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Zinc blende (ZB) and wurtzite (W2Z) structure of cadmium selenide (CdSe) is determined using density-
functional theory within local density approximation (LDA), generalized gradient approximation (GGA), Hubbard-
correction (GGA + U) and Hybrid functional approximation (PBEO or HSEO6). The convergence test of total
energy with respect to cutoff energy and k-point sampling is performed to assure the accuracy of calculation. The
equilibrium lattice constant of CdSe in both phases are calculated and the obtained values are in good agreement
with experimental values. The calculated band gap values of CdSe in WZ and ZB phase are severely
underestimated. However, the band gap values obtained by using GGA + U and the hybrid functional
approximations are consistent with the experimental results. Optical properties: complex and real parts of dielectric
function, energy loss spectrum and absorption coefficient of CdSe in both ZB and WZ phase were studied. The
calculated static dielectric constant &, (0) of ZB CdSe is 11.7595, 13.7050 and 8.2099 for LDA, PBE and DFT + U
approximations respectively. The value obtained using Hubbard correction is consistent with the experimental
result. Moreover, the static dielectric constant &, (0) of WZ CdSe is 8.1211, 5.3536 and 4.2133 for LDA, PBE and
DFT + U approximations in that order. The optical absorption spectrums of both phases have several peaks which
correspond to different electronic transitions from occupied to unoccupied band. However, the loss function
describes the loss of energy while traversing through the material.
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Introduction

Cadmium selenide (CdSe) is a semiconductor
compound of the I1-VI family which crystalizes in zinc
blend and wurtizite phases [1]. CdSe is transparent in the
infrared region of the electromagnetic spectrum [2]. It has
high efficiency of radiative recombination, high
absorption coefficient and high photosensitivity [3-6]. -
CdSe has been extensively studied due to its technological
applications such as light-emitting diodes [7-9], solar
cells, photodetectors and optoelectronic [10, 11] and
photovoltaic devices [12, 13]. ZB- CdSe is a stable phase
at low temperature and transform to wurtzite structure
above critical temperature [14]. The electronic and
structural properties of CdSe are studied using LDA [15].
The electronic band structure of CdSe is studied by angle
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resolved photoemission [16]. The elastic, electronic and
lattice dynamical properties CdSe is studied using LDA
[17]. In addition to this the band gap of CdSe is calculated
using EV-GGA [18]. However, these LDA based
computational results of the band gap are found to be
lower than the experimental band gap values. Even
though, EV-GGA method improves the band gap value, it
also underestimates the band gap value in comparisons to
the experimental band gap values. In present study the
electronic, structural and optical properties of ZB- and
WZ- phase of CdSe are determined using LDA, GGA,
GGA + U and PBEO methods. The article is organized as
follows: Section 2 describes the method of calculation.
Moreover, the results and discussion are presented in
section 3. Finally the findings are concluded in section 4.
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Table 1
Crystal structure data is compared with both theoretical and experimental data.
Methods LDA PBE DFT+U PBEO
Phase
ZB Present a=6.082 a=6.214 a=6.220 a=6.082
Theories a = 6.305[34], 6.239[33], 6.05[35]
Experiment | a =6.084[36]
wz Present a=4.253 a=4.385 a=4417 a=4.253
c = 6.920, € =6.863 c=7.186 € =6.920
u=0.373 u=0.374 u=0.376 u=0.374
Theories a=4.390[33] a=4.20[36]
c=7.10 c=6.80
Experiment | a=4.310[33]
c=7.010
a) CdSe in ZB phase
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Fig. 1. Lattice constant versus total energy of CdSe: a) ZB b) WZ Phases.

I. Computational methods

Many body problems are very difficult to solve [19].
That is, the state of motion cannot be solved analytically
for systems in which three or more distinct electrons
interact [20]. Density functional theory is emerged for
such problems [21-23]. In this article the calculations are
performed using Quantum-ESPRESSO (QE) package that
is based on DFT and plane wave pseudo potential method
[24, 25]. In Khon Sham equations, the exchange
correlation potential is difficult to predict and a puzzling
term in DFT. To estimate this potential LDA [26], PBE
[27], GGA + U [28] and hybrid (PBEO) [29] functional are
implemented. The pseudopotentials developed for QE
package (PBE QE UPF, LDA QE UPF and PBESOL QE
UPF) from the GBRV Pseudopotential library [30] and
PAW pseudopotentials [31] are implemented in the
potential approximation. While approximating this
potential the core electrons which cannot participate in the
chemical bonding of the system are frozen and only
valence electrons are considered. The electron
configuration of cadmium is [Kr] 4d°5s? and that of
selenium is [Ar] 3d¥°4s24p*. In order to treat the strong

electron-electron correlation among the d-electrons of the
system the Hubbard correction is introduced. The optimal
Hubbard parameter U used for ZB and WZ CdSe are 3.0
and 3.4 eV respectively. Moreover, the value of mixing
parameter in the hybrid function PBEO is 0.25. For
convergence tests, the electronic wave functions are
expanded in a plane wave basis set with trial cut-off
energy. The k-point sampling of the Brillion zone is
constructed using Monk Horst Pack Mesh scheme [32].
The convergence test for total minimum energy as a
function of cutoff energy is performed with an increment
of 10 Ry in the range of 10 to 100 Ry. While varying the
energy cutoff the other parameters in the input file made
fixed. For good total minimum energy convergence we
have used the criteria that the change in energy (AE)
from the reference point (100 Ry) to be approximately
equal to 4 x10~* Ry per cell. In this calculation,
AE = 3.8 x 10~* per cell (9.5 x 10~5 Ry per atom) for
WZ- CdSe at 55 Ry energy cutoffs for LDA
approximation and less than this value for GGA, PBEO
and GGA+U approximations. Moreover,
AE = 1.65 x 10~ per cell (8.25 x 10~>Ry per atom) for
ZB CdSe at 60 Ry energy cutoffs for LDA approximation,
and less than this value for other types of approximations.
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Similarly the convergence test for total minimum energy
versus k -point sampling with an increment of 2x2x2
from the range of 2x2x2 to 10x10x10is performed
fixing the other parameters constant. It is observed that a
6x6x6 k-point samplings for Brillion zone integration
yield accurately converged total energy of ZB-CdSe for
LDA, PBE, DFT+U and PBEO respectively. In case of
WZ-CdSe the total energy converged at 7x7x7 Kk-point
sampling for Brillion zone integration in relation to LDA,
PBE, PBEO and DFT + U. Using the values of cutoff
energy and k-point sampling from the energy convergence
calculation, the structural optimization was done by giving
initial lattice constant (a,) smaller than the expected value
in the calculation of total energy. The calculations are
iterated where at the end of each step we obtained a new
structural parameter (a) and the new total energy (E). The
iteration continued until we obtain the lowest total energy.

I1. Results and discussion

2.1 Equilibrium Lattice Constant

The equilibrium lattice constants of CdSe in ZB and
WZ phases are calculated using plane wave self-consistent
field (PWSCF). In this calculation, the cutoff energy and
k-point sampling are the points at which the total energy
is converged. The calculated values of lattice parameters
using LDA, PBE, DFT+U and PBEO methods are shown
in Table 1 and compared with previous theoretical and
experimental results. Moreover, the value of structural
parameter for WZ CdSe is the nearest neighbor distance
along c-axis in units of c. Its value for ideal WZ CdSe
structure is 0.375. It shows that our calculations in accord
with LDA, PBE, DFT+U and PBEO are in good
agreement with previous theoretical and experimental
results. LDA underestimates the lattice constant by 1 %
whereas PBE overestimates it. Moreover, lattice constant
versus total energy is displayed in Fig. 1.

2.2 Electronic properties of CdSe

The band-gap and band structures along high
symmetry points of Birllouin zone of CdSe in ZB and WZ
structure are performed within LDA, GGA, GGA + U and
PBEDO potential approximations. The calculated electronic
band structures within LDA, GGA, DFT+U and PBEO are
shown in 2a for ZB-CdSe and 2b for WZ-CdSe phase. The
band structure shows that CdSe in both ZB and WZ phase
is a direct band gap semiconductor as the top valence and
bottom conduction bands aligned at the same high
symmetry I' point. Moreover, the calculated band-gap in
electron volt (eV) is summarized in Table 2 and compared
with the experimental result.

LDA and GGA potential approximations severely
underestimate the band gap values of CdSe in ZB and WZ
phase. This problem was improved by using projector
augmented-wave  pseudopotential ~within  Hubbard-
correction (GGA+U) and hybrid functional
approximation (PBEOQ) [37-40]. The band gap values
obtained by using GGA + U and hybrid functional
approximations are in good agreement with the
experimental band gap values.

Density of state for ZB- and WZ-CdSe is determined
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within LDA, PBE and DFT+U as demonstrated in Fig. 3a
and 3b. Density of states (DOS) describes the behavior of
states occupancy over specific energy level. It gives a
detail of the states which are unoccupied and the states
which are occupied. A high DOS at a specific energy level
describe the states available for occupation. For both
phases the density of states are discontinuous for the width
from the top of valence band to the bottom of conduction
band which is normally the band gap of the system.

2.3 Optical properties of CdSe

An investigation of optical properties of CdSe is very
essential for optoelectronic applications. So the
fundamental quantities, frequency dependent complex
dielectric function were calculated. Complex dielectric
function is the combination of the imaginary e,(w) and
real e1(w) parts of the permittivity. WZ CdSe crystal
structure is anisotropic and has the perpendicular and
parallel components of polarization. However, in this
article we considered a monochromatic laser source of
light is applied parallel to the c-axis and considered only
the parallel component of the polarization and the
dielectric function related to this polarization. Other
optical properties such as absorption coefficient,
extinction coefficient, energy loss and refractive index are
acquired from these fundamental quantities. The
frequency dependent imaginary dielectric function &,(®)
of materials [31] is given by equation:

£2(0) = 5oz B Jyg Prnt ()2 ()

Where fBZ is an integration over the entire Brillouin

Zone, Y., is the sum over all initial valence band and
final conduction band states, |P,,(k)|? is the dipole
matrix element between final and initial states, dS, is
energy surface with constant value, w,,’ (k) is the energy
difference between two states. The real part of dielectric
function &, (w) can be extracted from imaginary part using
Kramer-Kroning relation [42].
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where P is the principal value of the integral.

Hence the frequency dependent imaginary €2(w) and
real e1(®) dielectric function of CdSe compound in WZ-
and ZB- phase are calculated within time dependent
density functional perturbation theory (TD-DFPT) using a
Lanczos chain as illustrated in Fig. 4. The absorption
coefficient and the loss function in terms of real and
imaginary part of dielectric function is given by:

1
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Many peaks are corresponding to different electronic
transitions observed in the spectra of real and imaginary
part of the dielectric function. The polarization effects and
strength of dynamical screening are described by the real
part of the dielectric function ;; () . However, the energy

absorption as the result of charge excitation is related to
the imaginary part of the dielectric function PROR The

peaks observed in the optical spectra are related to the
transitions from the valence to conduction bands in the
electronic energy band structure of high symmetry points
in the Brillouin zone. Due to many body interactions and
the random orientation of the transition dipole moments,
the oscillatory trend is observed in the spectrum. The
oscillatory trend in this

Table 2
Comparison of calculated band gap of CdSe and Experimental value.
Methods | | pa PBE DFT+U PBEO Experiment
Phase
ZB 0.33 0.61 1.83 1.94 1.90[33, 35]
WZ 0.37 0.65 1.85 1.76 1.80[33]
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Fig. 2. Band structure of CdSe along high symmetry points: a) in ZB phase b) WZ phase
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Fig. 3. Plotted density of state of CdS in a) ZB phase b) WZ phase using gnuplot.
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spectrum represents the presence of many body
interactions and it is dependent upon strength of transition.
From Fig. 4a one can observe that the real part of

dielectric function & (@) of ZB-CdSe structure has

maximum peak of 27.44 at photon energy of 1.5392 eV
using LDA approximation. According to PBE
approximation it has maxima at 17.6246 at photon energy
of 0.6597 eV. For DFT+U approximation the maximum
value is 9.5508 at photon energy of 0.8796 eV. Moreover,
the values of the static dielectric constant &,(0) of ZB-
CdSe is 11.7595, 13.7050 and 8.2099 for LDA, PBE and
DFT+U approximations respectively. The experimental
value of static dielectric constant of ZB CdSe is 8.61[43].
The staic dielectric constant obtained using DFT + U
approximation is in good agreement with the experimental
value with a percentage error of 4.6 %.

As shown in Fig. 4b the real part of dielectric function
&) (@) of WZ-CdSe structure has 9.341 for photon energy

of 0.4398 eV, 6.5965 at photon energy of 0.6597 eV, and
5.0637 at photon energy of 2.4188 eV with respect to
LDA, PBE and GGA +U approximations respectively.
The static dielectric constant of WZ-CdSe is 8.1211,
5.3536 and 4.2133 using LDA, PBE and DFT+U
approximations in that order. The experimental value of a
static dielectric constant of WZ CdSe for parallel
component is 10.1 [43]

The peak magnitudes of imaginary part of the
dielectric function for ZB-CdSe is 43.3684 at photon
energy of 1.7591 eV, 23.5075 at photon energy of 5.0575,
and 9.7116 at photon energy of 4.6177 in accord with
LDA, PBE and PBE +U approximations in that order.
However, the peak values for WZ-CdSe are 4.84 at photon
energy of 0.439%V, 3.9948 at photon energy of 0.8796 eV
and 4.0028 at photon energy of 4.1779 eV using LDA,
PBE and PBE+U approximations respectively.

The absorption coefficient and the energy loss
function spectrum for ZB- and WZ-CdSe structure are
determined from frequency dependent dielectric function
using equation (3). The energy loss spectrum and
absorption coefficient are demonstrated in Fig. 5.

The optical absorption spectrum of ZB- and WZ-
CdSe based on LDA, PBE, and DFT+U approximations
are demonstrated in Fig. 5a and 5h. The energy dependent
spectra of absorption has a viable increasing and
decreasing trend. Most of the peaks correspond to
different electronic transitions from occupied to
unoccupied band. Moreover, the oscillatory trend in these
spectrums represents many body interactions. It is resulted
from random orientation of the transition dipole moments
with applied electromagnetic field. The maximum values
of absorption coefficient are 15.6628, 16.3048 and
11.6307 for ZB-CdSe with respect to LDA and PBE and
DFT + U approximations respectively. However, the
maximum value of absorption coefficients for WZ-CdSe
are 8.1307, 7.2510 and 6.4447 using LDA, PBE and
DFT+U approximations in that order.

Fig. 5¢c and d describes the value of energy loss
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(https://doi.org/10.1088/0953-8984/20/44/445217).

determined using equation (3). The energy loss-spectrum
is important for describing the energy loss of fast electrons
passing through the -ZB or “WZ phase of CdSe. The peaks
of L (o) (5c and 5d) correspond to the rapid decrease in
reflectance. The energy loss function L(@) determines

the loss of energy while traversing through the material.
However, the absorption coefficient describes the
transition of electrons from valence band to the
conduction band.

Conclusion

The structural, electronic and optical properties of
ZB- and WZ-CdSe are studied using density functional
theory. The exchange correlation functional is
approximated using LDA, GGA/PBE, GGA +U and
PBEO. The values of lattice constants obtained using
LDA, PBE, DFT + U and PBEQ approximations are in
good agreement with experimental results. The band gap
values of ZB CdSe obtained using LDA and PBE potential
approximations are severely under estimated with
percentage error of 82 % and 68 % respectively compared
to the experimental value. Moreover, the band gap values
of WZ CdSe with respect to LDA and PBE
approximations are with percentage error of 79 % and
64 % when compared with experimental values.
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agreement with the experimental values with percentage
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dielectric function describes the absorption coefficient.
The energy loss function shows the lost energy while the
electromagnetic wave traverses inside both phases of
CdSe. The absorption coefficient describes the transition
of electrons from valence band to the conduction band
from different orbitals.
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T.I'. Enoccal, M.M. Bonnemapiam?

EnexkTpoHHi, CTPYKTYPHI Ta ONTH4YHI BJACTHBOCTI cesieHixy kaamiro (CdSe) y
CTPYKTYPi HIMHKOBOI 00MAaHKH Ta B'IOPUMTY, BUKOPUCTOBYIOUYH TEOPil0
(pynkuionaay ryctuHu Ta nonpasku Xad0apaa

1Koneodoic npupoonuuux ma obuucnosanshux nayx, Yuisepcumem Boaneau, Bonneza, Eqionis. teshgerb@gmail.com
2Konedoic npupoonuuux nayk, Yuieepcumem Jocummu, Joicumma, Eqpionis, menberu.mengesha@ju.edu.et

Crpykrypu ceneniny kaamito (CdSe) tumy nunkoBoi obmanku (ZB) ta B’ropuury (WZ) BHU3HaYeHO,
BUKOPHCTOBYIOUM TeOpito (YHKIOHATy TYCTHHH y Mexax HaOmwkeHHs JokaneHoi ryctuHH (LDA),
y3aranpHeHoro HaoOmwmkeHHs rpaxienra (GGA), xopekmii Xa66apna (GGA + U) Ta HabmmkeHHs TiOpHIHOTO
¢yHkuionary (PBEO abo HSE(06). BukoprcToByouH NMCEBIONOTEHIIAN TIIOCKUX XBHIIb 13 MEPIHIUX NPUHIMIIB
OTpHMaHO pesakcaniiiti nmojxoxenHs aromiB CdSe y crpykrypi ZB ta WZ Ha 0cHOBI MeToLy MiHiMi3allii 3arainbHOT
eHeprii Ta cwi 3a HaOmmkeHHsAM [euimana 1 Deiinmana. [lepeBipka Ha 301XHICTh 3arajibHOI €HEPrii MO0 eHeprii
BiJICiKaHHS Ta K-TOUKY NPOBOIMIIN JUIsl 3a0e3MeYeHHsT He00X1/THOT TOYHOCTI po3paxyHKy. Po3paxoBaHO KOHCTaHTH
PIBHOB&)XHMX CTaluX TpaTKH Ta o0'eM enementapHoi koMipku CdSe mis o6ox ¢azax. Otpumane 3HAYCHHS
MOPIBHIOETHCS 13 eKCIIepUMEHTAIbHUMU 3HaueHHsIMH. KpiM Toro, muprHa 3aboponenoi 3oun CdSe aHamizyeTbest
3a gpomnomororo DFT B mexax LDA, GGA, DFT + U ta PBEO i HaOmumKeHHS HEBiZOMOro OOMIHHOIO
KOpeJsIiHHOro (hyHKIiOHATY. 3HAUSHHs MPHUHH 3200pOHEHOT 30HU, OTpuMaHi 3 Bukopuctanusim LDA ta GGA,
MOJICKY TM HEOOLIHEeH1 yepe3 TX Morany anpoKCHMallilo 00MiHHO-KOpessiLiiHoro noreHuiany. Liro npodnemy Gyio
MOKpAIEHO 32 J0NOMOrOl0 BUKOPHUCTAHHS IIPOEKTOPA IICEBJOIOTEHIIAy JJOMIOBHEHOT XBII B PaMKaxX KOPEKLi
Xa66apaga (GGA + U) rta riOpuaHoro ¢yHkuioHampHOro HaoOmmwkeHHs. ONTHUYHI BJIACTHUBOCTI: BHKOHAHO
JOCITi/DKEHHSI KOMILUIEKCHUX Ta AIWCHUX YaCTUH AIeNeKTPUYHOI (QYHKIIT, CIEKTpy BTpAT eHeprii Ta koediwieHty
nornuHanbs CdSe sk y ¢asi ZB, tak iy pazi WZ.

Kurouosi ciioBa: cenenif kaamito, IOT, piBHOBa)kHa cTalia IpaTKy, 30HHA CTPYKTYpa, ONTHYHI BIACTUBOCTI.
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