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Abstract

By means of ab initio pseudopotential calculations, we investigate the effect
of lattice mismatch on the intrinsic properties in the dilute ZnO,Se;_, alloys.
The substitution of isovalent elements having a large electronegativity and size
mismatch with respect to the replaced atoms leads to strong nonlinear effects in
the properties of the host crystal. From a detailed analysis of the bowing, we
notice that the relative contribution of the three components (volume, charge
exchange, and strain) shows that the most significant effect is caused by the
structural relaxation.

1. Introduction

Current interest in the development of semiconductor alloys provides a strong motivation for
fundamental studies of diluted III-V and II-VT alloys due to the unusual physical properties of
these materials systems. Among them II-O-VI semiconductors, in which the group-VI element
is partially replaced by oxygen, have recently attracted great attention [1-6]. It is found that
the substitution of isovalent elements having a large electronegativity and size mismatch with
respect to the replaced atoms leads to strong nonlinear effects in the electronic properties of the
host crystal.

On the side of the II-VI compounds, O in ZnSe represents an interesting case. Very
recently ZnSe;_, O, alloys having x = (0.2—1.3)% have been successfully grown by molecular
beam epitaxy (MBE) in spite of the limited solubility of O in II-VI compounds [1-6]. From a
technological point of view, the ZnSeO alloys have been proposed as very promising candidates
for optoelectronic applications such as light emitting diodes and laser diodes.

The most important features observed in ZnSeO for typical oxygen concentrations (x <
1%) are the following: (i) a strong decrease of the band gap, leading to the so-called ‘giant
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optical band gap’; (ii) a reduced pressure coefficient; (iii) the response of ZnSeO to the
temperature variation is the same as ZnSe, which is independent of the O concentrations. Due
to the large difference in size, orbital energies, and electronegativity between O and Se, the
oxygen atom has deep effects on the electronic properties of the resulting alloys. This scenario
is similar to N in GaAs, GaP, GaSb, and InAs. It is well known that the band gap energy of
GaAsN, GaPN, GaSbN, and InAsN alloy semiconductors has strong band gap bowing; that is,
the band gap energy becomes much smaller than the conventional linear interpolation of the
band gap of the binary compounds.

However, in spite of the ubiquitously observed optical properties of ZnSeO, there have
been few theoretical calculations [7] regarding these unusual properties. In this work, we
explore theoretically the O-induced electronic structure of dilute ZnSeO alloys using a large
supercell of 64 atoms and a first principles pseudopotential approach. The rest of the paper is
organized as follows. In section 2, we briefly describe the computational method used in this
work. Results regarding the structural and electronic properties will be presented in section 3.
A summary of the work will be proposed in section 4.

2. Method

The calculation is based on the density-functional theory in the local-density approximation
(LDA) [8]. We use a plane wave expansion non-norm-conserving ab initio Vanderbilt
pseudopotential [9] as implemented in the PWscf code [10]. The number of plane waves used
for these calculations was determined by an energy cut-off of 30 Ryd. Accurate Brillouin zone
integrations are performed using the standard special k point technique of Monkhorst and Pack
(MP) [11]. We have used a 3 x 3 x 3 mesh, corresponding to six k points. An energy cut-off
of 30 Ryd and six k points turns out to be sufficient for the accuracy of the results (10 mRyd
for total energy per cell and 5-10 meV for band gap energy).

A large 64 atom supercell representation is used in order to model the ZnO,Se;_, alloy.
More specifically, for the 64 atom Znjz,Ses,_, O, supercells which correspond to 2 x 2 x 2
conventional cubic cells, a zinc-blende lattice is assumed. The forces acting on each atom are
determined using a variation of the Hellmann—Feynman theorem [12, 13]. Given the forces
at any configuration, atoms are geometrically relaxed by allowing them to move according
to Newton’s law in the presence of fictitious damping force. The system evolves until an
equilibrium (zero force) geometry is obtained and the final atomic configuration is established.

3. Results

Figure 1 shows the calculated lattice constant as a function of oxygen fraction together with the
Vegard’s law [14] variation assuming linearity. The calculated lattice constant is larger than the
predicted one from Vegard’s law. This is in direct contrast with the composition variation of the
lattice parameter for the conventional III-V and II-VI alloys. In these systems the deviation
from Vegard’s law is generally weak and negative. Recent experimental [15—18] studies have
pointed out these deviations from Vegard’s rule in alloys comprising atoms of very different
sizes.

Figure 2 shows the calculated band structure of ZnO,Se;_, for x = 0.03125. The main
feature of this band structure is the splitting of the I" conduction band into two sub-bands E_
and E;. According to the band anti-crossing model (BAC) [19], the dispersion of these bands
is given by

Ex(k) = 3[Ey(k) + Eol + V[Eu(k) — Eol* + 4xC2, (D
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Figure 1. Comparison between Vegard’s law (dotted line) and LDA (solid line) calculated lattice
constants of ZnO, Sej_,.
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Figure 2. Band structure of ZnO, Se;_, for x = 0.03125.

where Eg is the energy of the localized O level, E (k) is the k-vector-dependent energy of the
conduction band states of ZnOSe, and C is the matrix element coupling the localized O state
and the extended states of ZnSe.

The introduction of oxygen into ZnSe gives a narrow resonant oxygen band located in the
conduction band edge. The interaction of the extended I" states of the conduction band of the
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Figure 3. Variation of the energy band gap of ZnO, Se|_,.

host semiconductor with the localized O-induced resonant states results in the formation of
the two non-parabolic sub-bands E_ and E.. The E_ band has mainly conduction-band-like
character, whereas the E_ band is due to Ep-like states.

The calculated dependence of the conduction band energy on the alloy composition is
shown in figure 3. The band gap decreases rapidly with increasing x, which is in agreement
with the experimental results. ZnOSe shows an abnormal giant gap reduction; this behaviour
is quite different from conventional semiconductors, where the band gap reduction is relatively
small.

The calculated band gaps for a given oxygen composition are then used to obtain the
bowing coefficient b of the optical band gap. The dependence of b is shown in figure 4.
The optical band gap bowing is found to be strong and composition dependent. This is in
contrast to the more typical I[I-VI semiconductor alloys, where it is relatively small and weakly
composition dependent [20].

We found a bowing parameter b equal to 7.1 eV for x = 0.03125, and 5.1 eV for
x = 0.125. We notice that even if the LDA calculations underestimate the energy gaps, the
differences between the gaps used in the determination of the bowing parameter tend to be in
good agreement with the recent measurement of Nabetani ez al [3] (about 8 eV for x < 1%).

To understand the physical origins of this giant and composition-dependent optical band
gap bowing, we decompose b into three physically distinct contributions [21]: (i) volume
deformation (VD), (ii) charge exchange (CE), and (iii) structural relaxation (SR).

At a given average fraction x, the ternary alloy ZnO, Se;_, obeys the formal reaction

xZnO(azno) + (1 — x)ZnSe(aznse) — ZnO,Se1—, (deq), (2

where az,o and azyse are the equilibrium lattice constants of the binary ZnO and ZnSe
respectively. deq is the equilibrium lattice constant of the alloy at the average fraction x.
We decompose reaction (2) into three steps

7Zn0(azyo0) + ZnSe(azyse) — ZnO(a) + ZnSe(a) 3)
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Figure 4. Composition dependence of the calculated total band gap bowing (b) with the three
contributions byp, bcg, and bsg.

(This figure is in colour only in the electronic version)

xZn0O(a) + (1 — x)ZnSe(a) — ZnO,Se;|_,(a) 4)

ZnO,Se|_(a) — ZnO,Se|_; (aeq). %)
The first step measures the volume deformation (byp) effect on the bowing. This term
represents the relative response of ZnSe (ZnO) to hydrostatic pressure from its individual
equilibrium lattice constant azyse (azno) to the alloy value a = a(x). The second contribution,
the charge exchange (CE) term, is related to a charge transfer in bringing ZnSe and ZnO to
a = a(x). The final step, the structural relaxation (SR) term, describes the change of the band
gap upon passing from the unrelaxed to the relaxed alloy, i.e. a(x) — aeq. By construction, the
total bowing is

b = byp + bcg + bsr. (6)

The general representation of the composition-dependent band gap of the alloys in terms
of the gaps of the binary compounds Ezusc(aznse) and Ezyo(azno), and the total bowing b
parameter, is

Eg(x) = xEzy0(azn0) + (1 — x) Eznse(aznse) — bx (1 — x). @)
This allows a division of the total bowing b into three contributions according to

EZnO(aZnO) - EZnO(a) + EZnSe (aZnSe) - EZnSe(a)

byp = —x . (®)
E n E n. E NdEe|_
b = £2 ol(a) LB se(@)  Eznse,_,0,(a) ©)
1—x X x(1—x)
bsg = EZnSel,xOx (a) — EZnSel,xOx (aeq) . (10)
x(1—x)
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All these energy gaps occurring in expressions (8)—(10) have been calculated for the indicated
lattice constants. The three contributions byp, bcg, and bsg due to volume deformation,
different atomic electronegativities and structural relaxation are plotted in figure 4. The
following points are noticed.

(i) The volume deformation term byp is relatively small and composition dependent.
(i1) The charge exchange term bcg is large and composition dependent; bcg scales with the
strong electronegativity mismatch of O and Se.

(iii) The structural term bgg is giant and strongly composition dependent, similar to the other
III-V-N mixed anion semiconductor alloys [20, 22, 23]. Thus, the structural relation effect
proportional to the Se-O atomic size difference appears to control the giant optical band
gap bowing of ZnSeO alloy.

4. Summary

We have used first principles calculations to investigate the effects of lattice mismatch in the
dilute ZnOSe alloys. Due to the large size mismatch between O and Se, the deviation of the
lattice parameter variation is positive, which is in direct contrast with the composition variation
of the lattice parameter for conventional III-V and II-VI alloys. Moreover, the optical band
gap bowing is found to be strong and composition dependent as found for other mixed anion
III-V-N systems. The stronger contribution is mainly due to the atomic bond relaxation effect.
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