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Abstract. The linear and nonlinear optical properties in non-centro-symmetric cubic semiconductor GaX
(X = As, Sb, P) are studied by using the first-principle full potential linear augmented plane wave (FP-
LAPW) and the linear muffin-tin orbital (LMTO) methods. We present calculations of the frequency-
dependent complex dielectric function ¢ (w) and it zero-frequency limit &1 (0). A simple scissor operator is
applied to adjust the band gap from the local-density calculations to match the experimental value. Calcu-
lations are reported for the frequency-dependent complex second-order non-linear optical susceptibilities
X% (w) up to 6 eV and it zero-frequency limit x? (0). Comparison with available experimental data shows
good agreement. Our calculations show excellent agreement between the two methods.

PACS. 71.15.-m Methods of electronic structure calculations — 31.15.-p Calculations and mathematical
techniques in atomic and molecular physics (excluding electron correlation calculations) — 71.15.Mb Density
functional theory, local density approximation, gradient and other corrections — 42.65.-k Nonlinear optics

1 Introduction

In recent years, nonlinear optics has developed into a field
of major study because of rapid advances in laser technol-
ogy [1-3]. Nonlinear optical techniques have been applied
to many diverse disciplines such as atomic, molecular,
solid-state physics, materials science, chemical dynamics,
surfaces interface sciences, biophysics, and medicine. The
development of new advanced nonlinear optical materials
for special applications is of crucial importance in tech-
nical areas such as optoelectronics, acoustic-optic conver-
sions, optical signal processing, optical computing, and
neuro-network implementation. There are intense efforts
in experimenting, designing, fabricating, and searching for
various nonlinear optical materials including semiconduc-
tors and semiconductor microstructures, ionic compounds,
ferroelectric and liquid crystals, organic molecules, glasses
and polymers. However there is comparatively a much
smaller effort to understand the nonlinear optical process
in these materials at the microscopic level. Theoretical un-
derstanding of the factors that control the figure of merit
is extremely important in improving the existing electro-
optic materials and in the search for new ones [3].

Even though there exist a number of calculations for
the electronic band structure and optical properties using
different methods [6,21,28,32,44,48]. There is a large vari-
ation in the energy gaps, suggesting that the energy band
gap depends on the method of the band structure calcu-
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lation. Also some of the calculated energy gaps are equal
to the measured energy gaps which are not expected from
calculations based on the local density approximation. We
therefore thought it worthwhile to perform calculations
using the full potential linear augmented plane wave (FP-
LAPW) [4] and linear muffin-tin orbital (LMTO) [5] meth-
ods. In this paper, we describe detailed calculations of the
band structure, density of states, linear optical properties
and the second-harmonic generation (SHG) for the semi-
conductor GaX (X = P, As, Sb,) compound with zinc-
blende structure. Our calculations will highlight the effect
of replacing P by As and As by Sb on the electronic and
optical properties in GaX compounds.

Our aim in this paper is to understand the origin of
the high x(® (w) in these materials as well as to study the
trends with moving from P to As to Sb.

In Section 2 we give details of our calculations. The
band structure, densities of states, the linear and nonlin-
ear optical susceptibilities are presented and discussed in
Section 3. In Section 4 we summarize our conclusions.

2 Methodology

Calculations of the non-centro-symmetric cubic semicon-
ductor GaX (X = P, As, Sb) with zinc-blende structure
are performed. The Ga atom is located at the origin and
the X atom is located at (1/s 1/s 1/4). The space group is
F43m. We have used the experimental lattice constant [6].
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The linear and nonlinear optical response has been calcu-
lated using the FP-LAPW [4] and LMTO [5] methods.
Due to the cubic symmetry, we need to calculate one di-
electric tensor component to completely characterize the
linear optical properties. For non-centro-symmetric com-
pounds with cubic group symmetry, only one independent
nonzero element X%)g (w) exists out of 18 tensor element
in x5} ().

In both the FP-LAPW and LMTO methods, self-
consistency is obtained using 200 k-points in the irre-
ducible Brillouin zone (IBZ). The linear optical properties
are calculated using 500 k-points and the nonlinear opti-
cal properties using 1300 k-points in the IBZ to obtain
converged results.

3 Results and discussion
3.1 Band structure and density of states

The band structure and total density of states (TDOS)
for GaX compounds are shown in Figure 1. The band
structure and TDOS can be divided into three main
groups/structures. From the partial DOS (not shown)
we are able to identify the angular momentum charac-
ter of the various structures. The lowest energy group has
mainly X-s states. The second group between —7 eV to
Er is composed of Ga-d and X-p states. The last group
from 1.45 for Gap, 0.4 eV for GaAs, and 0.2 eV for GaSb
and above has contributions from X-p and Ga-spd states.
From the partial DOS, we note a strong hybridization
between Ga-d and X-p states. For all investigated com-
pounds the valence band maximum (VBM) located at I.
In GaP compound the conduction band minimum (CBM)
is located at X resulting in indirect energy gap of about
1.45 eV. While in GaAs and GaSb compounds the CBM
located at I' resulting in a direct energy gap of about 0.4
and 0.2 eV respectively. The location of the VBM and
CBM is agreed with experiment [6,29,30,41,44] and pre-
vious theoretical work [6,21,28,32-34]. The trends in the
band structures (as we move from P to As to Sb) can be
summarized as follows: The first group in GaAs is shifted
towards lower energies by around 0.5 eV in comparison
with GaP, while in GaSb it is shifted towards higher ener-
gies by around 1 eV. The bandwidth of the second group is
increased. This group is shifted towards lower energies by
around 0.5 eV. The bandwidth of the conduction band in-
creases slightly by around 0.5 eV towards Fermi energy
(Er) on going from P to As to Sb causing to reduce
the energy gap near I'. In Table 1 we list the values of
the energy gaps calculated by LDA along with the ex-
perimental values [6,29,30,41,44] and previous theoreti-
cal work [6,21,28,32-34]. We note that the reduction in
the energy gap in agreement with the experimental data.
GaAs and GaSb exhibit an overall reduction of the gap
over the entire Brillouin zone, This difference in the energy
gap behavior can be explained by the fact that the con-
duction band minimum at I" has strong cation-s charac-
ter whereas other states in the conduction band are more
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Fig. 1. Band structure and total density of states in (states/eV

unit cell) compared with the X-ray photoemission spec-

troscopy [47]. The arrows indicate the optical transitions.

heavily mixed with other atomic orbitals such as anion-
p states. The overall reduction in gap by substituting P
by As and As by P is consistent with an overall weaken-
ing of the bonds, and, therefore, with a smaller bonding
antibonding splitting.

We have compared our calculated DOS with the result
of X-ray photoemission spectroscopy [47]. In general, the
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Table 1. attice parameters, energy gaps, and £; (0).

GaP GaAs GaSb
a (A) 5.451% 5.654* 6.095%
ETheory(eV)  1.22%2.8858" 2.8, 1.04*,1.418P 1,549 1,52 1.4™,0.8%, 0.728, 0.7%, 0.661P,
2.26P, 2.2842.5°, 1.6%, 1.489, 1.5%, 1.527°, 0.84, 0.86%, 0.2*
2.05%, 1.45* 1.25%,1.44%, 0.2V, 1.51%,
1.21%,0.4*
EFeP-(eV) 2.38% 2,77, 2.88", 1.52%% 1.42° 0.8%, 0.721
2.89"
e1 (0) 9.0%,9.0°, 8.8%,9.29*  9.1*,10.9°, 11.04,11.21*  13.0%, 11.42*
1 (0)exp 11.0°, 9.1f 14.0°, 10.9¢ 20.0°, 14.4¢

*Reference [6] bR_eference [7] “Reference [14] “Reference [16] ®Reference [15] fReference [17] #Reference [28] "References [30,31]
"Reference [29] 'Reference [32] “Reference [33] ™References [34,35] “References [34,36] PReference [37] 9Reference [38]
"Reference [39] *Reference [40] ‘Reference [21] “Reference [41] YReference [42] % Reference [43] *Reference [44] * This work.

X-ray photoemission spectroscopy (XPS) measurements
are in good accord with respect to peak positioning.

3.2 Linear optical response

In the calculation of the optical response we have used the
standard expression for £5° (w) [3].

g3’ (w) =
k k

a . b 7
o S I LU ))

mn

Figure 2 shows the calculated imaginary part of the
frequency-dependent dielectric function along with the ex-
perimental data [7]. Broadening is taken to be 0.2 V. Our
optical properties are scissors corrected [15] by 0.1014,
0.0823 and 0.0441 Ry for GaP, GaAs, and GaSb respec-
tively. This value is the difference between the calculated
and measured energy gap. Our calculated €5 (w) show bet-
ter agreement with the experimental data [7] than the
previous calculations [15], in the mater of peak positions
and structure. All the structures in &3 (w) are shifted to-
wards the lower energies with reduces in the peak heights
when P is replaced by As and As by Sb, in agreement
with the experimental data [7]. This is attributed to the
reduction in the band gaps. It would be worthwhile to at-
tempt to identify the transitions that are responsible for
the structures in €3 (w) using our calculated band struc-
ture. Figure 1, show the transitions which are responsible
for the structures in €3 (w). For simplicity we labeled the
transitions in Figure 1, as A, B, and C. The transitions
(A) are responsible for the structures of €3 (w) in the en-
ergy range between 1.0 eV and 3.5 eV for GaP, 1.0 and
3.0 eV for GaAs, and 0.0 and 2.5 eV for GaSb. The tran-
sitions (B) are responsible for the structures of 2 (w) in
the energy range 3.5 and 4.5 eV for GaP, 3.0 and 4.5 eV
for GaAs, and 2.5 and 4.0 eV for GaSb. The transitions
(C) are responsible for the structures of &2 (w) between
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Fig. 2. Calculated €3 (w) using FP-LAPW and LMTO meth-
ods along with experimental data [7].

4.5 and 6.0 eV for GaP, GaAs and GaSb. Our calcula-
tions for the imaginary part of the frequency-dependent
dielectric functions show excellent agreement between the
results of the two methods. We have calculated €1 (0) and
compare it with the experiments (Tab. 1). We note that a
smaller energy gap yields a larger £ (0) value. This could
be explained on the basis of the Penn model [27].
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Fig. 3. Calculated reflectivity spectra for GaX compounds
obtained by FP-LAPW method, compared to the experimental
data: for GaP and GaAs from reference [45] and for GaSb from
reference [46].

In order to make a more detailed comparison with
the experimental data, we have calculated the frequency
dependent reflectivity R(w). This comparison is shown
in Figure 3. It is immediately apparent that the gross
features are very similar. This is due to the fact that
the band structures for these compounds are indeed quite
similar. We notice a strong reflectivity maximum between
1-3 eV arises from inter-band transitions. A strong reflec-
tivity minimum at energies ranging from about 3-4 eV
indicating a collective plasma resonance. The depth of
the plasma minimum is determined by the imaginary part
of the dielectric function at the plasma resonance and is
representative of the degree of overlap between the inter-
band absorption regions. The reflectivity structures shifts
towards lower energies with reduction the height as we
move from P to As to Sb. Comparison is made with the
experimental data of Phillipp and Ehrenreich [45] for GaP
and GaAs compounds and Vishnubhatla and Woolley [46]
for GaSb compound. We find good agreement.

3.3 Non-linear response

The expression for the second order response ¢ (w) can
be generally written as the sum of three physically differ-
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Fig. 4. Calculated Imx*?® (w) in units of 1 x 1077 esu, using
FPLAPW (dark curve) and LMTO (dashed curve).

ent contributions in the form [3]:

X (=20, 0) = X (205, )
1
(2w, w) + 5B (20 w,w).

The calculated imaginary part of the SHG susceptibility
x'%? (w) obtained using the FP-LAPW and LMTO meth-
ods are shown in Figure 4. Although this part of the re-
sponse function cannot be directly compared with exper-
iment, it can be more meaningfully related to the band
structure. It is well known that nonlinear optical proper-
ties are more sensitive to small changes in the band struc-
ture than the linear optical properties. That is attributed

to the fact that the second harmonic response Xi]QI)c (w)3
contains 2w resonance along with the usual w resonance
(linear response). Both the w and 2w resonances can be
further separated into inter-band and intra-band contri-
butions.

The structure in X§22)3 (w) can be understood from the
structures in e (w) The structure between 1-4 eV is as-
sociated with interference between a w resonance and 2w
resonances, while the structure between 4.0 and 5.5 eV is
due mainly to w resonance.

In Figure 5 we show the 2w inter-band and intra-band
contributions for GaX compounds. We note the opposite
signs of the two contributions throughout the frequency
range. Both the contributions increase on moving from P
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Table 2. Experimental, calculated intra-band and inter-band for x'2* (0). x*?* (0) is expressed in units of 1 x 107% esu.

GaP GaAs GaSb
X' (0)exp. 74% 52,20 162,90 300f, 115°
342
x'?% (O)total ~ 50.3°, 75°, 96.5°, 172°, 60°, 104.3%, 708, 230", 152.9°, 708,
32.2¢,43.64 96" 388 32* 1041, 112*
38", 248, 18"
x'?% (0)inter ~—20* -30* -73*
x'?? (0)intra 38" 62" 185"

*Reference [19] PReference [16] Reference [6] “Reference [18] “Reference [15] ‘Reference [20] 8Reference [12] "Reference [21]

Reference [22] *This work.
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Fig. 5. Calculated Irnxg)3 (w) along with the intra (2w) and

inter (2w)-band contributions, in units of 1 x 107 esu , for
GaX compounds.

to As to Sb. This could be attributed to the decrease in
the energy gaps on moving from P to As to Sh.

Figure 6 shows our result of the |X123 (w)| along with
the experimental data [23-26]. The |x'?3 (w)] is calculated
from the Imy!'?? (w) and the Rex!?? (w).

In Table 2 we present the values of X§22)3 (0). These
values clearly increase on going from P to As to Sb
in agreement with experiment and theoretical calcula-
tions. We notice that the smaller band gap compounds

gives higher values of X§22)3 (0) in agreement with the
experiment [19,20] and theory [6,12,15,16,18,21,22]. The
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Fig. 6. Calculated |x'** (w)| units of 1 x 107" esu, along with
the experimental datafor: GaP from reference [23], for GaAs
from reference [24] (light line) and reference [25] (dashed line),
and for GaSb from reference [26].

lack of experimental data, as well as its contradictory na-
ture, prevents any conclusive comparison with experiment
over a large energy range. There is excellent agreement be-
tween the two methods of calculations.

4 Conclusions

We have performed calculations for band structure, DOS,
linear and second-order optical response for GaX (X = P,
As, Sb) compounds, based on FP-LAPW and LMTO
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methods. Our result for band structure and DOS show
that these compounds are semiconductors with energy
gaps of 1.45, 0.4, 0.2 eV. We note that the energy gap
reduces when P replaced by As and As by Sb in agree-
ment with the experimental data and pervious theoretical
calculations. Our calculated DOS shows good agreement
with XPS data. Our €5 (w) and R (w) shows better agree-
ment with experiment data than the previous calculations.
We find that the values of 1 (0) increases with decreasing
energy gap, in agreement with the Penn model.

Our calculations of the SHG susceptibility show that
the intra-band and inter-band contributions are signifi-
cantly increased when P is replaced by As and As by Sb.
All the structures in X§22)3 (w) are shifted towards lower
energies when moving from P to As to Sb. Our calcu-
lations show that the smaller band gap materials have
higher X§22)3 (0) values. Since X§22)3 (0) is roughly inversely
correlated to the band gap, one might think that this
would lead to a possible route to further enhancement of

Imx(é)3 (w). The enhancement of the SHG when one sub-
stitutes P by As and As by Sb is considerable. We have

calculated the |X§22)3 (w)| and compare it with the avail-
able experimental data. Our calculations show excellent
agreement between the two methods.
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