Eur. Phys.

DOI: 10.1140/epjb/e2005-00021-y

J. B 43, 3-9 (2005) THE EUROPEAN

PHYSICAL JOURNAL B

Optoelectronic properties of zinc blende ZnSSe and ZnBeTe

alloys

S. Abdi-Ben Nasrallah, S. Ben Afia, H. Belmabrouk?®, and M. Said

Unité de Recherche de Physique des Solides, Département de Physique, Faculté des Sciences de Monastir, 5019 Monastir, Tunisia

Received 15 May 2004 / Received in final form 15 August 2004
Published online 11 February 2005 — (© EDP Sciences, Societa Italiana di Fisica, Springer-Verlag 2005

Abstract. The compositional dependence of the electronic band structure has been computed for zinc
blende ZnS,;Sei_, and Zn;_;Be,;Te alloys with composition x ranging from 0 to 1. The empirical pseudo
potential method with the virtual crystal approximation have been used. A particlar attention has been
paid to the effect of alloy disorder on the electronic properties of the II-VI studied compounds. For this
purpose, the compositional disorder is added to the virtual crystal approximation as an effective potential.
Such correction approximates significantly our calculated values of the band gap bowing parameters to
experimental ones. The ZnS,Se;_, gap energy shows a nonlinear behavior with strong bowing for low
compositions of sulfur. The Zn;_,Be,Te compound, as it is known, can be direct or indirect semiconductor
depending on its beryllium composition x. The electron effective mass and the refractive index have been
investigated as well. Polynomial approximations are obtained for both the energy gap and the effective
mass as functions of alloy composition at I" and X valleys.

PACS. 71.20.Nr Semiconductor compounds — 71.15.-m Methods of electronic structure calculations —
71.15.Dx Computational methodology (Brillouin zone sampling, iterative diagonalization, pseudopotential

construction)

1 Introduction

Due to their scientific and technological interest, the semi-
conductor (SC) compounds IV, ITI-V and II-VI have been
extensively studied. The quality of II-VI materials has
been lower than that of Si and ITI-V ones due to croissance
problems, high band polarity and doping limits. However,
in spectral region where Si and III-V (SC) cannot pro-
vide the required band gap, the II-VI with the nitrides are
the best candidates to cover a large range of the visible
spectrum. In last years, with progress in crystal growth
technology, researches on wide bandgap II-VI (SC) has
been undertaken. Nevertheless, this is particularly due to
important specifities namely great excitonic effects and
magnetic aspect which lead to spin electronic. The study
of excitons allows the local detection of free and trapped
carriers and the important oscillator strength leads to a
splitting more important than that obtained with GaAs
or GalnAs. Furthermore, the introduction of a magnetic
ion (Mn or Mg) introduces a ferromagnetic interaction be-
tween localised spins and free carriers.

Experimental and theoretical studies on wide band-
gap semiconductors such as ZnSe, ZnS, BeTe, ZnTe and
their heterostructures have been undertaken [1]. This in-
terest is motivated by the possibility to control the band
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gap energy and the lattice constant at the design of new
light emitters or detectors operating in specific spectral
range (blue region for ZnSe [2] and UV for ZnS). Mixed
crystal AB,C;_, attracts more and more interest as dis-
order model systems [3,4]. By changing the alloy compo-
sition, physical properties can be controlled at any value
between those of the binaries AC and AB [5]. This offers
the possibility to adapt the material in devices by choos-
ing the alloy with the appropriate lattice constant which
matched to a number of substrates. ZnS,Se;_, is a good
candidate as an optoelectronic material. With a direct gap
ranging from 2.80 eV (ZnSe) to 3.67 eV (ZnS), it spans
an interesting region for light emitters. It is also used as
waveguides and confinement layers in laser diodes (LDs).
For example, ZnS,Se;_, with x composition larger than
0.2 is used as a cladding layer [6]. However, if a blue LD is
needed, ZnSp.065€e0.94 (z = 0.06) lattice matched to GaAs
is used as an active layer [7].

The beryllium compounds are potentially good mate-
rials for technological applications [8,9]. However, they are
difficult to handle experimentally presumably because of
their toxic nature. Furthermore, only a few of theoreti-
cal results are available [10,11]. Tellurures have shown re-
markable results on microcavities, diluted magnetic semi-
conductors and hybrid structures. Diodes based on ZnTe
are favoured on their concurrent GaN. Indeed, ZnTe green
emission is more pure than blue-green radiation of GaN
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Table 1. Pseudopotential form factors and lattice constants for zinc-blende ZnSe, ZnS, ZnTe and BeTe.

VS (3) VS (8) VS (11) VA3 vA@E@  vA lattice
compound (Ryd) (Ryd) (Ryd) (Ryd) (Ryd) (Ryd) constant (nm)
ZnSe —0.383536  0.021660 0.094511 —0.140184  0.062 —0.035802 0.56686 [16]
ZnS —0.226152 0.03 0.061513 0.223987 0.14 0.04 0.54093 [16]
ZnTe —0.227428 0.0 0.07581 0.0386 0.05 —0.0075 0.61037 [17]
BeTe —0.428823 —0.021065 0.254048 —0.221772 0.120 0.259592 0.56250 [18]

and its fabrication is easier. Zn; _,Be;Te alloy is a promis-
ing material as another choice for p-contact layer since it
can be lattice matched to a number of commercially avail-
able substrates as GaAs, InP and ZnSe by adjusting the
alloy composition. In particular, Zn;_,Be,Te alloys with
x = 0.08 and 0.05 are lattice matched with ZnSe and GaAs
respectively [9]. The ZnBeTe alloy has the advantage to
contain only one group VI element II-1I-VI. Therefore, the
composition control is easier in comparison with II-VI-VI
ternaries. Cho et al. [9] found that the ZnBeTe films have
good composition controllability and can be highly p-type
doped (p > 10" cm~3) using active nitrogen plasma. In-
terface properties between the ZnBeTe/GaAs will be much
better than either ZnSe/GaAs or ZnSSe/GaAs because
the tellurium has lower reactivity with GaAs surface than
sulfur or selenium [12]. In spite of the importance of these
ternaries, their electron properties are not sufficiently in-
vestigated and need additional studies at least from the
theoretical point of view.

To this aim, we report in this paper calculation of elec-
tron band parameters of common anion (ZnBeTe) and
common cation (ZnSSe) compounds. In Section 2, we
present the computational method namely the empirical
pseudo potential method within the virtual crystal ap-
proximation (VCA). The results related to band gap en-
ergy, electron effective masses and refractive index are re-
ported and discussed in Section 3.

2 Computational method

To compute the electronic band structure of binary com-
pounds, the empirical pseudopotential method (EPM) has
been used [13]. In order to obtain the atomic form fac-
tors V(G), where G is a reciprocal lattice vector, a non
linear least square method is used. This fitting procedure
consists on the minimization of the difference between the
calculated band gaps at the high-symmetry points and
the experimental ones. For the zinc blende structure, only
six pseudopotential form factors are considered [14,15].
To achieve convergence, 136 plane waves are taken into
account. The obtained form factors and lattice constants
for zinc blende ZnSe, ZnS, ZnTe and BeTe are listed in
Table 1.

It is straightforward to extend our treatment to
ternary alloys AB,C;_, through the use of the virtual
crystal approximation (VCA) [19,20]. The symmetric and
antisymmetric form factors for alloys of interest can be

expressed as a function of those of the binary parents

Vipe (G) = (1—2) Vit +a VIR (1)

The alloy constant lattice is obtained according to
Vegard’s rule:

(2)

Using this lattice constant, the corresponding recipro-
cal lattice vectors and the pseudopotential form fac-
tors VS4(G) of equation (1), we can calculate the band
structures of alloys.

It is well known that the VCA does not take into ac-
count the effect of compositional disorder [21] and hence
the bowing factors obtained by VCA may deviate from
experiments. In order to overcome this shortcoming, we
have added to the VCA a non-periodic potential due to
the compositional disorder [22]. This method will be called
the ‘improved VCA’. By adding this effective disorder po-
tential, the expression (1) becomes:

apB,c,_, = (1 —x)aac + zaasp.

Vide = =)Vt +aviyt —pva (1—a) VR -vis].
3)
p is then treated as an adjustable parameter.

The refractive index is also an important optical prop-
erty. Actually, the use of fast non-destructive optical tech-
niques for epitaxial layer characterisation is limited by the
accuracy with which refractive indices can be related to
alloy composition. Many attempts have been made to cor-
relate energy band gap to refractive index of semiconduc-
tors. Moss [23] proposed the following relation:

(4)

Ravindra and Srivastava [24] proposed a value of 108 eV
instead of 95 eV. But this relation based on an atomic
model is limited. Gupta and Ravindra [25] suggested a
linear relation given by:

Eyn*=095eV.

n=a+BE, (5)

with o = 4.084 and 8 = —0.62 eV~ 1.
Herve and Vandamme [26] proposed a relation based
on the classical oscillator theory and given by:

n= 1+< a (6)

2
Eg+5>
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Table 2. Band-gap energies of ZnSe, ZnS, ZnTe and BeTe at I', X and L points.

Material Eg (eV) Ef(e\/) E; (eV)
7ZnSe 2.80; 2.80 [7,13,27] 4.49; 4.49 [13] 3.92; 3.92 [13]
7nS 3.67; 3.67 [13] 5.23; 5.23 [13] 5.22; 5.22 [13]
ZnTe 2.27; 2.27 [8,28] 3.05; 3.05 [29] 2.68; 2.38 [17]
BeTe 4.1; 4.1 [8,29 2.8; 2.8 [8,29 3.57; 3.57 [30]

where a = 13.6 eV and 8 = 3.4 eV.

The high frequency dielectric constant (e~ ) is calcu-
lated using the relation e, = n2.

We note that Moss relation uses only one parame-
ter for all materials, while the relations (5) and (6) use
a set of two parameters. On the other hand, Herve and
Vandamme formula is derived for a wide range of materi-
als while Gupta and Ravindra relation is more specific for
semiconductors and approximates the experimental gaps
in the range of energy band gap from 0.5 to 3.5 eV [25].

3 Results and discussion

Band gap energies for ZnSe, ZnS, ZnTe and BeTe in zinc
blende structure have been calculated. The values of these
gaps at the high symmetry points are listed in Table 2. For
all binary compounds our calculated energy gaps EgF , Eg(
and E} (in bold numbers) agree well with experimental
data. This shows that the calculated form factors are sat-
isfactory.

3.1 Band gap energy of ZnS,Se;_4

The band gap energies E{, Eg( and E;L of ZnS,Se;_,
are calculated within VCA (p = 0). In Figure 1, the re-
sults are plotted versus the sulfur composition z in the
alloy (solid line). Two different behaviors are clearly ob-
served. The curves exhibit a pronounced minimum and
an important bowing for small compositions whereas they
have a little deviation from linear behavior and a small
bowing for the remaining range of z. Similar behaviors
were observed in ZnSeTe [31], ZnSTe [32], ZnCdS [33],
ZnCdSe [34], ZnCdTe [35] , CdSSe [36], BeCdSe [37] II-
VI alloys. We attempt to fit our results, in the first step,
according to the common used expression:

Ey(z) = (1 —z) Eg(ZnSe) + 2 E4(ZnS) — bz (1 — x)

where b is the so-called bowing parameter that is assumed
to be constant. The two-degree polynomial fit versus x
does not agree satisfactory with the calculated energy
band gaps E! (z) and EL(x). This leads us to use a higher
polynomial degree. The best fits obtained are:

El(z) =278 = 210> + 7.542% — 4.57 23

g
E; (z) = 4.42 - 3.00 z + 3.922°
E}(x) =3.93-3.782+10.172% — 5.092°.

T T
0,0 0,2 0,4 0,6 0,8 1,0
Sulfur composition

Fig. 1. The band gaps versus the sulfur composition at I,
X and L points in zinc- blende ZnS,Se;—, calculated without
compositional disorder (solid line) and at I" point calculated
with compositional disorder (dashed lines).

For E_f; and EgL , it appears clearly that the bowing param-
eter b depends on the sulfur composition. To approximate
our bowing parameter b to the experimental one avail-
able in literature for z = 0.5 (b = 0.63 eV) [38], E}" has
been calculated using the improved VCA. The best con-
cordance is obtained for p = 0.05. Figure 1 (dashed lines)
presents the energy Ef; versus the sulfur composition x
with compositional disorder. The best fit of Ef; is when
the compositional disorder is taken into account:

E}(z) =280 — 2262+ 7.55 2% — 4.432°.

This result shows clearly that b depends strongly on the
sulfur composition z:

b(z) = —4.43 x4 1.13.

Figure 1 indicates that the curve is altered by the pres-
ence of compositional disorder but it has the same ap-
pearance. The band gap shows firstly a decreasing trend
as x increases, then an increase with a linear behavior.
For x around 1, we have a saturation tendency. The de-
crease of energy band gap bowing is extremely important
for laser applications or lattice matched quantum wells.
As expected, the maximum effect of disorder is observed
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Table 3. Calculated high-frequency dielectric constants (€o) for ZnS;Sei—, alloy using EPM within improved VCA and

available experimental data.

Material High frequency dielectric constant ()
Moss relation  Gupta and Ravindra relation =~ Herve and Vandamme relation — Experiment: reference [39]
ZnSe 5.82 5.51 5.80 5.4
7mS.35€0.7 5.92 5.78 5.96
7mnSo.55€0.5 5.56 4.75 5.42
Zl’lSo,7Seo,3 5.25 3.80 4.95
ZnS 5.08 3.25 4.69 5.1
for x = 0.5. This behavior of the band gap in the small 0,30 I I I I
range of x can be explained as follows: for small values ]
of z, the sulfur composition is yet small and cannot dis- + 0,28+
turb the ZnSe. Thus, the energy gap decrease is not due @ 0.26 ]
to the compositional disorder but it can be attributed to g =P
the electronic interactions. Indeed, the differences in elec- o ]
. L . > 0,24
tro negativity and in ionic or covalent radius of sulfur and §
selenium entrain differences between band lengths and an- 2 0.22 _
gles, so additional interactions appear. qc’ o
The calculated band gap energy can be used to esti- £ 0.20
mate the refractive index for the alloys using the above & ]
mentioned models. The calculated values of the high fre- Y oqgd T ’ |
quency dielectric constant e, = n? are listed in Table 3 '
for some values of sulfur composition. Experimental data 0.36 - ' o ' i
are available only for binaries ZnSe (eo = 5.4) and ZnS x (b)
(Eco = 5.1). In view of this table, we can notice that the & I
Gupta and Ravindra expression gives better results with % 0:357 r
respect to the experiment as compared to Moss and Herve E
and Vandamme relations for ZnSe which has a band gap @ 0,341 L
lesser than 3.5 eV. However, for ZnS with a band gap 5
equal to 3.8 eV, the agreement between our results and % 0.33 - |
the experimental data is not as good as for ZnSe. The 2
Moss relation approximates better experiments for high £
band gaps. 8 0,32 r
i
. 0,31 : : : : : : , , ,
3.2 Electron effective mass of ZnS,Se;_« 0.0 0.2 0.4 0.6 0.8 1,0
Due to the importance of electron effective mass m} in Sulfur composition

the discussion of transport properties and exciton effects
in semiconductors, we present in this paragraph, our cal-
culated values at the conduction band minima. We deter-
mine m} from the band structure by adopting a parabolic
relation of E(k) versus the wave vector k.

The variation of the electron effective mass at I and
X points versus the sulfur composition for ZnS,Se;_, with
and without disorder is displayed in Figure 2; it is eval-
uated in units of the free electron mass m,. As can be
seen, the disorder influences weakly the electron effective
mass at I" point but it has no effect at X point. Therefore,
the effect of the compositional disorder proves to depend
on wave vector k so on energy. At I' point (plot a), a
nonlinear variation is obtained according to the following
expression:

mi(z) = 0.186 + 0.019 x + 0.087 2*
m(z) = 0.193 — 0.064 2 + 0.160 2>

(without disorder)
(with disorder).

Fig. 2. The electron effective mass of I'" (plot a) and X (plot
b) valleys in cubic ZnS,;Sei—, as a function of sulfur composi-
tion z. The solid and dashed lines correspond to calculations
without and with disorder respectively.

The calculated value of m} for cubic ZnSe (m} = 0.19 in
m,) agrees reasonably well with the experimental data,
m? = 0.21 and m} = 0.17 given respectively in refer-
ences [40,41]. However, it is higher than that obtained by
k.p method, m} = 0.16 reference [16]. For ZnS compound,
a good agreement is obtained between our calculated value
(m? = 0.28) and that of 0.28 and 0.27 reported respec-
tively in references [42,43].

At X point (plot b), the best fit of electron effective
mass variation versus the sulfur composition has the form:

m?(z) = 0.36 — 0.14 2 + 0.11 22.

€
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Table 4. Calculated high-frequency dielectric constants (ec) for Zni_,Be,Te alloy using EPM within improved VCA and

available experimental data.

Material High frequency dielectric constant (€oo)

Moss relation  Gupta and Ravindra relation  Herve and Vandamme relation ~ Experiment reference [45]
ZnTe 6.46 7.15 6.74 7.30
Zn0_7Beo_3Te 5.80 5.45 5.77
7Zmng.5Beg.5 Te 5.85 5.60 5.85
Zn0_3Beo_7Te 2.43 2.40 2.43
BeTe 4.81 2.37 4.28

In particular, m? = 0.36 for ZnSe and 0.33 for ZnS. Unfor-
tunately, the lack of experimental and theoretical results
in literature at X point prevents us to approve our calcu-
lated values.

3.3 Band gap energy of Zn;_,Be,Te

The second alloy studied ZnBeTe is a common anion com-
pound. The electronic properties such as band gap and
electron effective mass have been investigated. Figure 3
shows the variation of EgF and E;( versus the beryllium
composition = without disorder (solid line). The EJ ()
and EX (z) curves can be fitted by the equations:

El(z) =226(1 — z) + 4.122
EX(x) =3.04(1 — x) 4 2.792 + 1.662(1 — x).

Maksimov et al. [29] reported for x = 0.5 the bowing pa-
rameter of b = 0.5 eV. To reproduce better the experimen-
tal results we are lead to use a disorder parameter p de-
pending on the beryllium composition x. The direct I'-I"
and indirect I'-X band gaps versus x are shown in Figure 3
(dashed lines) and fitted by:

6(l—x)+4.13x
4

r
EF(z) 1-
(1—2)+2.801z—0.67x (1 — x).

=22
EX(z) =30
The direct gap exhibits a linear dependence on the
whole range of z. It increases linearly with beryllium
at a rate of 18.6 meV for change of 1% in beryllium.
This is in good agreement with [10,29]. For the I'-X in-
direct band gap, the bowing parameter 0.67 eV is near
of reference [10]. The direct to indirect crossover occurs
at x = 0.30. This value reproduces satisfactory result
of reference [44] which reports a value of z ~ 0.28. So
we can distinguish two regions: one direct band gap I'-I"
for 0 < x < 0.3 and another indirect band gap I'-X for
0.3 < x < 1. It should be noted, that the disorder does
not influence EgF curve. But it has an important effect on
E;( . This means that the disorder effect depends not only
on the beryllium composition  but also on the energy.
Using the calculated E4(x) and according to the re-
lations 4—6, we have calculated the refractive index of
Zn;_.Be,Te as a function of x and then deduced the high
frequency dielectric constant e,, = n?. Our results are

»
?

0
[&;]

Energy band gap (eV)
w
o

T T T T
0,2 04 0,6 0,8
Beryllium composition

1,0

Fig. 3. The band gaps versus beryllium composition x at I"
and X points in zinc-blende Zn;_,Be;Te calculated without
compositional disorder (solid line) and with compositional dis-
order (dashed lines). Also we reported experimental results at
X [29] (triangles).

summarized in Table 4. The use of Gupta and Ravindra
gives for ZnTe €5, = 7.18 which is in good agreement with
experimental value eo, = 7.30 of reference [45]. However,
the beryllium chalcogenures are recent alloys and there is
no experimental or theoretical data reported to BeTe.

3.4 Electron effective mass of Zn,_,Be,Te

*

The electron effective mass m} for the ternary
Zni_,Be,Te is calculated as a function of beryllium com-
position x. For the direct gap region, 0 < x < 0.3, re-
sults are displayed in Figure 4. Our obtained value of
electron effective mass for ZnTe (m} = 0.20 in m,) is in
good agreement with experimental data of reference [40]
(m}: = 0.2). However, it is greater than that obtained
by k.p method (m} = 0.12) [41]. In the range of com-
positions 0.3 < x < 1, the band gap is indirect (I'-X),
the band conduction is some what flat and does not show
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0.214 L

0.20+ -

Electron effective mass at I

0.19
0.00

L L T T
005 010 015 020 025

Berylliumcomposition

0.30

Fig. 4. The electron effective mass of I valley in Zn;_,Be,Te
versus the beryllium composition zx.

a clear minimum so the effective mass does not show a
significant change versus x. The difference between the
extremum values is 6%. For BeTe, the calculated value of
electron effective mass is 0.35. Unfortunately in our knowl-
edge, there is no report of experimental or theoretical data
for BeTe.

4 Conclusion

We have used the EPM under the VCA to calculate the
electron properties of ZnS;Se;_, and Zn;_,Be,Te in zinc
blende phase. The compositional disorder is taken into
account by adding a non periodic potential to the VCA.
The band gap energy, the electron effective mass as well
as the refractive index has been computed versus the alloy
composition.

In the aim to obtain a good agreement with experi-
mental gaps in the high symmetry points, we are lead to
use a disorder parameter depending on alloy composition
and energy. For the ZnSSe alloy, the bowing depends on
the sulfur composition and the band gap energy exhibits
a decrease for small molar fractions. Presumably, unex-
pected behaviour arises from either chemical disparity or
difference in lattice constants. As a result, the atoms shift
from initial symmetry positions, giving an additional de-
formation potential. Such a potential is at the origin of
the deviation of the electron band parameters from a lin-
ear trend.

This study provides useful information to simulate het-
erostructures in the II-VI system for designing optoelec-
tronic devices aimed to operate in the blue wave length
range. The ZnBeTe ternary which has an indirect band
gap region from z higher than 0.3 eV is useful for devices
in microelectonics.

0,39 L | L | L | L | L | L | L

o

w

i
T

o
8]
J
)
T

o
w
(e}
1
T

o
w
a1
1
T

Electron effective mass at X

o
w
b
1
T

0,33-+——7—
0.4

T T T T T T T T
05 06 07 08 09
Berylliumcomposition

1,0

Fig. 5. The electron effective mass of X valley in Zn;_,Be;Te
versus the beryllium composition x.
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