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The exploration of Coulomb blockade oscillations in plasmonic nanoparticle dimers is the subject of this study. When two metal
nanoparticles are brought together at the end of their journey, tunnelling current prevents an infinite connection dipolar plasmon
and an infinite amplification in the electric fields throughout the hot spot in between nanoparticles from occurring. One way to
think about single-electron tunnelling through some kind of quantum dot is to think about Coulomb blockage oscillations in
conductance. The electron transport between the dot and source is considered. The model of study is the linear conductance
skilled at describing the basic physics of electronic states in the quantum dot. The linear conductance through the dot is
defined as G=lim_ ;(I/V) in the limit of infinity of small bias voltage. We discuss the classical and quantum metallic
Coulomb blockade oscillations. Numerically, the linear conductance was plotted as a function gate voltage. The Coulomb
blockade oscillation occurs as gate voltage varies. In the valleys, the conductance falls exponentially as a function gate voltage.
As a result of our study, the conductance is constant at high temperature and does not show oscillation in both positive and
negative gate voltages. At low temperature, conductance shows oscillation in both positive and negative gate voltages.

1. Introduction

Classical electromagnetism forecasts an infinite of the red-
shift hybridized noble metal nanoparticle plasmon polariton.
The surface-to-surface distance approaches zero when there
is a rapid increase in the field strength between the hotspot
of two metallic nanopatrticles. One theory holds that quan-
tum mechanical tunnelling of electrons prevents either type
of deviations [1]. Additionally, the tunnelling current mini-

mizes the accumulation of charge opposing surfaces. As a
result, decreases in the electric field strength within the hot-
spot result in a seamless transition from either the dipolar
bonding plasmon to the charge transfer plasmon. A high
degree of agreement exists between quantum mechanical
theories and experimental results [2]. Quantum tunnelling
accounts for the vast majority of the optical response of cou-
ples of plasmonic nanoparticles along within close proximity
[3]. Recently, tunnelling of electrons in quantum plasmonics
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was thought to be a continuous phenomenon, when the con-
ductivity across two nanoparticles increased progressively in
decreasing range [4]. The development of charge transfer
should be prevented by the Coulomb blockage of tunnelling
current. The device should remain in the classical electromag-
netism regime since a particular quantity of potential energy
is achieved in the gap across plasmonic nanoparticles. With
the emergence of supercomputers, numerical computations of
electron transport across quantum dots have become increas-
ingly essential in the field of physics. A computational approach
allows for the derivation of the electronic characteristics and
composition of a system of particles from the fundamental
elements of the system and their interactions with one another.
The quantum dot [5] is a system of particles that is presently
receiving much attention. An artificial system made up of
multiple interacting electrons that are constrained to limited
regions among layers of metals is known as a quantum well.
In metal, a finite number of electrons are constrained. The
possibility of evaluating and tuning features linked to quan-
tum mechanical processes and charge quantization, as well
as the ease with which such small devices may be constructed,
encourages the interest in their fabrication. A very small
capacitance is produced by a dot with a size that is in the
region of the Fermi wavelength. Consequently, the electrons
occupy separate quantum levels in dots, and the level spacing
E is the spacing across neighbouring levels in a dot grid
system. In a way to extend an electron to the dot or take an
electron from the dot, a specific quantity of energy E, is
required, which varies based on the charging energy E..
Atomic properties [6] are strikingly comparable to these fea-
tures. As a result, quantum dots are considered “manufactured
atoms” in some circles. The features of quantum dots, such as
their spectrum, present a difficult advantage. It is possible to
attach source and drain contacts to samples that are adjustable
by an outside gate and that have source and drain contacts. As
a result, it is possible to measure the transit through the dot.
The tenability of variables has a significant impact on the
amount of work that can be done in electron transport. With
the addition of contacts to the dot, tunnelling of electrons
away from and toward the dots becomes conceivable [7].
These result in a finite lifespan of the electron in the dot, pro-
ducing a level broadening that is lower than the level spacing
in the devices that we are interested in. A quantum dot is con-
nected to three terminals by a quantum coupling. When the
source and drain are in contact, particle exchange might occur.
The third terminal, which is just electrically linked, is utilized
as a gate electrode, shifting the energy spectrum of the dot as
it passes through it. It is a quantum dot that has been attached
to leads and the get capacitance that serves as the prototype for
a solitary electron transistor. If we consider a realm in which
temperature is substantially smaller than charging but still
significantly greater than the level widening, the transport
mechanism is controlled by a singular electron process. As
with a transistor, the quantum dot operates similarly to a tran-
sistor in that the current flowing through it may be switched
on and off by adjusting the gate voltage connected to it [8].
Quantum dots research embraces a variety of topics in
physics, electrical and electronic engineering, chemistry,

International Journal of Photoenergy

material science, biology, and medicine, where according to
the demand of specific applications, different types of quan-
tum dot structures are employed. Due to the fact that quan-
tum dots could interconvert light and electricity in a
controlled manner that is based on the size of the crystal,
they can be used to inject directly charged particles [9].
One further use of quantum dots, and among the most
intriguing interfaces of nanotechnology throughout the
usage of a colloidal quantum dot in terms of speed and
excitement, is in the field of biology [10]. There is a range
of biological investigations in which typical fluorescent
labels made from organic compounds fail to provide long-
term sustainability or the ability to detect numerous signals
at the same time. Their distinctive optical features made
them appealing as fluorophores [11]. Applications of quan-
tum in the area of biology are to investigate various cellular
labelling mechanisms and develop drugs [12]. Generally, the
applications of the quantum dots are diverse, and all could
not be listed here in detail [13]. The confined electrons are
held in place by a quantum dot, which would be a tiny area
of a metal into which they might enter and exist due to tun-
nel contact. Charge transport through the quantum dots has
been receiving significant theoretical and experimental inter-
est. Research occurs on electron transport through the quan-
tum dots in the noninteracting investigation to realize
electron transport through the quantum dots at high tem-
perature. On the other hand, there should be enough study
for electrons to transport low temperature. The researcher
is expected to fill this gap. The objective of the study is to
investigate Coulomb blockade oscillations, conductance,
and charge transport through the quantum dots and plot
the normalized conductance as the function of gate voltage
at nanoparticle plasmon dimers.

2. Materials and Methodology

The Coulomb barrier becomes significantly more visible as
metallic nanoparticles within the sub-5nm region become
more readily available for manipulation. Scanning tunnelling
microscopy [14] and electrochemistry with gold nanoparticles
in the electrolyte [15] have both been used to observe Cou-
lomb blockage occurring at ambient temperature. The quan-
tum dot is perceived to be weakly coupled to two-electron
reservoirs and to have a single electron energy level at E,(p

=1,2,3,--+); this is evaluated by handling the electron-
electron interconnection in a mean-field (Hartee) approxima-
tion, which is a mean-field approximation of the electron-
electron interaction [16]. In this chart, the stages are desig-
nated in ascending order and are evaluated in relation to the
potential well's bottom. The location of the levels may be
affected by the number of electrons in the molecule.

1
WE=Ee) = T,

1 (1)
fr(E_EF) =

1+ e BT,
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where Ep, is the Fermi energy, f is the Fermi-Dirac distri-
bution, K is the Boltzmann constant, and T} and T, are the
temperature of left and right reservoirs, respectively. Through
applying a conceivable variation V between the left and right
sides of the dot, a current I could be transmitted through it.
It is indicated by I ‘L and I', respectively, that the tunnelling

rate between level P to the left and right reservoirs is greater
than zero. In the presence of a potential U imposed between
both the source and drain reservoirs, the current will flow
via the dot. The distribution of electrons in the quantum dot
is altered as a result of this current. The stability distribution
of electrons from between energy levels differs from the
equilibrium distribution of electrons in the previous energy
levels. The applied potential difference can now be considered
a perturbation that can change the equilibrium distribution
[17]. At T = 0, the position of the conductance peaks as a func-
tion of gate voltage can be evaluated from a consideration of
the equilibrium characteristics of the system only [18]. In
linear response theory, the response is a linear function of
perturbation [19].

P((mh =Pultnd) |1+ gpuinp)]- @

y({n;}) is the correction term due to the application of
perturbation. The equilibrium distribution is shifted by the
factor of y({#n;}). The nonequilibrium probability evolves in
time according to the master equation [20]. The master equa-
tion has gain terms and loses terms [21]. The (two-terminal)
linear response conductance G of the quantum dot is charac-
terized by the expression G=1/V in the limit V — 0. The
stationary current through the left equals the right barrier
and is provided by

I=-e) {Z:}F;P({ni}){onp,of (Ei’l(N) - EF) = O [1-f (B (N)-E,)] }
p=1{n;
3)

The first term expresses the chance of finding an electron
with energy E upon on the left side of the graph and an emp-
tiness state on the right side of the graph [22]. The second
summation is based on the total number of occupations that
have been realized {n,n, .} ={n;} from the energy levels
in the quantum dot each with stationary probability Py, ;.

The conductance through the quantum dot is for a given N:

62 00 00 F}JF;
KT AT Ts Peg(N)Feg (Ey ) [1= £ (E, + UN) - U(N = 1) - Ey)].
(4)

Specifically, this distribution function describes the
tunnelling of an electron with an initial condition P in the
dot [23]. When we are in the extreme temperature limit, we
take the quantum into consideration and KyT>>AE. The
extreme temperature range intersect with lower temperature
range [24].

The conductance of the particular barriers and quantum
dots at higher temperatures is irrelevant, as the discreteness
of neither the stages nor the charging energy is essential. The
conductance does never fluctuate in response to the gate
voltage [25]. For low-temperature characteristics, KT « AE
. All energy levels E, are small that G is the highest if 1 — f
is maximum. The cflarging energy U(N) of the dot differ-
ence is discretely due to the variation in number N of
electrons on the dot through tunnelling to or from the
source leads, or it repeatedly varies due to the difference in
the voltage on the external gate electrode [26]. In the low-
temperature region, KT < AE; the term with P=N=N_,.
gives the dominant contribution to the sum over P and N
in the conductance. Then, the equation of normalized con-
ductance in the low-temperature boundary limit is given by

G Y eNNuin)/207 50 177 4 gPA 5
<. Se

Zifoﬂ e(N=-Ny)* 1202

[S)

where A=NE_ +PAE-(Eg+eV,+E) and Gy=¢’T}
r },/K T(r,+I ;) As temperature decreases, the width of

Gaussian distribution o decreases, and thus, P(N) becomes
sharply peaked around N=N_, .

3. Result and Discussion

The Coulomb blockade with resonant tunnelling and the opti-
cal field driving the plasmon leads to the equilibration of the
Fermi Level of plasmonic nanoparticles and molecular levels
of intertion [27]. The Coulomb blockade oscillations break
down when thermal energy is equal to charging energy. The
numerical computation of electron transport through the
quantum dot is performed [28]. The graphs of the results are
discussed using the equations that we use in the method. Con-
ductance cannot be evaluated analytically but can be evaluated
numerically [29]. The usefulness of numerical computation is
more recognized, and today, it is used in many domains of
research and development. The normalized conductance is
shown as a measure of gate voltage on a graph.

Numerically equation (5) is solved for different values of
thermal energy and plotted normalized conductance also as
a variable of gate voltage [30]. The plot of equation (5) is
shown in Figure 1. For negative gate voltage conductance
shows no oscillations but rather has a constant positive value
of 274.62. For ETH =1.46x 102 and negative gate voltage
Vg =-0.037V, the conductance falls from max to min
(Gax =274.62) to (G, =12.05) and oscillate between
G = 12.05 and G, =71.31. The constant value of con-
ductance in the positive gate voltage is less than the constant
value in the negative gate voltage. Oscillations occur in the
positive gate voltage [31].

The plotted graph for low temperature in Figure 2 is
shown. For both negative and positive gates, voltage conduc-
tance shows no oscillation. For negative voltage V,=0.5V,
the conductance falls G, to G, (G, =54.92 to G;, =
34.69) for ETH = 1.82E~% and shows no oscillations [32]. As
gate voltage increases, conductance decreases—approaching
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FiGURrE 1: Normalized conductance versus gate voltage and plotted
graph of equation (5).
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FiGure 2: Blocking conditions. Normalized conductance versus
gate voltage and a plotted graph of equation (5).

a minimum value in the positive gate voltage (G,,,, = 34.69
)—and increases gradually becoming constant (G =46.70).
The conductance’s blocking conditions (G is minimum) are
fulfilled at different gate voltages [33]. As can be seen from
the figure, at high temperature, the conductance does never
exhibit oscillation as a variable of gate voltage. At a fixed gate
voltage, the conductance valley (minima) through the dot is
shifted to the right in energy proportional to the applied gate
voltage. Transport blocked (Coulomb blockade) regions in
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Total capacitance = 8.5E-019 and fermi energy = 4.0

Normalized conductance
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Gate voltage (V)
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—— ETH =0.236

FiGure 3: Normalized conductance versus gate voltage when KT
< AE plotted using equation (5).

which no energy lies in the required energy window. No oscil-
lations in both positive and negative gate voltages.

In Figure 3, we have plotted the normalized conductance
as a variable of gate voltage for various capacitances with the
same Fermi energy; the conductance becomes oscillatory for
both negative and positive gate voltages [34]. For ETH =
0.236 oscillation disappears, conductance becomes constant
G = 3.6. Level spacing, capacitance, temperature, and chem-
ical potential affect the oscillation nature of the conductance.

4. Inference

The close connections of our result and the objective of the
study are in agreement with the theoretical explanation of
the optical Coulomb blockade oscillations in plasmonic nano-
particle dimers. We briefly explained the appearances of the
Coulomb blockade at high and low temperatures graphically.

5. Conclusion

Statistical computation of electron transport through the
quantum dots is performed. The electron charge in the quan-
tum dot is quantized. The conductance cannot be evaluated
analytically but can be evaluated numerically. At high temper-
atures, the thermal energy is strong enough to overcome the
repulsive of Coulomb force. The alternative pattern of peaks
and suppressed region conductance as a variable of gate elec-
trons are in the quantum dot. The normalized conductance
is plotted as a variable of gate voltage for capacitance across
the drain, capacitance across the gate voltage, capacitance
across the source, charging energy, and the level spacing.
The graphs of normalized conductance show a different
behaviour, saturation, oscillation, oscillation depression, and
varying amplitude of oscillation and period.
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