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Abstract-Temperature is a very important parameter that is often overlooked in the behavior of solar cells. This study presents the
influence of temperature on the electrical parameters of a bifacial silicon solar cell under frequency modulation. Based on the
equation of the continuity of the carriers, the expression of the density of the minority charge carriers, the photocurrent and the
photo-voltage were determined. For all these temperatures the effect is interpreted as a function of frequency modulation. The aim
of this work is to study the evolution of this density depending on temperature and its distribution in angular frequency and the
junction recombination velocity in the bases for different values of the temperature.
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I. INTRODUCTION

The electric conversion of solar energy is obtained with semiconductor materials. The solar cell or photovoltaic cell is the
basic element of a photovoltaic generator. It consists of a semiconductor material, generally silicon, that is treated by doping.
Experience shows that the operation of solar cells strongly depends on several parameters, both internal (linked to the device
itself) and external (related to the operation environment, irradiance, temperature, etc.) [1]. The temperature that is the subject
of this study is an extremely important parameter and cannot be neglected in the behavior of solar cells. On this relatively large
theme, we chose to study the effect of temperature applied in the base of a solar cell under polychromatic illumination. We
limited this study to back side illumination. This is where the phenomenon of recombination velocity is very important. We
looked at first of the influence of temperature on the minority carriers’ density, then we are interested at effects on the
photocurrent density and the photovoltage. About the study of I-V characteristic, we also looked for the effect of temperature
and its distribution in angular frequency and junction recombination velocity on the series and shunt resistances.

Il. THEORY

This study is based on a bifacial silicon solar cell with an n+-p-p+ structure (Fig. 1) [1-3]. Given that the base has a greater
contribution to the photocurrent, the following analyses have been conducted only in this region.
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Fig. 1 Bifacial silicon solar cell

We assume a quasi-neutral p-type base, low injection condition and no lateral effect; the principal transport mechanism
then remains the one-dimension diffusion of minority carriers (electrons). Carrier generation, recombination and drift/diffusion
are the three major phenomena that occur inside the solar cell under illumination; in a steady state, the transport equation can
be written as [3-6]:

85 (@, x,1)
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T is the average lifetime of minority carrier’s charge, G(, X,t) is the global generation rate of carriers depending on the
thickness x, tis time and ¢ is the density of photo created minority carriers. G(@, X,t) can be written as follows:
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a; and b; are obtained from the tabulated values of the solar illumination spectrum and the dependence of the absorption
coefficient of silicon with illumination wavelength, and n is the number of the sun.

S(x,t) = 5(x)el™ 3

d (X) is the density of picture minority charge carriers generated in the thickness x in the base. Replacing Egs. (2) and (3) into
(1), one obtains & (x):
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L is the diffusion length of excess minority carriers and D is the diffusion constant, which is related to the operating
temperature through the relationship set forth in [7].

(4)

K
D=u—T (5)
q
where q is the elementary charge, k is the boltzmann constant and T is the temperature.
3
e Eg
n=AT2ep(— 6
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n; refers to the intrinsic concentration of minority carriers in the base [7], An is the specific constant of the material
(An=3.87x10" for silicon) and N, is the base doping concentration.

1
T=—"—+
C.Nb

n(x) is respectively the excess minority carrier density, L is diffusion length, = is lifetime, p is mobility, and C is the
proportionality coefficient. The solution of Eq. (4):

()
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A and B are constants that are determined by the two following boundary conditions:
e at the junction x=0

85(60, X,T)‘ =i-§(a),0,T) o
OX b

x=0
This boundary condition introduces a parameter Sf, which is called the recombination velocity at the junction. Sf
determines the charge carriers’ flow through the junction and is directly related to the operating point of the solar cell [2-5].
The higher Sf is, the higher the current density will be.

e at the rear side x=H

85(0),X,T)‘ = SHT) (10)
OX b

Eq. (8) traduces the fact that the excess carrier concentration reaches its maximum value in the middle of the base due to
the presence of junctions on both sides of the base along the x axis (Fig. 1).

x=H
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A. Photocurrent Density

The photocurrent Jph is obtained from the following equation, given that there is no drift current [2, 8].
00(w,x,T)
- X

J on(@,T,Sf)=0.D (11)

x=0
The figure below shows the photocurrent density as a function of the angular frequency for different values of the temperature.
B. Photovoltage

The photo-voltage is derived from the Boltzmann relation. The photovoltage can be expressed as [2, 8]

Vo, (@,T,SF) =V, -In{1+:—?~5(a),T,Sf )} (12)

0

where V7 is the thermal voltage, Nb is the base doping density (Nb=10'°cm™), ng is the intrinsic of minority carriers density in

KT
the base, and V; (@, T, Sf) = —— is the thermal voltage.
q

C. Characteristic Current-Voltage
The characteristic current —voltage is represented by the following curve:
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Fig. 2a Illuminated I-V curve

This characteristic presents two areas that are very important [9, 10]. Area 1 is has a current generator Jsc of admittance that

1
can be modeled as —-.
Rsh
The corresponding electrical circuit is:
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Fig. 2b Corresponding equivalent electrical circuit near short circuit

Jsc: short circuit current density

Rsh: shunt resistance per unit area

Jph et VVph: density current and photovoltage
Rch: Load resistance
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Fig. 2a shows that when the solar cell operates near the short circuit, which is for higher values of Sf, it behaves like a real
current generator and therefore can be represented as an ideal current generator Jsc shunted by a parasitic resistance Rsh, as
presented in Fig. 2b. Based on Fig. 2b, we can write that:

Vph(w, T, Sf) =Rsh.[Jsc@, T, Sf) - Jph(w, T, Sf)] (13)
This equation can be rearranged, leading to an expression of the shunt resistance (Rsh) in the form [10, 11]:
Vo (@1 Sf)
Rsh(w, T, Sf) =
JSC-Jph(a),T,Sf) (14)

Area 2 is similar to a generator voltage Voc of equivalent resistance internal impedance Rs series. The model of an
equivalent electrical circuit of a photocell operating in an open circuit is represented by the following Fig. 3a:
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Fig. 3b Corresponding equivalent electrical circuit near short circuit
Vco: Open circuit voltage
Rs: Series resistance
Vph: Voltage

Applying the law of mesh to the circuit of Fig. 3a (area 2), since this expression has been determined near the short circuit,
it holds only for high junction recombination velocity [10, 12] values.

On Fig. 3a, considering now that the solar cell operates near an open circuit. We can see on this I-V curve that it behaves
like a real generator; thus, this corresponds to an ideal voltage generator in series with a parasitic resistance (Rs) as presented
in Fig. 3b. From the Kirchhoff law applied to Fig. 3b, we have:

Rs(w, T, St).Jph(w, T, Sf) =Voc - Vph(w, T, Sf) (15)
Then, we deduce that:
(o1 S Veo - Vph (@.T.8f)
S a)i ’ =
\]ph(a),T,Sf) (16)

Contrary to Eqg. (14), this above equation holds only for very low Sf values.
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I11. RESULTS AND DISCUSSION
The two resistors model internal losses as follows [9, 10]:
- Series Resistance (Rs): models the ohmic losses in the material.
- Shunts Resistance (Rsh): models the parasitic currents traversing the cell.

We present the discussion of results based on simulations, applying the relations obtained from the current-voltage
characteristics of a solar cell under polychromatic illumination in order to explore the effects of temperature on the electrical
parameters of the device PV studied.

A. Shunts Resistance

Fig. 4 shows the modulus of shunt resistance versus the logarithm of the modulation frequency for different values of the
temperature.
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Fig. 4 Shunt resistance versus the logarithm of frequency Log(w) for different values of the temperature

Fig. 4 shows that the shunt resistance decreases with increasing temperature. The charge carrier’s photo geneses under the
effect of temperature. The temperature is equipped with great kinetic energy and puts them in a chaotic movement [13]. This
random motion causes much collusion between the carriers and the leakage current. Thus, the diode current greatly increases.
As a result, the shunt resistance decreases with increasing temperature.

From the curves in the figure, it can be seen that for a lower modulation frequency to about 106rad / s the modulus of the
shunt resistance varies weakly, but above this limit value, the shunt resistance increases rapidly with the modulation frequency.

We also note that the increase in temperature leads to a decrease of the amplitude of the shunt resistance. This behavior can
be explained by the fact that the internal temperature of the material of the solar cell increases with solar energy and thereby
the diffusion of carriers will be more significant on the solar cell as the temperature has an effect thermal stirrer. In addition,
the temperature is at its maximum at the junction in a position of short circuit [14] since the junction is the focal point of the
charge carriers photogenerated within the base of the solar cell. In fact, the presence of a large number of carriers in the base
region near the junction results in a major source of higher temperatures. Like the density of minority charge carriers, the
amplitude of the temperature is strongly influenced. RSh is the shunt resistance. Sfsc is the junction recombination velocity
initiating the short circuit.

Fig. 5 represents the shunt resistance versus logarithm of frequency Log(w) for various junction recombination velocity
values:

Fig. 5 represents the profile of the Shunt Resistance (Rsh) based on the recombination velocity at the junction for different
values of the temperature. This figure shows that the shunt resistance is based on the junction recombination velocity. This
increase of Rsh is all the more important when the temperature is low. Indeed, when the recombination velocity increases,
many carriers arrive at the junction. Thus, these carriers cross the junction to participate in electric power. Thus, the leakage
current is reduced: The variation of the shunt resistance module according to the logarithm of the frequency still shows an
increase with the increasing frequency and also increases with the junction recombination velocity. When the junction
recombination velocity increases, the flow of carriers across the junction also increases, and then there is a weakening of the
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holders at the grassroots level, resulting in a dynamic conductivity reduction and increased shunt resistance.
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Fig. 5 Shunt resistance versus the logarithm of frequency for different values of the junction recombination velocity

B. Phase of Shunt Resistance

The variation of the phase of the shunt resistor with the modulation frequency is shown in Fig. 6 below [12].
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Fig. 6 Phase of the shunt resistance based on the modulation frequency for different values of the temperature

It can be seen that the phase of the shunt resistance increases with the increase of the modulation frequency. However, it is
observed that the phase of the shunt resistor is always positive. Its horizontal junction solar cell has an inductive behavior, and
this inductive reaction is greater for high values of data modulation frequency. We can say that when the modulation frequency
is high, the response of the photocell is virtually zero. Very high frequencies block relaxation of the solar cell. It is seen that
the temperature slightly increases the phase of the shunt resistor.

C. Series Resistance

Fig. 7 illustrates the profile of the series resistance of the module as a function of the modulation frequency for different
temperature values [14, 15].
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Fig. 7 Series resistance versus logarithmic angular frequency for various temperatures

Fig. 7 shows that the series resistance increases for the temperature. In fact, the increasing temperature creates a warming
of a dilation of metals. This phenomenon increases the ability of materials to resist the passage of electric currents. Thus, a
positive temperature gradient results in an increase in resistivity of semiconductor material; the constituent metal contacts the
electrodes and the grid of the minority carrier collection. Fig. 8 below shows the series resistance of the module as a function
of the modulation frequency for different junction recombination velocities. In the case of an open circuit [16] situation, the
series resistance increases gradually with the junction recombination velocity. We also notice an increase of the series
resistance with the logarithm of frequency. For determining the series resistance Rs, we propose the equivalent electrical model
of the solar cell in an open circuit where the solar cell operates as a photovoltage generator associated with the series resistance
and the temperature. For low values of the temperature, series resistance Rs is low and almost constant. The angular frequency
causes an increase in series resistance. This increase in series resistance when the angular frequency increases is due to the fact
that the blocking of the minority carriers within materials becomes significant due to the presence of angular frequency, which
causes a reduction in the photocurrent. When the temperature increases, the series resistance decreases and this decrease is
more marked for lower angular frequency values. Effectively, when the temperature increases, the impurity concentration
increases also, leading to more and more recombination of excess minority carriers and then decrease of the series resistance.
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Fig. 8 Series resistance versus logarithmic angular frequency for various junction recombination velocities; z = 0.002 cm

Fig. 8 represents the profile of the series resistance depending on the speed of recombination for different temperature
values. This figure shows that the series resistance behaves on the basis of the recombination velocity at the junction. This
increase of Rs is all the more important as the temperature rises. Indeed, when the recombination velocity increases, the diode
characterizing the junction behaves as a resistance and opposes the passage of electric current [17].
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It is also noted that the increase of Sf corresponding to an increase of the passage of electrons at the junction electron leads
to a heating of the metal grids in the front and the back sides of the solar cell and increases the amplitude of the module. The
series resistance varies exponentially with the modulation frequency, as observed.

D. Phase of the Series Resistance

The variation of the phase of the series resistance with the modulation frequency is shown in Fig. 9 [12].
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Fig. 9 Phase of the function series resistance of the modulation frequency for different values of the temperature

It is found that the variation of the phase of the series resistance is a function of the modulation frequency. Therefore, we
see that the phase capacity is negative and the phases’ effects outweigh the inductive. However, a slight variation of the phase
occurs when the frequency is low of about 104rad / s, but beyond this value there is a rapid increase in the series resistance
phase. When the modulation frequency increases, the response of the photocell is very low. It is observed that the applied
temperature slightly decreases the series resistance phase, which does not contribute to the good performance of the solar cell.

IV.CONCLUSIONS

In this theoretical study where the solar cell is enlightened at its back surface, we were able to highlight the influence of the
temperature applied to the electrical parameters of the solar cell. From this study, we note that the back surface is very
sensitive to temperature. The minority carrier’s density increases with increasing temperature. The determination of the
minority carrier’s density in the base of the solar cell, led by expressions of the photocurrent and the photovoltage. This study
was made according to logarithm of the frequency for various increasing temperature and junction recombination velocity
values. This allowed us to establish the expressions of series and shunt resistances following two operating points (open-circuit
situation and short-circuit situation), whose profiles were studied versus the logarithm of the frequency for various temperature
and junction recombination velocity values. Also, we present a simulation study of a solar cell horizontal junction under
polychromatic illumination in frequency modulation. Simulations show that the parasitic resistances (modulus and phase) are
sensitive to the operating temperature, which is a very important parameter in the behavior of solar cells and the modulation
frequency. It appears that whatever the temperature range, an increase in the target electrical parameters can be observed. The
series resistance that characterizes the ohmic losses as smaller than the photocell is optimal. The shunt resistance (Rsh) that
characterizes the leakage current as greater that the photocell is optimal. It can be concluded that the increase in temperature in
the material contributes significantly to the weakening of the performance of the photocell.
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