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INTRODUCTION

Improving the performance of photovoltaic cells has become a major challenge in meeting the growing demand for clean and
sustainable energy. Among the most promising technologies, bifacial silicon solar cells stand out because of their ability to convert
solar radiation received on both sides, thereby offering higher conversion efficiency than conventional solar cells (1), (2), (3), (4),
(5), (6), (7), (8), (9), (10), (11), (12),(13). However, their performance remains strongly dependent on operating conditions and the
environmental constraints to which they are exposed. In both terrestrial and space applications, solar cellsmay be simultaneously
subjected to temperature variations, energetic particle irradiation, and frequency-modulated light excitation. These factors
significantly affect the charge carrier transport properties (14), (15), (16), (17), particularly the diffusion coefficient, diffusion
length, and recombination probability of minority carriers (18), (19), (20), (21), (22), (23). Therefore, understanding their
combined effects is essential for accurately predicting the actual behavior of photovoltaic cells and improving their design. In this
context, the present work proposes a theoretical investigation of the combined influence of temperature, irradiation flux, and
modulation frequency on the distribution of minority carrier density in the base of an irradiated bifacial silicon (n*/p/p*) solar cell
illuminated on the front surface by frequency-modulated polychromatic light. The model is based on solving the minority carrier
continuity equation (24), (25), taking into account the effects of temperature and irradiation on the diffusion coefficient and
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diffusion length. The resulting minority carrier density profiles are then analyzed to highlight the influence of each parameter, as
well as their combined effects, on minority carrier transport within the base of the solar cell.

MATERIALS AND METHODS

In this study, we consider an irradiated bifacial silicon (n*/p/p*) solar cell, previously exposed to charged particle irradiation
characterized by the damage coefficient (kl) and the irradiation flux (®p) (27), (28), (29), (30). A one-dimensional model (6) is
adopted, in which the solar cell is illuminated on the front surface by frequency-modulated polychromatic light (14), (30). and
subjected to temperature variations (T) (17), (31)..The silicon solar cell considered is illustrated in Figure 1. It consists of a front
emitter of n* type, equipped with metallic grid contacts, heavily doped with phosphorus atoms, and having a relatively small
thickness. The emitter is followed by the space-charge region, located between the emitter and the base, where a strong built-in
electric field separates the photogenerated electron—hole pairs. Next is the p-type base, which is lightly doped with trivalent
acceptor atoms and has a thickness much greater than that of the emitter. Finally, the structure includes a p* Back Surface Field
(BSF) layer (12), (32), located at the rear side of the base. This region is heavily doped with acceptor atoms and generates a rear
electric field that reflects minority carriers generated near the back surface toward the emitter—base junction. The BSF is well
known for enhancing minority carrier collection and reducing recombination losses at the rear surface (33), (34).
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Figure 1: Structure of the bifacial silicon solar cell of type (n+/p/p+)

Continuity Equation: The continuity equation governing the excess minority carrier density, 6(x,t), in the p-type base of an
irradiated silicon solar cell, characterized by the damage coefficient (kl) and irradiation flux (®p), under frequency-modulated
polychromatic illumination (w) and temperature (T), is expressed as follows (35), (36), (37):

d S(Xt) S(Xt) _ —G( t) OS(Xt)

D*(w, kl, ®p, T) —5— )
Where 6(x,t) denotes the excess minority carrier density in the p-type base as a function of depth (x) and time (t).

8(x,t) = 8(x) x el®t (2)
The total carrier generation rate, (G(x,t)), as a function of depth and time, is given by (38), (39):

G(x,t) = g(x) x el®t 3)

Where 8(x) and g(x) represent the spatial components of the excess minority carrier density and the generation rate, respectively,
it

while e™" corresponds to the time-dependent harmonic component.

The spatial component of the minority carrier generation rate is expressed as
gx) =n.Y3_, a;.ebi% 4)

Where a; and b; are coefficients determined from tabulated solar irradiance data and depend on the wavelength-dependent
absorption coefficient of silicon. These coefficients correlate the experimental illumination level with the AM1.5 standard solar
spectrum.
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Substituting Equations (2) and (3) into Equation (1) yields

8%5(x) 5(x) _ g(x)

ax? L(wklopT)? ~ D*(wklop,T)

6))

¢) Diffusion Coefficient D*(w, kl, ®p, T) and Diffusion Length L*(w, kl, ®p, T)

The complex diffusion coefficient and the complex diffusion length of minority carriers in the p-type base of an irradiated silicon
(n*/p/p*) solar cell operating under temperature variations and frequency-modulated illumination are related by the following
expression (40), (41):

D*(w, kL, ®p,T) x v° = L*(w, ki, ®p, T)* (6)

Where the complex carrier lifetime is

(W) = — (7)

1+jwt
In these expressions:

o D*(w, kl,®p, T)is the complex diffusion coefficient ;
e T"(w) is the complex minority carrier lifetime;
o L*(w, ki, @p,T) is the complex diffusion length.

The latter is given by
1-jwt

1+(wt)?

L*(w,kl, ®p, T) = L(kl, ®p, T)

®)

Minority Carrier Density: The general solution of the continuity equation describing the excess minority carrier density in the p-type base of an
irradiated silicon solar cell under temperature variation and front-side frequency-modulated illumination can be written as

8,(x, w, kl, ®p,T) = A,cosh (é) + B;sinh (i) +33, B, e bix 9
With

na;LL’
b= "ol o
D = D (w,T, ki, ®p) (11)
L, =L (T, ki, ®p) (12)

The constants (A;) and (B,) are determined from the boundary conditions at the emitter—base junction and at the rear surface of the
solar cell (42), (43), (44), (45), (46).

At the emitter—base junction (x=0)

3681 (x,w,T kL&p) Sf

ox x=0 - D}y (w,T kL op) 61(0’ , T, kl, ®p) 13)
At the rear surface (x=H)
881 (x,w,T kLdp) s

ox x=H B Dz)(w,T,kl,tbp) 61 (H' o, T, kl' d)p) (14)

The parameters (Sf) and (Sb) denote the recombination velocities at the emitter—base junction and at the rear surface, respectively.
The junction recombination velocity is expressed as the sum of two contributions: Sf = Sf0 + Sf Where (Sf0) is the intrinsic
junction recombination velocity associated with losses through the shunt resistance, while (Sfj) represents the current flow
imposed by an external load that determines the operating point of the solar cell (47,48).
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RESULTS AND DISCUSSION

Influence of Irradiation Flux on the Minority Carrier Density

Figure 1 shows the profile of the minority carrier density as a function of the base depth x for different irradiation flux values ®p,
with T=300 K, kl = 5 cm*MeV , o= 103rad/s et Sf = 6 x 10°cm/s

The analysis technique adopted in this study is based on the graphical representation of the minority carrier density as a function of
the base depth x, as illustrated in Figure 1. This approach makes it possible to examine the spatial distribution of photogenerated
minority carriers within the silicon base and to evaluate the influence of the irradiation flux on their transport and recombination
behavior.
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Figure 1. Minority carrier density as a function of the base depth for different irradiation flux values
(T=300K, kl =5 cm*’MeV , o= 103rad/s et Sf = 6 x 10%cm/s)

For base depth values x within the interval 0 cm<x<0.015 cm, the projection of the maximum point of each curve onto the vertical
axis makes it possible to determine the corresponding maximum minority carrier density at that particular depth. The values of the
maximum minority carrier density obtained for the different irradiation fluxes ®@p are summarized in Table 1.

Table 1.Maximum minority carrier density as a function of the base depth for different irradiation flux values
(T=300 K, kl =5 cm*/MeV , = 10%rad/s et Sf = 6 x 10°cm/s)

dp (MeV) 100 130 160 190 220

Base depth (cm) 0.0052333 0.0052333 0.0052333 0.0052333 0.0052333
Minority carrier

density (cm™) 47872 x 10" 5,0000 x 102 5,340 x 10'? 5,4468 x 102 5,6596 x 102

Figure 2 shows the profile of the minority carrier density as a function of the base depth x for different irradiation flux values ®p,

2
with T= 300 K, kl = 5 cm*MeV , o= 10*rad/s et Sf = 2 x 10 ScmThe analysis technique adopted in this study is based on the

graphical representation of the minority carrier density as a function of the base depth x, as illustrated in Figure 1. This approach
makes it possible to examine the spatial distribution of photogenerated minority carriers within the silicon base and to evaluate the
influence of the irradiation flux on their transport and recombination behavior.
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Figure 2.Minority carrier density as a function of the base depth for different irradiation flux values
(T=300 K, kl =5 cm*MeV , o= 103rad/s et Sf = 2 x 10%2cm/s)
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For base depth values x within the interval 0 cm<x<0.015 cm, the projection of the maximum point of each curve onto the vertical
axis makes it possible to determine the corresponding maximum minority carrier density at that particular depth. The values of the
maximum minority carrier density obtained for the different irradiation fluxes ®@p are summarized in Table 2.

Table 2. Maximum minority carrier density as a function of the base depth for different irradiation flux values(T=300 K, kl =5
em*MeV , o=103rad/s et Sf = 2 x 102cm/s)

op (MeV) 100 130 160 190 220
d(cm3) enx = Ocm 6,6781 x 1013 6,9230 x 1013 7,1624 x 1013 7,3966 x 1013 7,6256 x 1013
8(cm~3) enx = 0,015cm 2,5822 x 102 2,5822 x 102 2,5822 x 102 2,5822 x 102 2,5822 x 102

Influence of Temperature on the Minority Carrier Density: Figure 3 shows the minority carrier density profile as a function of
the base depth xxx for different temperature values T, with ®p=100MeV, kI=5 cm?/MeV, ©=10" rad/s, and Sf=6x10° cm/s. The
analysis adopted in this study is based on the graphical representation of the minority carrier density as a function of the base
depth xxx, as illustrated in Figure 3.
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Figure 3. Minority carrier density as a function of the base depth for different temperature values (®p=100MeV, k=5
cm?MeV, ©=10° rad/s, and Sf=6x10° cm/s)

For base depth values within the interval 0<x<0.015 cm, the projection of the maximum point of each curve onto the vertical axis
allows the determination of the corresponding maximum minority carrier density. The values obtained for the different
temperatures are summarized in Table 3.

Table 3.Maximum minority carrier density as a function of the base depth for different temperature values (®p=100MeV, kI=5
cm*MeV, ©=10° rad/s, and Sf=6x10° cm/s)

Température (K) 300 320 340 360 380

Base depth (cm) 0.0053398 0.0053398 0.0053398 0.0053398 0.0053398
Minority carrier

density (cm™) 4,7702 x 10" 5,1653 x 10'° 5,5605 x 10'? 59556 x 10'° 6,3226 x 10"

Figure 4 presents the minority carrier density profile as a function of the base depth xxx for different temperatures with ®p=100
MeV kI=5 cm?/MeV,0=10" rad/s, and Sf=2x10> cm/s. The adopted analysis is based on the graphical representation of the
minority carrier density as a function of the base depth, as shown in Figure 4.
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Figure 4.Minority carrier density as a function of the base depth for different temperature values (®p=100 MeV, kI=5 cm*MeV, ©=10°
rad/s, and Sf=2x107 cm/s)



71045 Abdoulaye GUEYE et al. Combined effects of temperature, irradiation flux, and modulation frequency on the minority carrier
density distribution in the base of an irradiated bifacial silicon solar cell (n*/p/p*)

For base depths in the interval0<x<0.015 cm, the projection of the curve values at x=0 cm and x=0.015 cm onto the vertical axis
provides the corresponding minority carrier densities. These values are listed in Table 4.

Table 4. Minority carrier density as a function of the base depth for different temperature values (®p=100 MeV,kl=5 cm¥MeV,0=10"
rad/s, and Sf=2x107 cm/s)

Temperature (K) 300 320 340 360 380
§(cm™®) enx = Ocm 6,6781 x 10*3 7,0929 x 1013 7,5026 x 1013 7,9063 x 1013 8,3035 x 10%3
§(cm™3) enx = 0,015¢cm 2,9779 x 10*2 2,9779 x 102 2,9779 x 102 2,9779 x 10*? 2,9779 x 102

Influence of the Damage Coefficient on the Minority Carrier Density: Figure 5 illustrates the minority carrier density profile as a function of
the base depth xxx for different values of the damage coefficient ki, with ®p=100 MeV, T=300 K, ©=10" rad/s, and Sf=6x10® cm/s. The analysis
is based on the graphical representation of the minority carrier density versus the base depth, as shown in Figure 5.
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Figure 5. Minority carrier density as a function of the base depth for different values of the damage coefficient (®p=100 MeV, T=300 K,
©=10° rad/s, and Sf=6x10° cm/s).

For 0<x<0.015 cm, the projection of the maximum point of each curve onto the vertical axis provides the corresponding maximum minority
carrier density. The results are summarized in Table 5.

Table 5. Maximum minority carrier density as a function of the base depth for different values of the damage coefficient (®p=100 MeV,
T=300 K, ®=10" rad/s, and Sf=6x10° cm/s)

Kl(cm?/MeV) 5 7 9 10 11
Base depth (cm) 0.0051952 0.0051952 0.0051952 0.0051952 0.0051952
Minority carrier density (cm™) | 4,8227 x 107 | 5,5035 x 10”2 | 6,1277 x 10" | 6,6383 x 10* | 7,1773 x 10"*

Figure 6 shows the minority carrier density profile as a function of the base depth for different values of the damage coefficient
with ®p=100 MeV,T=300 K, =10’ rad/s, and Sf=2x10* cm/s.
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Figure 6. Minority carrier density as a function of the base depth for different values of the damage coefficient (®p=100 MeV, T=300 K,
©=10’ rad/s, and Sf=2x10” cm/s.)
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For base depths between 0 and 0.015 cm, the minority carrier densities corresponding to x=0 cm and x=0.015 cm are obtained by
projection onto the vertical axis. The corresponding values are presented in Table 6.

Table 6. Minority carrier density as a function of the base depth for different values of the damage coefficient (®p=100 MeV, T=300 K,
©=10° rad/s, and Sf=2x107 cm/s.)

Kl(cm*MeV)

5

7

9 10

11

Profondeur de base (cm)

0.0051952

0.0051952

0.0051952

0.0051952

0.0051952

Densité des porteurs de charge (cm™3)

4,8227 x 102

5,5035 x 102

6,1277 x 102

6,6383 x 102

7,1773 x 102

Influence of the Modulation Frequency on the Minority Carrier Density: Figure 7 presents the minority carrier density profile as a function
of the base depth for different modulation frequencies, with ®p=100 MeV, kI=5 cm?MeV, T=300 K, and Sf=6x10° cm/s.
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Figure 7. Minority carrier density as a function of the base depth for different modulation frequencies (®p=100 MeV, klI=5 cm*’MeV,
T=300 K, and Sf=6x10° cm/s)

For 0<x<0.015 cm, the projection of the maximum point of each curve onto the vertical axis gives the corresponding maximum
minority carrier density. The results are summarized in Table 7.

Table 7.Maximum minority carrier density as a function of the base depth for different modulation frequencies (®p=100 MeV, kl=5
em*MeV, T=300 K, and Sf=6x10° cm/s)

w(rad/s)

10°

10°

1[]! 2z

1034 104

Profondeur de base (cm)

0.0052244

0.0052244

0.0052244

0.0052244 0.0052244

Densité des porteurs de charge ( e

-3
)

4,7935 x 10*°

5,1993 x 10**

5.5543 x 10*°

5.9348 x 10 | 6.3406 x 10%

Figure 8 illustrates the minority carrier density profile as a function of the base depth for different modulation frequencies with ®p
=100 MeV, kI=5 cm?*/MeV, T=300 K, and Sf=2x 10 cms.
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Figure 8. Minority carrier density as a function of the base depth for different modulation frequencies (®p=100 MeV, klI=5 cm*MeV,
T=300 K, and Sf=2x10" cm/s).
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For base depths within the interval 0<x<0.015 cm, the minority carrier densities corresponding to x=0 cm and x=0.015 cm are
obtained by projection onto the vertical axis. These values are presented in Table 8.

Table 8.Minority carrier density as a function of the base depth for different modulation frequencies (®p=100 MeV, klI=5 cm*MeV,
T=300 K, and Sf=2x10" cm/s)

o(rad’s) 10° 10° 107+ iU 10*

S{u:m‘g) 67137 = 108 | 7.1120 » 1p*® 7.4758 = 104 8.0202 = 104 8.3468 = 104
x = 0cm

en

J{Em'g) en ) ; ) ; ;
o ; 21774 x 10% | 21774 = 104 2,1774 » 104 21774 = 104 21774 = 104

x = 0,015cm

Combined Influence of Irradiation, Temperature, and Modulation Frequency on the Minority Carrier Density

The results demonstrate that irradiation, temperature, and modulation frequency jointly influence the distribution of the minority
carrier density within the base of the bifacial silicon solar cell. Irradiation generates crystal defects that enhance carrier
recombination and reduce the minority carrier density. An increase in temperature modifies the carrier transport and recombination
mechanisms, whereas higher modulation frequencies shorten the time available for carrier diffusion through the base. These
physical processes occur simultaneously and collectively affect carrier transport. Overall, their combined action disturbs the
transport of minority carriers and leads to a reduction in their density when irradiation-induced defects and high-frequency effects
become dominant. Consequently, the collected photocurrent may decrease, resulting in a degradation of the solar cell performance,
particularly in the presence of internal parasitic resistances and shunt resistance.

CONCLUSION

This study investigated the distribution of the minority carrier density in the base of an irradiated bifacial silicon (n+/p/p+) solar
cell by considering the combined effects of temperature, irradiation flux, damage coefficient, and modulation frequency. By
solving the continuity equation, minority carrier density profiles were established and analyzed under various operating conditions.
The results indicate that increasing the irradiation flux and the damage coefficient leads to a reduction in the minority carrier
density due to the generation of crystal defects that enhance carrier recombination. Conversely, increasing the temperature
promotes carrier diffusion and increases the minority carrier density within the base of the solar cell. The study also highlights the
influence of modulation frequency on the spatial distribution of minority carriers, emphasizing the dynamic nature of carrier
transport under modulated illumination. These findings provide a deeper understanding of the physical mechanisms governing the
behavior of bifacial silicon solar cells operating under varying irradiation and temperature conditions. They also provide a
valuable basis for optimizing the operating conditions and design parameters of photovoltaic devices intended for use in highly
irradiated environments.
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