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A B S T R A C T   

In this study, band structure and optical properties of Manganese (Mn) doped ZnO are investi
gated adopting first-principles study calculations. It is observed that, by addition of Mn in ZnO 
crystal, the electrical properties like conductivity and dielectric function of material have been 
improved. The elastic constants for the elements are also calculated which shows that the element 
is stable after addition of dopant. The computational study is done on CASTEP and Material 
Studio. The ZnO system is simulated and atoms of Mn has been added replacing Zn atoms. The 
properties that studied are band structure and optics including conductivity, reflectivity, 
dielectric function, absorption and refractive index. Furthermore, this study also includes 
calculation of Elastic constants, XRD Spectra, Phonon dispersion and Temperature profile of 
doped ZnO systems. The computational study produced promising results and experimental 
approach can be adopted to reinforce the outcomes of this study.   

1. Introduction 

The primary source of energy has been the fossil fuels for decades. But such resources have become scarce and also cause envi
ronmental pollution, which has diverted the attention of researchers towards renewable and self-sustained energy resources [1–4]. In 
addition the advent of electronics to control electrical power has emerged as a need of low power and self-powered systems. So, there 
are several approaches used to utilize the eco-friendly, self-powered and energy conservative options [5,6]. 

Among the options, one of the prominent source of energy is mechanical energy, which is freely available and can be converted to 
electrical energy using piezoelectric sensors. These sensors are made of different materials which are Aluminium Nitrate, Cadmium 
Sulphide, Zinc Sulphide and Zinc Oxide, etc [6–8]. 

ZnO semiconductor is one of the emerging material to be used in solar cells, photocatalytic degradation, gas sensors and piezo
electric sensors [1,9]. Compared to other semiconductors, ZnO has better photoelectric properties, high gas sensitivity, non-toxicity 
and it is chemically stable, exhibiting high binding energy so can be used extensively in optoelectronic applications [10]. 

However, owing to the larger band gap, it has limited application in the visible range of light [11]. Due to larger band gap, electrons 
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easily combine with holes and reduces the performance of the material [12]. 
Few applications of ZnO doped systems include photo degradation and energy storage [13,14]. In literature ZnO has been used in 

environmental application of photocatalytic degradation of pollutants [13,15]. Excitation of ZnO generates electron in conduction 
band and holes in valence bands which undergoes chemical reactions and form by-products like H2O and CO2 [13]. The study reveal 
that the doping of ZnO with transition metal enhanced the dielectric property and electrical conductivity of the system which is viable 
for energy storage application [14]. 

ZnO structure has a unique feature of having empty octahedral sites, which are viable for incorporating dopants in it. ZnO itself is 
an n-type semiconductor but a number of attempts have been made to modify it to a p-type semiconductor. ZnO electrons has higher 
mobility than other semiconductors which leads to the better quantum efficiency [16–19]. 

The choice of dopants depends on the number of factors that are taken into consideration [20]. The factors are modeling energy, 
ionic radius, resistivity, and transmittance [20]. The dopant should have low modeling energy so that the electrostatic force can be 
created between the clusters of atoms [12,20]. The ionic radius of the atoms should be low so that it may not distort the lattice of 
crystal [21]. The conductivity of the material should increase which may aid to the mobility of the electrons [12,22]. Also the 
transmittance of the material should be evident from lower reflectivity and absorption [21]. It should increase the transmittance at 
shorter wavelength. Dopants must have good solubility [22,23]. 

In recent times, it has been shown that the properties of ZnO has improved by doping with transition elements [11,12,24]. The band 
gap of ZnO decreases with the addition of such dopant [11,12]. There is a lot of literature available and research is being done on the 
evolution of ZnO in such particular applications. 

The choice of transition metals as dopants has significantly gained importance as they possess superior characteristics [1,24,25]. 
The studies has proved that the addition of Manganese in ZnO system has comprehensively improved the properties and performance 
of ZnO due to its electronic configuration and magnetic effect [26]. It is found to be the optimum choice for researchers among all the 
transition metals [26]. 

Although plenty of research is done on the study of introducing transition element in ZnO system but addition of Mn is yet to be 
studied comprehensively separately. This study is focused on the doping of Mn in ZnO system and its computational evaluation of the 
characteristics. 

These studies suggest that, the doping can improve the performance and the impurities can be added atom to atom. However, 
another way to add the atom is to add percentage impurity in the atom individually. It can significantly modify the electronic, magnetic 
and optical properties of recommended material [18,19,26,27]. 

2. Computational details and geometry models 

CASTEP (version 22.11) has been used to investigate the electronic structure and optical properties of Transition metal (Manga
nese) doped ZnO utilizing Generalized Gradient Approximation (GGA) method [20,26]. ZnO supercell 2 × 2 × 2 and the calculations 
were performed with plane-wave basis set having ultasoft pseudopotentials with cut-off energy of 450 eV. Calculations done are spin 
polarized. The 4 × 4 × 4 thick k-point mesh is used. Geometry optimization is carried out till the Hellmann-Feynman forces reach 0.01 
eV/Å value and total energy change less than 10− 6 is calculated. The calculations are done with and without impurities in accordance 
with the literature [1,4,6–12,18–37]. 

Although, in previous studies [26,38,39] it is suggested that the semi-local PBE functionals underestimates the band gap and so can 
effect the electronic properties. Therefore, a simple solution to this problem is to use hybrid functionals, which has been demonstrated 
for the monolayer graphene, boron and nitrogen doped graphene structures [40–42]. In addition to it, due to disputed difference 
between GGA-PBA and hybrid functional predictions, we computed both functional to determine band gap. Both computational pa
rameters revealed almost similar band gap values with a minimal variation of approx. 0.01–0.03 eV in the band gap results. 

First, a pure ZnO supercell is modelled, then 2 Zn atoms are replaced by Mn atoms to form a doped supercell. The doping percentage 
can be calculated as 14.2 %. Similarly, in the next step 4, Mn atoms are added to observe the changes in parameters after increase of 
dopants. The doping percentage can be calculated as 28.4 %. 

Fig. 1. (a) Atomic structures of 3D view of optimized geometry of ZnO supercell (Red colour indicates Oxygen atoms, Grey indicates Zn atoms and 
Purple indicates Mn atoms). (b) Atomic structures of 3D view of optimized geometry of 2Mn doped ZnO supercell. (c) Atomic structures of 3D view 
of optimized geometry of 4Mn doped ZnO supercell. 

R.A. Alias Osama et al.                                                                                                                                                                                              



Heliyon 10 (2024) e33443

3

3D views of the typically relaxed structure model of Pure ZnO system is illustrated in Fig. 1(a). Similar structure model of 2Mn and 
4Mn doped ZnO system is illustrated in Fig. 1(b) and (c). 

3. Results and discussions 

3.1. Band structure, density of states and magnetic effect of Mn doped ZnO 

In this study, band structure and DOS of pure ZnO along with two different doping levels of Mn have been investigated. To obtain 
the band structure and DOS, designed geometries are fully optimized and atoms are allowed to relax [16,19,20,27,43]. The relaxed 
geometries of elements reveal significant variation in the bond lengths between the atoms. The bond lengths of pure Zn–O varies from 
2.005 Å to 2.001 Å. Similarly, the bond lengths of Mn–O varies from 2.005 Å to average of 2.040–1.894 Å. 

Band structure is obtained on G-F-Q-Z path. A 4 × 4 × 4 K-grid is employed to get density of states. Total DOS is calculated for all 
systems. Computed band structure of pure ZnO reveals a wide band gap of 0.603 eV as shown in Fig. 2(a). 

After the addition of donor atoms i.e. 2 Mn atoms, the band structure overlaps which means the material has become more 
conductive and now a small excitation can drive the electrons to flow as shown in Fig. 2(b). 

Similarly further 2 Mn atoms has been added to the crystal structure which make it a total of 4 Mn atoms and more overlapping is 
obtained in the results as shown in Fig. 2(c). 

Fig. 3 shows the DOS of all the three designed systems. It is clear that in pure ZnO system has the greater concentration of electrons 
near fermi level, which is in valence band. After addition of 2 Mn atoms in the ZnO system the concentration of electron has shifted to 
conduction band. 

Similarly, the DOS of 4 Mn doped ZnO also suggests that overall concentration has become closer to the fermi level and can help the 
electrons mobilize easily. 

In a nutshell, it can be said that the addition of Mn in ZnO system can make it conductive as clearly visible in the figures. It can also 
be a basis set for the experimental study. 

It is also important to discuss the spin contamination problem. As it is known that the spin contamination occus mostly in unre
stricted Hartree-Fock (UHF) and unrestricted Møller-Plesset calculations. However, in DFT calculations spin contamination problem 
does not occur so often, even when unrestricted Kohn-Sham orbitals are being used. CASTEP/Material Studio program does not 
provide direct solution for spin contamination, the partial occupancies of the Bloch states can be investigated within minimization of 
the total energy [16,19,27,41–44]. In previous studies, Mn doped compounds have exhibited the properties of high spin polarization, 
low saturation magnetization and low mangetic damping constants [24,37,45–47]. Also the compound exhibit strong spin-orbit 
coupling when more Mn atoms added to it [48,49]. 

3.2. Optical properties 

Previously, optical parameters of pure ZnO and Mn doped has been studied [9,11,12,20,35], similarly in this research optical 
parameters including conductivity, refractive index, reflectivity, absorption and dielectric function have been studied. The approxi
mations used are the same as earlier research which are found to be reliable and accurate [9,11,19,20,35]. PBA approximation has 
been taken into account for analysis of the properties through DFT. 

Pure and Mn doped ZnO system’s refractive index (n) has been obtained and a comparative graph is shown in Fig. 4. The refractive 
index value at 0 eV is termed as static and for pure ZnO system displays 2.2 peak. But after the addition of dopants the static has been 
raised to almost 6 after addition of 2Mn atoms in the system. And to 8 after addition of 4Mn atoms in the system, which is evident from 
Fig. 4. The peaks obtained depend on the number of Mn atoms added in the system. It can be seen that the Mn addition only changed 
the static refractive index and at higher energy range the variation is very minute. 

Pure and Mn doped ZnO system’s absorption coefficients (α) obtained and a comparative graph is shown in Fig. 5. It can be 
observed from the plot that the principal peak is at 15 eV around 325000 cm− 1 pure ZnO system. After the addition of Mn, the system’s 

Fig. 2. Band structure of (a) pure ZnO, (b) 2Mn doped ZnO system & (c) 4Mn doped ZnO system.  
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coefficient has been observed to increase at lower ranges of eV which is an evidence of red shift. Also the principal peaks have changed 
which is evident that the variation has been made in inter and intra band transitions. The highest peak 250000 cm− 1 after incorpo
ration of 2Mn atoms is observed at 16.5 eV as shown in Fig. 5. And the highest peak of 230000 cm− 1 can be observed at around 18eV by 
addition of 4Mn atoms. 

Pure and doped ZnO systems’ reflectivity is also illustrated in Fig. 6. It can be seen clearly that the static reflectivity is improved 
after the addition of Mn atoms as dopants in the system. New static values obtained are 0.53 and 0.60 for 2Mn doped and 4Mn doped 

Fig. 3. Comparison of DOS of ZnO & doped ZnO systems.  

Fig. 4. Comparison of Refractive Index of ZnO & doped ZnO systems.  
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ZnO system respectively. At higher energy ranges, the change is not significant and at last the values become almost equal after some 
fluctuations. Also it can be concluded that higher reflectivity values at lower energy ranges is evidence of red shift. 

The conductivity of pure and doped ZnO system is illustrated in Fig. 7. The conductivity has been significantly increased after the 
addition of Mn atoms in the system. The peak values of 2.2 and 3.9 can be seen in lower energy ranges which is evidence of red shift. 
Also, the higher peak values of pure ZnO system can be seen at higher energy ranges. It can be concluded that at lower energy ranges, 
doped ZnO system has more conductivity than pure ZnO system while at higher energy ranges, pure ZnO system has higher con
ductivity than the doped ZnO system. 

The dielectric function of pure and doped ZnO system is also shown in Fig. 8. The static value of dielectric function is vital for 

Fig. 5. Comparison of Absorption Coefficient of ZnO & doped ZnO systems.  

Fig. 6. Comparison of Reflectivity of ZnO & doped ZnO systems.  
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observing the variation in behavior of the system after addition of dopants. The static dielectric function for pure system is computed as 
6 which has been increased to values of 40 and 60 for the 2Mn and 4Mn doped systems respectively. 

Optical properties of pure and doped ZnO systems are evidence of the fact that the addition of Mn atom has improved the properties 
of the system. 

3.3. Elastic constants 

The elastic constants (C11, C12 and C44) were calculated using the CASTEP and were found to be satisfying the condition of stability 
for a cubic structure crystal, the conditions are:  

C11–C12 > 0                                                                                                                                                                                    

C11 + 2C12 > 0                                                                                                                                                                               

C44 > 0                                                                                                                                                                                         

The computed constants are given in the following Table 1. 
The constants exhibit that the structures formed are satisfying the conditions of stability and modified geometry is elastically stable. 

Also it is evident that the added Mn atoms have been accepted by the lattice [35]. 

3.4. X-ray power diffraction (XRD) spectra 

The XRD Spectra of the simulated systems have been computed using Powder Diffraction function of Reflex module of Material 
Studio. The standard card for pure ZnO is JCPDS card number 36–1451. Fig. 9 shows that no new phases are introduced only the peaks 
are broadened with slight shift in 2-Theta. The intensity of peaks also decreases as the dopants are added. The atomic radii of Zn and 
Mn has been computed to be 161 p.m. and 142 p.m. respectively. The difference of atomic radii creates strain in the atomic lattice and 
the slight variation in angle has been observed in occurrence of peaks [9,16,17,22,50,51]. It means the dopant has been accepted by 
the lattice structure and can be used for more applications [6,8,31]. 

3.5. Phonon dispersion 

The Phonon dispersion of the doped system has been analyzed to evaluate the dynamic stability of the system. 2Mn doped system 
phonon dispersion is in Fig. 10 (a), which reveals that there is only one soft band or imaginary mode below the zero frequency, which 
usually appears for the metals and this configuration can be termed as dynamically stable. In the next configuration, few modes have 
appeared below the zero frequency for 4Mn doped system as shown in Fig. 10(b). It seems less stable than the first configuration but 

Fig. 7. Comparison of Conductivity of ZnO & doped ZnO systems.  
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Fig. 8. Comparison of Dielectric Function of ZnO & doped ZnO systems.  

Table 1 
Elastic Constants of pure and doped ZnO systems.  

Element Elastic Constants 

C11 C12 C44 

ZnO 188.52 109.00 56.06 
2Mn doped ZnO 200.36 118.01 37.29 
4Mn doped ZnO 221.12 129.51 23.53  

Fig. 9. Comparison of XRD Spectra of ZnO & doped ZnO systems.  
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still it can be counted as dynamically stable as the concentration of soft band is less. These soft modes are marginal and may appear in 
the phonon dispersion of metals. 

3.6. Thermal stability 

The molecular dynamic calculation of designed configuration was performed using NVT ensemble at 900 K. The temperature 
profile is shown in Fig. 11. It indicates that the variation in response to temperature is not prolonged for both configurations and they 

Fig. 10. Phonon Dispersion of (a) 2Mn doped ZnO system & (b) 4Mn doped ZnO system.  

Fig. 11. Temperature profile of 2Mn & 4Mn doped ZnO system.  
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can be termed as thermally stable. 

4. Conclusion 

Adopting first-principles density functional theory, band structures, optical properties, elastic constants and atomic structure of 
pure ZnO and doped ZnO system have been studied and analyzed in a detailed manner. Two different doping levels have been 
employed by addition of 2 Manganese atoms and 4 Manganese atoms in the pure ZnO system and the changes in behavior of system 
have been investigated. The presence of manganese atoms in the system greatly modified the band structures of pure ZnO system. Band 
structures obtained for the pure and doped ZnO system indicate that the energy gap has been reduced and DOS indicate that the greater 
concentration of electrons occur near conduction band. Analysis of optical parameters reveals that the static reflectivity and refractive 
index has increased considerably after addition of Mn atom in the ZnO system. While some minor changes are recorded at higher 
energy ranges. Similarly, absorption coefficient of ZnO system has improved greatly at lower energy ranges and new peaks are 
emerged. It is worth noticing that the new peaks are at lower ranges, which is evidence of red shift. The shift is towards the visible 
range of optical spectrum and suggests that the material can be used for piezoelectric and solar applications. The computed elastic 
constants predicts that the modification has retained the stability and can be used for various applications. Also the XRD Spectra 
depicts that the geometry has accepted the dopants and no new peaks are observed in comparative analysis. The phonon dispersion 
calculation reveal that the Manganese can be used as a dopant for performance improvement of ZnO due to its dynamic stability. Also 
the temperature profile predicts Manganese as thermally stable to be used as dopant in ZnO system. 

The outcome of this study serves a basis for use of transition metal as dopant in the ZnO system which can used for various ap
plications like piezoelectric and solar, a step towards smart energy development. 
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