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ABSTRACT

In the context of global energy consumption, the production of photovoltaic solar energy remains
very low. One solution to this problem is to use multi-junction solar cells with high efficiency. Efforts
are being made to increase the efficiency of solar cells and reduce their cost of production. In
order to optimize the performance of multi-junction solar cells, this paper presents an analytical
model allowing to study and model the influence of technological and geometric parameters on the
performance of tri-junction solar cells Gao.¢71n0.33P/GaAs/Gao.r0Ino.30As. These parameters
are the thickness, doping and Gap energy of the three sub-cells making up the tri-junction solar
structure. The thicknesses and doping of the emitters (bases) of the sub-cells are varied and
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chosen in order to optimize the efficiency of the Trijunction Solar Cell (TJSC)
Gag.67Ino.33P/GaAs/Gao.70Ino.s0As. The one hand, the base doping (emitter) is selected
so as to minimize the dark current and the other hand,to reduce the resistive losses in this region.
As for the thickness, it is chosen so as to minimize the recombination phenomena.

The simulation results show that for a given thickness, the sub-cell efficiencies have maximums
which evolve with the increase in doping. If the doping of the base (or emitter) of the sub-cells
increases, there follows a proportional increase in the efficiency. In addition, when the optimal
doping and thickness of the bases (or emitters) are reached, above these, they can vary over a
wide range without considerably modifying the efficiency of the solar cell. This point about the
tolerance ranges is very important for the practical realization of Photovoltaic solar cell structures.
These results also show that the optimal performance of the Tri-junction Solar Cell are obtained for
the relatively low thicknesses of the bases (or emitters) (100nm-700nm) with high doping values
(Nb =8¢+ 18cm™3) et (Ne = 10"%cm ™). These optimal thicknesses are smaller than the optical

penetration depths and the diffusion lengths of GalnP, GaAs and GalnAs materials.

Keywords: Tri-junction solar cell; Doping; thickeness; emitter; base.

1 INTRODUCTION

Photovoltaic solar energy has become one of
the most important sources which replaces fossil
energy thanks to its abundance. The large-scale
use of photovoltaics is becoming more and more
a reality. Small-scale electrical systems (10 -
20kW) using Silicon solar cells now compete with
fossil fuel electric generators for areas isolated
from conventional electrical grids [1]. The total
global energy production from solar cells was
0.3GWh in 2000, 12.6TW h in 2008 and 585TW h
in 2018 according to the International Energy
Agency (IEA-2018). In 2000, production was
mainly based on silicon solar cells. In 20 years,
silicon solar cells have reached efficiencies
above 20% and the cost has been reduced to
less than $10/W[2]. However, in the context of
global energy consumption, the production of
photovoltaic solar energy remains very low. One
solution to this problem is to use high efficiency
multi-junction solar cells. Efforts are being made
to increase the efficiency of solar cells and
reduce their cost of production. It is in this context
that researchers from the National Renewable
Energy Laboratory (NREL) started working on
the tandem GalInP/GaAs solar cell a few years
ago [3-4].The cell consists of a GazIni—,P
top sub-cell (with a band gap of 1.8 — 1.9¢V)
and a bottom sub-cell GaAs (1.42eV). These
sub-cells are separated by a suitable lattice
interconnection tunnel junction. Before that,
several groups were working on tandem device
designs which should reach the theoretically

efficiencies approaching 36 — 40% [2-5]. In 1990,
efficiencies greater than 27% for the air mass
(AM1.5G) and one sun, have been achieved
by modifying the thickness of the top cell for
obtain a current match [6]. This adjustment of
the thickness of the top cell can also be used to
obtain a current correspondence under different
solar spectra, for example, AM0 and AM1.5D.
By using this characteristic of the tandem solar
cell GaInP/GaA, NREL, has established the
efficiency record of 29.5% [7] at AM1.5G.
Meanwhile, many laboratories around the world
were studying this device, and the record of
29.5% was finally overshadowed by researchers
from the Japan Energy Corporation with the
efficiency of 30.3% [8]. In order to improve the
performance of multi-junction solar cells, this
paper focuses on the study and modeling of
the influence of technological and geometric
parameters on the performance of tri-junction
solar cell Ga0‘67I7’L0‘33P/GaAS/Gaoj()In()‘g,oAS.
This cell is made up of sub-cells composed
of IlI-V semiconductor alloys. The materials
Gao.67Ino.ssP , with a band gap of 1.93eV,
GaAs, with Eg = 1.42¢V  and the
Gao.70Ino.30As, with Eg = 1.00eV are
particularly important examples for our case.
Both n- and p-type doping of these materials are
generally straightforward, and complex structures
made from these materials can be grown with
extremely high crystalline and optoelectronic
quality by existing growth techniques. The
modeling and optimization are essentially based
on the parameters of the three sub-cells, namely
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Ga0,67[’n0,33p, GaAs and Gao.70lng.30As. We
are interested in the emitters and the bases of
these three junctions. The parameters used
are the thickness, the doping and the energy
of Gap.The three sub-cells are interconnected by
a tunnel junction. The thicknesses and doping of
the emitters and bases of the sub-cells are varied
and chosen in order to optimize the efficiency of
the CSTJ Ga0‘671n0,33P/GaAS
/Gaojolno_ggAS.

2 MATERIALS AND METHODS

2.1 Phenomenon of Collecting

Photogenerated Carriers

In practice, the photogenerated carriers cannot
all be recovered (or collected) at the terminals
of the solar cell because of the recombination
phenomena which exist. A solar cell is made
up of an absorber and two semi-permeable
membranes, one to electrons and the other to
holes [9].

The semi-permeable electron membrane is the
emitter, it is an n-type doped layer and that of

the holes is the absorber which is a p-type doped
layer and the membrane which passes the holes
is the back contact of the absorber. At the
interface between the emitter (type n) and the
absorber (type p), a p — n junction is created.
The creation of this junction p —n is accompanied
by the creation of an internal electric field which
compensates for the diffusion of carriers from
each side of the junction [10]. An illustration of
the p — n junction is shown in Fig. 1.

When a photon is absorbed in the space charge
region, the photogenerated carriers are quickly
separated by strong internal electric field. The
probability of collecting these carriers is therefore
maximum. When a photon is absorbed in one of
the quasi-neutral zones, the minority carriers (the
electrons in the p-type absorber and the holes in
the n-type emitter) must diffuse up to the junction
in order to be collected. The characteristic
distance over which the minority carriers can
diffuse before recombining is the diffusion length,
denoted L, in the case of electrons and L, in
the case of holes. It is considered that carriers
generated at a greater distance than L,, or L,
junction will not be collected and will be lost [11].
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Fig. 1. Diagram of a p — n junction. Contacting

— —

E-field force on electrons

a p-doped zone and an n-doped zone results

in the formation of a space charge zone, in which there is a strong electric field. This electric

field counterbalances the diffusion of carri

ers on either side of the junction. We can

distinguish two regions, the space charge zone and the quasi-neutral zone on either side of
the junction [9]
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2.2 The Choice of the Structure
of the Tri-junction Solar Cell
Studied

Under an AM 1.5 solar spectrum, the choice of
semiconductor materials used in our work plays
a very important role to obtain better efficiency.
This choice mainly depends of the energy gap
of these materials and their molar composition.
The optimal energy gap of homojunction solar
cells and which gives a better efficiency must
not exceed 1.42eV as is the case for GaAs [12].
The American company Alta Devices achieves
the efficiency of 28.8% for a monojunction cell
made up of GaAs [13]. For monolithic tandem
cells made up of two junctions, the literature gives
a value between 1.75¢V and 1.8eV for the top
sub-cell and 1.1eV for the bottom sub-cell [14].

A theoretical efficiency of 36% is obtained with
a tandem cell having a gap of 1.7eV for the top
sub-cell and 1.1eV for the bottom sub-cell under
the terrestrial solar spectrum AM1.5 [15-16]. The
efficiency of 51.94% is obtained under the AM1.5
spectrum using materials with gaps 1.90eV,
1.34eV, and 0.94eV [17] and a theoretical
efficiency of 53.52% is obtained under the AM1.5
spectrum using materials with 1.93eV, 1.42¢V
and 1.00eV gaps [18]. In our case, we were
inspired by ref [18] and we stacked two junctions
(GalnP and GalnAs) at the optimal junction
(GaAs), one top (GalnP) and the other bottom (
GalnAs). The gap energy of these materials are
adjusted and chosen using Vegard’s law [19], by

adjusting the composition of Gallium and Indium
in the GagzIni—,P and GazIni_,As alloys.
The semiconductor materials used in tandem
must have descending gaps ((E41[1.93¢V] >
E42[1.42¢V] > FE43[1.00eV])). By using these
three junctions, a large part of the spectrum is
absorbed and therefore more electric current is
generated.

The architecture of our model cell is shown in
Fig. 2. We are interested here, exclusively in the
optimization of this triple junction solar cell device
GazIni—zP/GaAs/GayIni_gAs. Optimizing
a device consists in identifying an optimal
configuration, or an optimum of operation of this
device. In our case, it is to determine the
optimal performance of different sub-cells and to
identify the parameters that impact most strongly
these performances. In this perspective, we will
use a parametric optimization which allows to
highlight the influence of a given parameter that
we want to optimize to maximize the performance
of a device. In the case of optimizing the
efficiency of a solar cell, this method would, for
example, make it possible to know the influence
of the physical, technological and geometric
parameters of the cell, thus making it possible
to know the optimal value of the efficiency as
a function of each parameter and its sensitivity
to these different parameters. The advantage
of this type of optimization is the fact that the
influence of each parameter on the performance
of the cell is easily viewable and thus classifies
these parameters according to their degree of
influence.
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Fig. 2. Architecture of a monolithic tri-junction solar cell used in our case
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2.3 Analytical Model

The analytical model is proposed to optimize and
evaluate the maximum theoretical efficiency of
the Tri-junction Solar Cell as a function of the
technological and geometric parameters of the
sub-cells that constitute it. The short circuit
current density (J,.) generated as a function
of the band gap is calculated directly from the
spectral data. The open circuit voltage (Vi) is
determined by the calculated short-circuit current
density and the saturation current density (J,)
which depends on the parameters mentioned

above[20]. The short circuit current density (Js.)
of each sub-cell is determined by the external
quantum efficiency of the sub-cell, QE()\), and
by the flux of photons incident on this cell Q;nc())
as follows [21]:

Jee =q / T o NQENAY  (2.1)
0

The external quantum efficiency QFE for an
ideal cell of finite base thickness z;, x. emitter
thickness and width of the space charge area W
(for a total thickness = xy, + z. + W) is given by
[22]:

QFE = QEcm + QFgepr + exp[—a (ze + W)] QEbase (2.2)

with

QB = fa(Le) (le + aLe — exp(—axe) X [lecosh(xe/Le) + sinh(ze/Le)]

lesinh(xe/Le) + cosh(ze/Le)

— aLeerp(—axe)

(2.3)
QFgep = exp(—azxe) [1 — exp(—aW)) (2.4)
_ lycosh(zw/Ly) + sinh(zs/Ly) + (aLy — lp)exp(—axy)
QBpase = fo(ls) (aLb B lysinh(zp/Ly) + cosh(xy/Ly) ) (2.5)
_ Sy Ly _ SeLe _ KTuy _ KTue
b= Ds e = D. , Dy = 7 ,Def—q (2.6)
fa(L) = (Q;‘—L_l 2.7)

The dependence of the wavelength of photons is not explicit in these equations, but can be seen
through the dependence on the wavelength of the absorption coefficient a(\). The quantities r(.),
L), Sp(e) are, respectively, the mobility, the diffusion length and the surface recombination speed of
the minority carriers in the base (emitter). T is the absolute temperature. In this section, we will make
the simplifying assumption that each absorbed photon is converted to photocurrent, a remarkably
good first approximation for high quality 777 — V junctions. In this case, the QF very simply depends
on the total thickness of the cell, ¢ = z. + W + 3, as follows:

QE(\) =1 — expa(N)z] (2.8)
because an exp [a(N\)z] fraction of the incident light is transmitted through the cell instead of being
absorbed. Although equation (2.8) is obvious, it can also be deduced from equations (2.2)-(2.5) by
fixing S = 0, L > z and L > 1/a. The incident photons Q.. on the top sub-cell is simply the
solar spectrum Q. On the other hand, the light hitting the middle sub-cell is filtered by the top sub-
cell so that the middle sub-cell sees an incident spectrum Qsexpla:(\)z:], where x: and ax(\) are
respectively the thickness and absorption coefficient, of the top sub-cell. Similarly, the light hitting
the bottom sub-cell is filtered by the middle sub-cell and its incident spectrum is Qsexp[—cm (A)xm],
where z,,, and a. () are respectively thickness and absorption coefficient of the middle sub-cell.

Assuming that the bottom sub-cell is thick enough to absorb essentially all of the incident photons
filtered by the middle sub-cell, we conclude that the short-circuit current densities of these three
sub-cells are given by:
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At
Jee = / (1 - eap[~ar(Nar]) @.(\)dA (2.9)
Jsey 7q/ exp [—m(N)zm] @s(N)dA (2.11)

where \; = —c, Am =
the top, mlddléhand bottom sub-cells respéctlvely As the middle sub-cell is filtered by the top sub-cell,

Jse,, depends on both Eg,, and Eg;, while J,., depends only on Eg;, it is the same as J.., which
depends on Eg,, and Eg. In this case, exp[—a:(\)z:] = 0 for all photon energies greater than Eg;
and for photon energies smaller than the gap, a(\) = 0, therefore exp[—a;(N)z] = 1, so that the
equations (2.9), (2.10) and (2.11) become:

At

Jse, = q/ P (A)dA (2.12)
0
Am

Jserm = q/ D (A)dA (2.13)
At
Ab

Joep = q/ Dy (N)dA (2.14)

m

To quantitatively model the multi-junction devices, we need expressions of the curve (J — V') sub-
cells. For this we use the classical equations (J — V') of the ideal photodiode (neglecting the regions
of depletion) [22].

J=Jo {emp (;;) - 1] — Jse (2.15)

where ¢: charge of the electron and we have assumed that the ideality factor of the diode is equal to
1. An important special case of this is:

Ve ~ @z (J> (2.16)
To

because in practice J../Jo > 1. The dark current density .Jy is given by:

Jo = JO,ba,se + JO,enL (217)

- & n? SbLb/Db =+ tanh(xb/Lb)
Jopase = (Lb) (Nb) (SbLb/Dbtanh(mb/Lb) +1 (2.18)

_ D. n? SeLe/De + tanh(xe/Le)
Joem =4 (L) <N> (SeLe/Detanh(me/Le) 1 (2.19)

— B, 9mkT .3 _E,
=T 9) = 4( e ) me* 2mp” a:p( kT) (2.20)

where N. and N, are effective densities of electrons and holes, h is the Planck constant, m.* and
mp™ are effective masses of electrons and holes, E, is the energy of the gap of the semi-conductor
used.

with

M\w

n;2 = N.N, exp(
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Each junction of the multi-junction structure is described by equations (2.15) to (2.20). Equation
(2.17) becomes:

_ 9 Dy
w2

Equation (2.21) show that V,. depends on several parameters including the thickness, the doping,
the diffusion lengths, the recombination coefficients etc. For the calculation of form factor (F'F') and
conversion efficiency (n), we use the following analytical formula [13]:

Voc
Voc —nViln (th+0A72)

Voc+ nV;

SeLe/De + tanh(x. /L)
SeLe/Dctanh(ze/Le) + 1

SbLb/Db + tanh(l‘b/Lb) D,
(L N ) (2.21)

SbLb/Dbtanh(zb/Lb) +1

FF =

(2.22)

where V;, = % is the thermal voltage, k& Boltzmann constant, ¢ the elementary charge and n is the
ideality factor of the cell which we can take equal to 2 at 7' = 300K. and the conversion efficiency will
be calculated using the expression:

_ FFxVocxJsc

= 7
where P, is the incident power of the AM1.5G spectrum (1000W/m?). To obtain correct numerical
values for the performance of Multijunction solar cells, we must choose the values of the parameters of
the materials constituting the sub-cells. The diffusion lengths at 300° K for GaInP are L, = 3.7um,
L. = 0.6um , for GaAs are L, = 17um and L. = 0.8um and for GalnAs are L, = 8.9um and
L. = 0.7um. For simplicity, and to give results representing the maximum possible performance, all
surface recombinations are considered to be zero. In this case S, = 0 and S. = 0 and the equation

(2.23)

(2.21) becomes:

Jo = qn? K%) tanh(xzy/Ly) + (L?Iif) tanh(me/Le)}

3 RESULTS AND DISCUSSION

Doping and thickness play an important role in
both the top and middle and bottom sub-cells.
The doping of the base (emitter) is chosen so as
to minimize the dark current on the one hand and
to reduce the resistive losses in this region on
the other hand. As for the thickness, it is chosen
S0 as to minimize the recombination phenomena.
First, we took the results corresponding to the
molar fractions obtained and the gap energies of
the semiconductor materials GazIni—. P, GaAs
and GayIn,_, As constituting the sub-cells of the
tri-junction solar cell, which give better efficiency,
as constant. Then, we varied the doping of the
base (emitter) of these materials for the different
thicknesses of the base (emitter) of these, in
order to see their effect on the conversion
efficiency (n) of these three sub-cells and of the
trijunction solar cell at 300°K. The doping was
varied from 10'® — 10'° and the thickness from
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100nm—1500nm. Figs. 2 to 5 show the variations
in the conversion efficiency (n) of the three sub-
cells (top, middle and bottom) as a function of
the doping of their bases (emitters) for different
base (emitters) thickness values . These figures
show that for a given thickness, the efficiencies of
the sub-cells exhibit the maximum evolving with
increasing doping.

We noted that, if the doping of the base or the
emitter of the sub-cells increases, it follows a
proportional increase of the efficiency until an
optimum for Nb = 8e + 18 for the base and
Ne = 10" for the emitter of the top sub-cell and
for Nb = 4e + 18, Ne = 10'? for the middle and
bottom sub-cells. The same behavior is observed
on the GaInP/GaAs/GalnAs Tri-junction solar
cell. This is explained by the increase in the
open circuit voltage V,. due to the decrease
in the saturation current density (Jo) and the
decrease in the short circuit current density due
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to the increase in the resistivity of the base or the
emitter.

In a second step, we looked at the optimal base
(emitter) doping variation as a function of different
thicknesses of the base (emitter) for all the sub-
cells. We found that the efficiency increases
with the decrease in the thickness of the base
(emitter). For the top sub-cell for example, at
an optimal base doping of Nb = 4e + 18, the
efficiency goes from 35% to 42.5% when the
thickness of the emitter is varied from 1500nm
to 100nm. We notice that the thickness of the
emitter has a big influence on the cell efficiency
compared to its thickness of the base. This
situation is also observed on all the other sub-
cells and on the tri-junction solar cell.

We have also noticed that when the optimal
doping and thickness of the bases (or emitters)
are reached, above these, they can vary over
a wide range without modifying considerably
the efficiency of the solar cell.  This point
concerning the tolerance ranges is very important
for the practical realization of Photovoltaic solar
cell structures. These results show that the
optimal performance of Solar Cell Tri-junction
are obtained for the thicknesses of the sub-cells
relatively low (100nm-700nm) with high doping
values (Nb = 8e + 18cm™3) and (Ne
10"ecm ™).  These optimal thicknesses are
smaller than the optical penetration depths and
the diffusion lengths of the materials GalnP,
GaAs and GalnAs.
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Fig. 5. Variations in the conversion efficiency () of the three sub-cells (Top, middle, bottom)
as a function of the doping of the emitter for different values of the thicknesses of the emitter
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In Fig. 6, we see that the effect of the thickness
of the base on the efficiency of the Tri-junction
Solar Cell (CSTJ) begins to be felt for very high
emitter dopings (Ne > 4e + 18). On the other
hand in Fig. 8, we note that the effect of the
thickness of the base on the efficiency of the
TJSC is more pronounced for weaker dopings of
the base (Nb < 10'®). The thickness of the base
has no effect on the efficiency for higher doping
of the base and we note that for Nb > 6e + 18,
the efficiency of the TUSC remains constant for
different values of the thickness from the base.

In Figs. 7 and 9, we see that the effect of the
thickness of the emitter on the performance of

the CSTJ begins to be noticed for the weaker
dopings of the base or the emitter and increases
as and as doping increases, but the effect is more
pronounced for the thicknesses of the emitter.

Figs. 10 and 11 show the J-V characteristics of
the TJSC Ga0‘671n0‘33P/GCLAS/GG,0‘70[7’L()‘30AS.
These figures are the results of the J-V
characteristics of 3 sub-cells connected in series
and at two terminals. The voltage at a given
current for the CSTJ is equal to the sum of
the voltages of 3 sub-cells which compose it, at
this same current. However, in the Trijunction
Solar Cell (TJSC) with sub-cells connected in
series, the currents through each of the sub-
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cells are forced to have the same value and
it is the sub-cell that starts less current that is
taken into account for the current of the CSTJ.The
influence of the thicknesses and doping of the
bases (or emitters) of the sub-cells on the J-V
characteristics of the TJSC is shown in these
graphs. We have observed that, with a strong
doping (N > 10'®) of the base ( or emitter),
there follows an increase in the voltage because
of the decrease in the saturation current density
(Jo). But it causes a decrease in the short circuit
current density because of the increase in the
resistivity of the base (or emitter). In addition,
the reduction in the thickness of the layers
makes it possible to minimize the phenomena of
recombinations in order to increase J,. and V.
and consequently increase the current density
and the voltage of the TJSC.

Thickness and doping are two more important
factors that affect the performance of solar
cells.Increasing the thickness of the layers can
allow a higher absorption efficiency, but not
a better charge collection efficiency, which
consequently limits the photovoltaic efficiency.
This is due to the fact that when the material
thickness is more greater than the length of
charge diffusion, the probability of recombination
becomes high. However, maintaining a lower
layer thickness can still make it possible

to minimize the recombination phenomena in
order to increase J,. and V,.. Reasons to
reduce the thickness active materials are both
technological and economical. The challenge
is how to increase absorption without increasing
the physical thickness of the materials. In
addition, doping a solar cell involves increasing
its conductivity chemically. The level of doping
is an important parameter for the efficiencies of
multi-junction solar cells. Strong doping lowers
the resistivity of the semiconductors.

In addition, the p and n doping levels on either
side of the tunnel junction must allow the carriers
in a band of conduction to pass by tunnel
effect towards accessible states of the valence
band of the adjacent cell. Indeed, the increase
in doping obviously increases the electric field
in the junction and at the same time causes
a decrease in the space charge area (ZCE).
The increase in the electric field leads to an
increase in the open circuit voltage (V,.). On
the other hand, the decrease in the space charge
area will cause a decrease in the short circuit
current density (Js.). These two trends of
(Voe) and (Jsc) will consequently give maximum
efficiencies depending on the doping and the
thickness of the emitting layers and the bases of
the solar cells.

Table 1. The parameters and optimization intervals, optimal parameters and the output
parameters of the three sub-cells (top, middle and bottom). The output parameters are open
circuit voltage (V..), short circuit current density (J..), form factor (F'F') and conversion
efficiency (n)

Top sub-cell Emitter doping Base doping Emitter Base gallium
thickness thickness composition

optimization parameters Ne(em™3) Ny(em=73) Xe(nm) Xp(nm) X
optimization intervals [1016 — 1019] [10'6 — 1019 [100-1500] [100-1500] [0-1]
optimal parameters 101 8E+18 100 700 0.33
output parameters of the sub- VoeV] Jse[mA/em?] FF[%] n[%]
cell

0.56 16.74 59.30 48.74
Middle sub-cell
optimization intervals [10T0 —1017] [10T6 — 10T [100-1500] [100-1500] [0-1]
optimal parameters 104 4E+18 100 100 -
output parameters of the sub- Voc|V] Jse[mA/em?] FF[%] nl%)
cell

0.34 14.31 44.92 22.53
Bottom sub-cell
oplimization intervals 1078 —1017] [10T° — 1017 [100-1500] [100-1500] [0-1]
optimal parameters 10t 4E+18 100 400 0.30
output parameters of the sub- Voe[V] Jse[mA/em?] FF[%] n[%)
cell

0.43 18.25 49.56 n27
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Fig. 7. Variation in the efficiency of the
Gao.67In0.33P/GaAs/Gag.70In0.30As
Tri-junction solar cell as a function of the
doping of the emitters of the sub-cells
Gao_67ITL0A33P,GaAS and G(lojo]noAgoAs for
different thicknesses of the bases of these
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Fig. 9. Variation in the efficiency of the
Ga0.671710.33P/GGAS/GCLOJOITIU.:;OAS
Tri-junction solar cell as a function of the
doping of the base of the Gag.¢7In0.33P,
GaAs and Gag.70Ino.30As sub-cells for
different thicknesses of the bases of these
sub-cells

Finally, we were able to extract the optimal
parameters which give maximum efficiency to
three sub-cells and to the Tri-junction solar cell.
These parameters are shown in Table 1. A
maximum efficiency (n ~ 56%) of the Tri-junction
solar cell is reached for the values of the following
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Fig. 10. Variation in the efficiency of the
Ga0.671n0.33P/GCLAS/GCLO.mITLo.soAS
Tri-junction solar cell as a function of the
doping of the base of the Gag.¢7In0.33P,
GaAs and Gag.70Ino.30As sub-cells for
different thicknesses of the emitters of
these sub-cells

optimal parameters: the doping of the emitter
(Ne = 1le + 19cm™?), the doping of the base
(Nb € [de + 18 — le + 19cm™3]), the thickness
of the emitter (Xe = 100nm) and the thickness
of the base (Xb € [100 — 700nm]).
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Fig. 11. Current-voltage characteristics of
the Trijunction solar cell
Ga0,671n0,33P/G0,AS/GG,0,70]110,30AS, taklng
into account the different thicknesses of
the base and for a doping of the base
Nb € [le+16 — le + 19

4 CONCLUSION

In this work, we studied the effect of technological
and geometric parameters on the performance
of the GaoA67]710A33P/GaAS/Ga0A7QIn0A30AS Tri-
junction Solar cell (TJSC). We used doping
parameters, the gap energy and the thickness
of the GalnP GaAs and GalnAs sub-cells. We
are interested in the emitters and the bases
of these three junctions. The three sub-cells
are connected in series and are separated by
tunnel junctions. An analytical model to optimize
the performance of the sub-cells based on the
variation in doping and the thickness of the
bases (or emitters) of these sub-cells has been
developed.

The results of simulations have shown us that
for a given thickness, the efficiencies of the sub-
cells increase with the increase in doping up to
an optimal value for which the efficiency remains
fixed. In addition, the efficiencies increase with
the decrease in the base (or emitter) thicknesses
of the sub-cells.

Ultimately, we found that optimal performance
of the Tri-junction Solar Cell are obtained for
relatively low layer thicknesses (100nm —700nm)
with high doping values (Nb = 8e + 18cm %) et
(Ne =10"%em™3).
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Fig. 12. Current-voltage characteristics of
the Trijunction solar cell
Ga0,671’n0,33P/GaAS/Ga0‘70[1’L0,30AS, taklng
into account the different thicknesses of
the emitter and for doping of the emitter
Ne € [le+ 16 — 1le + 19]

These optimal thicknesses are smaller than
the optical penetration depths and the diffusion
lengths of the GaInP, GaAs and GalnAs
materials constituting the TJSC. All these results
allowed us to extract the optimal parameters
which give a maximum yield to three sub-cells
and the Tri-junction solar cell.
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