
These parameters are presented for MZO thin films (Fig. 4.b, c, d). The 
straight line fitting of the factors 1/(n2-1) versus the squared photon 
energy (E2) [33] (inset in Fig. 4.c), enable us to estimate the static 
refractive index n0, the dispersion energy Ed, the average oscillator en
ergy Eo, the Urbach tail energy Eu and the static dielectric constant εo 
(Table 2).

The increase in the Urbach tail with a decreasing optical band gap 
(Table 2) is mainly due to disorder, defects, and localized states near the 
band edges. As the band gap narrows, defects like impurities and grain 

boundaries contribute to a higher density of states, broadening the ab
sorption spectrum and extending the Urbach tail deeper into the 
forbidden gap [34–36].

The refractive index and the dielectric function increase with energy 
of the visible light and is affected by x due to the decrease in the crys
tallite size (Table 1). The absorption coefficient remains constant with 
increasing incident energy up to a certain point in the visible range, after 
which it shifts to lower energy and increases sharply with Mn doping, 
indicating a decrease in Eg. This decrease in Eg is common when dealing 
with thin film of ZnO [31,37,38] and MZO thin films [26,29,30]. The 
reduced transparency and band gap, along with increased refractive 
index, enhance light absorption, making the films suitable for photo
voltaics, photocatalysis, and optoelectronic devices [14,39].

To identify the point-defect types, the photoluminescence (PL) 

Fig. 3. AFM images of 1.0 × 1.0 µm2 2D and 3D for (a) ZnO and MZO thin films (b) 2 % and (c) 4 % Mn content.
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spectra of MZO thin films are depicted (Fig. 5). The intensity of the NBE 
emission peak, assigned to the recombination of free exciton [25], in
creases and shifts slightly from 386 nm to 395 nm as Mn concentration 
increases. Furthermore, the intensity of PL increases with x, which is 
supported by previous works [26,40]. The emission at 411 nm, linked to 
electron transitions from interface traps to the valence band, appears 
with Mn doping [5]. The blue emission at 438 nm likely comes from 
interstitial zinc interstitial state (Zni) to the valence band (VB) transi
tions, the blue emission at 475 nm from oxygen vacancy (OV) to valence 
band (VB) transitions, and the green emission at 525 nm from conduc
tion band (CB) to oxygen zinc antisite level (OZn) transitions [25].

Fig. 4. (a) Optical transmission spectra, (b) dielectric function, (c) complex refractive index and (d) absorption coefficient of ZnO and MZO thin films (x = 2 %, 4 %,). 
Inset in (a) shows (αhν)2 versus hν and Eg. Inset in (c) shows 1/(n2-1) versus E2. Inset in (d) shows ln(α) versus photon energy.

Table 2 
Optical parameters of pure and MZO wurtzite structures (x = 2 %, 4 %).

x 
(%)

Dispersion 
energy Ed (eV)

Single- 
oscillator 
energy Eosc (eV)

Static dielectric 
constant εo 

(refractive index no)

Urbach tail 
energy Eu 
(eV)

0 7.57 4.23 2.79 (1.67) 0.153
2 11.54 2.76 5.18 (2.28) 0.393
4 25.87 2.72 10.51 (3.24) 0.475

Fig. 5. PL spectra of 0%, 2% and 4% MZO thin films.
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3.2. DFT + U calculations

In the ZnO host lattice, configuration where Mn ions are positioned 
in close proximity to O atom result in a stable state [8]. Furthermore, the 

Hubbard correction U significantly enhances the calculated energy gap 
(Eg). For this simulation, the effective Hubbard U values were fixed at 
5.5 eV for Zn 3d states, 10 eV for Mn 3d states and 8 eV for O 2p states 
[41].

Table 3 
Average Mulliken atomic, bond populations, effective valence, lattice constants and bond length of ZnO and MZO wurtzite structures (x = 3.7 %).

x (%) Atomic Population (e) Effective valence (e) Bond Population (e) Bond length (Å) Lattice constants (Å)

Zn Mn O Zn Mn Zn-O Mn-O Zn-O Mn-O a = b c

0 0.952 − − 0.953 1.048 − 0.410 − 1.9719 − 3.237 5.237
3.7 0,954 0.957 − 0.954 1.046 1.043 0.411 0.342 1.9738 2.1106 3.248 5.217

Fig. 6. (a) Band structures spin up (red) and spin down (blue), (b) PDOS of Zn 4s, Zn 3d, Mn 4s, Mn 3d, O 2s and O 2p states, and (c) total density of states of ZnO and 
MZO (x = 3.7 %). Inset in PDOS exhibits Mn 3d net spin states near Fermi level for MZO.

Fig. 7. Charge density difference distribution of (1 1 0) surface for (a) ZnO and (b) MZO structures.
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The lattice constants (a = b, c) are slightly decrease with increasing x 
(Table 3) and agree well with the experimental results (Table 2), with a 
relative error of 0.22 % for a = b and 0.75 % for c. The bond length 
changes slightly by Mn doping due to the similar atomic sizes of Zn and 
Mn atoms.

The theoretical band gap findings (3.379 eV for x = 0 and 3.267 for 
3.7 %) align well with the experiment, showing a maximum relative 
error of only 3.3 %, with a direct Eg observed for both ZnO and MZO 
(Fig. 6(a)). The Mn doping leads to Eg narrowing where the top of the VB 
is primarily originated from Mn 3d states (Fig. 6(b)). This Eg narrowing, 
attributed to sp-d exchange interactions and defect states introduced by 
Mn doping, has also been noticed in previous works [8,19].

The partial density of O 2s, O 2p, Zn 4s, Zn 3d, Mn 4s and Mn 3d, spin 
down and up states (PDOS) (Fig. 6(b)) and the total density of states 
(TDOS) (Fig. 6(c)) for ZnO and MZO are presented. The VB states, 
extended down to − 8 eV and followed by a narrow band at around − 15 
eV, is primarily composed of a strong mixture among the O2p and Zn3d 
states and some contribution from the Mn3d states for MZO. The slight 
downward shift of the CB, dominated by Zn4s and Mn3d states (Inset in 
Fig. 6(b)), causes the decrease in Eg with x. Mn3d states are distributed 

around Fermi level with zero net spin leading to the antiferromagnetic 
phase of MZO. Mn doping produces a magnetic moment of about 1 μB/ 
Mn with a negligible amount from its neighboring O atom. The anti
ferromagnetic phase configuration results in a zero net spin [42].

The charge density difference for slices of (1 1 0) surface containing 
Zn, O and Mn atoms for ZnO (Fig. 7.a) and MZO (Fig. 7.b) are shown. 
Red color indicates a charge accumulation around O, yellow color refers 
to the minimal difference and green color represents the charge loss 
around Zn or Mn. The high electronegativity of an atom correlates with 
its tendency to attract more electrons, as seen in the values for Zn (1.7), 
Mn (1.6), and O (3.5), which agrees with the bond populations and the 
average Mulliken atomic (Table 3). The degree of the mix of ionic and 
covalent bonding in ZnO and MZO is indicated by the difference be
tween the effective valence charge and the formal ionic charge. The 
covalency increases with Mn doping i.e. more covalency for Mn-O bonds 
than Zn-O bonds. The increase in the covalency with Mn doping is 
confirmed by the charge density difference.

The imaginary and reel parts of the complex dielectric function are 
shown for ZnO and MZO (Fig. 8.a). The first peak at ~6 eV arises from 
electron excitation from O-2p state to Mn-3d state or Zn-4s state, and its 

Fig. 8. Optical properties versus energy (E); (a) Complex dielectric function with inset exhibits the evolution of real part (ε1)), (b) complex refractive index with inset 
shows the refractive index n for lower E), (c) complex conductivity function, (d) absorption coefficient, (e) optical reflectivity and (f) energy-loss function for ZnO 
ZnO and MZO (x = 3.7 %).
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intensity remains unchanged with increasing x due to the substitution of 
Zn atoms by Mn atoms. The peak at ~10 eV results from electron 
excitation from Zn-3d state near VB to O-2p state near CB. The excitation 
of Zn-3d state to O-2s state induces the third strong peak at ~16 eV, 
which slightly decreases with increasing x due to the reduction of Zn-3d 
responsible for this transition. A slight shift toward low energy of the 
dielectric function is observed due to the small band gap shrinking from 
ZnO to MZO. The static dielectric function ε(0) shows a slight change 
with increasing x; ε1(0) = 2.975 for x = 0 %, 2.968 for x = 3.7 % (Inset in 
Fig. 8.a) compared to the experiment (Table 2). The complex conduc
tivity function, complex refractive index, absorption coefficient optical 
reflectivity, and energy-loss function are then deduced from dielectric 
function (Fig. 8.b–f). The peak of the energy loss function at ~23.0 eV 
align with a sharp reduction in reflectivity. The absorption exhibits tow 
strong peaks at ~15 and 35 eV. The refractive index remains nearly 
constant around 1.72 with increasing x for lower photon energies (Inset 
in Fig. 8.b), which differs from experimental findings (Table 2) due to 
unaccounted surface morphology and thickness in the DFT-LDA + U 
calculations. Furthermore, both absorption coefficient and refractive 
index show similar trends to experimental results within the visible 
energy range.

4. Conclusion

This study aimed to investigate the effects of low Mn doping con
centrations in ZnO thin films through both experimental and theoretical 
methods. The main findings are as follows: 

i. Experimental Findings: All samples exhibited a polycrystalline hex
agonal wurtzite phase and demonstrated a preferential orientation 
along the (0 0 2) axis. However, with increasing Mn doping, the 
diffraction peaks progressively weaken, suggesting a deterioration in 
the crystallinity of the samples, which also influences their proper
ties. Specifically, it resulted in a smoother surface (rms: 45.24–30.47 
nm), slight change in grain grain size (57.44–38.20 nm), lattice 
constants (a = b: 3.244–3.245 Å, c: 5.198–5.205 Å), average crys
tallite size (32–15 nm), and crystallinity. Additionally, Mn doping 
shifted the UV absorption edge to longer wavelengths (386–395 nm) 
and decreased transparency (93–54 %), likely due to oxygen va
cancies and increased grain boundary density.

ii. Theoretical Findings: Mn doping slightly reduced the band gap en
ergy, though this was enhanced using the GGA + U approach (3.379 
eVfor x = 0 % and 3.267 for 3.7 %). It also affected the intensity of 
the imaginary part of the dielectric function, while the static 
refractive index remained unchanged (1.72).
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