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Semiconductor nanowires are one class of building blocks that show promise for application in nanoscale electronics. Metal-
semiconductor nanowire helps to improve the electrical properties or create unique ones. Electronic and structural properties
of cadmium selenide/telluride connected to gold electrode clusters have been the focus of this research due to their importance
in constructing fast microelectric devices. The simulations were carried out by using VASP (Vienna Ab-Initio Simulation Package)
which utilizes the method of density functional theory (DFT) and plane wave basis set. Optimization was performed to obtain
the minimum energy structure. In this research paper the result shows that the HOMO-LUMO gaps for the minimum energy
cadmium selenide/telluride connected to gold electrodes decrease as cluster size increases, whereas the binding energy shows a
reverse relationship with the cluster size. However, a few clusters show special properties like AuCd

2
Se
3
and AuCd

2
Te
3
clusters.

1. Introduction

Nanotechnology is the design, characterization, production,
and application of materials, devices, and systems by con-
trolling shape and size at the nanoscale. The prefix nano-
in the word nanotechnology means a billionth (1.0 × 10−9)
[1]. Richard Feynman in 1959 at Caltech gave a lecture
entitled “There’s plenty of room at the bottom” [2] that
provided the vision of exciting new discoveries if one could
fabricate materials or devices at the atomic or molecular
size. The science got started in early 1980s with two major
developments, that is, the birth of cluster science and the
invention of the Scanning Tunneling Microscope (STM) [3].

Any particle somewhere between 3 and 3.0 × 107 atoms
is considered as cluster. Clusters are a special class of matter
in which the limited size leads to unusual combinations
of physical and chemical properties. For instance, it has
been found that the materials that are neither magnetic
nor superconducting in bulk phase could be magnetic or
superconducting in the nanophase [4]. When a bulk metal
is reduced in size to a few hundred atoms, the density of

states in the conduction band containing electrons changes
dramatically resulting in the continuous density of states in
the band being replaced by a set of discrete energy levels
which may have energy level spacing larger than the thermal
energy 𝑘

𝐵
𝑇 [5]. The special properties of nanoparticles

are due quantum size confinement in nanostructure and
extremely large surface to volume ratio (area/volume > 1)
relative to bulk materials. This means a greater proportion
of atoms are found at the surface compared to those inside.
This will be helpful for strong chemical bonding is present,
delocalization of valence electrons can be extensive, and the
extent of delocalization can vary with the size the system.

The two basic approaches in making nanostructure
involve either a top-down approach whereby an existing solid
is gradually reduced in size using some external radiation
likeUV radiation and/or chemical and a bottom-up approach
whereby the nanostructure is built atomby atom,molecule by
molecule, or cluster by cluster. However, bottom-up approach
is a better chance to obtain nanostructures with lower defect,
more homogeneous chemical composition, and better short
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and long range ordering [6]. Therefore, in this paper the
bottom-up approach is used to make the clusters.

Semiconductor nanomaterials are one of the most active
areas of today. Many of their properties are very dependent
on size, for example, optical transitions can be tuned simply
by changing the size of the clusters [7]. Selenium (Se) and
tellurium (Te) are elementary semiconductors. CdSe and
CdTe are compound (II–VI) semiconductors which are used
in computer chips, optoelectronics devices, transistors, and
also medical imaging. The selective growth of gold tips
onto the apexes of CdSe semiconductor nanorods provides
enhancement or new functionality to the nanostructure [8].
In this work, Vienna Ab-Initio Simulation Package (VASP)
is used as the simulation tool for electronic structures of
the cadmium selenide (CdSe) and cadmium telluride (CdTe)
clusters connected to gold electrodes.

2. Computational Details

The simulations were carried out by using VASP [9] (Vienna
Ab-Initio Simulation Package). The combination of DFT,
plane wave basis set [10], and pseudopotentials [11] has
become a well-established methodology in electronic struc-
ture calculation. Therefore, we used the first-principles den-
sity functional theory calculations [12] for electronic struc-
ture and total energy within the Local Density Approxi-
mation (LDA) self-consistent method [13] for the exchange
correlation functional [14]. The wave functions are expanded
in plane waves with an energy cutoff taken from the default
maximum value in the POTCAR [9] file (PREC = high)
(∼200–400 eV). The simple cubic cell is of 20 Å length with
a periodic boundary condition. The clusters were positioned
at the center of the cell, and the Γ point approximation
for Brillouin zone [15] sampling and also structural opti-
mizations (minimizing the Kohn-Sham energy functional)
were performed using a conjugate gradient method [16]. The
simulation process in this work contains the steps: First;
we have been constructed the cluster in a super cell. Then,
geometry optimization has been done; finally, we have been
obtained density of state (DOS) and energy of the cluster.

3. Results and Discussion

3.1. Electronic Structure Calculation

3.1.1. Electronic Structure of Dimers. Thebinding energy is the
amount of energy released at its creation or the amount of
energy you should need to add to the system in order to break
it up.The binding energy per pair, BE, of a cluster (𝐴

𝑛
𝐵
𝑛
) can

be calculated as [17]

BE =
(𝑛𝐸 (𝐴) + 𝑛𝐸 (𝐵) − 𝐸 (𝐴

𝑛
𝐵
𝑛
))

𝑛
; (1)

for a cluster 𝐴
𝑛
𝐵
𝑚
𝐶
𝑟
, the binding energy per atom is calcu-

lated by

BE =
(𝑛𝐸 (𝐴) + 𝑚𝐸 (𝐵) + 𝑟𝐸 (𝐶) − 𝐸 (𝐴

𝑛
𝐵
𝑚
𝐶
𝑟
))

(𝑛 + 𝑚 + 𝑟)
, (2)

where 𝑛, 𝑟, and𝑚 are integers 1, 2, 3, . . ..

Table 1: Bond length, binding energy, and HOMO-LUMO gap of
dimers.

Dimer BL (Å) BE (eV) HOMO-LUMO
gaps (eV)

Au2 2.47 3.12 1.95
Te2 2.54 4.80 2.64
Se2 2.16 5.75 3.27
Cd2 3.09 2.22 3.15
CdSe 2.32 2.29 0.31
AuCd 2.55 1.46 2.81
AuSe 2.26 3.99 1.57
CdTe 2.50 1.90 0.27

The energy difference between the HOMO and LUMO is
termed as the bandgap, calculated by

HOMO-LUMOgap (𝐸
𝑔
) = 𝐸LUMO −𝐸HOMO. (3)

Table 1 describes the numerical values of bond length,
binding energy and HOMO-LUMO gap of dimers studied in
this work.The bond length of a dimer depends on the atomic
radius of each atom. As we know the atomic radii become
smaller as you move across a row or period but larger as you
move down the period; for instance, Se and Te are found in
the same group but in periods IV and V, respectively, since
𝑟
𝑎
(Se) < 𝑟

𝑎
(Te) results bond length of CdSe dimer is smaller

than CdTe dimer.
The bond length of Se-Se, Te-Te, and Au-Au are found

to be in good agreement with experimental values of 2.17 Å,
2.56 Å, and 2.47 Å [18], respectively [19]. The binding energy
and the bond length of CdSe are found similar to the values
calculated by Sellers et al. [20] and Sanville et al. [21]. The
bond length of CdTe is found approach result to the value
calculated by Bhattacharya and Kshirsagar [22].

Generally, Table 1 helps to analyze the properties of the
dimers of the elementary particles which form the clusters
studied in this work.

3.1.2. Electronic Calculation of CdSe andCdTeDimers Coupled
withAuAtom. In this research paper the triangular geometry
structures of AuCdSe andAuCdTe are preferable due to being
more stable than the linear ones.

The addition of the Au atom to the CdSe dimer changes
the electronic structure of CdSe (Figure 1(a)) including bond
length. The bond length of CdSe, in the presence of the
Au atom, is found increasing from 2.32 Å to 2.58 Å with
Au-Cd and Au-Se bond lengths equal to 2.58 Å and 2.34 Å,
respectively. Similarly, the addition of the Au atom to the
CdTe dimer (Figure 1(b)); results indicated that changing the
electronic structure of the CdTe dimer, even the CdTe bond
length is changed. The bond length of CdTe in the presence
of the Au atom is found increasing from 2.50 Å to 2.78 Å with
Au-Te equal to 2.45 Å.

A brief description of the energy levels and partial charge
density distributions of the orbitals of AuCdSe and AuCdTe
are shown in Figure 2 and Table 2, respectively. From the
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Figure 1: Minimum energy geometries of AuCdSe (a) and AuCdTe (b) trimers.
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Figure 2: Energy levels of AuCdSe and AuCdTe trimers as well as
CdSe and CdTe dimers.The dark square represents the LUMO level
while the HOMO levels are represented by white square, and the
Fermi level is shifted to the zero of energy.

Table 2: s, p, and d partial charges density within Au, Cd, Se, and
Te spheres calculated for some occupied and unoccupied orbitals in
AuCdSe and AuCdTe clusters.

Orbital Atom s p d
Cd 0.11 0.04 0.01
Se 0.00 0.14 0.00

HOMO Au 0.00 0.01 0.06
Cd 0.14 0.06 0.01
Te 0.00 0.12 0.00
Au 0.00 0.01 0.05
Cd 0.03 0.00 0.00
Se 0.00 0.12 0.00

LUMO Au 0.10 0.05 0.03
Cd 0.03 0.00 0.00
Te 0.00 0.11 0.00
Au 0.12 0.07 0.03

energy level diagram it is seen that Fermi level of AuCdSe
and AuCdTe clusters coincides with their respective HOMO
levels.TheLUMO level of CdSe andCdTewith the addition of
Au atommoves up as compared to the position of the LUMO
level of bare CdSe and CdTe dimers.

The evolution of the electronic structure of the cluster can
be understood by studying the partial charge density of the
HOMO and LUMO levels. Table 2 describes the s, p, and d
partial charges density within the Au, Cd, Se, and Te spheres
calculated for some occupied and unoccupied orbitals in
AuCdSe and AuCdTe trimers. The radius of the sphere of
Cd, Se, Au, and Te is considered to be 1.27 Å, 1.05 Å, 1.21 Å,
and 1.23 Å, respectively.The partial charges density calculated
within the spheres of each atom, given in the table, denotes
the atomic contribution to some of the energy levels around
the Fermi level of AuCdSe and AuCdTe clusters. Figure 3
shows HOMO and LUMOpartial charge density distribution
of AuCdSe/Te clusters. It shows LUMO are localized on Se,
Te, and Au, while almost all atoms contribute to the HOMO
level.

To see easily the contribution of atoms on theHOMOand
LUMO level of AuCdSe and AuCdTe trimers, Figure 4 well
helps; in this figure the arrow points out which atom’s levels
contributed to the HOMO and LUMO level of AuCdSe and
AuCdTe trimers.

The electronic transport properties of molecular devices
can be obtained by studying the density of states (DOS)
of the electrode-molecule-electrode system. The density of
state along with the corresponding orbital energy levels of
AuCdSe and AuCdTe clusters is shown in Figures 5(a) and
5(b), respectively. In both figures a high DOS at a specific
energy level means states available for occupation but a zero
DOS means that no state can be occupied at that energy
level.

3.1.3. Electronic Calculations of Planer Hexagonal Structure.
Figure 6(a) shows the geometrical structure of planer hexag-
onal Cd3Se3. Here it shows inward and outward relaxation of
Cd and Se atoms, respectively. In this cluster, the Cd atoms
form an equilateral triangle of side 3.09 Å whereas the Cd-
Se bond length is 2.44 Å. The binding energy per CdSe pair
is calculated using (2) and is found to be 5.21 eV which is
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Figure 3: HOMO and LUMO of partial charge distribution of AuCdSe/Te trimers.
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Figure 4: Energy levels of AuCdSe and AuCdTe. The energy levels
of other components are depicted for comparison. Dotted lines
represent Fermi energy levels for the respective systems, shown
along 𝐸 = 0 axis.

approximately the same as the value reported by Zeweldi [17]
and the HOMO-LUMO gap is calculated as 2.50 eV.

Figure 6(b) shows the geometrical structure of planer
hexagonal AuCd2Se3. In this cluster, the geometry and
electronic properties are slightly changed as compared to the
structure of Cd3Se3 cluster including the bond lengths and
angles. The average bond lengths of Cd-Se and Cd-Au are
equal to 2.46 Å and 2.90 Å, respectively. The bond lengths of
Au-Se and Cd-Cd are equal to 2.38 Å and 3.05 Å, respectively.
TheHOMO-LUMOgap is 2.65 eV and the binding energy per
atom is 2.87 eV.

Figure 6(c) shows the geometrical structure of planer
hexagonal AuCd3Se2 cluster. In this cluster, the result indi-
cated that there is a bond breakage between Cd-Cd atoms
as compared to Cd3Se3 and AuCd2Se3 clusters. The average
bond lengths of Cd-Se, Cd-Au, and Cd-Cd are found to be
2.48 Å, 2.56 Å, and 3.18 Å, respectively. The binding energy
and HOMO-LUMO gap are calculated as 2.17 eV and 1.45 eV,
respectively.

Figure 6(d) shows the geometry of Cd3Te3 cluster which
is similar to the structure of Cd3Se3 cluster. In this cluster
the Cd atoms form an equilateral triangle of side 3.19 Å
whereas the Cd-Te bond length is 2.62 Å.The binding energy

per CdTe pair and the HOMO-LUMO gap are calculated as
4.61 eV and 2.30 eV, respectively.The geometries obtained for
the CdTe clusters are quite similar to the result reported by
Bhattacharya and Kshirsagar [22].

Figure 6(e) shows the geometry of AuCd2Te3 cluster.
In this cluster, the geometry and electronic properties are
slightly changed as compared to the structure of Cd3Te3
cluster including the bond lengths and angles. The average
bond lengths of Cd-Te, Au-Cd, and Au-Te are equal to 2.63 Å,
2.96 Å, and 2.55 Å, respectively. The HOMO-LUMO gap and
binding energy per atom are calculated as 2.63 eV and 2.61 eV,
respectively.

Figure 6(f) shows the geometry of AuCd3Te2 cluster. In
this cluster, the result indicated that there is a bond breakage
betweenCd-Cd atoms as compared toCd3Te3 andAuCd2Te3.
The average bond lengths of Cd-Te and Cd-Au are found
to be 2.65 Å and 2.56 Å, respectively. The binding energy
and HOMO-LUMO gap are calculated as 1.97 eV and 1.47 eV,
respectively.

Generally, replacing Se/Te atom by Au atom in the
structure of Cd3Se3/Te3, results indicate that the clusters
have a narrow HOMO-LUMO gap. But Cd3Se3/Te3 and
AuCd2Se3/Te3 clusters have greater value of binding energy
and HOMO-LUMO gap, as compared to AuCd3Se2/Te2
trimer.HereAuCd3Se2/Te2 cluster is less stable than the other
clusters.

3.1.4. Electronic Calculations of Au Atom Attached to Planer
Hexagonal Structure. Figure 7 is the geometrical structure of
planer hexagonal Cd3Se3/Te3 bonded to Au atom. In Figures
7(a) and 7(c) the gold atom is found to be bonded with the
Cd3Se3/Te3 clusters through the Se/Te atom, but in the case of
Figures 7(b) and 7(d) the Au atom is bonded with the cluster
through the Cd atom. Thus it shows different properties; for
instance, the bond lengths of Cd-Se/Te as shown in Figure 7
vary due to the influence of gold atom. In addition to that
Table 3 shows that a narrow HOMO-LUMO gap is observed
if theAu atom approaches theCd3Se3/Te3 cluster through the
Se/Te atom rather than through the Cd atom. But almost no
effect is observed in binding energy.

3.1.5. Au Atom Bridging Two Cd3Se3/Te3 Clusters. Figure 8
shows the structure of two hexagonal planer Cd3Se3/Te3
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Figure 5: DOS and energy levels of CdSeAu (a) and CdTeAu (b) trimer. The discrete spectra are broadened by 0.02 eV Gaussian smearing
width.
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Figure 6: The minimum energy of planer hexagonal structure.

clusters bonded with single gold atom. In both clusters the
influence of Au results in changing of properties; for instance,
the bond length of Cd-Se/Te changes near the junction as
compared to the edges. The binding energy and HOMO-
LUMO gap of the clusters are displayed in Table 4.

3.1.6. (Au13Cd3Te3)2 and (Au13Cd3Se3)2 Nanodumbells.
Before discussing the electronic properties of (Au13Cd3Te3)2

and (Au13Cd3Se3)2 nanodumbells, it is better to study
electronic properties of bare Au13, Cd6Te6, and Cd6Se6
clusters.

Figure 9(a) shows the minimum energy structure of Au13
cluster. The right face consists of four Au atoms forming a
rhombus-type structure.These atoms serve as contact surface
with the CdSe and CdTe nanowire. The average distance
between the four atoms on the right face is 2.70 Å. The
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Figure 7: The minimum energy of Au atom attached to planer hexagonal structure Cd3Se3/Te3.
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Figure 8: The minimum energy of Au atom bridging to two planers’ hexagonal structure Cd3Se3/Te3.

Table 3: Electronic calculation of a planer Cd3Se3/Te3 cluster
attached to Au atom.

Figure 7 BE (eV) HOMO-LUMO
gaps (eV)

Figure 7(a) 2.39 1.36
Figure 7(b) 2.39 2.93
Figure 7(c) 2.14 1.40
Figure 7(d) 2.15 2.63

Table 4: Electronic calculation of two planer Cd3Se3/Te3 clusters’
bridging by Au atom.

Figure 8 BE (eV) HOMO-LUMO
gaps (eV)

Figure 8(a) 2.58 0.67
Figure 8(b) 2.30 0.85

binding energy per atom and the HOMO-LUMO gaps are
2.99 eV and 0.80 eV, respectively, approximately the same as
those presented in [17]. The average bond length of Au-Au is
found to be 2.69 Å which is exceeded by 0.22 Å from the Au
dimer.

Figure 9(b) shows the wurtzite geometry of Cd6Te6 hav-
ing an average bond length of Cd-Te equal to 2.72 Å (on the
layers) and 2.87 Å (between the layers). Binding energy (per
CdTe pair) and HOMO-LUMO gap are calculated as 5.08 eV
and 1.86 eV, respectively.

Figure 9(c) shows the wurtzite geometry structure of
Cd6Se6 having an average bond length of Cd-Se equal

to 2.54 Å (on the layers) and 2.74 Å (between the layers).
Binding energy (per CdSe pair) and HOMO-LUMO gap
are calculated as 5.68 eV and 2.02 eV, respectively. A similar
structure and binding energy are reported by Deglmann et
al. [23].

The geometry of Au13(Cd3Se3)2 is shown in Figure 10(a).
The average bond length of Cd-Se is 2.61 Å at the center
and 2.72 Å near the junction. This is an indication of the
compactness of the nanowire at the center compared with
that at the junction.

The average bond lengths of Cd-Au, Se-Au, andAu-Au are
equal to 2.76 Å, 2.54 Å, and 2.71 Å, respectively. The binding
energy and HOMO-LUMO gap are found to be 3.26 eV and
0.55 eV, respectively.

The geometry of (Au13Cd3Te3)2 is shown in Figure 10(b).
The average Cd-Te bond length is found to be 2.85 Å at
the center and 2.93 Å near the junction. This is similar
to the (Au13Cd3Se3)2 cluster discussed above, compactness
of the nanowire at the center compared with that at the
junction. The average bond lengths of Cd-Au and Te-Au are
equal to 2.64 Å and 2.66 Å, respectively. The binding energy,
calculated using (2), and theHOMO-LUMOgap are found to
be 3.18 eV and 0.31 eV, respectively.

Generally, when we see the properties different in these
two nanodumbells, (Au13Cd3Se3)2, have greater binding and
HOMO-LUMO gap energies, (Au13Cd3Te3)2 cluster is less
stable than (Au13Cd3Se3)2 cluster.

Figure 11 displays LDOS of the Au13(Cd3Se3)2 nan-
odumbell. Panels (I), (II), and (III) display the LDOS calcu-
lated in the corresponding different regions as defined in the
geometry of nanodumbell, which is similar result to the value
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Figure 9: Geometrical structure of Au13 (a), Cd6Se6 (b), and Cd6Te6 (c) clusters.

(a) (b)

Figure 10: Geometry of (Au13Cd3Se3)2 (a) and (Au13Cd3Te3)2 (b) nanodumbells.

calculated by Ghebriel and Kshirsagar [24]. Panel (TDOS)
shows the whole DOS of Au13(Cd3Se3)2 nanodumbell. Panel
(I), showing the LDOS of the four Au atoms at the junction,
has similar characteristics to theDOS in panel (TDOS). Panel
(II) is the LDOS of CdSe atoms in contact with the Au lead.

In panels (I and II), almost there is no significant difference
in LDOS plots between them. This is an indication that the
CdSe atoms in contact with theAu atoms aremetalized. Panel
(III) displays the LDOS of CdSe atoms at the center of the
nanowire. There are a few states in region (III) around the
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Fermi level as compared regions (I and II). Hence, we say
that the Cd6Se6 nanowire shows metallic property when it is
sandwiched between Au13 nanoelectrodes.

3.2.TheEffect of Size on the Properties of Clusters. Figure 12(a)
shows the HOMO-LUMO gap versus numbers of atoms in
the clusters Au

𝑙
Cd
𝑚
Se
𝑛
and Au

𝑙
Cd
𝑚
Te
𝑛
. The figure clearly

shows that the HOMO-LUMO gap decreases with increasing
number of atoms in both clusters except in the trimers. In
other words, the HOMO-LUMO gap is inversely propor-
tional to the size of the clusters.

Figure 12(b) shows the binding energy versus numbers of
atoms in the clusters Au

𝑙
Cd
𝑚
Se
𝑛
and Au

𝑙
Cd
𝑚
Te
𝑛
. The figure

generally points out that the binding energy increases with
increasing cluster size, with the exception of AuCd2Se3/Te3
clusters where the binding energy is large as compared to
neighboring clusters. Clusters of certain sizes often have
special properties such as higher stability or larger gap when
compared to other clusters. The correlation between gap
size and stability can be justified by simple tight binding
descriptions inwhich the highest occupiedmolecular orbital-
(HOMO-) lowest unoccupiedmolecular orbital (LUMO) gap

increased the orbital overlap [25]. We found that clusters
with 6 atoms have substantially higher HOMO-LUMO gaps,
and they also exhibit local maxima in the binding energies.
Therefore, clusters AuCd2Se3 and AuCd2Te3 are more stable
than others.

4. Summary and Conclusion

In this paper the electronic structures of cadmium selenide
and cadmium telluride attached to gold atoms have been
presented. The electronic structures were simulated by using
VASP, a simulation package which is based on the principle
of density functional theory (DFT).

The simulations of cadmium selenide and cadmium
telluride clusters attached to gold atoms are performed to
study the size effect of electronic structures of the clusters,
particularly bandgap (HOMO-LUMO gap), and binding
energy and the partial charge density distributions of the
HOMO and LUMO orbitals were studied. Two respective
structures are optimized for the CdSe/Te dimers attached to
Au atom and we have found that the linear structures are at
higher energy than the triangular geometries.
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Replacing Cd atom by Au atom in the structure of
Cd
3
Se
3
/Te
3
clusters; results indicated that relatively more

stable than replacing Se/Te atoms. In this work we have
also found a relatively higher stability when two planer
Cd3Se3/Te3 clusters are connected by bridging Au atom
rather than bridging with Ag atom. The LDOS graph of
Au13(Cd3Se3)2 indicated that the Cd6Se6 nanowire shows
metallic property when it is sandwiched between Au13 nano-
electrodes.

The graph ofHOMO-LUMOgap versus number of atoms
in the cluster shows an increase in gap with decreasing cluster
size. This dependence of HOMO-LUMO gap on the size of
the cluster is in agreement with the theory of nanostructures.
From the graph of binding energy versus number of cluster
atoms, it is found that the binding energy increases with
increasing cluster size, with the exception of AuCd2Se3/Te3
clusters where the binding energy is large as compared to
neighboring clusters. In this work clusters with 6 atoms
have substantially higher HOMO-LUMO gaps, and they also
exhibit local maxima in the binding energies. Therefore,
AuCd2Se3 and AuCd2Te3 are more stable in comparison
with their neighbors. These special clusters (AuCd2Se3 and
AuCd2Te3) have contributed to the unique attributes of the
novel transistors such as single electron transistor (SET).
Hence as a further work we recommend a detailed study of
the band structure and electron transport in SET.
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