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ABSTRACT Renewable energy sources like photovoltaics have the potential to mitigate the negative
consequences of pollution and global warming. The solar sector has shown exponential growth and is
quickly becoming a viable alternative to fossil fuels. Currently, the great majority of solar modules are
composed of crystalline silicon. To make photovoltaics more competitive, affordability and efficiency are
two of the most important elements. Metal nanoparticles can be introduced or a heterojunction can be made
using appropriate materials to increase the absorption coefficient of a silicon-based solar cell, which boost
the total efficiency of the solar module. Therefore, in this study, we used Sentaurus TCAD simulation to
examine the effects of gold nanoparticles introduced with various sizes and periodicities on the photoelectric
characteristics of ZnO/Si and Perovskite/Si solar cells. Accordingly, all of the photoelectric characteristics of
the perovskite/Si solar cell have shown a clear sinusoidal connection with the nanoparticle periodicity. When
the gold nanoparticle size changed from 6 nm to 9 nm, the period of the sinusoidal function changed to π . The
photoelectric parameters of ZnO/Si solar cells changed in a sinusoidal pattern based on the nanoparticle’s
periodicity, but this was true only when the nanoparticles size was between 9 nm and 21 nm. According
to the obtained results, the maximum values of short-circuit current, open circuit voltage and fill factor
are 10.47 mA/cm2, 0.384 V, 71.06% for perovskite/Si and 10.52 mA/cm2, 0.306 V, 71.12% for ZnO/Si.
The minimum current density of the perovskite/Si solar cell was identical when compared to the solar cell
without nanoparticles. When a gold nanoparticle with a size of 6 nm was introduced into the ZnO/Si solar
cell with a periodicity of 120 nm, the short circuit current decreased by a factor of 3.81 compared to the
solar cell without the nanoparticle. It has been scientifically proven that Fano interference is responsible
for the sinusoidal relationship between the short-circuit current of the solar cells and the periodicity of the
nanoparticle.

INDEX TERMS Numerical simulation, heterojunctions, nanoparticles, silicon, perovskites.

I. INTRODUCTION
Today, a lot of scientific research is being conducted to
increase the efficiency of solar cells and reduce their cost.
The industry mainly produces silicon-based solar cells [1].
Although, lots of scientific work has been done to optimize
the size [2], surface morphology [3], doping concentration [4]
and device structure of silicon-based solar cells, silicon-based
solar cells are still considered to have high production cost
along with a modest efficiency of 22.8% [5]. In addition, the
efficiency of pure silicon-based solar cells cannot exceed the
theoretical value of 29% according to the Shockley-Quisser
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theory [6]. However, we can increase this upper limit to 42%
by forming nanostructures on its surface [7].Furthermore,
it has been discovered that adding platinum metal nanopar-
ticles to the solar cells can double their efficiency [8].

Other materials instead of silicon for solar cells have been
extensively researched. For example, despite the high cost
of GaAs-based solar cells, it has been determined that they
are the most suitable for use in space and have high radi-
ation resistance [9]. In the last 10 years, interest in per-
ovskite structures has increased dramatically [10]. Because
perovskite materials have a high absorption coefficient in thin
layers [11]. Perovskite materials are also divided into organic
and organic-inorganic hybrid types [12]. Among them, the
most widely used for making solar cells is CH3NH3PbI3 [13].
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The bandgap of CH3NH3PbI3 is 1.55 eV [14], approximately
equal to that of GaAs. In addition, it is a direct semiconductor
like GaAs. Electron transport layer (ETL) and hole transport
layers (HTL) are used to optimize perovskite-based solar cells
and to better separate charge carriers [15]. ETL and HTL are
selected depending on the type of perovskite material, the
band gap, the electron density and the crystal lattice constant.
In solar cells based on CH3NH3PbI3, ZnO [16], SnO2 [17]
as ETL and NiOx [18], Spir-Ometad [19] as HTL are widely
used. By optimizing ETL, HTL, the perovskite layer thick-
nesses and its input concentration, its efficiency can be
increased up to 29.53% [20] and up to 33% according to the
Shockley-Quisser theory [21]. Perovskite-based solar cells
are divided into two types according to the arrangement of
the layers [22]: direct and inverted. Perovskite solar cells are
mainly formed by preparing a solution and depositing it on
a substrate [23]. The efficiency of the planar CH3NH3PbI3-
based inverted solar cell was experimentally reported to
be 13.97% when a 1.3:1.3 M mixture of PbI2-CH3NH3I was
produced by spinning at a speed of 4000 rpm [24]. To increase
the efficiency of solar cells, surface textures [25], coatingwith
optical layers [26] and introduction of nanoparticles [27] or
quantum dots [28] are used in practice.

So far, silicon, simple perovskite and perovskite/silicon
tandem solar cells have been well studied [29]. Even the
effect of nanoparticles introduced into silicon, perovskite
and organic solar cells [30] have been well studied. In our
previous research, we studied ZnO/Si and perovskite/Si het-
erojunction solar cells and determined their optimal thick-
nesses [31]. However, nanoparticle-incorporated ZnO/Si and
perovskite/Si solar cells have hardly been studied. Therefore,
in this scientific work, the effect of gold nanoparticles of
different sizes and periodicities on ZnO/Si and perovskite/Si
solar cells of optimal thicknesses is studied.

II. MATERIALS AND METHODS
A. SIMULATION PROCEDURE
There are 3 main methods used to study solar cells: theory,
experiment and simulation. In this scientific work, the sim-
ulation method was used for the study of ZnO/Si and Per-
ovskite/Si heterojunctions with gold nanoparticles. There are
a lot of simulation tools for solar cells [32]. Sentaurus TCAD
software was used for simulation. The Sentaurus Structure
Editor tool of the Sentaurus TCAD program was used to
create a geometric model of the solar cell. In our earlier
research papers, we described in great detail how to use the
Sentaurus Structure Editor and the Tool Command Language
to create solar cells and nanoparticles of varying structures
through the use of a single loop algorithmic. [33].

Each material in a solar cell is given a set of physical
properties in Sentaurus Device once its geometric model
is created. The material base of Sentaurus TCAD contains
almost all the physical parameters of monocrystalline silicon.
As we have studied simple planar ZnO/Si and Perovskite/Si
solar cells in our previous scientific works, parameter files
of perovskite and ZnO have been created and added to the

material base of Sentaurus TCAD. The Sentaurus TCAD
material database contains a parameter file for gold, but some
of its physical parameters need somemodifications according
to the size of the nanoparticle. Because in Sentaurus TCAD
parameter files are given for bulk materials. When the size of
the material is reduced to the nanoscale, some of its physical
parameters change due to the size effect [29]. The physical
parameters of the gold nanoparticle differ from those of the
bulk gold. Because as the size of a nanoparticle decreases, its
surface per unit volume increases significantly.

Given the required physical models and mathematical
methods for the solar cell, Sentaurus Device is able to perform
numerical simulation. Unlike other semiconductor devices,
solar cells simulation requires optical properties in addition
to the electrical ones. In this scientific work, AM1.5g light
spectrum was used to illuminate the solar cell. Sentaurus
Visual was used to analyze and visualize the results obtained
on the Sentaurus Device, and Sentaurus Workbench tools
were used to manage the simulation process and to work
together with the instruments.

B. THEORETICAL BACKGROUND
In the simulation of solar cells, the first optical proper-
ties are determined. Sentaurus TCAD has 3 main methods
for calculating optical properties: Transfer Matrix Method
(TMM) [34], Ray Tracing [35] and Beam Propagation [36].
In the Ray Tracing method, a certain number of rays are
put on the solar cell, and a separate calculation is made for
each ray. At the border of two environments, the beam splits
into reflected and refracted rays, each of which has its own
set of calculations. Therefore, the Ray Tracing method is
mainly used to model textured solar elements. One drawback
of such method is its inability to calculate the transmission,
reflection and absorption coefficients of solar cells depending
on the wavelength of light. Its calculation accuracy depends
on the number of rays. In TMM, according to Maxwell’s
electromagnetic field theory and Beer Lambert’s law [37],
matrices of electric field or magnetic field induction vectors
are created, and the absorption, transmission and reflection
coefficient of the whole system is calculated. TMM is the
most suitable method for determining the optical properties
of thin films as it takes into account the phenomenon of
interference [38]. Since there is a possibility of Fano inter-
ference of light emitted from nanoparticles, in this research
work, we also used TMM to model nanoparticle embedded
solar cells. Regardless of the used methods, optical boundary
conditions are typically divided into: angular and energy. The
relationship between the angles of incidence, refraction and
reflection of light incident on the boundary of two media is
determined using Snell’s law given in formula 1 [39], and
this is considered an angle boundary condition. The relation-
ship between the energies of incident, refracted and reflected
rays is calculated using the Fresnel coefficients given in
formula 2 [40].

n1
n2
=

sin (γ )
sin (θ)

, β = θ (1)
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Here: θ is the angle of the reflected light, n1 and n2 refrac-
tive indices of the media, γ is the angle of the refracted light.

rt =
n1 cosβ − n2 cos γ
n1 cosβ + n2 cos γ

tt =
2n1 cosβ

n1 cosβ + n2 cos γ
rp =

n1 cos γ − n2 cosβ
n1 cos γ + n2 cosβ

tp =
2n1 cosβ

n2 cosβ + n1 cos γ

(2)

Here: rt and tt are the Fresnel coefficients for transversal
polarized light, rp and tp are the Fresnel coefficients for
parallel polarized light, β is the angle of incident light, γ is
the angle of refracted light.

After determining the optical properties in TMM, the gen-
eration coefficient is calculated using the quantum yield func-
tion. The quantum yield is a logic function that takes 1 if
the photon energy is greater than or equal to the material’s
bandgap, and 0 otherwise.

There are mainly 3 types of recombination in semiconduc-
tors [41]: Radiative, Shockley-Read-Hall (SRH) and Auger.
Since silicon is an indirect semiconductor, it mainly has
SRH and Auger recombination, Radiative recombination is
almost absent. ZnO and perovskite are direct semiconductors,
they have three types of recombination. Therefore, separate
recombination models were used for each region in the mod-
eling. For example, since the emitter region is made of ZnO
or Perovskite, all three recombinations have been declared to
exist, and since the base is made of silicon, only SRH and
Auger recombinations have been declared to exist.
SRH recombination due to defects is calculated using
formula 3 [42].

RSRHnet =
np− γnγpn2i,eff

τp (n+ γnn1)+ τn
(
p+ γpp1

) (3)

Here: n is the electron concentration, p is the hole con-
centration, γn, γp are the coefficients, τn, τp are the electron
and the hole lifetime, n1,p1 are the electron and the hole
concentration on the trap.

Auger recombination is calculated using formula 4 [43]
and is also called three particles recombination. Accordingly,
as the concentration of charge carriers increases, so does
its portion in the total recombination. An increase in the
input concentration causes an increase in the concentration
of charge carriers. Therefore, after the input concentration
reaches a certain critical value, Auger recombination begins
to dominate.

RAnet =
(
Cnn+ Cpp

) (
np− n2i,eff

)
(4)

Here: Cn, Cp are Auger coefficients. ni,eff is the intrinsic
carrier concentration.

The electrostatic field formed around the charge carriers
and ionized impurities and the electric potential are calculated
using the Poisson equation in formula 5 [44].

1ϕ = −
q
ε
(p− n− ND + NA) (5)

Here: ε is the permittivity, ND and NA are the concentra-
tions of donor and acceptor, q is the charge.
The internal electric field created by the ions in the

p-n junction separates the electron-hole pairs and help to
reach them to the contacts. So, unlike the diode, the drift
movement of charge carriers plays the main role in the solar
cell. The Masetti formula is given in formula 6 [45] was used
to calculate the mobility of charge carriers. Because in the
Masetti model, the effect of electron-phonon scattering, input
concentration and temperature are also considered. Conse-
quently, this model is suitable for estimating the mobility of
charge carriers in nanoparticle-incorporated solar cells.

µdop = µmin 1 exp
(
−

Pc
NA,0 + ND,0

)
+

µconst + µmin 2

1+ ((NA,0 + ND,0)/cr )α

−
µ1

1+ (Cs/(NA,0 + ND,0))β
(6)

Here: µmin, µmin2, µ1 are the constants related to the type
of materials, Pc, Cr, Cs are the constants related to the doping
concentration and material type, α, β are the fitting parame-
ters, µconst is the mobility depending on the temperature and
the electron-phonon scattering, NA,0, ND,0 are the acceptor
and donor concentration.

The free electrons inside a nanoparticle begin to vibrate as
soon as the light hits its surface. If the vibration frequency
of free electrons match that of the vibration frequency of
the external electromagnetic field, a resonance phenomenon
takes place giving the oscillating electron enough energy to
escape the nanoparticle. Energy levels in metal are almost
continuous, that is, the difference between two energy levels
is smaller than thermal energy (kT). Quantum effects occur
whenever the metal is shrunk to a very small scale ‘‘called
critical size’’, at which point the gap between energy levels
becomes greater than the thermal energy (kT). For example,
the critical size for a gold nanoparticle is 100 nm [46]. There-
fore, when light is applied, the electrons in the nanoparticle
jump from one energy level to another, emitting phonons
along the way. Due to the vibration of free electrons, an
electromagnetic wave in the spectrum corresponding to the
vibration frequency is radiated. Thus, Nanoparticles emit
electrons, phonons, and high-energy photons when exposed
to light. In Sentaurus TCAD, there are 4 different methods
for calculating the charge carriers transport: Drift-Diffusion,
Thermodynamic, Hydrodynamic and Monte Carlo. Among
these models, only the thermodynamic model considers the
effect of the change in the temperature of the crystal lattice
on the charge carriers transport. The phonons generated in
the nanoparticle increase the temperature of its surroundings
and affect the thermodynamic balance in the solar cell. There-
fore, in this scientific work, the thermodynamic model in
formula 7 [47] was used to calculate the charge carriers
transport in the nanoparticle introduced solar cell.

EJn = −nqµn(∇8n + Pn∇T )
EJp = −pqµp(∇8p + Pp∇T ) (7)
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Here: µn, µp are the mobilities of electron and holes, Fn,
Fp are the electron and hole quasi-Fermi potentials, Pn, Pp
are the thermoelectric power of electrons and holes, T is the
absolute temperature.

In the thermodynamicmodel, the temperature of the crystal
lattice must be taken into account; otherwise, the results
obtained in this model will be the same as those obtained
in the drift-diffusion model. To determine the temperature
of the crystal lattice, the temperature differential equation in
formula 8 [48] was used.

∂

∂t
(cLT )−∇ · (k∇T )

= −∇ ·

[
(PT +8M )EJM

]
−

1
q

(
EC+

3
2
kT
)
(∇ · EJn − qRnet,n)

−
1
q

(
−EV+

3
2
kT
)
(−∇ · EJp − qRnet,p)+ }ωGopt

(8)

Here: k is the heat conductance, cL is the heat capacity,
Ec is the minimum energy of conduction band, Ev is the max-
imum energy of valence band, Gopt is the optical generation,
Rnet,n and Rnet,p are the net recombination, Jn and Jp are the
current densities of electrons and holes, t is the time, Fm is
the metal Fermi state, Jm is the current density in metal, ω is
the frequency of photons, h̄ is the Planck constant.
The electric current and potential distribution at the

nanoparticle/semiconductor and contact/semiconductor bou-
ndaries were determined using Ohmic boundary conditions
in formula 9 [49]. Because there is an ohmic transition at
the intersection of gold nanoparticle and semiconductor and
metal contact and semiconductor according to their Fermi and
conduction state energies.

ϕ = ϕF +
kT
q
a sinh

(
ND − NA
2ni,eff

)
n0p0 = n2i,eff

n0 =

√
(ND − NA)2

4
+ n2i,eff +

ND − NA
2

p0 =

√
(ND − NA)2

4
+ n2i,eff −

ND − NA
2

(9)

Here: ni,eff is the effective intrinsic carrier concentration,
ϕF is the Fermi potential of contact.

III. RESULTS AND DISCUSSION
The main photoelectric parameters of solar cells are short
circuit current, open circuit voltage, fill factor and output
power. In Figure 1, the dependence of the short-circuit current
of Perovskite/Si (a) and ZnO/Si (b) solar cells with gold
nanoparticles with various size and periodicity is represented
by a contour graph. The radius of the nanoparticle was
changed from 4 nm to 20 nm, and the periodicity was changed
from 60 nm to 200 nm. Depending on the periodicity of

FIGURE 1. Short-circuit current of nanoparticle introduced to
Perovskite/Si (a) and ZnO/Si (b) solar cells as a function
of nanoparticle size and periodicity.

the nanoparticle, the short-circuit current of the perovskite/Si
(Figure 1.a) solar cell varied periodically. According to the
result in Figure 1.a, the radius dependence of the short-circuit
current of the perovskite/Si solar cell can be divided into three
ranges: (4 nm, 6 nm), (6 nm, 9 nm) and (9 nm, 21 nm).
In the first and third ranges, the dependence of the short-
circuit current on the periodicity of the nanoparticle did not
show any variation, while it varied linearly in the range of
(6 nm, 9 nm). On the other hand, the dependence of the short-
circuit current of the ZnO/Si (Fig. 1.b) solar cell on the peri-
odicity of nanoparticles has nothing to show in the ranges of
the radius (9 nm, 21 nm). However, in the (4 nm, 9 nm) inter-
val, the functional dependence of the short-circuit current on
the periodicity of the nanoparticles disappeared, unlike the
perovskite/Si solar cell.

It was found that there is a clear functional relationship
in the dependence of the short-circuit current of the per-
ovskite/Si solar cell on the periodicity of the nanoparti-
cles. The functions were different between the third range
(9 nm, 21 nm) and the first one (4 nm, 6 nm). Therefore,
Fig. 2 shows the dependence of the short-circuit current of
the perovskite/Si solar cell with a gold nanoparticle of 4 nm
radius and 11 nm periodicity. From this graph, it became
clear that the short-circuit current varies according to the peri-
odic sinusoidal pattern depending on the distance between
the nanoparticles. When the nanoparticle size changed from

VOLUME 10, 2022 119561



J. Gulomov, O. Accouche: Gold Nanoparticles Introduced ZnO/Perovskite/Silicon Heterojunction Solar Cell

4 nm to 11 nm, the maximum and minimum values of the
short-circuit current did not change at all, only the phase of
the sinusoidal connection changed to π phase. Electromag-
netic waves emitted by nanoparticles can experience inter-
ference due to the phase difference with respect to the free
electrons oscillations [50]. This interference is called Fano
interference [51].

FIGURE 2. Dependence of the short-circuit current of Perovskite/Si solar
cells containing gold nanoparticles with a radius of 4 nm and 11 nm on
the nanoparticle periodicity.

Logical variable a was introduced into this formula. It was
found that α = 0 if the nanoparticle size is in the range
(4 nm, 6 nm) and α = 1 if it is in the range (9 nm, 21 nm).
According to the results of simulation, it was determined
that Jmax = 10.47 mA/cm2 and Jmin = 8.11 mA/cm2 for
the perovskite/Si solar cell. However, the nanoparticle size
had no effect on the maximum and minimum values of
the short-circuit current of the perovskite/Si solar cell. This
means that the amplitude of the Fano resonance is indepen-
dent of the size of the nanoparticle unlike its phase. The
short-circuit current J = Jmin corresponds to Fano inter-
ference minimum state and J = Jmax corresponds to the
maximum state. That is, the short-circuit current of the
perovskite/Si solar cell changes depending on the distance
between the nanoparticles due to Fano interference. The
short-circuit current of the perovskite/Si solar cell without
nanoparticle was equal to the minimum short-circuit current
of the perovskite/Si solar cell with gold nanoparticle. In order
to scientifically justify the obtained results, Figure 3 shows
the wavelength dependence of the absorption coefficient of
the perovskite/Si solar cell with gold nanoparticle (dp =
80 nm, r = 4 nm) and (dp = 80 nm, r = 11 nm). Because
(dp = 80 nm, r = 4 nm) nanoparticle introduced solar cell
achieved minimum and (dp = 80 nm, r = 11 nm) maximum
short circuit current. In the short wavelength’s spectrum, the
solar cell (dp = 80 nm, r = 11 nm) has achieved a high
absorption coefficient. In the visible spectrum, (dp = 80 nm,
r = 4 nm) the absorption of the solar cell was greater. The
energy of short-wavelength photons is high, and the energy
of the electron-holes formed due to their absorption is also
high [52]. The probability of their recombination is high [53].
Therefore, the short circuit current of (dp= 80 nm, r= 4 nm)

solar cell was higher than that of (dp = 80 nm, r = 11 nm).

J =
Jmax + Jmin

2
+
Jmax − Jmin

2
cos

((
dp
2
+ a

)
π

)
,{

a = 0, if r ∈ (4 nm, 6 nm)
a = 1, if r ∈ (9 nm, 21 nm)

(10)

FIGURE 3. Dependence of the absorption coefficient of a perovskite/Si
solar cell on wavelength.

According to the result presented by Figure 1.b, the short-
circuit current of the ZnO/Si solar cell in the range of nanopar-
ticle radius (9 nm, 21 nm) varies according to the exact
law depending on the periodicity of nanoparticles. However,
in the range of nanoparticle radius (4 nm, 9 nm) it was found
that it does not obey the rules. Therefore, Figure 4 shows
the dependence of the short-circuit current of a ZnO/Si solar
cell with a nanoparticle with a radius of 6 nm and 11 nm
on the nanoparticle periodicity. The short-circuit current of
a ZnO/Si solar cell with a size of 11 nm nanoparticles varied
periodically depending on the distance between the nanopar-
ticles, like a perovskite/Si solar cell. There was an unusual
shift in the short circuit current at 6 nm of nanoparticle size.
With a separation of 120 nm between nanoparticles, the short
circuit current drops to 2.13 mA/cm2. It was found that the
short-circuit current of the ZnO/Si solar cell without nanopar-
ticles was 8.11 mA/cm2. Hence, when gold nanoparticles
with a size of 6 nm were introduced into a ZnO/Si solar
cell with a periodicity of 120 nm, the short circuit current
decreased by a factor of 3.81.

The minimum value of the short-circuit current of the
ZnO/Si solar cell with a nanoparticle of 11 nm radius was
equal to that of the ZnO/Si solar cell without the nanoparticle.
The maximum value was 1.29 times greater than that of
the ZnO/Si solar cell without the nanoparticle. In experi-
ment [54], it was found that silver nanoparticles can boost
efficiency of ZnO/Si heterojunction solar cell. In addition,
the short-circuit current of the ZnO/Si solar cell can also be
determined by formula 1. Figure 5 shows the dependence
of the absorption coefficient of the ZnO/Si solar cell on the
wavelength. The reason for the sharp decrease in the short
circuit current of ZnO/Si solar cell with gold nanoparticle
(dp = 120 nm, r = 6 nm) is the sharp decrease in the
absorption coefficient in the wavelength range of
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FIGURE 4. Dependence of thef short-circuit current of the gold
nanoparticles with radius of 6 nm and 11 nm introduced
ZnO/Si solar cell on periodicity.

FIGURE 5. Dependence of the absorption coefficient of the ZnO/Si solar
cell on the wavelength.

535-900 nm. Its absorption coefficient is almost reduced from
that of the ZnO/Si solar cell without nanoparticle.

Figure 6 shows the dependence of the open circuit voltage
and fill factor of perovskite/Si and ZnO/Si solar cells on
nanoparticle size and periodicity. The open circuit voltage
of perovskite/Si (Fig. 6.a) and ZnO/Si (Fig. 6.a’) solar cells
also changed depending on the nanoparticle size and period-
icity, as did the short-circuit current. For the perovskite/Si
solar cell, the maximum value of the open circuit voltage
was 0.384 V, the minimum value was 0.366 V, and for the
ZnO/Si solar cell, it was equal to 0.306 V and 0.27 V, respec-
tively. The open circuit voltage of Perovskite/Si and ZnO/Si
solar cells without nanoparticles is 0.3 V. Therefore, when a
gold nanoparticle is introduced into a perovskite/Si solar cell,
the efficiency increases significantly.

In the fill factor of perovskite/Si (Fig. 6.b), the sinusoidal
relationship to the periodicity of the nanoparticle was pre-
served, only its phase changed to π . In the fill factor of
ZnO/Si (Fig. 6.b’), a partial periodicity also occurred in the
radius (4 nm, 9 nm) interval. The maximum value of the fil
factor for perovskite/Si was 71.06%, the minimum value was
65.08%, and for Zno/Si it was equal to 71.12% and 65.06%,
respectively. The fill factor of perovskite/Si and ZnO/Si solar
cells without nanoparticles is 70.28% and 70.6%, respec-
tively. So, when the nanoparticle is introduced under optimal
conditions, the fill factor almost increases.

FIGURE 6. Dependence of the open circuit voltage (a, a’) and fill
factor (b, b’) of perovskite/Si (a, b) and ZnO/Si (a’, b’) solar cells on
nanoparticle size and periodicity.
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IV. CONCLUSION
The formation of heterojunction on the surface of silicon
increases the absorption coefficient of the silicon-based solar
cell and improves the separation of charge carriers. In a
ZnO/Si solar cell, ZnO acts as both an emitter and an anti-
reflection layer. ZnO helps to absorb more photons in sili-
con. Since the absorption coefficient of perovskite is large
in the perovskite/Si solar cell, it ensures more absorption
of photons in the emitter layer as well. It was found that
the introducing nanoparticles into the solar cell modify the
light spectrum and cause the formation of additional elec-
trons due to nanoplasmonic resonance and help to increase
the absorption coefficient and short-circuit current of the
solar cell. Therefore, in this scientific work, we introduced
gold nanoparticles into the emitter layer of the solar cell.
The dependence of photoelectric parameters of ZnO/Si and
perovskite/Si solar cell on nanoparticle size and periodicity
was studied. In conclusion, the short-circuit current of a
perovskite/Si solar cell depends only on its periodicity, not
on the size of the nanoparticle. The short-circuit current of
the ZnO/Si solar cell is sinusoidal related to the periodicity of
the nanoparticle but for perovskite/Si only in the nanoparticle
size range (9 nm, 21 nm). It was found that the efficiency of
perovskite/Si and ZnO/Si solar cells can be increased by a
maximum of 1.25 times by introducing gold nanoparticles.
Therefore, perovskite/Si and ZnO/Si heterojunctions with
gold nanoparticles can be used in other optoelectronic devices
and sensors. A Sol-Gel method for growing n-type perovskite
and ZnO layers on p-type silicon was developed. Currently,
we are looking for an experimental method of periodically
inserting various metal nanoparticles into the emitter layer
of the solar cell. Using the simulation results obtained here,
we would like to experimentally create a silicon-based solar
cell with a high efficiency in our next scientific work.
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