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This article presented a modeling study of effect of the depth base initiating on vertical parallel silicon
solar cell’s photovoltaic conversion efficiency. After the resolution of the continuity equation of excess
minority carriers, we calculated the electrical parameters such as the photocurrent density, the photo-
voltage, series resistance and shunt resistances, diffusion capacitance, electric power, fill factor and the
photovoltaic conversion efficiency. We determined the maximum electric power, the operating point
of the solar cell and photovoltaic conversion efficiency according to the depth z in the base. We showed
that the photocurrent density decreases with the depth z. The photovoltage decreased when the depth
base increases. Series and shunt resistances were deduced from electrical model and were influenced
and the applied the depth base. The capacity decreased with the depth z of the base. We had studied
the influence of the variation of the depth z on the electrical parameters in the base.

� 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Solar cell is the device that allows the direct conversion of sun-
light to electricity. This conversion process is based on excess
minority carrier’s collection leading to a current flow but this car-
riers collection is perturbed by recombination phenomena. That is
why many studies [1–6] have been made on solar cells to improve
the conversion efficiency. Photovoltaic (PV) systems generate
green energy with no pollution and have a long life time. In the
past, the energy photovoltaic conversion efficiency of PV modules
was 10%–14% [7]. Recently, efficiency has been increased to 15%–
22% in commercially available PV modules and a research labora-
tory reported that the efficiency of solar cells is up to 44.7% [8].

The purpose of this article is to do a study on a parallel vertical
junction silicon solar cell under multispectral illumination in static
regime [9]. A theoretical study of the excess minority carriers in
the base of the solar cell is produced through continuity equation.
With help of the boundary conditions at the junction and at the
middle of the base, excess minority carriers density are studied
and lead to the expression of photocurrent density and photovolt-
age. From, the well-known I-V characteristic of the solar cell under
illumination, electrical equivalent model is established for low and
high junction recombination values giving respectively ideal gen-
erator source of tension and current. The present work can be
allowing a measurement of the parasitic resistances (series and
shunt resistance) and effect of the depth base on the electrical
parameters of a parallel vertical junction solar cell under polychro-
matic illumination [10].

The aims of this article we studied modeling of the influence of
the depth z on the vertical parallel silicon solar cell’s photovoltaic
conversion efficiency. From the diffusion-recombination equation
the excess minority carrier’s density, the photocurrent density
and the photovoltage will be determined. In the last part of this
work we calculated the solar cell photovoltaic conversion effi-
ciency and our simulation results.
Theory

For these types of solar cells, the bases are connected to each
other and the emitters to each other. Each base is framed by two
junctions as well as the transmitters. The solar rays fall on the cell
parallel to the junction. We present on Fig. 1 a unit cell of a vertical
junction’s silicon solar cell under various wavelengths. H is the
base width, h is the illumination incidence angle and x is the depth
in the base [11,12].

To understand the functioning of such a structure, we will
extract from this network an elementary cell or basic cell which
we present in Fig. 2.

The contribution of the base to the photocurrent is larger than
that of the emitter [13] and our analysis will only be developed
in the base region. Taking into account the generation, recombina-
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Fig. 1. Vertical parallel junction silicon solar cell.

Fig. 2. Diagram of solar cell in parallel vertical junction in the base.
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tion and diffusion phenomena in the base, the equation governing
the variation of the minority carriers density d(x,y,z,t) under mod-
ulation frequency is:

DðxÞ � @
2dðx; h; z; tÞ

@x2
� dðx; h; z; tÞ

s
¼ �Gðz; h; tÞ þ @dðx; h; z; tÞ

@t
ð1Þ

D(x) [14] and s are respectively, the excess minority carrier dif-
fusion constant and lifetime.

The excess minority carriers’ density can be written as:

dðx; tÞ ¼ dðxÞ expð�jxtÞ ð2Þ
Carrier generation rate G (z, h, t) is given by:

Gðz; h; k; tÞ ¼ gðz; h; kÞ � expð�jxtÞ ð3Þ
where

gðz; h; kÞ ¼ aðkÞð1� RðkÞÞ � /ðkÞ � expð�aðkÞ � zÞ � cosðhÞ ð4Þ
x is the angular frequency, h is the incidence angle, z the base

depth according to the vertical axis; Sf is the junction recombina-
tion velocity and k the illumination wavelength.

If we replace Eq. (2) into Eq. (1), the temporary part is elimi-
nated and we obtain:

@2dðxÞ
@x2

� dðx; h; z; tÞ
LðxÞ2 ¼ � gðz; hÞ

DðxÞ ð5Þ

The solution of this equation is:

dðx;x; h; z; Sf ; kÞ ¼ A cosh
x

LðxÞ
� �

þ B sinh
x

LðxÞ
� �

þ LðxÞ2
DðxÞ

� aðkÞð1� RðkÞÞ � /ðkÞ � expðaðkÞ � zÞ � cosðhÞ ð6Þ
Coefficients A and B are determined through the following

boundary conditions [15]:

– at the junction (x = 0):
DðxÞ � @dðx;x; h; zÞ
@x

����
x¼0

¼ Sf � dðx;x; h; zÞjx¼0 ð7Þ
Sf is the excess minority carrier’s recombination velocity at each
junction [16].

– at the middle of the base (x = H/2):
Fig
var
= 0.
DðxÞ � @dðx;x; h; zÞ
@x

����
x¼H

2

¼ 0 ð8Þ
Results and discussion

The excess minority carriers density

In this section, we will study the density of minority carriers
generated in the base. It will show the effect of, vertical depth,
on the profile of the density of the load carriers as a function of
the depth in the base. Fig. 3 represents the variation of the minority
carriers density in the base versus thickness x for various depth z.

On Fig. 3, the excess minority carriers density in the base
increases to reach a maximum corresponding to the thickness xo
in the base, but it decreases for a depth (z) x > xo. It also decreases
in amplitude as a function of the depth according to the vertical of
the illumination. From this remark, we distinguish three zones:

� a first zone 0 � x � xo; the gradient of the excess minority car-
riers’ density in the base of the photovoltaic cell is positive: this
corresponds to the passage of an electron flux causing a pho-
tocurrent through the emitter-base junction,

� a second zone: x = xo; The modulus of the excess minority car-
rier’s density in the base is maximal and the gradient is zero, so
there is a storage of excess minority carrier’s density negative
charges which will create a variation of the space charge area
which extends from the junction to the value xo,

� a third zone: xo � x � H; The modulus of excess minority car-
rier’s density decreases in the base, thus implying a negative
gradient.

We note that as one enters the base z, the density of the minor-
ity carrier’s decreases. Indeed, the variation of the density of the
minority carrier’s according to depth (z), is governed by the rate
of generation which follows a Beer Lambert law: an exponential
decay as one penetrates inwards. This situation predicts the capac-
itive phenomena evolution.
. 3. Module of minority carrier’s density versus thickness x in the base for
ious depth z, Sf = 3.103 cm/s. H = 0.03 cm; Lo = 0.02 cm, Do = 26 cm2/s, h = 200, k
52 mm, x = 103 rad/s.



Fig. 5. Short circuit photocurrent density versus the depth z. Sf = 3.103 cm/s; H =
0.03 cm; Lo = 0.02 cm; Do = 26 cm2/s; h = 20�; k = 0.52 mm.
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Photocurrent density

In this section, we make a study in modeling the density of pho-
tocurrent delivered by the base of the photovoltaic. This photocur-
rent is due to the diffusion of electrons through the base of the
photovoltaic cell. The excess minority carriers in the base will flow
across the two junctions (emitter1-first half of the base and emitter
2-s half of the base) by diffusion (Fig. 2) The photocurrent density
is given by the following expression [11–13,17,18]:

JPh ¼ 2 � q � DðxÞ � @dðx;x; hÞ
@x

����
x¼0

ð9Þ

were q is the elementary charge.
On Fig. 4 we represent the profile of the photocurrent density as

a function of the logarithm of the modulation frequency for various
depths (z) along the vertical and on Fig. 5 the photocurrent of
short-circuit versus the depth base.

It is still observed that the photocurrent density is maximum
and hardly varies for the low frequencies and corresponding to
photocurrent of the short-circuit. Then a sudden decrease is
observed until the photocurrent density is canceled with the
increase of the modulation frequency. Fig. 4 shows a decrease in
the amplitude of the photocurrent density with the depth along
the vertical. This can be explained by the fact that with depth there
is the attenuation of the wave as predicted by BEER LAMBET’s law.
To low values of the logarithm of the modulation frequency, the
photocurrent density is almost nonexistent representing the situa-
tion of open circuit of the solar cell. The photogenerated carriers
are thus blocked to the junction. The solar cell operates in situation
of short-circuit, where the maximum of carriers cross the junctions
to be part of the photocurrent. This figure shows again the decreas-
ing of the photocurrent density of short-circuit when we go in
depth, which is illustrated at Fig. 5.

Photovoltage

When the photovoltage is illuminated, there is generation of
minority carriers by photoelectric effect giving rise to a surface
potential in the semiconductor obtained by illuminating an energy
greater than the gap of the semiconductor and the photogenic car-
riers being separated by a Electric field intense in the space charge
Fig. 4. Photocurrent density versus logarithm of the modulation frequency log(x)
for various depth z. Sf = 3.103 cm/s; H = 0.03 cm; Lo = 0.02 cm; Do = 26 cm2/s; h =
20�; k = 0.52 mm.
area at the surface. The voltage obtained at the solar cell terminals
will now be called photovoltage. Based on the excess minority car-
rier’s density, we can determine the photovoltage across the junc-
tion, according to the Boltzmann’s relation, as inutile [11,17,19,20].

Vph ¼ VT � ln 1þ Nb
n2
0

� dð0Þ
� �

ð10Þ

with

VT ¼ K � T
q

ð11Þ

VT the thermal voltage, Nb the base doping density, n0 the
intrinsic carriers’ density, K is the Boltzmann constant; T is the
absolute temperature and q is the elementary charge of the
electron.

The phototension will be studied first as a function of the fre-
quency, then as a function of the logarithm of the depth z [11–
15,21,22]. We represent in Fig. 6 the profile of the phototension
as a function of the logarithm of the modulation frequency x for
different depths (z) along the vertical and on Fig. 7 the photocur-
rent of short-circuit versus the depth z.
Fig. 6. Photovoltage versus logarithm of the modulation frequency log(x) for
various depth z in the base. Sf = 3.103 cm/s; H = 0.03 cm; Lo = 0.02 cm; Do = 26 cm2/
s; h = 20�; k = 0.52 mm.



Fig. 7. Open circuit photovoltage versus depth z in the base. Sf = 3.103 cm/s; H =
0.03 cm; Lo = 0.02 cm; Do = 26 cm2/s; h = 20�; k = 0.52 mm.

Fig. 8. Module of the conversion efficiency of the photovoltaic material versus
junction recombination velocity for different depths in the base. k = 0.52 mm, H =
0.03 cm, Lo = 0.02 cm, Do = 26 cm2/s, h = 20�, x = 103 rad/s.

Table 1
Values of optimum conversion efficiency of the photovoltaic material for different
depths along the vertical z at the junction recombination velocity Sf = 3098.104 cm/s.

z (cm) 0.0001 0.0002 0.0003 0.0004

ɳ 0.39 0.155 0.062 0.025
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The photovoltage always maintains a maximum step before
gradually decreasing to a low value. Fig. 6 shows the behavior of
the photovoltage as a function of the logarithm of the frequency
remains identical to that studied on the effect of the depth z in
the base.

More than the depth (z) in the base along the vertical is high the
less the photovoltage. Indeed, the wave arrives at depth of its
deprived exciting energy. Added to that there, the rigidity and
the defects of construction in depth one do not allow a good mobil-
ity of the carriers. For the great values of the logarithm of the mod-
ulation frequency, the carriers manage to traverse the junction
involving thereafter the considerable fall of the photovoltage.
When we advance in the depth, the carriers number decreases.
We can notice the reduction in the open circuit photovoltage con-
firms in Fig. 7.
Photovoltaic conversion efficiency

When the solar cell is illuminated, it produces electricity thanks
to the photovoltaic effect. This photovoltaic cell delivers a DC volt-
age. It is therefore possible to measure the power delivered by the
photovoltaic cell and to compare it with the efficiency of a refer-
ence cell. The photovoltaic conversion efficiency is given by the
Eq. (12) [15]:
gðx; h; z; Sf ; kÞ ¼ Pmaxðx; h; z; Sf ; kÞ
Pinc

ð12Þ
Fig. 9. Evolution of the conversion efficiency versus depth z in the base. H = 0.03
cm, Lo = 0.02 cm, Do = 26 cm2/s, x = 103 rad/s, h = 20�, z = 0.0001 cm, k = 0.52 mm.
where P (x, h, z, Sf, k) is the power per unit area delivered by the
photovoltaic cell and Pinc is the power of the incident wave under
AM 1.5 and taken equal to 100 mW/cm2. The profile of the conver-
sion efficiency as a function of junction recombination velocity for
different depths z is shown in Fig. 8.

The Conversion efficiency of profile (Fig. 8) always shows an
upward slope to the maximum efficiency and then a downward
slope above this maximum. The conversion efficiency decreases
with increasing depth z. Indeed it is the law of Beer Lambert that
governs the behavior of the wave once the wave is emitted [23–
25]. We present in Table 1 some optimal efficiency values for dif-
ferent depths along z.

Table 1 and Fig. 9 shows the decreases of conversion efficiency
with depth z increases in the base.
Conclusion

In this article we made a theoretical study of a junction vertical
parallel silicon solar cell under polychromatic illumination. The
resolution of the continuity equation allowed us to establish the
expression of excess minority carrier charge density in the base
of the solar cell. The study showed that when the depth z increases
the minority carriers density as well as the electrical parameters
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such as the photocurrent density, the photovoltage and conversion
efficiency decrease because of attenuation of the incident light. The
effect on some electrical quantities was studied. The study was
done in the visible range. Our computed results have shown that
the performance of solar cell is junction recombination velocity
and conversion efficiency reaches about 38%.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.rinp.2017.12.021.
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