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Abstract: The structural properties, phase transition and electronic structure of a semiconductor from the
group I11-V and 11-VI compound are investigated to study their typical characteristics. We investigate the
structural stability, phase transition under pressure and electronic structure with density functional theory
(DFT) using full-potential linearized augmented plane wave (FP-LAPW) within the local-density approximation
(LDA), generalized-gradient approximation (GGA) and modified Becke-Johnson generalized-gradient
approximation (mbj-GGA). The present calculated structure parameters are in good agreement with the
available experimental and theoretical data. The structural transition pressure of InP (zinc-blende to rock-salt
structure) occurs at 6.07 GPa pressure with LDA and 9.3 GPa pressure with GGA method. The volume
decreases 16.45% at the transition. The electronic structure calculation with mbj-GGA method gives better
results as compared to the other LDA, GGA methods. Band diagram of InP (zinc-blende phase) shows a direct
band gap of 1.31eV, and metallic in the rock-salt phase. Whereas, ZnS is a direct band gap of 3.5 eV in its zinc-
blende phase and it is an indirect compound in rock-salt structure.
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I.  Introduction

Gallium Phosphide, Gallium Arsenide, Indium Arsenide, Indium Phosphide (group I11-V compound);
Zinc Sulphide, Cadmium Telluride, Zinc Selenide (group I1-VI compound compound) are some of the
extensively studied compound semiconductors because of their useful physical, electro-optical and other
distinctive properties. These materials are utilized for device applications such as top junction solar cells and
multi-junction solar cell system in the electronics-telecommunication industries, and the military science [1-5].
It is, therefore essential for thorough investigations on their structural and electronic properties. In the literature,
some papers reported the theoretical and experimental studies on group I11-V and 11-VI compounds In 2010, a
report on the studies on the electronic, vibrational and thermodynamic properties of ZnS had appeared from M.
Cardona, and his group studied [8]. In continuation of the study of zinc-chalcogenides, in 2014, Bilal and his co-
workers performed first principle studies of the structural, elastic, electronic and optical properties of Zn-
chalcogenides under pressure [9]. In the solid state, the I11-V (GaP, GaAs, InP, InAs) and I1-VI (ZnS, CdTe,
ZnSe) compounds have two common stable structures: zinc-blende (ZB) and rock-salt (RS). These materials in
the ZB structure are found to be direct band gap compound, and in the RS structure, they are metallic
compound. In this manuscript, the findings of the present work on the typical features of the structural properties
and electronic structure of a compound from the group 111-V and group I1-VI are discussed in detail in the light
of density functional (DFT).

Il. Computational detail

The zinc-blende and rock-salt structure of the InP and ZnS are generated with the atomic position at
(In, Zn: 0.0,0.0,0.0), (P, S: 0.25,0.25,0.25) and (In, Zn: 0.0,0.0,0.0), (P, S: 0.5,0.5,0.5) respectively. All the
present calculations are performed using the WIEN2k package developed by P. Blaha, and K. Schwarz et al.
based on Full Potential Linearized Augmented Plane wave (FP-LAPW) method with LDA, GGA, mBJ-GGA
potential as exchange-correlation potentials [10-13]. In this method, the lattice is divided into non-overlapping
spheres (called an atomic or muffin tin sphere) surrounding each atomic site and an interstitial region.
Therefore, two different types of basis sets are chosen for expressing the single particle wave functions. Inside
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the muffin tin region, the basis function is a product of radial function and spherical harmonics. For the
interstitial regions that are outside the muffin tin sphere, the basis functions are expanded in plane waves. We
perform the initialization, and self-consistent field cycle (SCF). In all the calculations, 20%20*20 k mesh points
are used for the integration that reduces to 256 irreducible k-points inside the Brillion zone including five high
symmetry points W, L, I, X and K. Convergence of the basis set is obtained at RytKyax = 9.0 where Ko gives
us the plane wave cut-off.

I11. Result and Discussions
3.1 Structural Properties, the phase transition of InP and ZnS:

Indium phosphide (InP) is the group 111-V, and Zinc sulphide (ZnS) is the group 11-VI compound that
crystallizes both in zinc-blende (space group: 216/F43m) and rock-salt (space group: 225/Fm3m) structure. For
the structural optimization, we generate the structure of both the phases of the compounds. We calculate the
total energy as a function of the unit cell volume of InP and ZnS as shown in fig.1 (a, b). By fitting the total
energy versus unit cell volume to Birch—-Murnaghan equation, minimization of the total energy gives the
optimized crystal structure [14]. In the figures, the minimum energy (that corresponds to the optimized
structure) is found to be lower in case of ZB structure as compared to the RS phase. Thus, we confirm that InP
and ZnS in the ZB phase are more stable than their RS phase. The present calculated equilibrium structure
parameters such as lattice parameter a,, bulk modulus B,, pressure derivative of the bulk modulus B’ are in good
agreement with the experimental and theoretical data as given in the table 1 [15-24].
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Figure 1: Total energy as a function of unit cell volume of (a) InP (ZB and RS phase) and
(b) ZnS (ZB and RS phase).
Table 1: Optimized structure parameters of InP and ZnS in the ZB and the RS structure.
ZB structure RS structure Transition
7 7 pressure
ag Bo (GPa) B Qg Bo B P, (GPa)
(A) ) (GPa)
InP LDA* 5.84 71.93 479 5.42 88.61 5.04 6.07
GGA* 5.97 60.5 4.64 5.54 74.7 4.76 9.3
Others work 5.94% 68.0%° 4.90% 5715 9,57
5.951 4.59' 5.241 9.8
Zns LDA* 5.33 88.88 4.62 5.00 111.75 4.83 15.9
GGA* 5.47 7175 451 5.14 88.73 4.83 17.6
Others work 5418 76.90° 4.90° 5.13% 85.01% 4.0" 18.1%,
5.32% 83.80%° 5.06% 16.9%

*present work
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Figure 2: Enthalpy as a function of pressure for InP (ZB and RS phase) with (a) LDA and (b) GGA method.
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Figure 3: The Normalized volume as a function of pressure for InP (ZB and RS phase).
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Figure 4: Enthalpy as a function of pressure for ZnS (ZB and RS phase) with (a) LDA and (b) GGA method.
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Figure 5: The Normalized volume as a function of pressure for ZnS (ZB and RS phase).

The experimental data available for comparison shows a maximum difference of less than 2% (with
GGA method) which is quite acceptable. Thus, we use the present optimized structure for further calculations.
Fig.2 shows the enthalpy versus pressure of InP in ZB and RS structure. The pressure at which both the curves
are intersected is the transition pressure where structural phase transition takes place. The intersection point is
calculated with the least square fitting method. The structural transition of InP (ZB to RS structure) occurs at
6.07 GPa pressure with LDA method and at 9.3 GPa pressure with GGA method. The normalized volume
(Vp/Vo) of InP (within GGA) is shown in fig. 3 with a volume decrease of 16.45%. It indicates the ZB phase is
more compressible than the RS phase. Also, fig. 4 shows the phase transformation under pressure for ZnS
within the LDA calculation, at 15.9 GPa pressure while the transition within the GGA calculation at 17.6 GPa
pressure. The volume collapse at the transition is shown in fig. 5 with a volume decrease of 12.86% indicating
that the ZB phase is more compressible than the RS phase. A comparison of the results is shown in table 1.

3.2 Electronic structure of InP and ZnS:

Fig. 6 (a, b, ¢) shows the energy band diagram of InP-ZB phase calculated with (a) LDA, (b) GGA and
(c) mBJ-GGA methods. The band diagram in fig. 6(a) with LDA, does not exhibit a clear gap at I" point,
indicating it is metallic nature. However, with GGA method, the gap is seen in the band diagram in fig. 6(b), so
it is a semiconductor compound, but this method does not provide correct band gap as experimental value. Thus
the LDA and GGA methods give a lower estimate of band gap result; hence GGA-mbj method is used for
electronic calculation. The band diagram with GGA-mbj method is shown in Fig. 6(c), the minimum of the
conduction band and the maximum of valence band lie in a line at I" point. Thus InP (in ZB phase) is a direct
band gap of 1.31eV in agreement with the experimental result [25]. Fig. 7 shows the band diagram of InP in RS
phase with (a) LDA, (b) GGA and (c) mBJ-GGA methods. In all the three methods, the conduction band crosses
the Fermi level towards the valence band that concludes InP-RS phase is a metallic compound. We also
calculate the electronic structure of other compounds in group I11-V such as GaP, GaAs [26,27,28]. The group
I11-V compounds (crystallized in ZB) phase show direct band gap materials while in RS phase, they exhibit
metallic.  The total and partial DOS calculations of InP (not given here) show the s-orbital of In-atom
contributes to the valence band with significant contribution from p-orbital of In-atom, s & p-orbital of P-atom
and the s-orbital of P-atom contributes mainly to the next lower valence band.
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Figure 6: Band structure of InP (ZB phase) at 0 GPa pressure within (a) LDA, (b) GGA and (c) mBJ-GGA
method.
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Figure 7: Band structure of InP (RS phase) at 0 GPa pressure within (a) LDA, (b) GGA and
(c) mBJ-GGA method.
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Figure 8: Band structure of ZnS (ZB phase) at 0 GPa pressure within (a) LDA,
(b) GGA and (c) mBJ-GGA method.
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Figure 9: Band structure of ZnS (RS phase) at 0 GPa pressure within (a) LDA,
(b) GGA and (c) mBJ-GGA method.

The energy band diagram of ZnS (in ZB structure) with LDA, GGA, mbj-GGA methods are shown in
fig. 8 (a, b, ¢) and the figures show a direct band gap semiconductor. The band diagram with GGA-mbj in fig.
8(c), shows the band gap at the T" point as 3.5 eV which is close to the experimental value of 3.6 eV [25]. In the
case of the ZnS (in RS structure), the band diagram with LDA, GGA method as shown in fig. 9(a, b) exhibit
metallic nature. However, the band diagram in fig. 9(c), with the GGA-mbj method, shows the maximum of
valence band lies at L and minimum of conduction band occurs at X symmetry point and thus concludes, an
indirect band gap of 1.9 eV. Similar results are also reported in the literature [29,30]. The DOS calculations of
ZnS confirm the contribution of s, p-orbitals from Zn-atom and S-atom in the energy bands.

IV. Conclusion
The present calculated equilibrium structure parameters of InP (a group I11-V compound) and ZnS (a
group 11-VI compound) are in good agreement with the available experimental and theoretical data. The zinc-
blende phase of InP changes its structure to the rock-salt phase under pressure at 9.3 GPa pressure with GGA
method which is close to the experimental value with a volume collapse of 16.45% at the transition. In the case
of ZnS, the structural phase transition (zinc-blende to rock-salt structure) occurs at 15.9 GPa with a volume
collapse of 12.86%. The band diagram of InP (zinc-blende structure) shows a direct band gap of 1.31eV, and
metallic in the rock-salt structure. Whereas, the zinc-blende phase of ZnS is a direct band gap compound of 3.5
eV and is an indirect band gap of 1.1eV in its rock-salt phase. The indirect band gap observed in ZnS (rock-salt
structure) is a typical feature in agreement with the other reports. The DOS calculations conclude the
contributions of the atomic orbital in the energy band diagrams.
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