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Abstract: The multijunction solar cells performances
study is essential for the design of the high-concentration
photovoltaic. These cells can operate over a wide range of
the incident radiation flux and a large temperature range.
These two parameters (concentration and temperature)
degrade the cell and require a cooling system. In this arti-
cle, we have studied numerically the cooling temperature
of InGaP/InGaAs/Ge subcells under the concentrated illu-
mination. For this, we have presented the performance of
each subcell as a function of the temperature and concen-
tration sunlight. The different high concentrations ratios
(1, 10, 100, and 1000 sun) have been conducted accord-
ing to the dish-style concentration photovoltaic system for
three temperature values T = 300, 500, and 800 K. The
results show that under high concentrated light intensity
conversion, the performances of these three subcells (effi-
ciency, open-circuit voltage, short-circuit current, and fill
factor) were decreased with increasing the temperature.
The main objective of this study is to find the limit tem-
perature of each subcell in order to introduce the cooling
system. Thus, we can avoid the degradation of the tandem
solar cell under the concentrated illumination.
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1 Introduction

[II-V compound semiconductors are the most convenient
materials to the manufacture of the high-efficiency solar
cells for their high reliability, e.g. the wide range of solar
spectrum conversion, the good ratio of the efficiency-
weight, the excellent resistance to the solar radiation, and
the low coefficient of voltage/temperature [1-3]. Among
these materials, we can find InGaP, (In)GaAs, and Ge,
which are the most suitable semiconductors for the con-
centrator photovoltaic (CPV) applications, as they have
the highest efficiencies and the best response to the high
temperatures.

The CPV technology can generate significant the
energy. This is why it is mainly adapted for the high-energy
plants to compete with the conventional fossil fuel plants
[4, 5]. In a concentrator system, we can notice a small area
of the efficient, but very expensive cell material is required
at the focal point. The large collecting area is replaced by
the cheap concentrator optics that results in a significant
decrease in the system cost. It should be noted that the
concentration level also has an important influence on the
cost. The solar cell cost greatly decreases when a higher
concentration ratio is used. This makes the high-efficiency
cells more economic, although the concentration con-
cept is old, while the CPV technology is still considered
new [1].

The concentrated photovoltaic systems have been
widely investigated for aiming and improving the cost—
efficiency balance in the solar energy field. An important
issue is given by the cell cooling. As the cell efficiency and
stability typically were decreasing with the temperature,
solar cells were performed better at the low temperatures.
Modelling the performance of the multifunction solar cells
as a function of temperature and concentrated radiation
has been well presented in the literature [6-9]. The mod-
elling of a single diode is used by several authors to deduce
the different parameters of the subcells [10-12].

In this article, the objective is to determine the sub-
cells limit temperature that requires a cooling system in
the arid and semiarid regions. For this, we have studied the
effect of the temperature and concentrated illumination
on the performance of the individual top at the middle
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and bottom subcells InGaP/InGaAs/Ge multijunction solar
cell (MJSC). The results are shown that the bottom solar
cell is very sensitive to the temperature and concentrated
illumination.

2 Theoretical Approach

Figure 1 shows the physical problem studied. It consists of
the InGaP/InGaAs/Ge MJSC under the high-concentrated
illumination (parabolic dish system), and the Ing5Gag 5P/
Ing.01Gapg9As/Ge triple junction solar cell structure dis-
plays detailed layers with all parameters including doping
concentration. The solar cell structure consists of an InGaP
top cell, an InGaAs middle cell, and a Ge bottom cell. The
InGaP top cell of a gap energy 1.85-1.9 eV absorbs the short
part of the solar spectrum [13]. This cell is remaining trans-
parent to the light of the longer wave length [14]. This light
is absorbed more effectively by the (In)GaAs middle cell of
the gap energy (1.41-1.435 eV) [15, 16]. The Ge bottom cell of
the gap energy (0.65-0.67 eV) absorbs all the light [17]. The
triple junction cells are series connected by two p**/n*™"
tunnel junctions.

DE GRUYTER

Table 1 summarises the parameters used in our simu-
lation at T = 300 K [18]. These parameters are influenced
by the temperature. The mobility of the electrons and holes
is decreased significantly with the temperature, and sev-
eral experimental studies have given the descriptive rela-
tionships of this variation [19-21]. Also, the effective states
density of the electrons and holes increases slightly with
the temperature by a proportionality of T>2. The band
gap energy is therefore a function of lattice temperature,
following the Varshni relationship [22]:

aT?

Eg = E4(0) T+8

@)
where the Eg(0) is the band gap at 0 K; a and S are con-
stants given in Table 1. Given the effect of the material com-
position that allows the model to handle different types of
cells. For the semiconductor alloys, the band gap can be
determined by the following relation [4]:

Eg(A1 xBx) =xEg(B)+ (1 X)Eg(A)+x(1 x)P (2

Ay x and By composition of alloy and P factor depend
on alloy to include variations from the linear function.

Contact
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Figure 1: Physical model.

Table 1: The major parameters for InGaP, InGaAs, and Ge at 300 K [18].

Contact

Parabolic surface

Parameters

Top cell InGaP

Middle cell InGaAs Bottom cell Ge

Lattice constant (A°)

Band gap (eV)

Mobility of hole (cm?/V-s)

Mobility of electron (cm?/V-s)

Permittivity

Effective density of states in the conduction band Nc (cm 3)
Effective density of states in the valence band Nv (cm  3)
Affinity x (eV)

Np (cm 3)

Na(cm 3)

E4(0) (eV)

a (eV/K)

B (K

5.65 5.65 5.66
1.86 1.41 0.67
1000 400 1900
4000 8000 3900
11.75 13.1 16
1.3 102 4.7 10Y 1.04 10%
1.2 10% 9 1018 6 1018
4.08 4.07 4
3 108 5 108 1 10Y
5 10%7 5 10Y 10%7
1.915 1.5216 0.742
3.1 10 *4 5.41 10 * 481 10 4
248 204 235
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If the subcells of the solar cell are composed of alloys, then
(1) will be adapted to accurately model the dependence of
the temperature on the band gap. It is worth to mention
that earlier numerical models did not take into account the
alloy composition band gap in consideration.

Figure 2 represents the single-diode model circuit for
the MJSC. The triple-junction solar cell consists of three
junctions linked in series. Every junction was expressed by
the single-diode model. The J-V relation of the subcells is
given by [11, 23]:

q(Vi+]Rs,i)
nkgT

Vi +JRs
Rsh,i

J= ]ph,i ©)

Joi e

where i represents the number of subcells (1 = top,
2 = middle, and 3 = bottom), J is the current density, V
is the voltage, J,p, is the photogenerated current density,
Jo is the diode saturation current density, kg is the Boltz-
mann’s constant, T is the temperature, n is ideality factor,
Rg is series resistance, and Ry, is shunt resistance.

sz@ Ds Asns § A

Figure 2: The single-diode model circuit for the multijunction solar
cell.
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From this model, we can deduce the short-circuit cur-
rent density (Jsc), the open-circuit voltage (Voc), the fill fac-
tor (FF), and the conversion efficiency (1) by the following
formulas [11, 23]:

Jsc = Jph (4)

Voczwln Jse 41 (5)
Jo

FF = ]SI: ‘f“}‘;‘oc (6

n= %

where Ppax is the maximum power that was delivered by
the cell, and Py, is the incident light power.

2.1 Temperature Under Concentration

When the MJSC is subjected to a high concentration
(1000 sun), the heat can be dissipated. This heat can cause
highly problematic for the MJSC performance under the
concentration. It will increase the operating temperature
of the device if an appropriate thermal paste is not used
between the cell and the carrier [17, 24]. As temperature
is increasing, the most significant effect on semiconduc-
tors is decreased in the band gap of the material (1), which
implies an increase in the photocurrent. The performance
of the MJSC is influenced by the temperature under con-
centration as follows:

25 T T

- Numerical InGaP top sub-cell
Numerical GaAs middle sub-cell
Numerical Ge bottom sub-cell

20 =y Numerical tandem cell B

= InGaP top sub-cell [18]
GaAs middle sub-cell [18]

=y Ge bottom sub-cell [18]

E
<
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2
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Figure 3: Validation of J-V characteristics of the individual top,
middle, and bottom subcells of InGaP/InGaAs/Ge solar cell.
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The temperature has a very negligible impact on the
MJSC short-circuit current density (Jsc) as a function of
concentration by the following approximation [25]:

Jsc(T, Xsun) = XJsc(T, 1sun)

(8)

The open-circuit voltage as a function of concentra-
tion is much influenced by the temperature. The slope of
Voc as a function of concentration increases for increasing

the temperature due to the following equation [18]:

Voe(X, T) = Voe(T, 1sun) + %ln(X)
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)

Among the parameters most influenced by the tem-
perature is the temperature coefficient Vo that was
studied theoretically [26, 27] as well as experimentally

[28-31].

Table 2: Performance parameters of simulated multijunction cell compared with model data.

Jsc (mA/cm?) Voc (V) Prmax (mW) FF n (%)
InGaP top subcell 11.46 1.40 14.5845 0.9090 14.585
11.43 1.41 14.3328 0.889 14.333
GaAs middle subcell 12.50 1.01 11.1255 0.8812 11.126
12.41 1 10.7867 0.869 10.787
Ge bottom subcell 20.35 0.188 2.4035 0.6282 2.4035
18.96 0.24 3.1330 0.6885 3.1330
Tandem cell 11.46 2.598 28.0920 0.9435 28.092
11.43 2.59 27.7394 0.937 27.739
b
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Figure 4: Effect of temperature and concentrated sunlight on short-circuit current density /. for top subcell (a), middle subcell (b), and
bottom subcell (c).
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The n and the FF are involved with the temperature.
They decrease with increasing temperature [18].

_ Prax _ Jmax . Vmax

T P; X.Ppne

(10)

3 Numerical Approach

In order to achieve our objective, we have solved the
system of partial differential equations consisting of J-V
relation (3); the drift-diffusion model, which consists of
the continuity equations [(11) and (12)]; and current den-
sity equations for electrons and holes [(13) and (14)],
respectively, coupled with Poisson’s equation (15) with
appropriate boundary conditions, using the Galerkin finite
element method. The one-dimensional spatial domain is
divided into 521 elements.

Temporal continuity equations for electrons and holes
are as follows [32, 33]:
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dp _ 1dJp

+
dt q dx Ry G

(12)
where t is the time; x is the position; n and p are the con-
centration density of electrons and holes, respectively; Ry
and Ry are the recombination rate of electrons and holes,
respectively; g is the charge element; and G is the opti-
cal carrier generation rate. J; and Jp represent the current
densities of electrons and holes, respectively, and can be
written as follows [34, 35]:

]!n = qnunE + qDn¥n (13)
Jfa = qpupE  qDp¥p (14)
The Poisson’s equation is as follows [36-39]:
¢ _ dE_ gq(n p+Np Ny (15)
ox? dx €

dn  1dJy For (13), (14), and (15), we find pn and yp, are the charge
df g dx Rn G (1) carrier mobility for electrons and holes, respectively, € is
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Figure 5: Effect of temperature and concentrated sunlight on open-circuit voltage Vo, for top subcell (a), middle subcell (b), and bottom

subcell (c).
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the semiconductor permittivity (¢ = g¢&;); ¢ is the local
electric potential; Np and N4 are the donor and acceptor
concentrations, respectively; and D, and D, are diffusion
constants for electron and holes, respectively, which are
given by the following [40]:

kgT
Dn = B Hn (16)
q
kgT
Dy = 72 Hp 7)

This article adopts the detailed balance principle,
which is summarised concisely as follows. First, the gen-
eration introduced into the continuity equations (11) and
(12) is due to sunlight. This process is known as an opti-
cal generation. Second, the recombination current is dic-
tated strictly according to Schokley—Read-Hall (SRH) trap
recombination. This process depends mainly on the den-
sity of the deep levels and therefore the quality of the
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material. The SRH recombination is expressed by [41]:

Rsry

2
PR My i
E; E;
kBTL

= h
Tpo N + n;exp

E: Ei
kpTL

+ Tno p + Nj€Xp

(18)

where E; is the trap states energetic position; E; is the
Fermi level in the intrinsic semiconductor; T,0/7p0 are the
lifetime for the electrons and the holes, respectively; n; is
the intrinsic concentration; kg is the Boltzmann constant;
and T is the temperature in Kelvin.

4 Results and Discussion

To validate our results, we compared them with those
of Walker [18]. The results in Figure 3 show an agree-
ment between our numerical results and literature. Table 2
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Figure 6: Effect of temperature and concentrated sunlight on FF for top subcell (a), middle subcell (b), and bottom subcell (c).
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includes our numerical results (in blue) and those of
Walker (in red) and confirms the observations made above.

In order to find the subcells limit temperature, we
have exposed them to concentrated illumination between
1 and 1000 sun, and three temperature values are consid-
ered T = 300, 500, and 800 K. The choice of this temper-
ature range is related to the type of concentrator chosen.
We have presented the performance of each subcell as a
function of temperature at different concentration ratios.
The temperature limit is deduced when the open-circuit
voltage goes to zero.

Figure 4 shows the short-circuit current density as a
function of temperature and concentration for the three
subcells. The effect of the concentrated radiation is more
important on the short-circuit density compared to the
effect of temperature.

Figure 5 illustrates the open-circuit voltage as a
function of temperature and concentration for the three
subcells. We observe that Vo increases linearly with
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solar radiation and decreases with temperature. For
concentration ratios of 1 and 10 sun, Vo disappears
in the range of the temperature studied. The slope of
Voc(T) shows that for the bottom subcells the amplitude
of (dVoc/dT) decreases visibly with the increase in the con-
centration ratio. For the Ge subcell, the decreasing of the
open-circuit voltage approaches zero and leads to a col-
lapse of the current-voltage (I-V) curves for temperatures
greater than 400 K, which is why the temperature values
for this cell are T = 300, 350, and 400 K. Opposed to this,
data from the top and middle subcells indicate that its tem-
perature sensitivity is increasing as the concentration ratio
increases.

Figure 6 presents the FF dependence of the temper-
ature on different values of concentration ratios for the
three subcells. For all subcells, the FF increases until
it reaches a maximum value, and then the behaviour
reverses. For the top and middle subcells, this maxi-
mum value is deduced at temperature about 500 K. For

a b
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Figure 7: Effect of temperature and concentrated sunlight on efficiency conversion n for top subcell (a), middle subcell (b), and bottom

subcell (c).
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the bottom subcell, the temperature value is 350 K. This
behaviour is due to the sharp drop in the open-circuit
voltage.

The variation of the 17 as a function of the temperature
at different concentration ratios for the three subcells is
shown in Figure 7. The n decreases with increasing tem-
perature and increases as a function of the concentrated
radiation. This increase is controlled by the logarithmic
increase of V. with intensity. However, as the concentra-
tion increases, this effect is compromised by the reduction
of FF cells due to losses of resistance in series.

5 Conclusion

A cooling temperature for InGaP/InGaAs/Ge subcells
under concentration is developed and introduced in this
study. The single-diode model of the equivalent cir-
cuit for subcells multijunctions and the drift-diffusion
model coupled with the Poisson equation have been used
successfully. The three subcells paired in GagsolngsoP,
Ing01Gagg9As, and Ge were studied over a wide range of
temperature and irradiance. The top Gag s0IngsoP subcell
and the middle subcell GagggInggiAs are almost in paired
current across the entire temperature range. As the tem-
perature increases, a change from a slight limitation of
the top and middle subcells is observed. The decrease in
short-circuit density as a function of temperature is low
compared to the bottom cell, which is invisible. The results
of the open-circuit voltage for the three subcells show that
at high temperature, for the Ge subcell, the decrease of the
open-circuit voltage approaches zero and leads to a col-
lapse of the I-V curve for temperatures greater than 400 K.
For the three subcells and at different concentrations. The
FF and n decrease with temperature. Finally, we can con-
clude that the limit temperature is equal to 400 K, because
the cooling system is necessary and will be placed in par-
allel with our CPV system in order to avoid the degradation
of InGaP/InGaAs/Ge MJSC.
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