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Abstract

Electronic and structural properties of the zinc phosphide semiconductor compound are
calculated at hydrostatic pressure using the full-potential all-electron linearized augmented
plane wave plus local orbital (FP-LAPW + lo) method in both cubic and tetragonal phases. The
exchange—correlation potential is treated by the generalized gradient approximation within the
scheme of Perdew, Burke and Ernzerhof, GGA96 (1996 Phys. Rev. Lett. 77 3865). Also, the
Engel and Vosko GGA formalism, EV-GGA (Engel and Vosko 1993 Phys. Rev. B 47 13164), is
used to improve the band-gap results. Internal parameters are optimized by relaxing the atomic
positions in the force directions using the Hellman—Feynman approach. The lattice constants,
internal parameters, bulk modulus, cohesive energy and band structures have been calculated
and compared to the available experimental and theoretical results. The structural calculations
predict that the stable phase is tetragonal. The effects of hydrostatic pressure on the behavior of
band parameters such as band-gap, valence bandwidths and internal gaps (the energy gap
between different parts of the valence bands) are studied using both GGA96 and EV-GGA.

1. Introduction

Nitride, phosphide and arsenide compounds in I3V, group
semiconductors and their alloys have already been intensively
investigated [1-13]. The photovoltaic and unusual transport
properties cause considerable attention on these compounds.
Among them, zinc phosphide was considered as early as
the 1950s as one of the most promising low-cost and high-
efficiency semiconductors for use as a photovoltaic solar
energy converter [14].

Zinc phosphide is a polar and p-type semiconductor with
mixed ionic—covalent bonds. This compound is crystallized
in both the body centered cubic and the primitive tetragonal
structures. The cubic structure is formed in the anti-bixbyite
phase of the mineral (Mn, Fe),O3; with a space group of
TZ (Iaz). The second phase is tetragonal with a unit cell
containing eight molecules with the space group belonging to
D}“f (P42/nmc) [15]. The experimental and theoretical works
on the Zn;P, compound are as follows.

The optical properties of bulk and thin-film zinc phosphide
have been established by Fagen [7]. It was concluded
that this material could be appropriate for use as the
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photon-absorbing and minority-carrier generating portion of
a photovoltaic cell. The thin Zn3P, films were grown on
mica/Fe/Si substrates and their drift mobility were measured.
Pawlikowski [8, 9] has investigated its absorption coefficient
over a wide temperature range, and obtained 1.315 eV at
300 K and 1.335 eV within the temperature range 5-80 K
for the energy gap. Optical vibrations in the ZnsP, lattice
were investigated by Misiewicz [10]. Solid solutions of the
Cd;P,—Zn3P, system have been prepared by direct melting
and sintering methods and their physical properties have been
measured [16]. Nelson and Kazmerski [17] have studied
the ultraviolet photoemission of ZnsP, utilizing synchrotron
radiation to characterize changes in the valence band electronic
structure as a function of annealing temperature. From 2004
to 2007, several experimental works on the bulk and thin film
have been done [6-8]. Using the semi-empirical tight-binding
method, a theoretical work has been carried out on Zn3P, and
its similar compounds [5].

To the best of our knowledge, there are no theoretical
works exploring the structural and electronic properties of the
cubic phase of this compound, and also no calculations based

© 2009 IOP Publishing Ltd  Printed in the UK
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Table 1. Internal parameters for cubic and tetragonal phases of
an P2 .

Parameters Presented work Exp. results [15, 25]
Tetragonal uy, v, 0.283, 0.3818 0.283, 0.386

Uz, Uy 0.2142, 0.1051 0.217,0.103

us, v3 0.2465, 0.6456 0.250, 0.647

wy, wy, w3 0.2475,0.2425, 0.250, 0.239, 0.261

0.2542

Cubic X, ¥,z 0.392, 0.140, 0.370 —

u —0.0092 —

on the full-potential linearized augmented plane wave (FP-
LAPW) method were performed for any phases of Zn3P,. The
aim of this paper is a comparative study of physical properties
of both phases of this compound at ambient condition and
hydrostatic pressure.

The paper is organized as follows. Section 2 gives details
of the computational method and some important parameters.
Results and discussion concerning structural and electronic
properties and the effect of hydrostatic pressure on the band
parameters are in section 3. Section 4 summarizes the
conclusions.

2. Theoretical framework

The self-consistent and first-principle calculations have been
carried out using the scalar relativistic FP-LAPW + lo method,
as implemented in the all electron WIEN2k code [18], within
density functional theory (DFT) [19, 20]. The GGA96 [21],
which is based on exchange—correlation energy optimization,
is utilized to optimize the internal parameters and to calculate
the total energy. The Engel-Vosko [22] generalized gradient
approximation (EV-GGA), which optimizes the exchange—
correlation potential, and also GGA96, are used for band
structure calculations. In the FP-LAPW + lo approach the
wavefunction, electron density and potential are differently
expanded in two regions of the unit cell. Inside the non-
overlapping spheres of radius Ryt around each atom, spherical
harmonic expansion is used, and in the remaining space of
the unit cell the plane wave basis set is chosen. The values
of 2.3 and 1.9 au for Zn and P atoms respectively have been
chosen for the muffin-tin radii. The maximum / value for the
wavefunction expansion inside the atomic spheres is confined
to Imax = 10. The basis set size is fixed by choosing Ryt X
Kmax = 7.5, where Ry is the smallest muffin-tin radius and
Kmax 18 the truncation for the modulus of the reciprocal lattice
vector. The electron density is self-consistently determined
using 11 and 12 k-points in the irreducible symmetry wedge of
the Brillouin zone for cubic and tetragonal phases respectively.
Convergence of total energies with respect to the number of k-
points and K.« has been thoroughly checked. Convergence
criteria for the energy and charge difference were 0.01 mRyd
and 0.0001, respectively.

3. Results and discussion

3.1. Total-energy calculations

The Zn3;P, compound is crystallized in both cubic and
tetragonal structures with the space group of T} (I/a3) and

Table 2. Lattice parameters, bulk modulus (B), its pressure
derivative (B'’), cohesive energy per formula unit, Eopesive, Minimum
energy and mean value of bond length Zn—P obtained using
FP-LAPW -+ lo calculations within GGA96 for Zn;P, compounds.
Results of others are included for comparison.

Parameters Presented work Other results
Tetragonal a, ¢ (au) 15.374,21.740 15.3013,
21.6377
[15,25]%
B (GPa) 72.89 —
B’ 4.44 —
Ecohesive (R}’d) 1.254 -
Mean bond lengths 2.492 2.48 [24]°
Cubic a (au) 21.674 —
B (GPa) 71.63 —
B’ 4.34 —
Ecohesive (R}’d) 1.191 -

Mean bond lengths 2.482 —

4 Experimental.
® Tight-binding calculations.

D)) (P42/nmc), respectively. In the tetragonal phase, the
cation atoms (Zn) are located on four equally spaced planes
perpendicular to the ¢ axis, whereas the phosphorus atoms lie
on parallel planes midway between two adjacent cation planes.
The Zn atoms are in general positions, 8g, in three different
groups: Znl (0, uy, vy; etc), Zn2 (0, u,, vy; etc) and Zn3 (0,
u3, v3; etc). The phosphorus atoms are divided in three distinct
groups at the special positions of 4c (0, 0, wy; etc), 4d (0, 0.5,
wy; ete) and 8f (w3, ws, 0; etc).

The second structure crystallizes in the cubic anti-bixbyite
phase of the mineral (Mn, Fe),03 compounds in the body
centered space group of Tj,” (206) with 40 atoms per primitive
cell. In this structure, the metal atoms are in tetrahedral sites
of a cubic close packed array of P atoms. The metal atoms are
in general positions 48e of Ias (x, y, z; etc), and there are two
kinds of P atoms. P1 is in the position 8b (1/4, 1/4, 1/4; etc)
and P2 is in the position 24d (u, 0, 1/4; etc) [15].

The available experimental lattice constants and internal
parameters are used as the starting point to perform the
structural calculations. As no calculated or experimental values
for internal parameters of these compounds in the cubic phase
have yet been reported in the literature, at first rough values
for them are selected from similar compounds such as Be; P,
and Mgs;P,. The internal parameters have been optimized
by relaxing the atomic positions in the force direction using
molecular dynamic methods. Then the optimized internal
parameters are used to calculate the total energy for several
lattice volumes, and by fitting the results with the Murnaghan
equation of state [23] the equilibrium lattice parameters for
each compound have been calculated. Finally, using the new
optimized lattice parameter, once again more accurate values
of internal parameters are re-calculated. The calculated lattice
constant and internal parameters were then used to optimize
the c¢/a ratio of the tetragonal cell with constant volume. The
calculated equilibrium lattice constants, cohesive energy per
formula unit, bulk modulus and its pressure derivative and
internal parameters are reported in tables 1 and 2 for both
phases and compared with other results.
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Figure 1. Calculated total energies (Ryd) as a function of primitive
cell volume for the Zn;P, compound in both cubic and tetragonal
phases.

The cohesive energy is defined as the total energy of
isolated atoms minus the energy of the formula unit in the solid.
In order to obtain an accurate value for the cohesive energy,
the energy calculations for isolated atoms and the crystal must
be performed at the same level of accuracy. To fulfil such
a requirement, the energy of an isolated atom was computed
by considering a large cell containing just one atom. The
size of this cube was chosen sufficiently large that the energy
convergence with respect to the size of the cube was less than
0.001 Ryd. The corresponding sides were obtained as 21 and
25 au respectively for P and Zn atoms.

The noticeable points concerning these calculations are as
follows.
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The obtained lattice and internal parameters for the
tetragonal phase are in good agreement with the available
experimental values. The overestimations are obtained as
about 0.46% and 0.47% for a and ¢ parameters respectively,
comparing to the experimental data. To our knowledge, no
structural calculations have been reported for the cubic phase
in the literature, hence our results can be considered as a
prediction.

In spite of the atomic number of Zn being higher than
those of Mg and Ca, the equilibrium volumes in both phases
of zinc phosphide are smaller than the corresponding volumes
in the similar compounds Mg3;P, and Ca3P, [4]. This result is
due to the fact that the electrons in s and p orbitals are screened
by the fully occupied d orbital of the Zn atom. Therefore, the
bond length and equilibrium volume will be small.

Total energy versus volume of the primitive cell is shown
for both phases in figure 1. It is evident that the more stable
structure is in the tetragonal phase, consistent with the obtained
values of the cohesive energies of both phases. It should
be noted that the cubic phase is formed by increasing the
temperature of the tetragonal phase, not by exerting pressure
on it.

3.2. Electronic properties

It is well known that the LDA and the GGA usually
underestimate the energy band-gap [26, 27]. This is mainly due
to the fact that they have simple forms that are not sufficiently
flexible for accurately reproducing both the exchange—
correlation energy and its electron density derivative. Engel
and Vosko [22] by considering this shortcoming constructed
a new functional form of the GGA which was able to
better reproduce the exchange potential at the expense of less
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Figure 2. Band structures of Zn3P, compounds obtained by EV-GGA at theoretical equilibrium lattice constants calculated by GGA96:
(a) tetragonal phase, between G(0, 0, 0), A(1/2,1/2,1/2), M(1/2,1/2,0), X(1/2,0,0), R(1/2,0, 1/2) and Z(0, 0, 1/2) symmetry points;
(b) between G (0,0, 0), P(1/4,1/4,1/4), N(0,0,1/2) and H(1/2,1/2, —1/2) points.
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Figure 3. The behavior of the direct and indirect band-gaps (Ey),
valence bandwidths (VB1, VB2 and VB3) and internal gaps (IG1 and
1G2) for the cubic phase of Zn;P, using GGA96 methods at different
pressures.
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Figure 4. The variations of the direct and indirect band-gaps (E),
valence bandwidths (VB1, VB2 and VB3) and internal gaps (IG1 and
1G2) for the cubic phase of zinc phosphide using the EV-GGA
approach at different pressures.

agreement as regards exchange energy. This approach, which
is called the EV-GGA, has been applied to several solids and
compared with other GGA based calculations [26, 28, 29].
It has been concluded that EV-GGA in general improves the
band-gap and some other properties which mainly depend on
the accuracy of the exchange—correlation potential, while for
calculating the properties which are based on total energy
calculations, such as the equilibrium lattice parameter and bulk
modulus, usual GGAs are more appropriate. Hence, in the
present work, first the equilibrium lattice constant and internal
parameters are calculated by GGA96, and subsequently the
results are applied to calculate the band structure of the Zn;P,
compound along high symmetry directions by EV-GGA and
GGAD96 for both phases at different pressures.

The calculated band structures at equilibrium theoretical
lattice constants are presented as an example in figure 2. The
valence bands for both phases are separated into three sub-
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Figure 5. The behavior of the direct band-gaps (E,), valence
bandwidths (VB1, VB2 and VB3) and internal gaps (IG1 and 1G2)
for the tetragonal phase of zinc phosphide using the GGA96
approach at different pressures.
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Figure 6. The variations of the direct band-gaps (E,), valence
bandwidths (VB1, VB2 and VB3) and internal gaps (IG1 and 1G2)
for the tetragonal phase of the Zn;P, compound using the EV-GGA
method at different pressures.

bands that are labeled starting from the top as VB1, VB2 and
VB3. The widths of these sub-bands are increased and the
internal gaps (IG1, the energy gap between VB2 and VBI;
IG2, the energy gap between VB3 and VB2) between them
decreased by applying positive pressure. This behavior is
consistent with the trend that smaller average bond lengths lead
to stronger hybridization between different orbitals. The IG1
gap will be zero at pressures 7.63 and 15.84 GPa for the cubic
phase and for tetragonal at 14.42 and 19.55 GPa respectively
for GGA96 and EV-GGA methods. In the cubic phase, the
type of band-gap (E,) changes from I'-H to I'-I" at pressure
of 4.17 and 5.61 GPa respectively for GGA96 and EV-GGA
but the band-gap of the tetragonal phase remains at I'-I" at all
pressures. The effects of hydrostatic pressure on the behavior
of band parameters such as band-gap, valence bandwidths and
internal gaps are shown in figures 3—6 for both cases and both
GGA96 and EV-GGA methods.

The values of band-gap for both GGA96 and EV-GGA
decrease slowly on reducing the lattice parameter. Similar
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Figure 7. The total and partial density of states for s, p and d orbitals
of the tetragonal phase of the Zn;P, semiconductor compound
calculated by EV-GGA at equilibrium lattice parameters.

behavior is observed for the internal gaps. This means that,
by applying pressure, the system is closer to the metal—
insulator transition. At the theoretical equilibrium lattice
constant, the band-gap values are obtained as 0.227 and
0.598 eV (I'-H) for the cubic phase and 0.385 and 0.646 eV
(I'-T) for the tetragonal structure, using GGA96 and EV-GGA
respectively.

It should be noted that, although GGA96 and EV-GGA
estimate different values for the band-gap, the behaviors of the
band-gaps with respect to positive pressure are rather similar.

The total and partial density of states are calculated by
the tetrahedral method [30] using the EV-GGA exchange—
correlation potential for both phases at zero pressure and are
shown in figures 7 and 8. The VB3 group of sub-bands is
mainly dominated by the s orbitals of P atoms. It is evident
from DOS plots that the d orbitals of Zn atoms have the major
contribution to the VB2 sub-bands. The s orbitals of zinc atoms
and p states of phosphorus atoms are hybridized in the upper
sub-bands.

4. Concluding remarks

The FP-LAPW + lo method has been applied to systematically
study the structural and electronic properties of the Zn;P,
semiconductor compound in both cubic and tetragonal phases.
To the best of our knowledge, no theoretical and experimental
work has been done so far for the cubic phase, hence our results
can serve as a prediction for future study. For the tetragonal
phase, the obtained lattice constants and internal parameters
are in good agreement with the available experimental data.
For the cubic phase, at pressures of 4.17 and 5.61 GPa
respectively for GGA96 and EV-GGA, the indirect band-gap
changes to a I'-T" direct band-gap. Our calculations estimate
that the tetragonal phase is more stable than the cubic.

500

4004 A total DOS
607
% //j\ //\/\/—\«JJ‘/‘”‘""V\ /\/\,\/\/\m/\/\,vx/\'\m/\/”\f
0 f T T T T T
Zn_s
Zn_p
A Zn_d
P_s
P_p
k M’V\' -
P_d
12 -8 -4 0 4 8
Energy (eV)

Figure 8. The total and partial density of states for s, p and d orbitals
of the Zn3;P, semiconductor compound in the cubic phase, calculated
by EV-GGA at equilibrium lattice parameters.
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