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Abstract

The present research work is a systematic study to know the influence of Mn doping on structural, electronic, and optical
properties of ZnTe nanoclusters (NCs). The calculations are performed on 4-atom, 6-atom, 8-atom, and 14-atom molecules
of pure and Mn-doped ZnTe using Generalized Gradient Approximation (GGA) in the framework of density functional
theory implemented in Amsterdam Density Functional (ADF). It has been found that 6-atom (Zn3Te3) has hexagon while
8-atom (Zn4Te4) Zinc-blende structure with TD symmetry and the smallest units of ZnTe NCs. The Raman and IR spectra
are also studied, which are comparable to the reported theoretical results. Different modes such as symmetric, Asymmetric,
scissoring, rocking, wagging, and twisting are identified. Due to quantum size affecting the wavelengths of the calculated
absorption peaks gradually shift to red in order of 4- atom, 6-atom, 8-atom, and 14-atom.
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Introduction

The II-VI compound semiconductors at nanoscale are
of great interest because of their wide direct bandgap,
stability of fundamental structural, electrical, and opti-
cal properties. They have many potential applications
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in thin-film solar cells, photo-detectors, photocatalytic
and optoelectronic devices [1, 2]. Substitution of transi-
tion metals (Mn, Cr, Fe, Ni, Co etc) into non-magnetic
semiconductor (II-VI, II-V, III-V and IV-VI) gives rise to
new class of semiconducting materials known as dilute
magnetic semiconductors which are the most auspicious
materials for applications in photo-catalytic and spintronic
devices [3, 4]. The II-VI compound DMSs such as ZnTe,
ZnSe, CdSe and CdTe, magnetic ions are easily absorbed
with +2 oxidation states [5]. Mn-doped DMSs provide a
few imperative applications and show anti-ferromagnetic
property while Cr-doped DMSs show ferromagnetism [6,
7]. Zinc Telluride (ZnTe) is II-VI semiconductor with
band gap 2.21 to 2.26 eV at room temperature and high
optical absorption coefficient, show zinc-blende struc-
ture, has many potential applications in different types
of solid state devices such as solar cells, photo-detectors
and light emitting diodes [8]. Literature survey shows that
ZnTe has been studied extensively and found its uses in
hetero-junction solar cells as a back contact for CdTe, vis-
ible light emitting semiconductor laser, substrate for the
growth of CdTe and hetero-structures based on ZnTe and
HgTe are used for infrared optics [9-12]. It is used for
optical power limiting applications on doping with vana-
dium [13]. This material can minimize the toxic nature
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by exchanging chemical bath deposited CdS layers when
it is used as a window layer in thin film solar cells [14].
Remarkable change in optical, electrical, and mechanical
properties of CdTe/ZnTe thin films is observed by doping.
In order to increase the conductivity of ZnTe thin films it
is doped with Ag impurity. Similarly, copper, nitrogen and
sodium doped ZnTe has important application in CdTe
solar cells as stable electrical back contacts [15]. Cop-
per doped ZnTe becomes very important in the research
due to its wide range of applications in microelectronics
and optoelectronics [16, 17]. ZnTe NCs has been studied
recently by Xu et al. under DFT but they did not identify
the modes of vibrations [18]. In this work we have identi-
fied all modes of vibrations like symmetric, asymmetric,
scissoring, rocking, wagging and twisting. Moreover, the
theoretical study of Mn doped ZnTe is not available in lit-
erature at nanoscale, this article has tried to fill this deficit,
results of pure and doped ZnTe are discussed.

Computational Details

Amsterdam Density Functional (ADF) [19] and Vienna
Ab-Initio Simulation (VASP) [20] packages are used
to perform calculations depending upon Kohn-Sham
density functional approach. The Generalized Gradient
Approximation (GGA) exchange and correlation function
with the parameterization of Perdew Burke Ernzerhof
(PBE) functional is evaluated within DFT. We had gen-
erated these structures with ab-initio random structure
searching (AIRSS) [21]. Initially these structures were
optimized with, and further calculations, such as geo-
metric optimization, Raman and IR spectra were per-
formed with ADF. The Quadruple zeta double polariza-
tion (QZ2P) basis sets are used for all calculations. The
GGA-PBE and QZ2P basis sets predict the best results
in analyzing the molecular geometries, enthalpies and
vibrational properties [22]. The 4-atom, 6-atom, 8-atom
and 14-atom of pure and Mn doped ZnTe are simulated in
ADF-GUI. The valence electronic configurations are Zn
(3d'%4s?) and Te (5s25p4) and the Zn-4d electrons or core
electrons in the valence configuration are considered as
inert [23]. The accuracy parameter is set to 4. The geom-
etry optimization and other calculations of these NCs
have been performed with energy convergence criteria of
10eV, gradient convergence criteria of 107 eV/A and
radial convergence criteria of 1072 A. Atomic orbital hav-
ing similar energies and the appropriate symmetry can
be combined to form molecular orbital [24]. Hydrogen
has been used as ligand because it saturates the NCs to
overcome the open shell calculations and dangling bond
problems.
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Result and Discussion

This section provides the information about the structural,
optical, and electronic properties of 4, 6, 8 and 14-atom
pure and Mn-doped ZnTe NCs. Varying number of atoms
affect the band gap of NCs, it decreases with increasing
number of atoms. The IR and Raman spectrum of all the
NCs are calculated and the peaks observed in each spectra
are compared with the experimental data (available in lit-
erature [25-27]).

Structural Properties

The binding energy with increasing size of NCs, Eg, is cal-
culated as: [28]

E(Zn,Te,) — nE(Zn) — nE(Te)

E, = (n=1-8) (1
n
And with Mn doping
E(Zn,Te,) — (n — 1)E(Zn) — nE(Te) — Mn
Ep = ( ) n=1-28)

n
@)

A higher positive value of Eg corresponds to a higher
stability of the cluster.

Figure. 1shows the binding energy of ZnTe (black) and
Mn-ZnTe (Red). The stability of each NCs increases with
doping of Mn-atom. The 10-atom structure is less stable
while 4-atom,

6-atom, 8-atom 12 and 14-atom clusters are stable. The
12-atom cluster is ignored because we need to dope these
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Fig. 1 The binding energy vs. size of the Zn Te, and Zn,-MnTe,,
(n=1-8) NCs (Color figure online)
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Fig.2 [A] Molecular Structures
and [B]Contour Plots of Pure
and Mn-Doped ZnTe (Color
figure online)

[A]Molecular Strutures

NCs with Mn-atom. In case of 4-atom, 6-atom and 8-atom,
there is only one choice to dope Mn due to high symmetry.
To retain high symmetry for active site, thel4-atom NCs is
chosen instead of 12-atom. In 12-atom NC, there are two
hexagonal rings, so doping at edge could break symmetry as
in 6-atom Mn doped (Fig. 2A(d)). Overall, the idea behind
considering 4-atom and 8-atom is because these are squared
or cubic NCs structures, while 6-atom and 14-atom NCs are
hexagonal structures. These high symmetry structures based
on their shape and daggling bonds are chosen for Raman
and IR spectra. This choice gives a comparative informa-
tion between 4 and §-atom and 6 and 14-atom from these
spectra. Figure 2 shows the [A] Molecular Structures and

(b)

6-atom

8-atom

14-atom

[B]Contour Plots

[B] Contour plots of 4-atom, 6-atom, 8-atom, and 14-atom
of pure and Mn-doped ZnTe NCs. The bond lengths, energy
gap, and bonding energies of pure ZnTe and Mn-ZnTe of 4,
6, 8 and 14-atom are given in Table 1. The energy gaps of
pure ZnTe of 6, 8 and 14-atom is closely related to experi-
mental value of 2.26 eV [29].

The Zn-Te bond lengths for 4, 6, 8 and 14-atom show
decreasing trend while Mn-Te show increasing trend and
the Mn-H bond lengths are remained constant. There is no
significant difference in the crystal structure of doped and
un-doped clusters as well as bond lengths, but energy gaps
are decreased in doped NCs as compared to un-doped. The
4-atom structure is planar, and 6-atom is hexagonal ring.
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Table 1 Bond Lengths (1&),

e . Pure ZnTe Zn-Te Mn-Te Mn-H Energy gap (eV) Zero-Point Bonding Entropy
energy gap and binding energies Energy (eV) Energy (eV) (cal/mole-
of Pure and Mn doped ZnTe K)

4-atom 2.56 1.59 0.06 1.73 87.826
6-atom 2.51 2.42 0.10 2.09 113.68
8-atom 2.68 2.25 0.15 2.11 130.05
14-atom 2.65 231 0.26 2.43 211.63
Mn-ZnTe
4-atom 3.59 2.32 1.52 0.49 0.23 2.47 92.350
6-atom 2.61 2.45 1.55 0.83 0.29 2.54 117.71
8-atom 2.70 2.56 1.54 0.53 0.32 2.57 135.34
14-atom  2.64 2.57 1.54 0.55 0.43 2.51 208.70

The structure of 8-atom ZnTe is challenging structure hav-
ing similarity with zinc-blende structure. The bond length
between the atoms of Zn and Te is 2.786 A. The 6-atom NCs
can be modified to large clusters with the increase in number
of hexagons as we have simulated 14-atom NCs which is
also hexagonal. Moreover, contour plots in Fig. 2[B] show
that bonding between Zn-Te is ionic. Furthermore, the val-
ues of entropy, binding energies and zero-point energies
given in Table. 1 show that all NCs are thermodynamically
stable, and this stability increases with the increase in the
size of NCs.

Electronic Properties

Molecular orbitals i.e, HOMO and LUMO along with their
properties are very useful for physicist and chemist and are
used by the frontier electron density. The HOMO represents
the capability to accommodate an electron (Ionization poten-
tial) whereas LUMO as an electron acceptor to character-
ize the capability to accept an electron (Electron affinity)
(Fig. 3).

The central aspect of the electronic properties is the
energy gap between occupied and unoccupied electron
states, the HOMO-LUMO (H-L) gap. In small clusters
quantum effect becomes important and as a result large
energy gap has been appeared. The increase in cluster’s
size, quantum effect becomes less important and thus larger
size clusters would have insignificant energy gap. The
HOMO and LUMO are also very important in approximat-
ing stability, determining transition, and investigating type
of material. The clusters with large H-L gaps are more sta-
ble as compared to those with lower values of the band gap.
As the cluster size increases, H-L gap increases, this leads
to a less chemical reactivity. To estimate the electronic sta-
bility of small clusters H-L gap is an important parameter.
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The large energy gap has a direct relationship with elec-
tronic stability and inverse with reactivity and vice versa.
Moreover, the values of bonding energy (eV) in Table. 1
show that NCs become thermodynamically stable as the
size of these clusters increases. The §-atom ZnTe is a fasci-
nating high symmetry (T,) zinc-blende structure. The cal-
culated HOMO and LUMO is delocalized over the whole
cluster, meaning that saturation of dangling bonds abstains
from the appearance of surface localized trap states. The
HOMO is mostly affirmed over the anion p-valence orbital,
while LUMO is mostly composed of Zn-4s orbital. The
H-L gap values of pure ZnTe and Mn doped ZnTe for
4-atom, 6-atom, 8-atom and 14-atom are given in Table 1.
We have observed that the band gap reduces significantly
on doping. Furthermore, we can adjust H-L gap by chang-
ing the number of atoms. This rule is induced by quantum
size effect.

To further study molecular orbital characters, we gener-
ated HOMO and LUMO of these structures. Fig. 4a, c, e,
and g shows the HOMO-LUMO plots of pure ZnTe while
Fig. 4b, d, f, and h shows HOMO and LUMO of Mn doped
ZnTe. Obviously, there is d orbital in HOMO and there is
no d in LUMO which is composed of p orbital. Moreo-
ver, all absorption peaks are transitions from HOMO to
LUMO. It testifies that all transitions in these structures
are from d to p-orbital. Namely, d-orbital of Te-atom
does not participate in bonding. Besides, seeing from
HOMO-LUMO plots in Fig. 4, we can find that 4-atom
ZnTe structure has strong delocalization which provides
it better stability that is important for structure formation
experimentally.

Raman and Infrared (IR) Spectroscopy

To find the vibrational and structural information of ZnTe
NCs, we have calculated Raman and IR spectra of 4-atom,
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Fig.3 Energy Level Diagrams of Pure and Mn doped ZnTe

6-atom, 8-atom and 14-atom of pure and Mn doped NCs and
are given in Fig. 5. The modes of vibrations of these NCs
are given in Table 2.

The above-mentioned peaks represent different modes of
vibrations i.e, symmetric and asymmetric stretching, bend-
ing, or scissoring, twisting, rocking, and waging at frequen-
cies as listed in Table. 2.

In case of Mn doped ZnTe NCs, we saturate them
with hydrogen to make the close shell configuration
and to introduce the solvent environment. The observed
Raman peaks for Mn- doped ZnTe with 4-atom, 6-atom,
8-atom and finally 14-atom Mn : ZnTe NC are also given
in Table 2. In addition to these peaks, some peaks for
hydrogen are observed at high frequencies i.e, 1850, 1882,
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Fig.4 HOMO-LUMO plots of
Pure (left) and Mn-doped ZnTe
(right) (Color figure online)

HOMO

(a)
()
(e)
(g
ZnTe

and 1917 cm™! [18]. These results are comparable with
experimental results (126, 175, 204, and 406 cm™!; modes
of vibrations for pure ZnTe). The Raman peaks at 177
and 206 cm™! are attributed to the transverse optic and
longitudinal optic phonon modes of ZnTe, respectively
[26]. Doping of ZnTe with transition metals and satura-
tion of hydrogen provides IR spectra with greater number
of peaks and frequencies. Different IR active modes of
vibrations are shown in Fig. 6.

Finally, different modes of vibrations are investigated at
above mentioned peaks in Fig. 7.

It is absorbed that if the frequency of modes of vibration
increases with increasing cluster size, it is blueshift and if the
frequency of modes of vibration decreases with increase in
cluster size it is the redshift. In pure ZnTe and Mn-ZnTe, the
symmetric mode shows blueshift while asymmetric mode of
vibration shows redshift. The twisting, symmetric and asym-
metric modes show redshift while remaining show blueshift

@ Springer

HOMO LUMO

LUMO

8-atom 6-atom 4-atom

14-atom

Mn:ZnTe

in Mn:ZnTe while in pure ZnTe, the symmetric modes show
blueshift and asymmetric modes show redshift. It can be
seen that symmetric, asymmetric, Scissoring and twisting are
present for all NCs. But rocking mode is absent for 8-atom
and wagging mode is absent for 4 and 8-atom. These modes
strongly depend on the structure of NCs. This investigation
clearly shows that 6-atom and 14-atom have same (hexago-
nal) structure as all modes of vibrations are present. Moreover,
4-atom (Planer) is different from 8-atom (Zinc-blende) due to
presence of rocking mode in 4-atom NC.

Conclusion

The purpose of this research work is to investigate the prop-
erties of 4, 6, 8, and 14-atom ZnTe NCs. The energy gap
of ZnTe NCs can be varied by the substitution of dopant
atom and increasing the number of atoms in a cluster. The
electronic and optical properties depend upon the size of the
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Fig.5 Raman Spectra of 4, 6, 8 and 14-atom Pure and Mn-doped ZnTe (Color figure online)
Table2 Modes of Vibrations of S/N Mode of vibration Frequency (Calculated value)
Pure and Mn-doped ZnTe (This work)
ZnTe
4-atom 6-atom 8-atom 14-atom
1 Symmetric 221 116,128,155 85,132,180 145,225
2 Asymmetric 260 76,299 216 121,161,221
3 Scissoring 137 128 85,180 225
4 Rocking 139 257 - 58,106,188
5 Wagging 75 - - 40,216
6 Twisting 187 56,299 69,150 78
Mn: ZnTe
1 Symmetric 182 167 134 148
2 Asymmetric 294,373 200,262 215 107,196,220
3 Scissoring 13 50,167 120 62
4 Rocking 39 - 73 162
5 Wagging - 472 - 123
6 Twisting 535 540 412 31, 39, 220
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NCs due to quantum confinement effect in nano-materials.
The electronic and thermodynamic stabilities increase with
the increase in size of NCs. Raman and IR analysis of pure
and Mn-doped ZnTe clearly explain the modes of vibrations
at different frequencies and as well different structures of
these NCs.
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