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The all-electron full-potential linearized augmented plane wave method has been used for an ab initio
theoretical study to investigate the effect of vary the concentration of nitrogen on the second harmonic
generation (SHG) of GaN,As;_, (x = 0.25, 0.5, 0.75) alloys. Based on the density functional theory the non-
linear optical susceptibilities (NLO) namely the SHG are calculated and their spectra are analyzed. We
find that reducing N concentration leads to reduce the energy band gap resulting in enhancing the func-
tionality of GaN,As;_y alloys and hence increasing the second-order susceptibility. A surprising finding is
a nonlinear relationship between the composition and the absorption/emission energies, leading to sig-
nificantly enhancing the properties not obtainable from the parent GaAs and GaN binary systems.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Doping GaAs by a low concentration of nitrogen is found to
have a dramatic effect on electronic structure and optical proper-
ties of these compounds. GaN,As;_ have attracted a great deal of
interest due to their unusual physical properties, potential techno-
logical importance, the great significance in potential applications
such as optoelectronic, semiconductor lasers, and optical detectors
[1-5]. Weyers et al. [6] have observed a huge reduction in the band
gap that reaches about 0.2 eV by replacing just one percent of the
arsenic by nitrogen. The band gap is characterized also by a huge
bowing that reaches 18-20eV for N concentration less than 5%,
which is about an order of magnitude larger than other IlI-V ter-
nary alloys that exhibit a bowing of about 1.0 eV [7,8]. The reason
behind the huge bowing parameter of GaNyAs,_, that is strongly
redshifted with increasing nitrogen concentration has been inter-
preted differently.

Although there have been numerous calculations of the
electronic structure and linear optical properties using different
methods, to our knowledge there is no experimental data or/and
theoretical calculation for the nonlinear optical properties (NLO)
of the GaN,As;_, alloys appear in the literatures. As natural exten-
sion to our previous study [9,10] of the theoretical investigation of
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the electronic and linear optical properties of GaN,As;_, we
thought it would be worthwhile to investigate the effect of vary
N concentration in GaN,As;_, alloys on the NLO susceptibilities
namely the second harmonic generation (SHG) using full potential
method [11]. This fact may be used in the future for molecular
engineering of the crystals. Since the NLO susceptibilities of these
alloys have not been measured or calculated yet. Hence, our study
is considered as a quantitative theoretical prediction for such
properties, and it still awaits experimental confirmation.

2. Computational method

Self-consistent calculations using a relativistic full-potential linearized aug-
mented plane wave (FP-LAPW) method were carried using the WIEN2K package
[11] within Engel-Vosko (EVGGA) scheme [12]. For this, a satisfactory degree of
convergence was achieved by considering a number of FP-LAPW basis functions
up to Ryt Kinax = 7.0 (where RMT is the minimum radius of the muffin-tin spheres
and Kiqx gives the magnitude of the largest k vector in the plane wave expansion).
In order to keep the same degree of convergence for all the lattice constants studied,
we kept the values of the sphere radii and K.« constant over all the range of lattice
spacing considered. However, Fourier expanded charge density was truncated at
Gmax = 14(Ryd)"2. We have used the ‘special quasi-random structures’ (SQS) ap-
proach of Zunger et al. [13] to reproduce the randomness of the alloys for the first
few shells around a given site. For the composition x = 0.25 and 0.75 the simplest
structure is an eight-atom simple cubic lattice (luzonite): the cations with the lower
concentration form a regular simple cubic lattice. For x = 0.5, the smallest ordered
structure is (001) supercell. The muffin-tin radii for the composition x =0.25 and
0.75 are 1.95, 1.9 and 1.6 atomic units (a.u.) for Ga, As and N respectively. Whereas
for the composition x=0.5 a 2.14 a.u. is used for Ga, N and As. The irreducible
wedge of the Brillouin zone was described by a mesh of 35 special k-points for bin-
ary and ternary alloys except for the case of x = 0.5, where we used a mesh of 64
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special k-points. In the case of NLO calculation, we used denser meshes of 10,000
k-points for the ternary alloys of x = 0.25, 0.50 and 0.75. The self-consistent calcu-
lations are converged since the total energy of the system is stable within 107> Ry.

3. Optoelectronic properties
3.1. Second harmonic generation

The ternary alloys of GaN,As;_, (x=0.25, 0.5, 0.75) possesses
cubic structure, the symmetry allows only one nonzero component
namely; }(222)3(—260;@; ) [14]. In the first order responses (linear
responses) functions, only the interband terms appear and involve
only the square of matrix elements, which ensures, for example
that &(w) is positive. The second harmonic response involves 2w
resonance in addition to the o resonance. Thus the matrix element
effects are much stronger in nonlinear case. The real and imaginary
parts of the products of matrix elements that control the strength
of a given resonance in {3/ (~2; w; ) can be positive or negative.
The imaginary and real parts of X%(—Zw; w; w) for the ternary al-
loys of GaN,As;_y is shown in Fig. 1. We should emphasize that
increasing N concentration leads to reduce the amplitude and shift
all the structures of y{2,(—2w; w; w) towards higher energies, indi-
cated that increasing N concentration leads to reduce the SHG va-

lue. Following Fig. 2 one can see that the

from 2.5 to 7.0 to 16.0 to 30.0 to 45.0 pm/V with reducing the N
content in GaN,As;_, (x=1.0, 0.75, 0.5, 0.25, 0.0) alloys. That is
attributed to the fact that the NLO properties are more sensitive
to small changes in the band structure than the linear optical prop-
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Fig. 2. Calculated X%)g(fzw;w;w)‘ for GaAs, GaNg2s5ASg7s, GaNgsASos,
GaNg75As0.25 and GaN.

erties since the second harmonic response involves 2w resonance
in addition to the usual w resonance and the threshold for 2w parts
occurs at the half energy of the threshold for w part, as a result,
only the 2w inter/intra terms contributes to %\3;(—2w;w;w) in
the energy range below the fundamental band gap. In Fig. 3, we
show 2w/w inter-/intra-band contributions to the total Im
755 (=2w; w; w). It is clear that the imaginary part of the SHG is
zero below half the band gap. The 2w terms begin to contribute
at energies ~1/2E; and the w terms for energy values above E,.
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Fig. 3. Calculated total

1222)3(—260: w; )| spectrum (dark solid curve-black) along with the intra (2w)/(1w) (light solid curve-blue)/(light dashed doted curve-cyan) and inter

(2w)/(1w) (light long dashed curve-red)/(light doted curve-green)-band contributions, here all |32, (—2w; w; w)|are multiplied by 10~7, in esu units; for; (a) GaNg_-5ASg.2s, (b)
X123

GaNgsAsg s, (€) GaNg2sAse.7s. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

At low spectral range (<half the fundamental band gap) the SHG
optical spectra is dominated by 2w contributions. Beyond the fun-
damental band gap the major contribution comes from « term.
One would expect that the spectral structures in Im
7% (=2w; w; ) could be understood from the structures in
e(w). Unlike the linear optical spectra, the features in the SHG
are more difficult to identify from the band structure, because of
the presence of 2w and w terms. But we can make use of the linear
optical spectra to identify the different resonance leading to vari-
ous features in the SHG spectra. The first structure in Im
735 (=2w; w; ), between 0.0 and 4.0 eV is primarily originates
from 2w resonance and arise from the first structure in &(w).
The second structure between 4.0 and 8.0 eV is associated with
interference between a « resonance and 2o resonance and
associated with high structure in &(w). The last structure from
8.0 - 12.0 eV is mainly due to w resonance and associated with
the tail in &(w). We can identify the origin of the spectral peaks
in the figures as caused by 2w/w inter-intra-band contributions
in the linear dielectric function. To analyze the features of the
calculated 7'2,(—2w; w;w) spectra, it would be worthwhile to
compare the absolute value of |y\%(—2w;w;w)| component
(Fig. 4 — upper panel) with the absorptive part of the corresponding
dielectric function &y(w) as a function of both w/2 and w
(Fig. 4 — lower panel). The first structure |3\%(—2m;w; w)‘ be-
tween 0.0 and 4.0 eV is mainly originated from 2w resonance
(see ex(w(2) Fig. 4 - lower panel). The second structure between
4.0 and 8.0 eV is associated with interference between 2w and w

resonances (the threshold of e(w)) (see e(w/2) and &(w) Fig. 4
- lower panel). The last spectral structure (within 8.0-12.0 eV) is
mainly due to w resonance and is associated with the second
structure in ().

To the best of our knowledge there is no experimental data for
NLO susceptibilities of the ternary alloys (GaNg75AS025, GaNgs.
Asgs, and GaNg,sAsg »s) are available in the literatures to compare
with our theoretical results. We would like to mention here that in
our previous works [14-21] we have calculated the linear and
nonlinear optical susceptibilities using FPLAPW method on several
systems whose linear and nonlinear optical susceptibilities are
known experimentally. We find very good agreement with the
experimental data. Thus we believe that our calculations reported
in this paper would produce very accurate and reliable results.

4. Conclusion

We have performed first principle calculations of the NLO sus-
ceptibilities namely the SHG of GaN,As;_, (x = 0.25, 0.5, 0.75) al-
loys within a framework of FP-LAPW method. The evaluations
are based on the calculations of the energy band structure. The
analysis of our calculations confirms the enhancement of the func-
tionality of the SHG of GaN,As;_x (x=0.25, 0.5, 0.75) alloys with
vary N concentration. Calculations are reported for the spectral fea-
tures of the SHG and its static limit. We note that reducing N con-
centration in GaN,As;_x (x = 1.0, 0.75, 0.5, 0.25, 0.0) alloys leads to
significantly enhance the second-order susceptibility from 2.5 to
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7.0 to 16.0 to 30.0 to 45.0 pm/V, respectively. This fact may be used
in the future for molecular engineering of the crystals. To the best
of our knowledge, the nonlinear optical properties of these com-
pounds have not been measured or calculated yet. Hence, our
study is considered as a quantitative theoretical prediction for such
properties, and it still awaits experimental confirmation.
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