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Abstract-The effect of wavelength on the photocurrent and photovoltage of a vertical parallel junction solar cell under steady state
condition was theoretically analyzed. Based on the diffusion equation, the excess minority carrier’s density is expressed; both
photocurrent density and photovoltage determine the junction recombination velocity and the wavelengths. The excess minority
carrier density, the photocurrent density, and the photovoltage were calculated and plotted. The objective of this work is to show the
effects of solar cell junction recombination velocity and the wavelengths on these electrical parameters. We have shown the effect of
wavelength on initiating the short-circuit (Sfy) and limited the open circuit (Sf,) of the solar cell through the junction recombination
velocity. The determination of Sfoc obtained from the curve of photovoltage versus Sf, and the determination of Sfy is through from
the curve of the photocurrent density according to Sf.
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l. INTRODUCTION

The improvement of the solar cells limits the recombination of the excess minority carrier’s photogenerated. Parameters
and the control of the technological process of manufacturing are significant during the conception of these devices. Several
methods of characterization in static or quasi-static mode, as well as in transient state and dynamic frequency mode have been
developed for the determination of one or several parameters [1, 2]. In this regard, we resolve continuity equation about
relative to excess minority carriers in the base.

Ever since the reporting of the first silicon solar cells [3, 4], a lot of research work has been done on these cells during the
last few decades [5-8]. Efforts have been made to improve the efficiency of the solar cells and various modified structures have
developed, which resulted in improved efficiency. This efficiency depends on several phenomenological parameters, the
diffusion length (L), the diffusion coefficient (D), the junction recombination velocity (Sf), the reflexion coefficient (R) and
the absorption coefficient (o) [9, 10]. Consequently, several methods were developed for the determination of these parameters.

In this work, we present a method of junction recombination velocity determination initiating the short-circuit (Sfy) and
limiting the open circuit (Sf,) for a solar cell. The study will be done primarily in the base because the contribution of the
transmitter is negligible.

Il. THEORY

Let us consider a silicon solar cell with parallel vertical junction N + P doped in Fig. 1:
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Fig. 1 Vertical parallel junction silicon solar cell
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This photovoltaic cell includes three parts:
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i.  Emitter: frontal zone of N + type, it is doped with donor atoms.
ii. Base: zone of P type, it is doped with acceptor atoms.

iii. SCR: we find it between the emitter and the base, and there reigns an intrinsic electrical field (E) which separates the
electron-hole pairs.

When the solar cell illuminates under the incidence angle (0), there is a creation of electron-hole pairs in the base.

Given that the contribution of the base to the photocurrent is larger than that of the emitter [10], our analysis will only be
developed in the base region.

Taking into account the generation, recombination and diffusion phenomena in the base, the continuity equation is given by
the following equation [11-14]:

2
D(w). 0 5(x,2<9, ) sxot)_ (2,00 + 05(x, ,t)
T ot (l)
D (w) [15] and t are respectively, the excess minority carrier’s diffusion constant and lifetime.
The excess minority carriers’ density written as:
S(xt)=s(x)exp (- jat) @)
Carrier generation rate G(z,6,t) is given by:
G(z,6,4,t)=9(z,6,A)exp (- jat) .
Where
9(2,6,2) = a(A(L-R(A) - $(2) - exp(-(2) - 2) - cos(0) (4)

H is the base width, 0 is the illumination incidence angle, x is the depth in the base, o is the angular frequency, and z is the
base depth according to the vertical axis and A the illumination wavelength.

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

0°5(x) s(x.6,t)  g(z,0)

= ©)
ox? L(w)? D(w)
The solution of this equation is:
X . X L(a))Z (6)
5(x,@,0,2,5f,1)= Acosh| —— |+ Bsinh| —— |+ ~a()L-R(A)) - ¢(A) - exp(a(A) - z) - cos(6)
L(w) L(w)) D(o)
Coefficients A and B are determined by the following boundary conditions [16]:
- at the junction (x = 0):
D(@.M =Sf -5(x, @,0),_,
)
Sf is the excess minority carrier’s recombination velocity at each junction [17].
- at the middle of the base (x = H/2):
D(w) 03(xw0)  _ 0
OX H
2 ®)

The excess minority carriers in the base will flow to the two junctions by diffusion, the photocurrent, and photovoltage density.

I1l. RESULTS AND DISCUSSION

A. Profile of Excess Minority Carrier’s Density

The figure gives the profile of the excess minority carrier’s density, Fig. 2(a) and Fig. 2(b).
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Module of minority carrier’s density
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- short wavelengths (A < 0.564 um)
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Fig. 2(a) Excess minority carrier’s density versus depth x in the base for various short wavelengths

Lo = 0.0001 cm, Do = 26 cm?/s, Sf = 3.10% cm/s, H = 0.03 cm, z = 0.0001 cm. 1: . = 0.58 pm; 2: A = 0.60 pm; 3: A = 0.62 pm; 4: A = 0.64 pm
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Fig. 2(b) Excess minority carrier’s density versus depth x in the base for various long wavelengths

Lo = 0.0001 cm, D, = 26 cm?/s, Sf = 3.10% cm/s, H = 0.03 cm, z = 0.0001 cm. 1: 1 = 0.58 pm; 2: A= 0.60 pm; 3: A = 0.62 pm; 4: A = 0.64 pm

For a given wavelength, the curve presents three parts:

The density of the excess minority carrier’s increases until reaching a maximum, which corresponds to a depth X, in the
base, beyond the value x, the excess minority carrier’s density decreases.

Thus we distinguish two zones: The zone corresponding to the increase of the minority carrier’s density to the active
gradient: that is due to the crossing of the minority carrier’s charge to the junction which takes part in the photocurrent [18].

The zone corresponding to the reduction in the excess minority carrier’s density to the negative gradient; the minority
carrier’s frequently undergo in depth and the surface recombination. The maximum corresponds to the null angle, which

indicates storage of carrier’s density.

It is seen that for the short wavelength (A) values; absorption is done close to the junction, whereas for the long
wavelengths values, absorption moves in depth x.

The expression of the excess minority carrier’s density enables us to obtain that the photocurrent density starting from the
relation of Fick. This is undoubtedly an advantage of vertical parallel junction solar cells. We can also observe a decrease of
the excess minority carrier density for the chosen wavelength as seen with the other parameters [19].
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B. Photocurrent Density

The photocurrent density gives the following expression (9) [10, 19, 20]:

a5(x,@,0) 9)

Jon =2-9-D(w)- 22
x=0

Based on the density of excess minority carriers created in the base of the solar cell, we established the photocurrent density of
carriers by the Fick equation [21-24].
Where q is the elementary charge (q = 1.6 10 C).

A plot of the photocurrent density versus junction recombination velocity for various wavelengths is present on Fig. 3(a)
and Fig. 3(b).
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Fig. 3(a) Photocurrent density versus the junction recombination versus for various short wavelengths
Lo = 0.0001 cm, Do = 26 cm?/s, Sf = 3.10% cm/s, H = 0.03 cm, z = 0.0001 cm. 1: 1 = 0.58 pm; 2: A= 0.60 pm; 3: A = 0.62 pm; 4: A = 0.64 pm
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Fig. 3(b) Photocurrent density versus the junction recombination versus for various wavelengths
Lo = 0.0001 cm, Dy = 26 cm?/s, Sf = 3.10° cm/s, H = 0.03 cm, z = 0.0001 cm. 1: & = 0.58 um; 2: A= 0.60 um; 3: A =0.62 pm; 4: A = 0.64 pm
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We present at Fig. 3(a) and Fig. 3(b) the profile of the photovoltage versus junction recombination velocity for different
wavelength values. These figures allow observing an increase in photocurrent density with the junction recombination velocity
[24-27]; the photocurrent density and reaches a maximum where it varies microscopic with the junction recombination velocity.
Indeed, since the junction recombination velocity reflects the flow of carriers across the junction [11, 15, 18, 19], increasing
the junction recombination, velocity means to increase the movement of carriers through the terminal and a larger collection of
carriers. In other words, it is thus an increase in the current density.

The flow of carriers across the junction reaches a limit for this time thereby characterizing the operation in short-circuiting
of the solar cell. A little load resistor requires the movement of a large current and therefore requires a high junction
recombination velocity (short-circuit situation). When the load resistance is high, little current flows through the burden, and
the movement of carriers across the junction is small. That is to say that the junction recombination velocity is low (open-
circuit situation).

Junction recombination velocity is the phenomenological equivalent to the external load, which itself is macroscopic; these
two factors, describe the same operating conditions of the solar cell as we have seen.

C. Photovoltage Density
According to the Boltzmann relation, the photovoltage is obtained by the expression (10) [1, 27].

Vo, =V, - In{1+ ';'—? : 5(0)} (10)
0
with
v KT a
q

V7 the thermal voltage, N, the base doping density, Ni is the intrinsic carrier density, N, is the carrier’s density at equilibrium.

We present at Fig. 4(a) and Fig. 4(b) the profile of the photovoltage versus junction recombination velocity for different
wavelength values:
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Fig. 4(a) The module of the photovoltage versus the logarithm of the frequency for various short wavelengths
Lo = 0.0001 cm, Do = 26 cm?/s, Sf = 3.10° cm/s, H = 0.03 cm, z = 0.0001 cm. 1: & = 0.58 um; 2: A= 0.60 um; 3: A =0.62 pm; 4: A = 0.64 pm
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long wavelengths (A > 0.64 pm)
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Fig. 4(b) The module of the photovoltage versus the logarithm of the frequency for different long wavelengths values
Lo = 0.0001 cm, Do = 26 cm?/s, Sf = 3.10% cm/s, H = 0.03 cm, z = 0.0001 cm. 1: A = 0.58 pm; 2: A = 0.60 pum; 3: A = 0.62 pum; 4: A= 0.64 um

We observe in this case that: For the small values of the junction recombination velocity, the maximum photovoltage solar
cell is in the open-circuit situation. Whereas for the high values of the junction recombination velocity, the photovoltage
decreases and tends towards zero: the solar cell is in short-circuit situation. The representation of the photocurrent density and
that of the photovoltage versus the junction recombination velocity, give two stages in general corresponding to the operation
of the solar cell in short-circuit or in an open circuit. Whereas for the high values of the junction recombination velocity, the
photovoltage decreases and leans towards zero: the solar cell is in a situation of short-circuiting. The representation of the
photocurrent density and that of the photovoltage versus the junction recombination velocity, give two stages in general
corresponding to the operation of the solar cell in short-circuit or in open-circuit. For each stage, we can make corresponding
values of junction recombination velocity (Sf) [15, 18, 19, 28]. What leads us to this work to propose a method of junction
recombination velocity determination, initiating the short-circuit Sfy. and limiting the open circuit Sf,.

D. Junction Recombination Velocity Determination Initiating the Short-circuit Sf;. and Limiting the Open Circuit Sf,.
1) Starting the Short-circuit Sfg,

In Fig. 5(a) and Fig. 5(b), we represent the profile of the short-circuit photocurrent and photocurrent as a function of
junction recombination velocity for different wavelengths values:
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Fig. 5(a) Technique of determination of the photocurrent density for A=0.58 pm
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- short wavelengths (A < 0.564 pum)
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Fig. 5(b) Photocurrent density versus the junction recombination velocity for various short wavelengths
Lo = 0.0001 cm, Do = 26 cm?/s, Sf = 3.10% cm/s, H = 0.03 cm, z = 0.0001 cm. 1: A = 0.58 pm; 2: A = 0.60 pum; 3: A = 0.62 pum; 4: A= 0.64 um

The short-circuit maximum photocurrent density, remains almost constant for the low frequencies for log ® < 4. When the
frequency becomes high (log ® > 4), the photocurrent decreases gradually toward zero. The amplitude of the photocurrent also
decreases as a function of wavelength because little-photogenerated minority carriers across the junction due to the
illumination of a portion of the surface of the solar cell [18]. The determination of (Sf) consists in projecting the value of the
photocurrent density of short-circuiting of the solar cell on the axis corresponding to the junction recombination velocity. The
found value is the junction recombination velocity initiating the short-circuit for a given wavelength. The Fig. 5(a) confirms
that.

The influence of the short wavelengths (A) on the photocurrent density versus the junction recombination velocity shown in
Fig. 5(b).

For short wavelengths in Fig. 5(b), the amplitude of the photocurrent increases with the short wavelengths. This is
consistent with the fact that the generation of minority carriers is greater in the region close to the surface of the emitter and
that the incident photons are abundant energy and then penetrate tiny in the semiconductor material. The surface diffusion,
conduction interface, and the photocurrent density increased for short wavelengths [18].

The following tables (Table 1 and Table 2) represents various values of junction recombination velocity initiating the short-
circuit for different short wavelengths values.

TABLE 1 JUNCTION RECOMBINATION VELOCITY IS STARTING THE CURRENT OF SHORT-CIRCUITS VERSUS SHORT WAVELENGTHS VALUES [29]

Jec exp (MA/CT?) A (um) St (cm/s)
0.0369 0.58 4.7.10%
0.0369 0.60 4.9.10"°
0.0369 0.62 5.1.10%*
0.0369 0.64 5.5.10%°

TABLE 2 JUNCTION RECOMBINATION VELOCITY IS STARTING THE CURRENT OF OPEN-CIRCUIT VERSUS SHORT WAVELENGTHS VALUES [29]

Voc (Viem?) A (um) Sf,. (cm/s)
0.29 0.58 3.22.10%%
0.29 0.60 3.20.10%2
0.29 0.62 3.12.10°12
0.29 0.64 3.04.10%%

2) Limiting the Open-circuit Sfy,

In Fig. 6(a) and Fig. 6(b), we represent the profile of the open circuit photovoltage and photovoltage as a function of
junction recombination velocity for different wavelengths values:
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Fig. 6(a) Technique of junction recombination velocity determination beginning to the open circuit versus wavelength, A=0.58 um
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Fig. 6(b) The module of the photovoltage versus the logarithm of the frequency for various short wavelengths
Lo = 0.0001 cm, Do = 26 cm?/s, Sf = 3.10% cm/s, H = 0.03 cm, z = 0.0001 cm. 1: 1 = 0.58 pm; 2: A = 0.60 pum; 3: A = 0.62 um; 4: L = 0.64 pm

We proceed in the same way as previously for the junction recombination velocity determination beginning to the open
circuit. In other words, the experimental value of the photovoltage of an open circuit is projected on the axis corresponding to
the junction recombination velocity. The modulus of the open circuit photovoltage decreases when the junction recombination
velocity is very high. In the area of the junction recombination velocity, the module opens the circuit photovoltage, a constant
value for a value of the angle of short wavelength given well [18].

We proceed in the same way as previously for the junction recombination velocity determination beginning to the open-
circuit. In other words, the value of the photovoltage of open-circuit is projected on the axis corresponding to the junction
recombination velocity.

The photovoltage is maximum at low recombination speed at the junction. It decreases linearly to cancel the large
recombination velocities. Next Planck’s law, the wave does not have enough energy to generate minority carriers in depth. The
phenomena of photo degeneration, dislocations, and manufacturing defects are all obstacles contributing to the decline in
generation of carriers when working with long wavelengths [18].

IV.CONCLUSION

A theoretical study of a vertical junction solar cell is presented. Electrical parameters such as photocurrent density,
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photovoltage have been determined, and shown the effects of solar cell. This study exhibits the fact that photocurrent density
and photovoltage, depend on the solar cell. The excess minority charge carriers density in the base was determined and plotted
versus base depth for different wavelengths values. The excess of the photovoltage and photocurrent deducted from the
minority carrier’s density and their profile depends upon the junction recombination velocity for various wavelengths values.
This study confirms that by examining the electric power, it will undergo the effect of wavelengths. To use the junction
recombination velocity, concept permits us to determine the solar cell’s electric power for any operating point of the solar cell
contrarily to other’s studies; which used the maximal power point tracking (MPPT) control technic characterized by one
operating point corresponding to the maximum output power delivered by the solar cell. The junction recombination velocity
limiting the open circuit voltage and short circuit photocurrent determines the solar cell under different wavelengths values.
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