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As the most important material parameter of semiconductor, bandgap is necessary to be investigated to

meet the design requirements of the high-performance optoelectronic devices. A new method of is proposed to
calibrate the bandgap of antimonide based multi-component alloys with considering the effect of spin-orbit splitting
off bands and the doublet degeneracy of valance band on the bandgaps of Sb-containing materials. A correction
factor is introduced in the conventional calculation, and the spin-orbit splitting method is proposed. Besides, the
InxGa1−xAsySb1−y films with different compositions are grown on GaSb substrates by molecular beam epitaxy,
and the corresponding bandgaps are obtained by photoluminescence to test the accuracy and reliability of this
new method. An error rate analysis reveals that the α calculated by the spin–orbit splitting correction method
is decreased to 2%, almost one order of magnitude smaller than the Moon method, which means that the new
method can calculate the antimonide multicomponent more accurately with some applicability. This work can
give a reasonable interpretation for the reported results and beneficial to tailor the antimonides properties and
optoelectronic devices.
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1. Introduction

The III–V semiconductor material system
(GaIn)(AsSb) establishes a firm platform for opto-
electronic devices operating near the mid-infrared
spectral range (2−3 µm). The devices based on the
antimonides have been intensively developed in recent
years with the potential applications in a wide variety of
areas such as material processing, secure free-space com-
munication, infrared countermeasures, and atmospheric
pollution monitoring [1–3].

The bandgap of multicomponent materials are the
basement to research the structural design and fabri-
cation of high-performance Sb-containing optoelectronic
device. It can be obtained from the photon luminescence
spectroscopy, infrared absorption spectroscopy, the cy-
clotron resonance experiments etc., which are difficult
and complicated [4–6]. For the numerical techniques and
analysis, the research on the materials bandgap devel-
oped slowly in the past decades and the correlative re-
ports are very few. At the present, the Moon method
proposed in 1974 is still the major way in the structure
design and simulation, which has a low precision and can-
not satisfy the modern optoelectronic apparatus require-
ments [7, 8].

In this paper, the band structure of antimonide based
multicomponents materials are systematically investi-
gated. The spin–orbit splitting correction method is
presented in the calibration of the antimonide materials
bandgap by considering the effect of spin–orbit splitting
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off bands and degeneracy of valence band on the band
structure. In order to confirm the validity and practica-
bility of new method, the InxGa1−xAsySb1−y films with
different compositions are grown on GaSb substrates by
molecular beam epitaxy (MBE), and the corresponding
bandgaps are obtained by photoluminescence (PL).

2. Theoretical analysis

Antimonide based multicomponent alloys mainly re-
fer to the Sb-containing binary, ternary and quaternary
compounds, consisting of the III-group elements (Ga, In,
Al, etc.) and V-group elements (As, Sb, etc.). Compared
with the single-component semiconductor materials, the
calibration of multicomponent alloys parameters is more
complicated and difficult, which is usually derived with
the binary or ternary compounds parameters. Taking
InxGa1−xAsySb1−y as an example, the schematic dia-
gram of calibrating quaternary semiconductor material
parameters are shown in Fig. 1.

Fig. 1. Relationship between the parameters of binary,
ternary, quaternary anitmonides semiconductor com-
pounds.

Nowadays, the Moon method is usually used to com-
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pute the bandgap of semiconductor materials. The main
idea of the method is dividing the quaternary antimonide
into four binary related materials. InxGa1−xAsySb1−y,
for example, it is considered as an aggregation of
InAs, GaSb, GaAs, and InSb. The bandgap of
InxGa1−xAsySb1−y is decided in the following formula:

EInxGa1−xAsySb1−y
g = xyEInAs

g + x(1− y)EInSb
g

+(1− x)yEGaAs
g + (1− x)(1− y)EGaSb

g

−x(1− x)yCInGaAs
Γ − x(1− x)(1− y)CInGaSb

Γ

−xy(1− y)CInAsSb
Γ − (1− x)y(1− y)CGaAsSb

Γ . (1)
Here, Eg is the bandgap of binary semiconductor mate-
rials, CΓ is the bowing parameters of Γ bands in ternary
compunds. The related concrete parameters are shown
in Tables I and II.

TABLE I
Bandgap of III–V group binary compounds [9].

Binary material Eg ∆0

InAs 0.359 0.38
InSb 0.17 0.81
GaAs 1.43 0.34
GaSb 0.72 0.82

TABLE II
Bowing parameters of III–V group ternary compounds
bands [9].

Ternary material Γ X L ∆

InGaAs 0.6 1.4 0.72 0.2
InGaSb 0.42 0.33 0.38 0.1
GaAsSb 1.2 1.09 1.09 1.61
InAsSb 0.58 0.59 0.57 1.2

The structural diagram of InGaAsSb is indicated in
Fig. 2. For InGaAsSb, the conduction band includes Γ
band, X band, and L band, while the valence band has
light hole band, heavy hole band, and splitting-off band.
By definition, the bandgap is equal to the energy dif-
ference between the bottom of conduction band and the
top of valence band. Both of the above two points is
set in the valley of Γ band for InGaAsSb, so the bowing
parameters that the Moon method used is the Γ band.

However, by comparing the material parameters in Ta-
ble I, it can be identified that the bandgaps of most split-
ting off bands are greater than Γ bands, which means the
effects of split off band on the bandgap cannot be ignored
and the bowing parameters of splitting-off band should
also be used in the bandgap calibration. Besides, be-
cause the tops of heavy hole band and light hole band
are coincident at the highest point of valence band, the
degeneracy of valence band should be another key ele-
ment to the bandgap of antimonides.

In order to obtain the more precise bandgap of In-
GaAsSb in theory, a spin–orbit splitting correction fac-
tor t is introduced in the calibration for the unique band
structure of InxGa1−xAsySb1−y:

Fig. 2. Diagram of InGaAsSb band structure.

t =
1

2

[
x(1− x)yCInGaAs

∆ + x(1− x)(1− y)CInGaSb
∆

+xy(1− y)CInAsSb
∆ + (1− x)y(1− y)CGaAsSb

∆

]
. (2)

Here, x and y are the contents of different elements, and
C∆ are the bowing parameters of splitting-off band in
ternary semiconductor compounds. Due to the doublet
degeneracy of valence band, the 1/2 coefficient is intro-
duced in the spin–orbit splitting correction factor.

Hence, based on the Moon method, the spin–orbit
splitting correction method is proposed as the following
formula:

EInxGa1−xAsySb1−y
g = xyEInAs

g + x(1− y)EInSb
g

+(1− x)yEGaAs
g + (1− x)(1− y)EGaSb

g

−x(1− x)yCInGaAs
Γ − x(1− x)(1− y)CInGaSb

Γ

−xy(1− y)CInAsSb
Γ − (1− x)y(1− y)CGaAsSb

Γ

+
1

3
(x(1− x)yCInGaAs

∆ − x(1− x)(1− y)CInGaSb
∆

−xy(1− y)CInAsSb
∆ − (1− x)y(1− y)CGaAsSb

∆ ).

(3)

3. Results and discussion
In order to validate the theoretical results, the

In0.25Ga0.75As0.08Sb0.92 and In0.2Ga0.8As0.02Sb0.98 thin
films are grown on GaSb substrates by DCA P600 MBE
SYSTEM, and the experimental values of antimonide
bandgaps are obtained by photoluminescence. Figure
3 shows the PL spectra of In0.25Ga0.75As0.08Sb0.92and
In0.2Ga0.8As0.02Sb0.98 thin films at room temperature

According to the analysis and results above,
the theoretical results of In0.25Ga0.75As0.08Sb0.92 and
In0.2Ga0.8As0.02Sb0.98 calibrated by the Moon method
and the spin–orbit splitting method are indicated in Ta-
ble III. Compared with the experimental vales, the rela-
tive error α of calibration results using different methods
is obtained by the following formula:

α =
|theoretical value− experimental value|

experimental value
× 100%.
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Fig. 3. PL spectra of InGaAsSb/GaSb at room
temperature: (a) In0.25Ga0.75As0.08Sb0.92, (b)
In0.2Ga0.8As0.02Sb0.98.

(4)
From Table III, it can be seen that the bandgap cali-
brated by the spin–orbit splitting method is closer to the
experimental values, the relative error α is reduced by
almost 7 times, which suggests that the new method is
superior to the common Moon method for antimonide
based multicompounds bandgap.

TABLE III
Error rates [%] of two calculation methods for
InxGa1−xAsySb1−y bandgaps [eV].

Compound Exp. Moon S.–o. αM αso

In0.25Ga0.75As0.08Sb0.92 0.487 0.449 0.496 7.8 1.8
In0.2Ga0.8As0.02Sb0.98 0.526 0.493 0.532 6.8 0.9

TABLE IV
Experimental values and calculation methods error
rates [%] of InxGa1−xAsySb1−y bandgaps [eV].

x y Exp. Moon S.–o. αM αso

1[10] 0.06 0.05 0.649 0.630 0.650 2.92 0.15
2[12] 0.207 0.100 0.528 0.483 0.523 8.5 0.94
3[11] 0.15 0.140 0.569 0.514 0.562 9.67 1.23
4[13] 0.18 0.170 0.539 0.481 0.538 10.76 0.19
5[14] 0.18 0.14 0.549 0.489 0.539 10.93 1.82
6[12] 0.241 0.119 0.506 0.449 0.498 11.26 1.58

To go a step further and evaluate the applicability of
spin–orbit splitting method, the bandgaps of InGaAsSb
with other contents reported before are also computed by
the above two methods, shown in Table IV. It concludes
that the new method is more applicable for the calibrat-
ing of the antimonide based multicomponent, and the
results are approximate to the experimental values, the
relative α decreases by an order of magnitude, approxi-
mately below 2%.

4. Conclusion

The methods for computing the bandgap of anti-
monide based multicomponent alloys are investigated
based on the analysis of the antimonides band struc-
ture. Considering the effects of spin–orbit splitting off
bands and the doublet degeneracy of valence band on

the bandgap of Sb-containing compounds, a correction
factor is introduced in the calibration, and the spin–
orbit splitting method is proposed. In order to vali-
date the accuracy and reliability of new method, the
In0.25Ga0.75As0.08Sb0.92 and In0.2Ga0.8As0.02Sb0.98 thin
films are fabricated on GaSb substrates by molecu-
lar beam epitaxy and the experimental values are ob-
tained by photoluminescence. The results show that the
theoretical values computed by the spin–orbit splitting
method is closer to the experimental values, the corre-
sponding error α is only 1.8% and 0.9%, far less than
the conventional Moon method. When InGaAsSb has
other contents, the new method are still more applicable,
the α are decreased to 2%, almost one order of magni-
tude smaller than the results of the Moon method, which
means the spin–orbit splitting method can be instead of
the Moon method to calibrate the bandgap of antimonide
based multicomponent alloys precisely. This work can
give a reasonable interpretation for the reported results
and beneficial to tailor the antimonide property and pho-
tonics devices.
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