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ABSTRACT

Quantum dots (QDs) or semiconductor nanocrystals are luminous materials with unique optical
properties that can be fine-tuned by varying the size of the material. Chalcogenide QDs show strong
quantum confinements effects owing to the fact that the exciton Bohr radius is much larger than the
particle size, and tunable energy bandgap leads to widespread technological interest in near-infrared
optical devices. In this communication, one dimensional Cu,SnS; and PbSe,S;  QDs is modeled by a
particle in a box model which was used to compute energies and density of states. The density of states
and the energy level of QDs are determined as a function of the strengths of the potential walls of the
inner box. The results exhibit that the density of states decreases exponentially with an increase in the
energy level of QDs. The density of states at lower energy levels is more significant than what is
observed in higher energy levels.
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1. INTRODUCTION

Recent advances in light-emitting and detecting devices (LEDs and Photodetectors) layered
structures fabrication technology have reached a level pushing the limits [1]; currently, in one
or more of the three Cartesian directions, structures with nearly submicron sizes similar to
the de Broglie wavelength of the electrons can be fabricated [2]. In telecommunication and
optical computing applications, optoelectronic devices play a significant role and are
extensively used. Optical switching schemes such as thermo-optic, electro-optic, and all other
optic methods have been widely explored in optical communication networks, and on-chip
interconnects [3].

In recent years, low-dimensional semiconductor materials have attracted extensive
research interest in the field of optoelectronic device applications owing to their inherent
structural properties such as ultra-small size and high active edge sites per unit mass [4].
Low-dimensional semiconductor materials have their own distinctive properties at the same
time; they have typical applications such as optoelectronic devices. Based on the dimension,
low-dimensional semiconductor materials can be classified as zero-dimensional (0D), one-
dimensional (1D), and two-dimensional (2D) depending on their nanoscale range in diverse
spatial directions [5].

The two-dimensional nanomaterial is a layered structure. The conduction of electrons
will be confined throughout the thickness of the material, but delocalization (electron free
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to move) is in a plane of sheet. The layers are bonded by
Van der Waals forces and the atoms located in the in-plane
are connected by covalent bonds [5, 6]. 2D materials
attained an ultra-thin thickness at the atomic level, which
sets them apart from conventional materials in dimension
[7]. In one-dimensional materials, the electrons are
confined to two dimensional spaces whereas delocalization
occurs along the quantum rod/tube/wire axis. In the case of
zero-dimensional nanomaterials, all three dimensions are
fully confined, and electrons are not free to move. Hence,
no delocalization occurs. Therefore, zero-dimensional
nanomaterials electron movements are fully confined.
Changes in morphology and spatial structure make zero-
dimensional nanomaterials exhibit versatility in chemical
and physical properties [8].

The representatives in the family of low-dimensional
semiconductor materials focus on nanodiamond, metal
nanoparticles, quantum dots (QDs), graphene QDs are zero-
dimensional nanomaterials. Nano bars, nanoribbons, carbon
nanotubes are one-dimensional nanomaterials, and gra-
phene oxide, nanofilms, carbon nanowall are two-dimen-
sional nanomaterials. These 1D and 2D nanomaterials offer
unique advantages such as lightweight, extreme thinness,
high transparency, high sensitivity, and the possibility for
large-area fabrication. Along with obvious advantages, 1D
and 2D nanomaterials have some disadvantages, which in
some cases can significantly limit their application [9]. With
such unique properties as tunable wavelength photo-
luminescence, high optical stability, chemical inertness, 0D
nanomaterials offer great adaptability to optoelectronic ap-
plications such as light-emitting and detecting devices and
solar cells. QDs with 3 dimensionally confined electrons
constitute a crucial role of recent semiconductor studies [10-
12].

Luminous QDs are generally composed of I-IV-VI, II-
VI, and I-III-V elements. The most important property of
QDs is the large “surface to volume ratio,” which results in
discrete electronic states called “traps” on the surface. As a
result of size confinement, the continuum of states in
valence and conduction band is divided into discrete en-
ergy levels relating to energy bandgaps that are approxi-
mately and inversely proportional to the size of QDs radius
[13, 14].

The density of states determines the various properties of
nanomaterials, and this key freedom provides for designing
and tuning nanomaterials for various applications. This
phenomenon allows us to study the mechanical and optical
properties of the same semiconductor nanomaterials with
different sizes exhibiting various properties. For example,
photoluminescence spectroscopy, thermal analysis, excitons
in semiconductor nanocrystal, energy bandgap, etc., overall
provide the ability to control the density of states and are
significant for various applications of optoelectronic devices
such as light-emitting devices, photodetector, biological de-
vices, optical memories, and advanced photonic nano-
structures. The density of states calculation is very helpful in
investigating the electron transport properties of a system,
since the variation in the density of states directly disturbs
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the electron transport properties of the system as a result of
a reduction in size [15-18].

Recently Ilouno et al. [19, 20] reported about energy level
and density of states variations of low dimensional quantum
structures which are determined by using particle in a box
model. Remarkably surface to volume ratio of the semi-
conductor nanostructures plays a significant role in inves-
tigating their properties. One of the foremost properties of
semiconductor is density of states which plays a key role in
the electronic properties of semiconductors. Golovatenko
modeled the density of ground excitonic states of epitaxial
growth binary alloy showing much wider emission and the
photoluminescence peak is shifted towards higher energy
level [21]. The modelling results suggested the effective en-
ergy transfer in the dense array of epitaxial growth QDs.
Hence, it is important to study energy level and density of
states variations of semiconductor nanostructures to better
understand the opportunity.

Ternary Cu,SnS; & PbSe,S; ; chalcogenide QDs have
been chosen in this research, for the application of light
emitting and detecting devices and solar cells, due to their
relatively low toxicity and availability in abundance.
Cu,SnS; is a promising substitute for quaternary systems,
which provides an alternative to rare metal elements such as
indium-based compounds and avoids a complex preparation
process. Cu,SnS; is a p-type semiconductor with high ab-
sorption coefficient value of 10*cm™" and with a bandgap
range of 0.93-1.77eV, making it a suitable absorber material
for solar cell and lighting sensor applications. Similarly,
ternary semiconductors such as PbSeS from the group of IV-
VI semiconductors are most commonly used in infrared
optoelectronics. It offers potential uses for intermediate
wavelength detectors and produces a unique response to
cover wavelength ranging from 3,000 to 5,000 nm. More-
over, these materials show excellent optical absorption and
emission properties. For solar cell applications, it exhibits
excellent absorption and is highly compatible for designing
light-emitting devices such as LDs, LEDs, and sensing de-
vices [22-27].

2. THEORY OF ANALYSIS

The density of states are different energy states that electrons
are allowed to occupy at a specific energy level, ie., the
number of electron states per unit energy per unit volume.
The unit of density of states is expressed as eV~ 'cm™ and it
offers information on how the energy states are distributed
in a given solid. It is usually denoted as g (E). Further, the
density of states points to the availability of the number of
states in a system which is important for determining the
energy distribution of carrier and carrier concentration
within a semiconductor [28].

Generally, in semiconductors, the motion of free elec-
trons is limited with zero, one, and two spatial dimensions.
Knowledge of the density of states of low dimensional
nanostructures is required when applying semiconductor
states to the systems of these dimensions.
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The number of states achieved by a quantum system is
the possible number of available states, mathematically
expressed as

O (E) = Vystem _ XN (1)
Vsingle state
Where,

(I (E) represents the number of states, V., represents
the volume of the whole systems (sphere, line, and circle),
Viingle state Tepresents the volume of a single state of the
system, and N is the number of atoms in the crystal.

In an excited state, the density of states depends on the
energy gained by an electron. It is the first derivative of the
state with respect to energy. It is mathematically
expressed,

s(5) =121 @

2.1. Density of states of low dimensional systems

One dimensional QDs are considered in the analysis of the
energy level per unit energy per unit volume. It can be
derived from the Schrodinger equation.

2m" (E—V)

szp(x) + o

Y(x) =0 3)
Where, m* - Effective mass of the particle, V - Volume of
the system, y/(x) - Electron wave function, h - Reduced
Planck’s constant, E — Energy, a real number

62
2
= 4
o (4)
Py(x)
2 _
V() = 2 )
Put Equation (5) in Equation (3)
dy(x) 2m(E—-V)
S () =0 ©
Put V = 0 in Equation (6)
a*y(x) 2mE
dx(2 )+ 71//(’0 =0 (7)
2m'E 2m*E
’ZZ — K2, thenK = 72—2 )
d*y (x) 2
K =
S Ky(x) = 0 ©)
Where,
Y(x) = AsinKx + Bcoskx (10)
Substituting K = y /25F in Equation (10)
ZmZ*El L
[ * a1k
= = (2m E)* — 11
" T ( " ) hm ()

The density per unit energy is obtained by using chain rule
as given below,
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dN AN dk  (2m’E)"*xml
dE ~ dK dE hm
The density of states per unit energy per unit volume
divided by the volume of the crystal,

(12)

(2mtE)71/2 X m"l %\ —1/2 * %
(E) = e (Zm E) X'm __m
g I I V2mE wh
(13)

1 *
g(E) = E\/g (14)

The above equation shows that the density of states for
QDs depends on energy [17].

3. RESULTS AND DISCUSSION

Quantum confinement effects constitute the unique prop-
erty of QDs, which becomes discrete the density of states
near the band edges with the ability to determine the spacing
between the energy bands in semiconductors. A simple
theoretical model has been formulated to study the variation
of density of states with respect to increase in the energy
level of QDs.

Figures 1 and 2 show the density of states as a function
of the energy of Cu,SnS; and PbSe,S; x QDs. The result
reciprocates an exponential decrease in the density of
states with an increase in energy levels of QDs. The density
of states of lower energy levels is more significant than
what is observed at higher energy levels. This energy
variation in PbSe,S; x QDs is much higher than Cu,SnS;
QDs, which is due to the effective mass of electrons in the
compound.
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Fig. 1. Variation of the density of states with respect to the energy
level of Cu,SnS; QDs
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Fig. 2. Variation of the density of states with respect to the energy
level of PbSe,S; , QDs

The density of states and the energy level spacing change
with a reduction in material size as well as a constituent
element in the ternary alloy and temperature. It also in-
dicates the dependence of the density of states on the
quantum number with respect to energy. The most impor-
tant characteristic of the low dimensional nanostructure is
their density of states which shows a sharp dependence on
energy level, especially QDs systems.

The density of states is remarkably kindred to the op-
toelectronic properties of a semiconductor nanostructure
through its due absorption coefficient, which directly affects
the characteristics of the optoelectronic devices. Hence these
parameters significantly affect the energy band.

In the case of PbSe,S; . QDs, the effective mass of the
electron is much lower (9.276 X 102 kg), almost equivalent
to the mass of an electron at rest. In return, the corre-
sponding energy level variation is high. At the same time, in
Cu,SnS; QDs, the effective mass electron is in the range
between 2.18 X 10" kg and 2.78 X 10>’ kg, and the energy
level is relatively low, resulting in a high density of states.
Energy bandgap is not much affected by Cu,SnS; QDs at
lower energy levels, which confirms the stability of the
material.

4. CONCLUSION

Cu,SnS; and PbSe S, QDs have been successfully
modeled with respect to energy level and density of states
by the particle in a box model. It is reported from the
theory that energy level increases with a decrease in the
density of states. Furthermore, it has been found that the
low effective mass of electrons and holes in semiconductor
nanomaterials may not vary the density of states at a higher
level. This model would highly contribute to calculating
and understand the electronic properties of various nano-
materials.
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