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Abstract- In this paper, the efficiency of a novel GalnP,/GaAs/GaAsy.4Bioos/Ge concentrator multijunction solar cell has been
investigated by simulation using indigenously written code for MATLAB software. The materials in this unique cell structure are
judiciously selected to ensure the maximum absorption of photons from ultraviolet to deep infrared wavelengths of the solar
spectrum. A theoretical model has been developed to channel the same current in all four junctions as well as to ensure the highest
conversion of the sunlight into electricity. The theoretical efficiencies of this quadruple junction solar cell have been simulated to be
49.6% and 60.2% for AM1.5G solar radiation under 1 sun and 500 sun concentration respectively. Finally, these simulated
efficiencies have been compared with the theoretical and experimental efficiencies of the reported champion solar cells.
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1. Introduction

Multijunction solar cells offer the champion solar cell
efficiencies in photovoltaic literature. To surpass the single
junction solar cell efficiency limitation and to achieve the very
high efficiency, different research groups reported a list of cell
configurations such as tandem cell, triple junction cell, four
junction multijunction cells or even more. Incorporating the
concentrator ~ photovoltaic  (CPV)  technologies  with
multijunction solar cells promise further improvement of the
overall cell efficiency (n). This CPV technologies significantly
reduce the amount of material required for cell fabrication that
consequently reduce the overall manufacturing cost of the
multijunction solar cell. Concentrator multijunction solar cell is
used for terrestrial application.

To realize ultrahigh efficiency solar cell, there have been
growing interest in designing and developing quadruple junction
solar cell among the photovoltaic community since the last

decade of twenty century. In 1997, Sarah Kurtz et al.[1]
designed a four layered GalnP/GaAs/(not specified)/Ge
multijunction solar cell and projected an ideal theoretical
efficiency of n >50%. In 1998, an GalnNAs active layer of 1leV
bandgap(Eg) was used as third layer of four junction solar cell
and reported a theoretical efficiency of 52% under 500 suns for
AM1.5D [2]. Considering the optoelectronic properties of
GalnNAs, an improved design of a four junction
GalnP/GaAs/GalnNAs/Ge solar cell has been elucidated in 2002
[3]. Introducing new modeling techniques and using Silvaco
ATLAS software package for capturing wide range of
optoelectronics properties, another four junction solar cells was
designed and published in 2005 [4]. With optimized chemical
composition, GalnAs semiconductor materials of 1eV and
0.7eV bandgap have also been used in replacement of GalInNAs
and Ge for third and bottom layer respectively of conventional
four junction solar cell [5]. After that, different research groups
reported a list of four junction solar cell configurations.
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In recent years, a novel four layer configured
INo.51Gag.49P/GaASs/INg 24Gag 76AS/INg.10Gag 81Sh multijunction
solar cell has been reported with theoretical efficiency 47.2%
under 1 sun condition (normal atmospheric) [6]. At the same
time, a new material, 111-V bismide semiconductor of Eg = 1 eV
has also been used as a third layer for four junction solar cell [7,
8]. For example, Sakib et al. [7] designed a novel four junction
GalnP2/GaAs/GaAso.4Bioos/Ge cell of 49.7% efficiency for
AM1.5G for normal atmospheric condition, and Shamima et al.
[8] further replaced the Ge bottom layer with 0.7eV bandgap
GaAsy.01Bio.0ss7 material and described another four junction cell
Ga|npz/GaAS/GaASo,94Bio,osgs/GaASo,ngio.osw of 52.2%
efficiency for AM1.5G under 1 sun condition.

In this work, normal atmospheric condition is further
extended to 500 sun concentrating condition of solar irradiance.
We have proposed a novel GalnP./GaAs/GaAsyaBioos
(1eV)/Ge (0.67eV) for four junction concentrator solar cell and
achieved theoretical efficiency ~49.6% and ~60.2% for
AML1.5G solar radiation under 1 sun and 500 sun concentration
respectively. The simulation results shows that with the
incorporation of sun concentration factor leads to a linear
increment in the short-circuit current and a ~10% increment in
the overall solar cell efficiency.
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Fig.1. Different parts of solar spectrum absorbed by
corresponding semiconductor materials are shown in (a)—(c). In
(a), entire spectrum is absorbed by GalnP,/GaAs/Ge solar cell.
In (b) an additional 1eV bandgap new material is introduced and
in (c), a GaAsixbx semiconductor of 1eV bandgap material is
used for achieving novel four junction concentrator solar cell.

2. Proposed Four Junction Solar Cell

In this proposed multijunction solar cell, all sub-layers are
comprised of I1I-V semiconductor materials with zinc blend
crystal structure. The design used GalnP; of electronic bandgap
1.9 eV as top cell or first layer, GaAs of 1.42eV as middle cell
or second layer and Ge of 0.67eV as bottom cell or fourth layer
(ca. Figure 1 and 2). For third layer, Gallium Arsenic Bismide
(GaAsi«Bix) has been proposed. To obtain this desired material,
bismuth (Bi) content is mole fractionally mixed with GaAs.
Although bismuth is considered as a non-radioactive toxic heavy
metal but I11-V bismide compound does not show any toxicity.
However, it has been observed in literature that energy band-gap
of GaAs is reduced by ~ 84 meV for each 1% percent of Bi
content (x) [7-12]. The bandgap of GaAs is reduced by
molecular beam epitaxy (MBE) and amount of Bi content is
evaluated by Rutherford back scattering (RBS). So, for
obtaining Eg = 1eV of GaAs0.94Bi0.0583 active layer, 5.83%
of bismuth (Bi) content is incorporated
with GaAs semiconductor material. As very small amount of
Bi is mole fractionally mixed with GaAs, so the lattice constant
of this desired active layer could be kept approximately the same
[8, 11].

All four sub layers (top to bottom) are comprised of p-type
and n-type layer creating four p-n junctions. Therefore, these
four p-n junctions generate four different open circuit voltages.
Every two adjacent sub layers are connected together by a tunnel
junction. In practice, an extremely thin tunnel junction of wide
bandgap [6] is produced in between every two successive layers
from their corresponding layers (see Figure-2). As these layers
are extremely thin in nature and originated from the
corresponding sub layers (such as p-type GalnP;tunnel junction
layer for first tunnel junction is originated from p-type GalnP,
layer of top cell), so the thickness of tunnel junction layer along
with its parent layer will be the same as original parent layer.

For attaining the maximum current and optical transparency
channeling through top to bottom cells, it has been maintained
that all these four sub-cells are lattice matched (lattice constant
~5.65A) and series connected. An anti-reflecting coating layer
has been used for minimizing the reflection loss and a wide
bandgap AllnP material has been used as a window layer for
ensuring maximum light entering the subsequent p-n junctions.
The role of the front and back contacts is to collect the photo
generated carriers from the solar cell.
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Fig. 2. A schematic design of GalnP./GaAs/GaAso.4Biocs/Ge multijunction solar cell.

3. Theoretical Model

In multijunction solar cell, solar spectrum is usually split in
parts and each part of spectrum is absorbed in the sub-cells
suitable bandgap. It has been already described that sub-cells are
stacked in order of higher bandgap to lower bandgap and all
these are connected in series. In our present model, we assume
that series resistance is zero and shunt resistance is infinity.
However, the electrical characteristics of four junction solar cell
have been determined using a modified version of the standard
equations [12-22]. According to this model, the short-circuit
current density (Js.), has been determined directly from ASTM
reference spectra ( see Figure-3) [23, 24].

Al

=€ X—
]sc € hv

1)

Here, e is the electronic charge, | is the irradiance and A is
the wavelength of incident light, h is the Plank constant and v is
the velocity of light. For concentrator solar cell, intensity of
incoming irradiance (1) is increased by integer multiplication of
concentrator factor (C), so the short-circuit current density
Jsc €quation is modified by incorporating an additional
concentrator factor (C) with the equation (1).

A0
hv

Jsc=ex O]
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Fig. 3. ASTM G173-03 standard reference spectra [24].

The reverse saturation current density Jo, is very important factor
for cell performance that is determined for each cell as the sum
of the currents for the n-type and p-type layers [14].
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Here, D and Dy stand for diffusion constant for electron and
hole respectively, z andz, are the minority carrier life time for
electron and hole, n; is intrinsic carrier concentration, Naand Np
are acceptor and donor concentration, Se and Sy are the surface
recombination velocity of electron and hole, X,andX,, are the
thickness of p-layer and n-layer.

The diffusion constants D and D,, are calculated from the
Einstein’s relationship [14]:

D, ="t 4)

e

kT
D ==& ®)

e

Here, peand pin are the mobility of electron and hole and k is
the Boltzmann constant.

The minority carrier life time 1. and t, are calculated from [14]

1 1
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Here, zry IS the Shockley-Read-Hall life time and B is the
direct band-band recombination co-efficient.

The surface recombination velocities of electron Seand hole Sy,
are determined from

_De _ _De _ [De

Se = T Teme e ®)
Sp="b=2h = |20 )

h = Lp - \JThDn - Th
The intrinsic carrier concentration n;is determined from

nf = aMM, ()" (mgmiiexp (22) - (10)

Here, E, is the energy bandgap of the semiconductor, T is the
temperature, M.and M,, denote the number of equivalent minima
in the conduction band and valance band, m} and m;, are the
effective mass of electrons and holes respectively.When photon
with higher energy than material bandgap E, impinges upon the
top cell, it generates power to the cell output and photon with
lower energy is transmitted to lower sub-cell releasing excess
energy as heat.

The total current density is given by

qv
J=Jo (e = 1) = Jp (11)
Here, ], is the current density of photon.

The maximum power density condition can be achieved when

dP/dvV=0 ,
%[V [Jo (e% - 1) _]sc]] =0 (12

Thus the maximum voltage (Vm) is

vm:voc-% In(1+ BVy) (13)

Where, p =-"

Similarly, the maximum current density (Jm) is

1
In= JoPVmePVmy (1 - M) (14)
The fill factor F.F is
FF = ZnJm (15)
VOC]SC

For concentrator multijunction solar cell, input power density
P;,is increased by integer multiplication of concentrator factor
(C), so the standard efficiency equation of efficiency is modified
by incorporating an additional concentrator factor (C) as:

VocJscFF

0,
oclsel X 100% (16)

’]’1:
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4. Calculation and Results

To simulate the efficiency of this four junction solar cell,
the required optoelectronics parameters of different sub-layers

are presented in the following tablel. The input power densities
have been considered for AM1.5G is 1000W/m? under 1 sun
condition [24].

Table 1: Optoelectronics parameters for GalnP,/GaAs/ GaAs 4Bi os/Ge solar cell at 300K.

Parameter GalnP,[14] GaAs GaAs 0Bl g6 Ge
Egi=1.9eV Eg,-1.42eV Egzs=1eV Eg.=0.67 eV

A 654x10°m 875x10°m 1141x10°m 1775 x 10~°m
M. 1 1 1 1
My 3 1 1 1
e 4000(cm?/Vs) 2322(cm?/V/s) [25] 1400(cm?/Vs)[25] 3900 (cm?/Vs)[18]
L 200 (cm?/Vs) 200 (cm?/Vs)[26] 13 (cm?/Vs) [26] 1900 (cm?/Vs)[18]

Me'/me 0.155 0.067 [25] 0.067 [25] 1.64 [18]
me /M, 0.460 0.473 [26] 0.51[26] 0.28 [17]
TSRH 105 (s) 105 (s) 10 (s) 10 (s)

B 7.5x101°(s'cm?®) 7.5x101%(s*cm®) 7.5x101%(scmd) 7.5x101%(scm®)
Na 10Y/ cm3 9x10Y/ cm3[25] 3.3x10%/ cm3[25] 10%7 /em3[17]
Np 2x10%8/ cm? 7.8x10%7/cm3[26] 5.25x10%7/ cm®[26] 2x10% cm3[17]
Xn 100x10°m 100x10°m 100x10°m 100x10° m
Xp 208x10°m 280x10°m 3450x10°m 400x10° m

The simulations have been performed by using in-house
code written for MATLAB software (MathWorks Inc.) and
assuming zero losses from series resistance, reflection, grid
coverage and tunneling. The optoelectronics parameters of

different layers listed in Table 1 were used in the simulation for
this cell structure and the output results are shown in Table 2
below.

Table 2. Simulation result for GalnP,/GaAs /GaAsy 94Bio.0s/Ge cell under AM1.5G condition.

Sun Open circuit | Short-circuit current |  Maximum Maximum current | Maximum power | Efficiency (n)
Concentra voltage density (Jsc) voltage (Vm) density (Jm) (Pm)

tion (C) (Voc)

1 sun 3.16 (V) 16.43(mA/cm?) 3.05 (V) 16.29(mA/cm?) 496.61(W) 49.6%
500 sun 3.81(V) 8.15x10%(mA/cm?) 3.69(V) 8.16x10%(mA/cm?) 3.01x10%(W) 60.2%

For 500 sun concentration, input power density (Pin)
1000W/m? is increased by 500 times of 1sun illumination. For
this reason, simulated result of the short-circuit current density,
maximum current density, maximum power output are very
high.

5. Discussion

The efficiency of a single junction solar cell is lower due to
various loss factors such as reflectance, transmittance,
recombination, thermalization loss etc. Generally speaking,
multijunction solar cells are to design in a fashion so that most
of these loss factors are offset by different sub-layers. By
absorbing the entire solar spectrum into the different sub cells,
it could overcome the detail balance efficiency limit of single
junction solar cell [27]. It has already been mentioned that for

achieving ultrahigh efficiency, a 1eV bandgap active
semiconductor material GaAsog4Bioos is used as third layer of
our proposed multijunction solar cell. In literature, GaAs;xBix
shows very promising results for different optoelectronics
properties [25, 26] but for exactly 1eV GaAsg.94Bio o layer, there
is no certain experimental data available in the literature for
effective mass, mobility and doping concentration of electron
and hole. Therefore, for theoretical efficiency simulation, the
values of these six parameters were optimized in accordance
with the reported experimental values of GaAs:«Biy [25, 26].
However, the efficiency of our proposed solar cell has been
simulated based on the modified version of spectral p-n junction
model [13], using the optoelectronics parameters presented in
table 1. Over the years, the spectral p-n junction model was
modified for better matching with the optoelectronics properties.
For example, Sarah Kurtz et al.[14] modified short-circuit
current equation for thickness adjustment and reverse saturation
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current density equation. In our previous works [7, 12], we
further modified the reverse saturation current density and
surface recombination velocity equation. In this study, we
incorporated an additional concentrator factor with both the
short-circuit current density and the standard efficiency equation

of solar cell. The short-circuit current density is directly related
to open circuit voltage, maximum current, maximum voltage
and fill-factor. Therefore, incorporating concentrator factor
with the short-circuit current density affects the overall cell
performance.

62 | I | |
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Fig. 4. Sun concentration Vs. Efficiency

Concentrator photovoltaic (CPV) technology has been
incorporating with the most of the state-of-the-art terrestrial
multijunction solar cells. Usually in CPV, lenses and mirrors
focus the concentrated sunlight on a small-area cell and by this
way, ultra-high efficiency can be achieved. As mentioned
earlier, we incorporated the concentrator factor (C) with the
short circuit current density and efficiency equation for
efficiency simulation of this CPV. As can been seen from figure
4, the efficiency of CPV is increased rapidly with the initial
increase of sun concentration but after 100-sun concentration it
slowly reaches to a constant value.

From the simulations, four different short-circuit current
densities have been found for four sub-cells. In multijunction
solar cell, the lowest current generated in bottom layer and flow
through the series connected sub-layers [28], while excess
current generated in upper sub-cells radiatively transfer to the
lower sub-cells [29, 30]. As these cells are connected in series

and all four p-n junctions are in reverse-biased condition, so
open circuit voltages of every sub-cell is added to get the total
open circuit voltage of the four junction cell [28]. However,
open circuit voltage found from the simulation is 3.1686V,
where 1eV I11-V bismide layer contributed to 0.5764V. In fact,
this additional third layer leads to achieve very high theoretical
efficiency of 49.6% under 1 sun illumination and an ultra-high
efficiency of 60.2% under 500-sun concentration at AM1.5G.
The simulation shows that there is a wide variation between
efficiencies for 1 sun condition and 500 sun condition. In
photovoltaic literature, theoretical efficiencies for concentrating
sunlight would be 10-20% higher than that of corresponding 1
sun condition [31] and scientists reported n >60% theoretical
efficiencies through different approaches [29]. To date, four
junction terrestrial concentrator GalnP/GaAs/GalnAsP/GalnAs
solar cell claims the record experimental efficiency of ~ 46 %
for four junction solar cell under 504 suns illumination [32].
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3. Conclusion

In this work, a 1leV bandgap GaAso.e4Bioosss sub-layer is
incorporated as the third layer of four junction concentrator
photovoltaic cell. The theoretical efficiency of this cell has been
evaluated by a modified model and simulations have been
performed by using codes written indigenously for MATLAB
software (MathWorkslInc). The simulated efficiencies of this
quadruple junction solar cell were estimated to be 49.6% and
60.2% for AM1.5G solar radiation under 1 sun and 500 sun
concentration respectively. From simulated results, it can be
concluded that 111-V bismide four junction concentrator solar
cell shows its promising candidacy for power generation in
terrestrial application.
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