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Abstract - A study of the effect of temperature and magnetic
field on the transient decay of the excess minority carrier density
and on the electrical parameters in the base of a parallel vertical
junction solar cell, in transient dynamic regime operation, and
under polychromatic illumination is presented. The
experimental device that allows us to have the transient regime
and its operating principle is presented. The resolution of the
continuity equation of the minority carriers of charges in the
base and the determination of the eigenvalues make it possible
to determine the transient density which is a sum of infinite
terms and whose time of decay of the various harmonics is
studied. The transient voltage, the photocurrent density and the
transient capacitance of the solar cell are deduced from the
expression of the transient density of minority carriers of excess
charges in the base. Indeed, the influence of the optimum
temperature on the amplitudes and on the transient decrease of
these electrical parameters is also studied. This optimum
temperature is obtained by determining the optimum thickness
of the solar cell from a given magnetic field. Indeed, as the
temperature increases, there will be thermal agitation resulting
in an accumulation of carriers at the junction and therefore a
reduction in carrier mobility. If there is thermal agitation, the
minority carriers will take longer to cross the junction. The
stationary regime will therefore be reached late, hence to
increases with the increase in temperature.
This work allowed us to observe that in the first moments of
decay, the diffusion capacity is minimal, which leads to a rapid
but brief drop in amplitudes because with a recombination
velocity in short-circuit, a large number of Minority charge
carriers in the base pass through the space charge region to
participate in photocurrent generation.
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1. Introduction

The Silicon solar cells being under different
technologies [1], present in different architectures, such
as solar cells with vertical junctions (connected in series
or parallel) where the illumination takes place parallel to
the junction plane [2]-[3].

By taking into account certain physical
mechanisms, modeling work [4]-[11] has been done for
the search for geometric dimensions, thus leading to a
better efficiency of the solar cell. Two types of vertical
Multi Junction (M]V) silicon solar cells [12]-[13] have
been developed: (n/p) cells connected in parallel to
increase the electric current (MJVP) and (n/p) cells
p/p+) connected in series to increase the electrical
output voltage (M]JVS).

These solar cells can be under different operating
regimes, which are: the transient dynamic regime [14]-
[17]. Under these operating regimes, the solar cell may
be subject to external conditions, which may be:
electromagnetic field variations [18]-[22], temperature
variations [23]-[24], etc...

In regards to the transient regime, we can note the
influence of the magnetic field [25] and/or the
temperature [26] on the transient decay and on the
decay time of the minority charge carriers.

This study was done on a silicon solar cell (n/p)
with vertical junctions connected in parallel under the



double condition of temperature and magnetic field, and
in operation of transient dynamic regime which occurs
between two stable states from operating points
dependent on two variable resistors. We examine the
effects of the magnetic field [27]-[28], the temperature
[29]-[30] and the optimal thickness [5], [31] on the
eigenvalues w, of the different harmonic states and on
the time to initiating the exponential decay and on the
transient decay of electrical parameters.

2. Materials and Methods
2.1. Experimental Setup and Working

Figure 1 presents the experimental device used to
obtain the transient state by variations of the operating
point of the solar cell [16]-[17].
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Figure 1: Experimental device for the characterization of the
solar cell [16]-[17],
T (temperature), B (magnetic field), G (gate), D (Drain) and S
(Source)

This experimental device includes a square signal
generator (BRI8500) which supplies an RFP50N06 type
MOSFET transistor, two adjustable resistors R1 and R2,
a silicon solar cell placed under temperature and
magnetic field which submitted to multi-spectral
lighting, a digital oscilloscope, a microcomputer for
signal acquisition and processing. The transient decay
occurs according to the following procedure, described
below.

At time t<O (figure 1), the solar cell being under
constant multi-spectral illumination, the MOSFET
transistor opened and the solar cell is closed in series
with the resistor R2 alone: this corresponds to the
operating point F2 in steady state [ 32]-[33] giving the
potential V2. At t=0 (figure 1), the closing of the MOSFET
begins and after a very short time the MOSFET is
completely closed, then the resistor R1 is in parallel with
R2. This corresponds to the operating point F1 in steady
state, so the voltage V2 drops from V2 to V1. The
transient voltage at the terminals of the solar cell is
recorded by a digital oscilloscope (Tektronics) which
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then transmits it to a microcomputer for processing and
analysis.

By varying R1 and R2, the steady state operating
points F1 and F2 move over the I-V characteristic (Figure
2), to produce a transient state.
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Figure 2: llluminated I-V two specific operating points [16]-
[17],

Vco (photovoltage open-circuit), Icc (photocurrent en short-
circuit), two adjustable resistors R1 and R2

2.2 Theory

In figure 3, the structure of the (n/p) silicon solar
cell with vertical junctions connected in parallel under
magnetic field and temperature is presented.
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Figure 3: Structure of (n/p) solar cell with vertical junctions
connected in parallel
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The illumination was assumed to be uniform, such
that the carrier generation rate depended only on depth
(z) in the base and was expressed as:

G(z) =Yi,a;e" ()

The coefficients a; and b; are obtained through

tabulated values of the radiation [34].
During the experiment, the level of illumination remains
constant, which implies that the level of injection is not
modified with respect to time. On the magneto-transport
equation [20] and [36] in dynamic regime, related to
excess charge carriers §(x, t) [3] in the base at
temperature (T) [23]:

. 0°5(x.t)  S(xt) _ as(xt)
. ox’ T ot (2)
The diffusion coefficient D* of the minority
carriers in the base under the influence of the

temperature T and the applied magnetic field B, is given
by the relationship [35]-[36]:

D" = D*(B,T):iD(T)
1+ [u(T)x B 3)
B is the magnetic field in the base.
T is the average lifetime of minority carriers in the
base.
u(T) is the mobility of excess minority carriers in
the base [37].

1(T) =1,43.10°T **cm?v 'S “@
The diffusion coefficient of the minority carriers of
charge in the base, dependent on the temperature D (T)

without magnetic field is given by the relation of
Einstein-Smoluchowski:

D(T) = p

(5)
Where Kb is the Boltzmann constant Kb = 1.38.10-
23 m? kg s2 K! and q the elementary charge of the
electron.
The equation is solved using the following
boundary conditions:
= atthe junction x=0:

D*.85(x,t) _S, «5(0,1)
X Iy )
= [n the middle of the base:
D*.M =0
oX |y H
2 (7)
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Sf is the recombination velocity of the minority
charge carriers at the junction [17], [38]-[39] and defines
the operating point of the solar cell [32]-[33] on its [-V
characteristic.

The system of equations (2), (6) and (7) constitutes a
problem of Sturm Liouville [40] whose solutions are
with separable variables of the type:

8 (x, 1) = X(x) -T(1) (8)
X(x) represents the spatial function of the minority
carrier density and T(t) the temporal function.

X(x) and T(t) take the following forms respectively:

X0 “‘”(5}“'”(5}

A;and A; are coefficients to be determined

T(0) =T(0).exp(—(e” + 1)t)
T

(9)

(10)

1 1
With — ==+ @?
T T

(11), the decay time constant
Cc
and where w > 0.

The application of the boundary conditions (6) and
(7) give respectively the relations (12) and (13):

w.x/?_i_
S, _AJ

(12)
S

AR )

Equation (13) is a transcendental equation whose
solutions are determined graphically With:

o 31 [

The first interval {0%{ suit for n=0 and the

tan(

(n- )7z (n+ )7z
2 (14)

second for n >0, n is a natural number.
When n=0, we have the first term 50(X,t) that

corresponds to the fundamental state with the
eigenvalue. And for n >0, we have the different o, (X,t)

harmonics of order n of eigenvalues..

A1l and A2 are calculated using the normalization
conditions and the Fourier transformation.

The expression of T, (0) is calculated using the
excess minority carrier density in the static regime.
The expression of 6 (X, t) is therefore written:
8(x,7,t,T,B) =X,6n(x2,t,T,B)



= S Xp(OTo(2 T, B, 0)exp(= 1)
(15) |
The excess minority carrier density in the base is given
by relation (16).
5(x,2,t,T,B) = 25n(x, 2,t,T,B)
" (16)

7., is called decay time constant, its inverse can be
written:
1 1 2
—=—+o0,
TC,H To (17)
After the graphical resolution of the

transcendental equation 13, we put on the board the
solutions of this equation corresponding to the
eigenvalues of the different harmonic states. They are
the points of intersection of the tangential part and the
non-tangential part of this equation.

To calculate the errors and uncertainties on the
values of w, we need to account for the uncertainties in
the different parameters (T, B and D).

The uncertainty in w can be calculated using the error
propagation method:

Aw = a(1)ABZ+ a(‘OAD2+ awATZ

(18)

Table 1 Table of eigenvalues wn for different values of Top,
Hop and B
T( 254. 286. 336. 361. 381. 418.
K |7 6 313 1 4 4 9 410 8
B(T | 0.00 0.00 0.00 0.00 0.00 0.00 0.000 0.00
) 03 04 05 06 07 08 9 1
Ho
p 0.01 0.01 0.01 0.01 0.01 0.01 0.014 | 0.01
(c 61 56 53 49 47 46 45 43
m)
wo | 3077 | 2944 | 2832 | 2774 | 2704 | 2619 | 2565 | 2517
w1 7306 | 4945 | 4752 | 4644 | 4519 | 4396 | 4301 4219
w2 9468 | 6973 | 6694 | 6536 | 6353 | 6171 | 6033 5926
1165

w3 0 9024 | 8651 | 8444 | 8206 | 7962 7786 | 7642
Aw | 097 0.85 0.76 0.58 0.52 0.43 0.39 0.36

Thus, based on the above data, the uncertainty in
the eigenvalue w indicates that the parameters are very
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well adjusted and that the results obtained are very close
to the true value.

The transient decay of fundamental mode
corresponds to n = 0 and that of others correspond to the
different harmonics n (with n # 0).

We find that the eigenvalues w, of the different
harmonics decrease with increases in the optimum
temperature of the magnetic field and the optimum
thickness.

3. Results and Discussion
3.1. Transient Excess Minority Carriers Density
The eigenvalues w, allowed us to plot the

profiles of excess minority carrier the transient §(x, t)
and as well as those of the different harmonics using the
results of the optimal thickness of the base (Hopt) [27]-
[28] for different magnetic fields (B) and values of the
optimum temperature, border between the normal
phenomena and the Umklapp process [36].

The following figures represent the evolution of
the transient excess minority carriers density 6(x, t)
corresponding to the sum of the density at the
fundamental mode and the various other harmonics
(n<4) in terms of (Hopt), of the magnetic field (B) and of
(Topt).
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Figure 5:- Excess minority carriers density versus the time
t(s) when the Sf=6.10°cm/s; Top=254.7K ; B=0.0003T ; Hopt
=0.0161cm; z=0.017cm; t=105s ; n=0 ; n=1 ; n=2 and n=3.
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Figure 6:- Excess minority carriers density versus the time
t(s) when the Sf=6.10°cm/s; Top=286.6K ; B=0.0004T ;
Hopt=0.0156cm ; z=0.017cm ; t=10%s; n=0; n=1; n=2 and
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Figure 7:- Excess minority carriers density versus the time
t(s) when the Sf=6.106cm/s; Top=336.5K; B=0.0005T ; Hopt
=0.0153cm; z=0.017cm ; t=105s; n=0; n=1 ; n=2 and n=3.
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Figure 8:- Excess minority carriers density versus the time
t(s) when the Sf=6.106cm/s; Top=336.5K ; B=0.0006T ; Hopt
=0.0149cm ; z=0.017cm ; t=105s ; n=0; n=1 ; n=2 and n=3.
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Figure 9:- Excess minority carriers density versus the time
t(s) when the Sf=6.105cm/s; Top=361.4K ; B=0.0007T ; Hopt
=0.0147cm ; z=0.017cm ; t=105s ; n=0; n=1 ; n=2 and n=3
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Figure 10:- Excess minority carriers density versus the time
t(s) when the Sf=6.105cm/s; Top=381.9K; B=0.0008T ; Hopt
=0.0146cm ; z=0.017cm ; t=105s ; n=0; n=1; n=2 and n=3
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Figure 11:- Excess minority carriers density versus the time
t(s) when the Sf=6.10¢ cm/s; Top=410K ; B=0.0009T ; Hopt
=0.01445cm ; z=0.017cm ; t=105s; n=0; n=1 ; n=2 and n=3.
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Figure 12:- Excess minority carriers density versus the time
t(s) when the Sf=6.10° cm/s; Top=418.8K; B=0.001T;
Hopt=0.0143cm ; z=0.017cm ; t=105s;n=0; n=1; n=2 and n=3.
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To estimate the uncertainty in the decay time t.
The error in t can be estimated using error propagation

. . . _ —(w?+D)t
from the exponential relationship T(t) = T(0)e T

The total uncertainty in t can be expressed as:

ae= J(2 aw)2+ (£ a0)2+ (2 ar) 2+ (£ ab)2
(19)
and

For example, if T=254.7K; B=0.0003T
Hop=0.0161cm, the uncertainty in t is At = 0.088ns
The uncertainty At is small compared to the central value
t, which demonstrates a high level of precision in the
calculation. Which is crucial for optimising performance
and making decisions based on these analyses.

We note on the figures above that the transient
excess minority carriers density 6(x, t) being the sum of
the various harmonic of order n density, decreases to
reach the final steady state. It is the same for the
fundamental mode density and the other harmonics of
order n density. However, it should be noted that after a
time to, the transient excess minority carrier density §(x,
t) is equal to the contribution of fundamental mode
density while the other harmonics (n# 0) density quickly
tend to steady state.
to is the time after which the excess minority carrier
density corresponding is equal to the contribution of
fundamental mode density. This point marks an
important stage in the response of the solar cell, as it
indicates that the transient effects have evolved to alevel



comparable to the equilibrium condition. Some values of
to are given in table 2 below.

Table 2:- Some values of to

T(K | 254. 286. 336. 361. 381. 418.
) - 6 313 5 4 9 410 8
B(T | 0.00 0.00 0.00 0.00 0.00 0.00 0.000 | 0.00
) 03 04 05 06 07 08 9 1
Ho

p 0.01 0.01 0.01 0.01 0.01 0.01 0.014 | 0.01
(c 61 56 53 49 47 46 45 43
m)

to

(10 0.81 1.95 2.24 2.38 2.51 2.78 2.95 3.02
.75)

Indeed, as the temperature increases, there will
be thermal agitation resulting in an accumulation of
carriers at the junction and therefore a reduction in
carrier mobility. If there is thermal agitation, the
minority carriers will take longer to cross the junction.
The stationary regime will therefore be reached late,
hence to increases with the increase in temperature.
However, it should be noted that the time to in short
circuit is smaller than that of open circuit [26]. This may
be explained by the fact that with the velocity of
recombination Sf in short circuit, the photogenerated
charge carriers have sufficient energy which allows them
to cross the junction very quickly compared to the charge
carriers in open circuit.

Indeed, by increasing the magnetic field, we
increase the optimum temperature and consequently
reduce the probability of diffusion of carriers, which
explains the slowing down of the decay with the increase
in the field which is also dependent on the increase in the
optimum thickness of the base. But this slowing down is
less strong in short-circuit because of the high
recombination of velocity at the junction.

3.2. Transient Voltage

The expression of the voltage collected at the
terminals of the solar cell when it submitted to
polychromatic illumination is obtained from the
Boltzmann relationship; it is expresses in the form:

5,(0,t)=n(0)- exp(\@] -1
VT
V (t) is the Transient Voltage.

(20)
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Vr is the thermal voltage
V(t)=V; - |n[5n 0.1 +1J
n(0) @21

After resolution, the transient voltage becomes:

t
V(t): Qo - Fc(coo)~exp i
¢0 (22) With
ATy ©0)
Fc )= —amon
5(0.0) (23)

The following figures represent the evolution of
the transient voltage as a function of (Hopt), of the
magnetic field (B) and of (Topt).
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Figure 13: Transient voltage profile between two operating

points for different temperature and magnetic field values
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Figure 13 shows that the transient voltage
decreases in amplitude as the temperature and magnetic
field increase respectively. In addition, thermal agitation
increases the intrinsic carrier density at the junction,
reducing the voltage and increasing the transient decay
as the optimum temperature increases.

The voltage amplitude obtained in the vicinity of
the short-circuit is much lower than that obtained in the
vicinity of the open circuit. Since the velocity
recombination at the junction in the vicinity of the short-
circuit is greater than that of the open circuit, there will
be fewer and fewer carriers near the junction, so the
short-circuit voltage will be reduced as the velocity
recombination at the junction increases.

3.3 Transient photocurrent density



The photocurrent is due to the diffusion of
minority charge carriers at the junction. Knowing the
expression for the minority carrier density, we can
determine the expression for the photocurrent density
using FICK's law.

J(T,B,t) = 2qp 22&2LED ”
at X=0

Figure 14 represents the profile of the transient
photocurrent density as a function of time in the vicinity
of the short circuit for different values of Top, Hop
corresponding to a given magnetic field.
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Figure 14: Transient photocurrent density profile for
different temperature and magnetic field values;

Sf=6.10cm/s; T=105s; z=0.017 cm

By studying the short-circuit photocurrent
density profiles, the first instants of decay result in a
rapid drop in the amplitude of the current intensity
because they are dominated by the diffusion of minority
charge carriers. This is followed by a period of slower
decay, which is also linked to the recombination of
minority carrier photogenerated in the base.

Indeed, the more the temperature increases, the
more there is thermal agitation which widens the space
charge zone [5]. As a result, with the very high velocity in
short circuit recombination, a large number of carriers
will be able to cross the junction to participate in the
photocurrent so the stationary regime will therefore be
reached late unlike the open circuit situation.

3.4 Transient capacity
The space charge region of a solar cell can be
considered as a planar capacitor [7]-[8] called the

transition capacitance. This diffusion capacitance of the
solar cell is considered to be the capacitance resulting
from the variation in charge during the diffusion process
within the solar cell [9]-[10]. It is given by the
relationship:

n=92
dv  (25)
Q is the charge in the vicinity of the emitter-base
junction:

Q=00(x=0,z,t) 26)
Taking into account the expression for the photovoltage

and the density of minority carriers, we obtain the
following expression:

5020, n2(T)
V-|- N B 'VT 27)
The first term in the expression is the diffusion
capacity of the solar cell at temperature T and magnetic
field B under polychromatic illumination.
The second term in the expression is the capacitance
under darkness: it depends on the nature of the material
through the intrinsic concentration of minority n;
carriers, the doping of the material (NB), the
temperature T and the Boltzmann constant (Kb) in the
expression of the thermal voltage Vr.

Figure 15 represents the profile of the Transient
Capacity in the vicinity of the short circuit as a function
of Time for different values of the Top Temperature, the
Hop thickness and the magnetic field.

C(t)=qgx
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Figure 15: Transient photocurrent density profile for
different temperature and magnetic field values;
Sf=6.106cm/s; t=105s; z=0.017 cm




We note in the first moments of decay that the
diffusion capacity is minimal, which leads to a rapid but
brief drop in amplitudes because with a high velocity of
short-circuit recombination, a large number of minority
charge carriers in the base crosses the space charge zone
to participate in the generation of the photocurrent.

There follows a long period where the capacity
tends towards the final stationary regime which is linked
to the recombination phenomena of the minority
carriers photogenerated in the base.

We also observe that the diffusion capacity
decreases with increases in the optimum temperature of
the magnetic field and the optimum thickness. Increasing
the magnetic field leads to a disordered displacement of
the carriers, which in turn increases the number of
stored carriers. As a result, this minimal diffusion will
lead to an increase in the amplitude of the transient
capacity as the magnetic field increases.

4. Conclusion

This work allowed us to see the effect of
temperature and magnetic field on the eigenvalues, on
the transient decay of the excess minority carrier
density in the base, on the transient decay of electrical
parameters of a silicon solar cell with vertical junction
in parallel placed in short-circuit, in transient operation.
The graphical resolution of the transcendent equation
has been carried out. It allowed us to find the
eigenvalues, then to plot the profile of the minority
carrier density, and finally to find the decay time to
dependent on the optimal temperature and therefore on
the optimal thickness. These eigenvalues are then used
to plot the profile of transient photovoltage,
photocurrent density and transient capacitance which
are deduced from the expression for the density of
minority charge carriers. Under increasing magnetic
field and temperature we have derived the following
results:

v The transient voltage and photocurrent density
tend rapidly towards stationary regime.

v' The diffusion capacity of minority carriers
decreases, leading to an increase in the
amplitude of the transient capacity and a very
brief decay.
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