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Abstract. In this study, the impacts of temperature on the light current-voltage characteristics
of heterojunction solar cells fabricated on gallium-doped crystalline p-type silicon (c-Si)
has been studied under air mass zero spectrum (136.7 mW/cm?) in the temperature range
from 173 to 373 K. Our experimental results indicated that the short-circuit current density
increased linearly with temperature, exhibiting a positive temperature coefficient of 0.058%/K,
whereas the open-circuit voltage (V) decreased linearly. From the experiment, the calculated
temperature coefficient value of the V, was found to be —0.182%/K. Both the maximum
output power and conversion efficiency of the heterojunction solar cells increased linearly with
decreasing temperature from 373 K, reaching peak values of ~29.5 mW/cm? and ~21.5% at
173 K. The temperature coefficient of the maximum output power was evaluated to be
—0.2%/K, which represents one of the record-breaking small values reported among SCs based
on other single c-Si technologies.
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AnHoranuga. B pabore ucciaegoBaHO BIMSIHME TeMIlepaTypbl Ha CBETOBbIE BOJbTaMIIEp-
HbIE XapaKTEPUCTUKU TeTEPOCTPYKTYPHBIX COJTHEYHBIX 3JIEMEHTOB (M3TOTOBJICHBI Ha KpeM-
HUU p-TUIA, JICTUPOBAHHOM TajulMeM) IIpM HYJIEBOW BO3MYyIIHOW Macce (MOBEpPXHOCTHasI
IUIOTHOCTh MOTOKa 3Hepruu 136,7 mBr/cMm?) B TemmeparypHoMm nmuamasoHe 173 — 373 K.
DKCcreprMeHTaIbHbIC PE3yAbTaThl MMOKa3adu, YTO TIJIOTHOCTh TOKA KOPOTKOTO 3aMbIKaAHUST JIN-
HEIHO BO3pAacTaeT C IOBbIILIEHUEM TeMIIePATypbl, IE€MOHCTPUPYS IOJOXMUTEIbHbIA TeMIepa-
TypHblii Koapduument 0,058%/K, Torna Kkak HanpsKeHHe X0J0CTOro xoaa V, JMHENHO CHU-
xaercs. TemnepatypHblii Ko3pdULUMEHT V, , pacCUMTaHHBIN 10 pe3ylbTaTaM KCIEPUMEHTa,
coctaBua —0,182%/K. MakcumanbHasi BBIXOAHASI MOLIHOCTh U KO3(MMULIMEHT nMpeobpa3oBa-
HUS TETEPOCTPYKTYPHBIX COJHEUHBIX 3JIEMEHTOB JIMHEWHO YBEJIWUMBAIMCH TIPU TMOHWKEHUN
teMrepatypbl oT 373 K, mocturasi MakcMMaJlbHBIX 3HaueHui (okojo 29,5 mBt/cM? u 21,5%
npu 173 K). CoriacHo olieHKe, TeMIlepaTypHbIii KO3 UIMEHT MaKCUMaIbHON BBIXOTHOM
MolnHocTu cocTtaBui Bcero —0,2%/K, 4To sBjsIeTcsl OMHMM M3 PEKOPAHO MajbIX 3HAYCHUIA
IJ1 COJTHEYHBIX 3JIEMEHTOB Ha OCHOBE IPYTUX TEXHOJIOTMA MOHOKPUCTALINYECKOIO KPEMHHUS.
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Introduction

In recent years, the global demand for renewable energy sources has shown a consistent
upward trend. This increase is largely driven by the progressive depletion of fossil fuel resources,
rapid economic growth, and the ongoing expansion of industrial sectors. Consequently, to
mitigate the emerging energy shortfall, a worldwide shift toward renewable energy technologies
— particularly solar PhotoVoltaic (PV) one is becoming increasingly prominent [1]. Among the
various renewable energy technologies, PV systems based on silicon (Si), cadmium telluride
(CdTe), copper-indium-gallium-selenide (Culn Ga,_ Se ), copper-zinc-tin-selenide (CuZnSnSe)
(the last two are abbreviated as CIGS and CZ’XFS) and2 perovskite materials represent the most
prominent and rapidly advancing solutions due to their scalability, efficiency, and compatibility
with diverse applications [2].

Currently, silicon-based solar cells (SCs) dominate the global PV market, accounting for over
95% of the total market share. This dominance is largely attributed to the maturity of Si fabrication
technologies and the widespread availability of Si as a raw material [3]. Among Si-based PV
technologies, silicon heterojunction solar cells (HJT SCs) have attracted considerable attention
owing to their high-efficiency architecture. As a result, HJT SCs have achieved high conversion
efficiencies of up to 27.1% for n-type and 26.6% for p-type Si substrates, significantly surpassing
the performance of passivated emitter and rear contact (abbreviated as PERC) and conventional
homojunction cells [4, 5]. Moreover, this type SCs have a higher bifacial coefficient compared
to other Si-based technology SCs [6]. These advantages make HJT SCs highly attractive not only
for terrestrial applications but also for space applications.

To date, the performance of SCs has been mainly evaluated under the standard test conditions
(AM1.5G, 100 mW/cm?) in the temperature range from 10 to 80°C. However, there is a notable
lack of data regarding the PV behavior of SCs at sub-zero temperatures, particularly under air
mass zero (AMO) irradiation conditions, which are representative of space environments [7, §].
According to Refs. [9, 10], spacecrafts in low-Earth orbit (LEO) travel at approximately 8 km/s
and complete one orbit around the Earth every 90 minutes. As the spacecraft passes through
each orbit, it either enters the illuminated (sunlit) side of the Earth or shadowed (dark) one. As
a result, the temperature on the sunlit side can rise up to 100°C (373 K), while on the dark side
and during transitions into and out of the Earth's shadow, the temperature can drop as low as
—100°C (173 K).

Based on the above-mentioned, here we explore the influence of temperature on the light J-V
curves of HJT SCs fabricated on gallium-doped p-type c-Si substrates. The light J-V curves were
systematically analyzed over a broad temperature range from 173 to 373 K under AMO (air mass
zero) spectral conditions (flux surface density of the electromagnetic energy was 136.7 mW/cm?).

Material preparation and methods

Sample preparation. The investigated HJT SCs were fabricated at R&D Center of Thin film
technologies in Energetics, Saint-Petersburg, Russian Federation. To perform investigation, Si
HIJT SCs (Fig. 1) were created on gallium-doped p-type c-Si substrates grown by the Czochralski
(Cz) method, with an acceptor concentration of N > 3.1-10' cm™, a thickness of ~135 um,
crystallographlc orientation (100) and with an initial bulk minority carrier lifetime of t, > 0.2 ms.
In the c-Si substrate, the oxygen concentration was ~2.5-10'7 ¢cm™, the carbon concentration
was ~2-10'® ¢cm?, and the dislocation density was ~500 cm™.

Initially, p—type c-Si substrates underwent a wet chemical cleaning procedure. After that,
substrates were subjected to pyramidal surface texturing in order to minimize incident light
reflection and enhance the short-circuit current density (J ) of the HJT SCs [11]. Next, thin
intrinsic hydrogenated amorphous silicon (i-o-Si:H) layers <5 nm thick were deposited on both
front and rear surfaces of the textured substrates using Radio-Frequency Plasma-Enhanced
Chemical Vapor Deposition method (RF PECVD). The purpose of this layer was to passivate
dangling bonds (Si — H) on the surfaces of Si substrates [12]. Using the same method to
form p—n junction, heavy doped n'-type a-Si:H layers were deposited on the front side of the
i-a-Si:H coated p-type c-Si substrates. Simultaneously, to create the back-surface field (BSF),
heavy doped p*-type a-Si:H layers were deposited on the rear sides of i-a-Si:H deposited p-type
c-Si substrates. The thicknesses of both the front and rear n'-type and p'-type a-Si:H layers
were kept identical (they were from 10 to 15 nm). To obtain p*-type and n'-type conductivity in
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{L & @ g the a-Si:H layers respectively, the monosilane
(SiH,) gas was diluted with (high-purity,

?Tgom;(t)a“ization grid g9 9949%) diborane (B,H,) and phosphine
; D o SH 10-15 nm (PH,) gases. All a-Si:H layers were deposited

i-c-Si:H 5 nm at a low temperature from 180 to 185°C with a
: frequency of 40.68 MHz. Further, transparent
p-type Cz-Si conductive oxide (TCO) layers composed of
~135 um indium tin oxide (ITO — 90 wt.% In,O, and
10 wt.% SnO,), a thickness of ~70 nm were
e i deposited on the front and rear surfaces of the

I-0L-D1:1 nm

FoSi-H 10-15 nm photosensitive heterostructures using Radio-
{TO 1) s Frequency (RF) magnetron sputtering. To
Ag metallization grid ~ collect photogenerated charge carriers from

the heterostructure surfaces, silver (Ag) paste
was screen-printed onto both the front and rear
Fig. 1. A cross-section view of the finished HJT sides of the photosensitive heterostructures. The
SCs based on p-type c-Si substrates “Busbar” type contacts had a height of ~25 pum,
a width of ~45 um, and were patterned with a
pitch of ~1.36 mm. A view of the HJT SCs is shown in Fig. 1.

To perform experiment, samples measuring 1 X 1 ¢cm were cut from a high-efficiency HJT
SCs with the full size 15.6 x 15.6 cm. After cutting, no additional passivation was applied to the
lateral surfaces, and the edge isolation was not done. A solid-state "MiniMaker2" diode laser with
a wavelength of 1064 nm was used to cut the samples.

This study has focused on characterizing the temperature-dependent performance of p-type
¢-Si HJT SCs in the temperature range from 173 to 373 K, without considering radiation effects.

Characterization and measurement of performances. To study the effect of temperature on the
light J-V curves of HJT SCs, these curves were measured using a liquid nitrogen cryostat (Janis
VPF-100) in the temperature range from 173 to 373 K, in 20 K increments. In the course of the
measurements, the samples were illuminated by a class AAA pulsed solar simulator (SS-80AA
simulator) under AMO spectral conditions (136.7 mW/cm?). The short-circuit current density

J¢.) and open-circuit voltage (7, ) were recorded using a Keithley SM2460 Source Meter.

in the course of the measurements temperature stabilization was achieved using a liquid
nitrogen cryostat equipped with temperature monitoring device, namely, a Lake Shore Model
335 temperature controller having a control accuracy of £0.1°C. Each measurement of the light
J-V curves was conducted after the target temperature was reached and maintained for 4 — 5 min
under AMO spectrum (136.7 mW/cm?). Temperature coefficients of the output parameters of the
HJT SCs, such as the open-circuit voltage (¥, ), the short-circuit current density (J ), the fill
factor (FF), the maximum output power (P__ ) and the conversion efficiency (n) were extracted
from the slopes of the straight-line portions of the experimental temperature-dependent curves.

About 30 HJT SCs samples were fabricated for the investigation. They had similar parameters
within a margin of error of no more than 2%. Of these samples, only one, measuring 1 x 1 cm,
was selected for the temperature-dependence investigation.

Results and discussion

Theoretical formulation of the open-circuit voltage versus temperature. It has been
reliably established that the key PV parameters of HJT SCs, such as V , J , FF, P and n
exhibit significant temperature dependence. Among them, V/ is the most sensitive to ambient
temperature, demonstrating a pronounced decrease as the temperature goes up, which in turn
leads to a significant reduction in the n value of the HJT SCs [13, 14].

To interpret the experimental temperature dependence V' (T) for the HJIT SCs (see further
Fig. 3, b), we employed a current transport model prevrously reported in [15, 16]. This model
enables the analysis of solar cell performance under arbitrary injection conditions and for any ratio
of carrier diffusion length (L, ) to substrate thickness (d). To derive the fundamental equations,
an n*—p—p* heterostructure was considered, accounting for the electronic properties of both the
n*—p and p—p* heterojunctions. By applying appropriate boundary conditions at the interfaces, the
key expression describing the of V (7) was obtained. A comprehensive derivation and discussion
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of these equations are provided in our previous work [17]. Therefore, only a brief overview is
presented in this study.

It is well known that when a solar cell is illuminated with white light, nonequilibrium electron-
hole pairs are photogenerated within the base region. These carriers are separated by the built-in
electric field at the heterojunction, resulting in the generation of photocurrent. Consequently,
the equivalent electrical circuit of a HJIT SCs can be modeled through an ideal current source of
density J . Under this illumination condition, the corresponding boundary conditions are defined
as follows:

dAn J-J,, dAn
=— M at x =0,
dx qD dx
where ¢ is the elementary charge, J . is the total surface recombination current density, d is the
¢-Si substrate thickness, An is the excess carrier concentration;

=0 atx =d, ey

J

wur =4SN

+ quAn(x:d),

(x=0)

where S, S, are the surface recombination velocities on the front and rear surfaces of substrate,
respectively.

Taking into consideration the theoretical framework established in our previous work [16], as
well as the boundary conditions (1), the following analytical expression for the current density J

was derived:
sinhELd]
J= a

DAn(x
= —d(—qGLdzﬁ‘ * qL—()} s> )
cosh (_ x] “aw
diff
at the boundary of the n'—p heterojunction (for the cross-section x = 0) Eq. (2) takes the form:
DAn, _
J==J, +w~tanh(iJ+Jmf, 3)
- Ly
where
d
Sy =qGLy tanh | — . (4)
Y Ldiﬁr

The voltage V' drops across the HJT SC structure is predominantly determined by the forward
bias applied to the n*—p heterojunction [15, 16]:

An(An+ N
y KT, | An(An+N,) 5)
2 T >

q n (T)
where n(7) is the intrinsic equilibrium carrier concentration in the substrate at a given temperature
T; k is the Boltzmann constant.

Under open-circuit conditions (J = 0), the excess carrier concentration Az is uniform over all
cross-sections of the substrate and,

An(V,) = Y 6)

q l:Dtanh[d] + S}
Ldlﬁ" Ldiﬁ’

where S = SO +Sd.
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Open circuit voltage V can be estimated as

E (T
V,(T)= Cf )
kT NcoNVo (T]3 (7)
__ln _ = | )
q T,
Jsc (T) Na(T)+ Jsc (T)
D d D d
q| —tanh| — |+ S(T q| ——tanh| — |+S(T
i Ldz.ff (LWJ ( )]__ Ldiﬂf (Ldiﬁ‘J ( )]_

where N, N, are the effective density of states in conduction and valence band at 7, = 300 K,
D is the diffusion coefficient.

Temperature dependence of output PV parameters of HJT SCs. In order to investigate the effects
of temperature on the output PV parameters of HJT SCs fabricated on p-type c-Si substrates,
light J-V curves were measured under AMO spectrum (136.7 mW/cm?) in the temperature range
between 173 and 373 K (see Fig. 2). It can be seen in Fig. 2 that ambient temperature has a
pronounced impact on the shape of the light /- curves. Specially, the J  value increases slightly
with temperature, while the ¥ exhibits a decreasing trend.

As Fig. 2 suggests at elevated temperatures, the influence of series resistance R_on the shape
of the light J-V curves becomes less significant, as observed a sharp increase in J within this
temperature range. In contrast, in the high temperature range, a significant decrease in the shunt
resistance R, is observed, as clearly illustrated by Fig. 2.

In order to investigate the temperature dependence of each output PV parameter, such as V',
J , FF, P and n, of HJT SCs fabricated on p-type c-Si substrates, we analyzed the Varlatlon
of all key output characteristics as a function of temperature.

Fig. 3, a presents the temperature dependence
of short-circuit current density J (7) of HJT
SCs based on p-type c-Si substrates under AMO
spectrum (136.7 mW/cm?). The experimental
results demonstrate a linear increase in J
with temperature. For example, the J value
increased at a rate of 0.028 mA/ﬁ from
44.6 mA/cm?® to ~ 50 mA/cm? in the taken
temperature range. It is well known that the
bandgap of c-Si narrows with increasing
temperature [18], causing a shift in the
absorption coefficient in the direction of the
long-wave region. As a result, the substrate
5 OF 0 0% 0L 0% UF OF OB &6 absorbs.a broader spectrum Qf infrared.radi.ation,

Voltage, V enhancing electron-hole pair generation in the
photoactive region [19, 20].
Fig. 2. Light J-V curves of HJT SCs based on Based on the experimental results, the

Current density, mA/cm

p-type c-Si substrate under AMO spectrum temperature coefficients of the short-circuit
(136.7 mW/cm?) in the temperature range between  current density (TCJ ) was extracted from the
173 and 373 K. slope of the straight- fine portion of J versus

T, K: 173 (1), 193 (2), 213 (3), 233 (4), 253 (5), temperature characteristics for HIT SCs based
273 (6), 293 (7), 313 (8), 333 (9), 353 (10), 373 (1]) ~ on p-type c-Si substrates. The TCJ  value was
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Fig. 3. Temperature dependences of short-circuit current density (a) and open-circuit voltage (b)
of HJT SCs based on p-type c-Si substrates under AMO spectrum

calculated to be 0.058%/K. This value is in good agreement with the previously reported data in
Ref. [19].

The experimental results on the temperature dependence of open-circuit voltage V (7) for
HIJT SCs based on p-type c-Si substrates under AMO spectrum (136.7 mW/cm?) are glven in
Fig. 3, b. As shown, the V. value decreases linearly with increasing temperature. When
decreasmg, the V', takes on values from 0.8684 to 0.5530 V as the temperature increases from
173 to 373 K. This decrease in V' . observed is primarily attributed to the temperature-induced
narrowing of the Si bandgap [18], the exponential rise in the reverse saturation current, and the
increase in the intrinsic carrier concentration n, [21], as described by Eq. (5). Slmultaneously,
according to Eq. (7), PV parameters of HJT SCs such as J , surface S(7) and bulk (7)
recombination velocity, acceptor concentration N (T) and m1nor1ty carriers diffusion length L,
exhibit an increasing trend with temperature. Within the temperature range under study, the totaf
surface recombination velocity S(7) in p-type HJT SCs increased from 10.6 cm/s at 173 K to
21.8 cm/s at 373 K, which is in good agreement with the data reported in Ref. [22]. The total
recombination Velomty, encompassing both surface (S = §, + § ) and bulk ©(7) contributions at
various temperatures, was estimated using the approach proposec{j in Refs. [15, 16]. The combined
temperature-dependent changes in these parameters contribute to the observed reduction in V.

The temperature coefficients of the open-circuit voltage (TCV’ ) for HIT SCs based on p- type
c-Si substrates were determined from the slopes of the straight- line portions of the experimental
temperature-dependent curves V, (T) which exhibited the TCV  value —0.182% /K in the range

from 173 to 373 K. Notably, the obtained value
78 is significantly lower than those reported for

e other c-Si SCs technologies |7, 19].
Fig. 4 presents experimental results on the
2 74+ temperature dependence of the fill factor FFT)
5 7] of HJT SCs based on p-type c-Si substrates
S under AMO spectrum (136.7 mW/cm?). It
= B is well known that the FF is one of the key
o 68 performance indicators of SCs, reflecting the
66 1 @ quality and ideality of the p—n junction. It is
o defined by the following expression [20]:

64 4 J V
62 T T T T T T T T T T T T T T T FF Ty (8)

150 180 210 240 270 300 330 360 390 chK)g
Temperature, K where J , V' —are the current density and the

voltage at the maximum power point.
Fig. 4. Temperature dependence of the fill factor As illustrated in Fig. 4, the FF' of the HJT
of HJT SCs based on p-type c-Si substrates under SCs fabricated on p-type c-Si exhibits an almost
AMO spectrum linear decline from 76.0% to approximately
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65.5% as the temperature increases from 173 to 373 K. Within this temperature range, the series
resistance (R ) decreases slightly from ~4.9 Q-cm? to ~2.0 Q-cm? (see Fig. 5, a). In contrast, the
shunt resistance (R,) exhibits a more pronounced linear decrease from ~905 Q cm?to ~227 Q cm?
(Fig. 5, b), which srgmﬁcantly contributes to the reduction in the FF at elevated temperatures.

In HJT SCs, the R was determined from the slope of the J-V” curve at the open-circuit voltage
point, while the R was derived from the slope at the short-circuit current point [23].

The R of a Sé comprises multiple resistive components connected in series with the p—n
junction, including the bulk resistances of the p-type and n-type semiconductor regions, the
metal-semiconductor contact resistances. Conversely, the R, characterizes current leakage
pathways through, surface recombination currents, bulk defect- assisted tunneling and peripheral
leakage at device edges [24].

a) b)

6 1000

.,
~

g

600 4

400

[

\‘\‘*_H

Series resistance, Q-cm
®
/

Shunt resistance, Q-cm

0 ———T— 7T 0 —r———

150 150 210 240 270 300 330 360 390 150 180 210 240 270 300 330
Temperature, K Temperature, K

Fig. 5. Temperature dependence of the series (a) and shunt resistances (b) of HJT
SCs based on p-type c-Si substrates under AMO spectrum

T
360 390

It is well known that the FF' of a SCs is influenced by both R and R ,. To achieve a high
FF value, the series resistance R must be minimized, while the shunt resistance R, should be
maxrmrzed In our study, a reduction in the R with increasing temperature was clearly observed,
which, under typical conditions, should lead to an increase in FF. However, the experimental
results revealed a contrary behavror wherein the FF decreased with temperature. One of the
primary reasons for this discrepancy is the simultaneous reduction in the R , value due to parasitic
leakage paths through p—n junction at elevated temperatures (Fig. 5, b) as well as the linear
decrease in the V with temperature. According to Eq. (8), the FFF’ exhrbrts a positive correlation
with the V , hence, a reduction in the V leads to a corresponding decline in the FF. As a
result, the combmed effect of decreasing the R, and V leads to a deterioration of the FF" with
increasing temperature, as confirmed by our experrmental data [25].

The temperature coefficient of the FF' (TCFF) and R, (TCR ), determined from the slope of
the linear decreases in the FF'and R ,, were found to be O 077%/ }K and —0.375%/K, respectively,
over the temperature range under study

Fig. 6 shows the temperature dependence of the maximum output power P _ (7) (a) and
the conversion efficiency n(7) (b) of the HJT SCs based on p-type c-Si substrates under
136.7 mW/cm?. The P value is determined by the product of the J , V and FF values.

As illustrated in Frg 6, a, the P value of HIT SCs decreases frnearly from ~29.5 to
~18.0 mW/cm? with increasing temperature from 273 to 373 K. This behavior of the P__is
primarily associated with the temperature dependencies of the key PV parameters such as V_, ﬁF
R, and R , which collectively have the most significant impact on the P__(T) characteristics [26]

The temperature coefficient of the P_ (TCP ) for HIT SCs was evaluated to be
—0.2% / K in the investigated temperature range These results demonstrate that the studied
p-type c-Si HIT SCs exhibit the modest temperature coefficient of the P among various Si-
based PV technologies [7, 19]. The relatively low temperature coefficient of the P in HIT
SCs, compared to those of other Si-based PV technologies, can be attributed to the presence of
i-o- Sr H passivation layers on both surfaces of the c-Si substrate.
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Fig. 6. Temperature dependences of the maximum output power (a) and conversion efficiency (b)
of HJT SCs based on p-type c-Si substrates under AMO spectrum

Fig. 6, b shows the experimental results of the temperature dependence of the conversion
efficiency n(7) of the HJT SCs based on p-type c-Si substrates under AMO (136.7 mW/cm?). The
n of the HJT SCs is defined as the ratio of the P to the incident light power (P ), which is
expressed by the following equation [20]:

n:@.loo%zm.lm%, ©)
rad rad

where P = 136.7 mW/cm’.

Referring to Fig. 6, b, the n of the HJT SCs based on p-type c-Si exhibits a temperature
dependence similar to that of the P . The n values of HIT SCs decrease linearly from ~21.5%
at 173 K to ~13.3% at 373 K. Accord‘ing to Ref. [27], the n of HJT SCs can be calculated using

the following expression:
N =N [1-Bo(T. =T, |, (10)

where T, T , are the temperatures of the HJT SCs and the reference (room) temperature
(T o 298 Ks, respectively; n , n . are the conversion efficiencies of the HJT SCs at 7 and T e
B, is the temperature coefficient of n (M = —0.002 K! for p-type c-Si HJT SCs).

As the HJT SC temperature increases, the difference 7 — T o ETOWS resulting in a linear
decrease in the .

Summary

In this study, the effect of temperature on the J-J curves of HIT SCs based on p-type c-Si
substrates were investigated under AMO spectrum (136.7 mW/cm?) in the temperature range from
173 to 373 K. The experimental light J-V curves of the HJT SCs exhibit an increase in a short-
circuit current density with temperature, whereas the open-circuit voltage decreases linearly.
Furthermore, the fill factor and shunt resistance degraded significantly with rising temperature,
whereas the series resistance showed a moderate reduction. As a result, the maximum output
power declined linearly with temperature, with respective temperature coefficient of —0.2% / K.
Despite this decline, the studied HJT SCs achieved superior specific power at room temperature.

These findings confirm that gallium-doped p-type c-Si-based HJT SCs possess a unique
combination of high specific power, low temperature sensitivity, and excellent low-temperature
performance. Such characteristics make HJT SCs particularly promising for power generation in
small spacecraft (CubeSats) operating in the low-Earth orbit environments.

In future studies, we plan to present experimental results that evaluate the combined impact of
radiation and temperature on the photovoltaic (PV) performance of the HJT SCs.
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