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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/сm²) 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 (Vос) decreased linearly. From the experiment, the calculated 
temperature coefficient value of the Vос 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/cm² 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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Аннотация. В работе исследовано влияние температуры на световые вольтампер-
ные характеристики гетероструктурных солнечных элементов (изготовлены на крем-
нии p-типа, легированном галлием) при нулевой воздушной массе (поверхностная 
плотность потока энергии 136,7 мВт/см2) в температурном диапазоне 173 – 373 K. 
Экспериментальные результаты показали, что плотность тока короткого замыкания ли-
нейно возрастает с повышением температуры, демонстрируя положительный темпера-
турный коэффициент 0,058%/K, тогда как напряжение холостого хода Vос линейно сни-
жается. Температурный коэффициент Vос, рассчитанный по результатам эксперимента, 
составил –0,182%/K. Максимальная выходная мощность и коэффициент преобразова-
ния гетероструктурных солнечных элементов линейно увеличивались при понижении 
температуры от 373 K, достигая максимальных значений (около 29,5 мВт/см² и 21,5% 
при 173 K). Согласно оценке, температурный коэффициент максимальной выходной 
мощности составил всего –0,2%/K, что является одним из рекордно малых значений 
для солнечных элементов на основе других технологий монокристаллического кремния.
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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 (CuInxGa1–xSe2), copper-zinc-tin-selenide (CuZnSnSe) 
(the last two are abbreviated as CIGS and CZTS), and 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/cm2) 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 (AM0) irradiation conditions, which are representative of space environments [7, 8]. 
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 AM0 (air mass 
zero) spectral conditions (flux surface density of the electromagnetic energy was 136.7 mW/cm²).

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 
HJT SCs (Fig. 1) were created on gallium-doped p-type c-Si substrates grown by the Czochralski 
(Cz) method, with an acceptor concentration of Na ≥ 3.1·1016 cm−3, a thickness of ~135 μm, 
crystallographic orientation (100) and with an initial bulk minority carrier lifetime of τbulk ≥ 0.2 ms. 
In the c-Si substrate, the oxygen concentration was ~2.5·1017 cm−3, the carbon concentration  
was ~2·1016 cm3, and the dislocation density was ~500 cm−3.

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 (Jsc) of the HJT SCs [11]. Next, thin 
intrinsic hydrogenated amorphous silicon (i-α-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 α-Si:H layers were deposited on the front side of the  
i-α-Si:H coated p-type c-Si substrates. Simultaneously, to create the back-surface field (BSF), 
heavy doped p+-type α-Si:H layers were deposited on the rear sides of i-α-Si:H deposited p-type 
c-Si substrates. The thicknesses of both the front and rear n+-type and p+-type α-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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the α-Si:H layers respectively, the monosilane 
(SiH4) gas was diluted with (high-purity, 
99.999%) diborane (B2H6) and phosphine 
(PH3) gases. All α-Si:H layers were deposited 
at a low temperature from 180 to 185°C with a 
frequency of 40.68 MHz. Further, transparent 
conductive oxide (TCO) layers composed of 
indium tin oxide (ITO – 90 wt.% In2O3 and 
10 wt.% SnO2), a thickness of ~70 nm, were 
deposited on the front and rear surfaces of the 
photosensitive heterostructures using Radio-
Frequency (RF) magnetron sputtering. To 
collect photogenerated charge carriers from 
the heterostructure surfaces, silver (Ag) paste 
was screen-printed onto both the front and rear 
sides of the photosensitive heterostructures. The 
“Busbar” type contacts had a height of ~25 µm, 
a width of ~45 μm, and were patterned with a 

Fig. 1. A cross-section view of the finished HJT 
SCs based on p-type c-Si substrates

pitch of ~1.36 mm. A view of the HJT SCs is shown in Fig. 1.
To perform experiment, samples measuring 1 × 1 cm were cut from a high-efficiency HJT 

SCs with the full size 15.6 × 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 
c-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 AM0 spectral conditions (136.7 mW/cm2). The short-circuit current density 
(JSC) and open-circuit voltage (Voc) 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 AM0 spectrum (136.7 mW/cm2). Temperature coefficients of the output parameters of the 
HJT SCs, such as the open-circuit voltage (Voc), the short-circuit current density (Jsc), the fill 
factor (FF), the maximum output power (Pmax) and the conversion efficiency (η) 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 × 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 Voc, Jsc, FF, Pmax and η 
exhibit significant temperature dependence. Among them, Voc 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 η value of the HJT SCs [13, 14]. 

To interpret the experimental temperature dependence Voc(T) for the HJT SCs (see further 
Fig. 3, b), we employed a current transport model previously 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 (Ldiff) 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 Voc(T) was obtained. A comprehensive derivation and discussion 



St. Petersburg State Polytechnical University Journal. Physics and Mathematics. 2026. Vol. 19. No. 1

34

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 HJT SCs can be modeled through an ideal current source of 
density Jsc. Under this illumination condition, the corresponding boundary conditions are defined 
as follows:

surfJ Jd n
dx qD

−∆
= −  at 0, 0d nx

dx
∆

= =  at x = d,                        (1)

where q is the elementary charge, Jsurf is the total surface recombination current density, d is the 
c-Si substrate thickness, Δn is the excess carrier concentration;

( ) ( )0 0 ,surf dx x dJ qS n qS n= == ∆ + ∆  

where S0, Sd 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:

sinh
( ) ,

cosh

diff
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diff

diff

d
L qD n xJ qGL J

Ld x
L

 
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                          (2)

at the boundary of the n+–p heterojunction (for the cross-section x = 0) Eq. (2) takes the form:
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 
                                        (4)

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

( )
( )2ln ,a

i

n n NkTV
q n T

 ∆ ∆ +
=  

 
                                         (5)

where ni(T) 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 Δn is uniform over all 
cross-sections of the substrate and,

( ) ,

tanh

sc
oc

diff diff

Jn V
D dq S

L L
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  
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                                   (6)

where S = S0 + Sd.
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Open circuit voltage Voc can be estimated as
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  (7)

where Nc0, NV0 are the effective density of states in conduction and valence band at T0 = 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 AM0 spectrum (136.7 mW/cm²) 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 J-V curves. Specially, the Jsc value increases slightly 
with temperature, while the Voc exhibits a decreasing trend.

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

In order to investigate the temperature dependence of each output PV parameter, such as Voc, 
Jsc, FF, Pmax and η, of HJT SCs fabricated on p-type c-Si substrates, we analyzed the variation 
of all key output characteristics as a function of temperature. 

Fig. 2. Light J-V curves of HJT SCs based on 
p-type c-Si substrate under АМ0 spectrum 

(136.7 mW/cm2) in the temperature range between 
173 and 373 K. 

Т, K: 173 (1), 193 (2), 213 (3), 233 (4), 253 (5), 
273 (6), 293 (7), 313 (8), 333 (9), 353 (10), 373 (11)

Fig. 3, a presents the temperature dependence 
of short-circuit current density Jsc(T) of HJT 
SCs based on p-type c-Si substrates under АМ0 
spectrum (136.7 mW/cm2). The experimental 
results demonstrate a linear increase in Jsc 
with temperature. For example, the Jsc  value 
increased at a rate of 0.028 mA/K from  
44.6 mA/cm2 to ~ 50 mA/cm2 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 
absorbs a broader spectrum of infrared radiation, 
enhancing electron-hole pair generation in the 
photoactive region [19, 20].

Based on the experimental results, the 
temperature coefficients of the short-circuit 
current density (TCJsc) was extracted from the 
slope of the straight-line portion of Jsc versus 
temperature characteristics for HJT SCs based 
on p-type c-Si substrates. The TCJsc value was 
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a) b)

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 АМ0 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 Voc(T) for 
HJT SCs based on p-type c-Si substrates under АМ0 spectrum (136.7 mW/cm2) are given in  
Fig. 3, b. As shown, the Voc value decreases linearly with increasing temperature. When 
decreasing, the Voc takes on values from 0.8684 to 0.5530 V as the temperature increases from 
173 to 373 K. This decrease in Voc 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 ni [21], as described by Eq. (5). Simultaneously, 
according to Eq. (7), PV parameters of HJT SCs, such as Jsc, surface S(T) and bulk τ(T) 
recombination velocity, acceptor concentration Na(T) and minority carriers diffusion length Ldiff 
exhibit an increasing trend with temperature. Within the temperature range under study, the total 
surface recombination velocity S(T) 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 velocity, encompassing both surface (S = S0 + Sd) and bulk τ(T) contributions at 
various temperatures, was estimated using the approach proposed in Refs. [15, 16]. The combined 
temperature-dependent changes in these parameters contribute to the observed reduction in Voc.

The temperature coefficients of the open-circuit voltage (TCVoc) for HJT SCs based on p-type 
c-Si substrates were determined from the slopes of the straight-line portions of the experimental 
temperature-dependent curves Voc(T) which exhibited the TCVoc value –0.182% /K in the range 

Fig. 4. Temperature dependence of the fill factor 
of HJT SCs based on p-type c-Si substrates under 

АМ0 spectrum

from 173 to 373 K. Notably, the obtained value 
is significantly lower than those reported for 
other c-Si SCs technologies [7, 19].

Fig. 4 presents experimental results on the 
temperature dependence of the fill factor FF(T) 
of HJT SCs based on p-type c-Si substrates 
under АМ0 spectrum (136.7 mW/cm2). It 
is well known that the FF is one of the key 
performance indicators of SCs, reflecting the 
quality and ideality of the p–n junction. It is 
defined by the following expression [20]:

,m m

sc oc

J VFF
J V

=                   (8)

where Jm, Vm are the current density and the 
voltage at the maximum power point.

As illustrated in Fig. 4, the FF of the HJT 
SCs fabricated on p-type c-Si exhibits an almost 
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 (Rs) decreases slightly from ~4.9 Ω·cm² to ~2.0 Ω·cm² (see Fig. 5, a). In contrast, the 
shunt resistance (Rsh) exhibits a more pronounced linear decrease from ~905 Ω·cm² to ~227 Ω·cm² 
(Fig. 5, b), which significantly contributes to the reduction in the FF at elevated temperatures.

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

The Rs of a SC 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 Rsh characterizes current leakage 
pathways through, surface recombination currents, bulk defect-assisted tunneling and peripheral 
leakage at device edges [24].

a) b)

Fig. 5. Temperature dependence of the series (a) and shunt resistances (b) of HJT 
SCs based on p-type c-Si substrates under АМ0 spectrum

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

The temperature coefficient of the FF (TCFF) and Rsh (TCRsh), determined from the slope of 
the linear decreases in the FF and Rsh, were found to be −0.077%/K and −0.375%/K, respectively, 
over the temperature range under study.

Fig. 6 shows the temperature dependence of the maximum output power Pmax(T) (a) and 
the conversion efficiency η(T) (b) of the HJT SCs based on p-type c-Si substrates under  
136.7 mW/cm². The Pmax value is determined by the product of the Jsc, Voc and FF values.

As illustrated in Fig. 6, a, the Pmax value of HJT SCs decreases linearly from ~29.5 to  
~18.0 mW/cm2 with increasing temperature from 273 to 373 K. This behavior of the Pmax is 
primarily associated with the temperature dependencies of the key PV parameters such as Voc, FF, 
Rsh and Rs, which collectively have the most significant impact on the Pmax(T) characteristics [26].

The temperature coefficient of the Pmax(TCPmax) for HJT SCs was evaluated to be  
–0.2% / K in the investigated temperature range. These results demonstrate that the studied 
p-type c-Si HJT SCs exhibit the modest temperature coefficient of the Pmax among various Si-
based PV technologies [7, 19]. The relatively low temperature coefficient of the Pmax in HJT 
SCs, compared to those of other Si-based PV technologies, can be attributed to the presence of  
i-α-Si:H passivation layers on both surfaces of the c-Si substrate.
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a) b)

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 АМ0 spectrum

Fig. 6, b shows the experimental results of the temperature dependence of the conversion 
efficiency η(T) of the HJT SCs based on p-type c-Si substrates under AM0 (136.7 mW/cm²). The 
η of the HJT SCs is defined as the ratio of the Pmax to the incident light power (Prad), which is 
expressed by the following equation [20]:

max 100% 100%,sc oc

rad rad

P J V FF
P P

η = ⋅ = ⋅                                  (9)

where Prad = 136.7 mW/cm2.
Referring to Fig. 6, b, the η of the HJT SCs based on p-type c-Si exhibits a temperature 

dependence similar to that of the Pmax. The η values of HJT SCs decrease linearly from ~21.5% 
at 173 K to ~13.3% at 373 K. According to Ref. [27], the η of HJT SCs can be calculated using 
the following expression:

01 ( ) ,c ref c refT T η = η −β −                                        (10)

where Tc, Tref are the temperatures of the HJT SCs and the reference (room) temperature  
(Tref = 298 K), respectively; ηc, ηref are the conversion efficiencies of the HJT SCs at Tc and Tref; 
β0 is the temperature coefficient of η (η = –0.002 K–1 for p-type c-Si HJT SCs).

As the HJT SC temperature increases, the difference Tc – Tref grows resulting in a linear 
decrease in the η.

Summary

In this study, the effect of temperature on the J-V curves of HJT SCs based on p-type c-Si 
substrates were investigated under AM0 spectrum (136.7 mW/cm2) 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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