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Abstract
Increase in the efficiency and reduction of silicon consumption in production of solar cells are relevant problems. 
Designing two and three facial solar cells can be seen as a solution for such tasks. Compared to usual SC, the output 
power of two and three facial solar cells exceeds by 1.72 times by 2.81 times, respectively. Illumination of solar cells 
with high intensity light makes the temperature of its heating an important characteristic. Therefore, the paper investigates 
the influence of temperature on properties of multifacial solar cells. We defined the nature of change of temperature 
coefficients for the main photovoltaic parameters that are inherent to silicon solar cells under various (one, two and 
three facial) conditions of lighting. Temperature coefficients of three facial solar cells are 2.52·10–3 V/K for open circuit 
voltage and 1.8·10–3 K–1 for fill factor of I-V. At temperature change of SC from 300 K to 350 K, the density of short 
circuit current decreases only by 4 %. 
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Аннотация 
Повышение эффективности и сокращение расхода кремния при производстве солнечных элементов являются 
актуальными проблемами. Один из путей их решения — создание двух- и трехлицевых солнечных элементов. 
Выходная мощность солнечного элемента при двухстороннем освещении в 1,72 раза и при трехстороннем 
освещении в 2,81 раза превышает мощность односторонне освещенного (обычного) солнечного элемента. При 
освещении солнечного элемента светом высокой интенсивности актуальным становится учет температуры 
его нагрева. В работе исследовано влияние температуры на свойства многосторонне освещаемого солнечного 
элемента. Определен характер изменения температурных коэффициентов основных фотоэлектрических 
параметров кремниевых солнечных элементов при различных условиях (одно-, двух- и трехстороннего) 
освещения. Температурный коэффициент трехсторонне освещаемых солнечных элементов для напряжения 
холостого хода составил величину 2,52·10–3 В/К, коэффициент заполнения вольтамперной характеристики 
1,8·10–3 К–1. При изменении температуры солнечного элемента от 300 до 350 К плотность тока короткого 
замыкания уменьшается всего на 4 %.
Ключевые слова 
кремний, солнечный элемент, моделирование, трехсторонняя чувствительность, p-n переход, эффективность, 
освещение, температура
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Introduction

Continuous growth of the needs in energy that humanity 
has stimulates faster development of renewable energy 
sources. They are the most primary solutions that ensure 
growing energy consumption without negative impact on 
the environment [1]. According to official information 
from “International Energy Agency”, the contribution of 
renewable energy sources (RES) in 2021 reaches up to 
276 GW. The widest circulation among different types 
of RES has evolved from sunlight to thermal and electric 
energy [2]. For transformation of sunlight to electric 
energy, the semiconductor solar cells (SC) are generally 
used. More than 85 % of the produced by the industry SC 
are made on a silicon basis [3]. For this reason, we chose 
silicon SC as the main object of research. The efficiency 
of silicon SC that agree with theoretical expectations does 
not exceed 29 % [4]. But both industrial and laboratory 
silicon SC did not reach this value yet. Therefore, there is 
a need in researches on the increase in efficiency of SC and 
decrease in prime cost of silicon. Numerous theoretical and 
experimental works characterized by different scientific and 
technical approaches are carried out in this direction. For 
example, for the purpose of passivation of recombination 
activity and improvement of optical properties, a frontal 
surface of silicon SC is covered with a layer of SiNx by 
75 nanometers thick or SiO2 by 100 nanometers thick 
[5]. Authors in [6] introduced nanoparticles of metals to 
increase the efficiency of silicon SC. For the increase in the 
photovoltaic transformed energy, silicon bifacial SC were 
designed [7]. However, in experiments, it was established 
that lighting the front side of the silicon bifacial SC showed 
the efficiency by 19.4 %, while lighting the back side of 
the silicon bifacial SC reached the efficiency equal to 
16.5 %. In experiment, front and rear side of bifacial SC 
were 18.4 % and 18.1 %, respectively. So, the values for 
the efficiency of both sides reached symmetry [8]. In our 
work, the three facial silicon SC (Fig. 1), which is offered 

in [9], is studied for the first-time. In addition to physical 
mechanism of energy transformation in multifacial solar 
cells, influence of illumination and temperature on them has 
not been studied yet. For widespread introduction of any 
new design of SC, it is important to estimate the influence 
of illumination conditions and temperature changes on 
their photovoltaic parameters. For example, the influence 
of sunlight incident angle changes and temperature changes 
on the main photovoltaic parameters of SC on silicon base 
with volume metals nanoparticles was investigated in 
[10, 11]. Assessment of silicon SC temperature and impact 
of temperature changes on its photovoltaic parameters 
is crucial and of practical interest at three facial lighting 
conditions. Our work deals with the solution of this task. 

If one facial solar cell is called a solar cell with 
monofacial photosensitive surfaces, hence two or three 
facial solar cells can be called solar cells with multifacial 
photosensitive surfaces. In the feature, solar cells with two, 

Fig. 1. Construction of a three facial solar cell: 1 — silicon in 
prism form; 2 — p-n junction; 3 — frontal contact; 4 — back 
contact; 5 — frontal surface; 6 — lateral face; 7 — reflector; 

8 — the substrate in a tray form; 9 — silver mirror
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three or four photosensitive surfaces will represent one 
family of multifacial solar cells. 

Method

There are various research methods, for example, 
experimental, theoretical and modeling ones. Theoretical 
methods are divided into the following two groups: 
1) fundamental theory of physical processes; 
2) analytical solutions of the empirical equations received 

on experimental data. 
The method of modeling is considered more difficult, 

as both fundamental theories and empirical formulas are 
used. A basis of modeling of semiconductor structures 
work out the private differential equations. Calculation 
of private differential equations in the analytical way is 
very laborious, therefore numerical methods are used. For 
the sequence of calculations by numerical methods, it is 
possible to create appropriate algorithms. For the solution 
of private differential equations, it is important to accept 
entry boundary conditions. Entry boundary conditions can 
take certain values or a form of function. When modeling 
physical processes as entry boundary conditions, one 
should use empirical formulas.

For modeling a design of SC, the simplified geometrical 
model is created. The geometrical model of SC with 
various illumination systems is given in Fig. 2. One, 
two and three facial solar cells depend on illumination 
conditions in our research. So, if only (LB) or (LB, LA) or 
(LB, LA, LC) faces are illuminated, they can be taken into 
account respectively as a one, two or three facial solar 
cells. On the front side of SC, the ray of sunlight falls 
perpendicularly. Flat reflectors from silver are placed on 
two sides of solar cells with an angle of 45 degree to ensure 
uniform light on all three surfaces of the solar cell. SC 
has a design in the form of a long prism, which width and 
height are identical: l = 175 µm. The base of SC represents 
conductivity p-type silicon with concentration of acceptor 
impurity p = 1015 cm–3 and 171.5 µm thick, and an emitter 
layer of n-type of conductivity with concentration of 
phosphorus impurity n = 1017 cm–3 and 3.5 µm thick. In 
the industry, silicon solar cells are made with thickness 
of 175 µm. If industrial silicon solar is divided into many 

pieces with width of 175 µm, a solar cell, which is like our 
geometric model, can be formed for the experiment. So, in 
this paper, the geometrical parameters of the cell are taken 
as parameters of an industrial silicon solar cell. Illumination 
of SC corresponds to AM1.5G range condition.

As  noted  above,  during  the  modulation  of 
semiconductor structures, private differential equations 
play the main role. For example, for determination of 
electric parameters of semiconductor p-n structure in 
equilibrium conditions it is enough to use a formula for 
Fermi statistics: 

 n = NcF1/2  and p = NVF1/2 , (1)

and a formula for Poisson’s equation:

 Δφ = – (p – n + ND + NA),  (2)

where F1/2 is Fermi half integral; Ec is conduction band 
energy; EV is valence band energy; EF,n is quasi fermi 
energy for electrons; EF,p is quasi fermi energy for holes; 
T is absolute temperature; Nc is density of states in the 
conduction band; NV is density of states in valence band; 
k is Boltzmann constant; ε is permittivity; n and p are 
concentration of electrons and holes; ND and NA are donor 
and acceptor concentration; q is electron charge; φ is 
electric potential; Δ is Laplace operator.

Based on formula (1), it is possible to determine 
distribution of charge carriers concentration by 
semiconductor structure. Analytical function evaluation 
of Fermi statistics is impossible because its part is half 
integral Fermi. Therefore, Fermi statistics can be calculated 
by using Boltzmann approximation. But, Boltzmann 
distribution yields more exact results only at certain 
intervals of energy.

In this work, numerical calculation on the basis of 
“Sentaurus TCAD” is executed and used directly a function 
of Fermi statistics. Inserting the calculated concentration of 
electrons and holes into Poisson’s equation, it is possible to 
define the distribution of tension or potential of the electric 
field in a semiconductor structure.  

Modeling a semiconductor SC is considered among 
various instrument structures to be more difficult. It is 
connected with the fact that in the SC models except 
electric and thermal properties, it is still necessary to 
consider optical properties. For determination of optical 
properties by means of the “Sentaurus Device” tool, the 
transfer matrix method (TMM), ray tracing method and 
beam propagation method are also used. Each of the 
mentioned methods has its irreplaceable advantages. For 
example, TMM allows one to consider the interferential 
phenomena when calculating optical properties of the thin 
layer of SC. For determination of optical properties, the ray 
tracing method is used. When using the ray tracing method, 
there is an opportunity to consider the beams that fall, 
refract and are reflected as independent beams. Population 
of rays is stopped when ray energy is below the critical 
intensity that is defined in simulation command field. 
Therefore, in the modeling mode at the end of calculation, 
light beams are divided into parts: absorbed, free and 
stopped. One beam can be divided into a thousand parts. 

Fig. 2. Geometrical model of a three facial solar cell: 1 — silver 
reflector; 2 and 3 — electrodes; 4 — p-type silicon base; 5 — 
n-type emitter layer; 6 — sunlight beam; l — width and height 

(the prism basis) of a solar cell. LA = LB = LC = l
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A part of beams can be reflected from a surface, and a part 
can pass through, and they are considered to be free. The 
beam absorbed in SC loses energy and its further growth 
stops. The general energy falling on SC is expressed by a 
formula:

 Ptotal = Pabs + Pescape + Pstopped,

where Ptotal is total energy of falling beam; Pabs is energy 
of absorbed light; Pescape is energy of escaped light; Pstopped 
is energy of stopped light.

For determination of optical properties of devices, it 
is necessary to know values of refraction and absorption 
indexes and for the materials which are contained in the 
structure. Optical parameters of any material are expressed 
as a complex index of refraction by the formula, which 
consists of a real and imaginary parts:

 ntot(λ) = n(λ) + ik(λ),

where ntot is complex refractive index; n is real part of 
complex refractive index; k is imaginary part of complex 
refractive index; λ is wavelength.

Imaginary part of a refraction index expresses 
excitement coefficient. The size of both coefficients 
depends on light wavelength. The exact function of 
dependence of these coefficients for various materials is not 
defined. Therefore, in the modeling, table of dependencies 
of complex refractive index on light wavelength is used 
in simulation. So, accuracy and reliability of the optical 
properties of devices determined by way of modeling is 
provided. 

The absorption coefficient of material is expressed 
through dependencies of the coefficient of excitement on 
wavelength in the following form:

 α(λ) = ,

where α is absorption coefficient.
When calculating optical properties using the Ray 

tracing method, certain boundary conditions are entered. The 
relationship between the angle of the incident, reflected and 
refracted beams are expressed by Snell’s the law in the form:

  = , β = θ,

where n1 and n2 are refractive indices of media; β is angle 
of incident light; γ is angle of refracted light; θ is angle of 
reflected light.

The relationship between energy of the falling, reflected 
and refracted beams are expressed by Fresnel equations:

  and ,

where rp, tp, rt and tt are Fresnel coefficients.
When Snell’s law and Fresnel coefficients are used as 

boundary conditions, distributions of light on the interface 
between two media will also depend on light wavelength. 

Due to the opportunities of “Sentaurus Device”, the fact 
that values of coefficient of reflection and passing of light 
on border of two environments can be set by constants 
is important. In the real work, Snell’s and Fresnel laws 
are used as boundary conditions for zones of contact of 
different environments in SC. As boundary conditions for 
an interval of the silver reflector and air (Fig. 2) Snell’s 
law and constant value of coefficient of reflection R = 1 
are adopted. It provides falling of the reflected beam 
perpendicularly on two lateral faces of SC without loss 
of energy.   

The quantity of the generated electrons and holes in SC 
layers during the absorption of sunlight is defined by the 
expression for optical generation:

 Gopt(x, y, z, t) = I (x, y, z, t)[1 – e–αL],

where Gopt is optical generation; I is light intensity; L is 
medium thickness; x, y, z are Cartesian coordinates; t is 
time; α is absorption coefficient of medium.

In addition to optical generation of charge carriers, 
our simulation also considers thermal generation. 
A recombination of carriers is considered to be the basis 
for SC accepted silicon and when modeling processes of 
“Auger” and “Shokley-Read-Hall”. Then were calculated 
distribution of electrons and holes in the structure of SC 
by using of Fermi functions of distribution (1). Inserting a 
certain distribution of electrons and holes into the Poisson 
(2) equation, a numerical calculation is executed. For 
implementation of a numerical calculation, it is necessary to 
form plane (or volume) mesh in the structure of SC. Steps 
for mesh on an axis “x” from the minimum 0.04 µm to the 
maximum 0.08 µm, and on an axis “y” from the minimum 
0.01 µm to the maximum 0.02 µm are accepted for this 
purpose. For the calculation of both optical and SC electric 
properties, we used an identical technique of formation of 
mesh with identical step values. During simulation, optical 
parameters such as absorption coefficient or absorbed 
photon density are calculated for a point of each optical 
mesh. Therefore, the ray tracing method needs optical 
mesh.

As a result of absorption of a photon in SC, electron-
hole couples are generated which are divided by 
p-n junction and move towards contact electrodes. Change 
of concentration of charge carriers in a certain volume of 
SC on time causes the emergence of an electric current. The 
relationship between changes of concentration of electrons 
and holes over time and also the created electric current is 
expressed by the equation of continuity:

 J
→

n = qRnet,n + q   and  – J
→

p = qRnet,p + q ,

where Jn, Jp are the current densities of electrons and holes; 
Rnet,p, Rnet,n are the net recombination of electrons and 
holes; t is time;  is Nabla operator.

In the “Sentaurus Device” system there are 4 models 
for calculating the movement of charge carriers: drift-
iffusion, thermodynamic, hydrodynamic and Monte Carlo. 
The drift-diffusion model is a default one, and it starts 
automatically. In this work, for calculating the density of 
the current created by the directed movement of electrons 
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and holes, we used the thermodynamic model according to 
the following formula:

 Jn = –nqμn( Fn + Pn T) and Jp = –pqμp( Fp + Pp T),

where µn, µp are the mobility of electrons and holes; Fn, 
Fp are the electron and hole quasi-Fermi potentials; Pn, Pp 
are the thermoelectric power of electrons and holes; T is 
absolute temperature.

The choice of this model is connected with the fact that 
it is necessary to consider the influence of temperature on 
charge transfer and formation of phonons in processes of a 
recombination of charge carrier. But at the same time, it is 
necessary to use additional calculation by the temperature 
equation:

 (cLT) – (k T) = – [(PnT + Fn) J
→

n + (PpT + Fp) J
→

p] –

 –    Ec + kT  ( J
→

n – qRnet,n) – (3)

 –    Ev + kT  (– J
→

p – qRnet,n) + ħωGopt,

where k is heat conductance; cL is heat capacity; Ec is 
minimum energy of conduction band; Ev is maximum 
energy of valence band; Gopt is optical generation; Rnet,n 
and Rnet,p are net recombination, Jn and Jp are current 
densities of electrons and holes; t is time; Fm is metal Fermi 
state; Jm is current density in metal; ω is frequency of 
photons; ћ is Planck constant.

In equation (3), the temperature equation is given as a 
non-stationary equation. But, in this paper, the stationary 
form of temperature equation has been used to calculate 
temperature of the lattice. If it is taken that temperature 
does not depend on the time, the time derivative of 
temperature, which is located the left side of equation (3), 
will be equal to zero. So, the equation (3) will be changed 
from non-stationary to its stationary form. 

For the solution of equation (3), thermal boundary 
conditions should be applied. Thermopowers in the 
semiconductor and metal are various. Therefore, the 
thermal resistive boundary condition is calculated:

 kn T = ,  (4)

where Rth is external thermal resistance; Text is external 
temperature; n is a unit vector in the direction of the outer 
normal.

If the right side of equation (4) is equal to zero, it 
can be used for thermally insulated interfaces. Assuming 
an interface between materials 1 and 2 such that 
∆T = T2 – T1 > 0, H

→
1 is the heat flux density entering 

material 1 and H
→

2 is the heat flux density leaving material 
2. Hence, the thermal boundary condition at the interface 
between materials 1 and 2 can written as: 

 H
→

1 = H
→

2,

 H
→

1 = 

where Rd,th is the interface-distributed resistance.

In other words, it is not enough to choose the 
“Thermodynamic” command for the correct use of 
the thermodynamic model in the command file of the 
“Sentaurus Device” tool in the section “Physics”. In 
addition, in the command file in the section “Solve”, 
it is necessary to start calculation of the equation of 
“Thermodynamic”. 

Thus, according to the specified sequence of operations, 
the calculation of SC properties in the conditions of three 
facial lighting is executed.

Results and discussion

The main photovoltaic parameters of silicon SC with 
thickness of 175 µm are determined under 4 various 
conditions of lighting. The influence of temperature on 
the main photovoltaic parameters of SC is studied. I-V 
characteristic of silicon SC calculated for various conditions 
of lighting is given in Fig. 1. Note that the volume of 
a short circuit current of SC for the lighting conditions 
in parallel (the front side with vertical p-n junction) or 
perpendicularly (lateral face with horizontal p-n junction) 
to the front of p-n junction are identical. This fact means 
that the mechanics of photo generation and collecting of 
charge carriers by p-n junction are identical for the accepted 
SC sizes. Short circuit current and output power of SC have 
exceeded usual monofacial SC parameters by 1.72 times in 
bifacial lighting and by 2.81 times in three facial lighting. 
Open circuit voltage of SC has been greater 1.023 times 
in bifacial lighting and 1.047 times in three facial lighting 
than that of custom monofacial SC. The analysis of the 
known literary data demonstrated that at bifacial lighting, 
silicon SC can exceed short circuit current from 20.1 % 
to 68.1 % of parameter at its monofacial lighting [12]. It 
is possible to consider that the received estimated results 
confirmed by the known experimental data Fig. 3 shows 
I-V characteristics of one, two and three facial silicon solar 
cells at temperature of 300 K.

For determination of temperature dependencies of the 
main photovoltaic parameters of the silicon SC model, such 
I-V characteristics as shown in Fig. 3 were calculated for the 
temperature range from 300 K to 350 K. Each data of I-V 
characteristics was reworked by using new software created 
for calculating the photoelectric parameters from data of 

Fig. 3. I-V characteristics of silicon solar cells at various 
illumination conditions
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I-V characteristics. So, photoelectric parameters of a solar 
cell were identified for the temperature range from 300 K to 
350 K.  The photovoltaic parameter of silicon SC that is the 
most sensitive to the change of temperature is open circuit 
voltage. For this reason, reduction of silicon SC efficiency 
with temperature increase can be interpreted through the 
change of the open circuit voltage. The contribution of 
processes of “Auger” recombination during the change 
of open circuit voltage of SC with temperature is rather 
high in comparison with other types of a recombination. 
The dependence of open circuit voltage of a silicon SC on 
temperature under various conditions of its illumination 
is given in Fig. 4, a. We note that for all conditions of 
illumination of a silicon SC, the temperature coefficient 
of open circuit voltage accepts identical value and makes 
2.52∙10–3 V/K. Means, change of the area of lighting silicon 
SC has no impact on temperature coefficients of the open 
circuit voltage. At the same time, Tiedje experimentally 
determined the size for the temperature coefficient of open 
circuit voltage 1.36·10–3 V/K [13]. The difference in values 
of certain settlement and experiments can be determined by 
methods, apparently, with construction features of SC and 
contact electrodes.

Temperature change of SC will change parameters and 
concentration of phonons and also the concentration of 
electrons and holes due to thermogeneration of charge 
carriers. Therefore, short circuit current has to change. 
Curve dependencies of short circuit current of a silicon 
SC on temperature are given in Fig. 4, b under various 
conditions of its lighting. Similar to data in Fig. 3, the 
volume of short circuit current of silicon SC when lighting 
it from two and three sides significantly exceeds the 

parameter for it during monoside lighting. Therefore, in 
Fig. 4, b, the changes from temperature of short circuit 
current of a silicon SC are given in relative units. At 
the increase in temperature of SC from 300 K to 350 K, 
the volume of a short circuit current of a silicon SC at 
horizontal monofacial lighting changes for 3.1 %, at 
horizontal bifacial lighting for 4.4 %, vertically monofacial 
lighting for 3.8 % and at three facial lighting for 4 %.

In the experimental work by He Wang, it is defined that 
the temperature coefficient of short circuit current of silicon 
SC at the conditions of bifacial lighting with an intensity 
600 W/m2 reaches 0.7·10–3 K–1 [14].

Other important photovoltaic parameter of silicon SC 
is fill factor. Usually, consecutive resistance of silicon SC 
has significant effect on its fill factor volume. Dependencies 
on the temperature of short circuit current of a silicon 
SC under various conditions of its lighting are given in 
Fig. 4, c. The results demonstrated that value of temperature 
coefficients of fill factor of SE at three facial lighting is less 
by 2 %, than in the case of monofacial lighting. Some 
increase of the fill factor at the temperature of 330 K 
for SC with horizontal and vertical lighting is revealed. 
However, the function of temperature coefficient change 
for fill factor is uniform for all conditions of lighting. 
The value of temperature coefficient of the fill factor is 
1.8∙10–3 K–1. The reduction of temperature coefficient of 
fill factor of silicon SC with the increase of temperature 
is caused by the increase of a surface recombination of 
charge carriers.

Development of bifacial and three facial SC attracts 
economic interest. It is connected with the fact that output 
power of bifacial SC by 1.72 times and three facial SC by 

Fig. 4. Dependence on temperature of: open circuit voltage (a), short circuit current (b), fill factor (FF) (c) of a silicon solar cell 
under various conditions of its lighting
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2.81 times exceeds the power of usual monofacial SC. By 
spending the single volume of silicon for the creation of 
three facial SC, it is possible to receive by 2.81 times more 
energy than in case of usual monofacial SC. 

Conclusion

The quantity of the photovoltaic energy transformed by 
silicon SC depends on the size of its area. The increase of 
the area of SC causes the increase of the photons falling on 
its surface and, therefore, the number of the photogenerated 
charge carriers. Therefore, the short circuit current 
increases with the increase in the lighting area. Usually, 
the increase of open circuit voltage is insignificant under 
such conditions. A considerable part of photons which 
energy is insufficient for photogeneration of charge carriers 
is absorbed by silicon and other SC construction elements. 
It leads to heating of a body of SC, causing reduction 

of its efficiency. Illumination of SC with high intensity 
light makes the temperature of its heating an important 
characteristic. The nature of temperature coefficients 
change of the main photovoltaic parameters of silicon SC 
has been defined under various conditions.

Temperature coefficients for three facial SC reached 
2.52·10–3 V/K for open circuit voltage and 1.8·10–3 K–1 
for fill factor. Output power of SC at bifacial lighting by 
1.72 times and three facial lighting by 2.81 times exceeds 
power usual monofacial lighting. At temperature change 
of SC from 300 K to 350 K, the density of short circuit 
current decreases by only 4 %. Comparison of material 
consumption for production of bifacial and three facial SC 
demonstrates the corresponding economy of silicon for 
obtaining significantly bigger photoelectric energy. Thus, 
it is possible to note that production and introduction of 
silicon SC with bifacial, three facial and multifacial lighting 
is expedient.
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