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Abstract - In this work, the importance of the base thickness on the performances of a radial n/p junction solar cell-based
polycrystalline silicone is shown. Thus, from a theoretical study under monochromatic illumination in a static regime, we
established new analytical expressions of electrical parameters. By simulations on Mathcad 15 software with photocurrent-
photovoltage (J/V) and power-photovoltage (P/V) characteristics, we were able to extract the numerical values of maximum
power, photovoltage, photocurrent, short-circuit photocurrent, the open-circuit photovoltage, fill factor, optimum load
resistance and conversion efficiency (n) for different thicknesses of the base. The analysis clearly shows that unlike the
resistance, which decreases, the other parameter values increase with the increase of the base thickness. The short circuit
photocurrent density (J,cc) is more sensitive to the thickness H, with an increase of 87% observed. When H increases from 30
to 150 pm, the /... goes from 21.989 to 41.161 mA/cm? This leads to an improvement in the efficiency I] of the cell, which
goes from 9.33% to 21.41% for a thickness of 150um of the base. Therefore, the optimum thickness for a polycrystalline silicon

radial n/p junction solar cell is about 150um for a wavelength of 1000nm (for R,=50 pm, S, =2.10%cm/s, L, =50 um, D, =26

cm? /s).
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1. Introduction

The effects of climate change that we are experiencing
today lead us more than ever to other sources of renewable
energy to find solutions for the protection of human being and
their environment. Among renewable energy sources, the
most coveted is the sun because only one hour of radiation on
the earth's surface would cover the annual energy needs of the
entire planet earth [1]. However, optoelectronic devices
designed to use this source face many challenges, which sum
up to how to improve their performance and, at the same time,
reduce their costs. In this quest to overcome the limitations,
several studies have been carried out. Researchers have moved
from classical horizontal junction silicon cells, [2] to vertical
junction cells [3-5] and from planar junction cells [6-9] to
radial junction cells [10,11] which is the subject of this article.
In that cell, the illumination is done on the front face of the
cell parallel to the junction, as depicted in Figure 1. While

remaining in the n/p junction technology, here is the
geometrical configuration that is explored. Radial and planar
junctions cells are classified as cylindrical cells [6, 11].

Particularly, the planar junction n+/p polycrystalline
silicon-based semiconductor has been widely investigated.
Among these studies, it is found that of Trabelsi et al. [8]
which showed the optimum thickness of the cell is about
50um to get the maximum available current and that the grain
boundaries recombination becomes important when the
thickness is greater than the diffusion length for a small
cylindrical grain radius. That leads to a decrease in the
photocurrent. Mbodiji et al. [7] based their study on the effect
of the cylindrical grain radius on the cell electrical parameters.
When the radius increases, the photovoltage, photocurrent
density and shunt resistance increase. Leye et al. [9] go beyond
the geometrical effect on cell performances by studying the
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effect of temperature. It is shown that when the temperature
increases, the production efficiency of the cell is negatively
influenced. However, the radial junction is less studied in cells
with a thick base as classical polycrystalline silicon-based
semiconductor except in nanowires solar cells where it has
been widely investigated [11-15]. The radial configuration is
preferred due to the multiple advantages that it presents.
Comparative studies conducted on cubic and cylindrical solar
cells have shown a slight improvement in photovoltaic
parameters in favor of the cylindrical design [8]. In the same
vein, simulation work carried out on cells in the case of
nanowires has shown the advantage of the radial junction over
a planar junction [11]. Thus, a cylindrical grain with a radial
junction can combine these advantages in favor of the
photovoltaic parameters. In view of this configuration, a
reduction in the path of the photogenerated charge carriers is
obtained when the solar cell is illuminated [13], resulting in a
lower recombination rate. With this, the standard limits [16]
can be reached with a reduction in the quantity and quality of
the material. This will allow a substantial reduction in terms
of the solar module cost [10].

As mentioned above, among few studies done on classical
polycrystalline silicon-based semiconductor radial n/p
junction solar cells, that is limited to the effect of the base
thickness, radius and wavelength on the quantum efficiency
and photocurrent density without mentioning the effect of the
base thickness on the other electrical parameters. Therefore,
the influence of grain size on polycrystalline silicon solar cells'
performances with radial junctions remains less known,
although studies exist for horizontal [2], vertical [3] and planar
[8] junction configurations.

The goal of this work is, therefore, to carry out a
theoretical study on polycrystalline silicon n/p radial junction
solar cells to determine the influence of the base thickness on
its electrical performance through modeling and simulation
under monochromatic illumination in a static regime.
Therefore, in this paper, it has been investigated the evolution
of the short-circuit photocurrent (J,x.c), Open-circuit
photovoltage ~ (Vppoc), form  factor(FF),  maximum
power (B qx).photovoltage(Vyimax),  Photocurrent(J, pmax),
optimum load resistance(R,,) and conversion efficiency when
the thickness H of the base of the cell changes.

This paper is structured as follows: the theory showing
the modelling of the single radial n/p junction with equations
is done in section 2. In section 3, the simulation results and
discussion are presented. And the conclusion is in section 4.

2. Theory

Our study model is shown in Fig. 1, which is a front-
illuminated polycrystalline silicon-based semiconductor
radial n/p junction photovoltaic cell. It consists essentially of
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a n-doped emitter (10° - 10%" atoms.cm™3) and a p-type base
(with a doping rate equal to Np=10%¢ atoms.cm®) of radius Rb
and thickness H. We have a space charge region (SCR) or
depletion zone located between the emitter and the base. We
admit to working in the assumption of the quasi-neutral base
(Q.N.B), thus removing the crystal field [9].

Sun

\\\\\\\\\ Front face illumination

Emitter (n)

(

H Junction (SCR)

Base (p)

Fig. 1 Radial junction solar cell

We consider only the contribution from the base. The
distribution equation of excess minority carriers in the base of
the model (Fig. 1) is given by (1):

=Y

%n _ év Jn + Gn(2) — Ry (2)

o 1
G, (z) represents the minority carrier generation rate at
the z-position. its expression for monochromatic illumination
is [6]:
Gn(2) = a(D)(1 = R(D))poe~*H* @)
Where a()A) and R()\) represent the absorption coefficient
and the monochromatic reflection coefficient of the
corresponding material at a given wavelength, respectively.
¢,is the monochromatic flux of incident photons.
R, (2) is the recombination rate of the minority carriers at the
z coast and is written [3]:

Sn(r,0,2,1)
Rn(z) = 2222 @3)

Starting from the magneto-transport equation and
assuming that no field exists outside the space charge region
and generation of carriers along 6 uniform given the

symmetry, therefore, the carrier density is invariant by rotation

of any angle 0[8]. Thus, in the static regime (W =0)
and applying the cylindrical coordinates, the continuity
equation (1) is summarized in equation (4);
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%28, (1,2,2) | 108p(rzh) | 0%28,(rzd) Sn(rzd) _ a(D)(1-R)pee M7 @)
or? r or 0z2 2 Dp,

With D, representing the diffusion coefficient in the base ~ Where Ci is an eigenvalue

and L, = /D,t the charge carrier diffusion length. Equation The continuity equation final solution requires the
(5) represents the general solution of equation (4) [6’ 8] determination Off(r, /1) and Ck, and this with using boundary
conditions given below (Equations 9 and 10) and through the

8,(r,2,2) = Yyso f(1, 1) sin( Cz) (5)  Bessel equations, equation (5) then becomes equation (6)

representing the excess minority carriers in the base of the cell;

_ 2 2 _1\k+1 _
5,(r 2 A) = Yeso| = — 20;(/1)(1 R}il))¢oLnka[1+( 1)** exp(—aH)] I (ﬁ) n
< SfLZkl(; (ﬁ)+lo (ﬁ))(Dn(Cﬁ+a2)(CkH—sin(CkH) cos(CiH))) n

2a(D)(1-R(D)Ppo L3 CA[1+ (- D)L exp(—aH)]

D (CZ+a?)(CxH—sin(CiH) cos(CiH)) sin(Cyz) ©)
With Ck defined by the transcendental equation (7),
Ci cot an(CiH) = —22 (1) Vor =VeIn[1+ [ 8,(r = Ry, 2, 1) (2R,)dz] (13)
n 0
L L In this expression, V't thermal voltage: V; = @, No
and S ==+C} (8) I
nk n

2
electron density at thermodynamic equilibrium: n, = ;—l .n;
B

lo is the Bessel function of 1¢ modified species of order 0. is the intrinsic electron concentration Ng is the base impurity
The boundary conditions posed are: doping rate, and Kg is the Boltzmann constant.

2.3. Electrical Power

» at the emitter-base interface . -
The electrical power transfered to the external circuit by

66";:2"1) ly=rp = — zjf - 8,(Rb,z, 1) (9) the base of the photocell is governed by equation (14):
> on the back side Perec(S5) = Vi (Sr) - Jon(S5) (14)
38, (rz,2 s ; ; ; ;
% I _i - 8,(r,H, ) (10) In this equation (14), /,,(Sf) is the photocurrent density

supplied by the cell to the load circuit and V,,,(Sy) the voltage

Where St is the dynamic velocity at the junction and Sy across the photocell as a function of the dynamic speed.

the recombination velocity at the backside of the cell. . .
2.4. Conversion Efficiency

> on the front side Under monochromatic illumination, the conversion
efficiency of a silicon solar cell is expressed in equation (15)
8,(r,z=0,1)=0 (11  [17]: ,
: n=_ - (15)
2.1. Photocurrent Density ab
The photocurrent density is determined based on Fick’s Sol—p (] he
law through the following expression: Where,P,;, = % is the power of the
05 (2 absorbed light flux for monochromatic illumination, ¢,(1)
Jon = ZZD" Jy _’;—(:’Z')h:Rbdz (12)  the incident luminous flux in number of photons percm?/s
b

,p(A) the reflection coefficient of the light wave on the front
face of the photocell,h Planck’s constantin J. s, c is the celerity
of light in space in cm.s™! and A the wavelength of the
incident light in cm.

2.2. Photovoltage
The photovoltage is obtained from the Boltzmann
relation.
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3. Results and Discussion
3.1. Study of Photocurrent Density-Photovoltage (J/V) and
Power-Photovoltage (P/V) Characteristics of the Cell

Fig. 2 and Fig. 3 show the profiles of the J/V and P/V
characteristics of the cell for different values of the base
thickness, respectively.

50

)
T

Photocurrent Denalty Jph (mA/cm?)
=
1

Fig. 2 shows that the photocurrent density remains
maximum and almost constant at low photovoltage values.
This situation remains prolonged with the increase of the base
thickness H. Then we observe a brief decrease which ends up
cancelling out at the neighborhood of the open circuit.

—8—H=30um
—&®—H=50um
—a—H=100pm
—v—H=120pm
—4—H=150pm
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Fig. 2 J/V characteristic profile for different values of the base thickness H; Sb = 2.10% cm/s, Rb = 50 um, A = 1000 nm, Ln =50 um, Dn =26 cm? /s

Moreover, a clear enhancement of the photocurrent
density and photovoltage is noticed, especially that of the
short-circuit photocurrent density and the open-circuit
photovoltage when the thickness H of the cell increases. i.e.
from a thickness H of 30 to 150 um, the short-circuit
photocurrent /.. goes from 21.989 to 41.161 mA/cm™2 while
the open-circuit photovoltage V,,. goes from 0.296 to 0.348
V (see Table 1), i.e. an increase of 87% for J,,.. against 17%
for Vypoc- It follows, therefore, that the/,,.. is much more
sensitive to the thickness H of the base than is the open-circuit
photovoltage. This results in an augmentation in the shunt
resistance, which characterizes a decrease in leakage currents
[18].

Indeed, for a wavelength of 1000 nm, as is the case here,
the absorption coefficient is low, and thus, the penetration
depth ishigh [17, 19]. i.e. 1000 nm corresponds approximately
to a penetration depth of about 160um (1/a ). Therefore, an
increase in cell thickness contributes to an improvement in

30

light absorption. This increase induces an enlargement in the
space of charge carrier movement as the collection of
generated charge carriers is essentially along the lateral
surface (radial structure). A smoother movement of the carrier
flow at the junction is achieved, leading to a decrease in the
recombination rate and thus involving an augmentation in the
short circuit photocurrent density/, ;... Also, the maximum
distance travelled by these carriers to attain the junction and
participate in the photocurrent remains unchanged for a given
base radius.

The decrease of the rate of recombination through the
increase of the thickness H is also at the work of the increase
of the photovoltage, in particular that of the open-circuit
photovoltage, which results from an increase of the
accumulation of photogenerated carriers at the junction.

Fig. 3 shows the profiles of the P/V characteristic of the
cell, highlighting the evolution of the maximum electrical
power for different values of the base thickness H.
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Fig. 3 P/V characteristic profile for different values of base thickness H; Sb = 2.102 cm/s, Rb = 50 um, A = 1000 nm, Ln = 50 pm, Dn =26 cm? /s

In Fig. 3, each curve shows the same pace. From a
thickness H of 30 to 150 um, B, it increases from 4.669 to
10.708 mW/cm2 which is also observed at the level of V.,
as highlighted above (see Table 1). The electric power
increases with the photovoltage to reach a maximum value
before decreasing and finally cancelling when the
photovoltage reaches the V.. In particular, Py, increases
with increasing thickness H and tends slightly towards the
open-circuit values; hence, an extension of V,, with
increasingpP, -

Indeed, beyond causing a decrease in volume
recombination, as previously pointed out, an increase in the
thickness H of the cell causes a rapid increase in electrical
power at low values of the open circuit; i.e. the carriers arrive
rapidly at the junction more than they cross it to participate in
the photocurrent. The storage of the carriers is brief, which
means that it is quickly achieved, taking with it the maximum
power about the open circuit. The following paragraph
consists of extracting the values of the electrical parameters of
the cell according to the evolution of the thickness H of the
base to appreciate its influence more.

3.2. Extraction of the Solar Cell Electrical Parameters from
the J/V and P/V Characteristics
For this, we employ a technique that several different
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authors have used [20]. This technique consists of plotting the
curves of the J/V and P/V characteristics in the same reference
frame, as shown in Fig. 4. Thus, from the curves obtained in
Fig. 2 and Fig. 3, plotted in the same reference frame, we
obtain the maximum values of the electrical power, the
photovoltage and photocurrent density, the short-circuit
photocurrent density and the open-circuit photovoltage.

Furthermore, with the values obtained above, the
conversion efficiency, fill factor and optimum load resistance
are obtained by applying formulas 15, 16 and 17, respectively;

FF = _fmax (16)
JpheeVoc
V;
R,, = “mex_ 17
op ]phmax ( )

The results obtained are recorded in Table 1 below. From
this table, a clear influence of the base thickness H is observed
on different photovoltaic parameters of the cell. By making a
comparison with other studies carried out following the
influence of the size of the grain on the electrical performances
of a solar cell [20], for a radial junction cell, the increase in
size is found in the increase of the thickness H of the base.
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Fig. 4 lllustration of the extraction of electrical parameters

However, the optimal external load resistance R,
evolves inversely to the thickness H of the solar cell. It
decreases while the base thickness increases. Indeed, the
external load resistance is the resultant of the ratio between the
maximum photovoltage and the maximum current density
(equation 17) and is determined experimentally when it is
close to the internal resistance of the cell at the point of
maximum power; then, its decrease indicates an improvement
(increase) of the photocurrent density. This proves that the

thickness H of the base remains favourable to the electrical
performance of the cell, involving the improvement of the
conversion efficiency, which passes from 9.33% for a
thickness of 30um to 21.41% for a thickness of 150um (Table
1). Then, the optimal thickness for a polycrystalline silicon
cell with radial junction is related to the depth of light
penetration, i.e. the thickness H must be equal to

approximately the latter (H = é). This result was also proved
by Kayes in the case of nanowires solar cell [12].

Table 1. Electrical parameters of the solar cell for different values of the base thickness H; Rb=50 pm, Sb =2.102 cm/s, L,=50 pm, 2=1000 nm, D,=26

cm? /s

H(pm) 30 50 100 120 150
Pmax(mW/cm?) 4.669 7.056 8.113 9.560 10.708
Vbhmax 234.610 256.160 271.440 275.340 256.160
Jmax(mA/cm?) 19.905 29.890 29.890 34.724 37.694
]phcc(mA/CmZ) 21.989 30.465 33.064 37.974 41.616
Vphoc(MV) 296.730 319.24 336.24 342.73 348.39
FF(%) 71.550 72.550 72.97 73.450 73.850
n(%) 9.338 14.112 16.226 19.120 21.416

Rop (Q.cm™?) 11.780 9.300 9.080 7.9290 7.536

4. Conclusion

This theoretical study allowed us to highlight the
influence of the thickness H of the base of the radial n/p
junction solar cell based on silicon polycrystalline on its
electrical parameters. After the establishment of a continuity
equation that suits our study model, we proceeded to its
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resolution using Bessel's equations. This allowed us to obtain
a final solution leading to the different expressions of
electrical parameters of the cell. The study reveals an
improvement in the photoconversion parameters of the cell
when the thickness H of the base increases. This increase is
much more perspective at the level of the photocurrent,
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particularly the short-circuit photocurrent, with an increase of
87% noted when the thickness H of the base goes from 30 to

150um for a wavelength of 12000nm (for R,=50 pum, S, =2.102
cm/s, Li=50 um, Dy=26 cm? /s).

150 um, the short-circuit photocurrent .. goes from 21.989
to 41.161 mAJ/cm 2 This will involve a decrease in load
resistance and an improvement of the cell efficiency I] from
9.33% to 21.41% for a base thickness of 150um. Therefore,
the increase in grain size of a radial junction is found in the
increase of its base thickness H, and the optimum thickness
for a polycrystalline silicon n/p radial junction cell is about
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