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Abstract:

Objective. Increasing the efficiency of solar cells and reducing the amount of material used in its
production is one of the important tasks of today.

Methods. A 3-way sensitive solar cell was designed for this purpose. Compared with one surface,
the efficiency of three surfaces increased by 2,81 times and two surfaces by 1,72 times. One of the main
parameters of the environment is temperature. The daily temperature changes according to the seasons.
Therefore, it is important to study the effect of temperature on solar elements.

Results. In this scientific work, the effect of temperature on the photoelectric parameters of a three-
way sensitive silicon-based solar cell was studied. It was found that the temperature coefficients of the
photoelectric parameters of the three-way sensitive solar cell do not change when different areas are
illuminated.

Conclusion. It was determined that the temperature coefficient of the operating voltage is 2,52x10"
3 VIK, and the temperature coefficient of the filling factor is 1,8x10-2 K'. In addition, when the temperature
changed from 300K to 350K, the short-circuit current in the three-side light state decreased by 4%.

Keywords: Three-way sensitive, solar cell, silicon, modeling, sunlight.

Introduction. Along with the increase in the need for energy, the use of renewable
energy sources is also increasing. Because renewable energy sources are the best
solution to today's energy shortage without harming the environment [1]. According to the
International Energy Agency, in 2021 the volume of renewable energy sources reached
276 GW. Among renewable energy sources, solar energy is widely used to obtain heat
and electricity [2]. Solar cells are mainly used to convert solar energy into electricity. 85%
of solar cells produced in industry are silicon-based solar cells [3]. Therefore, a silicon-
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based solar cell was chosen as a research object in this scientific work. According to
theoretical calculations, the maximum efficiency of a silicon-based solar cell does not
exceed 29% [4]. Scientific work is being carried out to increase the efficiency of the silicon-
based solar cell and reduce its cost. For example, in order to reduce the surface
recombination and improve the optical properties of a silicon-based solar cell, its surface
is covered with SiNx with a thickness of 75 nm or SiO2 with a thickness of 100 nm [5]. In
addition, it has been found that the incorporation of metal nanoparticles into a silicon-
based solar cell increases the efficiency [6]. Dual-sensitive silicon-based solar cells have
been designed to increase the amount of electricity produced [7]. In the experiment, the
efficiency of the front side of the double-sensing silicon-based solar cell was determined
to be 19.4% and the back side was 16,5%, but the double-sensing solar cells with the
symmetrical efficiency of 18,4% and 18,1% were also made in the experiment [8]. In this
scientific work, a new 3-way sensitive silicon-based solar cell is investigated. Because
the 3-way sensitive silicon-based solar cell depicted in Figure 1 is registered as a utility
model by the Intellectual Property Agency under the Ministry of Justice of the Republic of
Uzbekistan under the number FAP 00623 [9]. But the influence of the environment on its
properties has not been studied.

Solar elements are very sensitive to the environment. Therefore, it is important to
study the influence of the environment on their properties. For example, the effect of the
angle of incidence of light [10] and temperature on the properties of a nanoparticle
incorporated solar cell has been studied [11]. Because mainly the solar elements are
affected by the temperature and the angle of incidence of light. Therefore, in this scientific
work, the effect of temperature on a 3-way sensitive silicon-based solar cell was studied.

9 6 7

351

1
Figure 1. Project of a 3-way sensitive vertical transition solar element
2 —ntype, 3 — p type, 4 — p-n junction, 5 — contact layer, 6 — top surface, 7 — side
surface, 8 — base

Methods. There are different ways to study physical processes. These are
experiment, theory and simulation. In theoretical studies, it is divided into two, obtaining
an analytical solution using the fundamental theory of the process and empirical formulas
created according to the values determined in the experiment. The simulation method is
considered somewhat more complicated. Because, in the process of simulating devices,
the fundamental theory and the empirical formula determined in the experiment are used
together. The basis of simulation of semiconductor devices is special differential
equations. Eigendifferential equations are difficult to calculate using an analytical method,

Vol 8, Issue 4 www.niet.uz
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so numerical methods are used. Because it is possible to algorithmize the calculation
sequence through numerical methods and create programs based on this. Primary
conditions play an important role in special differential equations. Initial conditions can be
in the form of an exact value and a function. Empirical formulas determined in the
experiment are mainly used as initial conditions in the modeling of physical processes.

TCAD (Technology Computing Aided Design) programs are widely used in the
simulation of semiconductor devices. TCAD is a new family of programs based on CAD
programs. CAD programs are mainly designed to create 3D and 2D geometric models of
devices. An example of this can be Solidworks or AutoCAD programs. TCAD programs
can simulate physical processes in devices by giving them physical properties in addition
to creating geometric models of devices. The most common TCAD programs include
Sentaurus TCAD, Silvaco TCAD, and Lumerical TCAD. Therefore, the Senaturus TCAD
software package from Synopsys was used in this research.

Sentaurus TCAD is a comprehensive software package that includes 23
instruments. It is enough to use 4 instruments to model the solar elements. These are
Senataurus Structure Editor, Sentaurus Device, Sentaurus Visual and Sentaurus
WorkBench. Each instrument has its own function. In Sentarus Structure Editor, 2D and
3D models of devices are created and meshed for numerical calculations. In Sentaurus
Device, physical properties are assigned to the geometric model created in Senaturus
Structure Editor, and electrical, optical, and thermal properties of the device are
calculated using numerical methods. In Sentaurus Visual, the results obtained on the
Sentaurus Device are graphically displayed and visualized. Sentaurus WorkBench serves
as a single environment for the above three instruments to exchange information with
each other and manage the virtual experience process.

Figure 2. Geometrical model of the solar cell for 3-way lighting and the overall
system made in Sentaurus Structure Editor
1 - silver reflectors, 2,3 - contacts, 4 - p type, 5 - n type, 6 - light beam and | - length.

The simplest solar cell consists mainly of front and rear contacts and a p-n junction.
To simulate solar elements, their geometric model is developed just like their appearance
in real life. Only to speed up the calculation process and increase the calculation
accuracy, their size is taken smaller. Figure 2 shows the geometric model of the system
developed for three-way illumination of a silicon-based solar cell. In order for light to fall
on the three surfaces of the solar cell with the same intensity, the reflective silver is placed
at an angle of 45° on both sides. Because the light is emitted parallel to the p-n junction.

— = S = — ——
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The light falling on the silver reflectors is directed perpendicularly to the two sides of the
solar element. The width and length of the solar element are equal to 175 um. Boron
active atoms in the amount of 10" cm are included in the p field. Phosphorus active
atoms in the amount of 107 cm= have been included in n field. The thickness of the n
field is 3,5 pm and the thickness of the p field is 171,5 um. The AM1,5G spectrum was
chosen as the light source.

Theory. The main role in the simulation of semiconductor devices is played by
differential equations. For example, to determine the electrical parameters of a simple
semiconductor p-n structure in the equilibrium state, it is enough to calculate the Fermi
statistics given in formula 1 and the Poisson equation given in formula 2.

E. -F E,-E
n:NcE/z[RTj and p=N, 1/2(%} (1)

The distribution of the concentration of charge carriers along the semiconductor
device is determined with the help of Fermi statistics. It is not possible to calculate the
function of Fermi statistics analytically due to the presence of the Fermi half-integral in its
composition. The function of Fermi statistics is brought to the Boltzmann approximation
by introducing data conditions for calculation in an analytical method. But the Boltzmann
distribution gives a more precise value of energy only in a certain range. Since Sentaurus
TCAD mainly uses a numerical method, the Fermi function itself was used to calculate
the Fermi statistics. Because it is possible to calculate the Fermi function in iterative or
numerical methods. The calculated concentration of electrons n and holes p is put into
the Poisson equation, and the electric field strength and electric potential distribution in
the semiconductor device are determined.

q
A([):—Z(p—l’l-l-ND*l—NA) (2)

Modeling solar cells in semiconductor devices is more complicated. Because, in
addition to the electrical and thermal properties of solar cells, optical properties should
also be taken into account. Sentaurus Device mainly uses Transfer Matrix Method (TMM),
Ray Tracing Method and Beam Propagation Method to determine optical properties of
solar cells. Each style has its own advantages. For example, the TMM method calculates
the optical properties of thin solar cells taking into account the interference phenomenon.
The Ray Tracing method was used to determine the optical properties of the system
depicted in Figure 2. Because it is necessary to take into account that the light falling on
the solar element and silver reflectors will be refracted and populate them. In the Ray
Tracing method, a certain number of light rays are sent to the solar cell, and the refracted
and reflected parts of each ray are considered as independent rays. When the light
intensity is less than the minimum light intensity set during modeling, the calculation of
this light is stopped. In turn, the energy of each ray falling on the solar element at the
beginning of the simulation is divided into absorbed, released and stopped parts at the
end of the simulation. One ray can be divided into more than a thousand rays. A part of
these rays can return and pass through the surface of the solar element. This part is
considered free rays. It can lose its energy by being absorbed in a solar cell. The
remaining part will stop the calculation process before it has enough energy. This part
forms the stopped rays. But the total energy of each ray falling on the solar element is
equal to the sum of each of them and is calculated based on formula 3.

Vol 8, Issue 4 www.niet.uz
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P =P +P 4P

total abs escape stopped (3)

In order to determine the optical properties of the devices, the basic optical
parameters such as the refractive index and absorption coefficients of the materials
containing the device should be known. In general, the optical parameters of materials
are determined by the complex refractive index given in formula 4. The real part of the
complex refractive index is the refractive index of the material, and the abstract part is the
"excitation coefficient". The light refraction index and "excitation coefficient" of materials
depend on the wavelength of light. But the exact function is not defined for each material.
Therefore, in the modeling process, the refraction index and the "excitation coefficient"
table of dependence on the wavelength of light, created according to the experimental
results, are used. This ensures the accuracy and reliability of the optical properties
determined by the simulation of the solar cell.

ny, (M) =n(d)+ik(L) (4)
The absorption coefficient of materials is determined by "excitation coefficient" as
given in formula 5.

In the Ray Tracing method, certain boundary conditions are included in the
calculation of optical properties. Basically, the relationship between the angles of
incidence, refraction and return of the light falling on the boundary of two muhts is
determined by Snell's law given in formula 6.

no sin(}/)
", - sin(0)

., B=0 (p)

The relationship between the energies of the incident, refracted and reflected rays
at the boundary of two media is determined by the Fresnel formulas given in formula 7.
When Snell's and Fresnel's laws are used as boundary conditions, the coefficients of
reflection of light at the boundary of two media change according to the wavelength of
light. Because, as mentioned above, the refractive index and absorption coefficient of
materials depend on the wavelength of light. Another possibility of Sentaurus Device is to
give the transition or return coefficients of two media boundaries as fixed numbers. In this
scientific work, Fresnel and Snell's laws were used as boundary conditions in the areas
of the solar element in contact with the media. Snell's law and constant reflection
coefficient R=1 were used as a boundary condition for the silver reflector (Figure 2.) and
the air boundary. The purpose of this is to direct the light falling on the silver reflector
perpendicular to the two side surfaces of the solar cell without reducing its energy.

r:nlcos[}—nzcosy . _ 1 cosy —n, cosfp

" n,cosB+n,cosy P n,cosy+n,cosP (7)
. 2n, cosp ¢ __ cosf

" cosP+n,cosy " n,cosB+n cosy

Vol 8, Issue 4 www.niet.uz



NamMTI
ILMIV-TEXNIKA

\®)

Scientific and Technical Journal of NamIET =~ |

The amount of electrons and holes formed when light is absorbed in the layers of
the solar cell was determined by the optical generation formula given in formula 8. Solar
cells have not only optical, but also thermal generation, and this is also taken into account
in the modeling of this scientific work. In addition, Auger and Shockley-Read-Hall
recombination were also taken into account in the modeling, since the studied solar cell
is made of silicon. After that, the total distribution of electrons and holes in the solar cell
was calculated using the Fermi function given in formula 1. As written above, the
determined concentration of electrons and holes was put into the Poisson equation given
in formula 2, and the equation was calculated using a numerical method.

G (x,y,z,t) = I(x,y,z)[l —e’“L] (8)

To calculate using the numerical method, the solar cell must be meshed. In this
scientific work, the solar element was meshed from 0,01 ym to 0,02 um on the y axis from
a minimum of 0,04 ym to a maximum of 0,08 um on the x axis. Two types of grids were
created to calculate the optical and electrical properties of the solar cell. But the size of
their nets was made the same.

- on - 0
V-J = qu," + qg and —VJp = qu’p + qa—]; (9)

When a photon is absorbed in a solar cell, an electron-hole pair is formed, and due
to the internal field created by the p-n junction, they are separated. That is, they will act.
When the solar cell is illuminated, charge carriers move and current is generated. The
change in the concentration of charge carriers in a specific volume of the solar cell over
time creates a current. The relationship between the change in the concentration of
electrons and holes over time and the current densities they generate is expressed by
the continuity equation given in formula 9. Sentaurus Device has 4 main models for
calculating the transfer of charge carriers: Drift-Diffusion, Thermodynamic, Hydrodynamic
and Monte Carlo. In Sentaurus Device, the Drift-Diffusion model is the usual model for
calculating the migration of charge carriers. That is, if a specific model for calculating the
migration of charge carriers is declared in the command file of Sentaurus Device, the
program automatically selects the Drift-Diffusion model. In this scientific work, the
thermodynamic model given in formula 10 was used to calculate the current density
generated by electrons and holes. Because in this model, the effect of temperature on
the migration of charge carriers and the phonons generated during the recombination
process are also taken into account. However, for this, the temperature equation given in
formula 11 should also be calculated. That is, in order to correctly use the Thermodynamic
model, it is not enough to declare the Thermodynamic model in the Physics part of the
command file of Sentaurus Device, in addition, it is necessary to calculate the
Temperature equation in the "Solve" part of the command file. Otherwise, the
thermodynamic model gives the same result as the drift-diffusion model.

J, =-nqu,(VF,+PVT) and J,=-pqu,(VF,+FVT)  (10)

%(Qr)— V(kVT)=-V[(BT+F,)J, +(PT+F,)J], |-

03, Vos T ; (1)
_;( E + EkTJ(VJn ~GR,.,)- ;(EV + Eij(—VJp ~qR,,, )+ hoG”

Through the above simulation steps, the effect of temperature on the characteristics
of a solar cell with three surfaces was determined.
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Results and Discussions. In this scientific work, the photoelectric parameters of a
silicon-based solar cell with a width and thickness of 175 ym were determined in 4
different ways, and the effect of temperature on them was studied. Figure 1 shows the
volt-ampere characteristics of a silicon-based solar cell with different areas illuminated.
The short-circuit current and operating voltage when the light is applied vertically, that is,
parallel to the p-n junction, were the same as when the light was applied horizontally, i.e.,
when the light was applied parallel to the p-n junction. The short-circuit current increased
by 1,75 times when two-sided illumination compared to one-sided illumination, and 2,81
times when three-sided illumination. The operating voltage of the silicon-based solar cell
under double-sided illumination was 2,3% greater than that of single-sided illumination,
and 4,7% greater when triple-sided illumination. In the scientific work conducted by Pal,
it was determined that the short-circuit current of a silicon-based solar cell with double-
sided illumination is 20,1% to 68,1% higher than that of a single-sided one [12].

50

45
=@ Vertical
40 Horizontal one side
35 —@— Horizontal double side
—@— Total
30
25
20
R RRRRS————
10
5
0

J, mA/sm?

[

0 0,1 0,2 0,3 0,4 0,5
uv

Figure 3. Volt-ampere characteristics of a silicon-based solar cell with different
areas illuminated

The main photovoltaic parameters of a solar cell are short-circuit current, operating
voltage, fill factor, maximum power and useful duty factor. To calculate these, it is enough
to determine the volt-ampere characteristic of the solar cell. Therefore, in this scientific
work, the volt-ampere characteristics of the solar cell at different temperatures were
calculated and the dependence of the main photoelectric parameters on temperature was
determined. The most temperature-sensitive photoelectric parameter is the operating
voltage. Therefore, the decrease in the efficiency of the solar cell with the increase in
temperature is explained only by the change in the operating voltage. Auger
recombination has a greater share in temperature-dependent changes in operating
voltage than other recombinations. Figure 4 depicts the temperature dependence of the
operating voltage of a silicon-based solar cell with different areas illuminated. The
temperature coefficient of the operating voltage for all cases was equal to the same value
of 2,52x10- V/K. That is, it turned out that the change of the surface of the solar cell
illumination does not have an effect of the operating voltage on the temperature
coefficient. In the scientific work of Tiedje, it was determined that the temperature
coefficient of the temperature coefficient of the double-illuminated silicon-based solar cell
is equal to 1,36x103 V/K [13].

Vol 8, Issue 4 www.niet.uz
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Figure 4. Temperature dependence of the operating voltage of a silicon-based
solar cell with different areas illuminated

When the temperature of the solar cell changes, the concentration of phonons inside
it and the concentration of electrons and electrons due to thermal generation also
changes. Therefore, the short-circuit current should also change due to the dependence
on the concentration of charge carriers. Figure 5 depicts the temperature dependence of
the short-circuit current of a silicon-based solar cell with different areas illuminated. As
shown in Figure 3 above, the short-circuit currents of double- and triple-surface
illuminated solar cells are larger than those of single-surface illumination. Therefore, in
Figure 4, a graph of the ratio of the short-circuit current at each temperature to the short-
circuit current at 300K was created to illustrate the temperature dependence of the short-
circuit current. When the temperature changes from 300 K to 350 K, it was found that the
short-circuit current decreases by 3,1% when illuminated from one horizontal side, 4,4%
when illuminated from two horizontal sides, 3,8% when illuminated from one vertical side,
and 4% when illuminated by three surfaces. In an experimental study conducted by He
Wang, the short-circuit current temperature coefficient of a silicon-based double-sided
sensitive solar module under 600W/m? light was determined to be 0,7x10-3 K- [14].

0,995
0,99
0,985
§ 0,98
S 09
0,97 —o— Vertical . U
0,965 Total »
0,96 Horizontal double sides
0,955 Horizontal one side
0,95
300 310 320 330 340 350

Temperature, K

Figure 5. Temperature dependence of the short-circuit current of a silicon-
based solar cell with different areas illuminated

The capacity of the solar cells is determined by the fill factor [15]. The value of the
fill factor is mainly influenced by the resistance of the solar cell [16][17]. The main role in
this is played by the quality of contacts. Figure 6 depicts the temperature dependence of
the filling factor of a silicon-based solar cell with different areas illuminated[18][19]. The
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fill factor was 2% lower when the total surface was illuminated than when one and both
sides were illuminated. An increase in the filling factor was observed for the cases of
horizontal and vertical illumination at a temperature of 330K. But for all cases, the function
of changing the filling coefficient depending on the temperature has almost the same
quality. The temperature coefficient of the filling coefficient was almost the same 1.8x10-
3 K1 for all cases [20]0. As the temperature increases, the filling coefficient decreases
mainly due to the increase in the speed of surface recombination.

0,79 %
0,77
0,75
<3 S
=~ 073
071 —o— Vertical i
Total
0,69 Horizontal double sides
Horizontal one side
0,67
300 310 320 330 340 350

Temperature, K
Figure 6. Temperature dependence of the fill factor of a silicon-based solar cell
with different areas illuminated

Conclusion. The amount of electricity released from silicon-based solar cells
increased with the increase of its illumination surface. Due to this, the concentration of
photogenerated electrons and holes in it increases. When the lighting surface increased,
it mainly affected the short-circuit current. The operating voltage has not changed much.
The efficiency of a silicon-based solar cell decreases with increasing temperature. Also,
the efficiency of the solar cell studied in this scientific work has also decreased. When the
temperature changes from 300 K to 350 K, it was found that the short-circuit current
decreases by 3,1% when illuminated from one horizontal side, 4,4% when illuminated
from two horizontal sides, 3,8% when illuminated from one vertical side, and 4% when
iluminated by three surfaces. Therefore, the production and use of three-way sensitive
solar cells in industry is appropriate.
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