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The structural, electronic, and optical properties of binary ZnO, ZnSe compounds, and their ternary ZnO; _, Se, alloys
are computed using the accurate full potential linearized augmented plane wave plus local orbital (FP-LAPW + lo) method
in the rocksalt (B1) and zincblende (B3) crystallographic phases. The electronic band structures, fundamental energy band
gaps, and densities of states for ZnO; _,Se, are evaluated in the range 0 < x < 1 using Wu—Cohen (WC) generalized gradient
approximation (GGA) for the exchange—correlation potential. Our calculated results of lattice parameters and bulk modulus
reveal a nonlinear variation for pseudo-binary and their ternary alloys in both phases and show a considerable deviation
from Vegard’s law. It is observed that the predicted lattice parameter and bulk modulus are in good agreement with the
available experimental and theoretical data. We establish that the composition dependence of band gap is semi-metallic in
B1 phase, while a direct band gap is observed in B3 phase. The calculated density of states is described by taking into
account the contribution of Zn 3d, O 2p, and Se 4s, and the optical properties are studied in terms of dielectric functions,
refractive index, reflectivity, and energy loss function for the B3 phase and are compared with the available experimental

data.
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1. Introduction

Group II-VI semiconductors have been a subject of in-
tense research work due to their wide band gaps!!™! that are
important for their utilizations in optoelectronic and commer-
cial electronic devices which operate in blue to near ultravi-
olet (UV) regions>®! The II-VI semiconductors are lucid for
short wavelength optoelectronic applications in light emitting
diodes (LEDs) and in laser diodes (LDs).[”! The outcome of
the research work on these materials has resulted in improved
LEDs and LDs working in the blue spectral region.®! Com-
pared with the earlier research interest in III-V semiconduc-
tors pertaining to their high luminescence efficiency and long
life time, nowadays, the increased interest in II-VI semicon-
ductors is due to their efficient use in various ultraviolet opto-
electronic devices.[”!

ZnO is a highly promising material used for optoelec-
tronic devices like LEDs, LDs transparent thin film transistors,
and solar blind photo detectors.[!9 Tt is also promising mate-
rial for band gap engineering and spintronic applications.!!!]
In some earlier studies, the band gap engineering for ZnO
has been reported in terms of selenium (Se) dopant.!'13] Im-
portantly, Salami et al.’s!'* and Guang et al.’s!'>! theoretical
studies regarding the ferromagnetism in nanosized and bulk
7ZnO have aroused the renewed research interest in doped ZnO.
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The direct band gap and transparency over a wide range of the
visible spectrum are the properties which make ZnSe an at-
tractive material.['®) The possible application of bulk ZnSe as
femtosecond laser and ZnSe/Zn,Cd;_,Se heterostructures for
electronic and optical properties makes pure and doped ZnSe
promising materials for basic and applied research.[!7-18]

The bowing parameters of ZnOSe alloys have been re-
ported to be comparatively large and comparable with those
of GaNAs and GaNP because of large electronegativity dif-
ferences between O and Se atoms.!'*2% Quemard et al.’s the-
oretical study!?!l for ZnO,Se;_, alloys shows that it is pos-
sible to have a ZnOSe ternary alloy with a larger band gap
of equal chemical composition of Se in ZnO. On the other
hand, the experimental analysis in terms of Raman spectrum
of ZnO|_,Se, is also available in Ref. [22]. To the best of our
knowledge, no theoretical investigations of optical and elec-
tronic properties of ZnO;_,Se, ternary alloy have been per-
formed. In this paper, rocksalt (B1) and zincblende (B3) ZnO
compound are doped with Se to calculate the structural and
electronic properties of ZnO;_,Se, (x = 0, 0.25, 0.50, 0.75,
1.0) in B1 and B3 phases, while the optical properties are stud-
ied for the first time in B3 phase. Accurate full potential lin-
earized augmented plane wave plus local orbital (FP-LAPW
+ lo) method within the framework of density functional the-
ory (DFT) is used as DFT calculations have time and again
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provide useful information about electronic and optical profile
ternary compounds. 23241

2. Method of calculation

The FP-LAPW + lo method has been adopted for the cal-
culations of structural, electronic, and optical properties of
ZnO;_,Se, using the WIEN2K code.!*! The total energy of
the electrons is calculated by the exchange—correlation po-
tential within the generalized gradient approximation (GGA)
proposed by Wu and Cohen (WC).?®) The Kohn-Sham
equation?’! is solved to determine the exchange—correlation
energy for computing structural, electronic, and optical prop-
erties of ZnO;_,Se, alloys. The potential and wave func-
tion are enlarged in spherical harmonic functions within the
non-overlapping spheres containing the atomic sites (muffin
tin spheres) Ryt (the radius of the muffin tin sphere) values
used in this work are 2.2 a.u. for Zn, 2.06 a.u. for Se and
1.96 a.u. (a.u. is the abbreviation for atomic unit) for O which
are selected in such a manner that there is no charge leakage
from the core and total energy convergence is ensured. The
charge density is Fourier expanded up to Gmax = 14 (Ry)!/2
and the maximum value for the wave function expansion in-
side the spheres is confined to /n,x = 10. For the binary com-
pounds ZnO and ZnSe the value of Kp,x X Ryt = 7 is used
while for the ternary ZnO;_,Se, alloys Kmnax X Ryt = 8 is
used to find the energy eigenvalue convergence, where Ryt
represents the smallest atomic sphere radius and Kpax is the
maximum value of the reciprocal lattice vector k in the plane
wave expansion. The k-mesh used in this work consists of
72 k-points for binary and 35 k-points for ternary alloys in
both B1 and B3 phases. The dielectric function is analyzed by
using a finer k-mesh with 120 k-points in the B3 phase. Self-
consistency has been achieved when the difference in total en-

ergy between two consecutive cycles is less than 0.00001 Ry
(1 Ry =13.605 eV).

3. Results and discussion
3.1. Structural properties

In order to evaluate the structural properties of
Zn0O;_,Se, alloys at x = 0.0, 0.25, 0.5, 0.75, and 1.0, we first
calculate the structural properties of the end binary ZnO and
ZnSe in the B1 and B3 phases that belong to space groups Fm-
3m and F-43m, respectively. The space groups of ZnO;_,Se,
atx =0.25 and 0.75 are Pm-3m in B1 and P-43m in B3, while
for x = 0.50 the structure becomes tetragonal with space group
P4/mmm in Bl and P-4m2 in B3 phase. The volume opti-
mization is done by minimizing the total energy at a num-
ber of different volumes. Using the Murnaghan’s equation
of state (EOSs)!?8! we compute the equilibrium structural pa-
rameters such as the lattice parameter (ap) and the bulk mod-
ulus (B) for binary and their alloys. The volume optimiza-
tion curves of ZnO_,Se, alloys at x = 0.25, 0.50, and 0.75
are shown in Fig. 1. The computed results of structural pa-
rameters are summarized in Tables 1 and 2, where it can be
seen that our present calculations of end binaries are in rea-
sonable agreement with the experimental and other calculated
values that are obtained using other GGA functionals. The lat-
tice parameters of ZnOj_,Se, alloys in both phases increase
by increasing the concentration of Se and the bulk modulus
decreases. The values of the lattice parameter and bulk mod-
ulus for ZnO_,Se, alloys of Se concentration are presented
in Fig. 2, for both phases respectively. It is also noticed that
with varying concentration lattice constant shows a consider-

129

able deviation from Vegard’s law!?°! which is comparatively

large for the bulk modulus.

Table 1. Calculated lattice parameters and bulk modulus of ZnO;_,Se, alloys compared with experimental and other theo-

retical results in B1 phase.

Composition Lattice constant a/A Bulk modulus B/GPa
X this work expt. other calculations this work expt. other calculations
0 4.342 42712 4.337°, 4.334° 162.41 2282 161.45%, 167.8¢
0.25 4.661 121.86
0.50 4.963 99.432
0.75 5.117 91.947
1 5.301 5.299¢ 5.268° 80.397 104.0¢ 78.6°,77.84°

aRef. [30], PRef. [31], °Ref. [32], 9Ref. [33], ¢Ref. [34], fRef. [35]

Table 2. Calculated lattice parameters and bulk moduli of ZnO;_,Se, alloys compared with experimental and other theoreti-

cal results in B3 phase.

Composition Lattice constant a/A Bulk modulus B/GPa
X this work expt. other calculations this work expt. other calculations
0 4.623 4.62¢8 4.616°,4.633¢ 131.64 163.241# 125.34%,133.73¢
0.25 4.987 92.233
0.50 5.348 81.203
0.75 5.449 73.064
1 5.738 5.667" 5.6231 59.801 69.311" 68.91, 63.07

bRef. [31], °Ref. [32], °Ref. [34], TRef. [35], ERef. [36], "Ref. [37], 'Ref. [38], IRef. [39]
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(a) ZnO,_,Se, alloys (Bl phase) (b) ZnO,_,Se, alloys (B3 phase)
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Fig. 1. Structural optimization plots for ZnOj_,Se, alloys at x = 0.25, 0.50, and 0.75 in (a) B1 phase and (b) B3 phase.
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Fig. 2. Variations of the calculated lattice parameters and bulk moduli with x for nO;_,Se,alloys (a) in B1 and (b) B3 phase.
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3.2. Electronic properties

In one way or another, the physical properties of a com-
pound are based on the electronic band structure of a material,
where the cause of the band structure lies in the density of
state (DOS). So a rigorous understanding of band gaps and
band structures necessarily becomes vital for the development
of optoelectronic, magneto—optic and magneto—electronic de-
vices. For the electronic band structure calculations, the Zn-
3d, 4s, O-2s, 2p, and the Te-4s , 4p states are taken as valence
states and all low lying states are treated as part of the core. In
B1 phase, band structure calculations show a metallic behavior
except at ZnO (i.e. ZnO;_,Se, at x = 0) that has an indirect-
band-gap (I'-X). In the case of B3 phase, the band structure
shows a direct band-gap (I'-I") behavior for ZnO;_,Se, at
concentrations of x = 0.0, 0.25, 0.5, 0.75, and 1.0.

ZnO compound in B1 phase has valance band maximum
along the L-direction that touches the Fermi surface while the
conduction band minimum is along the X-direction 0.9 eV
above the Fermi surface. Hence, there is a small indirect
band gap in the ground state but in B3 phase our calcula-
tions show that it is a direct band-gap material (the conduction

()

(b)

band minimum (CBM) and valence band maximum (VBM)
are located at the I'-symmetry point). On the other hand, the
band structure of ZnSe in the B1 phase reveals that the valance
band touches the Fermi surface and along the X-direction the
conduction band goes below the Fermi surface. Hence, the
material shows metallic nature while in ZB phase the direct-
band-gap the conduction band minimum (CBM) and valence
band maximum (VBM) located at the I'-symmetry point) of
semiconductor nature are observed. For the ternary alloy
ZnOj_,Se,, the band structure in B1 phase indicates that both
conduction and valence bands overlap and the material has a
metallic nature (Fig. 3), while in B3 phase the band gap de-
creases continuously with the increase of Se concentration. It
can be observed from Fig. 4 that the band gap energy value
decreases with the increase of Se concentration which is con-

[40] The band gap energy

sistent with the results in earlier work.
decreases from 1.26 eV to 0.76 eV with composition increas-
ing from 0.25 to 0.75 for B3 phase. The calculated band-gap
(I'-T") values for B3 phase as a function of Se concentration
is shown in Fig. 6, which are in good agreement with the ex-

perimental results.[4!]
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Fig. 3. Band structures of (a) ZnOy 75Seg 25, (b) ZnOg 50Seo 50, and (c) ZnOg 25Sep 75 in B1 phase.
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Fig. 4. Band structures of (a) ZnOg 755¢.25, (b) ZnOg 50Seq.50, and (c) ZnOy »5Sep 75 in B3 phase.
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Fig. 5. Total densities of states (TDOSs) of ZnO;_,Se, alloys at x = 0.0, 0.25, 0.50, 0.75, and 1, (a) in B1 phase and (b) B3 phase.
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Fig. 6. Band gap values of ZnO;_,Se, alloys in B3 phase at x = 0.0,
0.25, 0.50, 0.75, and 1.

The electronic DOSs for ZnO_,Se, alloys (x = 0, 0.25,
0.50, 0.75, 1.0) in B1 and B3 phases provide a further insight
into the contributions of various states to the conduction and
valence bands. The valence electronic configurations of Zn, O,
and Se are 3d'° 452, 1s? 25 2p*, and 3d'? 4s? 4p* respectively.

Total DOS along with the partial DOS of Zn, O, and Se for
ZnO_,Se, in B1 and B3 phases are shown in Figs. 5(a) and
5(b). For both ZnO and ZnSe compounds, there are large con-
tributions of Zn 3d, O 2p, Se 4s states in the valence band and
Se 4p states in the conduction band, therefore both compounds
in B1 phase do not show any distinct energy gap having metal-
lic nature, while in B3 phase they exhibit semiconducting na-
ture with distinctive energy gap. Figures 5(a) and 5(b) each
demonstrate the extra peak that appears between —5 eV and
0 eV in valence band during alloy formation with composi-
tions x = 0.25, 0.50, and 0.75 separately. For the alloy sys-
tem, the lower part of valence band is totally dominated by the
contribution of Zn 3d, Se 4s states, while upper part near the
Fermi level is occupied by O 2p, state. We can see that the al-
loy system retains the metallic nature in B1 phase, whereas
semiconducting nature in B3 phase. The DOSs in B1 and
B3 phases show that the Zn-3d states are broadened between
—3 eV and —6 eV and according to the photoemission dimen-
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sions, the Zn-3d states should be situated at about —6 eV at
valence band.[#?!

3.3. Optical properties

Theoretically, the optical properties of ZnO;_,Se, al-
loys have not been studied yet but some results are obtained
experimentally.[*?] As the calculation of optical properties in
the spectral range plays a vital role in the profound understand-
ing of the nature of that material, this information directly pro-
vides a transparent picture for the usage of this material in
optoelectronic devices. By considering that the core proper-
ties of ZnO_,Se, alloys that are direct band gap semiconduc-
tors make them optically active material all respective prop-
erties like frequency-dependent dielectric functions, refractive
index, reflectivity, and energy loss function are probed in de-
tail to cover their practical usage in optoelectronics.

The optical properties of matter can be calculated by com-
plex dielectric function £(®) = € (@) + i&(®), where € (®)
and & () are the real and imaginary components of the di-
electric function, respectively. The electronic band structure
is directly related to the imaginary part &(w) and it can be
calculated by adding all possible occupied states to the un-
occupied states of transitions. A complete explanation of the
calculation of these elements is given by Ambrosch—Draxl and
Sofo.!*3! The real part £ (®) can be derived from the imagi-
nary part using the Kramers—Kronig transformation. For B3
phase, the imaginary part calculations of the dielectric func-
tion for ZnO;_,Se, for x = 0.0, 0.25, 0.50, 0.75, and 1.0 are
shown in Fig. 8(a). It is observed that & () seems to be the

same for all Se concentrations with some changes that are dis-
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cussed in detail. It is observed that ZnO has durable absorption
region from 3.2 eV to 14.0 eV, while ZnSe has strong absorp-
tion region from 4.3 eV to 8.5 eV. The initial critical points of
& () occur at about 2.8, 1.4, 1.0, 0.9, and 0.76 for ZnO; _,Se,
alloys with x = 0.0, 0.25, 0.50, 0.75, and 1.0, respectively and
are recognized to be the thresholds for the direct optical tran-
sitions occurring at 1.49, 1.26 , 0.98, 0.80, and 0.70 eV. We
observe that the values of & () for all the binary and ternary
alloys are naturally shifted towards lower energies with the
amplitude increasing as Se concentration increases. This con-
firms our results that the increase in Se concentration causes a
decrease in band gap. The real part calculations of the dielec-
tric function are shown in Fig. 8(b).

An important quantity of € (®) is the zero frequency limit
€1(0). It represents the dielectric response to the static electric
field. In ZnO;_,Se,, € (0) increases from 2.6 to 4.2 and the
direct band gap decreases as x increases from 0 to 1. These fea-
tures of € (0) are closely related to the real part of the complex
refractive index n(®). Penn model** is suitable for under-
standing the dependence of the dielectric function on energy
gap. This model provides the relation £(0) ~ 1 + (hw,/E,)*
where @, is the plasma frequency and Eg is the energy band
gap; it clearly depicts the inverse proportion relation between
dielectric function and band gap. A recent experiment on
ZnOS:Al films has also shown a similar behavior of decreasing
dielectric constant with the increase of optical energy gap.!*?!
With the increase in Se concentration, the first solid peak in
€1 (w) shifts to a higher incident photon energy, then a sharp

reduction is observed.
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Fig. 7. Dielectric constants for ZnO;_,Se, alloys corresponding to different values of x for (a) & () and (b) &; ().
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Figure 8(a) shows the plots of refractive index n(w) for
Zn0O;_,Se, alloys at concentration x = 0.0, 0.25, 0.50, 0.75,
1.0 and the values of n(0) for their corresponding zero fre-
quency range are given in Table 3. As the concentration in-
creases, zero frequency n(0) also increases. Our results clearly
show that there is an inverse relation between the direct band
gap and n(0). This explains lower n(®) for the wide bandgap

function L(®) can also be obtained from € () and & (o).
The spectra of energy loss do not show any distinctive max-
imum peak in the region of about 0 eV-2.5 eV. In the range
about 11.5 eV-12.8 eV, the peaks of energy loss are larger but
slightly different from the peaks for x = 0.5 because it has a
tetragonal structure.

Table 3. Calculated optical parameters for ZnO;_,Se, at different Se

semiconductor. For ZnSe, our calculated values of n(®) are concentrations.

. . . . . -y i
reliable in comparison with the experimental results.[*1*>] The * Eg eV & R(0)  n(0) & (critical values)
reflectivity co-efficient R(®) depends on & (®) and & (). 0 149 260008 160 280

. 0.25 1.26 2.80 0.10 1.80 1.40
The maximum peak of R(®) occurs after 13 eV for each con- 0.50 0.98 320 013 210 1.00
centration as shown in Fig. 8(b). It means that beyond 13 eV, 0.75 0.80 370 017 230 0.90
maximum reflection appears. Finally, the electron energy-loss ! 0.72 420 020 260 0.76
3 C =
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Fig. 8. Complex refractive indexes for ZnO;_,Se, alloys corresponding to different values of x for (a) n(®), (b) R(®), and (c) L(®).

4. Conclusions

In this study, we calculate the electronic band structures,
DOSs, and optical properties for the ZnO;_,Se, alloys using
FP-LAPW -+ lo method within the framework of DFT. We find
the direct band gap in B3 phase but metallic behavior in B1
phase for all Se concentrations. The DOS calculations for al-
loy system show that the Zn 3d and Se 4s states dominate the
lower part of the valence band and O 2p state dominates the
upper part of the valence band. Our calculated optical spec-
tra of the alloy accord quite well with experimental data. The
analysis of our results confirms the optical properties of the
Zn0O_,Se, alloys are improved with Se concentration increas-
ing. Hence, our study may be regarded as a measurable theo-

retical prediction for such properties.
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