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STUDY OF THE EFFECT OF NANOPARTICLE SIZE ON THE DIELECTRIC
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In this research, the effect of nanoparticle size on the dielectric constant and the
concentration of charge carriers in silicon (Si) material and cadmium sulfide (CdS) is
studied. These properties are studied by using a computer program in MATLAB version
(17). This program depends on the Brus model and the characteristic matrix theory. The
results indicate that the dielectric constant increases with the increase in the granular size
of the material and when the granular size decreases the dielectric constant decreases. As
for the concentration of the charge carriers, we notice that it decreases with the decrease of
the granular size of the material.
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1. Introduction

The study of the electrical properties of semiconductor nanoscale materials is of great
importance, as they are included in many important industrial applications, especially in the
manufacture of energy devices and optical sensors. Semiconductors with nanostructures have a
unique variety of optical, electrical and electronic properties that are different from the properties
that are available in Bulk Materials [1]. The most important distinguish semiconductor
nanoparticles is the increase in the surface area relative to the size of the nanomaterial, addition to
that the energy gap, is wide range as it plays an important role in the electrical and optical
properties of semiconductor materials, and this change in propertiesO appears mainly due to the
guantization of energy levels of electrons. Within a specific size, this is known as quantum
confinement [2]. When the crystal size decreases to become close to or smaller than the de Broglie
wavelength, the distance between energy levels increases, so the quantum confinement affects the
energy gap and the density of material states, and thus the electrical and electronic properties
.Thus, these properties depend on the sizes of the nanoparticles also known in the case as quantum
dots, in which the movement of electrons and holes is restricted in all three directions [4, 3].

2. The theory

2.1. Effective mass approximation (EMA) model

It is one of the important theoretical models that shows how the energy gap in the
guantum dots in semiconductors depends on the size of the particle, and it is often called the Brus
model. The value of the change in the energy gap in the quantum points ( AEy) is given the Brus

equation [5]:
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R represents the radius of the particle as a spherical quantum point
m,, Effective mass of the electron
my, the effective mass of the hole
e Relative permittivity, or what is known as the dielectric constant.
Since AE, = Ej*"°(R) — EJ** equation (1) takes the form [ 6]:
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From the second term on the right-hand side of equation (2), we notice that the energy gap
is inversely proportional to R?, meaning that the energy gap decreases when the nano particle size
increases. The third term in the equation can be neglected due to the increase in the strength of the
columbic interaction, where it led to a decrease in the energy gap with decreasing R . The
smallness of the third term and last term compared to the second term allows it to be neglected. So
equation (2) becomes
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As a result of quantum confinement, we notice that the energy gap increases with
decreasing nano-particle size. Whereas, the quantum confinement is large when the particle radius
of the substance becomes smaller or equal to the natural Bohr radius a. of the exciton
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If £.and e- present the dielectric constant of the vacuum and the semiconductor material,
respectively, and e represents the electron charge.

2.2. Refractive index
The optical properties of a semiconductor material can be determined by its refractive
index according to the following relationship:

n=c/v (5)

where ¢ represents the speed of light in vacuum (3 x 108£ ), while v is the speed of light in the

medium.

In semiconductor materials, the refractive index is closely related to the energy Eg, and the
value of the refractive index of the material changes with the change of the wavelength of the
incident light, but this change is very small as it results from the change in the velocity of the
waves in the material as a result of the interaction difference of the material with the rays and
according to their frequency, as well as the value of the refractive index affected by the change in
temperature, but this change is very weak [8, 9]

There have been many attempts to find mathematical formulas linking the refractive index
with the energy gap, as in the following relationship:

n=a+ﬂ% (6)
As: (0 =4.048) and ) (8 = —0.62 eV~1) This equation is independent of the temperature,
and we notice that the value of the refractive index decreases with the increase of the energy gap.
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2.3. The characteristic matrix
When an electromagnetic radiation falls on a surface separating two media of different
optical properties, the value of the reflectivity for the incident ray is given by Fresnel’s equations:

[10]
R = (Zm)’ (7)

No+1m1

where 1, and n- represent the optical permittivity or the effective refractive index  for the
incidence and penetration modes, respectively.

The value of the optical permittivity of the medium in for the vertical incidence of the
wave is equal to the real part of the refractive index [11]:

n=y=nd9=n (8)

where n is the real part of the refractive index of the medium, and 9§ is the admittance of free
space. Its value may be neglected because it is very small (2.65 x 10735)

In the case of an oblique incidence, the optical permittivity of the single medium is
separated into two parts, namely the optical permittivity of parallel polarization (n,) and the
optical permittivity of the vertical polarization ( ns )due to the phenomenon of polarization and is
given by the following formulas [10]:

Nop = Mo/ cOSBe 9)
Np = Ny1/c0s6; (10)
Tos = NoCOSHo (11)
N1s = N1€0S0, (12)

where: mq, and ., represent the optical permittivity of the incidence and penetrating medium
respectively in the case of the plane polarization P,

(P ,n153m-5) represent the optical permittivity of the incidence and penetrating medium
respectively in the case of vertical polarization (S ,6-yrepresents the angle of incidence.

And when the electromagnetic radiation incidence on a single thin film consisting of two
separating limits and deposited on substrate material as in Fig. 1:
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Fig. 1. Incident plane wave on a thin film [12].

In the case of the vertical and oblique incidence, and for any of the polarizations, the
optical permittivity of the system can be determined through the characteristic matrix [13], which
links the continuous tangential components of the electric and magnetic fields falling on and out of
the system, and it is given as the following formula [14].
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(B, C) represent the elements of the matrix, which represent the electric and magnetic
field n, represents the optical permittivity of the membrane, ng,;, represents the optical
permittivity of the substrate , while delta represents the phase thickness , which is given by the
following relationship:

6 = 2nn,d,cos6; /A

And here is all the information required to find the value of the optical permittivity
entering a system consisting of a single thin film deposited on the surface of a substrate. It is
provided through equation (13), and thus the value of the reflectivity of the system can be found
through equation (7).

3. Applications

In this study, a computer program was designed in (MATLAB) version (17) to study the
values of the dielectric constant and concentration of charge carriers) as a function of the change
of the nano particle size for Si, and CdS.

3.1. Dielectric constant of (Si, CdS)

Here, we study the change in the dielectric constant value of silicon Si and cadmium
sulfide CdS as a function of the nanoparticle size. Figs. 1 and 2 show the change in the dielectric
constant values of the materials as a function of the change of the nanoparticle size:
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Fig. 1. Change of the dielectric constant of silicon (Si) as a function of change
in the nanoparticle size.
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Fig. 2. The change in the dielectric constant of cadmium sulfide (CdS) as a function
of change in the nanoparticle size.
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From observing the shapes, we find that the dielectric constant increases with the
increasing size of the material. To explain this, we can use the fact that in the nanoscale, the ratio
of the surface area compared to the volume is very large, and this means that the number of atoms
on the surface compared to the size is very large. In the nano scale range, the electron orbits
contracts that causes increment in the coulombs force, which enhances restoring force, that is, the
natural angular frequency of the electron oscillation increases, causing the dielectric constant
decrease. This proves that the dielectric constant decreases with the particle size of the material
[15]. The above results are consistent with previous research.

Z. Cai (2018) found that as grain size decreases, the particle size ratio increases, as
mentioned above. The dielectric permittivity within the boundaries of the granules is much less
than that of the granules. Consequently, the effective permittivity of the dielectric will decrease as
the grains of silicon (Si) nanomaterials (Si) and cadmium sulfide (CdS) become smaller [16].

3.2 Concentration of charge carriers for Si and CdS

The following figures (3) and (4) illustrate the study of the change in the concentration of
charge carriers of Si and CdS with the change of the particle size of the material:
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Fig. 3. The change in the concentration of charge carriers for the silicon (Si) as a function
of the change in the nanoparticle size.
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Fig. 4. The change in the concentration of charge carriers of cadmium sulfide (CdS)
as a function of change in the nanoparticle size.

We observe the change of the charge carriers of the studied materials as a function of
nanoparticle size, we notice when the size of the object is very small, the concentration of the
charge carriers is very small and this is definitely due to the quantitative reservation of the electron
for the small sizes, as the atoms present on the surface are few and the atomic groupings are
around 10 to 50 atoms. As for when the nanoscale size increases, the concentration of charge
carriers increases dramatically and this is expected as the greater the size of the granular body, the
greater the number of atoms and molecules on the surface. In other words, the increase in the
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charge carriers (electrons and holes) in the semiconductors and thus the conductivity of the
materials increases according to the increase of these carriers and this behavior has been done. It
was noted by P. Parameshwari (2012) that the increase in electrical conductivity can be attributed
to the decrease in dispersion that occurs at the grain boundaries when the grain size increases and
the crystallinity improves, which leads to increased mobility and injection of free charge carriers
[17].

4. Conclusions

Most semiconducting materials behave similarly to when the material size decreases from
its normal size (Bulk Size) due to volume quantization. This behavior arises because the size of the
nanoparticles is comparable to the de Broglie wavelength of their charge carriers (i.e. electrons and
holes). We notice that the energy gap value is large at small volumes and then gradually decreases
when increasing the size of the object until it becomes almost constant after the granular size of the
material exceeds the bor radius of the exciton for most materials, and that an increase in the value
of the energy gap at small volumes leads to a change in the electrical properties of the material.

The study of the electrical properties of these materials is very important as they are used
in many applications of optoelectronics. One of its most well-known applications is the
fabrication of dual-link lasers, CD-reading, as well as manufacturing many LED lights. Among the
most important electrical properties (dielectric constant and concentration of charge carriers), and
the results in this study indicate that the dielectric constant of the two materials (Si and CdS)
increases with the increase in the size of the material and decreases with the decreasing size, as
well as for the concentration of the charge carriers for materials (Si and CdS), we notice that it
decreases as the granular size decreases and increases with the granular size of the substance.
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