
Abstract—ZnO is widely used as a semiconductor material due 
to its wide bandgap, high exciton binding energy, and excellent 
transparency in the visible range, which make it suitable for 
optoelectronic applications. Doping in ZnO is important because 
it allows for controlling its electrical properties, enables the 
tuning of conductivity, and enhances its functionality for specific 
applications. Doping can introduce new energy levels within the 
bandgap. Moreover, it improves the performance of ZnO-based 
devices. This study explored the structural, optical, and 
electronic properties of pure and Praseodymium ion (Pr3+) doped 
ZnO using GGA+U based DFT. Results agreed with prior 
research, showing compatible lattice parameters and band gap 
for pure ZnO. Increasing Pr concentration expanded lattice 
parameters and volumes while reducing the energy band gap. Pr 
doping shifted the Fermi level to the upper conduction band, 
causing an overlap between the conduction and valence bands. 
This indicated a transition from a semiconductor to an n-type 
degenerate semiconductor with metal-like characteristics. Higher 
doping concentrations led to a shift in density of states towards 
lower energies. Computed optical properties exhibited red shifts 
in absorption peaks and increased absorption in the near and far 
ultraviolet regions following Pr doping. Similar red shifts were 
observed in the reflectivity spectrum and other optical 
properties. The real dielectric constant (ε1 (ω)) displayed negative 
values, signifying metallic behavior at specific photon energies, 
consistent with band structure optimization. 

Index Terms— ZnO, Praseodymium (Pr3+) doping, GGA+U, 
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properties, Optical Properties 
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I. INTRODUCTION

NE of the most outstanding and versatile semiconductor-
oxides is ZnO, because of its distinctive properties and 

wide range of uses in optoelectronics, sensors, batteries, and 
microelectronic devices.[1]. It features a wide bandgap (3.37 
eV), a high bond energy (60 meV), and excellent mechanical 
and thermal properties at ambient temperature, making it a 
promising component for material research [2]. In a visible 
wavelength, ZnO is transparent due to its wide and direct 
bandgap [3]. It possesses strong cohesive energy with strong 
mechanical and thermal stability [4]. ZnO is inexpensive as 
well as non-toxic [1]. It has attracted a lot of interest because 
of its outstanding benefits, including its superior photoelectric 
characteristics, strong chemical stability and other features [5, 
6, 7]. But ZnO has a high energy gap that restricts its ability to 
absorb visible light rays (43% of solar rays), which limits its 
applicability in solar energy systems as well as there is also 
restriction in electronics and supercapacitors fields due to its 
poor electrical conductivity. Moreover, pure ZnO acts as an 
insulator. In pure ZnO, the interstitial Zn atoms and oxygen 
vacancies are the main electron sources [8] but at room 
temperature they both are incapable to supply free electrons 
[9] because Zn atoms at the interstitial positions contribute a
weak donor states and oxygen vacancies provide deep donor
states [10]. For these reasons, doping is important to improve
the properties of ZnO.

Numerous studies conducted recently discovered that 
doping ZnO materials with certain elements can significantly 
change their magnetic, optical, electronic and morphological 
characteristics as well as alters the concentrations of charge 
carriers such as electrons (n-type) or holes (p-type), which 
improves its conductivity [11]. Transition metals including 
Co, Mn, Fe, Cr, Ni and others are used as doping elements in 
ZnO that can develop the magnetism in semiconductor 
materials and obtain a higher Curie temperature (Tc) than the 
ambient temperature [12,13,14]. But the issue with these kinds 
of doping materials, as evidenced by several studies, is the 
formation of a secondary phase like the magnetic cluster [15]. 
Moreover, the transition metal-doped metal oxide can create 
levels far inside a semiconductor's band gap and function as 
recombination sites, which can drastically reduce 
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photocatalytic activity. In particular, when it comes to 
modifying photocatalysis behavior of organic molecules for 
oxidation, rare earth metals are becoming more popular as a 
dopant as an alternative to the transition metals due to their 
unique electrical structure [16]. Therefore, ZnO materials 
doping with rare earth elements including Ce [2], Yb [17], Er 
[18], La [19], Ga [11], Gd [20], Pr [21] have an excellent 
applicability in photoelectric devices, and the study in this 
area sparked a lot of interest for both experimental and 
theoretical research. Pr doped ZnO has exhibited improved 
photocatalytic abilities, especially in the UV region [22]. 
Moreover, this doping element, Pr helps to improve the 
dielectric constant as well as lower the dielectric loss [23].  
The electronic structures of rare earth atoms are extremely 
distinctive because of the 4f-4f intra-shell transitions. Their 
filled 5s and 5p orbits surround their valence electrons on all 
sides, which are situated in a 4f orbit. Because the shells are 
provided by the 5s and 5p orbits, the 4f electrons transition or 
shift generates strong emission lines in the visible, UV and IR 
spectrum as well as enhances luminescence efficiency through 
energy transfer mechanisms [17, 24]. Due to the possibility of 
using rare earth doped semiconductor materials to create 
electroluminescent devices that emit in the visible or infrared, 
they have received a lot of attention. Also, the photoelectric 
characteristics of ZnO crystal are considerably enhanced by 
doping rare earth elements [19].   

In this study, praseodymium (Pr) is chosen as the doping 
element because of its special electrical characteristics, 
particularly because of its partially filled 4f orbitals, which can 
enhance the performance of ZnO when used as a dopant and 
ZnO serves as the matrix. By employing the first principles 
(GGA+U) approach, we will systematically calculate the 
structural, electrical, and optical characteristics of Pr3+ doped 
ZnO with doping molar concentrations ranging from 3.125% 
to 6.25%.  

II. COMPUTATIONAL METHODS 
The Cambridge Serial Total Energy Package (CASTEP) 

module based on the plane-wave pseudopotential approach of 
density function theory (DFT) was used to perform all the 

calculations. [25]. The generalized gradient approximation 
(GGA) and the GGA+U methods were applied to optimize 
crystal structure and evaluate the exchange–correlation energy 
calculations for all systems with the PBE functional for both 
the doped and undoped compounds [26]. The OTFG (on the 
fly generated) ultrasoft pseudopotential is applied to 
characterize the interactions between electrons and ions. Using 
the LBFGS (Limited memory Broyden Fletcher Goldfarb 
Shanno) optimization algorithm, the crystal structure is 
optimized. atomic relaxations and unit cells are carried out up 
to the point where a residual force of 0.03 eVÅ−1 is obtained. 
To assess the optical qualities of the chosen compositions, the 
CASTEP tool, which is based on the common DFT Kohn- 
Sham orbitals, is employed. 1×10-5 eV/atom represents the 
convergence of electronic repetitions. Moreover, maximum 
displacement of 1×10-5 nm, maximum stress of 0.05 GPa and 
0.003 eV/nm of Hellmann-Feynman ionic force were used 
during the optimization process [27]. 

At normal temperature and pressure, the ideal crystal 
structure of zinc oxide (ZnO) is the hexagonal wurtzite 
structure with the P63mc space group symmetry [28]. The 
parameters of the primitive cell for zinc oxide (ZnO) are the 
length of the unit cell is a=b=3.249 Å, the height of the cell is 
c=5.206 Å, and the angles between the cell edges are α=β=90° 
and γ=120°. These values have been experimentally 
determined and reported in previous study [2, 26]. Supercells 
of ZnO with Praseodymium (Pr) doping was constructed using 
BURAI_1.32 software. Three supercells were built based on 
the original cells, consisting of 2×2×4, 2×2×3, and 2×2×2 
supercell structures, and are shown in Fig. 1. The doping 
concentrations of Pr were 3.125%, 4.17%, and 6.25% for the 
2×2×4, 2×2×3, and 2×2×2 ZnO supercell structures, 
respectively. In these structures, a single Pr atom replaces a Zn 
atom, resulting in the following compositions: to 
Zn0.9687Pr0.03125O; Zn0.9583 Pr0.0417O and Zn 0.9375Pr0.0625O. 

 
To ensure accuracy, several convergence tests were 

performed, and a cutoff energy of 700 eV for all the relevant 
structures and k-point of (9×9×5), (4×4×1), (5×5×2), and 
(4×4×2) were used for the ZnO unit cell, 2×2×4, 2×2×3, and 

Fig. 1. Schematic structures of (a) Pure ZnO; (b) Zn 0.9687 Pr 0.03125O;(c) Zn 0.9583 Pr 0.0417O; (d) Zn 0.9375 Pr 0.0625O 
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2×2×2 supercell structures, respectively. The inability of DFT 
to accurately represent correlated systems is a result of the xc 
functionals' propensity to excessively delocalize valence 
electrons and stable metallic ground states [29]. Because of 
this, the features of systems whose ground state is defined by a 
more pronounced localization of electrons are significantly 
underpredicted by DFT. The DFT+U correction method is one       
of the corrective strategies used to alleviate the DFT electronic 
bandgap issue. The simplicity of the DFT+U method, which 
merely involves adding a numerical parameter "U" that has 
been semi-empirically tuned, allows it to account for the 
underestimated electronic interactions [30]. Through repeated 
research and consideration, better values of 'U' for each orbital 
in the state of Pr-doped ZnO were obtained. The estimated 
values are- Ud,Zn=10 eV, Up,O=7.22 eV and Uf,Pr=6 eV. 

III. RESULTS AND DISCUSSION 

A. Structural Properties 

The comparison of the lattice parameters between our 
theoretical calculated values and the experimental values for 
the ZnO cell is represented in Table I in order to evaluate the 
precision of the chosen technique. 

 
TABLE I 

EXPERIMENTAL AND CALCULATED PARAMETERS OF ZNO UNIT CELL USING 
DFT AND DFT+U 

Method a (Å) b(Å) c(Å) c/a V(Å3) Volume 
deviation 

Band 
gap(eV) 

Exp. [30] 3.249 3.249 5.206 1.602 47.592029 - 
3.37 
[31] 

DFT 
(Present 
Study) 

3.278988 3.278988 5.294439 1.615 49.298121 3.58% 0.724 

DFT+U 
(Present 
Study) 

3.243012 3.243012 5.211718 1.607 47.468832 0.26% 3.373 

 
By using DFT method, the pure ZnO structure’s estimated 

band gap is 0.724 eV whereas its experimentally obtained 
value is 3.37 eV [31] that is higher than that of band gap using 
DFT method . The resultant band gap is 3.373 eV in DFT+U 
method, which is very similar to the experimental value. The 
lattice parameters and volume variations are also noticeable. 
The volume deviation of DFT+U (0.26%) is very lower than 
the DFT method (3.58%). By comparing, it is evident that our 

technique is more closely aligned with the experimental data 
[30], indicating the reliability of subsequent calculations. 

An overview of the structural properties of pure and doped 
ZnO with various concentrations of Pr is shown in Table II, 
including the lattice parameters, total energy, volume, and 
bond length. (Zn0.9687Pr0.03125O, Zn0.9583Pr0.0417O and 
Zn0.9375Pr0.0625O respectively). 

The value of a and c, lattice parameters increase along with 
rising Pr concentration, which in turn raises the volume of 
ZnO unit cell. Ionic radius disparity between Pr (1.01 Å) and 
Zn (0.74 Å) could be to blame for this. [32]. The doped 
impurity elements that mean Pr has larger ionic radius than Zn 
ions which causes the crystal lattice to distort and expand. The 
increase in cell volume is then caused by the attraction 
between Zn and Pr, which further increases cell volume 
growth. A structure is more stable and conducive to 
experimentation if the total energy (E) is smaller. From Table 
II we can see that all types of Pr doped ZnO have negative 
values, indicating that all structures are energetically stable. 
The total energy reduces with decreasing the doping 
concentration of Pr in the range of 3.125–6.25% [2]. The 
structure Zn0.9687Pr0.0312O has the lowest total energy which 
suggests that it is both the most stable and the easiest to obtain 
experimentally. Due to these modifications, obtaining a high 
concentration of Pr doped ZnO will become more challenging. 

 

B. Electronic properties  

1) Band structure  

Band structures of undoped ZnO and Praseodymium-doped 
ZnO are shown in Fig. 2 and 3, respectively. As the doping of 
ZnO largely impacts the region around the Fermi level, which 
dictates the nature of the material, the Fermi level is put at 
zero with a red dashed line. There is no doubt that non-doped 
ZnO has a direct band gap at high symmetry, which is 
significant for optical transitions and can enhance optical 
performances. 
The DFT calculations can only give us a band gap of 0.74 eV 
(Fig. 2a) for pure ZnO. This is still a considerable distance 
from the expected value of band gap (3.37 eV) [31]. While 
using the GGA+U approach, the obtained value is 3.373 eV 
(Fig. 2b) of pure ZnO, that is very familiar with the 
experimental one. As a result, the GGA+U technique can 
assist us in obtaining more precise optical properties. 
 

TABLE II 
COMPARISON OF THE STRUCTURAL CHARACTERISTICS OF PURE AND Pr-DOPED ZNO AT A VARIETY OF DOPING LEVELS 

 

Models 
Lattice parameters 

c/a V(Å3) Energy (eV) density 
(g/cm^3) 

Bond length (Å)  

a (Å) c(Å) O- Zn O- Pr 

Pure ZnO 3.24301 5.21172 1.607 47.46883 -35646.2459 5.69355 1.973 - 

Zn0.9687Pr0.0312O 
(3.125%) 3.26723 5.25841 1.609 48.60039 -70915.8702 5.72227 1.951 2.242 

Zn0.9583Pr0.0417O 
(4.17%) 3.27588 5.26813 1.608 48.76226 -53101.0531 5.73198 1.955 2.246 

Zn0.9375Pr0.0625O 
(6.25%) 3.29323 5.29735 1.609 49.76226 -35286.1969 5.74619 1.967 2.253 
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Fig. 2. Band structure of pure ZnO; (a)-using DFT; (b)-
using DFT+U 

Fig. 3 displays the computed band structures of the 
Zn0.9375Pr0.0625O, Zn0.9583 Pr0.0417O and Zn0.9687Pr0.03125O model 
for both spin up and spin down respectively. With a red 
dashed line, the Fermi level is marked as zero.  

For both spin up and spin down models, the Fermi levels 
move upward to the conduction band after doping, indicating 
that the Pr atom functions as an efficient donor in the ZnO 
crystal and that the model exhibits the characteristics of n-type 
doping because the donor states are close to the conduction 
band. [33]. Pure ZnO's band gap is decreased by doping Pr3+. 
The conduction and valence band overlap with the fermi level 
after Pr3+ doping (Fig. 3). One free electron is released into the 
ZnO structure when a Pr atom occupies a particular position in 
the structure, which raises the carrier charge concentration. 
Therefore, Fermi energy level shifts inside the conduction 
band [34]. Burstein-Mott phenomenon is a good explanation 
for the Fermi level shifting towards the conduction band, 
which results in an n-type degeneration semiconductor [35]. 

Moreover, the ZnO begins to behave more like a metal than a 
semiconductor. These materials are referred to be degenerate 
semiconductors since they correlate intrinsic carrier 
concentration with temperature and bandgap but defies the law 
of mass action. In many ways, the behavior of a degenerate 
semiconductor is intermediate between a metal and a 
semiconductor because it still has a lot less charge carriers 
than a true metal. 

 
2) Density of states 

 
Total density of states of before and after doping ZnO are 

displayed in Fig. 4a and Fig. 4b respectively. The black 
dashed line designates the Fermi level as 0 eV. It can assist in 
clarifying the band's origin. Fig. 4a displays that there is no 
electron density in the pure TDOS (total density of states) 
where the fermi level crosses over at zero density of states. 

While in Fig. 4b, some electron density is investigated at fermi 
level region. In simple words, around the Fermi energy, there 
is no energy gap that indicates metallic behavior [36]. This is 
coherent with the band structure. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Total density of states of (a) pure; (b) doped ZnO 

Fig. 3. Band structures of (a)- Zn0.9687Pr0.03125O, (b)-Zn0.9583 Pr0.0417O and (c)- Zn0.9375Pr0.0625O   
models for both spin up and spin down respectively 
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Fig. 5 illustrates TDOS and PDOS (partial density of states) 
for undoped and doped ZnO with various amounts of Pr-
3.125%,4.17%,6.25% (Zn0.9687Pr0.03125O, Zn0.9583Pr0.0417O and 
Zn0.9375Pr0.0625O respectively). This makes it clear which orbit 
of which element the new band corresponds to. There are three 
sections in the valence band between the energy of -15.6 to 0 
eV shown in Fig. 5a. Firstly, the energy range of -14.1 to -15.5 
eV consists of an isolated band formed by the O-2s state. 
Secondly, the range of -9.2 to -5.4 eV is made up of Zn-3d and 
partial O-2p orbital states. Lastly, the range of -5.4 to 0 eV 
mainly consists of O-2p states with a smaller contribution 
from Zn-3d states, indicating d-p orbital coupling. The strong 
bonding between Zn and O atoms is supported by the fact that 
these two states strongly hybridize with each other [37]. In 
addition, the majority of the conduction bands are composed 
of Zn-3p, Zn-4s, and O-2p orbital states, which is consistent 
with the total density of Zinc Oxide. Moreover, the obtained 
results are consistent with the previous calculations [38,17]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 5. TDOS and PDOS of (a) pure ZnO; doped ZnO (b) 
3.125% Pr, (c)4.17% Pr, (d)6.25% Pr 

As shown in Fig. 5(b-d), after doping the Fermi level get 
moving into the conduction band in contrast to pure ZnO 
because more conductive carriers were present due to the 
doping of Pr elements. With increasing Pr doping 
concentration, fermi level shifts further toward the conduction 
band. Moreover, it was noted that all PDOS of Pr doped ZnO 
systems exhibit inhabited states at or close to Fermi levels, 
primarily from the valance band O-2s, O-2P, Zn-3d, and a 
small amount of Pr-4p orbitals. Furthermore, the Pr-4f orbital 
is primarily responsible for the conduction band. Moreover, 
following doping, the systems become more conductive as a 
result of this. When the Pr concentration increases, the Fermi 

level of the system shifts towards the conduction band, and the 
density of states (DOS) moves towards lower energies. This 
suggests that Pr can be used to access an excellent n-type 
degenerate semiconductor. 

 

C. Optical properties   

1) Dielectric function  

The dielectric function of a material can provide insights 
into its optical properties, specifically the imaginary 
component which relates to the energy required to transition 
electrons from the valence band to the conduction band [17]. 
In order to understand the optical behavior of materials, both 
the real ε1(ω) and ε2(ω) imaginary parts must be considered, as 
shown in Fig. 6.   
 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Dielectric function of (a)imaginary part ε2(ω) and (b) 

real part ε1(ω) of pure and doped ZnO 
 
According to Fig. 6a, pure ZnO exhibits three main peaks in 

the imaginary component ε2(ω). The first peak, which is 
observed at around 5.5 eV, can be attributed mainly to the 
interaction between the O-2p and Zn-3d orbitals causing a 
shift. The second peak, occurring at approximately 10 eV, is a 
result of the conversion of the Zn-3d and O-2s orbitals. The O-
2s orbital is mainly responsible for the third peak, that is 
closely 15.5 eV. The outcomes agree with those of both the 
experimental [39] and theoretical [17] estimates.  

The Pr-doped ZnO exhibits a very prominent peak between 
12 and 15.5 eV, just like the undoped ZnO does [Fig. 6a]. 
According to the density of states property, the primary 
transition between the Pr-4s and the Zn 3d orbital states are 
directly related to the transition of Zn-3d, O-2p and Pr 4s 
states. When ZnO is doped, it displays a very modest 
dielectric peak between 0 and 1.5 eV, but for pure ZnO, the 
peaks become noticeable beyond the frequency of 6.5 eV. As 
Pr concentration increases, the dielectric peak moves to lower 
energy, which denotes red shift. The electronic transitions 
match those in the other papers [26,40] 

The real parts ε1(ω) of the dielectric function go through a 
positive to negative value transition and then, with increased 
energy, return to the positive value shown in Fig. 6b. A phase 
transition can be spotted by observing the changes of ε1(ω) 
values. The value of ε1(ω) below zero indicates that at these 
photon energies, the phases exhibit metallic behavior, or that 
the materials possess sufficient carriers to cause them to 
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exhibit metallic behavior. Therefore, the negative value of 
ε1(ω) can be utilized to determine the metallic or dielectric 
properties of a substance. Around 15.5 eV, the ε1(ω) of both 
pure and doped ZnO is found negative or below zero. The 
number of carriers determines how metallic and dielectric 
behaviors behave. Materials that exhibit metallic behavior 
have more carriers, while those that exhibit dielectric behavior 
have less [41]. 
2) Absorption 

     Fig. 7 displays absorption coefficient, α(ω) of pure and 
doped of three different concentrations of Pr 
(Zn0.9687Pr0.03125O, Zn0.9583 Pr0.0417O and Zn0.9375Pr0.0625O). It is 
easier to conduct research by separately describing the 
absorption spectrum between 50-90 nm and between 200-500 
nm wavelength that are individually represented in Fig. 7a and 
Fig. 7b respectively.  
The higher absorption peak of pure ZnO, which is roughly 
equivalent to 72.5 nm in wavelength, makes it clear that pure 
ZnO has a stronger ability to absorb UV light. The outcomes 
are in agreement with earlier findings. [27]. With rising 
wavelength, ZnO's absorption qualities rapidly deteriorated. 
The absorbance peak is reduced after Pr is doped into ZnO. 
However, the Pr-doped ZnO exhibits a better efficiency at 
absorbing UV light than pure ZnO. In the region between 70 
and 90 nm wavelength where the absorption peak is found 
shown in Fig. 7a. As the quantity of doping rises, the 
absorbance peak shifts right to the higher wavelength and 
lower frequency that exhibit red shift of the absorption 
spectra. After doping, it can obtain a reduced absorption 
efficiency than pure ZnO in the 200 to 380 nm wavelength 
range of the near-ultraviolet spectrum shown in Fig. 7b. As the 
concentration rises, Pr-doped ZnO's absorption ability will 
decrease. While this ability is inversely proportional to the 
quantity of Pr in the ultraviolet region, Pr-doped ZnO has not 
sufficient ability to absorb light at visible wavelengths 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. The absorption coefficients of pure ZnO and Pr doped 
ZnO in the range between (a) 50 to 90nm (b) 200 to 500 nm 

 

3)  Reflectivity 

The reflectivity of doped and undoped ZnO at various Pr 
concentrations is shown in Fig. 8. Pure ZnO's primary 
reflection region is in the far UV region in the range of 50 to 
120 nm, and primary reflection peak is close to 72.5 nm in 
wavelength.  
After doping, the primary peak shifts in the direction of long 
wavelengths, indicating a red shift in wavelength. And the 
more noticeable the shift, the higher the concentration of Pr 
doping. These findings roughly between 50-100 nm 
wavelength are revealed to understand the movement clearly. 
The doped ZnO has greater reflectivity than pure ZnO in the 
120–200 nm wavelength range. However, starting at a 
wavelength of 250 nm, the doped ZnO starts off with a lower 
reflectivity than pure ZnO. As the concentration of Pr doping 
rises, so does the extent of the reduction. Similar to this 
property, the absorption spectrum exhibits the similar trend 
whereby Pr-doped ZnO's reflectivity starts to decline relative 
to that of pure ZnO between 250 and 400 nm. It suggests that 
the introduction of the Pr element can significantly enhance 
ZnO's transmission capabilities in the near-ultraviolet range. 
Additionally, after doping it has lower reflectance than 
undoped ZnO in the visible region of 380 to 700 nm. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Fig. 8. The reflectivity of pure ZnO and Pr doped ZnO 

 
4) Refractive index 

The characteristics of the refractive index (n) of undoped 
and doped ZnO in between 100 to 700 nm wavelength are 
depicted in Fig. 9 to clearly observe it in both ultraviolet and 
visible regions. It results from the interaction of the complex 
dielectric function as well as refractive index. 

In the region of far ultraviolet, pure ZnO has a greater 
refractive index than doped ZnO, reaching a value of 1.84 for 
wavelengths below 150 nm and above 100 nm. In this range, 
the peak shifts to the longer wavelength region with increasing 
the Pr concentration. As we can see, near the ultraviolet region 
240-380 nm, the doped ZnO exhibits the higher refractive 
index than the undoped ZnO and the higher doping 
concentration model has the higher peak at near 160 nm.  
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Fig. 9. The refractive index (n) of pure ZnO and Pr doped ZnO 

 
But in the visible region (400-780 nm), the pure ZnO again 

has a higher refractive index than the doped ZnO and when the 
doping concentration rises the refractive index reduces in the 
visible region. 

 
5) Energy loss function  

The energy loss function explains how much energy is lost 
when an electron changes states in a material. It is commonly 
known that the energy loss function of a solid exhibits that the 
energy loss of electrons passes a dielectric [42].  Fig. 10 shows 
the energy loss function with variation in energy, a physical 
factor that is essential for explaining the loss of energy during 
electron transversion through a medium. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Energy loss function of pure and doped ZnO 

The experimental result and the theoretically calculated 
value are both compatible with the major peak for pure ZnO at 
21.5 eV [43]. Also, some other peaks are noticed in 24.3 eV, 
37 eV. The doped ZnO has lower energy loss function peaks 
than the pure ZnO. However, with increasing the Pr 
concentration from 3.125% to 6.25%, the peaks move to lower 
energy indicating the red shift. 

IV. CONCLUSIONS  
GGA+U method, a first-principles approach was used in 

this research to evaluate the structural, optical and electronic 
properties of pure ZnO and Pr3+ doped ZnO at various doping 
concentrations of Pr (3.125%, 4.17% and 6.25%). By 
comparing the obtained theoretical results with the 
experimental ones, it can be observed that, the result is 
compatible with other published experimental and theoretical 
research. DFT+U method has some advantageous features 
over the DFT method. By using the GGA+U approach, the 
estimated band gap (3.373 eV) is very closer to the 
experimental band gap as well as it provides a small volume 
deviation than the normal DFT method. Therefore, the ZnO 
structure model has been validated using the DFT+U method. 
The obtained results demonstrated that with increasing the Pr 
content, the lattice parameters and volume increased. The 
obtained values of structural parameters are feasible with the 
standard ones. The structure Zn0.9687Pr0.0312O has the lowest 
total energy (E) which suggests that it is both the most stable 
and the easiest to obtain experimentally. In the estimated band 
structures, it can be observed that with increasing Pr 
concentration, Fermi level moved towards the conduction 
band and overlaps with the valence and conduction band. 
Therefore, the ZnO starts to act more like a metal than as a 
semiconductor indicating the material as a n-type degenerate 
semiconductor. The investigation of TDOS and PDOS of Zn, 
O, and Pr in pure and Pr-doped ZnO reveals some interesting 
findings. When Pr is doped into ZnO, the Fermi level shifts 
towards the conduction band, leading to an increase in the 
number of conductive carriers. This increase in conductive 
carriers is reflected in the electron density observed at the 
Fermi level, which indicates a metallic behavior. This is 
coherent with the band structure. Moreover, various optical 
properties such as absorption, dielectric constants, reflectivity, 
energy loss function, refractive index were observed. In the far 
and near ultraviolet regions, most of the peaks of absorption, 
reflectivity and other optical parameters were noticed. And the 
absorption peaks shifted to the higher wavelength region and 
lower energy (eV) with increasing the doping concentration. 
That means there occurred red shift of the absorption peaks. 
Similar activity was also reflected in the other optical 
properties. In the real part of dielectric constant, a positive to 
negative value transition with increasing the energy was 
observed. The negative value of ε1(ω) indicates the metallic 
behavior at these certain photon energies and this result is 
compatible with the DOS and band structure optimization. 
Therefore, we think that our findings and judgements will 
offer a feasible way to comprehend the doping effects in ZnO 
and will inspire further research. 
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