
PROCEEDINGS OF SPIE

SPIEDigitalLibrary.org/conference-proceedings-of-spie

Band structure calculation of dilute-
As GaNAs by first principle

Xiao-Hang  Li
Hua  Tong
Hongping  Zhao
Nelson  Tansu

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/6/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx



Band Structure Calculation of dilute-As GaNAs by First Principle 
 

Xiao-Hang Li +, Hua Tong, Hongping Zhao, and Nelson Tansu ± 
Center for Optical Technologies, Department of Electrical and Computer Engineering,  

Lehigh University, Bethlehem, PA 18015 
+Email: Li@Lehigh.Edu, ±Email: Tansu@Lehigh.Edu 

 

ABSTRACT 
We present the band structure calculation of dilute-As GaNAs alloys (from 0% to 6.25% As) by employing the density-
functional theory that adopts the local density approximation. Our studies indicate that the GaNAs shows a direct 
bandgap property. A small incorporation of As into the GaN alloy leads to the a significant decrease in the energy gap, 
which allows direct band gap transition covering from 3.47 eV (0% As) down to 1.93eV (6.25% As). The finding 
implies the dilute-As GaNAs alloy as an excellent candidate for the active material for optoelectronics that covers the 
entire visible spectral regime. The carrier effective masses of dilute-As GaNAs alloys are also presented.  
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1. INTRODUCTION 

 
The III-Nitride semiconductors have many interesting and useful properties such as having direct band gaps at the 

gamma point in the Brillouin Zone. The energy gaps of III-Nitride semiconductor covers the whole visible spectrum as 
well as the ultraviolet and infrared spectrum, thus this material system plays a very important role for light-emitting 
diodes (LEDs) and laser diodes. The InGaN alloy has been implemented for nitride-based light-emitting diodes in solid 
state lighting [1-12], and the properties of the InxGa1-xN alloy have been investigated vigorously. For GaNAs ternaries, 
significant studies have also been carried out on understanding the electronic structure, epitaxial growth, device 
fabrication and engineering of dilute-nitride GaNAs (up to 5% N) for achieving the near-infrared quantum well lasers 
[13-24]. In contrast to the development in dilute-nitride GaNAs semiconductor, very limited experimental work [25] and 
new device concepts [26, 27] based on dilute-As GaNAs alloy. The studies of the basic material physics and properties 
of dilute-As GaNAs alloy are very lacking, thus the accurate understand of the band structure of this alloy are important 
to provide guidance and insight for device physics of nanostructures employing this alloy. The important parameters 
such as the band gap and carrier effective mass near the gamma point of the Brillouin zone (BZ) of dilute-As GaNAs 
alloy have fundamental impacts on the development and implementation of this alloy into advanced device applications. 

In this work, we present a first principle study based on Density Functional Theory (DFT) to compute accurate band 
structure and band properties of dilute-As GaNAs ternary alloy with different As concentrations from 0% up to 6.25%. 
First of all, we discuss the first principle calculation formation for the dilute-As GaNAs which includes the introduction 
to the Density-Functional Theory (DFT), the scissor operator, the supercell approach, as well as the details of the 
calculation steps shown in a flow chart. Then, we will present the band structure of the dilute-As GaNAs, and the band 
gap extracted from the band structure. The material properties such as the effective masses of the electrons, heavy holes 
as well as the light holes of the dilute-As GaNAs alloy are presented in this study.  

2. FIRST PRINCIPLE CALCULATION FORMULATION 
 

The first principle calculation is a very important technique to explore the electronic properties of novel materials 
with unfamiliar band and material properties. The use of DFT technique solves the Schrödinger's equation of the electron 
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in a specific crystal structure by virtue of five physics basic constants, me, e, h, c, kB as shown below. The Schrödinger's 
equation of an electron can be written as 
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where the total Hamiltonian on the left hand side has three components:  
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However, due to the well-known complexity of many-body computation, the first principle calculation over numerous 
electrons in any crystal structure is computationally unattainable. This problem has been well solved by the use of 
Density-Functional Theory (DFT) [28], which simplifies Schrödinger's equation into Kohn-Sham equation as below, 
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, the total Hamiltonian on the left hand side has a Kohn-Sham potential, 

which can be described as follow: 
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The Kohn-Sham potential contains an exchange-correlation potential )]([ rVXC ρ , which includes all the interaction 

between electrons and nuclei. The exchange-correlation potential )]([ rVXC ρ  can be expressed in several approximation 

forms, and the local density approximation (LDA) has been used in this study. However, the density-functional theory 
has an underestimation on the conduction band energy levels. A well-known technique to solve this problem is by 
applying the “scissor operator” to shift all the conduction bands up relative to all the valence bands [29].  This method 
supplies a satisfied accuracy for the band gap calculation while significantly decreases the calculation expense compared 
with other methods like GW quasi-particle approximation. 

In the impurity incorporation calculation, the supercell approach is most commonly used [30]. In constructing the 
supercell, the impurity is surrounded by a number of host atoms and the whole system repeats periodically in space [31-
34]. In our study, the dilute-As GaNAs supercell consists of a number of GaN primitive cells and one As atom 
substitutes one N atom artificially. As an example, the GaN0.9375As0.0625 alloy is shown as below, which is represented by 
a supercell that contains eight GaN primitive cells with 32 atoms where one As atom replaces the position of one N atom. 
In this study, the numbers of atoms in supercells are 96, 72, 48, 32, which correspond to the As concentrations of 2.08%, 
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2.78%, 4.16% and 6.25%, respectively. Meanwhile we have calculated pure GaN that has been well studied, which 
correspond to 0% As concentration. These sets of As concentrations represents dilute-As GaNAs with As-concentration 
ranging from 0% up to 6.25%.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After the supercell was constructed, the structure was optimized by numerical minimization of the total energy self-
consistently in two steps. The first step optimized the atomic positions while keeping the lattice parameters fixed by 
using the Broyden-Fletcher-Goldfarb-Shanno minimization (BFGS) algorithm [35]. The second step initialized with the 
relaxed coordinates from the first step, and then the atomic coordinates and lattice parameters were optimized 
synchronously with the hexagonal symmetry maintained. After the optimized structure with lowest system energy was 
achieved, the band structure of dilute-As GaNAs for a particular composition was computed by using the Density-
Functional Theory that adopted local density approximation, where the well-established Perdew-Wang 92 version of 
LDA was used. For pseudopotentials, the Fritz-Haber-Institute (FHI) form that explicitly included the semicore d-
electron effect of group III atoms in the valence band was used in order to obtain reliable band structures.  A plane wave 
basis was employed to expand the wave functions with the plane wave cutoff energy of 700eV, which was tested to be 

Figure 1: GaN0.9375As0.0625 supercell consists of 8 GaN primitive cells and one As-atom substituting one N-atom. 

Figure 2: Flow chart of computational steps in first principle calculation of dilute-As GaNAs alloy. 
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sufficient for the convergence and accuracy of relevant properties. The calculation routine was along high-symmetrical 
k-points in the Brillouin zone (BZ). The Monkhorst-Pack grid was used for the k-point summation. The spin-orbit 
coupling effect was excluded whose influence on wide bandgap III-Nitride semiconductors could be neglected. For 
convenience, the energy level of the valence band top at gamma point was set to be zero in plotting the band structure. 
The flow chart of the calculation steps are briefly illustrated in figure 2. 

3. BAND PARAMETERS OF DILUTE-AS GANAS ALLOY 
 

After the band energies of dilute-As GaNAs over different k point were obtained from first principle, the band 
structure was plotted for the band energy levels versus high-symmetrical k-point routines in the Brillouin zone. The band 
structures of GaN and dilute-As GaNAs alloys were shown in figure 3. The horizontal axis represents different k points 
in the Brillouin zone and the vertical axis represented the energy levels of the bands. In our study, the band structures of 
dilute-As GaNAs with different GaN concentrations were found to be similar with each other, and the red circle indicates 
that all of them have direct band gaps, which is perfect for the direct transition due to the conservation of momentum and 
energy. The band gaps and the corresponding wavelength are plotted in figure 4, showing a full coverage over the visible 
spectrum from 1.9 eV up to 3.5 eV.  

 
      

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The energy band gap from our study show good agreement with the experimental values obtained from MOCVD-

grown dilute-As GaNAs reported by Wu et al [25], as plotted in figure 5. The comparison results indicate a good 
agreement for both theory and experiment at lower As concentration (<3.5%), however a large discrepancy at higher As 
concentration (>3.5%) is observed. This disagreement at higher As-content (>3.5%) could result from the finding that the 
substitutional fraction of As atom over N atom are relatively constant at 90% for low As-content (<3.5%), but the 
substitutional fraction of As atom over N atom drops rapidly for As-content above 3.5% for MOCVD-grown dilute-As 
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Figure 3: Band structures of dilute-As GaNAs with varying As contents. The band structures were shown 
for GaNAs with As-contents of a) 0%, b) 2.08%, c) 2.78%, and d) 6.25%. 
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GaNAs alloy [25]. The incompleteness of As incorporation into GaN at higher As concentration reduces the effect of 
decreasing Eg with increasing As content. This discrepancy may be relieved or solved by optimizing MOCVD epitaxy. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The effective masses of the electron, the heavy hole and the light hole of the dilute-As GaNAs alloy were calculated 

from the band structure. To verify the model we used, the effective masses of carriers of GaN from our study were 
compared with the values reported by Vurgaftman et. al. [36], which show good agreement (Table I). The average 
effective masses of the carriers of dilute-As GaNAs are shown in figure 6. The electron effective masses of dilute-As 

350

400

450

500

550

600

650

1.9

2.1

2.3

2.5

2.7

2.9

3.1

3.3

3.5

0 1 2 3 4 5 6 7

En
er

gy
 (e

V
)

As Content (%)

Band Gap

Wavelength

W
av

el
en

gt
h 

(n
m

)

Figure 5: The comparison of the energy bandgap of dilute-As GaNAs alloy calculated by DFT and experimental 
works (by Wu, et. al. [25]). 
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GaNAs are relatively constant as a function of As-contents. However, the incorporation of small amount of As into the 
GaNAs alloy appears to impact the heavy hole masses significantly.  

 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

4. SUMMARY 
 

In summary, we present the first principle calculation of the electronic properties of dilute-As GaNAs with As 
content from 0% to 6.25% as a rarely-studied material. The band structures for the GaNAs up to 6.25% As-content 
indicate direct bandgap property, which is suitable for photonics application. Moreover, the band gap of dilute-As 
GaNAs alloy decreases as As-content increases, and the energy gap covers from 1.9 eV up to 3.5 eV which corresponds 
to the entire visible spectrum. The characteristics of the effective masses of electrons, heavy holes, and light holes for 
dilute-As GaNAs alloy with As-content up to 6.25% were presented. The electronic properties of dilute-As GaNAs alloy 
indicate the feasibility of this material for potential application as active regions in light-emitting diodes and lasers. Other 
potential advantage from the use of dilute-As GaNAs alloy may include the modification of the interband Auger 
recombination rate. 

Acknowledgement: The authors acknowledge supports from National Science Foundation (Grant No. ECCS#0701421), 
US Department of Energy (Grant No. DE-FC26-08NT01581), and P. C. Rossin Professorship Funds. 

 

Table I: Comparison of the effective masses of the carriers in GaN calculated from our model, and the results are 
compared with the values from Vurgaftman et al [36].Note that:  HH=heavy hole, LH=light hole, SOH=split-off hole. 
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Figure 6:The average effective masses of the carriers for dilute-As GaNAs alloy. Note that: HH=heavy hole, LH=light hole. 

Materials Electron Electron HH HH LH LH SOH SOH

unit (m0) m║ m┴ m║ m┴ m║ m┴ m║ m┴

0%-As GaN1 0.20 0.20 1.89 2.00 1.89 0.14 0.14 2.27

0%-As GaN 0.18 0.18 2.07 2.32 2.07 0.18 0.15 1.55 
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