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Information on the energy band gaps, the lattice parameter and the lattice match-
ing to available substrates is a prerequisite for many practical applications. A pseu-
dopotential plane-wave method, as implemented in the ABINIT code, is used to the
GaP,;As,Sb;_,_, quaternary alloy lattice matched to GaAs and InP substrates to
predict their energy band gaps, elastic constants and lattice dynamic properties.
The ranges of compositions for which the alloy is lattice-matched to GaAs and
InP are determined. A very good agreement is obtained between the calculated
values and the available experimental data of GaAs and GaAsg 5Sbg 5 parents. The
compositional dependence of direct and indirect band gaps has been investigated.
Note that a phase transition occurred at As composition of 0.018 and 0.576 for
GaP,As,Sb;_,_, within InP and GaAs substrates. The static and high-frequency
dielectric constants and refractive index are indeed inversely proportional (pro-
portional) to the fundamental band gap for GaP,As,Sbi_,_, within InP (GaAs)
substrates. We study the variation of elastic constants, the optical phonon frequen-
cies (wro and wr,p) and the Born effective charge Z* with As concentration.
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1. Introduction

Alloys formed by mixing the group III-V elements, having the properties of
semiconductor materials with wide band gaps have been used for many device ap-
plications [1]. These semiconductors are used to produce commercially important
high-performance electronic and optoelectronic devices and systems, such as light
emitting devices covering many regions of the visible spectrum. The availability of
quaternary alloys GaP,As,Sb;_,_, lattice matched to GaAs and InP substrates
permits an extra degree of freedom by allowing independent control of the band gap,
E,, and the lattice constant, ag. These compounds could lead to new semiconduc-
tor materials with desired band gaps over a continuous broad spectrum of energies
[2—9]. Furthermore, the use of quaternary alloys enhances the experimental capa-
bility to investigate the effects of strain and piezoelectric fields in quantum wells
[10].

In this work, we carried out a theoretical study of the energy band
gaps, elastic, lattice dynamic and thermodynamic properties of the quaternary
GaP,As,Sbi_,_y, lattice matched to GaAs and InP substrates. This study of the
quaternary alloys is calculated using the pseudo-potential plane-wave method as
implemented in the ABINIT code. The calculations were performed over the entire
composition range of z and y.

The paper is organized as follows: The theoretical framework within which all
calculations have been performed is outlined in Section 2. In Section 3, we present
and discuss the results of our study regarding the structural, elastic, electronic, lat-
tice dynamic and thermodynamic properties of the quaternary GaP,As,Sbi_,_,
alloys, lattice matched to GaAs and InP substrates. A conclusion is given in Sec-
tion 4.

2. Computational method

The calculations were performed using the pseudo-potential plane-wave method
as implemented in the ABINIT code [11] within the generalized gradient approxi-
mation (GGA) to the density functional theory (DFT). ABINIT computer code is
a common project of the University Catholique of Louvain, Corning Incorporated,
and other contributors. Only the outermost electrons of each atom were explicitly
considered in the calculation. The effects of the inner electrons and the nucleus
were described within the Hartwigzen-Goedecker-Hutter scheme [12] to generate
the norm-conserving nonlocal pseudo-potentials. The Brillouin zone integrations
were replaced by discrete summations over a special set of k-points, using the stan-
dard k-point technique of Monkhorst and Pack [13] where the k-point mesh used is
(8 x 8 x 8). The plane-wave energy cutoff to expand the wave functions is set to be
90 Hartree (1 Hartree = 27.211396 eV). For the treatment of the disordered ternary
alloy, we used the VCA [14], in which the alloys pseudo-potentials are constructed
within a first-principles VCA scheme. Recently, Marques et al. [15] reported a linear
behavior of the lattice parameter of Al,GayIn;_,_,N as a function of the compo-
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sition = and y. Thus, the Vegard’s rule has been assumed for the calculation of the
lattice constant of quaternary alloys under study

avcA = Tacap + Yagaas + (1 — 2 — y)acasp - (1)

3. Results and discussion

3.1. Structural properties

The GaX semiconducting alloys crystallize in the zinc-blende structure with
a space group F-43m. The Ga and X atoms are located at the origin and
(1/4, 1/4, 1/4), respectively. The equilibrium lattice parameter is computed from
the structural optimization, using the Broyden-Fletcher-Goldfarb-Shanno mini-
mization [16—19]. The lattice matching conditions for GaP,As,Sb1_,_, quater-
nary systems on the GaAs and InP substrates, as shown in Fig. 1, are: y =
1 — 1457z and y = 0.51 — 1.457z. The range for which this compound is lat-
tice matched to GaAs substrate is larger than that corresponding to the InP one.
The results of lattice parameters ag are given in Table 1 for different composition
rates x and y. Figure 2 shows the lattice parameter plotted versus As fraction y.
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Fig. 1 (left). Lattice matching conditions of GaP,As,Sby_,_, quaternary systems
on the GaAs and InP substrates.

Fig. 2. Relaxed lattice parameter of GaP;As,Sb1_,_, /GaAs(InP) structures as a
function of As composition y.

The lattice parameter of the GaP,As,Sbi_,_, lattice matching to the GaAs (InP)
substrate decreases (increases) when the As composition y is enhanced. We observe
that the lattice parameter calculated within InP substrate is greater than that
corresponding to the GaAs one. The deviation from the linear dependence is dis-
tinct. An analytical relation for the compositional dependence of GaP,As,Sbi_,_,
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lattice parameter is given by the quadratic fit for GaAs and InP substrates,
a = 5.596 — 0.037y — 0.027y2, and a="58+0.086y — 0.1y>. (2)

TABLE 1: The calculated lattice constant ag, elastic constants C11, C1o and Cyy
and bulk modulus B of GaP,As,Sbi_,_, lattice matched to GaAs and InP sub-
strates at zero pressure.

Material aO(A) Ci1 Cia | Cua B

GaPy 6s65bg.314/GaAs 5.596 121.65 | 53.6 | 59.88 | 76.28
GaPg 549A80.25bg 251/ GaAs 5.589 121.2 | 53.3 | 59.89 | 75.93
GaPg.419A80.45bg 181/ GaAs 5.578 121.98 | 53.57 | 60.38 | 76.37
GaPg.274As0.65bg. 126/ GaAs 5.564 122.78 | 53.82 | 60.93 | 76.8
GaPo.137As0.sSbo.oss/GaAs | 5.548 | 124.66 | 54.92 | 62.18 | 78.16
GaAs

This work 5.533 125.7 | 55.27 | 62.95 | 78.74
Experiment “5.653 €122 | 57 | °60 |79, 76
Other works 551, ¢5.55 | 4123 | 449 | ‘64 -~
GaPy.3525b0.648/InP 5.8 105.37 | 46.76 | 51.31 | 66.29
GaPg.283A80.1Sbg. ¢17/InP 5.813 102.85 | 45.46 | 50.23 | 64.59
GaPg.215A80.2Sbg 585/InP 5.817 101.8 | 44.87 | 49.7 | 63.84
GaPy.146A80.35bg 554 /InP 5.818 100.75 | 44.53 | 49.24 | 63.27
GaPg.0sAsg.4Sbg 50/InP 5.816 100 |44.25| 49 | 62.83
GaAsg.55bg.5/InP

This work 5.817 99 |44.35| 48.7 | 62.56
Other works - £109.5 | f47.2 | 750.6 -

a25], °[26], ©°[27], 9[28], °©[29], ‘[30]

3.2. Elastic properties

The elastic constants are important parameters that describe the response to
an applied macroscopic stress. In Table 1, we show the calculated elastic con-
stants, C11, Ci2 and Cyq, and bulk modulus B of GaP;As,Sbi_,_, structure
lattice matched to GaAs and InP at zero pressure and for various compositions
y in the range (0—1) and (0-0.5). For comparison are also given the available
experimental data and other results for GaAs and GaAsy.5Sbg.s parents. To the
best of our knowledge, no experimental data have been reported for the elastic
constants of GaP,As,Sbi_,_, in the composition range considered for GaAs and
InP substrates. In Fig. 3, we depict the composition dependence of the elastic con-
stants (C11, Ci2 and Cy4) and the bulk modulus B of GaP,As,Sbi_,_, lattice
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matched to GaAs and InP substrates. We observe a quadratic dependence in all
curves in the considered range of composition for both substrates. It is easy to
observe that the variation on elastic constants C;; and bulk modulus B is weaker
when the concentration y is enhanced for both substrates. We remark that all these
parameters given for InP substrate are lower than those corresponding to the GaAs
one. The mechanical stability requires that elastic constants satisfy the well-known
Born stability criteria [20],

1 1
K25(011+2012+P) > 0, 025(011—2012—2P) > 0, G/=C44—P >0. (3)
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Fig. 3 (left). As composition dependence of the elastic constants and bulk modulus
in GaP,As,Sby1_,_, /GaAs(InP) structures.

Fig. 4. Stability criteria of GaP,As,Sbi1_,_, /GaAs(InP) structures as a function
of As concentration y at zero pressure.

In Fig. 4, we show the dependence of stability criteria of GaP,As,Sbi_,_,
compounds with As concentration y at zero pressure for the two substrates. From
our calculated C;; values, these compounds are mechanically stable.

From the theoretical elastic constants, we computed the elastic wave velocities.
The single-crystal elastic wave velocities in different directions are given by the
resolution of the Cristoffel equation [21],

(Cijir =i - g — pv* - 8)uy = 0 (4)

where, Cjjk; is the single-crystal elastic constant tensor, n is the propagation di-
rection, p is the density of the material, u is the wave polarization and v is the
wave velocity. The solutions of this equation are of two types: a longitudinal wave
with polarization parallel to the direction of propagation v; and two shear waves
vy and vpre with polarization perpendicular to n. The calculated elastic wave ve-
locities along the [100], [110] and [111] directions for GaP,As,Sb1_,_,/GaAs(InP)
compounds at zero pressure are shown in Table 2. At zero pressure, longitudinal
waves are fastest along the [111] direction and shear waves are slowest along [111]
for both substrates. We remark that all wave velocities calculated within the GaAs
substrates are greater than those corresponding to the InP substrates.
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TABLE 2: The elastic wave velocities of GaP5As,Sbi_,_, lattice matched to GaAs
and InP substrates in (ms™!) for different propagation directions at equilibrium.

Material vi00 | 00 110 g 110 g 110 g 1L g1t
GaP0A686SbO‘314/GaAS 4983 | 3496 | 5488 | 3727 | 3496 | 5646 | 2950

GaPg 549A80.25bg 251 /GaAs | 4907 | 3449 | 5407 | 3673 | 3449 | 5563 | 2909
GaPg.419A80.45bo 181/GaAs | 4864 | 3422 | 5360 | 3642 | 3422 | 5516 | 2885
GaPg.274As0.65bo.126/GaAs | 4794 | 3377 | 5285 | 3593 | 3377 | 5439 | 2847
GaPg.137As0.85bo 063/ GaAs | 4757 | 3360 | 5253 | 3558 | 3360 | 5408 | 2825
GaAs

This work 4707 | 3331 | 5200 | 3523|3331 | 5355 | 2799
Experiment b4784 | 3350 | 5289 | -~ — | 5447 | ®5447
Other works 4690 | ©3380 | ©5020 | — — %5350 | 22820
GaPy 3525bg.64s/InP 4404 | 3073 | 4842 | 3285 | 3073 | 4980 | 2597

GaPg.2s3A80.1Sbg g17/InP 4344 | 3036 | 4778 | 3245|3036 | 4914 | 2566
GaPg.215A80.25bg 585 /InP 4307 | 3009 | 4735 | 3221|3009 | 4869 | 2545
GaP0,145Aso,3Sb0,554/InP 4265 2981 4691 3186 | 2981 | 4825 2519

GaPg.ggAsg.4Sbg. 52/InP 4230 | 2961 | 4655 | 3158 | 2961 | 4789 | 2499
GaAsg 5Sbg.5/InP

This work 4177 | 2930 | 4606 | 3104 | 2930 | 4741 | 2464
Other works €4490 | ©3050 | — - — | 45400 | 42800

“[28],  °[29], °[30], 31

Once the elastic constants are determined, we compare our results with exper-
iments, or predict what experiments would yield for the elastic constants. For a
cubic crystal, the isotropic bulk modulus B is given by

1
B = 5(011 +2C2). (5)

We also calculated Young’s modulus F and Poisson’s ratio v which are fre-
quently measured for polycrystalline materials when investigating their hardness.
These quantities are related to the bulk modulus and the shear modulus by the
following equations [22],

9BG 3B—-F (6)
= — vV =
3B+ G’ 68
where, G = (Gg + Gy )/2. The shear moduli Gr and Gy, Young’s modulus E and
Poisson’s ratio v for GaP,As,Sby_,_,/GaAs(InP) structures, calculated from the
elastic constants, are listed in Table 3.
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TABLE 3: The calculated shear moduli Gg and Gy, Young’s modulus E, and
Poissons’s ratio, v, of GaP,As,Sbi_,_, lattice matched to GaAs and InP substrates
at zero pressure.

Shear Shear Young’s | Poisson’s
Material modulus | modulus | modulus ratio
Gr (GPa) | Gy (GPa) | E (GPa) v
GaPg gs65bo.314/GaAs 45.92 49.54 118.48 0.241
GaPg.549A80.25bg 251 /GaAs 45.87 49.51 118.31 0.24
GaPg.419A80.45bg.181/GaAs 46.22 49.91 119.20 0.239
GaPg.274As0.65bo.126/GaAs 46.62 50.35 120.17 0.239
GaPy.137As0.85bg.063/GaAs 47.35 51.26 122.21 0.239
GaAs 47.87 51.87 123.52 0.238
GaPg.3525bg.64s/InP 39.46 42.51 101.94 0.244
GaPg.283A80.1Sbg.617/InP 38.63 41.62 99.72 0.243
GaPg.215A80.25bg 585 /InP 38.28 41.21 98.74 0.242
GaPg.146A80.35bg 554 /InP 37.86 40.79 97.72 0.243
GaPg.0sAsp.4Sbg 52/InP 37.60 40.55 97.09 0.241
GaAsg 5Sbg.5/InP 45.14 45.49 112.22 0.238

3.3. Calculation of the Debye temperature

Having calculated the Young’s modulus F, the bulk modulus B and the shear
modulus G, one can calculate the Debye temperature, which is an important fun-
damental parameter closely related to many physical properties such as elastic con-
stants, specific heat and melting temperature. At low temperature, the vibrational
excitations arise solely from acoustic mode. Hence, at low temperature the Debye
temperature calculated from elastic constants is the same as that determined from
specific heat measurements. One of the standard methods to calculate the Debye
temperature fp is from elastic data, since it may be estimated from the average
sound velocity v,, by the equation [23]

h 3n 1/3
Op = — m s
b= s <47rVa> m @

where h is the Planck constant, kg the Boltzmann constant and V, the atomic
volume. The average sound velocity in the polycrystalline material is given by [24]

1/2 1\]7Y
“m—[z(vfﬂzﬂ ’ ®)
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where, v; and v; are the longitudinal and transverse sound velocities of an isotropic
aggregate obtained using the shear modulus G and the bulk modulus B from
Navier’s equations [22],

3B+4G)1/2 (G)UQ
vy=—7— , v = | — . 9
! ( 3 =1 (9)

In Table 4 are given the calculated sound velocities as well as the density of
GaP,As,Sbi_,_,/GaAs(InP) structures We plot the dependence of the Debye
temperature with As concentration y in Fig. 5. We note that the Debye tem-
perature decreases with increasing As composition y. The Debye temperature of
GaP,AsySbi_,_, given within the InP substrate is lower than that corresponding
to the GaAs one. The Debye temperature is greater in material having greater bulk
modulus for the same conditions.

TABLE 4: The calculated density p, the longitudinal, transverse and average
sound velocity vy, vy and v, calculated from polycrystalline elastic modulus of
GaP,As,Sbi_,_, lattice matched to GaAs and InP substrates at zero pressure.

Material p (gem™3) [ v (ms™1) | vy (ms™) | vy, (ms™1)
GaPo.s6Sbo.g11/GaAs 4.8975 5345 3122 3462
GaPg 549As0.25bg 251 /GaAs 5.0328 5265 3078 3413
GaPg 419A80.45bg.181/GaAs 5.1558 5219 3053 3385
GaPo.2raAso.6Sbo.1os/Gads | 5.3413 5146 3012 3340
GaPg.137As0.85bg.063/GaAs 5.5070 5111 2992 3317
GaAs 5.6724 5059 2964 3287
GaPg.3525bg. 648 /InP 5.4309 4719 2747 3047
GaPg.283A80.1Sbg g17/InP 5.448 4655 2713 3010
GaPg.215A80.25bg 585 /InP 5.487 4614 2691 2985
GaPg.146A80.35bg 554 /InP 5.5375 4570 2664 2955
GaPg.08Asg.4Sbg 52 /InP 5.5874 4535 2644 2933
GaAsg 5Sbg.5/InP 5.6716 4484 2609 2895

3.4. FElectronic properties

The band structures of GaP,As,Sbi_,_, lattice matched to GaAs and InP were
calculated through the high-symmetry points I'; X and L in the Brillouin zone.
For example, we show the band structures of the parents alloys GaAsg 515bg 49,
GaPg 3525b¢.648, GaPg.¢s65bg.314 and GaAs with direct and indirect band gaps I'-T"
and I'-L in Fig. 6. The direct band gaps I'-T", L-L, X-X and indirect band gaps I'-L,
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and

I'-X of GaP,As,Sbi_,_,/GaAs(InP) at zero pressure are shown in Table 5. The
As composition energy variations of the conduction band edges at I'; X and L with
respect to the top of the valence band are obtained. Results are plotted in Fig. 7,
which show the dependence of direct and indirect band-gap energies in the lattice
matched GaP,As,Sbi_,_,/GaAs(InP) structures on the As y content. Note that a
phase transition I'-L to I'-I" occurred at As composition of 0.018 for InP substrate
and I-T to I'-L at 0.576 for the GaAs one. The GaP,As,Sbi_,_,/GaAs shows a
narrower band gap than that observed in GaP,As,Sb;_,_,/InP. We obtained the
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TABLE 5: The calculated values of band gaps of GaP;As,Sbi_,_, lattice matched
to GaAs and InP substrates at equilibrium.

Material FEr_r Fr_ | Ex_x | FEr_r| Ex—-r
GaPg.6865bg.314/GaAs 1.24 2.32 | 4.06 1.1 1.22
GaPg 549A80.2Sbg 251 /GaAs 1.17 2.31 | 4.07 1.1 2.24
GaPg.419A80.45bg.181/GaAs 1.1 2.32 | 4.09 1.11 | 1.26
GaPy.274As0.6Sbo.126/GaAs 1.08 234 | 4.11 1.12 | 1.27
GaPg.137A80.85bo 063/ GaAs 1.04 236 | 4.14 | 1.14 | 1.29
GaAs

This work 1 238 | 4.16 | 1.16 | 1.31
Experiment “1.41 - - €1.72 | 1.81
Other works ©0.92, ?1.01 - - 41.15 | 41.34
GaPg 3525b¢.645/InP 0.742 1.96 | 3.816 | 0.727 1
GaPg.2s3A80.1Sbg g17/InP 0.609 1.88 | 3.78 | 0.664 | 0.998
GaPg.215A80.25bg 585 /InP 0.511 1.84 | 3.772 | 0.622 | 1.01
GaPg.146A80.35bg 554 /InP 0.441 1.81 | 3.773 | 0.595 | 1.015
GaPg.0sAsp.4Sbg 52 /InP 0.382 1.79 | 3.778 | 0.578 | 1.024
GaAsg 5Sbg.5/InP 0.305 1.75 | 3.77 | 0.545 | 1.02

“[25],  °[26],  c[32], [33]
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Fig. 7. Direct I'-I'; L-L. and X-X and indirect I'-L and I'-X band-gap energies in
GaP;As,Sbi_,_,/GaAs(InP) quaternary alloys as a function of As concentration
y.

following analytical expressions by fitting our energy gaps data using the least-
squares procedure:
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GaAs substrate,
EL =140.109y+0.12y%, EX =1.31-0.09y+0y?, EE =1.16—0.14y+0.08y2,

EE =238 —0.15y 4+ 0.084y%, E% = 4.16 — 0.14y + 0.04y>; (10a)
InP substrate,
EL=0.73-1.22y4+0.778y2, B =0.998+0.007y+0.09y%, EE =0.72-0.56y+0.443,

FE =1.95-0.64y +0.52y%, E5 = 3.8 —0.23y + 0.34y°. (100)

3.5. Lattice dynamic properties

The longitudinal and transversal optical phonon frequencies, referred to wrg
and wro, respectively, of GaP;As,Sbi_,_,/GaAs(InP) at various compositions
y are numerically listed in Table 6. For comparison, also shown are the exist-
ing experimental and theoretical data in the literature for GaAs compound. The

TABLE 6. Born effective charge, the longitudinal optical (LO) and transverse opti-
cal (TO) phonon frequencies, the static and high frequency dielectric constants and
refractive index of GaP,As,Sbi_,_, lattice matched to GaAs and InP substrates
for different As concentration y at equilibrium.

Material z* wLo WLoO €0 €so n
(em™1) | (cm™1)
GaP0,6868b0‘314/GaAs 1.962 | 304.27 290.6 11.10 [ 10.133 | 3.138

GaPg 549A80.25bg 251/GaAs | 1.983 | 300.24 | 286.43 | 11.13 | 10.14 | 3.14
GaPg.419A80.45bg. 181/ GaAs 2 298.73 | 284.77 | 11.151|10.133 | 3.183
GaP0,274ASO'GSb0,126/GaAS 2.032 | 294.47 | 280.03 | 11.296 | 10.215 | 3.196
GaPg.137As0.85bo 063/ GaAs | 2.056 | 292.54 | 277.71 | 11.520 | 10.382 | 3.222
GaAs

This work 2.08 | 290.53 | 275.26 | 11.757 | 10.553 | 3.248
Experiment 216 | 9285 | 9267 | €129 | *10.9 | -
Other works €1.94 | ©292.1 | ®268.7 | -~ - -
GaPy.3525bg.64s/InP 1.832 | 262.33 | 254.39 | 12.611 | 11.859 | 3.443

GaPg 253A80.1Sbo.617/InP | 1.847 | 259.24 | 251.66 | 13.272 | 12.508 | 3.536
GaPg215A80.2Sbo.ss5/InP | 1.86 | 257.56 | 250.12 | 13.882 | 13.092 | 3.618
GaPg.146A80.35bo.554/InP | 1.876 | 255.9 | 248.63 | 14.340 | 13.536 | 3.679
GaPy.0sAso.4Sbo.52/InP 1.893 | 254.82 | 247.58 | 14.757 | 13.931 | 3.732
GaAsg 5Sbo 5 /InP 1.899 | 253.3 | 246.25 | 15.314 | 14.474 | 3.804

“34], °[35], °[36], [37), <[31]
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agreement between our results and experiment as regards wro and wpg of GaAs
is better than 1.9% and 2.9%. No comparison has been made in the considered
composition range, as there are no known data available to date to the best of
our knowledge. The variation of the frequencies of the LO and TO phonons in
GaP,As,Sby_,_,/GaAs(InP) quaternary alloys as a function of the As concentra-
tion y is plotted in Fig. 8. One obtains for wry and wpg:

— 262 9\ InP substrate 3049\ GaAs substrate
y— AN
. N 300F e
g 260 5 Nt
< 2ssl "\ 296} S0
B o AN e
Q . .
g 256¢ . 292 s
= ~o_ 3 q
g ™ ] 288}
;=
S B g 284] N
(=} 250+ S Do
5 280} :
< 28l
A~ 276} ,
246 1 1 1 1 1 in 1 1 1 1 1 i
00 01 02 03 04 05 00 02 04 06 08 1,0
As concentration (y)

Fig. 8. Frequencies of the longitudinal optical (LO) and transversal optical (TO)
phonons in GaP;As,Sbi_,_,/GaAs(InP) quaternary alloys as function of As con-
centration y.

For InP substrate
wro = 262.09 — 26.3y + 18.28y2, wro = 254.19 — 23.53y + 15.97y; (11a)
For GaAs substrate

wro = 304.15 — 20y + 6.49y%,  wro = 290.5 — 20.77y + 5.64y> . (11b)

These expressions may be used to predict the LO and TO phonon frequencies
for any As concentration y in the considered range for GaP,As,Sbi_,_, /GaAs
(InP) structures. Note also that both wrg and wry change non-linearly and decrease
as the composition y increases. For the same concentration y, wro is greater than
wro. The frequencies of the LO and TO phonons of GaP,As,Sb;_,_, within the
InP substrate are lower than those corresponding to the GaAs one for the same
concentration.

A good knowledge of the full electronic structure is an essential feature in order
to get the best understanding of the optical properties of semiconductors. Thus,
the refractive index which is essential in the design of heterostructure lasers, in
optoelectronic devices as well as in solar cell applications has been estimated ac-
cording to the relation e(0o) = n?. The knowledge of the dielectric constants makes
it possible to proceed with the calculations of the refractive index. The static and
high-frequency dielectric constants €(0) and €(co) have been calculated at various
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As concentrations y, for the lattice matched GaP,As,Sbi_,_,/GaAs(InP) struc-
tures. Our results are depicted in Table 6. For the fact that both experimental and
theoretical data regarding n, €(co) and €(0) for GaP,As,Sb;_,_, lattice matched
to GaAs and InP were not available, our results are predictions and may serve for
reference. The variations of both static and high frequency dielectric constants as
a function of As composition y are plotted in Fig. 9. The high-frequency dielectric
and static dielectric constants increase monotonously with increasing As concen-
tration y. These parameters are greater in the GaP,As,Sby_,_, lattice matched
to GaAs substrate than those corresponding to the InP one at the same value of As
content. The dependence of the refractive index with As concentration y is shown
in Fig. 10 for both substrates. The refractive index increases monotonously with
increasing As composition. In order to provide analytical expressions for €(o0), €(0)
and n of the material of interest, the data obtained by our calculations were found

155
| GaAs substrate A o InP substrate

150}
11,52} /
145) &(0)

11,84

z 5
=
] 0 / / /
Z 1120] 8( 15 140} / p
- 135 2
) 5L s
E 1088} .
% Bol /7
2 / &(®)
2 1056} 125 _/ﬁ /
s(fb)’ )
1024 , 120

1 1 1 1 11’5 L 1 1 1 1 L
00 02 04 06 08 1,0 00 01 02 03 04 05
As concentration (y)

Fig. 9. Static and high frequency dielectric constants as a function of As concen-
tration y for the lattice matched GaP,As,Sbi_,_,/GaAs(InP) structures.

38F InP substrate
3,7

3,6
35
341

33+
32| GaAs substrate

Static refractive index

00 02 04 06 08 10
As concentration (y)

Fig. 10. Dependence of the static refractive index in GaP;As,Sby_,_, /GaAs(InP)
structures on As concentration.
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by a least squares procedure to fit best the following relations:
For InP substrate,

€(0)=12.634+6.42y—2.3y%  ¢(00)=11.88+6.23y—2.29y% n=3.44+0.89y—0.39y;
(12a)
For GaAs substrate,

€(0)=11.1-0.16y+0.82y%  €(00)=10.16—0.26y+0.67y% n=3.13+0.09y—0.023y>

(12b)
These expressions may be useful for obtaining e(cc), €(0) and n for any y concen-
tration in the considered range for GaP;As,Sbi_,_, alloy lattice matched to GaAs
and InP.

In Table 6 are listed the calculated Born effective charges for various composi-
tions y for GaP,As,Sbi_,_,/GaAs(InP) structures. In Fig. 11, the absolute values
of the calculated Born effective charges Z* are plotted as a function of the As con-
centration y. The value of Z* increases monotonously with increasing As content
y. The agreement between our results and experiment as regards Z* of GaAs is
better than 3.7%. A quadratic fit to our data for both InP and GaAs substrates
gives, respectively,

Z* =1.96 + 0.226 + 0.02y2, Z* =1.83 4 0.009 — 0.02y>. (13)
1,90
2,08 InP substrate 4 GaAs substrate
@ 206
£ 188}
£ 204
2 4
'«3 2,021
ol / 186
g 2,00} Ja
£
2 18 ~
p 1,841
1,96 F
.

00 01 02 03 04 05 00 02 04 06 08 10
As concentration (y)

Fig. 11. Dependence of the Born effective charge in GaP,As,Sbi_,_, /GaAs(InP)
structures on As concentration.

4. Conclusion

We study the composition dependence of energy band gaps, elastic and dielectric
constants of GaP,As,Sbi_,_, quaternary alloys, lattice matched to GaAs and InP
substrates, by means of the pseudo-potential plane-wave method as implemented
in the ABINIT code. Based on the calculated lattice constants, we predicted the
ranges of compositions for which GaPAsSb is lattice matched to GaAs and InP
substrates. Within the GaAs substrate, this compound shows a narrower band
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gap than that corresponding to the InP one. Very good agreement was obtained
between the band gap prediction and available experimental data for the GaAs
parent. Our findings indicate that the high-frequency and the static dielectric con-
stants increase monotonically with increasing As concentration y in the considered
range. The expressions derived for the direct and indirect energy band gaps, static
and high frequency dielectric constants as a function of As concentrations y are use-
ful for tailoring electric and opto-electric devices based on cubic GaP,As,Sbi_,_,
quaternary alloys. Due to the lack of experimental and theoretical data regarding
the refractive index, high frequency, static dielectric constants and Born effective
charge, our results are predictions and may serve as reference for future experimen-
tal work.
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STRUKTURNA, ELASTICNA, ELEKTRONSKA I RESE:TKINA SVOJSTVA
LEGURA GaP,As,Sby_,_, S RESETKAMA PRILEZNIM DVJEMA
PODLOGAMA

Podaci o energijskim procijepima, parametrima reSetke i prilezivanju na dostupne
podloge je preduvjet mnogin primjenama. Rabimo metodu ravnih valova s pseu-
dopotencijalom, primijenjenu u programu ABINIT, da bismo predvidjeli proci-
jepe energijskih vrpci, elasticne konstante i dinamicka svojstva reSetaka legure
GaP;As,Sb;_,_, s Cetiri sastavnice, prileZzne na GaAs i InP podloge. Odredili smo
podrucja sastava za koja reSetke prilijezu na GaAs i InP. Postigli smo vrlo dobar
sklad izrac¢unatih vrijednosti s eksperimentalnim podacima za polazne legure GaAs
i GaAsg 55bg 5. Istrazili smo ovisnost izravnih i neizravnih procijepa vrpci o sastavu.
Opaza se pojava faznog prijelaza za sadrzaj As od 0.01810.576 u GaP,As,Sbi_,_,
na InP i GaAs podlogama. Staticke i visokofrekventne dielektricne konstante te
indeks loma su obrnuto razmjerni (razmjerni) Sirini osnovnog procijepa vrpci u
GaP,As,Sbi_,_, na InP and GaAs podlogama. Proucavamo promjene elasti¢nih
konstanti, optickih fononskih frekvencija (wro 1 wro) te Bornovog efektivnog
naboja Z* u ovisnosti o sadrzaju As.
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