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Pressure dependence of the band gap energy for dilute nitride
and antimony GaNSbyAs;_,_,
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Dilute nitride and antimony GaNAsSb alloy can be considered as an alloy formed by adding N and Sb atoms into the
host material GaAs. Under this condition, its band gap energy depending on pressure can be divided into two regions. In the
low pressure range, the band gap energy is due to two factors. One is the coupling interaction between the N level and the I"
conduction band minimum (CBM) of GaAs. The other one is the coupling interaction between the Sb level and the I" valence
band maximum (VBM) of GaAs. In the high pressure range, the band gap energy depends also on two factors. One is the
coupling interaction between the N level and the X CBM of GaAs. The other one is the coupling interaction between the Sb
level and the I' VBM of GaAs. In addition, it has been found that the energy difference between the I' CBM and the X CBM
in GaNAsSD is larger than that in GaAs. It is due to two factors. One is the coupling interaction between the N level and the I
CBM of GaAs. The other is the coupling interaction between the N level and the X CBM of GaAs.
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1. Introduction

Dilute nitride and antimony GaNxSbyAs;_x_y,
has attracted a great deal of attention due to its
unusual properties and promising applications in
optoelectronic devices operating at the wavelength
of 1.55 um [1]. Compared with InyGa; xNyAs; vy,
the advantage of GaNySbyAs; _x_y is that its band
gap energy is lower than that of InyGa; _xNyAs;_y
with equivalent In content for a the given N compo-
sition. Similarly to InyGa; _xNyAs; _y, the band gap
energy of GaNxSbyAs;_,_y exhibits a very large
band gap bowing [2, 3]. Usually, the band gap en-
ergy of dilute nitride alloys, depending on com-
position, can be described by the band anticross-
ing (BAC) model [4-7]. For GaNSbyAs| 4y, itis
found that its composition dependence of the band
gap energy cannot be described well only by us-
ing the simple BAC model. In order to solve this
problem, Lin et al. used a double BAC model to
calculate the band structure of GaNSbyAs|__y.
The double BAC model can be considered as a
combination of a conduction BAC (CBAC) model
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and a valence BAC (VBAC) model [2, 8]. It has
been found that the results are in good agreement
with the experimental data. Wang et al. reported
the pressure dependence of the band gap energy
for GaNySbyAs;_x_y [9, 10]. It is surprising to
find that when the pressure is high enough, the di-
rect band gap of GaN,SbyAs;_x_y can be changed
into the indirect band gap. Although Wang et al.
have analyzed the physical mechanism of the phe-
nomenon [9], there are still several problems to be
solved. One problem is how the coupling interac-
tion between the N level and the I" CBM of GaAs
(hereafter, we call it the N-I' CBM coupling inter-
action) influences the pressure dependence of the
band gap energy of GaNySbyAs; . The second
one is whether the N-I' CBM coupling interaction
is the only factor influencing the pressure depen-
dence of the band gap energy. The third one is
why dilute nitride and antimony GaN,SbyAs; x_y
needs larger pressure to realize the transformation
from the direct band gap to the indirect band gap
than GaAs. In this paper, these problems will be
discussed.
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2. Theoretical consideration

Dilute nitride and antimony GaNySbyAs;_x_y
alloy can be considered as an alloy formed by
adding a small quantity of N and Sb atoms into
GaAs. Under this condition, GaAs is the host ma-
terial. If we want to understand the pressure depen-
dence of the band gap energy of GaNySbyAs; vy,
the band evolution of the I' CBM and the I' VBM
of GaNxSbyAs;_x_y depending on pressure should
be known, and the effect of N and Sb contents on
the pressure dependence of the I' CBM and the I
VBM of GaAs should be clarified.
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Fig. 1. Dependence of the bandgap energy of

GaNySbyAs; xy on pressure. The experi-
mental data are from the literature [9].

Fig. 1 shows the experimentally observed pres-
sure dependence of the band gap energy of
GaNySbyAs|__y measured by photoluminescence
(PL) [9, 10]. It can be seen that the band gap
energy increases sublinearly with increasing pres-
sure in the low pressure region. One reason for
the sublinear increase of the band gap energy with
pressure is the N-I' CBM coupling interaction.
It is well known that both the N level and the
I' CBM of GaAs can shift to the higher energy
with increasing pressure. However, the I' CBM of
GaAs increases much faster than the localized N
level [11, 12], so the energy difference between
them becomes smaller. The decrease of the energy
difference can enhance the N-I' CBM coupling in-
teraction. The enhanced N-I' CBM coupling inter-
action can inhibit the increase of the I' CBM of

GaNySbyAs|_x_y, causing that the pressure depen-
dence of the I' CBM of GaNxSbyAs;__y is weaker
than that of GaAs.

20— ; ‘
—l—GaNAs
—@— GaNSbAs
18} .
p [ |
. ././l—-
K &
© 16| /-' ° 1
= L { N
5 S .
[0}
5 14| / |
_H
[ ]
]
12} -

0 20 40 60 80 100 120 140
Pressure / kbar

Fig. 2. Dependence of the bandgap energy of

GaNo.005A80.9735b0.022 and GaNp 015A50.985 on
pressure. The experimental data are from the
literature [9, 11].

If the pressure dependence of the band gap en-
ergy at I' was only due to the N-I' CBM cou-
pling interaction, two phenomena should be ob-
served. (1) The pressure dependence of the band
gap energy for GaNySbyAs; y y should be as
strong as that of the GaNxAs;_x on the condi-
tion that the N contents in GaN,SbyAs; x_y and
GaNyAs;_ are the same. The reason is that the N-
I' CBM coupling interaction in GaNxAs;_x should
be as large as that in GaN,SbyAs; 5y when
GaNyAs|_x and GaNySbyAs;_y_y have the same
N content. (2) If the GaNiAs|_x has a larger N
content than GaNySbyAs|_x_y, the pressure depen-
dence of GaNyAs|_x should be weaker than that
of GaNySbyAs;_x_y. The reason is that the larger
the N content is, the stronger is the N-I' CBM cou-
pling interaction. Fig. 2 shows the pressure depen-
dence of the band gap energy of GaNy 15AS0.985
and GaNy 005AS0.973Sbg.g22 [11]. It has been found
that although the N content in GaNg15AS0.985
is larger than that in GaNg gg5AS0.9735bo.022, the
pressure dependence of the band gap energy
of GaNy 05A80.973Sbg 022 is weaker than that of
GaNy g15AS0.985- The phenomenon shows that if
the N content in GaNxAs;_ is as large as that in
GaNySbyAs|_x_y, the pressure dependence of the
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band gap energy of GaNyAs;_x should be stronger
than that of GaN,SbyAs; _x_y, which suggests that
there should be another factor which can influence
the pressure dependence of the band gap energy of
GaNySbyAs| x _y.

It has been reported that a Sb level lying be-
low the I' VBM of GaAs should be introduced af-
ter the incorporation of Sb atoms into GaAs. The
coupling interaction between the Sb level and the
I' VBM of GaAs (hereafter, we call it the Sb-I'
VBM coupling interaction) can push the I' VBM
of GaN,SbyAs; x_y up, leading to the reduction
of the band gap energy [2]. Here, we consider that
the Sb-I" VBM coupling interaction may be another
factor which influences the pressure dependence of
the band gap energy. The reason is as follows. We
know that the I' VBM of GaN,SbyAs; _x_y evolves
from the I' VBM of GaAs. The I" VBM of GaAs
decreases with increasing pressure [13]. When the
pressure is applied, the pressure dependence of the
Sb level should be weaker than that of the ' VBM
of GaAs as the Sb level is a localized level. Un-
der this condition, the energy difference between
the I' VBM of GaAs and the Sb level decreases.
The decrease of the energy difference can enhance
the Sb-I" VBM coupling interaction. The enhanced
Sb-I' VBM coupling interaction can inhibit the de-
clining of the I' VBM of GaNySbyAs;_4_y, caus-
ing that the pressure dependence of the band gap
energy of GaNxSbyAs|_x_y is weaker than that of
GaNyAs;_x with the same N content.

The decrease of the band gap energy with pres-
sure in the high pressure range in Fig. 1 is relative
to the movement of the X CBM and the I' VBM
of GaNxSbyAs| _x_y. The pressure dependence of
the band gap energy in this pressure range is due
to two factors. One is the Sb-I" VBM coupling in-
teraction. We have deduced the factor based on the
above analysis. The other is the coupling interac-
tion between the N level and the X CBM of GaAs
(hereafter, we call it the N-X CBM coupling inter-
action). It should be noted that the N-X CBM cou-
pling interaction cannot be too large. The reason is
as follows. The X states are essentially antibonding
p-like, while the N localized states are s-like with
the same Al symmetry as the states of I' CBM of
GaS, so the X-N coupling should be small. From

Fig. 1, we can see that the pressure dependence of
the band gap energy of GaNySbyAs; x y at X is
only a little larger than that of GaAs at X, which
shows that the N-X CBM coupling interaction in-
deed has a small influence on the pressure depen-
dence of the X CBM of GaN,SbyAs;_x_y.

In order to describe the pressure dependence
of the band gap energy of GaNxSbyAs| x_y, the
model developed in literature [14] has been used.
The model in literature [14] can be written as fol-
lows:

oaP? o}
E(P)=Eqo)~prpzpP2R) (O
oP? o2
Eg(P):Eg(O)_ﬁ_TIO)O_n{PO—P}(P<PO)
(2)

in which E,g) denotes the energy of the indirect
band gap of GaNySbyAs;_x_y at X when the pres-
sure is O kbar. It also corresponds to the energy of
the X CBM of GaNySbyAs;_4_y relative to the I
VBM of GaN,SbyAs;_x_y at 0 kbar. P is the pres-
sure, Py can be considered as the turning point of
pressure. When the pressure is not smaller than Py,
equation 1 can be used to describe the pressure de-
pendence of the band gap energy. In other case,
equation 2 can be used to describe the pressure de-
pendence of the band gap energy. « and n are the
pressure coefficient in the high pressure range and
the pressure coefficient in the low pressure range,
respectively, og corresponds to the energy differ-
ence between the I' CBM of GaNySbyAs;_4_y and
the X CBM of GaNySbyAs;_x_y (hereafter, we call
it the X-I' CBM energy difference) at standard at-
mospheric pressure. Its value reflects the fluctua-
tion of the conduction band in GaNyxSbyAs| 4 _y.
B and A are the empirical parameters. In this work,
B = 1000 kbar and A = 2.07x 1072 eV/kbar are
used. Ey() = 1.78 eV, o« = 1.12x1072 eV/kbar,
09 = 0.48 eV 1 = 50 kbar and Py = 50 kbar are ob-
tained by fitting the experimental values in Fig. 1.
The fitting result is shown in Fig. 1. It is obvious
that the fitting result can describe the experimen-
tal data very well. We can use Ey(g) obtained in
the theoretical considerations and the direct band
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gap energy at 0 kbar to obtain the X-I' CBM en-
ergy difference. It is found that the X-I' CBM en-
ergy difference is about 0.47 eV. It agrees well with
the result obtained by fitting the experimental data,
which shows that the fitting result is very reason-
able.

Fig. 1 also shows the pressure dependence of
the X CBM and the I' CBM of GaAs. It can be
seen that the pressure corresponding to the in-
tersection point is about 39 kbar. However, the
pressure at which the crossover between the X
CBM of GaN,SbyAs;_x_y and the I' CBM of
GaNySbyAs|__y occurs, is about 82.5 kbar, which
suggests that the X-I' CBM energy difference of
GaAs becomes large after incorporation of N and
Sb atoms. A similar behavior is also observed in
GaNxAs_yx, which shows that the incorporation of
N atoms can lead to a larger X-I' CBM energy
difference in GaNyxAs;_y and GaNSbyAs|__y. It
is interesting whether the incorporation of the Sb
atoms also has a similar effect as the N atoms on the
X-I" CBM energy difference of GaNxSbyAs| x_y.
We suggest that the incorporation of Sb atoms has
no the influence on the X-I' CBM energy differ-
ence of GaNySbyAs;_y y. The reason is that al-
though the incorporation of Sb atoms can introduce
the Sb level into GaAs, the energy difference be-
tween the Sb level and the I' CBM of GaAs is very
large, so the coupling interaction between them is
very small. As the coupling interaction between the
Sb level and the I' CBM of GaAs is very small,
its influence on the I' CBM of GaAs can be ig-
nored. It has been reported that the energy differ-
ence between the Sb level and the X CBM of GaAs
is larger than that between the Sb level and the I
CBM of GaAs, so the coupling interaction between
the Sb level and the X CBM of GaAs should be
smaller than that between the Sb level and the I
CBM of GaAs. As the influence of the coupling in-
teraction between the Sb level and the I' CBM of
GaAs on the I' CBM of GaN,SbyAs;_x_y can be
ignored, the influence of the coupling interaction
between the Sb level and the X CBM of GaAs on
the X CBM of GaN,SbyAs; x_y can be also ig-
nored. The investigation reported by Lin et al. [2]
supports this opinion. Their investigation shows
that the conduction band and the valence band are

independently manipulated by incorporating N and
Sb, respectively, which suggests that the Sb level
has no influence on the I' CBM and the X CBM of
GaNySbyAs|_x_y.

Fig. 2 shows that even if the pressure is larger
than 120 kbar, we still do not see the turning
point between the X CBM and the I' CBM of
GaNyAs|_x. Compared with GaA:s, it is found that
the X-I' CBM energy differences in GaNyAs;_x
and GaNySbyAs;_x_y are larger than that in GaAs.
The fitting results also support this opinion. In
GaAs, the X-I" CBM energy difference is about
0.46 eV [15]. In the above model, the parame-
ter op represents the X-I' CBM energy difference
of GaNSbyAs;_x_y at standard atmospheric pres-
sure. Its value is 0.48 eV, which shows that the
X-I" CBM energy difference in GaN,SbyAs; x_y
is larger than that in GaAs. The phenomenon
can be explained as follows. At standard atmo-
spheric pressure, a rapid decline of the I' CBM
of GaNSbyAs;_x_y with increasing N content is
due to the strong N-I' CBM coupling interaction.
It is well known that the X CBM of dilute ni-
tride GaNxSbyAs|_x_y evolves from the X CBM of
GaAs, which is very similar to the X CBM of the
dilute nitride GaNyAs _x and GaN,P_ [14, 16—
18]. As the energy of the X CBM of GaAs is
higher than that of the N level, the N-X CBM
coupling interaction could inhibit the downward
movement of the X CBM of GaN,SbyAs; x y
Based on the above analysis, it can be seen that
the X CBM of GaNySbyAs; _y decreases much
more slowly than the I' CBM of GaNxSbyAs| 4 vy,
causing that the X-I' CBM energy difference in
GaNySbyAs|_x_y is larger than that in GaAs.

3. Conclusion

In conclusion, the pressure dependence of the
band gap energy for dilute nitride and antimony
GaNySbyAs|_x_y has been analyzed. It is found
that the band gap energy depending on pressure
can be divided into two regions. In the low pres-
sure region, the band gap energy is due to two fac-
tors. One is the N-I' CBM coupling interaction.
The other one is the Sb-I" VBM coupling inter-
action. In the high pressure region, the band gap
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energy is also due to two factors. One is the N-
X CBM coupling interaction. The other one is the
Sb-I' VBM coupling interaction. In addition, we
have found that the increase of the X-I' CBM en-
ergy difference for GaN,SbyAs; x_y is due to two
factors. One is the N-I' CBM coupling interaction.
The other one is the N-X CBM coupling interac-
tion. The Sb level has no influence on the X-I'CBM
energy difference in the dilute nitride and antimony
GaNySbyAs|_x_y.
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