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We report a theoretical analysis of the electronic, optical, and mechanical properties of zinc-blende GaP semiconduc-

tor material. High-temperature impact on the interesting features has been reported. The temperature dependence of

sound velocity and phonon frequencies of GaP has been determined. The pseudopotential technique has been used in

our study. The current study can help in our comprehension of how temperature affects the electronic characteristics

of GaP material. Our findings show generally a good accordance with the experiment. The prediction properties could

be used in optoelectronic applications in the high-temperature range.
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Optoelectronics is a technologically interesting area for
III-V semiconductors. Among III-V semiconductors,
GaP has attracted much attention because it is one of the
most promising materials for the development of opto-
electronics'. At normal temperature, GaP, a broad band-
gap compound semiconductor material, has a zinc-blende
structure with an indirect band-gap'?. Applications for
electroluminescent devices are made by the material of
interest. It is one of the most crucial III-V semiconduc-
tors from a commercial viewpoint'”. For a wide range of
scientific and technical applications, it is interesting to
have an understanding of the material physical properties
under extreme conditions”!. Because of the significance
of III-V semiconductors for technology, both their elec-
tronic and optical properties have attracted significant
study in both theory and experiment!"*®. The relation-
ship between temperature and pressure and the electronic,
optical, and mechanical properties of semiconductors has
been studied”""). For device analysis and design, a thor-
ough understanding of the electrical, optical, and me-
chanical properties of III-V semiconductors is required.
The examination of materials' electrical and optical prop-
erties also requires the use of excitons and lattice vibra-
tions.

In the present study, the effect of temperature has been
investigated on the band parameters, mechanical, and
optical characteristics in zinc blende GaP. The high-
temperature dependence of zinc-blende GaP has attracted
much attention. The computations are mainly based on a
pseudopotential approach. In this work, the empirical

* E-mail: ibtrand1 @yahoo.com

pseudopotential method (EPM) is used for the calcula-
tions!' 131,

The wave equation with crystal pseudopotential is
solved in the pseudopotential-energy-band calculation. In
the EPM, one has to fit the atomic form factors to ex-
periment. The experimental value of the fundamental
energy band gap E' and polarity at normal temperature is
the guidance to obtain the temperature reliance of the
energy gaps. The pseudopotential form factors employed
to achieve this agreement will reveal some information
about the actual potential. The computations of £ will
be adapted to agree with the experimental value of £’
The energy gap at each temperature from 0 to 500 K will
then be determined using the suggested temperature de-
pendency of the pseudopotential form factors. Moreover,
the polarity is calculated by the symmetric and anti
symmetric form factors (W*, and W*). After that, the
mechanical parameters could be determined. Adittionally,
the sound velocity could be calculated. The transverse
effective charge (TEC) ey is obtained using the
relation'*!
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where Az is the valence difference and is given by
Az=z3—zs, and z is the valence of the semiconductor ma-
terial. The optical phonon frequencies w;o and wro are

calculated using the Lyddane-Sachs-Teller relation''” as
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with the relation!'® of
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where M is twice the reduced mass and Q, is the volume
occupied by one atom. According to Anderson, the elas-
tic constants of the single crystals are used to calculate
the isotropic shear, Young's and bulk moduli, which are
then used to derive the compressional, shear and average
wave speeds''”. Using the elastic constants and crystal
density (g), as demonstrated inRef.[16], we can calculate
the sound velocity as
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The micro-hardness, ionicity, TEC, reflectivity, and sus-
ceptibility of the GaP semiconductor compound at dif-
ferent values of temperature are listed in Tab.1. At nor-
mal temperature, there is a good accordance between our
results and the experimental and published values''®'®.
The calculated values of micro-hardness, ionicity, TEC,
reflectivity, and susceptibility of GaP material at high
temperatures are new results and may serve as a refer-
ence for the experimental work.

Tab.1 Micro-hardness, ionicity, TEC, reflectivity, and susceptibility of GaP semiconductor at different tempera-

tures
7 (K) Micro-hardness (GPa) lonicity TEC Reflectivity Susceptibility

0 7.02 0.197 1 22992 0.166 3 4.650 8
100 7.01 0.196 3 22970 0.169 3 47510
200 7.00 0.1950 22955 0.173 5 4.8932

6.99 22947
300 9.45061 0.1954 2.040 o' 0.1817 51782

: 2.800 O™
400 6.98 0.194 6 22925 0.186 8 53614
500 6.96 0.194 3 22917 0.202 0 5.929 4

Fig.1 shows the micro-hardness of the GaP semicon-
ductor as a function of temperature. It is seen that the
micro-hardness is decreased by increasing temperature
from 0 to 500 K. There are several indications that the
dislocations produced during these devices' fabrication
have a significant impact on their operating performance
and deterioration behavior'®. The hardness test has been
used for a very long time as a simple way to describe the
mechanical behavior of solids. The interest in semicon-
ductor hardness is mostly due to the use of semiconduc-
tors in several device applications'®. The compressional
wave speed and the shear wave speed might be calcu-
lated from the elastic constants of the single crystals by
calculating the isotropic shear, Young's and bulk moduli.

7.03
7.02
7.01
7.00
6.99

6.98

Micro-hardness (GPa)

6.97

6960100 200 300 400 500

T(K)
Fig.1 The micro-hardness of GaP semiconductor as a
function of temperature

The compressional wave speed (Cy), shear wave speed
(Sh), and average wave speed (4v) of GaP material are
displayed in Fig.2. It has been found that rising tempera-
ture reduces the GaP material's compressional wave

speed, shear wave speed, and average wave speed. One
of the most crucial elastic parameters to be determined is
the longitudinal sound velocity along the [111] direction.
One can derive sound velocities from the elastic con-
stants of the majority of binary materials. The mode of
acoustic waves propagating along the [111] direction is
expected to play a significant role in the applications of
piezoelectric devices™ owing to the strong coupling
between the piezoelectric field and the ultrasonic wave
propagation along that direction that can be estimated
with a zinc blende structure of GaP.
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Fig.2 The compressional wave speed, shear wave
speed, and average wave speed of GaP material as a
function of temperature

The values of the longitudinal and transverse sound
velocities propagating along the three principal direc-
tions [100] (vpa and vray, ta2), [110] (Vea, Vrar, and vraz),
and [111] (vLa and vra;, ta2) of GaP for various tempera-
tures in the range of 0—500 K are provided in Tab.2 and
shown in Fig.3. It is seen that the longitudinal and trans-
verse sound velocities are slightly varied by increasing
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temperature. The longitudinal and transverse sound ve-
locity components are considered constant with the
variation of temperature. This is due to the longitudinal
and transverse sound velocity components depending on
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the elastic constants, whereas the elastic constants are
slightly affected by temperature. Our calculated values of
sound velocities at room temperature are in good agree-
ment with the experimental data'®’.

Tab.2 The longitudinal and transverse sound velocities (10° cm/s) of GaP semiconductor propagating along the
three principal directions [100], [110], and [111] for various temperatures

T(K) VLA_100 VT1_T2 100 VLA 110 VTAL_110 VTA2 110 VLA 111 VT T2 111

0 5.8580 3.718 6 6.200 0 3.1151 3.718 6 6.309 9 3.328 4
100 5.858 4 3.7189 6.200 4 3.115 4 37189 63103 33287
200 5.8578 3.718 6 6.199 8 3.115 1 3.718 6 6.309 7 3.328 4
300 5.856 6 3.717 8 6.198 5 3.1145 3.717 8 6.308 4 33278

5.830 01 4.130 01 6.450 0U'°) 3.080 01 4.130 01 6.640 01'°) 3.470 01

400 5.856 5 37179 6.198 5 3.1146 37179 6.308 3 33278
500 5.8550 3.716 9 6.196 8 3.1137 37169 6.306 6 33270

The susceptibility of GaP material as a function of
temperature is shown in Fig.4. It is noticed that the sus-
ceptibility of GaP material is nonlinearly increased by
increasing temperature. According to the definition of
the reflection coefficient, which exposes the optical re-
sponse of a material's surface, the reflection coefficient is
defined as the ratio of the reflected power to the incident
power. The reflection coefficient can be calculated from
the refractive index of a substance. Fig.5 shows the
variation of the reflection coefficient of the GaP semi-
conductor with temperature. It is observed that the re-
flection coefficient is nonlinearly increased by enhancing
temperature. This is due to the ratio of the reflected
power to the incident power raises with raising the tem-
perature.
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Fig.3 The longitudinal and transverse sound veloci-
ties of GaP semiconductor propagating along the
three principal directions [100], [110], and [111] as a
function of temperature

The ionicity of the semiconductor is linked with the
anti-symmetric gap. lonicity and polarity act as indica-
tors of the relative charge that the cation and anion sites
in the lattice are holding. Fig.6 displays the ionicity of
the GaP semiconductor as a function of temperature. The

ionicity is found to decrease when temperature increases
from 0 to 500 K. This is because ionicity is related to the
energy difference between the first and second valence
bands at the X-point.
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Fig.4 The susceptibility of GaP material as a function
of temperature
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Fig.5 The reflection coefficient of GaP material as a
function of temperature

Reflection coefficient

An accurate description of basic vibrational properties
is extremely important in the study of transport and optical
properties in polar semiconductors. The longitudinal and
transversal optical phonon frequencies are some examples
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of the vibrational properties that are currently the focus
of our discussion. The computed LO (/) and TO (1)
phonon frequencies for the GaP semiconductor, as well
as its temperature dependence, are displayed in Fig.7. It
is observed that the longitudinal and transversal optical
phonon frequencies (wro, wto) are decreased by increas-
ing temperature from 0 to 500 K. This is because the
optical high-frequency dielectric constant varies with
different temperatures. These quantities have a relation-
ship with the optical high-frequency dielectric constant
which has a relationship with the refractive index.
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Fig.6 The ionicity of GaP semiconductor as a function
of temperature
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Fig.7 The longitudinal and transversal optical phonon
frequencies (wLo, wro) of GaP semiconductor as a
function of temperature

The TEC calculation is extremely fascinating because
it sheds light on the phonon activity in the infrared spec-
trum of materials. The TEC is a crucial quantity that de-
scribes the leading coupling between lattice displacement
and the electrostatic field. Infrared lattice-reflection spec-
tra can be used to deduce a theoretically prescribed TEC,
even though it cannot be experimentally measured. Fig.8
shows the TEC of GaP material as a function of tempera-
ture. It is seen that the 7EC is decreased by enhancing
temperature. This may indicate that the material has
more covalent bonds due to the drop in TEC.

The electronic, optical, mechanical characteristics,
phonon frequencies, and sound velocities of the semi-
conductor material made of zinc-blende GaP have been

Optoelectron. Lett. Vol.19 No.1

2.300
2.299
2.298
2.297
82.296
£&~2.295
2.294
2.293
2.292
2.291 L

0 100 200 300 400 500
T (K)

Fig.8 The TEC of GaP material as a function of tem-
perature

investigated. The variation of temperature on the consid-
ered properties was taken into account. It has been stated
that high temperatures have an impact on fascinating
features. In our investigation, the pseudopotential
method was employed. Our results demonstrated good
agreement with the experimental data. The calculated
results at high temperatures were new values and consid-
ered as a reference for future experimental data. The op-
toelectronic applications in the high-temperature region
could make use of the predictive properties.

Statements and Declarations

The authors declare that there are no conflicts of interest
related to this article.

References

[1] VURGAFTMAN I, MEYER J, RAM-MOHAN L.
Band parameters for III-V compound semiconductors
and their alloys[J]. Journal of applied physics, 2001,
89: 5815-5875.

[2] BOUARISSA N, ALGARNI H, MEZRAG F, et al.
Band structure and chemical bonding of GaP :
pressure-induced effects[J]. Phase transitions, 2020,
93: 973-980.

[3] MANJON F J, ERRANDONEA D. Pressure-induced
structural phase transitions in materials and earth
sciences[J]. Physica status solidi, 2009, 246: 9-31.

[4] ELKENANY E B. Optoelectronic and mechanical prop-
erties of InSb semiconductor under the effect of tem-
perature[J]. Silicon, 2016, 8: 391-396.

[5] DEGHEIDY A R, ELKENANY E B. Pressure and
composition dependence of electronic, optical and
mechanical properties of GaP,Sb_, alloys[J]. Thin solid
films, 2016, 599: 113-118.

[6] DEGHEIDY A R, ELKENANY E B. Effect of tem-
perature and pressure on the electronic structure of
Ga,In; As,P,_, alloys lattice matched to GaAs sub-
strate[J]. Materials chemistry and physics, 2013, 143:
1-10.

71 DEGHEIDY A R, ELKENANY E B. Theoretical
studies of optoelectronic and mechanical properties of



MAAITAH et al.

(10]

(1]

[13]

GaP,Sb, alloys under the effect of temperature[J].
Materials chemistry and physics, 2015, 157: 108-115.

PLUENGPHON P, BOVORNRATANARAKS T,
PINSOOK U. Structural,
mechanical properties of InP alloyed with Zn, Si, Sn

electronic, optical and
and S under pressure: first-principles calculation[J].
Journal of alloys and compounds, 2017, 700: 98-105.
WANG P, GUAN J, GALESCHUK D T K, et al.
Pressure-induced polymorphic, optical, and electronic
transitions of formamidinium lead iodide perovskite[J].
Journal of physical chemistry letters, 2017, 8: 2119-
2125.

DEGHEIDY A R, ELKENANY E B. Impact of
temperature and pressure on mechanical properties of
Ga,In;  As,P,, alloy lattice matched to different
substrates[J]. Alloys and compounds, 2015, 652: 379-

385.
DEGHEIDY A R, ELKENANY E B. The response of

temperature and hydrostatic pressure of zinc-blende
Ga,In;_ As semiconducting alloys[J]. Chinese physics B,
2012,21: 126101.

HARRISON P, VALAVANIS A. Quantum wells, wires
and dots :
semiconductor nanostructures|M].
Wiley & Sons, 2016.

DEGHEIDY A R, ELKENANY E B, ALFRNWANI O

A. Mechanical properties of AlP,Sb;, semiconductor

theoretical and computational physics of
Chichester : John

[14]

[19]

[20]

Optoelectron. Lett. Vol.19 No.1 * 0035 *

alloys under the effect of temperature and pressure[J].
Computational condensed matter, 2018, 16: ¢00310.
BAAZIZ H, CHARIFI Z, BOUARISSA N. Ionicity and
Ga,In; As,Sb;_,
quaternary alloy semiconductors[J]. Materials chemistry
and physics, 2001, 68: 197-203.

KITTEL C, MCEUEN P, MCEUEN P. Introduction to
solid state physics[M]. New York: Wiley, 1976.
ADACHI S. Properties of group-IV, III-V and II-VI
semiconductors[M]. Chichester: John Wiley & Sons,
2005.

ANDERSON O L. A simplified method for calculating
the Debye temperature from elastic constants[J]. Journal
of physics and chemistry of solids, 1963, 24: 909-917.
BAAZIZ H, CHARIFI Z, BOUARISSA N. Dynamical
effective charges and dielectric constants in the

transverse  effective charge in

pentanary alloy Ga,In;. P,Sb,As,_,., lattice matched to
InAs and GaSb[J]. Materials letters, 2006, 60: 39-43.
VOGL P. Dynamical effective charges in semico-
nductors : a pseudopotential approach[J]. Journal of
physics C solid state physics, 1978, 11: 251.

WEN Y C, CHOU L C, LIN H H, et al. Compositional
dependence of longitudinal sound velocities of
piezoelectric (111) In,Ga;_, as measured by picosecond
ultrasonics[J]. Journal of applied physics, 2006, 100:

103516.



