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It is significant to improve the photoelectric parameters of thin-film silicon-based solar cells. There are
some methods to enhance the optical and electrical properties of thin-film silicon-based solar cells. One of
them is to insert various metal nanoparticles into a thin-film solar cell. Nanoparticles have an effect on the
photoelectric parameters, also on their temperature coefficients. In this work, the effect of Au, Ag, Pt, Ti, Co,
Al, Cu nanoparticles on the temperature coefficient of the photoelectric parameters of a thin film silicon-based
solar cell was studied. The calculations were performed for temperatures ranging from 250 to 350 K. In this
research, it was found that the open-circuit voltage of a solar cell with Pt and Ti nanoparticles changes by
0.4 % when the temperature changes by 1 K. Besides, it was revealed that the short-circuit current of a solar
cell with Ag nanoparticles has the greatest effect on the temperature coefficient, that is 6.3 times.
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1. INTRODUCTION

The best way is to meet society's demand for electricity
with renewable energy sources because they do not harm
the environment. There are many types of renewable en-
ergy sources. Solar energy is one of them. Electricity and
heat can be given from solar energy. A device that con-
verts solar energy into electricity is a solar cell.

Scientists are doing a lot of research to increase the
efficiency of solar cells and reduce their cost. Thin sili-
con-based solar cells were designed to reduce costs.
Since the optical absorption coefficient of a solar cell
directly depends on its thickness, the absorption coeffi-
cient decreases sharply as the thickness decreases. To
overcome this problem, nanostructures were formed on
the surface of a solar cell. The absorption coefficient of
silicon-based nano- and microscale solar cells increased
by the formation of nanocones and nanoholes on their
surface [1]. The efficiency of amorphous silicon based
tandem solar cells with a thickness of 200 to 500 nm
can be increased by 15 % by nanotexturing with ZnO on
their surface, and this result was found by using the
Monte-Carlo simulation method [2]. According to
Shockley-Queisser's theoretical calculations, the maxi-
mum efficiency of simple silicon-based solar cells does
not exceed 29 %. However, it was found that the Shock-
ley-Queisser limit was increased to 42 % for a single-
junction solar cell based on nanostructured silicon [3].

It is important to study the effect of temperature on
the photoelectric parameters of solar cells, as they are
used in different regions and in different climatic con-
ditions. Experiments have shown that when the tem-
perature increases from 79 to 300 K, the operating
voltage of a simple silicon-based solar cell decreases by
36 % and the short-circuit current increases by 188 %
[4]. But the decrease in the output power of a nanoscale
silicon-based solar cell to 79.17 % in the temperature
range from 280 to 340 K was calculated using Silvaco
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TCAD [5]. The efficiency of a nanostructured and nano-
porous silicon-based solar cell decreased by 52.5 %
when the temperature changed from 300 to 400 K,
which was calculated using time-dependent functions
and numerical methods [6].

The absorption coefficient of thin-film solar cells can
be improved by introducing metal nanoparticles. An im-
provement of the absorption coefficient and generation of
hot electrons when silver or gold nanoparticles are in-
serted into the optical layer, and therefore, an increase
in the photocurrent, were found experimentally [7].

The effect of each nanoparticle on the properties of a
solar cell is different. Another important task is to
study the effect of nanoparticles on the photoelectric
parameters of solar cells, including temperature coeffi-
cients. This is because it is possible to select the type of
nanoparticle to be inserted depending on where a solar
cell is used. It also determines the optimal nanoparticle
for a silicon-based solar cell.

2. METHOD

In this paper, models of solar cells with various
metal nanoparticles have been developed using the
Sentaurus TCAD software package. The Sentaurus
TCAD software package consists of 23 instruments, of
which 17 are basic and 4 are additional. There are four
main tools used to model solar cells: Sentaurus Struc-
ture Editor, Sentaurus Device, Sentaurus Visual, and
Sentaurus Workbench. Each instrument has its own
task. The Sentaurus Structure Editor is a tool for de-
veloping 3D/2D geometric models of semiconductor de-
vices. The Sentaurus Structure Editor has only an SDE
module. In SDE, geometric models can be created in
two different styles. First, it is possible to create geo-
metric models using standard shapes in the SDE edit
window. But it is more difficult to create complex geo-
metric models by using this style. Second, geometric
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models can be created by writing codes. The Sentaurus
Device (SDevice) is used to simulate semiconductor
devices and calculate their electrical, optical, mechani-
cal, thermal, and other properties. In the Sentaurus
Visual Instrument, diagrams and visual graphs are
generated based on the results calculated in SDevice.
The Sentarus Workbench (SWB) is an environment
that allows the above three tools to work together. It
greatly expands the possibilities of Sentaurus.

2.1 Geometric Model

The geometric model of a nanoparticles induced so-
lar cell (NISC) was generated by coding. A perfect algo-
rithm was also developed by a loop operator to create
metal nanoparticles in a solar cell. This unique algo-
rithm was also used to input all types of nanoparticles
into different areas of the solar cell (Appendix 1).

As shown in Fig. 1, a metal nanoparticle was inject-
ed into the n-region of a solar cell. The radius of the
metal nanoparticle is r =20 nm. The size of the solar
cell is proportional to the nanoparticle radius (Table 1).
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Fig. 1 — Schematic diagram of a silicon solar cell with metal
nanoparticles: 1 — light ray, 2 — antireflective coating, 3 — front
contact, 4 — front contact region, 5 — high doping n**-region,
6 — n-region, 7 — metal nanoparticle, 8 — p-region, 9 — high
doping p**-region, 10 — rear contact

Table 1 — All information about the solar cell with metal nanoparticles

Width, pm Thickness |Doping type| Doping concentration | Material type
Front contact region 0.2 3r P lel9 Silicon
Optical coating 1.8 3r - - SiO2

n*tregion 2 5r P lel8 Silicon

n-region 2 r P lel7 Silicon

p-region 2 46r B lelbs Silicon
prtregion 2 4r B lel6 Silicon

2.2 Theory A(pzf%(pfn+ND+NA), @

In this paper, the Sentaurus Device was used to cal-
culate the photoelectric parameters of NICS at differ-
ent temperatures. In the Sentaurus Device, numerical
methods are used to calculate parameters. Numerical
methods are built on the basis of differential equations,
experimental results, physical laws, and statistical dis-
tributions. Basically, the results obtained in the exper-
iment and empirical formulas are taken as the initial
conditions of the differential equations.

To determine the optical properties of a solar cell,
the wavelength dependence of the complex refractive
index determined experimentally, the Spectral mis-
match and the Transfer Matrix Method are used. This
model also takes into account the temperature depend-
ence of the complex refractive index:

An=ny-C,p(T-T,,), (1)
where An is the change in the refractive index due to
temperature, no is the refractive index at a tempera-
ture Tpar, T is the temperature, Cp,1, Tpar are constants.

To determine the electrical properties of a solar cell,
at least the electrostatic potential (formula (2)) must be
calculated using the Poisson equation. So, the distribu-
tion of charge carriers is determined by Fermi-Dirac
statistics. If a semiconductor device is in equilibrium,
the potential difference between the contacts is zero,
and it is sufficient to determine its electrical properties
by calculating the Fermi-Dirac distribution and the
electrostatic potential

where ¢ is the permittivity, n and p are the concentra-
tions of electrons and holes, respectively, Np and Na
are the concentrations of donors and acceptors, respec-
tively, g is the electron charge.

The potential difference occurs when a solar cell is
illuminated. This means that there is a charge transfer
in the solar cell. The charge transfer is calculated by
solving the continuity equation. There are different
forms of the continuity equation. In this paper, a ther-
modynamic form of the continuity equation was used to
calculate the charge transfer. This is because the effect
of temperature on the charge carrier transfer is also
taken into account. Based on the thermodynamic mod-
el, the current densities for electrons and holes by us-
ing formulas (3) and (4) were calculated.

J, =-nqu, (VFn + PnVT) s 3)
J, =-pqu, (VFp + PPVT) , 4)

where Jn, Jp are the current densities of electrons and
holes, respectively; n, p are the concentrations of elec-
trons and holes, respectively; pn, pup are the mobilities of
electrons and holes, respectively; Pn, P, are the heat
powers, Fn, Fp are the Fermi potentials.

The amount of heat generated in different parts of
the NISC was calculated based on a thermodynamic
model.
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where £ is the heat conductance, cr is the heat capacity,
E¢ is the minimum energy of the conduction band, E, is
the maximum energy of the valence band, Gop: is the
optical generation, Ruet,n and Rnep are the net recombi-
nations, J, and <Jp are the current densities calculated
by formulas (3) and (4), ¢ is the time, Fn is the metal
Fermi state, Jn is the current density in metal.
Formula (5) is a time-dependent equation for the
heat energy of a semiconductor crystal. Let us calculate
the amount of heat in a metal nanoparticle by using
formula (6). If temperature is taken as a time-

independent parameter %(CLT) =0, then formulas (5)

and (6) change to the equation for a stationary form.

3. RESULTS AND DISCUSSION

In this article, all the parameters obtained are given
in relation to the parameters of a simple solar cell (SSC).
This is because the effect of a metal nanoparticle on the
temperature coefficient of the solar cell parameters can
be determined by the following conditions: Pu/Ps> 1 (the
nanoparticle increases the P parameter), P./Ps<1 (the
nanoparticle decreases the P parameter), P./Ps=1 (the
nanoparticle does not affect the P parameter). If there is
a function fT) between Pn/P; and 7, then for
d(f(T))/dT > 0 the function increases as the nanoparticle
improves the temperature coefficient of the parameter.
For d(f(1))/dT < 0, the nanoparticle worsens the temper-
ature coefficient of the parameter if the function de-
creases, and for d(f(T))/dT =0 the nanoparticle does not
affect the temperature coefficient of the parameter if the
function does not change. Based on the above conditions,
the following results are analyzed.

Fig. 2 shows that the open-circuit voltage of an SSC
increases by 42 % when the temperature increases from
250 to 350 K. Experimental studies by Radziemskaya
and Klugman found that the open-circuit voltage
changes by 0.4 % when the temperature changes by 1 K
[8]. In fact, Green developed formula (7) to determine
the temperature coefficient of the open-circuit voltage
[9]. The nanoparticle size was 20 nm. For this case, the
temperature dependence of the open-circuit voltage of
NISCs, which include copper, gold, silver, aluminum,
cobalt, platinum, and titanium metal nanoparticles, is
shown in Fig. 3. The temperature dependence of the
open-circuit voltage of NISCs with platinum and tita-
nium metal nanoparticles was found to be better than
that of an SSC. It was found that the open-circuit volt-
age of NISCs with silver and cobalt nanoparticles does
not depend very well on temperature, since the open-
circuit voltage in them decreases more rapidly than
that in an SSC with increasing temperature. The tem-
perature dependence of the open-circuit voltage of
NISCs, which include gold, aluminum and copper na-
noparticles, is almost indistinguishable from that of an
SSC. Pervin found that the open-circuit voltage of a
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NISC with indium nanoparticles changes by 0.2 %
when the temperature changes by 1 K [10]. The open-
circuit voltage of silicon-based NISCs with platinum
and titanium nanoparticles changes by 0.4 % when the
temperature changes by 1 K. This means that platinum
and titanium nanoparticles improve the temperature
coefficient of a thin-film silicon-based solar cell. This is
because the nanoparticles change the width of the band
gap of silicon by emitting additional hot electrons due
to the plasmonic effect. Therefore, the open-circuit
voltage depends on the width of the band gap

E

U, _mg " g e
dT T

where Eg is the band gap energy, y m are constants,
Usc is the open-circuit voltage, k is the Boltzmann con-
stant, n is the ideality factor.
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Fig. 2 — Temperature dependence of the open circuit voltage of
an SSC

Fig. 4 shows the temperature dependence of the fill
factor of an SSC. This means that the fill factor of an
SSC changes by 0.16 % when the temperature changes
by 1 K. In experiments conducted by Cuce, it was found
that the fill factor of a single-crystalline silicon-based
solar cell changes by 0.18 % when the temperature
changes by 1 K [11]. This result proves that the nano-
sized silicon-based solar cell has better temperature
stability of the fill factor than an SSC. Fig. 5 shows the
temperature dependence of the ratio of the fill factors of
NISCs to the fill factor of an SSC. It was found that the
temperature dependence of the fill factors of all NISCs,
except for a NISC with injected cobalt nanoparticles, is
better than that of an SSC.

Table 2 shows the temperature coefficients of the
main photoelectric parameters of NISCs with different
nanoparticles. Therefore, nanoparticles mainly affect
the current and power produced by a solar cell.
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Fig. 3 — Temperature dependence of the ratio of the open cir-
cuit voltage of NISCs to the open circuit voltage of an SSC
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Fig. 4 — Temperature dependence of the fill factor of an SSC

The temperature coefficient of the short-circuit cur-
rent is 4 times higher for NISCs than that for an SSC.
So, more free electrons are generated from the metal
nanoparticles as heat increases. The temperature coef-
ficients of photoelectric parameters for nanosized pin
coaxial silicon-based solar cell
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FF./FF,

1,035
1,03
1,025
1,02
1,015
1,01
1,005
1
0,995
0,99
0,985
0,98

T,K
250 300 350
—®—Copper ~® Gold Silver
Aluminum =—=®= Cobalt =@ Platinum
—8— Titanium

Fig. 5 — Temperature dependence of the ratio of the fill factor
of NISCs to the fill factor of an SSC
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and iﬁ = 3.36~1073K71 are determined by mod-
FF oT

eling [5]. The thin-film silicon-based solar cell with na-
noparticle is found to increase the temperature coeffi-
cient by 9 %.

4. CONCLUSIONS

The effect of metal nanoparticles on the photoelec-
tric parameters of a thin-film silicon-based solar cell
was found to be significant. In conclusion, from the
above results, it was found that it is preferable to add
titanium and platinum materials to silicon-based solar
cells as nanoparticles. The fact that different nanopar-
ticles affect the temperature coefficients of different
parameters of a silicon-based solar cell proves that na-
noparticles have an effect on the electrophysical prop-
erties of silicon material. This means that nanoparti-
cles can be widely used not only in solar cells, but also
in other types of electronic and optoelectronic silicon-
based devices. For example, a device for measuring
temperature can be made from silicon with silver na-
noparticles. It is 6 times more sensitive than existing
silicon-based temperature sensors.

Table 2 — Temperature coefficients of the main photoelectric parameters of NISCs and an SSC

0Uod Uoc 0T, | 0LilIsc 0T, | 0UnlUn 0T, | 0dmldm OT, | 0PulPm 0T, oFF/FF oT,
[1/K] x 10-3 | [I/K] x 10-3 | [1/K] x 10-3 | [1/K] x 103 | [1/K] x 103 |[10-3/K] x 10-3

_ 4.216 0.13623 4.778 0.712 5.152 1.498

Cu 4.216 0.789 4.778 1.414 5.519 1.583

Au 4.314 0.783 4.889 1.282 5.546 1.497

Ag 4.356 0.853 4.944 1.419 5.661 1.593

Al 4.272 0.871 4.778 1.442 5.530 1.456

Co 4.356 0.604 4.944 1.092 5.498 1.510

Pt 4.095 0.761 4.565 1.373 5.311 1.406

Ti 4.095 0.727 4.565 1.312 5.278 1.381

04033-4



STUDY OF THE TEMPERATURE COEFFICIENT OF THE ...

REFERENCES

1. J. Sangmoo, J. Shuang, C. Yi, J. Vac. Sci. Technol. A 30,
060801 (2012).

2. V. Milan, B. Oleg, P. Adam, H. Jakub, N. Neda, P. Ales,
R. Zdenek, M. Johannes, K. Ulrich, Appl. Phys. Lett. 98,
163503 (2011).

3. X. Yunlu, G. Tao, N. Jeremy, Sci. Rep. 5, 13536 (2015).

4. P.Lopera, D.Pysch, A.Richtera, M. Hermlea, S. Janza,
M. Zachariasc, S. Glunza, Energy Procedia 27, 135 (2012).

5. LP. Buryk, L.V. Odnodvorets, Ya.V. Khyzhnya, J. Nano-
Electron. Phys. 13 No 1, 01012 (2021).

J. NANO- ELECTRON. PHYS. 13, 04033 (2021)

o

D. Yun, X. Yimin, Sol. Energy 115, 109 (2015).

7. S. Ralli, M. Santanu, R. Mehta, Procedia Comput. Sci. 92,
529 (2016).

8. E. Radziemska, E. Klugmann, Energy Convers. Manag. 43,
1889 (2002).

9. M. Green, Prog. Photovolt: Res. Appl. 11, 333 (2003).

10. F. Pervin, S. Islam, R. Rahman, M. Mochammedy, 2015 IEEE
International Conference on Telecommunications and Photo-
nics (ICTP), 667 (Bangladesh: IEEE: 2015).

11. E. Cuce, P. Cuce, T. Bali, Appl. Energy 111, 374 (2013).

Busueuns remneparypHOro KoedimnieHTa OCHOBHUX (POTOEIEKTPUYHUX IIapaAMETPiB
KPEeMHIi€eBUX COHAYHUX €JIEMEHTIB 3 PiSHUMH HAHOYACTUHKAMU

J. Gulomov, R. Aliev

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

IlinBuienss: ed)eKTUBHOCTI MapaMeTpiB TOHKOILIIBKOBUX COHSIYHUX €JIEMEHTIB € BasKJIMBOIO 331a4e.
Icuye nexisbka MeTONIB IMOKPAIIEHHSI ONTUYHUX TA €JIEKTPUYHUX BJIACTHBOCTEHM COHSYHHUX €JIEMEHTIB Ha
OCHOBI IUTIBOK KpeMHio. [Ipy BIpoBamxeHH] MeTAJIeBUX HAHOYACTHHOK B ILTIBKY KPEMHIIO 3MIHIOIOTHCS IIa-
paMeTpH COHSYHOTO eJIEMEeHTAa Ta IX TeMIIepaTypHi KoediiieHTH. Y po0oTi mpeacTaB/IeH] pe3yJIbTaTH TOCITIi-
KeHHsA BILMBY HamodacTuHOK Au, Ag, Pt, Ti, Co, Al i Cu Ha TemMmeparypHHil KoedillieHT QoToeIeKTprd-
HHUX ITapaMeTPiB TOHKOILIIBKOBOTO COHAYHOIO eJIeMEeHTa Ha OCHOBI KPEMHII0, AKl 0yJIM po3paxoBaHi B TeMIIe-
paTtypHOMy imTepBasi Bix 250 mo 350 K. VeranoBseno, 1110 Hampyra Xo0JI0CTOTO X0y COHSYHOTO eJIeMEeHTa 3
"a"ouactuakamu Pt 1 Ti amimoersesa Ha 0,4 % mpu amini Temmeparypu Ha 1 K. Kpim Toro, mokasano, 1o
CTPYM KOPOTKOT'O 3aMUKAHHS COHAYHOTO eJIEMEHTa 3 HaHoYacTuHKaMu Ag apocrae B 6,3 pasu.

Kurouogsi cnosa: Monemosanus, Hanouacruura, Consunmii enement, Kpemmiit, TemmnepaTtypamit koedittiesT.
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