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Abstract

This three-dimensional numerical study investigates the combined effects of magnetic fields, carrier collection velocity at the
p-n junction, and base thickness on the photogenerated current density in bifacial polycrystalline silicon solar cells. The model
uses a columnar geometry centered on a single grain with front, rear, or dual-side illumination, representing realistic
configurations of modern photovoltaic systems. The results demonstrate that the applied magnetic field reduces carrier mobility,
degrading transport properties by lowering both the diffusion coefficient and diffusion length, which impacts the overall
efficiency of the solar cell. Carrier collection velocity plays a crucial role as a key parameter, determining the transition between
open-circuit (zero current) and short-circuit (maximum current) operating modes, and is highly sensitive to changes in the cell
structure. Additionally, the base thickness significantly influences carrier collection efficiency: thinner bases show better
performance under magnetic field conditions, as they reduce the path length for carrier diffusion. Bifacial illumination enhances
the overall photocurrent by utilizing both the front and rear surfaces of the cell, but remains sensitive to the combined effects of
magnetic fields, recombination, and geometry. This study provides valuable insights into how the physical configuration of solar
cells can be optimized, suggesting that adjusting the base thickness and controlling recombination mechanisms can significantly
improve the performance of photovoltaic systems in environments disturbed by magnetic fields or other external factors. The
findings are relevant for designing more efficient bifacial solar cells in real-world applications.
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1. Introduction

The study of magnetic field effects in photovoltaic (PV)
devices has garnered increasing interest due to its potential
impact on charge carrier transport and recombination dy-
namics. Foundational works by Sze and Ng [1] and Green [2]
established the core principles governing semiconductor
behavior, including carrier mobility, diffusion, and recombi-
nation. More recent studies have extended this understanding
by investigating the influence of external perturbations, such
as transverse magnetic fields, on the photogenerated current
density and device performance [3, 4]. However, the com-
bined effect of magnetic field intensity and base thickness,
particularly under bifacial illumination conditions, remains
largely underexplored. The present study seeks to bridge this
gap through a detailed three-dimensional (3D) numerical
simulation, evaluating how these two parameters jointly
affect the photocurrent generation in polycrystalline silicon
solar cells.

2. Physical Model and Magnetic
Parameters

2.1. Description of the Simulated Solar Cell

X
(0] y Emitter (n*)
1/
Base (p)
H B

Heavily doped
p-region (p*)

Figure 1. Simulated solar cell model.

The study is based on a three-dimensional columnar model
centered on a single grain of polycrystalline silicon. A mag-
netic field is applied perpendicularly to the plane of the junc-
tion, thereby altering the charge carrier transport conditions.
In this context, the expressions for the diffusion coefficient
D*(B) and the diffusion length L*(B) are given respectively

by:

D

D'(B) = o5 (1)
L(B) = VD*.1 )

where:

1) D: classical diffusion coefficient in the absence of a
magnetic field (en cm=3s~3,

2) u: charge carrier mobility (en cm=2/~1s5™ 3,

3) B: applied magnetic field intensity (en teslas, T),

4) t: average lifespan of minority shareholders (en secon-
des, s),

These relations reflect the reduction in the effective carrier
mobility caused by the magnetic deflection induced by the
applied field.

As illustrated in the previous figures, the bifacial solar cell
under investigation comprises four main functional regions:

1) The emitter, of n* type and reduced thickness (ranging
from 0.5 to 1pm), is heavily doped with donor atoms at
concentrations between 1e17 and 1e19 cm™. It is cov-
ered with a metal grid that ensures the collection of
photogenerated carriers.

2) The p-n junction, also referred to as the space charge
region (SCR), is located between the emitter and the
base. It features a strong internal electric field that effi-
ciently separates electron-hole pairs reaching this zone.

3) The base, of p-type, is lightly doped with acceptors in
the range of 1el15 to 1e17 cm™, and serves as the main
active region for carrier generation, diffusion, and re-
combination. Its thickness, denoted by H, is a variable
parameter in this study and ranges from 100 to 400m
depending on the configuration.

4) The Back Surface Field (BSF) region, located at the rear
side of the base, is heavily doped with acceptors (p* type)
at concentrations between 1e17 and 1e19 cm™. It in-
duces an electric field oriented toward the junction,
promoting the return of minority carriers generated near
the back surface.

To simplify the modeling approach, the following assump-

tions are made:

1) The contribution of the emitter to the overall photocur-
rent generation is considered negligible compared to that
of the base.

2) The internal crystalline electric field within the base is
disregarded; only the field present across the junction is
taken into account.

A three-dimensional modeling framework is adopted, in
which the junction is positioned at the origin of the z-axis, and
the plane containing this junction defines the origin of the (x,
y) coordinate system. The base thickness H is explored as a
variable parameter in the range of 100 to 400pm.

The continuity equation governing the diffusion of minority
photogenerated charge carriers in the base is as follows:

92 2 02 92 8(xyz) _ _ @
ES(X!Y! Z) + [1 + (HB) ]W(S(X!Y! Z) +ﬁ6(X!Y! Z) - T2 = (3)

L*Z D*
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where D* represents the diffusion coefficient and L* repre-
sents the diffusion length.

G(2) represents the generation rate, and its expression is
given by the following equation (4):

G(z) = nY}, aePiz 4)

a; and b; are coefficients derived from the modeling of the
generation rate, considering the entire solar radiation spec-
trum when n is equal to 1.5 AM;

Where n is the number of suns.

The general solution of this continuity equation is given by
the following expression (5):

8(x,y,2) = X Xk Zjx(z) cos Cjx cos Cy(B)y  (5)

with:

Ck(B) = ﬁ (6)

The coefficients C;, and C; are obtained from the bound-
ary conditions at the grain boundaries as follows:

a - Sg 8x
pRULCA Z)]Xzi%x =+ (i 2y Z) )
_T5e 8y
5Oeya| L, =Fps(ertz) @
-2
Where S, represents the recombination velocity at the

grain boundaries.

By solving these boundary conditions, two transcendental
equations are derived from which the coefficients C; and C;
can be determined either graphically or by using a program.

These equations are as follows:

tanC-gz—"zix & 9)

1 Sg
Ck(B) 2D*

tan Ck(B) (10)

By integrating the general solution into the continuity
equation, we obtain:

k(Z) _ 6@

2 ) - 2 = (1)
With:
2
L]*k = C + Ck L*Z (12)
16 sm(C]gX) sin(Cg(B)= y) (13)
j K D*[C]gx+sm(C]gX)][Ck(B)gy+SIH(Ck(B)gy)]

Ljx and Djy represent the effective diffusion length and
the effective diffusion coefficient, respectively [5].

The solution to this equation (11) is:
+ Bj cosh

]k(Z) - ]kSlnh + 21 1 k e_b z (14)

With:

n  ajLj’

ki = ——
1 * 21 % 2
D]',k bj Lj,k 1

(15)

The constants A;, and Bjy are determined from the

boundary conditions at the junction and the rear surface as
follows:

D* %S(X, y,z) = S¢6(X,y,z) pourz =0 (16)

D* %8(){, y,z) = —=Sp8(x,y,z) pourz=H (17)

Where Sf is the sum of two contributions: Sg, [6], the in-
trinsic recombination velocity at the junction induced by the
shunt resistance, and S¢; [6], which represents the current
flux imposed by an external charge and defines the operating
point of the cell:

S, is the effective recombination velocity at the rear sur-
face of the solar cell.

2.2. Expression of the Photogenerated Current
Density J,p (in A €m-2)

This section presents the analytical expressions for the
photogenerated current density, derived from the solution of
the minority carrier continuity equation under three illumina-
tion configurations: front-side illumination, rear-side illumi-
nation, and dual-face illumination.

The general expression of the photogenerated current den-
sity under illumination mode m & {Front, Rear, dual} is
given by:

qD* 8x g_y F)
— 2 2
Iph,m = Exy f_gTX f_gTY ZGm(X' Y, Z)]Z:() dx. dy (19)

where:
1) Jonm: Photogenerated current density for illumination
mode mmm (in A €m?),
2) g: elementary charge of the electron (1,602.e—19 C),
3) D*: effective diffusion coefficient under the influence of
the magnetic field (cm3),
4) gx, gy lateral dimensions of the simulation domain
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along the x and y directions (in cm),
5) 6 (x, v, z): excess minority carrier density induced by

optical generation for mode m,
a

o [5;
evaluated at the junction plane (z = 0).

6m] . derivative of the excess carrier density
z=0

8x:

4sin(Cj >

2.2.1. Front-side lllumination

In this configuration, incident photons are absorbed near
the top surface, close to the junction, leading to efficient
carrier collection. The resulting photogenerated current den-
sity is:

Jphtront = qD* Zj 2k

with:

1) C;, Ci(B) : spectral coefficients determined by the
boundary conditions in x and y, possibly dependent on
magnetic field B,

2) Afrontjk - mode amplitude coefficients for front-side
illumination,

3) L;,: modified diffusion length associated with modes (j,
K),

4) k;, b;: constants derived from the analytical solution,

2

A g
)51n(Ck(B)7y) . Afrontjk
8x8yCjCk(B)

. . g
4sm(ng—X)sm(Ck(B)7y) . Area

1 kib; (20)

Lk
associated with generation and recombination mecha-
nisms.

2.2.2. Rear-side lllumination

Here, the illumination occurs from the bottom side of the
cell. Generated carriers must travel a longer distance before
reaching the junction, affecting the collection probability.

The expression becomes:

(21)

Jphyear = qD* Zj Xk

where:
1) Arear,jx: Mode amplitude coefficients for rear-side illu-
mination,
2) H: base thickness of the solar cell (in cm),
3) e~bifl: exponential attenuation term representing carrier
recombination in deeper regions.

2

8x8yC;jCk(B) L;

asin(C;E%) sin(Cy(B)E)
*

4B gbe |

2.2.3. Dual-face lllumination

When both front and rear surfaces are illuminated simul-
taneously, the resulting current density is not a simple sum of
the previous cases due to recombination and spatial interac-
tions between both contributions.

The resulting expression is:

X1 kibi(1 — e™i) (22)

]phdual = qD Z]’ Zk 8x8yCiCi(B)

Where:

1) Agualjx: mode amplitude coefficients under dual-face
illumination,

2) e~bify . contribution of photogenerated carriers

throughout the full base thickness.

3. Results and Discussion

Evaluating the impact of an external magnetic field on
carrier transport in bifacial polycrystalline silicon solar cells is
critical for optimizing photovoltaic device performance.
Applying a magnetic field to a semiconductor modifies the
motion of charge carriers (electrons and holes), primarily by
inducing Lorentz force effects that reduce their effective
diffusion lengths. This directly influences the photogenerated
current density, with the magnitude of the impact depending
on both the device geometry and the illumination configura-

175

[Adualj,k _
Lk
tion.

The present simulation relies on the classical transport
equations for semiconductors, with magnetic field-dependent
modifications to the diffusion coefficient and diffusion length,
in line with established theories by Sze and Ng [1], Green [2]
and Schroder [7], and extended magnetic field formulations
proposed by Lee et al. [3]. While surface passivation is not
explicitly modeled in this framework, its effect on carrier
collection is assumed to be negligible in the idealized context
of this study [8].

Prior to analyzing the main simulation results, it is essential
to determine the magnetic field intensity range within which
these effects become significant. For this purpose, Figures 2
and 3 present the variation of the diffusion coefficient and
diffusion length as functions of magnetic field strength,
helping to establish a relevant operating window for the
simulations that follow.
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Figure 2. Variation of the carrier diffusion coefficient with magnetic field intensity.

This figure shows that the diffusion coefficient remains
constant (around 25 cm) for magnetic field intensities
below 10 T. Beyond this threshold, a rapid decrease is

0,05
T
= 6
S 0,044 1 10»55
< —eo—1=10" s
o =10" s
c
9 0,034
c
il
3
£ 0,02
) e—9o oo 00—
0,01
— .
0,00 e

observed, with the value dropping to approximately 10 cm,
indicating a strong reduction in effective mobility due to the
magnetic field.

Magnetic field (T)

Figure 3. Evolution of the diffusion length as a function of magnetic field, for different carrier lifetimes.

The analysis of this figure reveals that the diffusion length
increases with longer carrier lifetimes. However, for magnetic
field values below 107 T, it remains mostly unchanged. A
significant decrease appears only when the field exceeds this
limit, especially for carriers with high lifetime values.

These preliminary observations made it possible to define
an optimal magnetic field range, starting from 10 T, in which
transport parameters exhibit pronounced variations. The
following sections focus on the combined influence of the
magnetic field and base thickness on the photogenerated
current density.

The choice of magnetic field intensities between 10 T and
107 T is motivated by preliminary analyses of the diffusion
coefficient and diffusion length variations under magnetic
influence. As demonstrated in Figures 2 and 3, magnetic
fields below 10 T produce negligible effects on carrier
transport parameters, resulting in minimal variation of the
photogenerated current density. Conversely, within the range
of 10 to 107 T, the impact becomes sufficiently pronounced
to highlight the coupling between magnetic perturbations and
transport phenomena. This range is therefore appropriate for
revealing the magnetic sensitivity of the device and for ex-
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ploring potential performance degradation under realistic
industrial or environmental conditions.

3.1. Influence of Carrier Collection Velocity on
the Photogenerated Current Density of a
Front-illuminated Solar Cell Under Various
Magnetic Fields

i) For a solar cell with a base thickness of 100pm:

Figure 4 shows how the photocurrent density of a 100pum
thick solar cell, front-illuminated, varies with the carrier
collection velocity at the p-n junction, which is here inter-
preted as the carrier collection velocity, under different
magnetic field strengths.

0.030 1 Eront side illumination
= Base thickness = 100 um —
R
£ 0,0254 m:'_'m
o T
< Pl
~ ol
0,020 - >
b ‘,‘
@ on —m—1e-4T
c e d
g 00154 F —e-1585.e4T
= p-o 2,512.e-4T
o 0,010 7z —v—3,981e4T
3 6,31.e-4T
£ 0005+ S« 1e3T
£
o
0,000
T il T il T il T
10 100 1000 10000 100000 1000000  1E7

Carrier collection velocity (cm/s)

Figure 4. Photocurrent density of a 100um PV cell under front
illumination as a function of carrier collection velocity for different
magnetic field values.

Three regimes are observed:

1) Regime 1: Low recombination velocities (10 to

100cm/s)

This regime corresponds to a near open-circuit condition,
where few carriers are collected, and the photocurrent density
remains nearly zero, regardless of the magnetic field intensity.
Figure 4 illustrates this low carrier collection at low recom-
bination velocities, highlighting the photocurrent density's
dependence on carrier collection velocity.

2) Regime 2: Intermediate velocities (1e2 to 1e5cm/s)

This is a transition phase toward short-circuit conditions.
The photocurrent density increases rapidly, and this growth is
more pronounced when the magnetic field is weak, suggesting
that the magnetic field hinders carrier collection during this
sensitive stage. As shown in the figure, this increase in pho-
tocurrent density and its sensitivity to magnetic field intensity
is evident.

3) Regime 3: High velocities (1e5 to 1e7cm/s)

The system reaches short-circuit conditions, and the pho-
tocurrent density saturates. However, increasing the magnetic

177

field intensity slightly reduces the maximum photocurrent,
indicating a negative effect of the magnetic field on carrier
transport in this regime. This observation is confirmed by the
curves, which show the photocurrent saturation and the im-
pact of the magnetic field.

iii) For a solar cell with a base thickness of 300um:

Figure 5 presents the same analysis for a solar cell with a
300um base thickness.

0,030 - Front side illumination

Base thickness = 300 um
[l B
L 00254 .
LR |
o B
< o020/ -
> o
= o2
@ - —n—1e4T
c .
g 00 :}‘ —e—1585.6-4T
e :}f 2,512.e4T
@ 0,010+ —v—3,981.e4T
3 6,31.e-4T
g 0,005 - —<4—1e3T
c
o
0,000
T T T T T T T
10 100 1000 10000 100000 1000000  1E7

Carrier collection velocity (cm/s)

Figure 5. Photocurrent density of a 300um PV cell under front
illumination as a function of carrier collection velocityfor different
magnetic field values.

The overall behavior remains similar, with the three regions
clearly identifiable. However, in comparison with the 100um
cell:

1) The rise in photocurrent during the transition zone (1e2

to 1e5cm/s ) is less pronounced;

2) The saturation level is lower, reflecting greater recom-

bination losses due to the increased base thickness;

3) The magnetic field still reduces the photocurrent, but the

effect is less severe than for the thinner cell.

These results demonstrate that although the magnetic field
systematically reduces the photogenerated current density, the
extent of this influence depends on the base thickness. A
thicker base mitigates the detrimental impact of the magnetic
field. Nevertheless, achieving high carrier collection velocity
(i.e., high carrier collection velocity at the junction) remains
critical to ensure optimal photovoltaic performance.

3.2. Influence of Carrier Collection Velocity on
the Photogenerated Current Density of a
Rear-illuminated Solar Cell Under Various
Magnetic Fields

i) For a cell with a 100um base thickness:

Figure 6 shows the variation of the photogenerated current
density in a 100um-thick photovoltaic cell illuminated from
the rear side, as a function of the carrier collection velocity at
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the p-n junction and for different magnetic field intensities.

Rear side illumination
0,010 { Base thickness = 100 um
[
1S
5 —n—1e4T
< 0081 . 1585e4T
> 2,512.6-4T
G 00061 —v—398le4T
(0] 6,31.e-4T
©
20,0044 —<—1e3T
o
5
8 0,002
°
<
o

0,000

T T T T T
1000 10000 100000 1000000 1E7

T
100

10

Carrier collection velocity (cm/s)

Figure 6. Photocurrent density of a 100um PV cell under rear
illumination as a function of carrier collection velocity for different
magnetic field values.

ion

The behavior can be divided into three distinct phases
taking into account the shapes of the curves represented in
Figure 6.

Regardless of the operating regime, the magnetic field
consistently reduces the photogenerated current density. In
Phase 1, where the photocurrent density remains very low
and approaches zero, the system is in an open-circuit regime
with minimal carrier collection. In Phase 2, as the photocur-
rent density increases sharply, transitioning toward a
short-circuit regime, the growth is more significant in the
absence of a magnetic field. The magnetic field slightly
slows this increase by reducing carrier mobility. Finally, in
Phase 3, where the current density reaches saturation, the
maximum photocurrent is observed; however, as the mag-
netic field intensity increases, this plateau decreases, reflect-
ing the negative impact of magnetic deflection on carrier
transport. Thus, the magnetic field’s presence results in a
reduction of the photocurrent density across all regimes.

ii) For a solar cell with a base thickness of 300um.

Figure 7 depicts the behavior of a thicker PV cell (300um),
also rear-illuminated, under similar variations in carrier col-
lection velocity and magnetic field.

0,00060 - Rear side illuminati
0,00055 4 Base thickness = 300 um
—~
‘€ 0,00050 ledT
(8] —a—]e-
= 0,00045 -
< —e—1,585.e-4T
> 000407 2512.e-4T
g 0000357 —y—3081e-4T
g 000030 6,31.e-4T
= 000025 —<«— 1e3T
@ 0,00020 A
5
g 0,00015
£ 0,00010
e
& 0,00005 -
0,00000
-0,00005 ; '
10 100 1000

T T T T
10000 100000 1000000 1E7

Carrier collection velocity (cm/s)

Figure 7. Photocurrent density of a 300um PV cell under rear illumination as a function of carrier collection velocity for different magnetic

field values.

Figure 7 shows the same analysis for a 300um thick solar
cell under rear-side illumination and varying magnetic field
intensities.

Although the general behavior mirrors that of the 100um
cell, the maximum photocurrent density is approximately ten
times lower, due to increased recombination losses in the
thicker base. Furthermore, the magnetic field continues to
negatively affect the current, although the impact is slightly
less severe than in the thinner cell.

Overall, cells with thinner bases (100um) generate higher
photocurrent densities (between 3e-3 and 1e-2 A/cm=f com-
pared to 300um cells (between 1.5>e-5 and 5.5e-5 A/cm=F

178

under identical rear-illumination and magnetic field condi-
tions.

3.3. Influence of Carrier Collection Velocity on
the Photocurrent Density of a Bifacially
Illuminated Solar Cell Under Various
Magnetic Field Strengths

i) Case of a 100pum Thick Solar Cell
Figure 8 shows the variation of the photocurrent density
generated in a 100um thick photovoltaic cell illuminated
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simultaneously on both the front and rear sides, as a function
of the carrier collection velocity at the p-n junction, under
different magnetic field intensities.

Dual illumination
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Figure 8. Photocurrent density of a 100um PV cell under dual
illumination as a function of carrier collection velocity for different
magnetic field values.

Regardless of the operating regime, the magnetic field
consistently reduces the photogenerated current density. In
the case of dual-face illumination, the contribution from
rear-side illumination slightly increases the photocurrent
density, complementing the contribution from the front side.
However, the influence of the magnetic field on photocurrent
density is more pronounced under rear illumination. This is
due to the greater impact of the magnetic field on charge
collection when the rear surface is illuminated, as the carriers
generated at the rear of the cell have to travel a longer dis-
tance before reaching the junction. The magnetic field’s effect
on carrier mobility and transport becomes more significant
under these conditions, leading to a more noticeable reduction
in the photocurrent density. Thus, while dual-side illumina-
tion enhances the overall photocurrent, the magnetic field
exacerbates its detrimental effect, especially during rear-side
illumination, where the field has a stronger influence on the
collection efficiency.

ii) Case of a 300um Thick Solar Cell

Figure 9 depicts the same analysis for a 300um thick solar
cell under bifacial illumination, with varying magnetic field
intensities.

The photocurrent density remains very low and nearly
constant for recombination velocities below 100cm/s, then
increases exponentially between e? and e cm/s, before plat-
eauing for higher values. As before, the maximum photocur-
rent density reached is reduced by stronger magnetic fields.

Comparison of Figures 8 and 9 reveals that the 100um cell
consistently achieves higher photocurrent densities than the
300um cell in the saturation regime (1e5 - le7cm/s ). The
photocurrent ranges from 25e-3 to 35e-3 A/cm=¥or the thinner
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cell, compared to 24e-3 to 28e-3 A/lcm=¥for the thicker one.

The detrimental impact of magnetic field intensity on
photocurrent generation, particularly under short-circuit
conditions, has also been reported in prior studies [3, 4, 9-13].
These works attribute the performance degradation to en-
hanced carrier deflection and scattering, reduced collection
efficiency, or magnetic-field-induced modifications in series
and shunt resistances. Our simulations corroborate these
mechanisms, especially for thin-base configurations that are
more sensitive to Lorentz force effects. Comme cela a aussi
éésuggeeépar Sze et Ng, l'influence du champ magnéique
sur la mobilité des porteurs est bien observée dans nos
résultats, ot une ré&luction de la mobilité entrame une
diminution de la densit&de photocourant, surtout dans les
ré&jimes de court-circuit.
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Figure 9. Photocurrent density of a 300um PV cell under dual
illumination as a function of carrier collection velocity for different
magnetic field values.

Figures 4 to 9 reveal a noticeable decrease in the measured
photogenerated current density when the solar cell operates
under short-circuit conditions, particularly in the presence of
an external magnetic field. This apparent drop can be at-
tributed to the increased influence of the internal series re-
sistance, which becomes more significant under high current
conditions. Indeed, several studies have shown that the series
resistance acts as an ohmic barrier, reducing the cell's ability
to efficiently extract current, especially when external dis-
turbances such as a magnetic field alter the trajectory or
mobility of charge carriers.

3.4. Influence of Magnetic Field on the
Photocurrent Density of a Solar Cell with
Varying Thicknesses

i) Front-llluminated PV Cells
Figure 10 illustrates the variation of the photocurrent den-
sity in a photovoltaic (PV) cell illuminated from the front side,
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for base thicknesses ranging from 100pm to 400um in 50um
increments, as a function of the magnetic field intensity (B).

Two distinct regimes can be observed:

For magnetic field values between 0 and 4e-4 T, the pho-
tocurrent density remains constant at approximately 25e-3
Alcm=2regardless of the cell thickness.

Beyond 4e-4 T, a linear decrease is observed, with the
density dropping gradually to 24e-3 A/cm=as B reaches 1le-3
T.

Taking into account the curves in Figures 2 and 3, which

show that the magnetic field begins to influence the diffusion
coefficient and diffusion length, it is normal to observe that
the field does not affect the photocurrent density in the range
of values between 0 and 1E-4 T. However, beyond this value,
the detrimental effect of the magnetic field becomes evident,
as the photocurrent density continuously decreases as the field
strength increases. The overlap of the curves as a function of
base thickness simply shows that the collection at the front
surface occurs in a smaller region than the chosen base
thicknesses.

Front side illumination
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Figure 10. Photocurrent density as a function of magnetic field for a PV cell with different base thicknesses under front-side illumination.

ii) Rear-1lluminated PV Cells

Figure 11 shows the evolution of the photocurrent density
for the same range of cell thicknesses (100 - 400um), this time
under rear-side illumination, as a function of the magnetic
field.

Rear side illumination
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Figure 11. Photocurrent density as a function of magnetic field for a
PV cell with different base thicknesses under rear-side illumination.
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The following trends are observed:

1) The photocurrent density decreases as the base thickness
increases.

2) For B < 1e-4 T, the density remains unchanged.

3) When B > 1e-4 T, a linear drop in photocurrent is noted,
with a more pronounced effect in thinner cells (100 -
150um), highlighting their greater sensitivity to mag-
netic perturbation.

In summary:

Front-illuminated cells maintain a higher and nearly con-
stant photocurrent density (~0.025 A/cm3, regardless of base
thickness.

1) In contrast, rear-illuminated cells exhibit lower photo-
current density, which is inversely proportional to the
base thickness.

2) Here, even low magnetic field values cause a decrease in
photocurrent density, which can be explained by the in-
crease in bulk recombination due to the presence of the
magnetic field B.

iii) PV cells illuminated on both sides

Figure 12 presents the variation of the photocurrent density
in a PV cell subjected to bifacial illumination (both front and
rear sides) for base thicknesses ranging from 100 to 400um, as
a function of magnetic field intensity.
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Dual illumination
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Figure 12. Photocurrent density as a function of magnetic field for a
PV cell with different base thicknesses under dual-side illumination.

The analysis reveals the following behavior:

1) In the absence of magnetic field, the photocurrent den-
sity decreases as the cell thickness increases.

2) For B <5e-5T, no significant variation is observed.

3) When B exceeds 5e-5 T, the photocurrent density drops
sharply and linearly in thinner cells (100 - 200pm).

4) In contrast, for thicker cells (250 - 400um), the photo-

on

current remains almost constant up to 2.5e-4 T, after
which a moderate decline sets in.

The results in Figures 10 to 12 reveal a marked dependence
of photocurrent density on base thickness under rear-side
illumination. As shown by Green [2] and Aberle [8], minority
carrier diffusion lengths and recombination rates are critically
dependent on the bulk properties and geometry of the base.
Our findings align with these theoretical insights and rein-
force the importance of optimizing base thickness for efficient
rear-side carrier collection. Furthermore, Cuevas [14] high-
lights how recombination losses in thicker bases significantly
affect bifacial cell efficiency, consistent with the observed
drop in photocurrent for base thicknesses above 300um.

3.5. Influence of Carrier Collection Velocity on
the Photocurrent Density of a Solar Cell
with Varying Thicknesses Under Magnetic
Fields

i) Front-illuminated Cells

Figure 13 illustrates the variation of the photocurrent den-
sity in PV cells with different base thicknesses (ranging from
100pm to 400pm in 50pm steps), front-illuminated and sub-
jected to a constant magnetic field of B = 1e-3 T.
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Figure 13. Photocurrent density as a function of carrier collection velocity for PV cells of varying base thickness under front illumination and

a constant magnetic field.

From the analysis of Figure 13, it is evident that all
front-illuminated PV cells, regardless of their thickness,
exhibit a similar behavior with respect to recombination
velocity:

1) For low recombination velocities (below 100cm/s ), the

photocurrent density remains zero, corresponding to an
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open-circuit condition.

2) In the intermediate range (1e2 to 1e5cm/s ), the photo-
current density increases exponentially as the collection
of carriers improves.

3) Beyond le5cm/s, the photocurrent density saturates,
indicating a short-circuit regime where carrier extraction
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becomes optimal and no longer sensitive to increased
recombination velocity.
ii) Rear-illuminated Cells
Figure 14 presents the photocurrent density variation in
rear-illuminated PV cells of the same range of thicknesses
under the same constant magnetic field (B = 1e-3 T).
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Figure 14. Photocurrent density as a function of carrier collection

velocity for PV cells of varying base thickness under rear illumina-
tion and a constant magnetic field.

The following observations emerge:

1) For all thicknesses, no variation in photocurrent density
is observed in the 10 to 100cm/s carrier collection ve-
locity range (open-circuit regime).

2) PV cells with thin bases (< 200pm) exhibit a rapid in-
crease in photocurrent density in the 100 to 1e5cm/s
interval, followed by saturation beyond that.

3) Medium-thickness cells (250 - 300um) show a slight
increase on the second plateau, with stable photocurrent
in the third.

4) For thicker cells (350 - 400um), the photocurrent density
remains negligible or zero across the entire carrier col-
lection velocity range.

In summary:

1) Front-illuminated cells, regardless of base thickness,
show similar photocurrent density evolution, ranging
from 0 to 25e-3 A/cm=

2) Rear-illuminated cells present a broader variation (0 to
35e-3 AlcmZ, depending on base thickness and recom-
bination velocity, with thinner cells outperforming
thicker ones.

iii) PV cells illuminated on both sides

Figure 15 displays the photocurrent density in PV cells of

various base thicknesses (100 to 400um), bifacially illumi-
nated (front and rear) as a function of the carrier collection
velocity at the p-n junction, under a constant magnetic field.

The analysis shows the following:

1) For recombination velocities between 10 and 100cm/s,
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the cells operate in open-circuit mode and the photo-
current density remains zero.

2) In the transition range (100 to 1e5cm/s ), the photocur-
rent density rises sharply, indicating improved carrier
collection.

3) For high recombination velocities (1e5 to 1le7cm/s ), the
photocurrent density stabilizes for all cell thicknesses.

4) However, thinner cells exhibit higher saturated values
than thicker ones, confirming their enhanced sensitivity
to recombination dynamics under bifacial illumination.

Dual illumination
B=1e-3T

0,030
0,025 -
0,020 -
0,015

0,010

0,005 -

Photocurrent density (A/cm2)

0,000

T T T T T T
10 100 1000 10000 100000 1000000 1E7

Carrier collection velocity (cm/s)

Figure 15. Photocurrent density as a function of carrier collection
velocity for bifacially illuminated PV cells of varying thicknesses
under a constant magnetic field.

The analysis of Figures 13 to 15 reveals that, under
front-side illumination, the photogenerated current density
remains largely independent of the base thickness. This sta-
bility can be explained by the fact that photogenerated carriers
near the p-n junction, within the region influenced by the
electric field of the space-charge region, are quickly collected,
thereby minimizing the impact of long-range diffusion
mechanisms. This behavior is well documented in the litera-
ture, particularly in the works of Aberle [7], Cuevas et al. [14]
and Green [15], which show that the majority of useful carrier
generation occurs near the junction in standard
front-illuminated configurations.

Conversely, when illumination is applied to the rear side,
photogenerated carriers must traverse the entire base to reach
the junction. A thicker base increases the likelihood of re-
combination before collection, thereby reducing these carriers’
contribution to the total current. This phenomenon is con-
firmed by the analyses of Basore [16] and Yin et al. [17], who
highlight the reduction of rear-side external quantum effi-
ciency when the diffusion length is insufficient compared to
the base thickness. These results are consistent with previous
modeling of high-efficiency silicon solar cells, where the role
of bulk recombination and base geometry has been exten-
sively studied [18].
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Thus, the thinner the base, the more beneficial rear-side illu-
mination becomes in terms of contributing to the generated
current. This behavior is also observed under bifacial illumina-
tion: while the front side provides a steady contribution, the share
of current attributed to the rear side becomes more significant as
the base becomes thinner. Base thickness therefore emerges as a
critical parameter in optimizing bifacial solar cells, as also sug-
gested by advanced numerical simulations by Liu et al. [19].

3.6. Influence of Base Thickness on the
Photocurrent Density of a Rear-illuminated
PV Solar Cell

Figure 16 presents the evolution of the photogenerated
current density in a photovoltaic (PV) solar cell illuminated
from the rear side, as a function of base thickness under the
effect of a magnetic field.
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Figure 16. Photocurrent density as a function of base thickness in a
rear-illuminated PV cell.

The analysis highlights the pronounced effect of the mag-
netic field on silicon solar cells with thin bases compared to
those with thicker ones. For base thicknesses below 200um,
the photogenerated current density can reach up to 6.2
mA/cm= However, as the base thickness increases toward
400um, the current density declines sharply and tends toward
zero. This behavior suggests that thin-base cells are more
sensitive to magnetic perturbations, likely due to shorter
carrier transit times and reduced recombination losses. In
contrast, thicker bases result in longer diffusion paths, in-
creasing the likelihood of bulk recombination before collec-
tion. As such, base thickness emerges as a critical factor in
modulating the influence of an external magnetic field on
photocurrent generation in c-Si solar cells.

Similar trends have been reported by Wang et al. [10],
who observed a decrease in short-circuit current under mag-
netic fields due to enhanced carrier deflection. Cornaro [12]
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and Yin et al. [17] also emphasized the importance of device
geometry, particularly base thickness and grain structure, in
determining sensitivity to external fields.

4. Conclusion

In conclusion, the study highlights the critical role of base
thickness in optimizing the performance of photovoltaic
solar cells, particularly under rear-side illumination and in
the presence of a magnetic field. An excessively thick base
significantly limits charge carrier collection, thereby reduc-
ing the photogenerated current density. Conversely, thinner
bases promote more efficient carrier collection before re-
combination, leading to a substantial enhancement in the
device’s photoelectric response.

Abbreviations

AM Air Mass (Used to Describe the Solar
Illumination Condition)

B Magnetic Field

BSF Back Surface Field

G Spectral Coefficients for the X-direction

Cr(B) Spectral Coefficients Dependent on the
Magnetic Field for the Y-direction

D Diffusion Coefficient

D* Diffusion Coefficient Under the Influence of the
Magnetic Field

G (2): Carrier Generation Rate

Jph Photogenerated Current Density

L* Diffusion Length Under the Influence of the
Magnetic Field

T Minority Carrier Lifetime

PV Photovoltaic

Sg Recombination Velocity at Grain Boundaries

Ss Recombination Velocity at the Junction

Sp Recombination veloclty at the Rear Surface

SCR Space Charge Region

Sso Intrinsic Recombination Velocity at the Junction
Induced by the Shunt Resistance

Sfj Current Flux Imposed By An External Charge
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