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In this paper, we explore the structural, electronic and optical properties of ZnX and CdX (X =S, Se and
Te) compounds in the two-dimensional (2D) graphene-like structure using the full potential augmented
plane waves plus local orbitals (FP-APW + lo) method. Unlike their bulk phase, they are optically inactive
because of their indirect band gap nature except CdS and ZnS. These two compounds maintain their
direct band gap nature and hence are optically active. The static dielectric constants for these monolayers
illustrate increasing trend with decrease in the band gap values. Furthermore, an acceptable description
of electron transitions in these monolayers is accomplished according to the imaginary parts of the
dielectric functions and absorption spectra in ZnS and CdS as examples of each group of CdX and ZnX.
The results presented in this article revealed that ZnS and CdS in the 2D structure can be effectively used
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in optoelectronic devices such as solar cell materials and so forth.
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1. Introduction

Metal mono-chalcogenides especially cadmium and zinc based
groups II-VI compounds with general formula CdX and ZnX, where
X represents S, Se and Te, are the commonly used chalcogenide
materials with 1:1 stoichiometry [1,2]. They are known for their
wide range of band gaps, from IR to UV, which make them suitable
for many high-tech applications in our progressing world. These
compounds have extensive applications in optical waveguides [3],
photovoltaic devices [4], blue light emitting diodes [5-7], blue
lasing materials [3], photo detectors [8], solar cells [9], along
with catalyst applications [10]. Moreover, thin film transistors, THz
emitters, detectors and imaging systems would not have existed
without these chalcogenides [11]. These wide range of applications
in the optoelectronic industry makes them ideal compounds for
theoretical and experimental studies.

In the bulk form, the cadmium and zinc based groups II-VI
semiconductors crystallize in two main phases, zincblende and
wurtzite [12]. The first-ever monolayer of CdSe was reported by
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Lister and Stickney [13] in 1996 using the electrochemical atomic
layer epitaxy (ECALE) technique; however, they found it in wurtzite
phase. After that, many others have tried to work on the synthesiz-
ing of these compounds too; e.g., S. Ithurra and B. Dubertret [14]
synthesized quasi two dimensional (2D) colloidal CdSe platelets
with the atomic level thicknesses. Gao and Wang [15] synthesized
2D single crystal CdS nanosheets; Mahdi et al. [16] also synthe-
sized these compounds using the pulsed laser deposition tech-
nique. Although extensive theoretical studies are reported on the
bulk and nanostructures of CdX and ZnX (X =S, Se and Te) to
understand their structural, electronic and optical properties [12,
17,18], limited theoretical studies are available in the literature
about the 2D graphene-like structure of these compounds. In 2012,
the electronic and magnetic properties of the semi fluorinated CdS
sheets were studied by Xiao et al. [19] using the PBE version of
the generalized gradient approximation (PBE-GGA). Recently, Tang
et al. [20] calculated the magnetic properties of carbon substi-
tuted CdS monolayer using the ab initio DFT calculations within
GGA functional. Also Zheng et al. investigated II-IV semiconduc-
tor groups with LDA functional that the obtained results from this
functional causes to an underestimation of energy gap values [21].
The physical properties of the compounds can be greatly influ-
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Table 1
Calculated lattice parameters (in A) and the cohesive energy (eV) for the 2D
graphene-like structures are compared with the other available results.

CdS CdSe CdTe ZnS ZnSe ZnTe

Lattice parameter (A)
This work 424 444 4.76 3.88 4.10 443

Others 417° 4.45° 3.89¢

Cohesive energy (eV)

This work —-7.0 —5.97 —49 —6.12 —5.04 —44.22
Ref. [21] —5.85 —5.31 —4.74 —6.68 —5.95 —-5.17

a Ref. [32]; P Ref [33]; ¢ Ref. [34].

enced by quantum confinement effects in nanoscale structures.
In this article, various physical properties of the CdX and ZnX
(X =S, Se and Te), the flat form of honeycomb monolyers that
could be created as a result of substrate effects, stress and strain
condition and so forth, are explored using the density functional
theory (DFT) approach to reveal the quantum confinement effects
on these compounds. An unusual change from optically active na-
ture to inactive form is observed for the compounds under study
except CdS and ZnS, which have not been reported earlier. In or-
der to obtain logical and rational results for these compounds, the
calculations are carried out with one of the most recent and effec-
tive theoretical tools, mB]J-GGA [22]. This technique has proved its
worth in our earlier studies on bulk samples of II-VI semiconduc-
tors [23-27]; therefore, it is expected to be also effective for these
2D structures of the II-VI semiconductors.

In this article in addition to identifying the bonding orbitals
of atoms, we have explained the possible reasons for the varia-
tion of the direction of band gap by changing material phase from
bulk to 2D state simultaneously. Optical investigation consists of
finding the exact electron transitions in CdS and ZnS as active ma-
terials based on selection rules in hybridized orbital. These kinds of
orbitals and their bond formation details can be found in the elec-
tronic part of this article. These data can help us to suggest their
suitable applications and let them find their way even in solar cell
devices and photocatalyst materials.

2. Computational details

In this theoretical work, the set of Kohn-Sham equations for
2D ZnX and CdX (X =S, Se and Te) compounds in graphene-like
structure have been solved using the full potential augment plane
waves plus local orbitals method (FP-APW + lo) within the frame-
work of the DFT [28,29] implemented in the WIEN2k code [30].
The selection of appropriate exchange-correlation functional is of
key importance in the DFT calculations. Therefore, to achieve the
best results from our calculations, we use the modified Becke and
Johnson exchange potential proposed by Tran and Blaha [22] and
the generalized gradient approximation functional parameterized
by Perdew-Burke-Ernzerhof (GGA-PBE) [31]. The cutoff parameter
RmrKmax is set to “7”, where Ryt is the smallest radius of the
muffin-tin sphere radii and K;qx denotes the largest k-vector to
expand plane waves in the interstitial area. The Gpqx Which deter-
mines the number of terms of the Fourier expansion of the charge
density function in calculations is optimized to 14 Ry!/2. Using the
random phase approximation [32] (RPA), the dielectric tensors are
derived to achieve the imaginary part of the dielectric function and
the Kramers-Kronig relations are set out to achieve the real part
of this function. Because of the need of heavy mesh for the optical
calculation part, the 12 x 12 x 3 and 30 x 30 x 7 k-points mesh in
the first Brillouin zone (1BZ) are considered to calculate the elec-
tronic and optical properties. Lorentzian broadening is considered
with gamma equal to 0.1 eV. The volume optimization is neces-
sary to achieve an unstrained monolayer for each compound in

Table 2

The comparison of our calculated energy band gaps (in eV) within PBE-GGA and
mBJ-GGA functionals for the 6 compounds under question in the zinc blende struc-
ture with the other theoretical and experimental results.

LDA mBJ-LDA  GGA-PBE*  mBJ-GGA*  Exp.
cds 1370 2.66° 1159 2.69 2.55¢d
Cdse 076  1.89° 0.630 2.015 1.90¢, 1.82¢
CdTe  0.80°  156° 0.758 1.805 1654, 2.55¢
ZnS 2370 3.66° 2.086 3.657 3.78¢, 3.85¢, 3.82¢
ZnSe  145° 267" 1276 2772 2.82¢4,3.24¢
ZnTe  133*  222° 127 242 2.39%4, 3.36°
* Our results; 2 Ref. [12]; P Ref. [17]; € Ref.[36]; 9 Ref.[37].

Table 3

The comparison of our calculated energy band gaps (in eV) within PBE-GGA and
mBJ-GGA functionals for the 6 compounds under question in the wurtzite structure
with the other theoretical and experimental results.

LDA mBJ-LDA GGA-PBE* mBJ-GGA* Exp.
cds 1.36° 2.66" 1176 2.743 2.58¢, 2.60°
CdSe 0.75% 0.662 2.075 1.83¢, 2.26¢
CdTe 0.85° 0.837 1.861 1.60¢
ZnS 2.45% 3.66" 2173 3.776 3.91¢, 3.94¢
ZnSe 1.43° 1.405 2.892 2.87¢
ZnTe 1.48° 1.442 2.437
* Qur results; 2 Ref. [12]; P Ref. [20]; € Ref. [36].

our study. Thus, we have employed Birch-Murnaghan equation of
state [33] to get a more stable monolayer of each compound in an
unstrained mode. The results of the relaxed lattice parameters are
summarized in Table 1 and compared with other results [34-36].

3. Results and discussions
3.1. Electronic properties

The 1I-VI semiconductors family, especially CdS, CdSe, CdTe,
ZnS, ZnSe, and ZnTe as the well-known direct band gap materi-
als, can be crystallized normally in the zinc blende and wurtzite
structures in bulk [37].

As we mentioned, the flat honeycomb structure is our choice in
this study. First of all, we must identify the structural stability of
these structures by calculating the cohesive energy of each com-
pounds. The cohesive energy can be calculated by this formula:

Ebinding = Ecdx@znx) — Ecd@n) — Ex. (1)

where Ecgx(znx), Ecdzn)y and Ex are total energy of monolayers,
isolated Cd or Zn atoms and isolated X atoms, respectively. The X
represents for S, Se and Te. The results of these calculations are
inserted in Table 1. With comparison between these values and
the mentioned values in Ref. [21], the structural stability of these
structures can be proved.

The existence of wide energy band gap is a significant char-
acteristic which is of particular importance for determining their
applications. The calculated band gap energies using the mBJ-GGA
approach for the bulk samples of the compounds under study are
compared with the other theoretical approaches and experimental
techniques [38,39] in Tables 2 and 3.

As it can be seen from Tables 2 and 3, the mBJ-GGA results
of this work are in good agreement with the experimental val-
ues in previous the researches. These results also provide direct
band gaps for these chalcogenides (see supplementary data). It is
worthy to mention here that mB]-GGA is a reliable theoretical tool
for these compounds. Hence, this approach may also be effective
for the treatment of the low dimensional nanostructures of these
compounds; therefore, in this study, we proceed with mBJ-GGA
for the 2D structure of these compounds. Quantum confinement
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Fig. 1. The linear on-site charge distributions of ZnS (red), ZnSe (blue), ZnTe (green)
in top panel, and of CdS (red), CdSe (blue) and CdTe (green) compounds in bottom
panel. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

exerted on a compound in different low dimensional nanostruc-
tures such as graphene [40] and hexagonal BN [41] envisions the
advent of new and perhaps useful features in physical and chem-
ical properties of materials and nanostructures. So in this paper,
we have compared the graphene-like nanosheet of these structures
and have investigated their characteristics. Due to the higher level
of accuracy that is obtained with mB] functional compared with
the other exchange-correlation approximations, we decided to use
this functional to investigate the graphene-like structures of them.
First of all, we focus on the linear on-site charge distribution in
Fig. 1.

This figure obviously exhibits the different on-site charge dis-
tributions in these six compounds and can be a good criterion for
the evaluation of ionic bond nature. It is obvious that the variation
of on-site charge distribution of chalcogen atoms demonstrates the
bonding nature move towards the ionic bond from the covalent
bond with increasing anion radius, i.e. from sulfur to tellurium.
This movement is obvious from observing the widening distribu-
tion of the electron density along the bonds in the counter plot of
Fig. 2.

The shielding effect of internal electrons increases by increasing
the atomic number which can lead to the less effect of nucleus
attraction force on valence electrons. Furthermore, with respect to
the electronegativity of anions (S =2.58, Se =2.55, Te =2.10) and
cations (Zn = 1.65, Cd = 1.69), the bonding nature movement from
ionic toward covalent can be an understandable subject [42].

In order to achieve a better discussion on the electronic prop-
erties of these nanostructures, the total densities of states are pre-
sented in Fig. 3.

As it can be seen from total DOSs, the energy gaps for ZnX
group are correspondingly larger than those of CdX group; the
value of their energy band gaps is given in Table 4.

The energy band gaps of these compounds change depending
on the type of the chalcogen atoms that have contributed in bond,
so that a significant reduction in band gap value can be recognized
for both branches as a companion consequence of atomic number
and anionic radius increasing from sulfur to tellurium atoms. We
turn to the study of the hybridization and the bonding mecha-
nisms of these materials here. Since the behavior of CdX and ZnX
branches in total DOS is similar to each other, we have concen-
trated on ZnS and CdS partial DOS as examples of each branch
(see Fig. 4).

With due attention to the structural symmetries on one hand
and s orbital overlapping with p orbital on the other hand, as it
is clear from Fig. 4c and 4d, one can conclude that sp? hybridized
orbitals are formed. Broadening of these two orbitals (s and p)
in the same range of energy confirms this fact. In fact, sp — p
bonding orbital is the total orbital that shows the overlapping of
sp? hybridized orbital of S and Cd(Zn) atoms with p, orbital of
sulfur atoms in this flat form of graphene-like structures.

The corresponding antibonding orbitals allocates the conduction
band naturally. In Fig. 4a and 4b, one can see a distinguished peak
in —1 eV to 0 eV range that denotes to that part of p orbital in
sulfur atoms directed perpendicular to the monolayer plane (z di-
rection); this orbital is fully occupied and remains below the Fermi
level, as it can be observed obviously in Fig. 4a and 4b compared
to Fig. 4e and 4f. With regards to the energy level of p, orbital lo-
cating around the Fermi level, this orbital plays a crucial role in
the properties of these nanostructures. Some of its roles will be
studied in the optical session. sp2 — p antibonding orbitals allocate
such energy levels that have located above the Fermi level, so they
form the edge of conduction band minimum (CBM). These orbitals
are extended in sort of wide range of energy as well. They can
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Fig. 2. Two dimensional charge density of (a) CdS, (b) CdSe, (c) CdTe, (d) ZnS, (e) ZnSe and (f) ZnTe compounds. Magnitude of the charge density is expressed by colors, with
the blue at one end of the spectrum being the smallest and the white at the other end the largest. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 3. Calculated total DOSs for all compounds.

Table 4
The calculated energy gap in eV by mBJ-GGA and PBE-GGA functional for all mono-
layers.

ZnS ZnSe ZnTe Cds CdSe CdTe
mBJ-GGA 32 215 1.5 21 13 0.86
PBE-GGA 247 157 112 1.55 0.91 0.59

be the destination of the first electrons after excitation. In 5 eV to
6 eV range of energy, the p, orbital of cadmium (zinc) atoms show
up with a significant peak. This orbital in cadmium (zinc) atom is
completely unoccupied and is located in the perpendicular direc-
tion to (x, y)-plane, which can also involve in a weak interaction
with p, orbital of sulfur atom. This interaction occurs as a partial
charge exchange between these two orbitals. The electron density
of these structures illustrates in perpendicular to nanosheet plane
and shows this partial charge exchange (see Fig. 5).

The energy band gaps of these structures in bulk phase were
reported as direct band gaps [8,12], and data have been reported
here is in good agreement with these previous works (see sup-
plementary data). The monolayer energy band structures of these
compounds will be investigated below.

5 T 5
4l (@ . CdS (Total) 4] ®) ZnS (Total)
3t 3
2t 2
1 1
0 0
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Fig. 4. Calculated total DOSs for (a) CdS, and (b) ZnS, as well as partial DOSs for s
and p orbitals of (c¢) cadmium for CdS monolayer, (d) zinc for ZnS monolayer, (e)
sulfur for CdS monolayer, and (f) sulfur for ZnS monolayer.

Band structures of these compounds in honeycomb structures
in —1 eV to 5 eV range of energy are shown in Fig. 6.

Although the CdS and ZnS band structures indicate the direct
band gaps, CdSe, CdTe, ZnSe and ZnTe are of indirect band gaps
clearly. Here, two descriptions have been presented for more ex-
planation about the difference of energy gap direction in CdS and
ZnS monolayers in comparison with CdSe, CdTe, ZnSe and ZnTe
monolayers:

1. Regarding electronic arrangement of chalcogen atoms (S: [He]
3s23p*; Se: [Ne] 4s24p*; Te: [Ar] 5s25p?), one can find out
their valence orbitals which have different energy levels in
comparison with each other. Also p orbital energetically lo-
cated farther from s orbital in the valence shell by increasing
atomic number (the difference between energy levels of s and
p orbitals in the valence shell becomes larger by increasing
atomic number). The hybridized orbitals have been situated in
lower energy levels compared with the participated orbitals
before bond formation. This trend gets intense with an in-
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Fig. 5. 2D charge density distribution of (a) CdS, (b) CdSe, (c) CdTe, (d) ZnS, (e) ZnSe and (f) ZnTe compounds, colors are representation for magnitude of the charge density
distribution, with blue at one end of the spectrum as the smallest value and white at the other end as the largest one. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)



M. Safari et al. / Physics Letters A 381 (2017) 663-670 667

J@N / 1) "\ J© \
3 3 34
2 2 2./\
0.0t 0.03 0of
N
—~ \
% -0.5 -0.5 0.5
?-1.@ m 1.0 m 1.9 m
) N e 40
3 3 3
2 23 2 —\
13 14 13
0.0 0.0 0.0
\
05 0.5 0.5
M r KM M r KM M r K M

Fig. 6. Band structures for all compounds by mBJ-GGA functional. The band gaps
have varied in two types of direct and indirect bands in CdSe, CdTe, ZnSe and ZnTe;
however, it have remained direct for CdS and ZnS.

crease in the atom’s radius, so bond formation in CdTe (ZnTe)
and CdSe (ZnSe) makes bonding orbitals in a lower level than
that in CdS (ZnS).

2. On the other hand, the p, orbitals of chalcogen atoms and
Cd(Zn) atoms have interactions with each other (see Fig. 5).
Once atomic number increases, the interaction between the
nearest p, orbitals becomes further. These interactions lead to
an increase in the amount of energy of p, orbital to higher
amount of energy in CdSe, CdTe, ZnSe and ZnTe than that in
CdS and ZnS.

Both of these phenomena have resulted in indirect band gaps
in CdSe, CdTe, ZnSe and ZnTe. It is known that the direct band gap
makes a material optically active, while an optically inactive mate-
rial is characterized by its indirect band gap because of involving
phonon in electron transition [24]. Therefore, these graphs imply
that CdS and ZnS maintain their active mode when they are 2D
nanosheets, but the optical nature of CdSe, CdTe, ZnSe, and ZnTe
changes to inactive mode compared to the nature of bulk samples.

3.2. Optical properties

As mentioned earlier, CdS and ZnS maintain their optically ac-
tive nature in the graphene-like monolayers; therefore, the knowl-
edge of the optical properties of these monolayers is important
for their applications in various optoelectronic devices. The opti-
cal properties of a material are related to the complex dielectric
function, so in order to understand the optical properties of these
compounds it is necessary to discuss the complex dielectric func-
tion for these compounds and then relate it to the absorption
mechanism.

Complex dielectric function explains the linear behavior of a
system subjected to the electromagnetic radiation. Thus, the un-
derstanding of this function is a key factor to know the optical
properties of a material. As it is shown below, the complex dielec-
tric function consists of two parts: the real and imaginary parts,

Ecomplex = SR[S (U))] + iS[S (a))] . (2)

The real part of this function describes polarization and the
imaginary part deals with the absorption of a material. The imagi-
nary part is calculated using the following equation which is based
on the random phase approximation (RPA) method:

| —cCds —— cdse CdTe|

E|jx

ZnS ZnSe ZnTe |

E|jx

Real g(w )

al @ -1

10 12 14 16 0 2 4 6 8 10 12 14 16
Energy (eV)

0 2 4 6 8
Energy (eV )

Fig. 7. The real parts of dielectric function have been plotted for x and z direction;
(a) CdS (blue), CdSe (red), CdTe (green) for E||x; (b) CdS, CdSe, CdTe for E||z; (c) ZnS
(blue), ZnSe (red), ZnTe (green) for E||x; (d) ZnS, ZnSe, ZnTe for E||z. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Table 5
Static dielectric constant for both directions of E polarization calculated in this
work.

Directions ZnS ZnSe ZnTe Cds CdSe CdTe
E||x 2.04 2.46 312 2.23 2.86 3.59
El|lz 144 149 1.60 143 148 1.55

47722 2dk3
Sewa(@)] = —— Zf(27T)3|(1'l<|z7a|fl<>\2
i.f

x (1= fHS(ES — Ef —w) . (3)

This equation represents the contribution of interband transi-
tion [43], where |ik) represents the state vector for initial position
and | fk) represents the state vector for the final position. fl.k and
ff represent Fermi distribution function of occupied and unoccu-
pied states, respectively. The real part of the complex dielectric
function is calculated using the imaginary part in the Kramers-
Kronig relations as below:

oo

, 2 '3 eqp(@) ,

S)i[é‘aﬂ(a))] =8qp + p PI‘/ %dw ) (4)
0

where Pr denotes the Cauchy principle part of the integral [44].
This equation is used to calculate the real part of the complex
dielectric function for all the monolayers under study, for both di-
rections of electric field polarizations, i.e. parallel to the monolayer
plane (E||x) and perpendicular to the plane (E||z). It is clear from
the plots (Fig. 7) that the static dielectric constant, which is known
as dielectric constant of matter in the presence of static electric
fields (S)t[s(a) = 0)]) [45], increases with the decrease in band gap
energy for both directions of polarization.

The calculated values for these constants are provided in Ta-
ble 5. The relationship between band gap energy and static dielec-
tric constant has been reported [46], and the present study follows
that trend.

The plots and data also reveal that the variation of these values
for perpendicular component of E(E||z) is less remarkable than the
parallel component. Furthermore, the behavior of the real dielectric
function for high frequency (function’s value for w — oo0) demon-
strates converging point for all graphs (9’%[8(0) — oo)] =1); this
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Fig. 8. Optical absorption spectrum: (a) CdS for E||x; (b) CdS for E||z; (c) ZnS E||x; (d) ZnS E||z; Ry, Ry and Rs refer to main peak of CdS and ZnS compounds for investigating
interband transitions; the first absorption threshold are shown as inserted pictures in z direction.

Table 6
Threshold of photon absorption compared with electromagnetic spectrum.

Infrared spectrum (124 meV-1.7 eV) CdSe, CdTe, ZnTe
Visible spectrum (1.7 eV-3.1 eV) CdS, ZnSe
Ultraviolet spectrum (3.1 eV-124 eV) ZnS

upper border is called optical dielectric constant. With the change
in anion atom, no significant change is observed in this value, i.e.
from sulfur to tellurium. On the other hand, the abnormal region
of propagation [46] is shifted towards lower energy with the in-
crease in the radii of anions, i.e. from sulfur to tellurium.

The imaginary part of dielectric function is directly related to
the photon absorption in a compound. Our main concern is the
study of the identified optically active ZnS and CdS monolayers;
therefore, the absorption coefficient for these compounds are cal-
culated using the imaginary part of the dielectric function in the
following equation:

3[eij(@)]

cnjj(w)

ajj(w) = (5)

Here, 3[&ij(@)], nij(w) and ¢ are the imaginary part of the
dielectric function, refractive index and the light velocity [47], re-
spectively. The calculated absorption spectrum of ZnS and CdS is
presented in Fig. 8.

It is clear from the plots that in the x direction, the first sig-
nificant photon absorption occurs corresponding to the band gap
values. This absorption generally relates to a particular region of
the electromagnetic spectrum which can lead to specific applica-
tions of a compound in optoelectronic and photonic devices.

In semiconductors, the main absorption comes from interband
transitions; therefore, we have determined three important regions
for absorption by Ry, Ry and Rj3 labels corresponding to the inter-
band transitions of CdS and ZnS (see Fig. 8). These three significant
regions of absorption illustrate the increase in photon absorption
for corresponding energy. The clear vision of the absorption mech-
anism for these compounds can be achieved by identifying the
energy levels of the band structure engaged in every electron tran-
sition. The energy levels that may be useful in the description of
electron transition in both compounds versus the Brillouin zone
directions are presented in Fig. 9.

In the x direction, the first significant photon absorption occurs
corresponding to the band gap values. The first rising compared
with regions of the electromagnetic spectrum is identified in Ta-
ble 6.

It is worth noting that the first absorption of photon for per-
pendicular polarization to monolayer plane has occurred in the
high energy range of photons.

d-Zn S[)E-p /):-Zn Sp"*—p*

>

N

d-cd sp:—/) /7:—(‘d SPZ*-p*

10

'

v
/(. .

Energy (eV)

N ~—— -

AR ¢

-64(a)cds
. — | 1(b) ZnS
K r M K K r M K

Fig. 9. Band structures for CdS and ZnS monolayers calculated by mBJ-GGA func-
tional.

In details, the first region of the absorption spectrum for x di-
rection belongs to adsorbed photons in the range 2.1-4.6 eV for
CdS and 3.2-5.6 eV for ZnS. A photon absorbed in these ranges
of energy can result in electron excitation from 3p, orbital of sul-
fur atoms to sp? — p antibonding orbitals. This transition occurs in
that part of sp? — p antibonding orbital which is of space symme-
try of s* in Cd atom (s antibonding orbital). On the other hand, the
transition of excited electrons from sp? — p orbitals to their corre-
sponding antibonding orbitals also can contribute to the creation
of this part of the absorption spectrum.

The second region of these spectra happens in the range
4.6-6.7 eV for CdS and 5.6-7.5 eV for ZnS, where the most percent-
age of the radiations is absorbed by the materials in this region.
The absorption in this region consists of two kinds of electron tran-
sition. In the first portion, absorption happens due to the electron
excitation in sp? — p orbitals that choose corresponding antibond-
ing orbitals as a destination, while another main portion in this
region occurs when the unoccupied p, orbital of Cd hosts excited
electron from the occupied p, orbital of S atom in CdS. In this
compound, these electrons can transit to sp?> — p antibonding or-
bitals (with the preferable space symmetry of s orbital) and absorb
photons in the range 5.44-5.6 eV. However, in ZnS monolayer, this
kind of transition occurs in the range 5.6-6.4 eV.

The third region of absorption occurs when the electrons from
the p, orbital is hosted by sp? — p antibonding orbitals; these elec-
trons choose almost that part of the hybridized orbitals in which
the space symmetry is close to p orbital symmetry.
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As a consequence of the electric field of incident photons with
out-of-plane polarization (E||z), electron transition obeys different
patterns of initial and final orbitals with respect to the selection
rules compared with transitions created by the parallel direction
of the electric field (E||x).

The “Ry” labeled region of absorption in this direction of polar-
ization belongs to 7.44-8.83 eV range of energy for CdS monolayer
and 8.12-9.6 eV for ZnS monolayer. The most amount of absorp-
tion in this region is due to the electron transition from sp? — p
bonding orbitals to p, orbital of Cd atom. These electrons in CdS
monolayer may be hosted by sp? — p antibonding orbitals (prefer-
ably s orbital space symmetry) under the condition of absorbing
photons with specific energy of 8.7 eV. It is necessary to mention
that these kinds of electrons in ZnS monolayer absorb photons in
the range of 9.36-8.85 eV to transit between these two specific
sites of energy.

The second region in absorption graphs (labeled as “Ry”) in this
direction (E||z) rises because of the increase in photon absorption
by the electrons in p, orbital of sulfur to move to sp?> — p anti-
bonding orbitals, where the space symmetry of the hosted orbital
has p symmetry. The third region (labeled as R3) in these spectra
is due to the transition of electrons from sp? — p bonding orbital
to sp? — p antibonding orbitals with almost p space symmetry.

It is necessary to mention here that thresholds are always im-
portant from the application point of view, so we discuss them for
the polarization of E||z. It can be seen from the figures (Fig. 8) that
thresholds occur in lower energy with small peaks (these peaks are
exaggerated by an inserted picture in Fig. 8 to give a better vision).
It is illustrated in the plots that this region for CdS monolayer is in
the range 4.0-5.57 eV, while it occurs in the range 5.0-6.0 eV for
ZnS monolayer. These electrons are excited from sp? — p bonding
orbitals and p, occupied orbital of sulfur to sp> — p antibond-
ing orbitals. It would be better to note here that these excited
electrons choose that part of the hybridized orbitals as their des-
tination which have space symmetry of s orbital; therefore, their
final target is closer to 5s* orbital (s antibonding orbital) in cad-
mium.

4. Conclusion

In summary, electronic and optical properties, along with the
chemical bonding mechanism of the CdS, CdSe, CdTe, ZnS, ZnSe
and ZnTe 2D graphene-like structures are investigated using the
DFT approach with mBJ-GGA method. Some major results are listed
here:

e The variation of on-site charge distribution of chalcogen atoms
(in agreement with the electron density distribution and val-
ues of the electronegativity of anions and cations) demon-
strates the bonding nature moves from covalent bond to ionic
bond with increasing in anion radius, i.e. from sulfur to tel-
lurium.

e The energy gap for ZnX group monolayers are correspond-
ingly larger than those of CdX group, and the bond formation
mechanism is investigated, which shows that the atoms of the
monolayers bond through sp2 — p hybridization orbitals.

e The type of band gap is interestingly affected by bond forma-
tion mechanism such as the different energy values of bonding
orbitals in different compounds and the weak interaction be-
tween p; orbitals of adjacent atoms. It is concluded that the
band gap nature of CdSe, CdTe, ZnSe and ZnTe transforms from
direct to indirect.

e The optically active nature of all compounds in bulk phase
changes into optically inactive nature in monolayer phase
apart from CdS and ZnS. It is observed that the quantum

confinement effects lead to the electronic rearrangement ob-
viously in their bonding nature and orbital hybridization.

e Furthermore, the optical properties of the compounds are de-
scribed by the complex dielectric functions. Their optical spec-
tra get a red shift with increasing atomic number of anions
from sulfur to trillium. Also, increasing trend can be indicated
in value of dielectric constant. All of this goes back to their
electronic arrangement and photon interaction with electrons
in different levels of energy.

e Optical absorption spectra are discussed in detail. The first
region of the absorption spectrum for x direction is almost cre-
ated by electron excitation from 3p; orbital of sulfur atoms to
sp? — p antibonding orbitals. This transition occurs in that part
of sp?2 — p antibonding orbital which is of the space symme-
try of s* in Cd atom (s antibonding orbital). This knowledge
and the value of photon energy for these transitions can lead
to their applications in devices such as solar cells.

These results lead to the conclusion that these compounds can
be efficiently used in optoelectronic devices working in the visible
and UV range of the electromagnetic spectrum.
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