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Abstract. By using numerical simulation, the operating temperatures of a thin-film solar cell based
on CulnSe, have been determined and the solar radiation density values, at which stabilization
of the temperature operating conditions of the thin-film solar cell is not required, have been opti-
mized. The maximum possible efficiency value of ~14.8 % is achieved under actual operating
conditions, and is maintained by the incoming thermal energy as both emitted in this cell and infrared
radiation of the sun and the environment. A model of the proposed thin-film solar cell was imple-
mented in the COMSOL Multiphysics program environment with the use of the Heat Transfer
Module. The operating temperatures of the solar cell without thermal stabilization under condi-
tions of the diurnal and seasonal variations of both the ambient temperature and the power density
of the AM1.5 solar spectrum have been determined. The maximum value of this power density
was varied from 1.0 to 500 kW/m® when using concentrators. The obtained values of opera-
ting temperatures of the thin-film solar cell were used to determine its main parameters in
the SCAPS-1D program. The graphs of the operating temperature, efficiency and fill factor of
the thin-film solar cell versus the solar radiation density are provided. It is shown that in order to
obtain the highest possible efficiency of a solar cell, it is necessary to use concentrated solar radia-
tion with a power density, the maximum value of which should be 8 kW/m? in July and 10 kW/m?
in January. In the case of lower and higher values of power density, an appropriate thermal stabili-
zation of the cell under consideration is necessary. The dependencies of efficiency, fill factor and
open-circuit voltage versus the stabilization temperature of the solar cell, temperature gradients at
the interfaces of the thermoelectric layer were also calculated. It is shown that by choosing optimal
values of the thermal stabilization, the efficiency of the proposed solar cell may be about 15 %
or more.
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pexuMa JaHHOIo deMeHTa. MakcuManbHo BozMoxkHoe 3HadeHue KIIJI ~14.8 % mocturaerca npu
peanbHBIX YCIOBUAX KCILTyaTalluu U IOAJCPKUBACTCS 3@ CYET IOCTYIAOUICH TEIUIOBOM dHEPIuy,
KaK BBIACIISIONIEHCS B 9TOM DJIEMEHTE, TaK U MH(PaAKPaCHBIX M3IIy4EHHI — COJHIA U OKPYXKaro-
et cpexpl. Mozens npezaaraeMoro TOHKOIUIEHOYHOTO COJTHEYHOT'0 HJIeMeHTa Oblila pean30BaHa
B mporpammuoi cpege COMSOL Multiphysics ¢ ucronb3oBanueM moayist «Temmonepenaday.
OmnpeneneHsl padoyne TeMIepaTyphl COTHEYHOTO dIEMEeHTa 0€3 TepMOCTaOIIN3aIii B YCIOBHIX
CE30HHOI'0 U CYTOYHOI'O0 U3MEHEHMS TEMIIEpATyphl OKPYXKalOIIEH cpelbl U INIOTHOCTH MOIIHOCTH
COIHEYHOr0 H3TyIeHWd CHEKTPa AM1,5, mMakcuManbHOE 3HaUY€HUE KOTOPOH BapbUPOBAJIOCH B
npexenax ot 1 go 500 xB1/M° npu HCIONB30BaHUM KOHIIEHTPATOPOB. [loiydeHHBIE 3HAUCHUS
pabounx TemmepaTyp TOHKOIUICHOYHOTO COJIHEYHOTO 3JIEMEHTa HCIIOIb30BAINCH HPU OIpeserne-
HUM OCHOBHBIX ero mapaMerpoB B nporpamme SCAPS-1D. IlpuBeneHs! rpaguku 3aBHCHMOCTEN
pabodeii TeMneparypsl, K03 GHUIHEHTa MTOJIe3HOT0 JEHCTBUS U KOG HIMEHTA 3aMO0IHEHUS TOH-
KOIUICHOYHOTO COJIHEYHOI'O 3JIEMEHTA OT IUNIOTHOCTH MOIIHOCTH COJIHEYHOro u3nydeHus. Ilokaza-
HO, 4TO IJISI MOJy4YeHUs MakcuMaibHO Bo3MoxkHoro KIIJI conmHedHOro simemMeHTa HEOOXOIMMO
HCIIOJIb30BAaTh KOHIEHTPUPOBAHHOE COJHEYHOE H3JIyYyeHHE C MaKCHUMaJbHBIM 3Hau€HHEM IUIOT-
HOCTH MomHocTH 8 KBT/M* B mione u 10 kBt/M” B sHBape. B ciydae Goee HH3KHX M BBHICOKHX
9THX BEJINYMH HEOO0XOJMMa COOTBETCTBYIOLIAs TEPMOCTAOMIN3ALNS PACCMAaTPHUBAEMOTO JIIEMEH-
ta. Takxe paccumransl 3aBucumoctd KIIJ[, xoadduunenta 3amonHeHUss W HampsHKEHHUS XO-
JIOCTOTO XOJa OT TEeMIEpaTyphl CTAOMIM3al[MM COJNHEYHOTO BJIEMEHTA, TPAAUEHTHI TEMIIEPaTyp
Ha IpaHHIAX pasjena TePMO3JIEKTPUUECKOro cios. IlokazaHo, 4TO IpH BbIOOpE ONTUMAJIBHBIX
3Ha4YeHUH TepMocTabMIM3almK 3(PPEKTHBHOCTh IPEIaraéMoro COJHEYHOTO 3JIEMEHTa MOXKET
COCTaBJIATH Nopsiaka 15 % u Goree.

KinioueBble ¢ji0Ba: TOHKOIUIEHOUHBIN coiHeuHbIH aneMeHT CulnSe,, unciennoe MoieaupoBaHue,
COMSOL Multiphysics, SCAPS-1D, TepmonnekTpudeckuii cioi, (poTodaekTpudeckuii mpeodpa-
30Bareb, KOHLEHTPATOP COJIHEYHOI'O M3JIyYEHHUS, TUIOTHOCTh MOLIHOCTH COJIHEUHOTO M3Iy4YEeHHUS,
BOJIbT-aMIIEPHAsI XapaKTEPUCTUKA, KO3 DHUIMEHT 3an0THEHUS, KO3 DUIIMEHT MOJIE3HOTO ACHCTBHS

Jist nuTHpoBaHus: MoaenMpoBaHue TOHKOIUICHOYHBIX COJHEYHBIX 3JIEMEHTOB CO CTPYKTYPOIi

xanbkormpura CulnSe, / A. K. Ecman [u ap.] // Dnepeemuka. H3ze. evicuu. yueb. 3asedenuti u sHepe.
obveounenuti CHI'. 2020. T. 63, Ne 1. C. 5-13. https://doi.org/10.21122/1029-7448-2020-63-1-5-13

Introduction

Special attention in modern solar energy is paid to the search for new semi-
conductor compounds that could replace single-crystal silicon cells. For example,
CulnSe, ternary compounds with the chalcopyrite structure can be used as these
compounds. Such compounds are being actively investigated as materials for
thin-film solar cells. As it is known, light absorption in a solar cell with
a CulnSe, structure is accompanied by direct optical transitions. Compared to
monocrystalline silicon, direct exposure to sunlight is not a prerequisite for effi-
cient operation of a CulnSe,-based solar cell. Advantages of CulnSe,-based thin-
film solar cells are also homo- and heterojunctions, flexibility, high radiation
resistance, environmental safety and cost [1]. The efficiency of such solar cells
1s approaching 23 % yet [2-4]. However, the used vacuum processes and the
emerging technological difficulties in the production of photovoltaic modules
with the target efficiency value lead to the fact that the final product cost is in-
creased significantly.

Naturally, one of the crucial tasks is the development of methods for manu-
facturing low-cost thin-film solar cells (SCs) with acceptable values of effi-
ciency. Development and research in this direction made it possible to create
CulnGaSe,-based thin-film solar cells with an efficiency of 14-17 % [5]. These
solar cells are a finished product for commercialization.

Another crucial task is to increase the efficiency of solar cells and to expand
the range of operating temperatures at which these solar cells can be efficiently
operated under irradiation with concentrated solar radiation, even in the absence
of thermal stabilization. The study of the solar cells parameters when their
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operating temperature is changed is of a practical interest, since these cells in
terrestrial conditions are most often exposed to temperatures ranging from 15 °C
to 50 °C and more when using solar radiation concentration systems [6]. Moreo-
ver, the performance of a solar cell is affected by temperature, since its operating
parameters such as open circuit voltage (V,.), short circuit current (J,.), fill fac-
tor (FF) and efficiency are depended on the operating temperature (7,,) [7].

The purpose of this work is to simulate a CulnSe,-based cell under condi-
tions of increased operating temperature by using concentrators and to optimize
the values of the solar power density when the maximum possible efficiency
of the SCs is maintained in the absence of operating temperature stabilization.
To solve this problem, the used software is taken into account whole energy
of both released in the cell under study and visible and infrared radiation (IR):
the sun and the environment.

Construction of the thin-film solar cell
7Y

< The original thin-film solar cell with
L5 a CulnSe, chalcopyrite structure is shown in
\\\\\ the Fig. 1 [8], where the first electrode layer 2,
the thermoelectric layer 3 based on CulnSe,,

— — the second electrode layer 4, the photoelectric

Tomparen seciole O MW, converter 5 and 6 consisting of CulnSe, and CdS
Layer (CdS, nm) N

~ T mleniccomens — —TMe  layers respectively, as well as a transpa-

CLayer (CulnSe,, 1 um) \5 rent electrode 7 are electrically connected and se-
quentially arranged on the polished face surface of
the substrate 1 made of stainless steel. The trans-
parent electrode 7 is comprised of zinc oxide with
a band gap of 3.3 eV and a visible light transmit-

tance of more than 80 %.

Second electrode layer (Mo, 1 pm) Y

Thermoelectric layer (CulnSe,, 1 um)) \3

First electrode layer (Mo, 1um) Y Fig. 1. The thin-film solar cell structure: 1 — substrate;

2 2 — first electrode layer; 3 — CulnSe,-based thermoelectric
layer; 4 — second electrode layer; 5, 6 — photoelectric
converter consisting of CulnSe, and CdS layers
respectively; 7 — transparent electrode

H ~
Substrate (stainless steel) N .

Operation algorithm of the thin-film solar cell

The visible part of the input solar radiation transmitted through the elect-
rode 7 is absorbed in the photoelectric converter 5 and 6, which generates elec-
tric charges. At the same time, the infrared part of the input radiation heats the
photoelectric converter 5 and 6. Moreover, the generated charges in the CulnSe,
layer of the converter 5 and 6 are separated by the electric field of the p—n junc-
tion, which leads to the generation of a photo-electromotive-force (photo-emf)
between the transparent electrode 7 and the second electrode layer 4. In addition,
the remaining fraction of the photogenerated charges recombines and thereby
contributes to the heating of the photoelectric converter 5 and 6. Therefore,
a temperature gradient is generated between the first 2 and the second 4 electrode
layers. This gradient induces thermo-electromotive-force (thermo-emf) between the
upper and lower sides of the thermoelectric layer 3. That, in its turn, leads to the
appearance of the output voltage of the solar cell consisting of photo and ther-
mal EMF between the first electrode layer 2, electrically connected to the underside
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of thermoelectric layer 3, and the transparent electrode 7. In its turn, the latter
leads to the occurrence of the output voltage of the solar cell consisting of photo-
and thermo-emf between the first electrode layer 2, electrically connected to the
lower side of the thermoelectric layer 3, and the transparent electrode 7.

Since the part of thermal energy in the proposed solar cell is used to increase
the efficiency of solar energy conversion, there will be no need to stabilize
the solar cell temperature and its efficiency will be as high as possible at the
certain value of the power density of the AM1.5 solar spectrum.

Computer simulation

Numerical simulation is usually used for designing of solar cells and bat-
teries based on them using concentrators. Moreover, the maximum possible
number of parameters affecting the performance of thin-film solar cells is taken
into account. The used COMSOL Multiphysics program environment allows
you to take into account all of the specified and/or variable parameters when
solving most scientific and engineering problems. The simulation was performed
by using the Heat Transfer Module of this program environment [9], in which
the developed numerical model of a thin-film solar cell was calculated in the
absence of stabilization of its temperature [10, 11]. The calculations were carried
out taking into account the diurnal and seasonal variations of both the ambient
temperature and the power density of the AM1.5 solar spectrum for the geogra-
phical coordinates of Minsk. The values of the solar power density ranged from 1
to 500 kW/m® by using concentrators. The average minimum and maximum
monthly ambient temperatures data in Minsk (from the site: http://belmeteo.net)
were taken into account in the modeling.

The obtained values of the operating temperatures of the proposed solar cell
were used in the SCAPS-1D program, the description and calculation procedure of
which are given in the literature [12, 13], and the action panel is shown in Fig. 2.

- oEE

SCAPS 3.3.07 Action Panel

—Working point —Series resistance Shunt resistance— —— Action list All SCAPS settings —
Temperature (K) 300.00 yes yes
Voltage (V) 0.0000 3 = | Load Action List Load all settings *

A&
=

Rsh 0
Gsh ﬁCCE +)

Specify illumination spectrum, then calculate G(x) [ ] I Directly specify G(J)

DOEX) | Rs Ohmem™2

S/cm™2

|
fi=atenciib J000E36 | Save Action List ' ‘ Save all settings ‘

Al 4y db 4>

@

Number of points
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| G{x) from file F—

s

Spectrum cutoff ?

(nm) §4CEC 0
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I AM1_5G 1 sunspe sun orlamp 1000.00 AX) model Constantgeneration G
spectrum file Siortwavel (nm) 22000 5 c G0 (mAjem?)
Ideal Light Current in G{x) (mA/cm2)

Transmission of attenuation filter (%)

NeurslDensiy 200000 | T (%) 3o | afterND 1000.00 Ideal Light Current in cell (mA/cm?) \
—Action——T -Pause ateach step number
of points
= VI(V) 200000 V2(V) 408000 [ SwpaferVoc 241 | 200200 increment (V)
= CV VI(Y) 208000 V2(v) 08000 281 | 20000 increment (V)
= cf 1 (Hz) 2{1.000E+2 2(Hz) 2 1.000E+5 2n |2 points per decade
= QE (IPCE) WL1 (nm) 2 300.00 WL2 (om) & 1350.00 2106 | 21000 increment (nm)

Set problem loaded definition file:

IModel16ail. def ’on

Continue ] Stop ] Results of calculations ] Save all simulations ]
8 Batch set-up LEJ ‘ﬁ] &J LVJ .ﬂj &] Ej Clear all simulations
& Record setup Recorder results I SCAPS info
Curve fit setup ) Curvefitting results ]
- Script setup Script graphs ] Script variables ] _

Fig.

2. SCAPS-1D action panel
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This program was developed for the numerical solution of the Poisson equa-
tion and the continuity equation for charge carriers. It can be used to calculate
one-dimensional thin-film solar cells [6, 14]. The physical parameters used in
the simulation of each layer of a thin-film solar cell are shown in the Tab. 1.

Table 1
Physical parameters of the proposed thin-film solar cell
—~ “Q v-g
I s 3] % 23 | s
=8 |2 22| 5_ | 8% P
Parameters s | &£83| £83 53 5 B 9]
=] o = o = 2 Qo O Q 2
[> o] - 2 - N .2 - —g = = =
€8 |S8E8| 288 | g8 S5 % B
£3 (352 352 | 85 | £EF | £EF
Layer thickness d, pm 0.05 0.05 1.00 1.00 1.00 1.00
Bandgap E,, eV 3.30 2.40 1.04 1.20 1.04 1.20
Electron affinity X,, eV 4.55 4.45 4.30 4.50 4.30 4.50
Dielectric constant, & 9.00 10.00 10.00 13.60 10.00 13.60
Density of states at con-
duction band N¢, cm 410" | 410" | 220" | 2.2:10" | 2.2-10"® | 2.2-10%
Density of states at valence
band Ny, cm™ 4.10"® | 4.10%® 1.8-10" | 1.8.10” | 1.8-10 | 1.8-10"
Thermal velocity
of electrons v,, cm/s 1-107 1-107 1-107 1-107 1-107 1-107
Thermal velocity
of holes v, cnv/s 1107 | 110 1107 110 1-10 1-10
Electron mobility p,,
em*/(V-s) 100 50 100 100 100 100
Hole mobility ,,
em?/(V-s) 25 20 25 50 25 50
Donor concentra-
tion Np, cm™ 1-10"® | 1-10%® 4.10'¢ 0 4.10' 0
Acceptor concentra-
tion N, cm 0 0 2:10'° | 2.7.10"° | 2:10'° | 2.7-10'°

Analysis of the results

From the graphs shown in Fig. 3, it follows, that with an increase in the
solar power density, the maximum value of which varies within 1 KW/m? < Py <
< 8 kW/m’ (in July) and 1 kW/m® < P, < 10 kW/m® (in January), the opera-
ting temperature 7,, increases even during thermal stabilization (Fig. 3a, curve 1).
At the same time, to achieve maximum efficiency of a thin-film solar cell, this
cell heating or lighting by concentrated solar radiation is required (Fig. 3b). At
the specified simulation conditions, the efficiency has maximum values under
the stabilization conditions at P, = 2 kW/m* and without it at Py = 8 KW/m?
(in July) and Py =10 kW/m® (in January). In this case, the fill factor would
increase to ~69.6 % (Fig.3c) and the open circuit voltage would decrease
to ~0.49 V (Fig.3d). With a further increase in the solar power density
of P, > 8 kW/m> (in July) and P, > 10 KkW/m’ (in January), in order to main-
tain the maximum efficiency, cooling of the solar cell is required. In the absence
of solar cell cooling, the open circuit voltage would decrease and the fill factor
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would change slightly. Values of solar power density of Py =8 kW/m® (in July)
and P, =10 kW/m’ (in January) are optimal when using proposed thin-film
solar cell, since in this case there is no need to stabilize its temperature to main-
tain the maximum value of efficiency.

Similarly, the parameters of the considered solar cell are temperature depend-
ent, with the only difference being that the extremes in the efficiency graphs are
more pronounced, i. e., the dependencies of the fill factor have both maxima and
minima at P,,, >2 kW/m® (Fig. 4a, b). However, at sufficiently high concentra-
tions of solar radiation, such as, for example, at P, = 500 kW/m® (Fig. 4b, curve 5),
the fill factor reaches maximum values already at lower stabilization tempera-
tures (7). In this case, the dependencies of the fill factor no longer have a mini-
mum in the considered stabilization temperature range. This efficiency behavior
(Fig. 4a) is determined by the opposite direction of the change in the fill factor
(Fig. 4b) and by the change in the open circuit voltage (Fig. 4c), which determine
the maximum output power of the solar cell together with the short circuit current.

a b
150+ N 1
?/// 1504 om—s—edp, .
1201 - / —
I e R }Nﬁm\
0T
& S S ' 1401
5 601 g 8 -
4 —e—Temp. stabilization = (35 —eo— Temp. stabilization
304 ) 3 —e—July = —eo— July
7 — e — January 13.04 —e— January
0 24 6 § 10 1214 16 0 2 4 6 & 10 12 14 16
P, KW/m’ Prax, KW/m’
c d
70- — . 0.53+
— —8=g—g—g—y
»: — e — Temp. stabilization
681 .1// 0520 \ 2, —em Mr;p
N — e — January
i 0.514 .
. 66 -/\2/ > \>\\\\‘
& o4 o § 050
— e — Temp. stabilization 0491
62 3 —e—July ' S
—e— January 0.48
60-
T T T T . . . : 047 T T T T T T . :
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
P, KW/m’ Prax, KW/m’

Fig. 3. The dependencies of operating temperature (a), efficiency (b), fill factor (c)
and open circuit voltage (d) of CulnSe,-based thin-film solar cell with the temperature
stabilization (curve 1) and without it in the middle of July (curve 2) and January (curve 3)
versus the different values of the solar power density

The proposed CulnSe,-based solar cell, when exposed to solar radiation
with a power density P =1 kW/m* and stabilization temperatures of more
than 50 °C, has an efficiency higher than, for example, the CulnGaSe,-based
solar cell, proposed in [6], when exposed to solar radiation with the same solar
power density (Fig. 4a, curve 1').
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According to conducted calculations, the efficiency of the proposed CulnSe,-
based thin-film solar cell with temperature stabilization at 7= 77.5 °C reaches
15.02 % when a solar power density is equal to 2 kW/m® (Fig. 4a, curve 2).
At the indicated power density and the absence of temperature stabilization,
the thin-film solar cell heats up to 48.6 °C in July and 29.3 °C in January (Fig. 3a,
curves 2, 3). At the same time, its efficiency reaches 14.61 % and 13.43 %,
respectively, in July and January (Fig. 3b, curves 2, 3).

15]
121
= 2
g 91 —— 1 Sun 5
2 ol /- 1Suis]
& ——2Sun
53]
34 ——8Sun
50 Sun
! —508S;m :
0 100 200 300 400
I°C
C
067 ~.
1
04 s 3
>% ——~ 1Sw[6]
o~ 02 —— 2 Sun
21— 8Sun
50 Sun
—— 500 Sun
100 200 300 400

Fig. 4. The dependencies of efficiency (a),
fill factor (b) and open circuit voltage (c)
of CulnSe,-based thin-film solar cell
with the temperature stabilization versus
the stabilization temperature
at the P, = 1 (curves 1, 1), 2 (curve 2),

8 (curve 3), 50 (curve 4)
and 500 (curve 5) kW/m?

Fig. 5 shows the daily changes of the temperature gradients at the upper and
lower boundaries of the thermoelectric layer, i. e. between the electrode layers
that cause the generation of thermo-emf at P, = 8 and 10 kW/n?, respectively,
in July and January. As it can be seen from the dependencies plotted in Fig. 5,
the temperature gradient has a maximum value between 13 and 14 hours of the
day at the lower boundary of the thermoelectric layer based on CulnSe,, and this
value in the morning and in the evening is much smaller.

1.5
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0.94
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0.34

Temperature gradient, kK/m
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§ 10 12 14 16 18
Time of day, h

Fig. 5. The temperature gradients of CulnSe,-based solar cell at the lower (curve 1)
and upper (curve 2) boundaries of the thermoelectric layer without the temperature stabilization
in July at Ppa = 8 kW/m? (a) and in January at P,,,, = 10 kW/m’ (b) during the day
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The current-voltage characteristics of the CulnSe,-based thin-film solar cell
were obtained at average temperatures in July at P, = 8 kW/m’ (Fig. 6a) and
in January at P, = 10 kW/m® (Fig. 6b), when stabilization temperature (7))
is the operating temperature (7,,).

a b

300
P=8kW/n'

7=102°C

P=10 kW/m’
300 7=106.6°C

£ 2001 J .= 348.136 mA/ent E T, =435.441 mA/en?
< V=049V T 200) v 0488V
% 0]  FF=69.59% H FF=69.54%
= Eff = 14.84 % 100{  Eff=1478%
0 : : : : , 0+ : : : : ,
01 02 03 04 05 01 02 03 04 05
Voc, V Voc, V

Fig. 6. The current-voltage characteristics
of the CulnSe,-based thin-film solar cell
at Py = 8 kW/m® and T=T,, = 102 °C

in July (a), at Py = 10 kW/m?
and T'=T,,=106.6 °C in January (b)
and at P, = 1 kW/m? and 7= 10 °C (curve 1),
T'=30°C (curve 2), T=T,,=70 °C (curve 3),

0 02 04 0.6 T=170°C (curve 4) and T =220 °C (curve 5)

Voc, V during thermal stabilization (c)

From the obtained characteristics plotted in Fig. 6¢ it follows that the cell
under consideration at P, = 1 kW/m’ generates the maximum output
power when its temperature is 70 °C, which is the operating temperature in this
case (Fig. 3a). A significant increase in the short circuit current up to Jsc =
=435 mA/em’ at Py, = 10 kW/m® (Fig. 6b) compared to Jyc = (41-44) mA/cm®
at Poax = 1 kW/m?® (Fig. 6¢) leads to a corresponding increase in the output elect-
ric power when using a concentrator.

CONCLUSION

The performed simulation demonstrates that the proposed thin-film solar
cell, when using a concentrator, does not require temperature stabilization at
solar power densities, the maximum values of which in July and January are 8
and 10 kW/m’ respectively. Moreover, its maximum efficiency value is ~14.8 %
and its operating temperature during the year varies from ~102 °C to ~106.6 °C.
Such an operating temperature is maintained by whole energy, absorbed in this
cell, viz. both the infrared radiation of the environment and the visible (sun)
radiation, which is not used for photogeneration (which is lost during recombi-
nation). Consequently, by choosing a solar concentrator and operating conditions
at any time of the year, it is possible to maintain the optimal operating tempera-



A. K. Esman, G. L. Zykov, V. A. Potachits, V. K. Kuleshov
Simulation of Thin-Film Solar Cells with a CulnSe, Chalcopyrite Structure 13

ture of the CulnSe,-based solar cell and to implement a mode with increased
output power at a fixed area of this cell. Extreme points on the characteristics
of the fill factor, efficiency and other characteristics are caused by the solar cell
structure consisting of sequentially connected photo and thermal layers.
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