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Abstract An ab initio study has been performed for the
stability, structural and electronic properties of 19 small
zinc selenide Zn,,Se,, (m + n = 2—4) nanoclusters. Out of
these nanoclusters, one nanocluster is found to be unstable
due to its imaginary vibrational frequency. A B3LYP-DFT/
6-311G(3df) method is used in the optimization of the
geometries of the nanoclusters. We have calculated the
zero point energy (ZPE), which is ignored by the other
workers. The binding energies (BE), HOMO-LUMO gaps
and bond lengths have been obtained for all the optimized
nanoclusters. For the same value of ‘m’ and ‘n’, we des-
ignate the most stable structure the one, which has maxi-
mum final binding energy (FBE) per atom. The adiabatic
and vertical ionization potentials (IP) and electron affinities
(EA), dipole moments and charge on atoms have been
investigated for the most stable nanoclusters. For the same
value of ‘m’ and ‘n’, the nanocluster containing maximum
number of Se atoms is found to be most stable.

Keywords DFT study - Semiconductor - Nanoclusters -
HOMO-LUMO gap

Introduction

The period for more than three decades has drawn signif-
icant attention to explore the physics and chemistry of
II-VI semiconductor nanoclusters (Alivisatos 1996;
Murray et al. 2000; Trindade et al. 2001; Efros and Rosen
2000; Hagfeldt and Gratzel 1995; Brus 1984). There exists
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a continuous transition from molecular electronic structure
to that of the bulk. A nanocluster is an intermediate phase
between the molecule and bulk, whose electronic and other
properties may be exotic. However, two fundamental facts
are attributable to the small size of these particles instead
of that their physical properties are very different from
those of the bulk material. The first fact is that the excitons
are confined in a dimension to the order of the particle
size, resulting in a compression of the bulk exciton and a
corresponding blue shift in the first excited state with
decreasing size (Rosetti et al. 1984). This property is
known as the quantum confinement effect. According to
the technological point of view, the quantum confinement
effect has created a great interest due to the unique ability
to tune the optical properties by changing particle size. The
second important fact of these quantum-confined nano-
particles (quantum dots or QDs) is that the surface to
volume ratio is much greater than that of the bulk semi-
conductor, and thus the nature of the surface influences
more on the physical properties of these particles.

Among [I-VI semiconducting materials, ZnSe is a direct
band gap semiconductor with room temperature band gap
energy and an emission at 2.80 eV, which suggests that
ZnSe is a potentially good material for short-wavelength
lasers and other photoelectronic devices. In addition, ZnSe
is of special interest as it exhibits tunable-ultraviolet (UV)
luminescence via quantum confinement effects. ZnSe is
one of the promising materials for fabrication of light
emitting devices, such as blue—green laser diodes and
tunable mid-IR laser sources for remote sensing applica-
tions (Hasse et al. 1991; Jeon et al. 1991; Tawara et al.
1999; Sarigiannis et al. 2002; Rho et al. 2000; Xiang et al.
2003; Karanikolos et al. 2005; Cumberland et al. 2002).

A number of experimental (Kukreja et al. 2004; Zhu
et al. 2000; Kumbhojkar et al. 1998; Reiss 2007; Nikesh
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et al. 2006) and theoretical studies (Matxain et al. 2001;
Deglmann et al. 2002; Goswami et al. 2006, 2007; Sanville
et al. 2006) for the physical properties of both the surfaces
and the bulk phases have been performed. However, a
study of the small size nanoclusters of these selenides is
still lacking for their better understanding in terms of the
size dependence of the properties. Matxain et al. (2001) has
calculated ground state geometries of small size Zn,Se,
(n = 1-9) nanoclusters using B3LYP gradient-corrected
density functional method. Deglmann et al. (2002) have
obtained the atomic structure of Zn,Se,, nanoclusters up to
heptamers (n = 7). Using time-dependent (TD) density
functional response theory (DFRT) within the tight-binding
approach, the structural and electronic properties of un-
passivated Zn,,Se, (m + n = 200) clusters have been cal-
culated by Goswami et al. (2006, 2007). Most recently,
Sanville et al. (2006) produced the ZnSe nanoclusters by
direct laser ablation method and analyzed in a time of flight
mass spectrometer. They predicted only few physical
properties like atomization energy, HOMO-LUMO gap
and vertical ionization potential of small stoichiometric
Zn,Se,, (n = 1-16) nanocluster at B3LYP level of theory
using SKBJ (d, 2df) basis set.

Earlier, we have performed an ab initio study for Ga,N,,
and Zn,S, nanoclusters (Yadav et al. 2007, 2010) and the
study has been extended to Zn,,Se, (m + n = 2-4) small
nanoclusters with unequal number of n and m atoms. This
study covers the other’s study of Zn,,Se, nanoclusters with
equal number of n and m atoms by different method to
obtain the most stable structures up to four atoms. Also, in
the experimental study (Kukreja et al. 2004), most of the
nanoclusters with unequal m and n atoms are found to be
stable. In this paper, we report the results of a theoretical
study of the structural, stabilities, HOMO-LUMO gap,
adiabatic and vertical ionization potential (IP) and electron
affinity (EA), charge on atoms and dipole moment of small
size Zn,,Se, (m + n = 2-4) nanoclusters by using the
B3LYP-DFT/6-311G(3df) method. We present the method
used in the investigations in second section. Third section
contains the calculation and results and the last section
contains the conclusions.

Methods

All the geometrical structures are fully optimized using the
hybrid gradient-corrected functional (B3LYP) (Becke
1988, 1993; Lee et al. 1988) within density functional
theory frame (Hohenberg and Kohn 1964; Miehlich et al.
1989) in the Gaussian-03 code (GAUSSIAN 03 et al.
2003). The harmonic vibrational frequencies of each opti-
mized structures are determined by analytical differentia-
tion of gradients. The polarizable triple split valance basis
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set, 6-311G(3df) is used as the basic basis set in this study
for the most precise calculation after selecting a large
number basis set for each atom. The main advantage of this
split valance basis set in comparison to others is that the
orbital is allowed to change its size without making any
change in its shape. The three d electrons and one f electron
of Zn and Se atoms are included with the valence electrons
as a polarized function due to their importance for the
description of the ground state of each atom in three
dimensions.

Calculation and results
Stability of structures

All the possible two and three-dimensional structures have
been considered for optimization to obtain a stable ground
state geometry for ZnSe nanoclusters. Minimum energy for
each structure is achieved by relaxing the atomic positions.
In all fully optimized structures, the convergence of the
system energy is obtained up to 107’ meV and the forces
of 1073 eV/A on each atom are achieved. We have
obtained the most stable structure for each Zn,,Se, nano-
cluster. The stability of nanocluster is considered on the
basis of final binding energy (FBE). Quantum mechani-
cally it is necessary to understand the zero point energy for
the stability of a system. In actual calculation of binding
energy of a system, it includes the zero point energy also.
Therefore, a more accurate value of binding energy of a
system may be obtained by subtracting the zero point
energy from the calculated binding energy. Thus, for a
more precise calculation, the harmonic vibrational fre-
quencies and the corresponding zero point energy (ZPE)
for all the fully optimized structures have also been cal-
culated. The value of FBE is obtained as,

FBE = ((E — E\)/p] — ZPE (1)

where, E; E; and p stand for the sum of the energies of all
the isolated atoms present in the nanocluster, total energy
of the nanocluster and the total number of atoms present in
the corresponding nanocluster, respectively. All the most
stable structures are presented in Fig. 1, while the sym-
metry, multiplicity of the ground state and the FBEs for all
the optimized structures are presented in Table 1. The most
stable structures have been depicted by bold letters. For the
most stable structures, the calculated Se-Se, Zn—Se and
Zn—Zn bond lengths are presented in Table 2. Now, we
discuss each nanocluster individually as below:

ZnSe: the ground state of ZnSe nanocluster is the singlet
state. The present FBE (0.52 eV) is lower than the exper-
imental value (0.89 eV) (Weast et al. 1990). Our computed
value for Zn—Se bond length of 2.22 Ais very close to the
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Fig. 1 Most stable structures of
Zn,Se, (m + n = 2-4)
nanocluster. (All the bond
lengths are in /OX)

zZn Se

(a) ZnSe Linear

2.49 2.49

Zn Se Zn

(¢) Zn,Se Linear

(e) Zn,Se, Rhombus

values reported by others (Matxain et al. 2001; Sanville
et al. 2006) as shown in Table 2.

Zn,,Se,, (m + n = 3): the ground state of three atom
nanoclusters is either singlet or triplet. For ZnSe, config-
uration, the ground states of the linear and triangular
structures are triplet and singlet, respectively, where as the
reverse is true for Zn,Se configuration.

ZnSe,: we have considered the two linear structures and
a triangular structure. Among them, the linear ZnSeSe has
maximum FBE (1.24 eV), but it is unstable due to its
imaginary frequency as shown in Table 3. The other linear
SeZnSe structure having D, symmetry has FBE of
1.22 eV and is found to be most stable. The bond length of
Zn-Se of the linear SeZnSe structure is same as in linear
ZnSe structure.

Zn,Se: the investigated structures are similar to ZnSe,.
Among them the linear ZnSeZn structure possessing Dy,
symmetry has maximum FBE of 0.60 eV and is found to be
most stable. For the linear ZnSeZn structure, the Zn—Se
bond length is 2.49 A as shown in Table 2. The other two
structures, triangular Zn,Se and linear ZnZnSe have lower
FBEs in comparison to linear ZnSeZn structure.

S22 . D00

Se Zn Se

(b) ZnSe;Linear

(d) ZnSe; Rhombus

414 _2.38 g 2.38

Zn,

an 883 Zn4

(f) Zn;Se Linear

n,,Se, (m + n = 4): all the four atom structures have
the singlet and triplet ground states except the pyramidal
ZnSe; structure which has pentalet ground state.

ZnSesz: we have investigated five different structures like
two linear chains SeZnSeSe and ZnSeSeSe, rhombus, tri-
angular planar and pyramidal ones. The rhombus geometry
having C,y symmetry has maximum final binding energy
of 1.72 eV and is most stable. The calculated values of Zn—
Se and Se-Se bond lengths for most stable structure are
2.29 and 2.47 A, respectively.

Zn,Se,: we have studied three linear chains (ZnSeZnSe,
SeZnZnSe and ZnZnSeSe) and a rhombus structure.
Among them, rhombus geometry having D,;, symmetry has
maximum FBE of 1.48 eV and is found to be most stable.
Sanville et al. (2006) have also reported rhombus geometry
as a most stable one with binding energy of 0.68 eV. The
computed Zn—Se bond length of rhombus structure is very
much close to that of others (Matxain et al. 2001; Sanville
et al. 2006) as shown in Table 2.

Zn3Se: here, we have considered the three different
geometries as linear chain (ZnZnSeZn), trigonal and rhom-
bus. All the geometries have very low FBE in comparison to
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Table 1 Symmetry, multiplicity of the ground state (GS), binding energy per atom (BE), zero point energy (ZPE), final binding energy (FBE)
and HOMO-LUMO gap for all the configurations of Zn,,Se,, (m + n = 2—4) nanoclusters

ZPE
eV)

FBE
(eV)

Nanocluster Configuration Symmetry GS BE
Multiplicity (eV)

HOMO-LUMO
Gap (eV)

(Present) (Others)

(Present) (Others)

ZnSe Linear ZnSe C,_., 1 0.54 0.02 0.52
ZnSe, Linear Cov 3 1.27 0.03 1.24
ZnSeSe?
Linear D.n 3 1.27 0.05 1.22
SeZnSe
Triangular G 1 1.18 0.04 1.14
SeZnSe
Zn,Se Linear D 1 0.63 0.03 0.60
ZnSeZn
Triangular C,, 3 0.54 0.03 0.51
ZnSeZn
Linear Cov 1 0.45 0.03 042
ZnZnSe
ZnSe; Rhombus C,y 1 1.77 0.05 1.72
Triangular Cyy 1 1.50 0.06 1.44
planar
Linear Cov 3 1.36 0.06 1.30
SeZnSeSe
Linear Cov 3 1.22 0.04 1.18
ZnSeSeSe
Pyramidal C, 5 1.22 0.05 1.17
Zn,Se, Rhombus Dy, 1.56 0.08 1.48
Linear Covy 3 1.09 0.05 1.04
ZnSeZnSe
Linear Doon 3 0.95 0.07 0.88
SeZnZnSe
Linear Don 3 0.75 0.03 0.72
ZnZnSeSe
Zn;Se Linear Cov 1 0.48 0.03 045
ZnZnSeZn
Trigonal Cyy 3 0.48 0.03 0.45
Rhombus C,, 1 0.27 0.04 0.23

0.89 (Weast
et al. 1990)

1.60 2.58 (Weast et al. 1990), 2.41 (Luo

et al. 2002), 2.69 (Luo et al. 2002)
2.37
1.14
1.57
1.04
1.67

1.98

2.37
2.98

1.00

1.30

1.64

0.68 (Sanville 2.89

et al. 2006)

2.69 (Sanville et al. 2006)

0.00

1.83

0.54

2.10

1.60
1.05

The most stable configurations are bold-faced ones. The final binding energy (FBE) = BE — zero point energy (ZPE)

# Unstable structure due to having at least an imaginary frequency

other structures. Among them linear ZnZnSeZn structure is
most stable one with FBE of 0.45 eV and has C_y sym-
metry. The calculated and predicted values of Zn—-Zn and
Zn-Se bond lengths of linear ZnZnSeZn nanocluster are
presented in Table 2.

We observe that the nanocluster containing maximum
number of Se atoms for same value of ‘m’ and ‘n’ is most
stable in comparison with others. The study also reveals
that the FBE of most stable nanoclusters increases with the
size of the nanocluster.
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Electronic structure

The calculated energy difference between highest occupied
molecular orbital and lowest unoccupied molecular orbital
(HOMO-LUMO gap) for all the studied structures is pre-
sented in Table 1. The predicted HOMO-LUMO gap of
ZnSe nanocluster is lower than the others (Weast et al.
1990; Luo et al. 2002) but for the rhombus Zn,Se, struc-
ture, it has higher value than others (Sanville et al. 2006) as
shown in Table 1. The value of HOMO-LUMO gap
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increases with number of Se atoms, except for the two-
atom ZnSe nanocluster.

lonization potential and electron affinity

The ionization potential (IP) is defined as the amount of
energy required to remove an electron from a nanocluster.

We determine the adiabatic IP by evaluating the energy
difference between the neutral and the ionized nanoclusters
after finding the most stable state for the ionized nanocl-
usters using the optimization procedure. The electron
affinity (EA) is defined as the energy released when an
electron is added to a neutral nanocluster. We have deter-
mined the adiabatic EA by finding the energy difference

Table 2 Bond lengths (A) for

all the most stable Nanocluster Configuration Bonds Bond length (A)
configurations of Zn,,Se,, (Present) (Others)
(m 4+ n = 2-4) nanoclusters
ZnSe Linear ZnSe (la) Zn-Se 2.22 2.20 (Matxain et al. 2001),
2.30 (Sanville et al. 2006)
ZnSe, Linear SeZnSe (1b) Zn-Se 2.22
Zn,Se Linear ZnSeZn (lc) Zn-Se 2.49
ZnSe; Rhombus (1d) Zn-Se 2.29
Se-Se 2.47
7Zn,Se, Rhombus (le) Zn-Se 2.35 2.38 (Matxain et al. 2001;
Sanville et al. 2000)
Zn3Se Linear ZnZnSeZn (1f) 7Zn—7Zn 4.14
Zn-Se 2.38
T.able. 3 The calculgted ,. Configuration Properties Values
vibrational frequencies (cm™ ),
infrared j{ltensmc'as (IR Int. in Linear ZnSe Frequency 278
km mol™ "), relative IR
intensities (Rel. IR Int.) and IR Int. 0.76
Raman scattering activities Rel. IR Int. 1.0
(Raman activity in A%amu) of Raman activity 9.27
Zn,,Se, (m +n = 2-4) Linear ZnSeSe Frequencies 15i(2), 43, 372
nanoclusters
IR Int. 0.02, 0.10, 4.34
Rel. IR Int. 0.00, 0.02, 1.00
Raman activity 2.72, 13.27, 173.00
Linear SeZnSe Frequencies 73(2), 211, 389
IR Int. 4.31, 0.00, 14.86
Rel. IR Int. 0.29, 0.00, 1.00
Raman activity 0.00, 66.63, 0.00
Linear ZnSeZn Frequencies 38(2), 161, 199
IR Int. 11.00, 0.00, 24.72
Rel. IR Int. 0.44, 0.00, 1.00
Raman activity 0.00, 2.01, 0.00
Rhombus ZnSe; Frequencies 58, 62, 63, 146, 211, 347
IR Int. 1.39, 2.75, 0.82, 0.70, 1.30, 9.79
Rel. IR Int. 0.14, 0.28, 0.08, 0.07, 0.13, 1.00
Raman activity 10.86, 0.03, 5.09, 15.06, 87.87, 11.39
Rhombus Zn,Se, Frequencies 106, 184, 189, 224, 269, 311
IR Int. 9.01, 21.40, 0.00, 0.00, 0.00, 29.01
Rel. IR Int. 0.31 1.00, 0.00, 0.00, 0.00, 1.00
Raman activity 0.00, 0.00, 3.48, 4.81, 38.55, 0.00
Linear ZnZnSeZn Frequencies 5(2), 12, 39(2), 161, 200
IR Int. 0.02, 0.02, 1.37, 10.74, 10.74, 1.43, 26.43
Brackets following the Rel. IR Int. 0.00, 0.00, 0.05, 0.41, 0.41, 0.05

frequencies contain the
multiplicity of the mode

Raman activity

16.80, 16.80, 24.32, 0.03, 0.03, 17.52, 0.41

il cllodlayan .
KACST a1151lq oglel) @ Springer



356

Appl Nanosci (2012) 2:351-357

Table 4 Adiabatic and vertical

ionization potential (IP) and Nanocluster Configuration IP (eV) EA (eV)
electron affinity (EA) in eV for 7,5, Linear ZnSe (1a) 8.05 (8.09) 1.70 (1.66)
all the most stable .
configurations of Zn,,Se,, ZnSe, Linear SeZnSe (1b) 9.52 (9.63) 3.54 (3.43)
(m + n = 2-4) nanoclusters Zn,Se Linear ZnSeZn (1c) 7.52 (7.53) 1.40 (1.39)
7ZnSes Rhombus (1d) 7.36 (7.55) 1.75 (1.42)
Zn,Se, Rhombus (le) 7.97 (8.03) 1.58 (1.46)
The quantities given in brackets 7, o, Linear ZnZnSeZn (1) 6.94 (7.42) 1.46 (1.39)
are the vertical IP and EA
Table 5 Charge on amm? of Nanocluster Configuration Charges on atoms Dipole moment (Debye)
the most stable configurations of
Zn,Se, (m + n = 2-4) q1 73 q3 qa
nanoclusters and their dipole
moment (in Debye units) ZnSe Linear ZnSe (la) 0.789 —0.789 5.95
ZnSe, Linear SeZnSe (1b) —0.587 1.174 —-0.587 0.00
Zn,Se Linear ZnSeZn (lc) 0.442 —0.884 0.442 0.00
ZnSe; Rhombus ZnSeSeSe (1d) 1.146 —0.623 0.100 —0.623 3.31
The charges are distributed on Zn,Se, Rhombus ZnSeSeZn (le) 1.170 —-1.170 —-1.170 1.170 0.00
the atoms in the same order of Zn;Se Linear ZnZnSeZn (1f) 0.023 0483 —0.974 0.468 0.80
atoms as given in table
between the neutral and the anionic nanocluster. The Conclusions

anionic nanocluster has been relaxed to its most stable
state. The adiabatic and vertical IPs and EAs for the most
stable ones are included in Table 4.

The linear SeZnSe (Fig. 1b) geometry has the highest
value of adiabatic IP and vertical IP as well as adiabatic
and vertical EA. (Sanville et al. (2006) have reported the
vertical IP for rhombus Zn,Se, structure (Fig. le) as
8.11 eV, which is very close to our calculated value of
8.03 eV. The linear Zn3Se configuration (Fig. 1f) has the
lowest value of adiabatic and vertical IP, while linear
ZnSeZn structure (Fig. 1c) has the lowest value of adia-
batic EA and the lowest value of vertical EA with linear
Zn;Se (Fig. 1f) configuration. A zigzag behavior in the
variation of both IP and EA with nanocluster size is
observed. Neither experimental data nor earlier calculation
is available for comparison of IP and EA.

Charge on atoms and dipole moment of nanoclusters

The charge on atoms of the most stable geometries of
Zn,,Se, nanoclusters and their dipole moments are depicted
in Table 5. The two-atom linear ZnSe nanocluster (Fig. 1a)
has highest dipole moment of 5.95 Debye due to large
charge transfer between the atoms. The linear SeZnSe
(Fig. 1b), linear ZnSeZn (Fig. 1c), and Zn,Se, rhombus
(Fig. le) structures have zero dipole moment due to their
symmetry. The linear ZnZnSeZn (Fig. 1f) structure has
quite small dipole moment. No experimental data for
charge on atoms and dipole moment are available for
comparison.
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The occurrence of the most stable configurations of the
various ZnSe nanoclusters has been established in the
present investigations. For Zn,,Se, nanoclusters, we have
predicted the bond lengths, binding energies, HOMO-
LUMO gaps, adiabatic and vertical ionization potentials and
electron affinities, charge on atoms and dipole moments.
We observe that the nanocluster containing maximum
number of Se atom for the same value of ‘m’ and ‘n’ is most
stable in comparison with others. The FBEs of most stable
nanoclusters also increase with the nanocluster size. The
nanoclusters with high (low) FBEs have large (small)
number of Se atoms. The value of HOMO-LUMO gap
increases with number of Se atoms, except for the two-atom
ZnSe nanocluster. We observe that the IP and EA both show
zigzag behavior. The imaginary frequency causes a linear
ZnSeSe structure as unstable structure, although it has the
highest FBE among the ZnSe, nanoclusters. The studied
most stable nanoclusters need to be grown experimentally.
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