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A theoretical study of structural, electronic, optical and thermodynamic properties of AIP, InP and AlAs compounds is
presented; using the full -potential linear muffin-tin orbital (FP-LMTO) method within density functional theory (DFT). In this
approach, the generalized gradient approximation (GGA) was used for the exchange-correlation potential calculation. The
groundstate properties are determined for the bulk materials (AIP, InP and AlAs) in cubic phase. Quantities such as the
lattice constants and bulk modulus of interest are calculated. Detailed comparisons are made with published experimental
and theoretical data and show generally good agreement.The calculated lattice constants scale linearly with composition
(Vegard's law). The microscopic origins of the gap bowing were explained by using the approach of Zunger and co-workers.
In addition, to (FP-LMTO) method, the composition dependence of the refractive index was studied by Reedy and Nazeer
model. The thermodynamic stability of these alloys was investigated by calculating the excess enthalpy of mixing AHny, as

well as the phase diagram.
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1. Introduction

Recently, Il1I-V zinc blende semiconductors
compounds occupya privileged position in the domain of
materials science. The reason for this is the prediction
ofnew materials, which were previously inaccessible and
impossible to study. Among them, the compounds AlAs,
InP and AIP are concerned in this paper. AlAs is one of
the most important electronic and optoelectronic materials
because of its frequent incorporation into GaAs-based
heterostructures[1,2]. AIP, with the largest direct gap of
the 111-V compound semiconductors, is undoubtedly the
most ‘‘exotic’” and least studied [1]. However, in recent
years, it is attracted special attention to its incorporation in
the AIAS/AIP and GaP/AIP-based heterostructures.
AlAs/AlPsuperlattices are attractive due to their various
electronic properties advantageous, these semiconductors
are introduced in most optoelectronic devices, in the field
of high-speed electronics, and they are widely used as
substrates for the design of ternary and quaternary
because they are expected to become direct band gap
materials[3].

InP is also an established technology platform for
making active optical components such as laser and photo
detectors. Its energy band gap can be tuned between 920
and 1650 nm, which makes it ideal for optical
communication applications.

InP is also used to produce mostly standalone active
components, while devices such as couplers and
waveguides tend to be formed from different material
platforms optimized for each application. This multi-
functionality makes InP an excellent platform for
monolithic integration.

Recently, there have been numerous calculations
[4-6]of the structural, electronic and optical properties of
compounds of these compounds using the method
FP-LAPW coupled with thelocal density approximation
(LDA) [7] of the exchange-correlation energy to calculate
electronic and optical properties, respectively, to our
knowledge there are few reports that had used the full
potential calculation FP-LAPW to calculate the electronic,
structural and optical properties for those compounds.

In the present work, we have aimed to combine AP,
InP and AlAs compounds having different structural and
electronic properties in order to obtain new materials,
AlAs, P, and Al,In,_Pternary alloys with intermediate
properties. However, to the best of our knowledge, no
experimental or theoretical investigations of our alloys
have been appeared in the literature. The present work
study the structural, electronic, optical, and
thermodynamic properties of these alloys by using a full-
potential linear muffin-tin orbital (FP-LMTO) method.
The physical origins of gap bowing are calculated
following the approach of Zunger and co-workers [8].
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The paper is divided in three parts. In Section 2, we
briefly describe the computational techniques used in this
study. We present the theoretical results and discussion
concerning the structural, electronic, optical and
thermodynamic properties in Section 3. Finally, in Section
4 we summarize the main conclusions of our work.

2. Computational details

The calculations reported here were carried out using
the ab-initio full-potential linear muffin-tin orbital (FP-
LMTO) method as implemented in the Lmtart code[9-11].
The exchange and correlation potential was calculated
using the gradient generalized approximation (GGA)[12].
This is an improved method compared to previous
(LMTO) methods. The FP-LMTO method treats muffin-
tin spheres and interstitial regions on the same footing,
leading to improvements in the precision of the eingen-
values. At the same time, the FP-LMTO method, in which
the space is divided into an interstitial regions (IR) and
non overlapping muffin-tin spheres (MTS) surrounding the
atomic sites, uses a more complete basis than its
predecessors. In the IR regions, the basis functions are
represented by Fourier series. Inside the MTS spheres, the
basis functions are represented in terms of numerical
solutions of the radial Schrodinger equation for the
spherical part of the potential multiplied by spherical
harmonics. The charge density and the potential are
represented inside the MTS by spherical harmonics up to
lnax = 6. The integrals over the Brillouin zone are
performed up to 55 special k-points for binary com-pounds
and 27 special k-points for the alloys in the irreducible
Brillouin zone (IBZ), using the Blochl’s modified
tetrahedron method[13]. The self-consistent calculations
are considered to be converged when the total energy of
the system is stable within 10 Ry. In order to avoid the
overlap of atomic spheres the MTS radius for each atomic
position is taken to be different for each case. Both the
plane waves cut-off are varied to ensure the total energy
convergence. The values of the sphere radii (MTS),
number of plane waves (NPLW).

3. Results and discussion
3.1. Structural properties

To investigate the structural properties of AIP, AlAs
and InP compounds and their alloys in the cubic structure,
we have started our FP-LMTO calculation with the zinc-
blende structure and let the calculation forces to move the
atoms to their equilibrium positions. We have chosen the
basic cubic cell as the unit cell. In the unit cell there are
four C anions , three A and one B, two A and two B, and
one A and three B cations, respectively, for x = 0.25, 0.50
and 0.75. For the considered structures, we perform the
structural optimization by calculating the total energies for
different volumes around the equilibrium cell volume V,
of the binary AIP, InP compound and their alloy. The
calculated total energies are fitted to the Murnaghan’s

equation of state [14] to determine the ground state
properties such as the equilibrium lattice constant a, and
the bulk modulus B. The equilibrium structural properties
such as the lattice constants and bulk modulus were
obtained for both binary compounds and their alloys, the
results are given in Tablel. Considering the general trend
that GGA usually overestimates the lattice parameters[15],
our GGA results of binary compounds are in good
agreement with the experimental and other calculated
values. Figs. 1 and 2, show the variation of the calculated
equilibrium lattice constants and the bulk modulus versus
concentration x for Al,In,_,P and AlAs,.P,. Our calculated
lattice parameters at different compositions of Alny P
alloy were found to vary almost linearly following
Vegard’s law [16] with a marginal upward bowing
parameter equal to -0,07143 A. The physical origin of this
marginal bowing parameter should be mainly due to the
weak mismatches of the lattice constants of InP and AIP
compounds. The lattice parameter bowing for AlAs, P,
alloy has been found to be -0,2208A. This is relatively a
large value compared to the corresponding one of Al,In,_
«P alloy, roots in the significant mismatch of the lattice
constants of AIP with respect to the other binary
compounds. The composition dependence of the bulk
modulus is compared with the results predicted by linear
concentration dependence (LCD). A significant deviation
from LCD, with downward bowings equal to +21,925 and
+15,933GPa  for AlkLIn.,P and AlAs,,P,alloys,
respectively, was observed in Fig. 2 a and b. This
deviation is mainly due to mismatch of the bulk modulus
of binary compounds. It is clearly seen that the bulk
modulus decreases by increasing the IlI-P and Al-V
atomic number for AlIn,_,P and AlAs, P, respectively.
Hence, we conclude that AlAs is more compressible
compared to the other binary compounds.
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Fig. 1. Composition dependence of the calculated lattice

constants (solid squares) of (a) Alln,,P and (b)

AlAs, P, alloys compared with Vegard’ sprediction
(dashed line).
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Table 1.Calculated lattice parameter (a) and bulk modulus (B) for Al In; P and AlAs;..P, alloys.

Lattice parameter a (A)

Bulk modulus B (GPa)

Our work Exp. Other cal. Our work Exp. Other cal.
AlyIn, P
0 6.014 5.861° 5.93%5.942°5.968° 60.25 71 76*,73.26°,62°
0.25 5.909 61.458
0.5 5.792 65.575
0.75 5.664 72.485
1 5.534 547 5.52%5.442°551¢5.511"5.507" 81.89 86° 95.46°,89°,82.5°,82.09",82.61°
AlAsy,Py
0 5.754 5.66" 5.74°5.73175.726' 65.281 82¢ 66.8°,67.73",68.27"
0.25 5.698 66.839
0.5 5.641 71.456
0.75 5.586 76.455
1 5.534 547 5.52%5.442°551¢5.511"5.507" 81.89 86° 95.46°,89%,82.5°,82.09",82.61°

“Ref.[17], °Ref.[18], °Ref.[19] ‘Ref.[20]‘Ref.[21],'Ref.[22],
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Fig. 2. Variation of the calculated bulk modulus versus x

concentration of a) Al In; P and (b) AlAs; P,

alloys

(solid line) compared with LCD prediction (dashed line).

3.2. Electronic properties

The important features of the band structure (direct I'-
I' and indirect I'-X band gaps) are given in Table 2. It is
clearly seen that the band gaps are on the whole
underestimated in comparison with experiments results.
This underestimation of the band gaps is mainly due to the
fact that the GGA do note take into account the quasi-
particle self energy correctly [23] which make them not
sufficiently flexible to accurately reproduce both exchange
and correlation energy and its charge derivative. We worth
also mention that in general, it is far to say that the
experimental data are well reproduced by the calculation.
On raison for this difference is that in our calculations we
have assumed the crystal to be at T = 0 K and thus do not
include contributions from lattice vibrations that are
present at room temperature measurements. The band
structure calculations in the present work yield a direct gap
(I'-I') for InP, while for AIP and AlAs compounds an
indirect gap (I'-X) has been determined. Hence, one can
expect that the band gap of AlxIn1-xP and AlAs, Py alloys
should undergo a crossover between the direct and the
indirect band in going from x = 0 to x = 1. As shown in
Fig. 3, this crossover occurs atx = 0.82 for AlxIn1-xP and
we notice that for concentrations (x) ranging from x=0.03
to 0.85 the AlAs, P, alloy exhibits a direct band gap (I'—
I'). The calculated band gap versus concentrations was
fitted by a polynomial equation. The results are
summarized as follows:

AlxIni«P {

Err=1.79 — 2.59% + 3.74 X
Erx = 1.51 +5.62x -5.45 x° 2

Err=2.55-0.92x + 0.51 x?
Er.x = 1.89 +3.71x-3.90%° (1)

AlAS; Py
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Fig. 3.Energy band gap of (a) AlyIn,_P and (b) AlAs,_,P, alloys as a function of composition x.
Table 2.Gap energy Eg of Al In; P and AlAs, P, ternary alloys at equilibrium volume.
« Energy gap (eV)T-T) Energy gap (eV)(T-X)
Our work Exp. Other cal. Our work Exp. Other cal.
AlyIny 4P
0 0.267 1.39* 0.62°,0.85° 1.880 1.552"
0.25 0.831 2.701
0.5 1.457 2.527
0.75 1.742 2.701
1 3.088 3.63° 2.94" 3.083¢ 1.638 2.50° 1.57¢, 1.635
AlAs; Py
0 1.688 3.13° 1.65',1.787¢ 1.494 2.24° 1.43',1.502¢
0.25 1.563 2.699
0.5 1.597 2.754
0.75 1.624 2.830
1 3.088 3.63° 2.94" 3.083¢ 1.638 2.50° 1.57¢, 1.635

*Ref.[26], *Ref.[27], “Ref.[28] ‘Ref.[29] °Ref.[30],'Ref.[21], °Ref.[22]°Ref.[47].

To understand the physical origins of the gap bowing
parameter in Al,In,P andAlAs,P, alloys, we follow the
procedure of Bernard and Zunger [24]which decompose it
into three contributions. Since the compositional effect on
the bowing is considered to be small, the band gap bowing
equations of Bernard and Zunger have been defined only
by the contributions of the volume deformation (byp),
charge transfer (bcr) and the structural relaxation (bsg) of
the alloys as follows:

b = byp + ber + b (3)

The calculated gap bowing contributions of the direct
band gap are presented in Table 3. The total gap bowing
for Al,In,, P andAlAs,P.alloys has been found to be
very small. The low value of by is related to the weak
mismatch of the lattice parameters of InP, AIP andAlP,
AlAs compounds respectively and that of b¢r is due to the
weak electronegativity [25] difference between In (1.78),
As (2.18) and P (2.19) atoms. The small contribution of
the structural relaxation to the bowing parameter it due to
that our calculations are for ordered structure.



Theoretical study of structural, electronic, optical and thermodynamic properties of AIP, InP and AlAs compounds 663

Table 3.Decomposition of optical bowing into volume deformation (VD), Charge exchange (CT), and structural
relaxation (SR) contributions, all values are in eV.

X Our work Exp. Other cal.
AlyIng P
bvo 0.737 0.740°
ber -0.090 0.265°
bsr 0.233 -0.172°
b 0.880 0.568° 0.834°
AlAs; Py
bvo 1.494 -0.006°-0.01°
ber 1.563 0.064°,0.038°
bsr 1.597 -0.004°,-0.008°
b 1.624 0.054°,0.02%,0.051%,0.023°

“Ref.[31], °Ref.[32], °Ref.[22].

3.3. Linear optical properties

It is well known that the basic optical properties of
semiconductors result from the electronic excitation in
crystals when an electromagnetic wave is incident on
them. The calculation of the optical properties of the solids
is beset with numerous problems. The knowledge of the
dielectric functions e(w) = & (w) +ig,(w) allows to
describe the optical properties of the medium at all phonon
energies. Calculations of the dielectric function involve the
energy eigenvalues and the electron wave functions. These
are the natural output of the ab initio band structure
calculation  which is usually performed under
GGA[33,34].We have calculated the frequency dependent
imaginary dielectric function and real dielectric function.
The effects of using K points in the BZ have already been
discussed in the earlier work by Khan et al (1993)[35].
The knowledge of both the real and the imaginary parts of
the dielectric function allows the calculation of important
optical functions. In this paper, we also present and
analyze the refractive index e(w) given by:

1/2
e () 2 (w)+e(w)
) = |l 2 @

n(w

At low frequency (w = 0), we obtain the following
relation:

n(0) = £2(0) (5)

The refractive index and dielectric constants are very
important to determine the optical and electric properties
of the crystal. The use of these optical techniques for
epitaxial layer characterization is limited by the accuracy
with which refractive indices can be related to alloy
composition. These applications require an analytical
expression or known accuracy to relate the wavelength
dependence of refractive index to alloy composition, as
determined from simple techniques as photoluminescence.

Different theoretical models relate the refractive index to
the energy band gap for a large set of semiconductors [36-
39]. Especially, for the 111-V semiconductors and its alloys
we take the most realistic model, proposed by Reedy and
NazeerAhammed [39]:

_ [12a17 ®)
n= [Eg—0.365

whereE, is the energy gap in eV. This equation is a
straightforward modification of the original Moss equation
[37],with a second arbitrary constant (0.365) added in
order to improve the results obtained.

Our results for InP, AIP and AlAs and their ternary
alloys are listed in Table 4. It is clearly seen that the values
of the refractive index obtained by FP-LMTO method are
in reasonable agreement with the available data. In Fig. 4,
we note that when x increases, n decreases as well. The
refractive in dicesare related to their energy bands. There
is a correlation between these two fundamental properties
has a significant impact on the band structure of
semiconductors [40].Given the fact that the Eg of the
material of interest increases with increasing x (see Table
2) and n decreases with x (see Table 4). The calculated
refractive indices versus concentration using FP- LMTO
were fitted by a polynomial equation to find n equal to
0.508 and 0.251 for Alln,,P and AlAs,P,alloys,
respectively. We can note the strong non-linear
dependence of the refractive index of the alloys with
concentration X. The results are summarized as follows:

s P{ n(x) = 2.552 — 0.926 x + 0.508 x2FP-LMTO
A n(x) = 3.814 — 3.537 x + 5.522 x?Reddy and
al. ®)
n(x) = 2.324 — 0.449 x — 0.251 x2FP-LMTO
n(x) = 3.414 — 0.161 x + 0.064 x?Reddy and
al. (10)

AAlAsl_xPx
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Fig. 4. Variation of the calculated refractive index versus x concentration of (a) Al,In,_,P and (b) AlAs, P, alloys.

Table 4. Refractive indices of Al In; P and AlAs . P, for different compositions Xx.

This work
X Exp. Other cal.
FP-LMTO Reedy model
AlyIng P
0 2.574 3.317 3.008% 2.814°
0.25 2.305 4.263
0.5 2.232 3.447
0.75 2.170 3.252
1 2.119 6.304 4.0° 2.372°
AlAs; Py
0 2.330 3.148 3.00¢ 2.833°,2.969°
0.25 2.216 3.368 2.757°,2.955°
0.5 2.160 3.360 2.715°2.934°
0.75 2.142 3.326 2.671°2.911°
1 2.119 3.317 2.75° 2.651°2.892°

“Ref.[41], *Ref.[27], °Ref.[42] ‘Ref.[43] ‘Ref.[22]

3.4. Thermodynamic properties

In order to study the phase stability of Al,In; P and
AlAs,,P.alloys the Gibbs free energy of mixing AGm(X,
T) is calculated in order to access the T—x phase diagram
and obtain the critical temperature, Tc, for miscibility.
More details of the calculations are given in Refs.[44-46].
The Gibbs free energy of mixing, AGy, for alloys can be
expressed by:

AG,, = AH,, — TAS,, (11)

where
AH,, = Qx(1 —x) (12)
AS, = —R[xInx + (1 — x)In(1 — x)] (13)

AHm and ASm are the enthalpy and entropy of
mixing, respectively; Q the interaction parameter and
depends on material; R the perfect gas constant and T the

absolute temperature. The mixing enthalpy of alloys can
be obtained from the calculated total energies as:

AHy, = Eppi—xcx — (1 = X)Epp — XExc,

where Exgq1_xcx » Eag: and E4c are the respective energies
of AB,C, alloy and the binary compounds AB, and AC.
We then calculated AH,, to obtain Q as a function of
concentration. The interaction parameter increases almost
linearly with increasing x. From a linear fit we obtained:

Aln,_,P —» Q(Kcal/mol) = 34.6733 + 2.1126x
AlAs, ,P,—» Q(Kcal/mol) = 1.9326 + 0.4594x

The average values of the x-dependent ( in the range
0 < x < 1 derived from these equations for AlyIn, ,P and
AlAsy,P.alloys are 35.7296 and 2.1623 kcal/mol,
respectively. The larger enthalpy for AlIn,_Palloy
suggests a large value of Q and, hence a higher critical
temperature.



Theoretical study of structural, electronic, optical and thermodynamic properties of AIP, InP and AlAs compounds 665

By calculating the temperature composition phase
diagram which shows the stable, metastable, and unstable
mixing regions of the alloy. At a temperature lower than
the critical temperature T., the two binodal points are
determined as those points at which the common tangent
line touches the AG,, curves. The two spinodal points are
determined as those points at which the second derivative
of AG,, is zero. The spinodal and binodal curves of the
alloys shown in Fig. 5.
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Fig. 5. T-x phase diagram for (a) Al,In,_,P and (b) AlAs,_Py
alloys. Black line: binodal curve, Red line: spinodal curve.

We have calculated the phase diagram by using the
average values of the x-dependent (, hence the phase
diagram looks symmetric. In Fig. 4, we observed a critical
temperature T, of 2141.7155 and 545.3383 K for AlyIn,_
P and AlAs,P, alloys, respectively. The spinodal curve in
the phase diagram marks the equilibrium solubility limit,
i.e. the miscibility gap. A homogeneous alloy is predicted
for temperatures and compositions above this curve. The
wide range between spinodal and bimodal curves indicates
that the alloy may exist as a metastable phase. Finally, our
results indicate that the AlAs;,P,alloy is stable at low
temperature while the Alln,,Pis stable at high
temperature.

4., Conclusions

In summary, a theoretical investigation of the
structural, electronic, optical and thermodynamic
properties of ternary mixed crystals Aln, P and AlAs;.
«Pxhas been reported. The agreement between our results
and the available experimental and theoretical data is
found to be generally satisfactory. We have investigated
the composition dependence of the lattice constant, bulk
modulus, band gap, refractive index and dielectric
function. A small deviation of the lattice constant from
Vegard’s law was observed for AlIny_ P, while the lattice
parameter at different compositions for AlAs;Pwas
found to vary almost linearly, thus obeying Vegard’s law.
This is mainly because of the large mismatch of the lattice
parameters of the binary compounds InP and AIP. A non-
linear dependence on the composition x was observed for
the bulk modulus of the two alloys. The gap bowing is
mainly caused by the charge-transfer effect, while the
volume deformation and the structural relaxation
contribute at smaller magnitude for the two alloys.

Using FP-LMTO method and Reddy and al the
refractive index has been calculated as a function of
composition x. Our results showed that the refractive
index varies none linearly with respect to x exhibiting
different bowing parameters which arise from the effects
of compositional alloy disorder.

The investigation of the thermodynamic stability
allowed us to calculate the critical temperatures for
AlIn, P and AlAs,,P,alloys, which are 2141.7155 and
545.3383 K respectively.
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