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Investigation of Pressure
Effect on Structural and
Optoelectronic Properties of
Aly.75S¢Co.25P Structure Using
Density Functional Theory

The structural, electronic, and optical properties of AIP and Alo.75Sco.2sP were investigated through a
series of under hydrostatic pressures from 0 to 15 GPa using Density Functional Theory (DFT) with
the PBE-GGA functional. This pressure range was chosen to retain the zinc-blende structure and
avoid phase transition. The lattice constant for Alo7sSco2sP decreased from 5.620 A to 5.350 A. The
direct band gap decreased slightly from 1.833 eV to 1.814 eV. Conversely, the indirect band gap
increased from 2.52 eV to 2.67 eV. The optical properties demonstrated nonlinear dependence on
pressure; the static dielectric constant and refractive index both decreased before increasing. The Sc
concentration (x = 0.25) was chosen to enhance properties without significant structural distortion.
Despite experimental challenges, including AIP instability in humid conditions and high-pressure

limitations, this study provides valuable insights into the pressure-tunable behavior of AlP-based
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materials for potential optoelectronic applications.

0.18 Keywords: Density functional theory; Optical properties; Electronic properties; Optoelectronics
e . Received: 10 April 2025; Revised: 26 July 2025; Accepted: 2 August 2025; Published: 1 January 2026

1. Introduction

Aluminum phosphide (AIP) is an indirect band gap
semiconductor with a band gap of approximately
2.5eV [1], which makes it a promising candidate for
various optoelectronic applications, including infrared
photodetectors and  high-temperature  electronic
devices. Under standard conditions, AIP adopts the
zinc-blende (ZB) crystal structure (space group F-43m)
[2,3]. However, it exhibits a strong pressure
dependence, undergoing phase transitions to more
compact structures such as NiAs, Cmcm, and CsCl

under  high-pressure  conditions [4,5], which
significantly affect its electronic and structural
characteristics.  Furthermore, the experimental

investigation of AIP is hindered by its instability in
humid environments, emphasizing the need for
theoretical approaches.

To overcome these limitations and enable property
engineering, alloying AIP with compatible compounds
such as scandium phosphide (ScP) has emerged as a
viable strategy. Both AIP and ScP crystallize in the ZB
structure and exhibit full miscibility, enabling the
formation of stable Al;.xSc<P alloys over the entire
composition range without phase segregation [6]. In
particular, doping AIP with scandium (Sc) allows for
controlled tuning of the band gap within the 2.0-2.5 eV
range, offering enhanced versatility across optical and
infrared optoelectronic applications.
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Despite this potential, most existing theoretical
studies on Al;.«SciP have been restricted to ambient
pressure  conditions. However, in real-world
environments, devices are often subject to external
mechanical  stresses, necessitating a  deeper
understanding of pressure-dependent behavior. While
some studies have explored pressure effects in related
III-V compounds, systematic investigations of Al;.
«ScyP alloys under hydrostatic pressure remain scarce.

This study addresses this gap by examining the
influence of hydrostatic pressure (0-15 GPa) on the
structural, electronic, and optical properties of the
Alp75Sco2sP  ternary alloy, along with its binary
counterpart AIP. Using density functional theory (DFT)
within the plane-wave pseudopotential framework as
implemented in the CASTEP code [7,8], we aim to
provide critical insights into the pressure-induced
modifications in these materials. Our findings
contribute to the rational design of AlP-based
semiconductors for robust and efficient performance in
advanced optoelectronic devices operating under
varying environmental conditions.

2. Method of Calculations

In this study, we employed the CASTEP code to
perform calculations using the plane-wave pseudo
potential method within the framework of density
functional theory (DFT) [9, 10]. The generalized
gradient approximation (GGA) with the Perdew-
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Burke-Ernzerhof (PBE) [11] was applied for the
exchange-correlation function. We focused on
examining the effects of pressure on various
parameters, including lattice constants, band gap
energies, and optical properties. To investigate the
structural, electronic, and optical properties of
Alo.75Sco.25P under pressure, we utilized a 1x1x1 super
cell for AIP, where one Al atom was replaced by an Sc
atom. The number of conduction bands is another key
parameter, as it defines the energy range and plays a
crucial role in determining the accuracy of the
Kramers-Kronig transformation. The interaction
between ions and electrons was described using the
OTFG ultra soft pseudo potential [12]. The kinetic
energy cutoff for plane waves was set to ultrafine, and
an ultrafine k-point mesh, based on the Monkhorst-
Pack scheme [13, 14], was employed for the super cell
system. Geometry optimization was performed using
the minimization technique of the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) algorithm [15,16].

Additionally, we investigated the structural,
electronic, and optical properties of Alg75Sco2sP
ternary alloys, along with their ordered AIP and ScP
binary counterparts, under hydrostatic pressure ranging
from 0 to 15 GPa.

3. Results and Discussion

3.1 Structural Properties Under Pressure

We computed the structural properties of binary
AlP, and the ternary Alp75Sco2sP alloy in the zinc-
blende structure. The results for the lattice constants
and bulk modulus at 0, 5, 10, and 15 GPa are listed in
table (1). To evaluate the quality of our results, we
compared them with values obtained from other
theoretical methods and experimental data, and we
found that our results were in good agreement with the
available experimental and theoretical values [17-23].
The variation of the lattice constant as a function of
pressure for the ternary Alg75Sco2sP alloy in the
pressure range of 0 to 15 GPa is presented in Fig. (1).

At zero pressure, the lattice constant is a = 5.620A.
We chose a pressure range below the transition pressure
to avoid possible phase transitions. As pressure
increases, the lattice constant decreases, which is
consistent with the general behavior of materials under
pressure. This decrease in the lattice constant with
increasing pressure is due to the strengthening of
atomic repulsion, leading to a reduction in both the
lattice parameters and the overall volume. The
introduction of Scandium (Sc) atoms into the AIP
lattice has a noticeable impact on the structural
properties, particularly under pressure. The larger
atomic radius of scandium compared to aluminum
causes an expansion of the lattice at low pressures.
However, as pressure increases, the scandium atoms
exert a greater influence on the lattice contraction due
to their larger atomic size and the stronger repulsive
forces between atoms. This effect results in a more

ISSN (print) 1813-2065, (online) 2309-1673

© ALL RIGHTS RESERVED

#’"f"‘ Iragi Journal of
I

Applied Physics

‘IJAP

significant increase in the lattice constant for the
Alg.75Sco2sP alloy compared to pure AlP, the scandium
atoms help stabilize the material, enhancing the overall
structural integrity of the alloy.
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Fig. (1) Variations of (a) the lattice constant and (b) bulk modulus
as functions of pressure for Aly75Sc)2sP ternary alloy

3.2 Pressure Effect on Band Gap and Density of
States

To investigate the effects of hydrostatic pressure on
the energy band gap, we examined the band energies at
selected symmetry points under hydrostatic pressure in
the range of 0 to 15 GPa. The results of band structure
of Alo.75Sco2sP are shown in Fig. (3), that at 0, 5, 10,
and 15 GPa, the maximum of the valence band is
located at the G point, while the conduction band
minimum is also located at the G point, indicating that
the compound exhibits a direct band gap across these
pressure values. The variation of the direct and indirect
band gap for AIP and Alo.75Sco.2sP alloy as a function of
hydrostatic pressure from 0 to 15 GPa is shown in Fig.
(2). It is evident that the band gap remains direct with
increasing pressure for the Alg.75Sco.2sP compound at 0,
5, 10, and 15 GPa. Moreover, figure (2) demonstrates
that the direct band gap of both compounds increases
with increasing pressure, whereas the indirect band gap
decreases as the pressure increases.
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Fig. (2) Changes in the band gap energy of (a) AIP and (b) ternary
Aly.75S¢o2sP alloy with different pressures
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Fig. (3) Calculated band structure of Aly75Sco..sP at ((a) 0; (b) 5;
() 10 and (d) 15 Gpa)

For AIP, the compound maintains an indirect band
gap throughout the entire applied pressure range, as
shown in Fig. (2a). On the other hand Alg75Sco2sP
semiconductors exhibit direct band gaps throughout the
entire pressure range, as seen in Fig. (2b). under stress-
free conditions, the band gap of the ternary Alo.75Sco.sP
alloy is 1.833 eV. It is evident from Fig. (2b) that the
Alg75ScosP  alloy remains a direct band-gap
semiconductor in the pressure range of 0 to 15 GPa.
Moreover, as pressure increases, the band gap shrinks.
The relationship between the band gap and pressure can
be expressed by the following equation:

E4(P) = E4(0) + aP + BP? (1)
where o and P are the pressure coefficients

For AIP, the calculated band gap is 1.641 eV, which
is smaller than the experimental value of 2.5 eV [25],
but closer to values of 1.54 eV [26] and 1.49 eV [27]
reported in the literature. This discrepancy is mainly
due to the underestimation of the electronic exchange
interactions when using the GGA approximation.
Despite this, the lower calculated value does not affect
the analysis of the electronic structure in this study. The
results for the direct and indirect energy gaps of the
binary compounds AIP, and the ternary alloy
Alp.75Sco 5P are given in table (2).

The partial density of states (PDOS) for
Alg75Sco2sP at 0, 5, 10, and 15 GPa is shown in Fig. (4).
Figure. (4a) illustrates the density of states (DOS) for
the Alp75Sco.2sP compound at 0 GPa. The top magenta
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curve represents the total DOS, reflecting the electronic
states available per unit energy (states/eV) across the
energy range. The Fermi level (at E=0) marks the
boundary between occupied and unoccupied states. For
the contributions from atomic orbitals, the P 3p and P
3s orbitals show significant contributions near the
valence band maximum (below E=0), highlighting the
importance of phosphorus in bonding. The Sc 3d, Sc
3p, and Sc 4s orbitals exhibit noticeable contributions
in the conduction band (above E=0), indicating their
role in conduction properties. Meanwhile, the Al 3p and
Al 3s orbitals mainly contribute to the valence band and
participate in hybridization with phosphorus. The
figure covers a wide energy range from -30 eV to 17
eV, emphasizing both deep-lying core states and the
edges of the valence and conduction bands. As
hydrostatic pressure increases, significant changes
occur in the projected density of states due to altered
atomic interactions and lattice compression. Pressure
leads to enhanced hybridization between Sc and Al
orbitals with P orbitals, shifting the peak positions in
the projected DOS closer to the energy levels at the
edges of the valence and conduction bands. The
separation between the peaks of the valence and
conduction bands in the projected density of states
increases, corresponding to an expanded direct band
gap under higher pressure. Pressure also concentrates
states near the conduction band edge, especially in Sc
3d and P 3p orbitals, enhancing their contribution to
conduction. A shift in the energy positions of certain
orbitals, such as Sc 3d and Al 3p, occurs under pressure,
leading to a redistribution of states within the valence
and conduction bands.
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Fig. (4) Total and Partial Density of States (DOS, PDOS) for
Aly75S¢)2sP at different pressures ((a) 05 (b) S; (¢) 10 and (d) 15
Gpa)
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Hydrostatic pressure plays a crucial role in
modifying the electronic properties of the Alp75Sco2sP
compound by affecting hybridization, peak positions,
and the band gap. These changes reflect the
compound’s response to pressure, making it a
promising candidate for electronic applications under
varying pressure conditions.

3.3 Pressure Effect on the Optical Properties

In this section, we calculate the optical properties of
the ternary Alg75Sco2sP alloy under different pressure
values (0 GPa, 5 GPa, 10 GPa, and 15 GPa), which are
crucial for their applications. The optical properties can
be derived from the complex dielectric function &(®),
given by the following relation:

e(w) = & (w) +i&(w) )
where €, (w) and &, (w)are the real and imaginary parts
of the complex dielectric function, respectively.

Figure (5) presents the imaginary parts €>(®) and the
real parts €i(®) of the dielectric function, while figures
(6) and (7) represent the optical constants (refractive
index n(), extinction coefficient k(w), and absorption
coefficient) of Aly75Sco2sP at different pressures (0, 5,
10 and 15 GPa). These constants are calculated from
the real and imaginary parts of the dielectric function.
The relevant equations for these properties are as
follows [1]:

1/2
[Ver (@7 +e; (@) +e1 ()]
2

n(w) = N 3)
2\/57'[[\/81((0)2+62(w)2—51(w)]1/2
a(w) = 1 4)
[Ver@ re@rP-e @]
k(w) = NG (%)
_ 1) _ £2(w)
L) =1m () = EITET (6)

It is important to note that the spectra under the
influence of pressure shift towards higher energy
values, accompanied by a slight increase in their
amplitudes.

As pressure is applied, the curves for the real parts
of the dielectric function coincide, remaining almost
identical. The application of high pressure pushes the
valence band towards lower energies, while the
conduction band minimum shifts towards higher
energies. This leads to a change in the gap energy due
to the transition, as well as an increase in the band gap.
As a result, there is a change in the optical transition
between the maximum of the valence band and the
minimum of the conduction band.

The dielectric constant €;(0) and refractive index
n(0) results are provided in Table (3), along with
previously reported theoretical data. It is clear that our
results are in good agreement with the theoretical
values at P = 0 GPa for AIP, and Aly.75Sco.25P, and they
are compared with the theoretical values [19,29] as well
as the available experimental data [30].
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Fig. (7) Absorption coefficient of Aly75Sco2sP at different
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Additionally, we calculated the absorption
coefficient a(w) at different pressures (0, 5, 10, and 15
Gpa), as shown in Fig. (7). It can be observed that the
absorption starts at different energies for each pressure
value. These values are derived from our calculations
and represent the onset of absorption at the given
pressures.

4. Conclusion

This research investigated the structural, electronic,
and optical properties of AIP and Aly75Sco2sP alloy
under hydrostatic pressure using DFT with GGA-PBE
level of theory. Optimized parameters such as lattice
constants, band structure, and optical functions were
computed. The findings demonstrated that pressure can
actively alter both the electronic structure and the
optical response of the materials investigated. More
specifically, with respect to Alg75Sco2sP, the direct
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band gap responded to pressure by slightly decreasing,
while the indirect band gap increased, showing pressure
induced band reordering. Additionally, many of the
optical functions, such as absorption spectra and
dielectric  functions, this work contributes to
understanding pressure dependence on III-V
semiconductors and demonstrates potential for AIScP
alloys to be used in tunable optoelectronic applications.
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Table (1) The lattice constants and bulk modulus for AIP and Aly75Sco2sP alloy at different values of pressure (P=0, 5, 10, and 15

GPa)
a[A] B [GPa]
Materials
P [GPa] 0 5 10 15 0 5 10 15
Present 5,508 5,407 5,327 5,260 81.424 103.012 122.274 139.755
AP
Exp 5472 862
Other (0 GPa) 5.511b, 5.507b, 5.501¢, 5.4514, 5.41h 82.614b, 82.5¢, 82.46f, 83.239, 81.1h
Present 5,620 5,511 5,423 5,350 75.210 93.282 111.025 127.692
Alo75S¢0.25P
Other (0 GPa)
aRef. [17] bRef. [18] cRef. [19] dRef. [20] eRef. [21] Ref. [22] 9Ref. [23] h[24]
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Table (2) Direct and indirect band gap of AIP binary compounds and Al 7sSc,sP ternary alloy at different pressures (P=0, 5, 10, and

15 GPa)

{ 4
‘IJ

ffﬁ"q Iragi Journal of
I

Applied Physics

AP

£1(0) n(0)
Materials
P[GPa] 0 5 10 15 0 5 10 15
Present 7.58 7.57 76 7.64 2.75 2.75 2.76 2.76
AP Exp 8¢ 2.75¢
Other (0 GPa) 7.672;6.920 2.772;2.63
Alo.75S¢0.25P Present 8.27 8.26 8.38 8.52 2.88 2.87 2.9 292
aRef. [29] bRef. [19] cRef. [30]

Table (3) Dielectric constant £,(0) and refractive index n(0) for binary compounds AIP and ternary Aly;sS¢,.,sP alloy at different
pressures (P=0, 5, 10, and 15 GPa)

ISSN (print) 1813-2065, (online) 2309-1673

P [GPa]
Material Band gap [eV]
0 5 10 15

Eco 3.08 3.55 3.94 4.28

Eex 1.641 1.524 1.425 1.335

Exp 2.502,2.524

Other ( Ecx) 1.54b, 1.49¢, 1.594¢

Ece 1.833 1.841 1.839 1.814
Alo.75Sco25P

Eex 2.52 259 2.64 2.67
aRef. [25] bRef. [26] cRef.[27] dRef.[1] eRef.[2]
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