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Abstract The hydrostatic pressure dependence of the prin-
cipal energy gaps and of the optical properties of GaX
(X = P, As and Sb) has been calculated using the full
potential-linearized augmented plane wave (FP-LAPW)
method. The generalized gradient approximation (GGA) for
the exchange and correlation potential is applied. Also, we
have used the Engel-Vosko GGA formalism, which opti-
mizes the corresponding potential for band-structure and the
optical properties calculations. Structural properties such as
equilibrium lattice constants, the bulk modulus, and its pres-
sure derivatives were calculated for GaP, GaAs, and GaSb
in the zinc-blende structure (ZB). We have found that the
results of the structural properties calculations are in agree-
ment with those of ab initio and experimental data. In gen-
eral, the pressure dependence of the principal energy gaps
is compared to other values. The same is for the pressure
coefficient. However, for the same structure, the compar-
ison of our results with those of experimental and theo-
retical calculations shows good agreement. On the other
hand, the effect of the applied pressure is clearly seen in
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the optical properties especially near the energy transition
regions.

1 Introduction

The most remarkable aspect of III-V compounds of tetra-
hedral coordinated structures is their low density. Therefore,
under pressure, a tetrahedral coordinated semiconductor can
be transformed to a structure with high density. In this field,
the development of the diamond anvil cell [1] and its in-
herent ruby fluorescence monometer [2] have given a new
impetus to studies of electronic and vibronic states of semi-
conductors under very high hydrostatic pressure [3, 4]. The
transition from coordination number N, =4 — 6 is well
demonstrated by the use of a computational method based
on total-energy calculations [5-8].

The GaP, GaAs, and GaSb compounds in the zinc-blende
structure (ZB) have the lowest minimum total energy. It is
the most stable phase of these compounds at ambient pres-
sure. When the pressure is applied, the volume decreases
and a transition to the 8-Sn (or NaCl) phase occur at rela-
tively low pressure. This observation is interesting when one
tries to gain some information about the many properties of
the group of binary compounds under pressure.

There have been many electronic band structure calcula-
tions for III-V semiconductors. These include the empiri-
cal pseudopotential method (EPM) [9, 10], the tight binding
(TB) [11, 12], full potential method [12, 19], and the pseu-
dopotential total energy approach [13]. In the present work,
we have reported the FP-LAPW calculations of the pressure
dependence of the band structures in GaX (X = P, As and
Sb) to study the structural, electronic, and optical proper-
ties. The exchange and correlation potential has been calcu-
lated using the generalized gradient approximation (GGA)
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[14] for the total energy calculations, in addition the Engel—
Vosko GGA formalism [15], which optimizes the corre-
sponding potential has been used for band-structure calcu-
lations to determine the pressure effects on the band gaps
and for the optical properties. Because of their small energy
gaps, this investigation concerns only the pressure below the
phase transition. Our results have been compared to those
of Bouarissa et al. [16], who employed the virtual crystal
approximation into empirical pseudopotential method [17].
The comparison has also been made with recent calculations
of Briki et al. [18], in addition to the FP-LAPW plus local
orbitals calculations by Bouhemadou et al. [19].

The organization of this paper is as follows. In Sect. 2, we
present the computational procedure. The Murnaghan equa-
tion of state and our main results of the FP-LAPW calcula-
tions regarding the structural, electronic and optical proper-
ties are devoted in Sect. 3. Also, in this section, special at-
tention has been given to the pressure dependence of the in-
vestigated properties including the discussion and the com-
parison with other results (theoretical and experimental). Fi-
nally, we conclude our results in Sect. 4.

2 Theoretical approach

The calculations were carried out using the full potential lin-
earized augmented plane wave (FP-LAPW) method as im-
plemented in WIEN2K code [22]. In the FP-LAPW method,
the unit cell is partitioned into non-overlapping muffin-tin
spheres around the atomic sites and an interstitial region.
Among these two types of regions, different basis sets are
used; the Kohn—Sham equation which is based on the den-
sity functional theory (DFT) [23, 24] is solved in a self
consistent scheme. The exchange correlation potential was
treated using the generalized gradient approximation (GGA)
[14] in which the orbitals of Ga (3d!%4s24p!), P (3s23p?),
As (3d104s24p3), and Sb (4d'05 525p3) are treated as valence
electrons for the total energy calculations. Also, we used
the Engel-Vosko GGA (EVGGA) formalism [15] for band
structure and optical properties calculations.

The crystal structure of these compounds is zincblende
with two atoms per unit cell, the full space group is 216
(F-43m), which includes 24 symmetry operations and ex-
cludes inversion symmetry. In the calculation, 537 plane
waves have been used for the expansion of the charge den-
sity and the potential in the interstitial region and lattice har-
monics up to / = 8 for the expansion inside the muffin-tin
spheres. The muffin-tin radii were assumed to be 2.0 atomic
units (a.u.) for Ga, P, As, and Sb. The dependence of the total
energy on the number of k points in the irreducible wedge
of the first Brillouin zone (BZ) has been explored within the
linearized tetrahedron scheme [22] by performing the calcu-
lation for 10 k points and extrapolating to an infinite num-
ber of k points. A satisfactory degree of convergence was
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achieved by considering a number of FP-LAPW basis func-
tions up to Ryt Kmax = 8 (Where Ryt is the average radius
of the muffin-tin spheres and Kpx is the maximum value
of the wave vector K = k + G). This corresponds, at the
equilibrium lattice constant, to about 217 basis functions.
In order to keep the same degree of convergence for all the
studied lattice constants, we kept the values of the sphere
radii and of Kpyax constant over the whole range of lattice
spacings. We also mention that the integrations in recipro-
cal space were performed using the special points method.
A mesh of 4 x 4 x 4 which represents 100 k points in the first
Brillouin zone was used. This corresponds to ten special k
points in the irreducible wedge for the zincblende structure.
The ab initio calculation of the valence and conduction band
energy eigenvalues has been performed at 111 points in the
1/48-th of the irreducible Brillouin zone (BZ).

3 Results and discussion

The theoretical lattice constants and bulk modulus are ob-
tained through fitting the total energy data with the Mur-
naghan equation of state [20, 21]:

ByV
By—1

E(V)—-Ey(V)=

B/
7 (U 0

B, | By—1

where E (V) is the DFT ground-state energy with the cell
volume V, V} is the unit-cell volume at zero pressure, B de-
notes the bulk modulus, and its first pressure derivative is
B(’) =0dB/oP at P=0.

The calculated structural properties (lattice constants a,
bulk modulus B, and first derivative of bulk modulus B(’)) of
the GaP, GaAs, and GaSb binaries are summarized in Ta-
ble 1. Our calculations show an overestimation in the lat-
tice parameters and an underestimation in the bulk modu-
lus in comparison to those of experiment (see Table 1), due
to the use of the GGA. One can note that the lattice con-
stants of these semiconductors increase with increase of the
atomic number of the corresponding P, As, and Sb atoms.
However, our calculated GGA values of the bulk modulus
agree well with other calculations, but the values are smaller
than the experimental ones. The overall calculated structural
parameters by GGA follow the expected trend; the lattice
constant is overestimated and the bulk modulus is under-
estimated.

Using our calculated values of the bulk modulus By and
its first pressure derivatives B’, the appropriate equation [25]
for calculating the volume changes with applied pressure is

_Bo Vo By
p_B_6[<7) —1}, @)

where p is pressure.



Calculated optical properties of GaX (X = P, As, Sb) under hydrostatic pressure

Table 1 The equilibrium calculated lattice constant a, bulk modulus By, and first pressure derivative B’ correspond to experimental and theoretical

ones
a(A) By (GPa) B’
GaP 5.502, 5.386, 5.451 77.21%, 86.8", 88.7%, 83.98¢, 77.39, 76.51¢, 83.98f 4.882,4.00°, 4.529, 4.30°
GaAs 5.73%,5.601°, 5.653" 60.832, 70.8°, 74.8"', 72.45¢, 60.24, 72.45¢ 4,602, 3.36°, 5.204
GaSb 6.19%, 6.032°, 6.118" 45922, 55.7°, 57% 55.48¢, 45.99, 55 48f 5.162,3.83%, 4.164

a: This work; b & b’: [5] Theo. & Exp., respectively; c: [25], d: [18], e: [19], f: [26]
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Fig. 1 Fitted variation of the equilibrium bulk modulus versus hydro-
static pressure for GaP, GaAs, and GaSb

We have calculated the bulk modulus By of these com-
pounds by using our calculated lattice constant. The com-
putation of By was to test our model [26], where the well-
known formula used is given as

-3.5
By = [3000—MOO](%) 3)

where a is the lattice constant in (A), A is an empirical pa-
rameter which accounts for the effect of ionicity; 0, 1 and
2 for group-IV, III-V, and II-VI semiconductors, respec-
tively. In Table 1, the calculated bulk modulus values are
compared with experimental and theoretical values. We may
conclude that the present bulk moduli calculated in different
way are in good agreement with the experimental and theo-
retical ones. On the other hand, Fig. 1 exhibits the sensitive
increasing variation of the pressure dependence of the bulk
modulus for GaP and GaAs except for GaSb that shows a
little bit of decreasing.

At normal pressure, the covalent semiconductors are
four-fold coordinated. The reason that the density is so
low is that nearest neighbors are bound by overlapping hy-
bridized orbitals, which are the well-known sp> hybrids with
tetrahedral direction. Therefore, these covalent compounds

can be transformed either through chemical shifts or un-
der pressure into a denser structure, which may be ionic or
metallic. Thermodynamically, the three structures are sepa-
rated by a first-order phase transition, but, microscopically,
the responsibility of the interactions for the phase transition
may be the same as for the chemical trends within the cova-
lent structures.

Hence, to discuss the results of the electronic properties
of these compounds, it is possible to tune the band gaps us-
ing pressure. The pressure dependence of principal energy
gaps, E, for the ZB phase is shown in Table 2, which in-
dicates that the fundamental band gap changes to indirect
for GaP, GaAs and GaSb. Comparisons of our calculated
band gaps with other works are listed in Table 2, where
we found an agreement between our results and those of
others [11, 16, 18, 27-32]. Due to these small values, these
compounds have been classified as narrow band gaps semi-
conductors. Because of their use in infrared light genera-
tion and detection, the band gap variations, especially un-
der pressure, represent an important property to study. In
contrast, the fundamental gaps for GaAs and GaSb be-
come indirect (L) at pressures 13.277 and 9.710 Kbar, re-
spectively. While for GaP, the fundamental gap becomes
indirect (X) at 14.828 Kbar. Hence, the pressure values
considered here are 14.828, 13.277, and 9.710 Kbar for
GaP, GaAs, and GaSb, respectively. To see the quantita-
tive changes, we are interested in the pressure dependence
of the minimum band gaps. As mentioned in Table 2, the
band gaps decrease at the L point for GaAs and GaSb,
while it decreases at the X point for GaP when the pres-
sure increases. These values decrease on going from GaP
to GaAs till GaSb compounds. We have found these en-
ergy band gaps are 2.2, 1.85, and 1.15 eV for GaP, GaAs,
and GaSb, respectively. From Fig. 2, we remark that the
variation of band gaps versus pressure shows an increas-
ing change for GaP, GaAs and GaSb. From these curves,
we found that the values of the pressure coefficient of the
minimum gap d E,/d P are 8.85, 10.73, and 17.91 meV/bar
for GaP, GaAs, and GaSb, respectively. Then our results
are underestimated, coincided, and overestimated with in-
creasing the atomic number of P, As, and Sb, respectively,
compared to those of experimental [31] and theoretical [32]
data.
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Fig. 2 Fitted variation of the equilibrium energy gap versus hydro-
static pressure for GaP, GaAs and GaSb

In order to test the validity of our recent model [33], we
have carried out this calculation to GaP, GaAs and GaSb
compounds using heteropolar gap, hence we have calculated
the ionicity character f;. The computation of f; is trivial and
the accuracy of the results reaches to that of the ab initio
calculation. We have used the formula [33]

(e e [ o

where Ej is the energy gap between the first and the second
valence band at point X and 1 is equal to 1 eV. The calculated
iconicity values are compared with Phillips [34], Garcia and
Cohen [35], and Cristensen et al. [36]. The comparison is
given in Table 3. The variation of iconicity versus hydro-
static pressure is displayed in Fig. 3. It is clearly seen that
the ionicity character under pressure effect decreases con-
tinuously except for GaAs as an indication of the structural
phase transition to -Sn phase [7].

It is a good notice to mention that the critical pressure
is the value that separates the decrease and the increase of
the ionicity value. The change of the ionicity factor under
pressure is confirmed by changing the energy gap values as
shown in Table 2. As a consequence, a fluctuation of the
ionicity factor appears. This result shows that the calculated
ionicity values exhibit the same chemical trends as those
found in the values derived by Phillips [34] and in accor-
dance with the results of others [35, 36].

The optical properties of solids can be described in terms
of the optical dielectric function. Previous results have been
reported experimentally [37, 38, 42-44] and theoretically
[12, 39, 40], they have been measured and calculated the ab-
sorption [37], imaginary part of the optical dielectric func-
tion [12, 38, 39, 42], reflectivity [12, 43, 44] and the refrac-
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Fig. 3 Fitted variation of the iconicity factor versus hydrostatic pres-
sure for GaP, GaAs, and GaSb

Table 3 Ionicity factor values for GaP, GaAs and GaSb correspond to
other experimental and theoretical ones at ambient pressure and under
pressure effect

fi at 0 Kbar fi fi under pressure

0.327°
0.371¢
0.3614
0.310°
0.316°
0.3104
0.261°
0.169¢
0.1084

GaP 0.264* 0.384%

GaAs 0.321* 0.264+

GaSb 0.083% 0.030#

a: This work; b: [34], c: [35], d: [36]. $: under 14.828 Kbar, +: under
13.277 Kbar, #: under 9.710 Kbar

tive index [40], respectively. In this work, we have calcu-
lated the imaginary part and its dependences on pressure
for the three compounds. Figure 4 illustrates the calculated
imaginary part of the optical dielectric function and its de-
pendences on pressure for the GaP, GaAs, and GaSb along
with the experimental data [42]. Our calculation shows that
the dispersion of the imaginary part of the frequency de-
pendent dielectric function at ambient pressure (0 Kbar) for
GaP and GaAs agree well with the experimental data in
the matter of peak positions but it shows less magnitude
than the experimental data. While in GaSb the first theoret-
ical peak shifted by around 0.5 eV toward higher energies.
For the high pressure phase, all the investigated compounds
show good agreement in the matter of the peak position and
heights. From a quantitative point of view, the imaginary
part of these compounds is similar with minor differences.
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Fig. 4 Imaginary part of the dielectric function of GaP, GaAs, and

GaSb (solid line at ambient pressure and dash line under pressure)
along with the experimental data [42]

Following these figures, one can note that there is one main
peak situated between two small humps. When we apply the
pressure, we observed that there is no change in the struc-
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ture of the main peak just it shifts toward higher energies by
around 1.0 eV with increasing the amplitude. Whereas the
left hump shows dramatic change with applying the pres-
sure and keeping the right hump at the same position just
with higher amplitude. To explain the behavior of the left
hump under the pressure, one needs to look at the optical
transition matrix elements. We found that this behavior is
attributed to the fact that applying high pressure causes to
push the valence bands (VB) towards lower energies and the
conduction band minimum (CBM) toward higher energies
resulting in changing the energy band gap from direct to in-
direct one with increasing the value of the energy band gap.
That causes to change the optical transitions between the top
of valence band and bottom of conduction band from direct
to indirect optical transitions. These behaviors remain valid
for all the pressures listed in Table 2. This is the reason why
we have considered only the critical values of the pressures
before any phase transition.

From the imaginary part of the dielectric function, the
real part was calculated (not shown here) using Kramers—
Kronig relations [41]. Using the calculated dispersions of
imaginary and real parts of the dielectric function, one can
evaluate other optical properties such as absorption coeffi-
cients I (w), the conductivity o (w), reflectivity spectra R(w)
and the refractive indices n(w). We show these quantities in
Figs. 5 and 6, respectively.

In Fig. 6, we show the reflectivity spectra along with
the experimental data [43, 44] for GaP, GaAs, and GaSb
compounds at ambient and under hydrostatic pressure. We
should emphasize that our calculated reflectivity show good
agreement with the experimental data in the matter of the
peaks position and peaks height. It is interesting that there is
an abrupt reduction in the reflectivity spectrum between 12.0
to 13.0 eV for both ambient and high pressure curves con-
firming the occurrence of a collective plasmon resonance.
The depth of the plasmon minimum is determined by the
imaginary part of the dielectric function at the plasma reso-
nance and is representative of the degree of overlap between
the inter-band absorption regions. The calculated absorption
coefficient dispersion I (w) is shown in Fig. 5. At low ener-
gies between 0.0 to 4.0 eV and at higher energies (at around
13.0 eV), this crystal shows a fast increasing absorption. The
calculated refractive index dispersions n(w) are shown in
Fig. 6. We note that at low energy these compounds shows
high refractive indices, which decrease at higher energies.

The calculated optical conductivity dispersion o (@) for
the investigated compounds at ambient and under hydro-
static pressure are shown in Fig. 5. The optical conductivity
(OC) is related to the frequency-dependent dielectric func-
tion g(w) as e(w) =1+ W. The peaks in the optical
conductivity spectra are determined by the electric-dipole
transitions between the occupied states to the unoccupied
states.
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Fig. 5 (a—c) Absorption and (d—f) conductivity of GaP, GaAs, and GaSb (solid line line at ambient pressure and dash line under pressure)
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4 Conclusion

In this work, we have reported the FP-LAPW calculations
within the generalized gradient approximation (GGA) and
Engel-Vosko GGA formalism for the exchange and correla-
tion, to determine the structural, electronic and optical prop-
erties of the three GaP, GaAs and GaSb compounds at am-
bient and under pressure effect. The results show that the
characteristics of the electronic properties under pressure are
changed which is an indication of phase transformation to
B-Sn phase. However, the pressure coefficient of the funda-
mental gap is in good agreement with other values. Although
the calculated bulk moduli parameters are underestimated
by GGA, the latter could be used to study the pressure de-
pendence of the band gaps.

We have calculated the complex optical dielectric func-
tions dispersion at ambient and under hydrostatic pressure.
The spectral features of optical dielectric functions are dis-
cussed and analyzed using the optical transition matrix el-
ements and the calculated band structure. We have com-
pared our calculated results with the previous ones, and good
agreement was found.
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