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First-Principle Electronic Properties of Dilute-As
GaNAs Alloy for Visible Light Emitters
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Abstract—The band structure of dilute-As GaNAs alloy with the
As composition range from 0% to 12.5% is studied by using First-
Principle density-functional calculation. Our analysis shows that
the dilute-As GaNAs alloy exhibits the direct band gap properties.
The dilute-As GaNAs alloy shows a band gap range from 3.645 eV
down to 2.232 eV with As content varying from 0% to 12.5%,
which covers the blue and green spectral regime. This finding indi-
cates the alloy as a potential candidate for photonic devices appli-
cations. The bowing parameter of 14.5 eV & 0.5 eV is also obtained
using line fitting with the First-Principle and experimental data.
The effective masses for electrons and holes in dilute-As GaNAs
alloy, as well as the split-off energy parameters, were also pre-
sented. Minimal interband Auger recombination is also suggested
for the dilute-As GaNAs alloy attributing to the off-resonance con-
dition for this process.

Index Terms—Auger recombination, band parameters, band
structure, dilute-As GaNAs, First-Principle, lasers, light-emitting
diodes.

I. INTRODUCTION

ROUP III-Nitride semiconductor presents as a vital

semiconductor group for visible emitters and energy
efficiency technologies [1]-[9]. More importantly, the III-Ni-
tride semiconductor possesses many desirable electronics and
optoelectronic properties, notably its direct and large band
gap in the Brillouin Zone (BZ). A prime example of such
semiconductor is the AlGalnN alloy acquiring the energy
band gap varying from 0.7 eV up to 6.2 eV, which covers the
entire visible spectral regime, as well as the ultraviolet and
the infrared spectrum. Therefore, this III-Nitride compound
plays a critical role in the optoelectronic applications such as
light-emitting diodes (LEDs) and laser diodes.

The rapid development of InGaN, AlGaN and AlInN alloys
in the past decade are primarily driven by the strong need for
addressing high-efficiency green- and blue-emitting LEDs [4].
In contrast to the InGaN and AlGaN alloys, the progress in
dilute-As GaNAs compound semiconductor is relatively at
its early stage. There are significant studies and advances in
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the field of dilute-N (In)GaAsN-based alloy, leading to the
state-of-the-art and low threshold laser devices for telecommu-
nication applications [10]-[12]. These advances were driven
by the progress in material epitaxy, improved device physics
understanding, and improved understanding of the electronic
band structure of the dilute-N GaNAs alloy [10]-[14]. Nonethe-
less, with regards to the theoretical and experimental study
of dilute-As GaNAs alloy, the literature available through the
published manuscripts is severely limited [5], [15]-[23]. In
other words, the pursuit of dilute-As GaNAs alloy is still at its
infancy.

The arsenic impurity was first successfully incorporated by
Li and co-workers into the thin film GaN through metal-or-
ganic chemical vapor deposition (MOCVD) [5]. Building on the
first successful synthesis of dilute-As GaNAs alloy by Li and
co-workers [5], Kimura and co-workers reported the growths
of dilute-As GaNAs alloy with As-content up to 6.7% As-con-
tent with MOCVD [15]. Most recently, Yu and co-workers re-
ported the synthesis of dilute-As GaNAs alloy by using non-
equilibrium low temperature molecular beam epitaxy method
[16]. Both works have demonstrated that the band gap of GaNAs
alloy reduces, as As-content is incorporated into the alloy. The
band gap reduction in dilute-As GaNAs alloy enables the wave-
length coverage in the entire visible spectrum [15]-[17], which
shows good potential for this alloy as alternative novel semi-
conductor material for the visible light applications. Hence, the
understanding of the electronic properties and band parameters
of dilute-As GaNAs alloy is of great importance for further de-
velopment of this alloy for the laser and light emitting diode
applications.

Due to the technological importance that is potentially
inflicted by dilute-As GaNAs alloy, accurate prediction of the
electronic properties and the optical properties on the alloy is
highly desirable. A lack of experimental data and electronic
structure information on the GaNAs alloy hereinafter requires
theoretical study that utilizes experiment-parameter-free cal-
culation specifically Density Functional Theory (DFT) on the
alloy. The DFT study will harness the insightful information
regarding to the band parameters, which will be useful for
device physics and simulation in development of dilute-As
GaNAs semiconductor optoelectronics devices.

In this work, we present the analysis of the electronic proper-
ties of dilute-As GaNAs by using First-Principle Density Func-
tional Theory. The Arsenic (As) atoms with different As con-
centrations varying from 0% up to 12.5% are introduced into the
GaN material as impurities in the alloy. The band structure, en-
ergy band gap, and electronic properties of the dilute-As GaNAs
alloy are presented. In addition, the resonance energy condition
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Fig. 1. A 4x4x2 supercell is built using MedeA-VASP software. This 128-
atom supercell consists of 64 Gallium (Ga) atoms, 63 Nitrogen (N) atoms and
1 Arsenic (As) atom, corresponding to 1.56% As-content in GaNAs.

of the alloy is analyzed, and its effect on the interband Auger re-
combination rate is also briefly discussed. The DFT results for
the dilute-As GaNAs alloy show good agreement with the ex-
perimental data.

II. COMPUTATIONAL METHOD

In our DFT analysis, the supercell approach was used to build
appropriate crystal structures for the band calculations. To illus-
trate the supercell approach, Fig. 1 shows a constructed GaNAs
alloy crystal structure with 4x4x2 supercell consisting of a
total of 128 atoms. The 128-atom model of GaNAs crystal con-
sists of 64 Ga atoms, 63 N atoms and 1 substituted As atom, cor-
responding to 1.56% As in the dilute-As alloy. The band struc-
ture calculations were performed by using the projector aug-
mented wave (PAW) method as implemented in the MedeA-
VASP software [24]. The use of local density approximation
(LDA) exchange-correlation potential was employed in the cal-
culation. The electronic wave functions are described in plane
wave basis with a cutoff energy of 400 eV. The structure opti-
mization was performed by relaxing the atom positions with the
Hellmann-Feynman force set to 0.02 eV/A. The external stress
was set to 0 GPa, and the energy convergence tolerance was set
to 1 x 107° eV/atom. The Gamma-centered Monkhorst-Pack
grid and high symmetry k-points were used for the band struc-
ture calculations. Note that different Monkhorst-Pack k-point
meshes were generated in the calculations attributed to the use
of different supercell sizes. The spin-orbit coupling was ex-
cluded in the calculation, as its effect in the wide band gap I1I-ni-
tride semiconductor is insignificant.

III. BAND STRUCTURES AND PARAMETERS OF DILUTE-AS
GANAS ALLOY

Fig. 2(a) and (b) show the band structures for GaN and
GaNy 9375 AS0.0625 (6.25% As-content) alloys calculated by
using the DFT method respectively. From our analysis, the
conduction band minimum (CBM) and valence band maximum
(VBM) for dilute As-content GaNAs (up to 12.5% As-content)
exhibited direct band gap properties, indicating its suitability
for photonics device applications. The energy band gaps for
dilute-As GaNAs alloy were obtained from the difference
between the CBM and the VBM taking into account the scissor

@ g ‘
6 [ i
; /
o 4
g 0%-As T
5; 2 GaNAs E,=3.645eV
S
g | Y _
w | _7TF
D T 1
4 = - :
A H L AT K M T
BZ direction
® 5
N\ v — B S
4 |
E 3
> 2 6.25%-As
E’ GaNAs Eg =2.376 eV
o 1
=
w o Y
-1 i |
2 L v /v
“A H L AT K M r

BZ direction

Fig. 2. Band structure diagrams for GaNAs alloy with (a) 0% and (b) 6.25%
As-content. Energy band gap is the energy difference between the conduction
band minimum (CBM) and valence band maximum (VBM).

operator [25]. The scissor operator was employed to correct
the band gap error originated from the LDA calculation [25].
From the above figures, it is shown that the incorporation of
tiny amount of Arsenic impurity into the GaN alloy could
lead to the significant reduction in the band gap energy of the
alloy. Based on the initial finding, further investigation on the
dilute-As GaNAs alloy was carried out in order to gain more
information on the alloy.

Fig. 3(a) shows the comparison of the DFT-calculated and
experimental energy band gaps for dilute-As GaNAs alloy as
a function of As-content in the alloy. Kimura and co-workers
reported the experimental data for energy band gaps measured
from MOCVD-grown dilute-As GaNAs alloy [15], and the nu-
merical results show good agreement with these experimental
data. Fig. 3(a) shows that when the As-content in the GaNAs
alloy increases, the energy band gap of the alloy reduces. The
energy band gap covers from 3.645 eV to 2.232 eV for the
GaNAs alloy with As-content up to 12.5%.

Slight discrepancies between the calculated and the measured
results were observed, however the trend shows reduction in
bandgap as the As-content increases in the dilute-As GaNAs
alloy. While these discrepancies potentially arise from the strain
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Fig. 3. (a) Energy band gap and (b) emission wavelength of dilute-As GaNAs
alloy from As-content of 0% up to 12.5%, ranging from 3.645 eV down to 2.232
eV, with corresponding experimental data [15].

effect in the alloy and/or As-clustering effect in the GaNAs alloy
grown by MOCVD, another reason is that the band gap informa-
tion was obtained at two temperature conditions. Our calcula-
tion was set for zero-temperature limit, which is commonly used
in DFT calculation [26], [27]. The optical absorption and reflec-
tion measurements by Kimura and co-workers were performed
atroom temperature. As stated by Shishkin and co-workers [27],
the experimental temperature dependence for the band gap of
material is significant and highly dependent on material quality,
thus the band gaps of materials will be more accurate for com-
parison at low temperature whenever possible. However, the
available experimental data on dilute-As GaNAs was limited
to room-temperature results [15], [23], thus restricting the pos-
sibility for comparison at similar temperature. Furthermore, as
stated in Section II, the band gap problem is well known in DFT
calculation. All these conditions would lead to the discrepancies
of the result in comparison.

Since the temperature-dependent band gap of semicon-
ductors is known to reduce when the temperature increases
[28]-[30], one could perform molecular dynamics simulation
for thermal expansion, with the expense of the computational
cost. The Varshni relation [29], [30] can be used for including
the temperature dependence of energy band gap. However,
it is to be emphasized that this work is aimed to provide the
necessary band parameter information of dilute-As GaNAs
alloy, as well as its potential application for LEDs/lasers in the
visible spectral regimes.

On the other hand, the effect of As impurity in lowering
down the energy band gap of dilute-As GaNAs alloy can be
attributed primarily to the upward movement of the valence
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Fig. 4. Comparison between our DFT calculations and experimental data, with
bowing parameter obtained through line fitting with the data.

band of the alloy after the As impurity incorporation into the
alloy [16], [23]. Moreover, it is also expected to observe similar
effect should the As impurity be incorporated into InGaN
ternary alloy, resulting in the reduction of energy band gap
of the ternary alloy. Nevertheless, this work is focused in the
electronic structure of dilute-As GaNAs alloy and its potential
use as the optoelectronic devices. Further study on the effect
of As impurity on InGaN ternary alloy would be necessary in
order to gauge its usefulness for the visible light emitters.

Fig. 3(b) shows the emission wavelength as a function of
As-content in the dilute-As GaNAs alloy. It is shown that the
light emission wavelength is in the region of 400 nm with
As-content of 2.78% in the dilute-As GaNAs alloy which can
be used for violet LEDs applications. In addition, the light
emission wavelength reaches 523 nm with As-content of 6.25%
in the GaNAs alloy. This suggests the possibility of the alloy
to be implemented as active region for green-emitting LEDs.
Further incorporation of As-content up to 12.5% in the GaN
alloy leads to the 560 nm light emission wavelength, hinting the
possibility of yellow/red light emission should more As-content
be incorporated into the dilute-As GaNAs alloy. Note that the
existence of polarization field in the III-Nitride active region
will also lead to the conduction and valence bands bending [3],
[21], [23], which in turn results in red shift of the emission
wavelengths [3], [21], [23]. Thus, yellow or red light emission
might be achieved with low As-content in dilute-As GaNAs
QW under the polarization effect.

Fig. 4 displays the energy band gap of GaNAs alloy in the
whole composition range. The dotted line in Fig. 4 represents
the band gap result by using the virtual crystal approximation
(VCA). The overall composition dependence of the alloy band
gap is written as Eq(2) = Egax(1-z) + Egaas(z). This VCA
linear interpolation indicates the important effects of the molar
fraction of the GaAs or GaN component in the alloy onto the
band gap changes. The VCA result without bowing parameter
is largely different from the calculated and the experimental
data. The linear Vegard relation is thus extended by adding the
bowing parameter into the expression. The solid line in the
figure shows a line fitting with the DFT-calculated data and the
experimental data through the use of the following equation
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Fig. 5. Carrier effective masses obtained through energy dispersion relation and parabolic line fitting with the calculated DFT band for: (a) electron; (b) heavy
hole; (c) light hole; (d) split-off bands; and (e) comparison of average carrier effective masses as a function of As-content in GaNAs alloy.

Eg(2) = Egan(1-2) + Egaas(z) — b(1-z)(z). The bowing pa-
rameter of b = 14.5eV £ 0.5 eV is found to have a reasonable
matching with the energy band gap data. Meanwhile, bowing
parameter in the 16 eV range were suggested previously [15],
[16], but it appears that the line fit does not agree very well
with our data. Along this quadratic curve, the band gap would
rapidly reduce from both ends and become negative within
25% to 85% of As-content of the alloy. This can be understood
through the formulated Hamiltonian matrices in the degenerate
perturbation theory, explaining that the composition depen-
dency on the N-rich side is more than just a simple quadratic
function [23].

Fig. 5 present the carrier effective masses of the dilute-As
GaNAs alloy. The parabolic line fitting method is used in ob-

taining the effective mass parameter [31]. A parabolic line fit to
the conduction band dispersion relation is used to determine the
effective mass of electrons. For GaN alloy, the m, = 0.2m,, in
the k, direction and m, = 0.17m,, in the kyk, direction. The
parabolic line fitting method is also used for the valence bands
consisting of heavy hole, light hole and split-off bands. The ef-
fective mass parameters are obtained along the k, direction, as
well as the in plane direction (kyk, ) near the gamma point. The
average effective mass is also obtained for the electrons, heavy
hole, light hole and split-off. It is shown in the Fig. 5 that the
electron effective mass only varies slightly from 0% As-con-
tent to 12.5% As-content. Interestingly, the hole effective mass
changes rapidly from 0% to 6.25% As-content, but remains con-
stant in a higher percentage of As-content in the GaNAs alloy.
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Fig. 6. Split-off energy of dilute-As GaNAs alloy from 0% up to 12.5%
As-content, obtained through the energy difference between the valence band
maximum (VBM) and the split-off band (SO) at I"-point in Brillouin Zone.

From Fig. 5(e), our analysis shows that the electron effective
masses for dilute-As GaNAs alloy are relatively unchanged for
all compositions studied here, which are very different than the
corresponding characteristics observed in dilute-nitride based
(In)GaAsN alloy [14]. For dilute-nitride based (In)GaAsN
alloy, the electron effective mass have remarkable changes,
while the effective masses for hole bands remained unchanged.
The reason behind this is that the addition of nitrogen atoms
into the dilute-nitride GaAsN alloy plays a key role in the
modification of conduction band structure, due to its strong
localized resonant energy level close to the conduction band.
In contrast, the incorporation of As atoms into the dilute-As
GaNAs alloy leads to significant modification in the effective
masses for the heavy hole in the material, while the electron
effective masses remain largely unperturbed by the impurity
addition. Consequently, the possible explanation of the effect
shown in the effective masses can be attributed to the impurity
level of As-localized states in the bands. The localized As states
was theoretically predicted to possess an energy level of 0.4 eV
above the uppermost valence band [23], which leads to strong
modification of the hole bands in dilute-As GaNAs alloy.

Fig. 6 shows the split-off energy of dilute-As GaNAs alloy as
a function of As-content. The introduction of As-content in the
GaNAs alloy results in the general increase of split-off energy.
This characteristic is interesting in the fact that both GaN and
GaAs alloys possess split-off energy less than 0.5 eV [32] while
the dilute-As GaNAs alloy has significant increase of split-off
energy at low As-content.

Based on our finding, for higher As-content dilute-As (>
6.25%) GaNAs alloy, the As clustering effect appears to play
significant role resulting in deviation from the trend exhibited in
the band parameters for the lower As-content dilute-As GaNAs
alloy. In addition, the structural changes had also been reported
for high As-content GaNAs alloy [16], which may lead to any
deviation. Further investigation on the the effect of As clus-
tering in the dilute-As GaNAs alloy with higher As-content is
still required.
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IV. INTERBAND AUGER RECOMBINATION IN DILUTE-AS
GANAS ALLOY

The energy band gap coverage presented by dilute-As GaNAs
alloy enables the applications for high-power III-Nitride vis-
ible LEDs. An important limiting factor for LEDs development
is the ‘efficiency-droop’ issue, which results in significant re-
duction in internal quantum efficiency in LEDs at high injec-
tion current density level. Various theoretical and experimental
works had been carried out to elucidate on the physics of the ef-
ficiency-droop phenomena in InGaN QW LEDs [4], [33]-[41].
Recently, Delaney and co-workers proposed that the interband
Auger recombination contributes considerably to the droop for
green-emitting InGaN QWs [33], and the primary factor leading
to the interband Auger process can be attributed to the energy
difference between the energy gap (I, ) and the A interband sep-
aration (A = 15 and 2™? conduction band separation) that is
within the resonance condition (|E;-A| < 0.15 ¢V) for InGaN
alloy emitting at green spectral regime [33].

A simple analytical function as a function of the energy sep-
aration (E,-A) is introduced in Fig. 7 in order to interpret the
data shown in Fig. 8. The Auger function is proportional to the
exponential of energy separation (E;-A). The dominant factor
determining the Auger coefficient is due to the energy separation
(Eg-A) [42], and hence the Auger coefficient is proportional
to the Auger function model [42]. There are two conditions (a)
E; > A and (b) E; < A considered in our study.

Under the E, > A condition, the Auger function is propor-
tional to the exponential term exp[-(E,-A)/2kT]. Note that the
carrier effective masses are assumed as constant and to possess
similar value, resulting in the above simplified expression form.
However, under the E, < A condition, carrier effective masses
are excluded from the expression and hence the Auger function
is proportional to the exponential term exp[-(A-E,z)/kT]. In
both expressions, the parameter & refers to Boltzmann constant,
and the parameter I" corresponds to temperature (T = 300 K).
It is also important to note that the changes in effective mass
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would have a secondary effect on the Auger function, and con-
sequently the interband Auger recombination rate. For example,
as mentioned earlier in the band parameter sections, the signifi-
cant increases of heavy hole effective masses in low As-content
GaNAs alloy would modify the heavy hole band resulting in
flatter band profile. Due to the conservation of energy and mo-
mentum, it is expected to give rise to a slightly different expo-
nential decaying function in the Auger function, which would
then be inflicted onto the interband Auger recombination rate.

Nevertheless, the carrier effective masses in this work are as-
sumed to be constant for the sake of simplicity. In our simple
model, the physical understanding behind the expression can be
interpreted as following. When the energy band gap is smaller
than the interband separation energy, the Auger process rate will
decrease sharply since the energy conservation needs to be satis-
fied. When the energy band gap is larger than the interband sepa-
ration energy, there are some possibilities that an electron would
be excited to the second lowest conduction band. Yet, due to the
restriction of energy and momentum conservation, the Auger
process rate will decrease quickly, in a slower rate compared to
the former occasion. In both cases, the given exponential term
demonstrates that when the energy band gap is similar to the
interband separation energy, on-resonance condition is fulfilled
and the Auger process could occur easily. Quasi-resonance and
off-resonance conditions are introduced to explain the transi-
tion from on-resonant energy to off-resonant energy. When the
[Eg-A| is less than 0.15 eV [33], the fayger is no longer in the
peak region resulting in quasi-resonance condition.

Fig. 8(a) shows the comparison between the energy band gap
and the A interband separation energy of dilute-As GaNAs alloy
from 0% up to 12.5% As-content. Interestingly, the A inter-
band separation energy decreases as the As-content increases
in the GaNAs alloy while the interband separation energy of the
InGaN alloy increases as the In-content increases in the alloy
[33]. Fig. 8(b) and (c) presents the energy difference (Ez-A)
as a function of emission wavelengths and impurity contents
for dilute-As GaNAs alloys respectively. From these two fig-
ures [Fig. 8(a) and (b)], it is shown that dilute-As GaNAs alloy
has emission wavelength up to 525 nm (green) with only 6.25%
As-content. The incorporation of In-content up to 12% in InGaN
alloy resulted in emission wavelength of ~ 480 nm [33].

The comparisons on the energy differences (Ez-A) for the
dilute-As GaNAs alloy and InGaN alloy [33] are presented in
the Fig. 8(b) and 8(c). The (E4-A) reduces when the As-con-
centration is gradually increased in the GaNAs alloy. Similar
trend is also observed in the InGaN alloy. It is worth to note
that although the (E;-A) of dilute-As GaNAs alloy decreases,
the (E,-A) for all the investigated GaNAs alloys are larger than
0.57 eV which correspond to off-resonance Auger process. In
contrast, the (E;-A) for InGaN alloy [Fig. 8(b) and 8(c)] ap-
proaches the resonance condition at A ~ 480 nm and In-content
of ~ 12% [33]. This finding strongly indicates that the interband
Auger process in dilute-As GaNAs alloy as relatively negligible
for serving as active material with emission wavelength in vis-
ible spectral regimes, specifically in the green spectral regime.

V. CONCLUSION

In summary, First Principle calculations were carried out by
using LDA approximation to examine the band structure of
dilute-As GaNAs material. With As-content ranging from 0%
up to 12.5%, the band structures of the GaNAs alloy remain
direct band gaps with band gap covering from 3.645 ¢V down
to 2.232 eV. The electronic band structure parameters for
dilute-As GaNAs alloy are also extracted and presented in this
work, which are applicable for device physics analysis and
simulation for device technologies employing this alloy. In
addition, the off-resonance condition of GaNAs alloy suggests
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the minimal Auger interband recombination in the alloy. Our
finding indicates the strong potential of the dilute-As GaNAs
alloy for green-emitting I1I-Nitride LEDs.
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