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Applying the principle of Density functional theory, we can calculate various parameters like lattice constant,
band gap, band plot, dielectric function plot, refractive index plot, conductivity plot, density of state plot, loss
function etc. of GaN. In this work, we use different electronic pseudopotentials with different relativistic treatment
studied using Local density approximation functional (LDA-CAPZ) within DFT for GaN. We used to calculate the
energy values, lattice parameters change after geometry optimisation and plot the band energies. Electronic
structure calculations results are compares taking different electronic pseudopotentials of different cut-off energy
having different relativistic approaches. The Density of state plot and partial density of states plot help to studied
more about the electronic as well as magnetic characteristics of the GaN sample. Here, we also compare the
advantages and disadvantages of different pseudopotentials with different relativistic approaches of the sample.
Energy level distribution and partial density of states were compared for all the pseudopotentials with different
relativistic treatments, providing insight into the orbital contributions of electrons to the density of levels. Our study
provides a deeper understanding into the impact of electronic pseudopotentials and relativistic treatments on the

electronic and structural properties of GaN.
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Introduction

In the field of semiconductor research, the study of
special materials and their electronic properties is very
important for technological progress. Gallium nitride
(GaN), a semiconductor material widely used in
optoelectronics and high-power electronics. Density
functional theory is used to understand the electronic and
structural properties of bulk and nano GaN [1-2]. Despite
the well-established principles governing semiconductors,
the nuanced effects of electronic pseudopotentials and
relativistic treatments on the structural and electrical
properties of GaN remain an area of active investigation.
Some semiconductors like ZnS (3.6eV), GaN (3.4eV),
ZnO (3.37eV) have more than 3eV band gap known as
wide band gap semiconductor [3]. DFT methods use some
of the approximation methods like Local density
approximation-LDA  [4],  Generalized  Gradient
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approximation-GGA [5], Predew-Bruke-Ernzerhof -PBE
[6], PW91 [7] to studied the structural, magnetic and
optical traits of materials.

In this work, the main objective is to find the
appropriate electronic pseudopotentials with different
relativistic approximation to study the electronic and
magnetic properties of GaN. For all the calculations, we
use the LDA-CAPZ functional as it gives better results [8].
Band gap calculations with band plot done in this work.
Energy density states distribution and partial density of
energy states plot draw and compared among
pseudopotentials.

I. Computational methods

Most popular and dependable method is density
functional theory which is first principle approach of
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computation. It is used to examine the properties of
materials theoretically. In this piece of work, we used first
principle total energy code to calculate the electronic
structure. We use CASTEP [9] module in Biovia for this
calculations. LDA is one local exchange correlation
functional exist in CASTEP and three corrected gradient
exchange correlational functional GGA in CASTEP. Also
a set of self-consisted total energy calculations nonlocal
function exist in CASTEP calculations. In LDA, CA-PZ
only local function available which based on Ceperley and
Alder (1980) [10] data which parameterised by Perdew
and Zunger (1981) [11]. Here the calculations for DFT
done with LDA CAPZ functional. For calculations, we
taken valence electrons of GaN. The interaction with core
and valence electrons pick up by different
pseudopotentials. Dassault systems BIOVIA material
studio [12] is used for modelling and structure calculations
to study the properties of materials. It is used in Material
science, physics and chemistry for modelling and
simulation.

In this work, we used different pseudopotentials with
different cut-off energy. OTFG ultrasoft Pseudopotential
having Cutoff Energy 517 eV. For OTFG norm
conserving Pseudopotential, the Cutoff Energy is
1115.7 eV. Ultrasoft Pseudopotential having Cutoff
Energy 295 eV and norm conserving Pseudopotential has
Cutoff Energy 800 eV. The K-point grid taken as 5 x5 x4
in all calculations. The energy bands and state densities
were displayed after the single particle equations
developed by Kohn and Sham [13] were solved. Band
energies, density of state and band gap calculations done
for hexagonal GaN. GaN has wide band gap of 3.4 eV.
GaN has tetrahedral coordinate geometry with lattice
dimension of a=b=3.216 A, c=5.240 A. GaN is wurtzite
yellow powder crystal. Figure 1 and 2 depict the unit cell
and the primitive cell using brilloun zone sampling
respectively.

Fig. 1. Crystal structure of GaN Ga in grey and N in blue.
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I1. Results and Discussion

2.1. Density Functional Theory

Density functional theory DFT [14] calculations to be
done using LDA CAPZ functional for electronic
properties of GaN with different electronic
pseudopotentials. Also the pseudopotentials calculations
done with different relativistic treatment. All the
calculations were done for hexagonal GaN. The
configuration of electrons in Ga is [Ar]4s? 3d'°4p* and for
N is 1s22s?2p®. For all pseudopotentials, we have done the
geometry optimisation considering different relativistic
treatment. Then the energy band structure and state
density measurement done for the variable
pseudopotentials. All the pseudopotential for GaN has
their own cut-off energy in the 5 x5 x4 K-points. In this
work, we taken four pseudopotentials [15] i.e., OTFG
ultrasoft, OTFG norm conserving, norm conserving [16],
ultrasoft. There will be three relativistic treatments for
each pseudopotential i.e., Schrodinger, Koelling Harman,
Zora. Solutions to the atomic electronic structure and a
pseudo atom involves in the calculations of OTFG(On the
fly generation) pseudopotentials. For this calculations are
done in Non relativistic (schroedinger) framework or
using scalar relativistic approaches (Koelling-Harmon or
Zora). In this work we calculated Band gap with different
pseudopotentials (Table-1). We found that the OTFG
ultrasoft pseudopotentials with Schroedinger relativistic
treatment gives good results for GaN . For the Ultrasoft
pseudopotential, the band gap found to be same 2.027 eV
in all Schrodinger, Koelling Harman, Zora. For the norm
conserving pseudopotential, the observed band gap must
be same 1.971 eV in Schrodinger, Koelling Harman, Zora.
In this work ,we find an interesting fact that for the
Ultrasoft pseudopotential as well for the norm conserving
pseudopotential ,the respective band gap is same
irrespective of the relativistic treatment chosen. Energy
density states and partial density of energy states plot draw
and compared among pseudopotentials.

Figure-3 represents the band gap structure with
different pseudopotentials. In the same symmetry line i.e.,
in gamma line, the conduction energy band minimum and
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Fig. 2. Brillouine zone of GaN.
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Table 1.

Band gap calculation of LDA CAPZ functional with different Pseudopotentials for GaN for 5 x5 x4 k-points

Relativistic Lattice constants after
. geometry optimization
Pseudopotentials Treatment BFGS scheme[17](In A) Band gap (eV)
a=b | c
Schroedinger 3.16645 5.15480 2.202
(Cut(ngfFEC;elﬂ '”a_i_)olf;ev) Koelling- Harmon 315631  5.14204 2.079
9y= Zora 315812 5.14491 2.069
OTFG norm conservin Schroedinger 3.17333 5.16808 2.147
(Cutoff EnergyzlllGe\g) Koelling- Harmon 3.16401 5.15665 2.019
Zora 3.16532 5.15760 2.014
Ultrasoft Schroedinger 3.16546 5.15777 2.027
Koelling- Harmon 3.16585 5.15769 2.027
Cutoff E =295eV

(Cutoff Energy=295eV) Zora 316551  5.5782 2.027
NOTm Conservin Schroedinger 3.17789 5.17845 1.971
(Cutoff Ener =80§eV) Koelling- Harmon 3.17789 5.17845 1.971
9y Zora 3.17789 5.17845 1.971

the valence-band maximum occurs. This concludes that
the GaN is a direct energy bandgap semiconductor. With
differing relativistic treatments, all pseudopotentials
energy band shapes are essentially the same. The
limitations of standard DFT calculations are what cause
the band gap calculations to differ from the experimental
result.

2.2. Local Density Approximation
In LDA, system’s energy is represented as a function
of electron density. It is a function of the coordinates of all
electrons in the system. LDA functional was typically
written in the following form:

Ewpa = J p(exc[p(r)] dr

where E;p, was total energy of system, p(r) was the
position of electron density at r. exc[p(r) was the
exchange-correlation energy density. The energy density
of exchange-correlation describes the interaction between
electrons, taking into account the Pauli exclusion principle
and the Coulomb interaction.

In LDA, the energy density of exchange-correlation is
approximated as a function of the local electron density,
which means that the functional depends only on
electronic density at a given point in space and not on the
density elsewhere in system. The LDA approximation
assumes that the energy density of exchange-correlation at
a point is determined by the local electron density, and that
the electron density is smooth and continuous. While the
LDA functional is relatively simple, it can provide useful
predictions of the electronic properties of materials, and is
still used in many DFT calculations today.

In quantum mechanical computations of materials,

pseudopotentials are a frequently used method to lessen
the computational work needed to solve the electronic
structure problem. The explicit treatment of every electron
in a system during a comprehensive ab-initio computation
necessitates the employment of several basis functions to
represent the electron wave functions. In particular, for
bigger systems, this can make the computation highly
computationally expensive. The complete potential that
valence electrons in a solid experience is approximated by
pseudopotentials. In order to create them, the core
electrons from the full potential are removed. Their place
is taken by an effective potential that accurately
reproduces the valence electron wave functions. By
ignoring the role of the core electrons, the resulting
pseudopotential can be utilised to explain the valence
electron states of a system. The two basic categories of
pseudopotentials are:

- Norm-conserving pseudopotential

- Ultrasoft pseudopotential

Norm-conserving pseudopotentials are made to
preserve the wave function’s norm which guarantees that
the system’s overall charge is preserved. The number of
basis functions needed to express the wave functions can
be decreased by Ultrasoft pseudopotentials. This intended
to be significantly smoother than norm-conserving
pseudopotentials. The generation process is the primary
distinction between On-The-Fly-Generated (OTFG)
Ultrasoft and Norm-conserving pseudopotentials and
conventional Ultrasoft and Norm-conserving
pseudopotentials. OTFG pseudopotentials are formed on
the fly during the calculation using a pre-set set of rules,
in contrast to traditional pseudopotentials that are
generated based on a set of predefined framework.

The Ultrasoft pseudopotential is defined as

V(r) = X6 2 o0[V(®exp(—q(G)? r*)(1 — exp (—q(R)*r?)) / q(R)?]

where V(r) is pseudopotential at position r. V(G) is
Fourier transform of the potential. q(G) and q(R) are
screening parameters.

The norm-conserving pseudopotential is defined as

V(r) = Xg=0[V(G)exp (G- 1)]

where V(r) is the pseudopotential at position r. G is the
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Fig. 3. Band gap calculation of LDA CAPZ functional with different Pseudopotentials for GaN for 5 x5 x4 k-points
(a) OTFG Ultrasoft Schroedinger (b) OTFG Ultrasoft Koelling- Harmon (c) OTFG Ultrasoft Zora (d) OTFG norm
conserving Schroedinger () OTFG norm conserving Koelling- Harmon (f) OTFG norm conserving Zora (g)
ultrasoft Schroedinger / Koelling- Harmon/ Zora (h) norm conserving Schroedinger / Koelling- Harmon / Zora
(Table —1).

reciprocal lattice vector. OTFG pseudopotentials more
efficient and accurate than traditional pseudopotentials,
but it requires more computational resources to generate.

Figure-4 represents the total energy density states
(DOS) of GaN of different pseudopotentials. The
behaviour of non-relativistic particles is described by the
Schroedinger equation, a key equation in quantum
mechanics  [18-20].  Relativistic ~ treatments  of
pseudopotentials frequently utilised in solid state physics
include Koelling Harmon and Zora. While Zora is a fully
relativistic method that accounts for both the effects of
relativity and the mobility of atomic nuclei. Koelling
Harmon is a semi-relativistic approach that approximates
the valence electrons of an atom as linear combination of
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atomic like wave functions [21-23]. While Koelling
Harmon is a fair balance between accuracy and computing
economy for some materials. Zora is thought to be the
most precise technique for handling relativistic effects but
is computationally expensive. [24-27].

In all diagrams, Fermi energy is assumed to be Zero
of the energy axis. On left and right sides of fermi energy
line, there are valence and conduction band respectively.
More electrons in the valence band indicates that GaN is a
semiconducting material. Two frequently utilised
approximations in density functional theory simulations
for forecasting the electrical characteristics of materials
are LDA and GGA. Compared to more sophisticated
approaches, both of these approximations offer a more
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straightforward and computationally effective means of
characterising the electron density of a material. Energy
difference between the LUMO and HOMO is known as
band gap in DFT calculations.

One explanation is that the LDA and GGA methods
are predicted on the idea that a material’s electron density
is homogeneous and does not appreciably change with
position. For some material’s, especially those with
intricate crystal structures or strong electrical correlations,
this presumption might not be accurate. As a result of

failing to completely take into consideration the localised
character of electrons, LDA and GGA approaches may
overestimate the band gap. Another factor is that the exact
exchange correlation potential, a key factor in DFT
calculations, is not taken into consideration by the LDA
and GGA approaches. It is challenging to calculate the
precise exchange correlation potential; thus it is typically
estimated using a variety of techniques. The band gap may
be underestimated in LDA and GGA approaches because
the approximations utilised do not completely account for
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Fig. 4. Density of states calculation of LDA CAPZ functional with different Pseudopotentials for GaN for 5 x5 x4
k-points (a) OTFG Ultrasoft Schroedinger (b) OTFG Ultrasoft Koelling- Harmon (¢) OTFG Ultrasoft Zora (d)
OTFG norm conserving Schroedinger (¢) OTFG norm conserving Koelling- Harmon (f) OTFG norm conserving
Zora (g) ultrasoft Schroedinger / Koelling- Harmon/ Zora (h) norm conserving Schroedinger / Koelling- Harmon /
Zora.
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the exchange correlation effects. Due to the GGA methods may vary less than real value.

simplifications and assumptions utilised in these method, Figure-5 represents the partial energy density of states
especially for materials with complicated electrical of GaN of different pseudopotentials. Contribution of
characteristics, energy band-gap predicted by LDA and electrons from different orbitals can clearly
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Fig. 5. Partial Energy Density of states calculation of LDA CAPZ functional with different Pseudopotentials for
GaN for 5 x5 x4 k-points (a) OTFG Ultrasoft Schroedinger (b) OTFG Ultrasoft Koelling- Harmon (¢) OTFG
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understandable from PDOS plot. The p-state electrons
contribute more in both valence and conduction band. The
d-state electrons present inner portion to valence band.

Conclusions

The structural and electronic properties calculations
are done with first-principle Density functional theory for
GaN. The Band gaps were calculated using LDA CAPZ
functional with different electronic pseudopotentials
having different relativistic treatment for GaN. Also
different cut-off energies are used in this observation.
Energy density states and partial of energy density states
were compared for all the pseudopotentials with different
relativistic calculations. OTFG Ultrasoft pseudopotentials

slightly less than compared to experimental results. The
band gap found to be slightly different for different
pseudopotentials. Distributions of valence electronic
band’s electronic states and conduction electronic band’s
electronic states are found to be same in GaN. Partial
density of states plot gives good idea about the orbital
contribution of electrons to the density of levels. The
ultrasoft pseudopotential as well for the norm conserving
pseudopotential, the respective band gap is same
irrespective of the relativistic treatment chosen.
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with Schroedinger relativistic treatment gave good results
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OuiHka BIUVIMBY €J1eKTPOHHUX MCEBAONOTEHUIAIIB i peIsITUBICTCHbKHUX
npoieayp Ha CTPYKTYPHI Ta ejekTpuuHi BaactuBocTi GaN:
JAOCJIi/IKEHHS MeTOI0M (PYHKIIOHATY I'yCTHHH

Vuieepcumem mexnonocii ma menedsicmenmy Llenmypiona, bxybanewsap, Ooiwa, Inois, padmaja.patnaik@cutm.ac.in

3acTOCOBYIOUH MPUHIUIT Teopii GyHKIIOHATY TYCTHHH, MOXHA O0UMCINTH pi3Hi mapamerpu ais GaN, Taki
SIK IOCTi1HA TPATKH, IHPHUHA 3200pOHEHOT 30HU, 30HHA CTPYKTYpa, MOBEAIHKY HieIeKTPpUIHOI QYHKIIT, TOKa3HHUKA
3aJIOMJIEHHSI, IPOBITHOCTI, IIIJTBHOCTI CTaHiB, (PYHKIIFO BTpAT TOmIo. Y 1iif poOOTi BUKOPHUCTAHO Pi3Hi €IEeKTPOHHI
NICEBJIONIOTEHIIaNN i3 PI3HOI0 PEIATHBICTCHKOI0 OOpPOOKOI0, JOCHIMKEHOI 3a IO0IOMOrol (yHKIioHATY
anpokcumaii nokanpHoi ryctunn (LDA-CAPZ) y DFT s GaN. [l po3paxyHKyY 3Ha4€Hb €Heprii BAKOPHCTaHO
3MIiHH MapaMeTpiB IPaTKH Micis onTHMi3alii reomeTpii Ta moOyJoBH 30HHHX eHepriil. PesynbraTi po3paxyHKiB
CNIEKTPOHHOI CTPYKTYPH € NOPIBHAHHAMH Pi3HUX €IEKTPOHHUX IICEBIONOTEHIIAMIB 3 PI3HOI0 CHEPTi€l0 BiICIUeHHS
i3 BUKOPHCTaHHSM PIi3HHUX PESATUBICTCHKUAX MiAXofiB. ['padiky HIITPHOCTI Ta YaCTKOBOi HIUTBHOCTI CTaHIB
JIOTIOMararoTh OiNblle JTi3HATHCS MPO EIEKTPOHHI Ta MarHiTHI XapaKTepPUCTHKH 3pa3ka. KpiM TOro, BUKOHaHO
MOPIBHAHHS TIepeBar Ta HEAOIIKIB Pi3HUX ICEBIONOTEHLIANIB 3 PI3HUMH PENATHBICTCHBKHMH MiIXONAMH IS
BUOiIpKHU. PO3MOIN eHEPTeTUYHUX PIBHIB 1 YaCTKOBY INIJbHICTh CTaHIB MOPIBHIOBAJIH IS BCIX MICEBOMOTEHITIATIB
3 pI3HUMH PEIATHBICTCHKHUMH 0OpoOKaMu, L0 Jaio PO3yMiHHsS OpOiTalbHUX BHECKIB €IEKTPOHIB Yy IIIJIBHICTH
craniB. JlaHe nocimikeHHS 3a0e3nedye TIHOME PO3YMIHHS BIUIMBY €IEKTPOHHUX IICEBJIONOTEHIIANIB 1
PENATUBICTCHKUX JOJAHKIB Ha EJIKTPOHHI Ta CTPYKTYpHi BiactuBocti GaN.

Ka64osi cioBa: DFT, LDA, nceBgonoTeHIiagy, penaTUBICTChKI TPAKTyBaHHS.
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