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Abstract. 

The study employs first-principles calculations to investigate the doping of transition metals in the 

crystal structure of ZnO. The dielectric and conductive properties of the material are enhanced by 

the addition of these dopants. The changes of properties of ZnO in modeling is carried out by the 

use of Material Studio and simulation in CASTEP. In this study, the atoms of Manganese (Mn) and 

Indium (In) are replaced by the atoms of Zinc (Zn). Some of the aspects that we are interested in 

are the X-ray diffraction spectra, band structure and  optical properties, including conductivity and 

dielectric function. The presented computational study is promising and can be used as an excellent 

source of information in experimental studies in the future. 

 

Introduction 

We are surrounded by various portable electronic devices and sensors that enhance our daily lives. 

However, these devices require electrical power to run at all times. This raise a challenge, which 

can be tackled opting the energy resources which are self-sustained. Therefore, the researchers are 

focused on exploring free accessible energy sources, such as solar, thermal, and piezoelectric 

options, to fulfill this need [1, 2]. Piezoelectric sensors transform the energy from mechanical to 

electrical, and the instruments that carry out this process are called piezoelectric nanogenerators 

(PENGs). Our environment offers a vast amount of freely available mechanical energy that could 

be utilized to generate electrical energy [3, 4].  

Zinc oxide (ZnO) is a very useful semi-conductor compound famous for its wide band-gap, 

affordability, and bio-compatibility. It has turned out to be an essential substance in many 

sophisticated technological uses. ZnO is an essential component in the current electronics and 

sustainable energy systems due to its excellent optoelectronic and piezoelectric properties, 

environmental stability, and its ubiquitous presence [5-8]. 

The addition of dopant should enahance the mobility of elctrons thus improving conductivity, 

causing higher transmittance rate at shorter wavelengths. Dopants should be of soluble nature. The 

literature proposes that the addition of dopants can significantly improve the properties of ZnO, 

with various types employed to tailor it for specific applications. The band gap diminishes with the 

inclusion of a transition element, so only a minute energy enables the electrons to transit from the 

valence band to the conduction band [9, 10]. 
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Computational Models 

The computational study conducted before and after the addition of the dopants is compared to the 

literature. Material Studio facilitates the design and simulation of a ZnO supercell, which is then 

analyzed using CASTEP. Inside the crystal lattice, Mn and In atoms are introduced and replaces 

the Zn atoms. Two levels of dopant concentrations of 14.2% and 28.4% are included. The pure and 

doped ZnO models are shown in Figure 1. 

 
Figure 1. (a) Atomic Model ZnO supercell (Oxygen atoms as red, Zn as dark grey, Mn as purple, and In 

atoms as brown). (b) Atomic Model 2Mn doped ZnO supercell. (c) Atomic Model 4Mn doped  ZnO 

supercell. (d) Atomic Model 2In doped  ZnO supercell. (e) Atomic Model 4In doped  ZnO supercell. 

 

Results and Discussions 

Results with their analysis are given below: 

 

a. Band Structure of doped ZnO 

The study investigates the band structure in both doped and undoped ZnO systems as shown in 

Figure 2 (a-e). It explores the effects of doping with manganese (Mn) and indium (In) on pure ZnO. 

The band structures are evaluated after the geometries of models are completely relaxed and fully 

optimized. 

There is a significant change observed in band structure of the structure after doping of 2Mn and 

4Mn atoms, it overlaps as shown in Figure 2 (b)-(c).  This clearly indicates that the material's 

conductivity has significantly improved, allowing it to conduct electricity with less energy than 

pure ZnO.  

Similary, In atoms have been introduced in the crystal structure by replacing Mn atoms and the 

results show overlapping as well, which are shown in Figure 2 (d)-(e). In doping at both 2In and 

4In concentrations results in full band gap closure, confirming a persistent metallic character 

independent of dopant level. 

 

b. Optical Properties 

The optical characteristics of both pure and doped ZnO system have been investigated in the 

literature, the properties studied are  conductivity and dielectric function. The basis set is chosen in 

accordance with the credible literature [11, 12]. PBE approximation is used for the DFT analysis. 



The Figure 3 (a) illustrates the variation of conductivity of ZnO (Zinc Oxide) to different 

proportions of Mn (Manganese) and In (Indium) at varying frequencies. Photovoltaic and 

piezoelectric use has required conductivity, which is quantified by 1/fs. As an example, pure ZnO 

has a conductivity peak of the order of 1 eV at approximately 0.75 (1/fs). Optimal values with 2Mn 

and 4Mn are at about 1 eV and about 1.5 eV respectively with conductivity of about 2.25 (1/fs) and 

3.75 (1/fs) respectively. Similarly, 2In and 4In doping give peak values of about 3.5 and 4.5 eV 

respectively with values of about 0.5 and 1.75 respectively (1/fs). These high conductivity values 

play an important role in photovoltaic applications where they increase the conductivity of the 

material to the conductivity of the material, which increases the conversion efficiency of sunlight 

into electrical energy. 

 
Figure 2. Comparison of Band Structures (a) Pure ZnO, (b) 2Mn doped ZnO system (c) 4Mn doped ZnO 

system, (d) 2In doped ZnO system and (e) 4In doped ZnO system. 

 

  
(a)       (b) 

Figure 3. Comparison of (a) Conductivity and (b) Dielectric Function for different ZnO systems. 

The Figure 3 (b) shows the variation of dielectric function of ZnO (Zinc Oxide) with various 

quantities of Mn (Manganese) and In (Indium) at various frequencies. Dielectric function, which is 

denoted by epsilon, is critical in photovoltaic applications and piezoelectric applications. As an 

example, the dielectric function of pure ZnO is ranging between approximately 2 to 8 throughout 



the frequency range. At the addition of the 2Mn, the dielectric function increases to about 2 to 50 

and at 4Mn, it increases to 80. Similarly, adding 2In leaves the dielectric constant stays at 4 whereas 

adding 4In raises the dielectric constant to approximately 8. Addition of Mn and In to ZnO changes 

these characteristics and can increase the effectiveness and sensitivity of piezoelectric devices. 

The advantages of an increased dielectric function are great in applications in capacitors, insulators 

and other electronics that demand a high dielectric constant. A high dielectric function implies that 

the material is capable of storing more electrical energy and this results in better performance at 

the devices which need the dielectric properties. 

 

c. XRD Spectra 

Material Studio was used to compute the XRD spectra of different ZnO configurations. JCPDS 

card number 36-1451 is the standard card of un-doped ZnO [13-16]. Figure 4 (a) indicates the XRD 

Spectra comparison of the doped and un-doped ZnO. The XRD peaks of the undoped ZnO are 

sharp and well-defined which indicates a high degree of crystallinity and phase purity. 

When ZnO is doped with Mn, the XRD patterns indicate that the similar peaks of un-doped ZnO 

are also present with slight shifts in the positions of the peaks and variation of the intensity. These 

alterations and transformations point out that Mn atoms are properly absorbed into the ZnO lattice, 

causing distortion and changes to the crystal structure and lattice. 

Figure 4 (b) presents XRD of ZnO and In-doped ZnO system. The graph shows the XRD Spectra 

of Zinc Oxide (ZnO) and the patterns of ZnO doped with 2In and 4In. As the doping of ZnO is 

done with 2In, the peaks do not change their angles but have a bit higher intensity, which indicates 

increased crystallinity. The peaks become stronger with 4In doping suggesting further crystallinity 

improvement. 

  
    (a)           (b) 

Figure 4. XRD Spectra Comparison of (a) Y doped and (b) In doped ZnO systems. 

 

Conclusion 

An in-depth examination of ZnO doped with atoms of Mn and In reveals that the electronic and 

optical properties have been significantly improved. Band Structures analysis has revealed that 

doping creates new electronic states moving the conduction band and valence band closer. The 

transformation improved the mobility of electrons, leading to better conductivity. Improved optical 

characteristics of doped ZnO are also exhibited. This is useful in photovoltaics and photodetectors 



applications. The presence of Mn and In atoms into the ZnO lattice are confirmed by X-ray 

diffraction (XRD) patterns. The small changes in the positions of the peaks, and the changes in the 

intensity reflect the deformations of the lattice and alteration of the crystalline structure. However, 

the basic structure of ZnO is hexagonal wurtzite, and the material has not lost its main properties, 

getting the advantages of doping additions. To sum up, the doping of ZnO with Mn and In leads to 

significant changes in the electronical and optical properties. Such developments make Mn and In 

doped ZnO potential possibilities in the state-of-the-art applications in optoelectronics, electronics 

and materials science. The findings can be compared with the previous studies and support the idea 

that doped ZnO systems can be used in further technological achievements. 
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