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Abstract

In this study, we simulated the response of ternary phosphide materials subjected
to a strain due to the lattice mismatch; the study was made by varying the concen-
tration of phosphorus P(x). The impact of strain could provide additional oppor-
tunities to obtain the desired optoelectronic properties. This study focused on the
bandgap energy, absorption coefficient, refractive index, and dielectric constant of
the GaAsP and GaSbP ternary alloys grown on GaAs substrate. Shear deformation
makes it possible to lift the degeneration of the valence band of the strained lay-
ers, which leads to the appearance of two sub-bands associated with light holes (1h)
and heavy holes (hh). The displacement of the sub-bands generates a new and wide
range of refractive indices. In the case of GaAsP/GaAs, the incorporation of P(x)
causes a linear reduction in the refractive index from 3.01 to 2.59. In contrast, in
GaSbP/GaAs, the refractive index initially increases, reaching a maximum of 3.24 at
x=28% phosphorus composition. However, with further increase in the phosphorus
content, the refractive index decreases again and eventually converges to 2.59. The
high refractive index contrast, particularly for deformed GaSbP/GaAs, can be uti-
lized to optimize the design of optical sensors based on optical waveguides.

Keywords Ternary phosphides - Optoelectronics - Optical sensors

Introduction

The possibility of changing the refractive index of a material can be used for the
design of step-index structures, which will aid in help the design new applica-
tions. The band engineering of III-P materials is of interest [1-3], which can cre-
ate different and modulable electromagnetic characteristics by introducing the
lattice detuning effect and by varying the concentration of phosphorus [4]. The
lattice mismatch leads rise to deformation of the GaAsP and GaSbP materials on
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the GaAs substrate. If this lattice mismatch is relatively small (¢ ~2%), the atoms
of the ternary place themselves in a low-energy configuration, and the bonds are
strained such that the lattice parameter of the ternary corresponds to that of the
substrate [5]. As the layers are added, the energy stored in the bonds becomes
important [6], which generates plastic deformation due to the rupture of bonds,
consequently, there will be an appearance of defects [7]. The calculation of the
critical thickness makes it possible to estimate the type of deformation existing
in the ternary. The change in phosphorus concentration, and lattice mismatch can
help in designing an optical waveguide, which is usually made of a transparent
dielectric guiding layer epitaxied between two transparent dielectric media of
lower refractive index. In this work, we want to highlight the variation of opto-
electronic properties such as the refractive index [8], the dielectric constant, and
the absorption coefficient of ternary GaAsP and GaSbP on the GaAs substrate, as
a function of the deformation due to the detuning of the lattice, controlled by the
concentration of P(x), the impact of temperature, and pressure [9].

Theoretical Approach

The strain resulting from the stress modifies the internal potential energy created
by Coulomb forces [10]; therefore, it also modifies the bandgap energy of ternary
GaAsP and GaSbP on the GaAs substrate, as shown in Fig. 1. The strain potentials
used in the study are listed in Table 1.

Two distinct strains affect the energy position of the bands: hydrostatic strain affects
the conduction and the valence bands and shear strain, which makes it possible to
remove the degeneracy of the levels of the valence band. Consequently, two valence
bands appear: the first is associated with light holes (lh) and the second is associated
with heavy holes (hh) [16, 17]. The lattice mismatch is given by the following equa-
tions [18, 19].

_ Qg — G
T ()]
_ Cp
£J_——2><C—><£” (2)

11

ay,, and a, are the lattice parameters of the GaAs substrate and ternary substrates,

respectively, and C,; and C, are elastic coefficients that depend on the material [20].
The bandgap energy affected by the compressive and tensile strains is given

respectively by the following equations:

Ey,=E + AEM? — AEM? — AE! (3)

8 v,avg
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Table;l l?a.rameters of binaries GaAs GaP GaSb
constituting the GaAsP and
GaSbP ternary alloys [4, 11-15] a (A) 5.6536 5.4512 6.09593
a, (eV) -7.17 -8.2 1.5
a, (eV) 1.16 1.7 -0.8
b (eV) -2 -1.6 -2
C,, (GPa) 1221 1405 884.2
C,, (GPa) 566 620.3 402.6
Egy = Ej + AEP? — AEDY — AE}) )

AE™Y and AEhyad represent the changes in band energy due to hydrostatic
c v,avg

deformation, and AE;?1 is the change in band energy due to shear.

Eg(GaAsP) and Eg(GaSbP) are the bandgap energies of GaAs, P, and
GaSb,_P,, respectively, through the high-symmetry point I" of the Brillouin zone,
as given by the following equations [21]:

E;(GaAs,_,P,) = 1.42+ 1.16x + 0.2x 5)

E{(GaSb;_,P,) = 0.73 = 0.65x + 2.7x (©6)

Balance theories have been used to model the critical thickness, and Matthews
and Blackslee [22] describes it using the following equation:

1 LA?2
AGaas 1 0.2501n( c\/_ L)

L = @)
2\/§ﬂ£ﬁ l-o AGaAs
The Poisson’s ratio o is given by the following expression:
C1,(GaAs)
o= ®)
C,1(GaAs) + C,(GaAs)

where C,;(GaAs) and C;, (GaAs) are the elastic coefficients of the GaAs substrate
and P is a coefficient that depends on the structure of the material.

The absorption coefficient a enables the description of the response of a mate-
rial to photon excitation. The electrons of the valence band absorb photons and
jump to the conduction band, and the expression for the absorption coefficient in
the case of a direct band is [23]:

aB)=2(E-E,)" ©)

where E=hy, h is Planck’s constant, and v is frequency.
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Fig.2 Variation in deformation according to phosphorus concentrationfor the GaAsP and GaSbP ternary
alloys on GaAs

The refractive index has a direct relationship with the bandgap energy of the
deformed material and can be estimated using the empirical Moss method [24]:

(10)

h’ is a constant equal to 108 eV. The high-frequency optical dielectric constant is
expressed as:

£ =1 (11)

101 1 1 1
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Fig. 3 Variation of critical thickness as a function of phosphorus concentration for GaAsP and GaSbP
ternary alloys on a GaAs substrate
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Fig.4 Representation of bandgap energies through the high-symmetry point I" of the Brillouin zone of
deformed and undeformed GaAsP and GaSbP ternary structures on the GaAs substrate as a function of P(x)

Results and Discussion

Figure 2 shows the variation in strain € as a function of P(x). The strain € is always posi-
tive for the GaAsP/GaAs ternary material because the lattice constant can only get smaller
compared with GaAs when the P(x) is added, and it increases with increasing P(x) from
0 to 3.7%. It should be noted that the GaAsP material was lattice-matched to GaAs at 0%.
For the GaSbP/GaAs ternary material, the strain is positive when P(x) exceeds 69% and
it increases with increasing P(x) from 0 to 3.7%, indicating that the lattice constant of the
GaAs substrate is larger than that of the ternary material; resulting in the appearance of
extensive strain. Removing P(x) atoms increases the lattice parameter of the GaSbP ter-
nary, resulting in a negative strain and leading to compressive strain, which increases up
to lel="7.3%. GaSbP is lattice-matched to GaAs at approximately 70%.
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Fig.5 Variation in the absorption coefficients of GaAsP and GaSbP ternary alloys elaborated on the
GaAs substrate subjected to deformation as a function of P(x) excited by energy E=3 eV
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Fig.6 Variation in the absorption coefficient « ., for (a) GaAsP and (b) GaSbP ternary alloys on GaAs
under deformation, as a function of photon energy

Figure 3 illustrates a comparison of the critical thickness between GaAsP and
GaSbP materials on GaAs substrate as a function of the P(x) composition, it takes
maximum values when the materials are in agreement with their substrates, the
highest critical thickness is verified by the GaSbP/GaAs ternary. For both GaAsP
and GaSbP ternary alloys elaborated on the GaAs substrate, the critical thickness
decreased with increasing P(x) in the area of tensile strain (i.e., for compositions
where P> 0% in GaAsP and P> 69% in GaSbP). For ternary GaSbP/GaAs, the criti-
cal thickness increased with increasing P(x) up to x=69% because of the decreasing
compressive strain over this composition range. The GaSb binary is likely to cre-
ate irreversible deformations because of its instability, on the other hand, the GaAs
binary is more stable.

Figure 4 shows the variation in the bandgap energy E, of the undeformed mate-
rial and material subjected to a constraint (Egy,, Egyp). With respect to the GaAsP/
GaAs ternary material, the increase in P(x) led to a linear increase in the band-
gap energy and a shift between the energy E, and E,, from the degenerate point
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Fig.7 Impact of temperature on: a the bandgap energies through the high-symmetry point I" of the
Brillouin zone, and b the absorption coefficient « ., for the GaAs, 5P 5 ternary alloy on GaAs under
deformation, as a function of photon energy

(x=0%). For ternary GaSbP/GaAs, the energy was parabolic. When P(x) exceeds
69%, the E,;, energy is considered to be the smallest, and it is responsible for the
electronic transport. When x <69%, the energy E,y, is the highest, and it is responsi-
ble for electronic transport in this zone. The point that corresponds to the concentra-
tion (x=69%) represents the point of degeneracy of the valence energy levels, this
is due to lack of strain, because this is where GaSbP is lattice-matched to the GaAs
substrate.

Figure 5 illustrates the variation in absorption coefficient o of the GaAsP
and GaSbP ternary alloys on GaAs as a function of P(x). The absorption coeffi-
cient of the GaSbP/GaAs ternary material is larger than that of the GaAsP/GaAs
ternary material. For GaAsP/GaAs, the absorption coefficient decreased with
increasing P (x), whereas for GaSbP/GaAs, the absorption coefficient decreased
with increasing P (x) until a peak corresponded to x=28% and then decreased
with increasing P(x). These results can be explained by the variation in bandgap
energy of the material.
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Fig. 8 Impact of pressure on: a the bandgap energies through the high-symmetry point I" of the Brillouin
zone, and b the absorption coefficient a ., for GaAs 5P, s ternary alloy on GaAs under deformation, as
a function of photon energy

Figure 6 shows the absorption coefficient of the GaAsP and GaSbP ternary struc-
tures on GaAs as a function of photon energy E. Peaks in the absorption coefficient
achieved by the GaAsP/GaAs ternary structure increase with the decrease in P(x),
while the peaks achieved by the GaSbP/GaAs ternary structure increase with the
increase in P(x) up to x=28%, and then decrease with further increases in P(x).
This is due to the fact that the absorption coefficient is inversely proportional to the
bandgap energy.

Figure 7b illustrates the variation in the absorption coefficient in the GaAs 5P s
ternary on GaAs as a function of photon energy, while also considering the tem-
perature range from 0 to 500 K in increments of 100 K. The temperature increased
the peaks of the curves and decreased the threshold excitation energy, which can be
explained by the decrease in the bandgap energy E,;, with increasing temperature, as
shown in the Fig. 7a.

Figure 8b shows the variation in the absorption coefficient of the GaAs 5P s
ternary as a function of photon energy and by varying the pressure from 0 to 120
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Fig.9 Variation of (a) the refractive index and (b) dielectric constant, corresponding to the e-lh transi-
tion, for GaAsP and GaSbP ternary alloys on GaAs under deformation, as a function of P (x)

kbar in steps of 20 kbar. Increasing the pressure decreased the absorption coef-
ficient and the sensitivity to excitation. These results can be explained by the
increase in bandgap energy E,;, (Fig. 8a). We can conclude that the impact of
pressure applied to the deformed material [0 kbar -120 kbar] is very high com-
pared to the impact of temperature [0 K- 500 K].

Figure 9 illustrates the variation in the refractive index and dielectric constant as
a function of P(x). For GaAsP on GaAs, these parameters decrease almost linearly
with increasing P(x). For GaSbP/GaAs, increases with an increase in P(x), reaching a
maximum at x=28%, and then they decreased with an excess of P(x). This deforma-
tion makes it possible to widen the range of the refractive index, which is beneficial
in the design of optical sensors.

Figure 10 shows the variation in the dielectric constant with the temperature
(Fig. 9a) and pressure (Fig. 9b), it increased linearly with increasing temperature
anddecreased with increasing pressure in a parabolic manner.
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Fig. 10 Variation in the refractive index corresponding to the e-lh transitions of the GaAs 5P, 5 ternary on
GaAs subjected to (a) a temperature range of 0 and 500 K, and (b) pressures ranging from 0 to 120 kbar

Conclusion

Summarizing the results, we conclude that the lattice mismatch between the III-P
ternary and GaAs substrates affects their optoelectronic properties. The deforma-
tion is positive in the ternary (GaAs, P, with 0% <x <100%) and (GaSb, P, with
x> 69%); it increases with the increase in P(x), the ternary alloys undergo extensive
strain, and the bandgap energy narrows, which promotes the passage of electrons
from the valence band to the conduction band, leading to an increase in the absorp-
tion coefficient. The refractive index and dielectric constant decreased with increase
in P(x). However, an increase in Sb concentration (>30%) leads to compressive
strain, the bandgap energy becomes wide, and we noticed a nonlinear evolution of
the optoelectronic parameters of the GaSb, P, ternary material with x <69%. Thus,
the impact of strain could provide additional opportunities to obtain desired opto-
electronic properties. The range of refractive index widens, particularly for ternary
GaSbP/GaAs, which aids in the design of optical waveguides.
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