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The results of pseudopotential calculations of the band structure and related electronic and op-
tical properties of quasi-binary (GaP), (ZnSe), crystals in the zinc blende structure are pre-
sented. Trends in bonding and ionicity are discussed in terms of electronic charge densities.
Moreover, the composition dependence of the refractive index and dielectric constants are re-
ported. The computed values are in reasonable agreement with experimental data. The results
suggest that for a proper choice of the composition x, (GaP), ,(ZnSe), could provide more di-
verse opportunities to achieve the desired electronic and optical properties of the crystals
which would improve the performances of devices fabricated on them.
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INTRODUCTION

Quasi-binary semiconductor alloys can be achieved by mixing II[I—V and III—V or III—V and
II—VI compounds [ 1—4 ]. These materials were found to exhibit band gaps [ 1, 5 ], structural quality
[ 2], optical and vibrational properties [ 6 | significantly different from those of conventional quater-
nary alloys. This may provide more diverse opportunities to achieve the desired physical properties.

The growth of quasi-binary (GaSb); (InAs), and (InSb), ,(CdTe), crystals has been reported by
Dutta and Ostrogorsky [ 1, 2] and Brodovoi ef al. [3 ] respectively. In addition, optical absorption
measurements for (GaP),_(ZnSe), crystals were reported [ 4 ]. On the theoretical side, the features of
(GaSb), (InAs), such as energy band gaps, electronic charge densities, refractive index, dielectric
constants and phonon frequencies have been recently investigated by Bouarissa [ 5, 6 ] using the pseu-
dopotential approach.

GaP and ZnSe crystallize with a cubic zinc-blende structure (space group F43m). Both materials

have applications in optical systems. GaP is used in the manufacture of low-cost red, orange, and
green light-emitting diodes (LEDs), whereas ZnSe is used to form II—VI light-emitting diodes and
diode lasers. The latter is used as an infrared optical material with a remarkably wide transmission
wavelength range. However, ZnSe is relatively soft, which limits its suitability for the application of
an infrared window [ 7—9 ].

By mixing GaP and ZnSe compounds, quasi-binary (GaP), .(ZnSe), crystals can be achieved.
This may give other opportunities for achieving the desired electronic band structure and related pro-
perties. Moreover, the softness of ZnSe mentioned above was expected to be overcome when using
(GaP), (ZnSe), systems [ 10 ]. Recently, Lee and Do [ 11 ] have reported the crystal growth and cha-
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racterization of (ZnSe); (CuMSe,), M = Al, Ga, or In) solid so- Table 1
lutions using the chemical vapor transport technique and showed
that these materials still have good transmission in the long-

wavelength infrared range with a considerable increase in the

Band gap energies for
GaP and ZnSe fixed in the fits

hardness of ZnSe (i.e. these materials improve the hardness of Com- El,eV | Ef,eV | Ef eV
ZnSe without deteriorating the optical properties). pound

We‘ study here the .e}ectronic bapd structure,' valence anFi GaP 278 | 226 2.6
cgnductlon charge densities and optical properties pf quasi- 7 oo | 2700 | 3.18° 331
binary (GaP), ,(ZnSe), crystals by means of the empirical pseu-
dopotential method (EPM) under the virtual crystal approxima-
tion (VCA). Since the VCA is known to lead to band bowing @ Ref. [ 17].
parameters that deviate from experiments [ 5, 12—15 ], a correc- ®Ref. [18].
tion to the alloy potential has been introduced. The zinc blende “Ref. [19].

polytype is considered as a model system. In the following sec-
tions the computational method used in the calculations is described and the results of the calculations
are presented and compared where possible with experimental and previous theoretical data.

THEORETICAL ASPECTS AND COMPUTATIONS

The calculations have been performed using essentially EPM. In pseudopotential theory the
strong true potential of the ions is replaced by a weaker potential valid for the valence electrons, the
pseudopotential V(). This replacement can be justified mathematically and shown to reproduce cor-
rectly the conduction and valence band states [ 16 ]. The total wave function is separated into an oscil-
latory part and a smooth part, the so called pseudo-wave function. The method involves empirical pa-
rameters to fit the experimental data for the band gaps at specific high-symmetry points in the Bril-
louin zone. The band gap energies for GaP and ZnSe fixed in the fits at /", X, and L high-symmetry
points are listed in Table 1. The pseudopotentials are characterized by a set of atomic form factors.
Adjustments to the specific pseudopotential form factors on which the band structure calculation de-
pends are made using a nonlinear least-squares [ 20, 21 ] fitting procedure, until acceptable accuracy is
achieved. The form factors obtained from the fitting procedure for GaP and ZnSe are given in Table 2.
The values used for the lattice constants are 5.451 A for GaP and 5.668 A for ZnSe.

Mixing two binary semiconductors together to form an alloy is a very common and often used
technique for producing a whole new range of materials whose fundamental properties can be tuned by
adjusting the properties of the constituents [ 22, 23 |. Generally, such alloys are assumed to have pro-
perties that vary linearly between the two constituents: a procedure that is known as VCA. Neverthe-
less, in some instances such as in the case of quasi-binary crystals, such VCA is only approximate and
the actual dependence is more complicated where a nonlinear dependence is reported [ 5, 15 ].

In the present work, the Hamiltonian of (GaP), (ZnSe), is described by a component due to the
virtual crystal and another component in which the disorder effects are included as fluctuations around
the virtual crystal in such a way that the potential of quasi-binary (GaP),_.(ZnSe), crystals is given by
[24]

unasi-binary (r) =Vyca(r) +Vgis (1), (1)
where Vyca(r) is the periodic virtual crystal potential and Vy;i(7) is the non-periodic potential due to the
compositional disorder.

Table 2
Pseudopotential form factors for GaP and ZnSe
Com- Form factors, Ry
pound | (3) Vs(8) Vs(11) Vi(3) Vi(4) Vi(11)
GaP | —-0.210510 | 0.03 0.072244 | 0.132668 | 0.07 0.02
ZnSe | —0.225333 | 0.007070 | —0.007421 | 0.116490 | 0.129940 | —0.100180
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Wea(r) =1=x) Viap (r) + xVzn5¢ (1), ()

and
Vs () ==plx(1=0)]"> Y A(r = R)), 3)
J

J indicates that the summation over j is over the GaP and ZnSe molecular sites,

112
|:ZNiA(di)2:|

i=1

p=tl @)
2 NiA(d))
i=1
Here d is the nearest neighbor distance and N is the number of the nearest neighbor sites, which is 12
for the fcc structure, i indicates the i th nearest neighbor sites and » can be extended to include the
whole crystal. Although N; becomes large and is approximately proportional to 7%, the potential A(r)
decreases more rapidly owing to screening, thus ensuring the convergence of p. In terms of the sym-

metric and antisymmetric form factors, one can write [ 24 ],
Vg ==Vt + Ve = ple=21" (Vi V5 ) 5)
p in the calculation is treated as an adjustable parameter that simulates the disorder effect.

The potential expressed by relation (5) is used in the case of our GaP—ZnSe system for different
compositions x by varying p until a closest agreement between the calculated and experimentally ob-
served fundamental band gap bowing parameter was reached. In the present contribution, a value of
p =-2.04 was found to give a large (/—/") band gap bowing parameter of 2.32 eV. This value is in
excellent agreement with that of 2.33 eV reported by Glicksman et al. [ 4 ] from detailed optical mea-
surements near the band gap of the GaP—ZnSe system.

The lattice constant of (GaP), (ZnSe), is calculated using Vegard's rule.

RESULTS AND DISCUSSION

The computed electronic band structures of zinc blende GaP, ZnSe, and (GaP)so(ZnSe)yso are
shown in Fig. 1. The valence band maximum is taken as energy zero for all materials of interest.
The latter is at / and consists of triply degenerate /75 in the absence of spin-orbit interaction terms in
this work. The conduction band minimum is at /” for both ZnSe and (GaP)qs0(ZnSe)o 50, but it is at
X for GaP. Hence, one may conclude that similarly to ZnSe, (GaP)yso(ZnSe)o s is a direct (/—1")
band gap semiconductor. Four distinct sets of occupied valence bands can be observed. The lowest
valence bands have the usual shape expected for the known zinc blende materials [ 25 ]. The first con-
duction band at 7/~ is predominantly of the cationics character. The width of the energy gap between
the highest level of the valence bands and the lowest one of the conduction bands at 7~ for

30+ (GaP)s0(ZnSe)y 50 is 2.14 eV. This value agrees to
— GaP within 2 % with that of 2.10 eV estimated from the

ol ZnSe experimental quadratic relation reported by

> = (GaP)y 5(ZnSe)y 5 Glicksman et al. [4]. The valence band width is
e , found to be 13.05 eV, 12.33 eV, and 12.66 eV for
:2010' GaP, ZnSe, and (GaP)ys0(ZnSe)ys0 respectively.
° Note that the valence bands are less dispersive
g 0 than the conduction bands. This may be traced
= back to the fact that the conduction bands are more
~104 delocalized than the valence ones. Qualitatively,
=20 . — Fig. 1. Electronic band structures of zinc blende GaP,

rox w1 I K X
Wave vector ZnSe, and (GaP) s0(ZnSe)o.50
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Fig. 2. Total valence electron charge-density (solid 309 — valence charge density

curve) and first conduction electron charge density 71 - - Conduction charge density

(dasted curve) at the TI-point for zinc-blende 2 237

(GaP)gs0(ZnSe)yso along the [111] direction. Black 5 T
points represent the cation and anion positions f‘ei 20 | (GaP), 54(ZnSe), 5

the overall shapes of the valence and conduction .8

bands of (GaP),so(ZnSe)yso are almost similar to & 10

those of its binary parent GaP and ZnSe com- g 1

pounds. From the quantitative point of view, the Sy I , \

main difference lies in the change in the funda- 7~ \\J N -

mental band gap. Bos T o T 0 05 0%
The electronic charge density is a useful Atomic position, atomic units

probe for the understanding of chemical bonds in
materials [ 26—30 ]. To compute the charge density at a specific £ point in a given band #n, we evaluate

pn,k(r) as,

Pax(M)=ely, (NI, (6)

where v, +(r) is the electronic pseudo wave function and & =2—n(0,0,0) stands for the 7/~ point (a is
a

the lattice constant). For the first conduction band, » is 5.

The zinc blende semiconductors are highlighted by the fact that for the homopolar members the
ratio of the volume of touching atomic spheres to that of the unit cell is 0.34, less than the half of that
for close packed structures (0.74). These structures may be characterized by the existence of four va-
cant lattice sites nearest to the anion and four nearest to the cation, both at the normal nearest neighbor
tetrahedral distance. Hence, as one proceeds along the [111] body diagonal in cation-anion crystals,
with the origin at the bond centre, the cation site will be at (-1/8,—1/8,—1/8) and the anion site at
(1/8,1/8,1/8).

The computed electronic charge densities along the [111] direction for the sum of the four va-
lence bands (solid curve) and the first conduction band (dotted curve) at the /-point for
(GaP)os0(ZnSe) 5o are plotted in Fig. 2. From the valence charge density (solid curve), we observe that
most of the electronic charge density is shifted towards the anion (P, Se). The maximum value of the
charge distribution of valence electrons gives usually information about the main contribution to the
chemical bond formation. In our case it is situated near the atomic site occupied by the anion. Practi-
cally there is no charge in the interstitial regions. These are indications of the strong ionic character of
the bonding between (Ga,Zn) and (P,Se) atoms. The shape of the profile of (GaP)yso(ZnSe)ys0 seems
to be different and so in regard to details from those of III—V [29 ] and [I—VI [ 31 ] binary semicon-
ductors. This difference is thought to be an immediate consequence of the difference in the corre-
sponding ionicities.

From an inspection of the conduction charge density (dotted curve), we note that the majority of
the charge is localized at the anion and cation sites where it reaches its maximum at the cation (Ga,
Zn). The site occupied by the anion appears to be less surrounded by the electronic charge density than
that occupied by the cation. In the bonding region, the minimum of the charge density is situated ap-
proximately half way along the bond. Hence, the charge distribution is antibonding and s-like. In the
interstitial regions, we note that the charge density in the region nearest to the cation is more important
than that in the region nearest to the anion.

The refractive index 1 of a medium is a measure of how much the speed of light (or other waves
such as sound waves) is reduced inside the medium. Knowledge of nof semiconductors is essential for
devices such as photonic crystals, wave guides, solar cells, and detectors [ 32 ]. In the present paper, 1
has been calculated using three different models, all of which are directly related to the fundamental
energy band gap (E,) as follows:
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(1). the revised expression reported by Ravindra and Srivastava [ 33 ] that was based essentially on
the Moss formula [ 34 ] which in turn was based on the fact that energy levels of electrons in a crystal-

line solid are scaled down by a factor of 1/ sgpt, where €,,, =1’ is the optical dielectric constant. Moss

[ 34 ] proposed
n‘E,=k  with k=95eV. (7)
Ravindra and Srivastava [ 33 | suggested a revised value of £ = 108 eV for a better curve-fit, hence
n'E, =108, (8)
Expression (8) was used in the present calculation.
(i1). Gupta and Ravindra [ 35 ] relation
nN=4.084-0.62E,. 9

Indeed, Gupta and Ravindra [ 35 ] argued that the atomic model used by Moss limited the validity of
his equation. Hence, they proposed a linear relation between 1 and E,, i.e. equation (9). Moss [36 ]
has examined Eq. (9) and pointed out that it is restricted to energy gaps of less than about 4 eV and it
gives unrealistic results for both low and high E,.

(ii1). The Hervé and Vandamme empirical expression [ 37 ]

2
A
n= H[ngJ : (10)

where 4 and B are numerical constants with values of 13.6 eV and 3.4 eV respectively.

Note that 4 is equal to the hydrogen ionization energy. The Hervé and Vandamme equation was
based on oscillatory theory [ 38 | and the authors have assumed that the difference between the ultra-
violet resonance energy and the energy band gap is constant.

These models have proved to give good results relative to experiment for III—V and [I—VI
semiconductors [ 32, 37,39 ].

Our results regarding n for GaP, ZnSe and some of their quasi-binary crystals are listed in Ta-
ble 3. The data available in the literature are also shown for comparison. Making a compromise be-
tween GaP and ZnSe results, it appears that the better agreement between our results and the known
data is obtained when the revised expression reported by Ravindra and Srivastava [ 33 ] is used. For
GaP compound, the discrepancy between our result (using relation (8)) and the known data is less than
13 %, whereas for ZnSe compound, our results agree with that quoted in [ 41 | to within 1 %. For lack
of both experimental and theoretical data in the literature from 1 of (GaP),_(ZnSe), in the composition
range 0 <x < 1, to the author’'s knowledge, the present results stand, therefore, as reliable predictions
for .

The composition dependence of 1 has been calculated using relations (8)—(10). Our results are
plotted in Fig.3. Note that the variation of m

297 against the composition x exhibits a nonlinear be-
(GaP), _ (ZnSe), havior for all models used. This nonlinearity is
2.8 believed to arise from the strong effects of disor-
ks der. Although from the quantitative point of view,
-§2.7- the n values obtained from the three models used
2 differ from each other; qualitatively the models
§2_5 used exhibit the same trend. The variation of n
& versus x is non-monotonic where one finds that at
554 ® Moss model low compositions x (x <0.1) n decreases rapidly
o Ravindra et al. model with increasing x, then it increases monotonically
A Herve-Vandamme model

2.4 T T T T T T T T T T

0 0.2 0.4 0.6 0.8 1.0 Fig. 3. Refractive index in zinc blende (GaP), (ZnSe),

Composition X ..
P versus the composition x
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Table 3 Table 4
Refractive index n for (GaP),_(ZnSe), at various High-frequency dielectric constant €., and static
compositions x dielectric constant g, for (GaP),_(ZnSe), x
n calculated from: Material €0 £
Material Rela- | Rela- | Rela- | Known
tion (8) | tion (9) | tion (10) GaP 6.93% | 14.07%,
9.11° | 11.1°

GaP 263" | 2.69° | 2.61° | 3.02° (GaP).00(ZnSe)o 1 | 6.63* | 10.82°
(GaP)ogo(ZnSe)o 1o | 2.57" | 2.56" | 2.53° (GaP)o50(ZnSe)oo | 6.72° | 10.29°
(GaP)ggo(ZnSe)on0 | 2.59* | 2.60" | 2.55° (GaP)o70(ZnSe)os0 | 6.82° | 9.87°
(GaP)o70(ZnSe)oz0 | 2.61° | 2.65" | 2.58" (GaP)og(ZnSe)o 40 | 6.96* | 9.90°
(GaP)oso(ZnSe)o4 | 2.64" | 2.70" | 2.61° (GaP)y50(ZnSe)yso | 7.10* | 9.78"
(GaP)oso(ZnSe)oso | 2.67% | 2.76" | 2.65° (GaP)o4o(ZnSe)oeo | 7.22° | 9.95°
(GaP)o40(ZnSe)oeo | 2.69" | 2.80" | 2.68" (GaP)o30(ZnSe)o7 | 7.26° | 9.85°
(GaP)g30(ZnSe)oq0 | 2.69° | 2.81° | 2.69° (GaP)o20(ZnSe)oso | 7.14% | 9.68°
(GaP)o20(ZnSe)oso | 2.67° | 2.77" | 2.66 (GaP)g10(ZnSe)g90 | 6.85" | 9.42°
(GaP)o.1o(ZnSe)oo | 2.62° | 2.66" | 2.59° ZnSe 6.32 | 9.64%,
ZnSe 2.51% | 2.41° 2.44° 2.5° 9.1°

* Present work. * Present work.

®Ref. [40]. ®Ref. [40].

“Ref. [41]. “Ref. [41].

with increasing x from 0.1 up to 0.7. When x exceeds the value of 0.7 up to 1, n decreases again
monotonically.

Based on the calculated m values obtained from relation (8), the high-frequency dielectric con-
stant ,, has been estimated for various compositions x using the expression

€y = nz. (11)
Our results are tabulated in Table 4. The known data available only for GaP are also shown for com-
parison. The ¢, value for GaP, as illustrated by our result, is smaller than that reported in the literature
[40]. In other cases (i.e. for 0 <x < 1), our results are predictions. The variation of ¢, as a function of
x for (GaP),_(ZnSe), is displayed in Fig. 4. We observe that &,, varies non-monotonically with x. This
behavior is qualitatively similar to that of n with x. This is not surprising since according to relation
(11), & is equal to the square of n.
We have also calculated the static dielectric constant €. In this respect, g has been obtained using
the relation [ 42 ]

-1
07 4y, (12)
€, —1
where v is given by
2 2
oy, (1+2a
y= Lol 2e) (13)
20,
o, is the polarity estimated from the Vogl definition [ 43 ]
= _VA_(3)' (14)
SERATE)

Vs(3) and V4(3) in equation (13) represent the symmetric and antisymmetric pseudopotential form fac-
tors at G(111) respectively. a. is the covalency defined by

o, =102, (15)
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15 Fig. 4. High-frequency and static dielectric constants in
14 (GaP), _(ZnSe), zinc blende (GaP), (ZnSe), versus the composition x
131
g 121 " IS_:T:‘CSECEE‘T:C constant = Our results concerning g, for different compo-
5 1] T TSNTHARAy TR M sitions x are depicted in Table 4. For comparison,
o the g, values reported in the literature for GaP and
§10i ZnSe are also presented. Note that while our g
g’ 91 value for ZnSe agrees well with that quoted in
8- [41] for the optical low frequency dielectric con-

71 stant, that for GaP is smaller than the value re-
M ported in [40]. For (GaP),(ZnSe), (0<x<1),
6 o 02 o4 o6 o8 | 1o our results are pnly for reference and may serve for
Composition X a future experimental work. The composition de-

pendence of g, for (GaP), .(ZnSe), is shown in

Fig. 4. We observe that g, varies non-monotonically with x and exhibits a behavior different from that
of &,. The trend of &, and g, indicates that the storage and dissipation of electric and magnetic energy

in the material of interest depends strongly on the composition x.

CONCLUSIONS

In summary, the electronic structure and related properties for quasi-binary (GaP), (ZnSe), crys-
tals have been investigated. The calculations were essentially based on EPM within improved VCA
that takes into account the effect of compositional disorder. The agreement between our results and the
available literature data was found to be generally reasonable. The analysis of the total valence elec-
tron charge density indicates that there is a strong ionic character of the bonding between (Ga, Zn) and
(P, Se) atoms, whereas that of the conduction electron charge density suggests that the charge distribu-
tion is antibonding and s-like. The variation of band parameters such as the refractive index and
dielectric constants as a function of the composition x is found to be non-monotonic for all studied
quantities.

The present study showed that the electronic and optical properties of (GaP), .(ZnSe), are
strongly dependent on the composition x and hence, for a proper choice of x, the quasi-binary crystals
under load could provide more diverse opportunities to achieve the desired electronic and optical
properties of the crystals.
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