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One of the important tasks of photovoltaics is the design of flexible solar cells that are resistant to en-
vironmental influences and designed to cover surfaces of various shapes. Therefore, pin-structured amor-
phous silicon-based solar cells with flexible properties were studied in this study. Amorphous silicon has a
higher absorption coefficient and band gap than crystalline silicon. A high absorption coefficient proves
that a high efficiency can be achieved in thin films. According to the obtained simulation results, the max-
imum values of the open circuit voltage, short-circuit current, fill factor and efficiency of the amorphous sil-
icon-based solar cell were 1.2044 V, 13.49 mA/em?, 80.03 % and 12.18 %, respectively, as well as achieved
them at a base thickness of 35, 20, 3 and 15 um, respectively. The effect of temperature on an amorphous
silicon-based solar cell with optimal thickness was studied because amorphous silicon is very sensitive to
external influences such as light intensity and temperature. Therefore, it is important to study the effect of
temperature on the properties of amorphous silicon-based solar cells. As the temperature increased, the
open circuit voltage decreased, but the short-circuit current, fill factor, and efficiency increased. It was
found that the temperature coefficients of open circuit voltage, short circuit current, fill factor and efficien-
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cy are — 1.68x10-3, 2.24x10-3, 4.5x10-5 and 2.27x10-* 1/K, respectively.
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1. INTRODUCTION

Interest in renewable energy sources is increasing
day by day because the reserves of non-renewable en-
ergy sources are decreasing sharply. Renewable energy
sources are the best way to meet future energy needs.
Renewable energy sources include solar, wind and
water [1]. Energy from the sun is converted into heat
and electricity. Heat energy from the sun is used to
heat water in solar collectors. A device that converts
solar energy into electricity is called a solar cell.

Solar cells are mainly made of different semicon-
ductors [2]. Depending on the p-n junction, they are
divided into homo- and hetero-junction types [3], single
and multi-junction types depending on the number of
p-n junctions [4]. There are three generations of solar
cells. However, 90 % of solar cells produced in the in-
dustry today are crystalline silicon-based solar cells
even though they are 1st generation solar cells [5]. The
maximum efficiency of industrially produced solar cells
is 24 %. According to the Shockley-Queisser theory, the
efficiency of silicon-based solar cells does not exceed
29 % [6]. The need for electricity cannot be met with
the help of a silicon-based solar cell because its cost is
expensive, and the efficiency is low. Therefore, scien-
tists use various materials to develop a low-cost and
high-efficiency solar cell. Currently, interest in polymer
[7], organic [8] and perovskite materials has increased
dramatically due to their low cost. However, the devel-
opment of new structures without abandoning silicon
has accelerated. A HIT structure [9] was developed by
forming a heterojunction using amorphous silicon and
crystalline silicon, and for the first time, the efficiency
approached to 28 %. HIT structured solar cells were
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invented by the PANASONIC company and are cur-
rently manufactured commercially.

There are three main losses [10] in solar cells: opti-
cal, thermal and electrical. Optical losses include re-
flection of light from the surface, non-absorption and
spectral mismatch [11]. To reduce optical losses, the
surface of the solar cell is covered with various anti-
reflective layers [12], textures [13], and various nano-
particles [14] are introduced. Thermal losses include
self-heating of the solar cell. The solar cell is heated
due to absorption of infrared light in the back contact
or thermalization of high-energy electrons. In order to
reduce the amount of infrared light absorbed in the
back contact, it is proposed to make it in the form of a
grid [15]. To reduce the number of high-energy elec-
trons and spectral mismatch, the surface of the solar
cell is coated with various luminescent materials [16].

Solar cells made of crystalline semiconductor break
easily under the influence of mechanical stress. It is
impossible to cover cars, airplanes, roofs of various
shapes with crystalline silicon-based solar cells. There-
fore, flexible solar cells retain their interest despite
their low efficiency. Flexible solar cells are mainly
made of amorphous silicon with a pin structure. Amor-
phous silicon can achieve good efficiency in thin layers
due to its high absorption coefficient. An amorphous
silicon-based solar cell degrades after a certain period
of time when illuminated. This phenomenon is called
the Staebler-Wronski effect. Hydrogen in amorphous
silicon is very sensitive to external influences because
it is weakly bonded to silicon. Therefore, in this article,
the effect of temperature and layer thickness on amor-
phous silicon-based solar cell was studied.
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2. MATERIALS AND METHOD
2.1 Simulation

One software for simulating solar cells is SCAPS-1D,
developed by Bulgerman, a researcher at the University
of Ghent in Belgium. This program is designed to make
calculations of 1D solar cells [17]. It mainly contains the
physical properties of semiconductor substances. Be-
cause when this program was first presented to the
public, it was intended to model solar cells based only
on semiconductors. Later, in the process of simulation
by the user, the physical properties of the optional ma-
terial were given, and an opportunity was created to
create this material. And this greatly helped the popu-
larity of this program. The SCAPS-1D program does not
include a material file for amorphous silicon either. In
order to model an amorphous silicon-based solar cell,
experimentally determined and reliable physical prop-
erties of amorphous silicon must be collected. Table 1
lists the physical properties of intrinsic, n-type and p-
type amorphous silicon collected from reliable experi-
mental results [18]. Also, a pin amorphous silicon based
solar cell was modeled using these properties.

Table 1 — Material properties required for modeling the p-i-n
amorphous silicon-based solar cell

Parameters -layer |i-layer |n-layer
Permittivity 7.2 11.9 11.9
Electron affinity (eV) [3.9 4 3.99
Band gap (eV) 1.95 1.78 1.8
Electron mobility

(10- 4 m2/Vs) 20 20 20
Hole mobility

(10-* m2/Vs) 5 5 5
Density of states in the 26 26 26
conduction band (m-3) 1310 1310 1310
Density of states in the 11026 |1x1026 |1x1026

valence band (m-3)

After the characteristics of the materials are given
and the layers are formed, the direction of light falling
on the general structure is determined. Through this, it
is possible to determine the light sensitivity of both
sides of the solar cell by illuminating from the back and
front without changing the structure, and it is possible
to model a solar cell with a straight and inverted struc-
ture through a single model.

2.2 Theory

Among the processes that take place inside a semi-
conductor device, the most common is the state of equi-
librium. In this case, to model the semiconductor de-
vice, at least the Poisson equation given in formula (1)
should be solved:

A(p:—%(p—n+ND+NA). €))

Here € is the permittivity, n and p are the electron and
hole concentrations, Np and Na are the donor and ac-
ceptor concentrations, q is the electron charge.

The electron and hole concentrations n and p are
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calculated by the Fermi distribution given by formulas
(2) and (3) [19]:

EF n_ Ec
n= NcF1/2 T ’ (2)
-E
p= Nv F1/2 (E\/kTFpJ . (3)

Here, F1/2 is the Fermi integral, E. is the conduction
band energy, Ey is the valence band energy, Er is the
quasi Fermi energy for electrons, Erp is the quasi Fer-
mi energy for holes, T is the temperature, N. is the
density of states in the conduction band, Ny, is the den-
sity of states in the valence band, and k is the Boltz-
mann constant.

If a semiconductor device is energized, illuminated,
or heated, transport of charge carriers occurs. That is,
the state of equilibrium is disturbed. So, due to the
illumination of solar cells, it is necessary to take into
account the transport of charge carriers in simulation.
The transport of charge carriers creates a current. The
connection between the concentration of charge carri-
ers and the current density is generally expressed by
the continuity equation given in formula (4) and formu-
la (5) [20]:

= on

V"]n anel,n +q5 s (4)
= 0

VI, = QR +A T 6)

Here, J» and Jp are the current densities of elec-
trons and holes, Ruetp and Rre,n are the net recombina-
tions of electrons and holes, ¢ is the time.

Based on the above equations, SCAPS-1D, like oth-
er programs, calculates the electrical characteristics of
devices. Also, since it is a 1D dimensional modeling
program, it mainly uses the Transfer Matrix Method
(TMM) [21] to determine the optical properties. How-
ever, absorption, transmission and reflection coeffi-
cients are not output as a result, instead the generation
rate in the layers is calculated using the Burger-
Lambert law [22].

3. RESULTS AND DISCUSSION

3.1 Main Characteristics of Amorphous Silicon
Solar Cells

To determine the quality of a solar cell, it is enough
to measure I-V and spectral characteristics because the
1-V characteristic indicates the quality of the p-n junc-
tion and contacts of the solar cell, and the spectral
characteristic indicates its optical properties. Fig. 1
shows the I-V characteristic of a p-i-n amorphous sili-
con solar cell. In the model, a structure was made with
the following dimensions and input concentrations:
dn =200 nm, dp=200nm, d;=5pum, Na=1lel6cm~-3
and Np=1lel7cm-3. It was found by analyzing I-V
characteristics of the amorphous silicon solar cell that
the short-circuit current was 12 mA/cm?2 and the open
circuit was 1.2 V.
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Fig. 1 - I-V characteristic of a p-i-n amorphous silicon solar
cell: d» = 200 nm, d, = 200 nm, d; =5 pm, Ns = 1le1l6 cm -3, and
Np=1el7cm-3

As mentioned above, to determine the optical prop-
erties, it is enough to measure the spectral characteris-
tics. Therefore, Fig.2 shows the dependence of the
quantum efficiency of a p-i-n amorphous silicon-based
solar cell on the wavelength of light. Similarly, SCAPS-
1D used the AM1.5G spectrum to illuminate the solar
cell.
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Fig. 2 - Quantum efficiency of a p-i-n amorphous silicon-
based solar cell. Here, d» =200 nm, d, =200 nm, d; =5 pm,
Ni=1lel6cm-3and Np=1lel7 cm-3

3.2 Influence of the Base Thickness on Photo-
electric Parameters

When we studied the optical properties of amor-
phous silicon-based solar cells, we also studied their
thickness dependence. This section discusses the de-
pendence of electrical properties on the base thickness.
The basic photoelectric parameters of a solar cell are
the open-circuit voltage, fill factor, short-circuit current
and efficiency. All of them are determined by analyzing
the I-V characteristic. Besides, all parameters change
differently when the thickness increases. Fig. 3 shows
the dependence of the open-circuit voltage of the p-i-n
amorphous silicon-based solar cell on the base thick-
ness. The operating circuit voltage increased dramati-
cally when the thickness increased from 5 to 15 um.
When the thickness increased from 15 to 35 pm, the
open-circuit voltage increased very little, and at thick-
nesses greater than 35 pum, the open-circuit voltage
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decreased. So, the open-circuit voltage reaches its max-
imum value when the base thickness is 35 pym. When
the base thickness increases, the amount of charge
carriers increases, but, at the same time, it becomes
difficult to deliver them to contacts through an internal
electric field due to increasing recombination rate [23].
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Open circuit voltage, V

Fig. 3 - Dependence of the open-circuit voltage of a p-i-n
amorphous silicon solar cell on the base thickness

The short-circuit current is very strongly connected
to the base thickness because the volume of generation
of excitons also increases when the thickness increases.
This leads to an increase in carriers. Fig. 4 shows the
dependence of the short-circuit current of a p-i-n amor-
phous silicon-based solar cell on the base thickness.
When the thickness increased from 5 to 20 pm, the
short-circuit current increased sharply to 1.49 mA/cm?2.
When the thickness increased from 20 to 50 pm, the
short-circuit current decreased sharply and almost
linearly to 2.19 mA/cm?2. The increase and decrease of
the short-circuit current of the solar cell according to
the thickness are mainly explained by the relationship
between recombination and generation. As the thick-
ness increases, the amount of recombination also in-
creases. Above, when the variation of photogeneration
with thickness was determined, it increased slightly
with increasing thickness because when the thickness
increases, the probability of exciton generation also
increases, but the probability of separating them using
an electric field and delivering them to the contacts
decreases. Therefore, when the thickness of amorphous
silicon-based solar cells increases, the short-circuit
current decreases. This means that recombination
increases faster than generation in this interval. The
best short-circuit current was observed at a thickness
of 20 pm, and it was equal to 13.49 mA/cm?.

The fill factor is used to determine the quality of the
p-n junction and contacts in the solar cell. Since the
maximum value of the fill factor is between 0-5pm
thickness, we again modeled the solar elements by
increasing the thickness with a step of 0.5 pm in this
range and got the results. Fig. 5 shows the dependence
of the fill factor of the p-i-n amorphous silicon-based
solar cell on the base thickness. When the thickness
increased from 0.5 to 3 pum, the value of the fill factor
increased by 4.36 %. When the thickness increased
from 3 to 50 um, the fill factor decreased by 10.58 %.
So, the maximum value of the fill factor of 80.03 % was
observed at a thickness of 3 pm. The reason for this is
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that the quality of the p-i-n junction improves at this
thickness, and most of the generated excitons are able
to separate and reach the contact due to the internal
electric field. Also, the thickness of the base directly
affects the series and shunt resistances of the solar cell,
and the fill factor is strongly dependent on them. That
is why the fill factor is observed to increase and de-
crease with increasing layer thickness. An increase or
decrease of the parameters in some interval indicates
the interaction of several processes.
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Fig. 4 — Dependence of the short circuit current of p-i-n amor-
phous silicon solar cell on the base thickness
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Fig. 5 — Dependence of the fill factor of p-i-n amorphous sili-
con solar cell on the base thickness

The most important parameter of solar cells is their
efficiency. The efficiency is the ratio of the maximum
power generated by the solar cell to the light power
falling on its surface. Fig. 6 shows the dependence of
the fill factor of the p-i-n amorphous silicon-based solar
cell on the base thickness. When the thickness increas-
es from 0.5 to 15 pm, the efficiency coefficient increases
by 4.41 %, and when it increases from 15 to 50 pm, the
efficiency decreases by 2.73 %.

From the obtained results, we can conclude that it
is preferable to make the thickness of the amorphous
silicon-based solar cell thinner. It was known that each
photoelectric parameter reaches its maximum value at
different values of the thickness. Therefore, the open
circuit voltage, the short circuit current, fill factor and
efficiency reach their maximum values at a thickness of
35, 20, 3 and 15 pum, respectively.
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Fig. 6 — Dependence of the efficiency of p-i-n amorphous sili-
con solar cell on the base thickness

3.3 Influence of Temperature on Photoelectric
Parameters

It is important to take into account the influence of
the environment on solar cells. Solar cells are devices
that are very sensitive to changes in light intensity and
temperature [24]. In this section, the effect of tempera-
ture on the photoelectric parameters of amorphous
silicon-based solar cells was simulated using the
SCAPS-1D program. The effect of temperature on the
performance of a pin solar cell based on amorphous
silicon with a base thickness of 15 nym was studied. The
temperature of the solar cell was changed from 250 to
350 K in steps of 10 K, that is, one structure was mod-
eled 10 times at different temperatures. Table 2 pre-
sents the photoelectric parameters of a pin amorphous
silicon-based solar cell with a base thickness of 15 pm
at different temperatures. The reason for choosing this
temperature range is that solar cells are mainly used
in space and on the surface in this temperature range.

Table 2 — Photoelectric parameters of a pin amorphous sili-
con-based solar cell with a base thickness of 15 nm at different
temperatures

Temperature, K | Uoc, V |Isc, mA/sm?| FF, % | n, %
250 1.3179 12.43 75.28 112.34
260 1.2949 12.57 75.31 |12.26
270 1.2720 12.73 75.35 [12.20
280 1.2493 12.92 75.38 [12.17
290 1.2267 13.15 75.42 [12.16
300 1.2044 13.41 75.45 [12.18
310 1.1823 13.70 75.48 |12.23
320 1.1605 14.03 75.51 [12.30
330 1.1389 14.40 75.55 [12.39
340 1.1175 14.80 75.59 [12.50
350 1.0965 15.22 75.62 [12.62

According to the obtained simulation results, when
the temperature changes from 250 to 350 K, the open-
circuit voltage decreases by 0.2214 V, the short-circuit
current increases by 2.79 mA/cm?2, the fill factor in-
creases by 0.34 %, and the efficiency increases by
0.28 %. The efficiency of crystalline silicon-based solar
cells decreases [25] with increasing temperature, but
the efficiency of amorphous silicon-based solar cells
increases. This shows another advantage of the amor-
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phous silicon-based solar cell. It was found that the
temperature coefficient of the open-circuit voltage of an
amorphous silicon-based solar cell is — 1.68x10-3 1/K,
the temperature coefficient of the short-circuit current
is 2.24x10-3 1/K, the temperature coefficient of the fill
factor is 4.5x10-5 1/K, and the temperature coefficient
of efficiency is 2.27x10-* 1/K. The efficiency of the
amorphous silicon-based solar cell increased when the
temperature increased due to the fact that the temper-
ature coefficient of the short-circuit current was greater
than the temperature coefficient of the open-circuit
voltage.

4. CONCLUSIONS

In this scientific work, the effect of temperature and
base thickness on the photoelectric parameters of the
amorphous silicon-based solar cell was determined
using SCAPS-1D. According to the obtained results,
when the temperature increases, the short-circuit cur-
rent of the amorphous silicon-based solar cell increases
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Bruiue remneparypu Ta TOBIGUHU OCHOBH HA (POTOEJIEKTPUYHI mapaMeTpu
COHSYHUX €JIEMEHTIiB 3 aMOpP(PHOro KpeMHio

dJ. Gulomov, J. Ziyoitdinov, I. Gulomova

Andijan State University, 129, Universitet St., 170100 Andijan, Uzbekistan

OfHUM 13 BaIKJIMBUX 3aBIaHb (POTOBOJIBTAIKY € KOHCTPYIOBAHHS FHYYKUX COHSYHUX €JIEMEHTIB, CTIHKUX
10 BILTMBY HABKOJIMIIHBOTO CEPEIOBUINA Ta MPU3HAYEHUX JJIsI HOKPUTTS IOBEPXOHB pisHoi dopmu. Tarum
YMHOM, y JOCTIIsKeHH] Oy BUBUEHI COHAYHI eJIEMEeHTH Ha OCHOBI aMopdHOro KpeMHin. AMopdHUMA KpeM-
Hil Mae OLIBIINHA Koedil[leHT MOTJIMHAHHSA Ta IINPUHY 3a00POHEHOI 30HM, HIsK KPUCTAJIYHAN KpeMHi. Bu-
COKMI KOepiIlieHT MOrJIMHAHHS JOBOIUTD, III0 B TOHKMX ILTIBKAX MoskHA mocartu Bucoxoro KKJI. Brigmo 3
OTPUMAHUMU Pe3yJIbTATAMH MOJEJIOBAHHS, MaKCUMAaJIbHI 3HAYEHHS HAIIPYTH XOJIOCTOIO XOAY, CTPYyMY KO-
POTKOro 3aMuKaHH:A, Koedirienra 3amosHeHHs Ta KK coHsTuHOTO esteMenTa Ha 0CHOBI aMOPQYHOT0 KPEMHI0
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J. GULOMOV, J. ZIYOITDINOV, I. GULOMOVA JJ. NANO- ELECTRON. PHYS. 14,05010 (2022)

cramopuin 1,2044 B; 13,49 mA/em2; 80,03 % Ta 12,18 % BiAmOBiAHO, 1 OYJIM JOCATHYTI IIPX TOBITUHAX OCHOBH
35, 20, 31 15 MKM BimmoBigHO. ByJio BUBYeHO BILIUEB TeMIlepaTypu HA COHAYHUN eJIEMEHT Ha OCHOBI aMopd-
HOT'O KPEMHII ONTHUMAJIBbHOI TOBIIUHY, OCKIJIbKA aMOP(QHHUN KPEMHIN Iyske YyTJIUBHUN 0 30BHIIIHIX BILIH-
BiB, TAKUX SK 1HTEHCHUBHICTD CBITJIA TA TeMmeparypa. ToMy BasKJIMBO BUBYWTH BILJIUB TEMIIEPATYPH Ha BJa-
CTUBOCT] COHSYHUX €JIEMEHTIB HA OCHOBI aMOpP(HOTo KpeMHin. 3 MiIBUINEHHSM TeMIepaTypyu Hampyra Xo-
JIOCTOTO XOJIy 3MEHIILyBaJIAaCs, ajie CTPYM KOPOTKOI0 3aMUKaHHs, Koedimient samosHenus Ta KK 36iabmmy-
Basmcsa. TemmepaTypHl KOeMIITIEHTH HATIPYTHA XOJIOCTOTO XOY, CTPYMY KOPOTKOTO 3aMUKaHHS, KoedillieHTa
samoBueHua ta KK cranosiars Bigmosigao — 1,68x10-3; 2,24x10-3; 4,56X10-5 ta 2,27x10-4 1/K.

Kmouosi cnosa: Amopduuii kpemuiit, Mogemosannasa, Consunuii enemenT, Yucenbaunii meton, TosuHa,
Temmeparypa.

05010-6



