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Abstract- In this paper, an emerging material GaAs;Bi, has been introduced in different layers of multijunction solar cells. By
modifying the spectral p-n junction model, the theoretical efficiencies of two-, three- and four-junction III-V bismide multijunction
solar cells have been estimated to be 36.5%, 44.0%, and 52.2% respectively for AM1.5G under 1 sun condition. The effects of the
material bandgap, sun concentration, and surface recombination velocity on the cell performance have been studied extensively.
Simulation results revealed that an increment up to ~10% on the overall cell efficiency can be achieved by concentrating the solar
radiation from 1 sun to 500 sun; and a 3 — 4 % increment on the overall cell efficiency by tuning the bandgap of the bismide layer
as well as modeling the surface recombination velocity involved. These simulation results could be utilized for better understanding
the materials as well as in realization of highly efficient bismide based multijunction solar cells.
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1. Introduction

Multijunction solar cells are judiciously designed in order
to capture light from near UV to mid-IR region of the solar
spectrum. To achieve very high efficiency, different research
groups reported different types of multijunction solar cells in
different new approaches. In this direction, Gallium indium
phosphide (GalnP,) and Gallium arsenide (GaAs) have been
extensively used as top and middle layer [1] and Germanium
(Ge) as bottom layer [1, 2] in different multijunction solar
cells. Indium gallium arsenide (InGaAs) has also been used as
the bottom layer instead of Ge layer [3]. Recently, another
emerging III-V semiconductor alloy Gallium Arsenic Bismide
(GaAs;Biy) has attracted much attention due to its’ suitable
optoelectronic parameters such as bandgap, electron and hole
mobility, doping concentrations etc. to realize high-efficiency
multijunction solar cell [4-9]. The bandgap of GaAs was
reported to be reduced by ~ 84 meV for each 1% percent of

bismuth (Bi) content (x) [10-13]. Since a very small amount of
Bi is incorporated in the GaAs matrix, therefore, the lattice
constant of the synthesized material is assumed to be almost
the same [12, 13]. GaAs;Bix can offer tunable bandgap when
Bi is incorporated with GaAs rather than that of the fixed
bandgap of Ge of standard multijunction cells [2]. This is
similar to InGaAs compound which provides tunable bandgap
when indium (In) is incorporated with GaAs [14]. More
importantly, all these semiconductors possess direct bandgap
(Eg) with zinc blende crystal structure as well as they are
lattice-matched materials for different cell combinations [15].

In this work, GalnP, was used as a top layer in all cell
combinations; GaAs as a second layer for three-junction (3J)
and four-junction (4J) solar cell, an emerging material GaAs;.
«Bix was used as a bottom layer (also third layer for the 4J cell)
for all combination as diagramed in Fig.1. This material could
be obtained by mixing of appropriate mole fraction of Bi
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content with GaAs (Eg = 1.42eV). To the best of our
knowledge, this kind of performance analysis for bismide
based multijunction solar cells has not been explored
previously. Therefore, in this work we consider a number of
crucial solar cell parameters and their impact project to
enhance our understanding about bismide based solar energy
materials as well as to investigate its potentials for integrating
it into the multijunction solar cells. The main focus of this
work is to analyze the impact of different factors on the
efficiencies of these III-V bismide multijunction solar cells. In
this paper, the short-circuit current density (Jsc), the reverse
saturation current density (Jo), the open circuit voltage (Voc),
the voltage (Vm) at maximum power point, and the current
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density (Jm) at maximum power point, fill-factor (FF) and

efficiencies (1)) have been studied. Finally, the performance of
the novel III-V bismide multijunction cells with varying
bandgap of bismide materials, sun concentration, and surface
recombination velocities have been studied extensively.
Different optoelectronic characteristics and the efficiency of
our proposed multijunction solar cell are estimated by invoking
modified version of standard solar cell equations [11-15]. This
is basically a modification of the spectral p-n junction model
proposed by Nell and Barnett [13].
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Fig. 1. Schematic diagrams of 2-Junction (a), 3-Junction (b), and 4-Juntion (c) III-V Bismide multijunction solar cells (different

cell components are not drawn to scale).

2. Theoretical Model

In the multijunction solar cell, solar spectrum is usually
split into parts and each part of the spectrum is absorbed in the
suitable bandgap sub-cells. The sub-cells are stacked in order
of higher bandgap to lower bandgap and they are connected in
series. Note that we assume zero series resistance and infinite

shunt resistance in our model. However, the electrical
characteristics of these multijunction solar cells have been
determined using a modified version of the standard equations
[9, 13, 15-23]. According to this model, the short-circuit
current density (Js.), has been determined directly from the
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reference spectra [24, 25] of American Society for Testing and
Materials (ASTM):

(1

Here, e is the charge of an electron, / is the irradiance and A is
the wavelength of incident light, % is the Plank’s constant and v
is the velocity of light

The reverse saturation current density (Jp) is a 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 [17].
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Here, D, and D, stand for diffusion constant for electron and
hole, 7, and 7, are the minority carrier lifetime for electron and
hole, n; is the intrinsic carrier concentration, N, and Np are the
acceptor and the donor concentration, S, and S, are the surface
recombination velocity of electron and hole, X, and X, are the
thickness of p-layer and n-layer respectively.

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

kTue
e

D, = (3)

D, = kn 4)

e

Here, u. and u;, are the mobility of electron and hole
respectively and k is the Boltzmann constant.

The minority carrier lifetime 7, and 7, are calculated from

= BN 5
Tf TSRH + A ( )
—= + BN, 6
Th TSRH b ( )

Here, Tszy is the Shockley-Read-Hall lifetime and B is the
direct band-band recombination coefficient.

The surface recombination velocities of electron S, and hole S,
are determined from

D D _ [
Se = T n @

=bhn_ _Dn _ |Dn (8)
™, VThDn Th

The intrinsic carrier concentration n;is determined from

2 = 4M, M, (2"”) (mymi)2exp (=2) ©)

Here, E; is the bandgap energy 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 mj,
are the effective mass of electrons and holes respectively.
Photons with energy higher than the material bandgap (E,)
generate power to the cell output and release excessive energy
as heat into the cell, while photons with lower energy than E,
are transmitted to lower sub-cell.

The total current density (J) is

] =Jo (€67 = 1) = I, (10)

Here, J,, is the light generated current density, Jo is the
reverse saturation current density, q is the elementary charge, K
is the Boltzmann constant and 7 is the temperature.

The maximum power density condition can be achieved when

dP/dV=0

da

L[V 1o (e = 1) - il =0 (11)

av

Thus the voltage (V,,) at maximum power point is

V,,1=VOC—% In(1 + [V,,)
(12)

Where, [] = %

The current density (J,,) at maximum power point is

1
Jo= JBVme "™ = oo (1= 5-) (13)
The fill factor (FF) is
_ VmJm
P = eese 19

The standard equation of cell efficiency (7)) is

= YodsefF 5 100% (15)

in
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3. Semiconductor Parameters

The required parameters of different layers of the semiconductor materials, considered in this analysis, are presented in Table 1

Table 1. Semiconductor parameters (at 300K) used in the simulation

GalnP, GaAs GaAs 6Bl o4 GaAs osBi s GaAs o4Bi 6 GaAs ¢,Bi s
Parameter Eg;=1.9 eV Eg,-1.42 eV Eg;-1.09 eV Eg;=1.0 eV Eg;;=0.92 eV Eg,=0.704 eV
(Unit) Top layer for all Second layer for Bottom layer Third layer for Bottom layer ~ Bottom layer
combination 3J and 4] for 27J cell 4] cell for 37 cell for 47 cell
X (%) 0 4 5 5.83 8.51
A (m) 0.654x107 0.875x10° 1.138x10° 1.141x10° 1.332x10° 1.775%10°
M, 1 1 1 1 1 1
M, 3 1 1 1 1 1
1. (cm?*/Vs) 4000 [17] 2322 [6] 1350 [6] 1350 [6] 1330 [6] 1310 [6]
1y, (cm*/Vs) 200 [17] 200 [4] 60 [4] 8 [4] 8 [4] 20 [4]
m, /m, 0.155[17] 0.067 [6] 0.067 [6] 0.067 [6] 0.067 [6] 0.067 [6]
my,"/my, 0.460 [17] 0.473 [4] 0.51[4] 0.51[4] 0.51[4] 0.51[4]
TSRE(S) 107 [17] 107 [17] 107 [17] 107 [17] 107 [17] 107 [17]
B (s'cm®) 7.5%10"° [17] 7.5%10"° [17] 7.5%x10"°[17]  7.5x10'°[17]  7.5x10'°[17]  7.5%107'°[17]
N, (cm-?) 10" [17] 9%10"[6] 3.5x10'7 [6] 3x10"7[6] 2x10""[6] 1.5%10"7[6]
Np (cm-Y) 2x10"% [17] 7.8x10'[4] 1.2x10"7[4]  5.2x10"[4] 5x10'7[4]  2.4x10"[4]
X, (m) 100x10™ 100x107 100x10” 100x10 100x10 100x10
X, (m) 208x10” 300x107 300x107 400x10” 400x10 500x107

4. Result and Discussion

power densities of solar radiation for AM1.5G is 1000W/m”
and for AM1.5D is 900W/m® [24, 26]. The simulation has
been performed by using our in-house code written for
MATLAB (MathWorks Inc.).

It is worth mentioning that the optoelectronic parameters
for the different layers of the semiconductor materials in the
stack of cells were considered at 300K and the simulated
results are summarized in Table 2 below. The considered input

Table 2. Simulated results for the effect of the solar spectrum (AM1.5 and AM1.5D) on III-V bismide multijunction solar cells are
presented in the following table.
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Bandgap (Eg) eV Airmass Jse Voe I Vi m)
Bi (x) (°

Solarcells T p e Fey  Ez (AM) 1)) (ma/emd) (V)  (mA/emd) (V) (%)
Two AM1.5G 18.64 209 18.40 1.98 36.6
junction 1.09  1.90 3.93
QJ) AM1.5D 17.82 209  17.59 1.98 38.7
™ AM1.5G 15.65 295 1551 2.84 44.0
h ret‘.’ 092 142 1.90 5.83
junction AML.5D 15.08 295  14.94 2.83 47.0
3J)
. AaM1sG 00 B8 6us 332 16.30 3.20 52.1
Jl(l):ztion 070 1.0 142 1.90 &
@) AMLSD g o) g 1615 332 16.02 3.20 56.4

The energy bandgap of constituent semiconductor materials are
judiciously chosen so that the maximum current densities at the
maximum power points are the same for all cells that preclude
the series connection losses. All the sub-cell are stacked in
series for attaining current-matching condition state ensuring
the same charge current to flow through the all cells involved.
According to Peter Wiirfel [27], for a given current, the
voltages of different layers are determined from the
characteristics of the individual cells and then added to give the
overall voltage of any multijunction solar cells. The bottom
cell with the smaller short-circuit current density determines
the total current density. The simulation results presented in
Table 2 were estimated by assuming zero losses from
reflection, grid coverage, and series resistance. The efficiency
values in the far right column of Table 2 are rounded to 1
decimal place. The fill factor FF (not shown in Table 2) were
found to be in the range 0.92 — 0.95. Notice that the efficiency
of different multijunction solar cells increases up to 2 — 4 %
from solar radiation AM1.5G to AM1.5D. This is due to the
variation of incident illumination (/) for every individual
wavelength (above the bandgap of the material) and total input
power density (P;,).

The photocurrent depends on the absorption of
number of photons and collection efficiency. The stronger
intensity solar radiation in the visible range and the deeper

penetration of the photons in the infra-red (IR) range enhance
the absorption of photons [28]. Therefore, the performance of a
solar cell depends on the incident spectrum (i.e., spectral
range), the level of irradiance or concentration of the imping
radiation and the cell temperature [29]. More specifically, the
bandgap of the cell materials, sun concentration, and surface
recombination velocity have a significant role in the overall
cell efficiency. The impacts of these parameters on the
simulated efficiency of different multijunction solar cell are
discussed below.

4.1. Effect of Bandgap

In Table 2, it is seen that bandgap of the semiconductor
materials is a strong function of solar cell efficiency. Mixing of
appropriate mole fraction of bismuth content, Bi(x), with II1I-V
layer allows attaining materials with desired bandgap required
for multijunction solar cell. The theoretical cell efficiency is a
function of the materials’ bandgap [30]. If the top cell bandgap
is varied (with Bi content) from 1.70 eV to 1.90 eV [31],
efficiency increases linearly from 32.83% to 36.56% for 2J,
from 40.89% to 44.04% for 3J and 48.87% to 52.16% for 4]
under AM1.5G 1 sun condition. This is presented in Fig. 2(a).
We have performed the same studies for a second, third and
fourth layer of the cells for both AM1.5G and AM1.5D (As
both curves have similar pattern, therefore, curves for AM1.5D
are not shown here for clarity).
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Fig. 2. (a) Bandgap of top cell versus efficiency, where the black curve (C) indicates 2J solar cell, red curve (D) is for 3J solar cell
and the green curve is for (B) 4] solar cell; (b) Bandgap of 2™ layer versus efficiency, where the red curve (B) is for 3J solar cell

and green curve (C) indicates 4] solar cell.
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Fig. 2. (c) Bandgap of 31 layer versus efficiency, where red line (B) is for 3J solar cell and green line (C) is for 4] solar cell; (d)
Bandgap of bottom of layer 4] solar cell versus efficiency, where red line (B) indicates its’ efficiency.

Again if the bandgap of second layer (bottom layer for 2J solar
cell) has been varied from 1.24eV to 1.44eV (for 2J cell
1.09eV to 1.42eV), efficiency is also increased linearly from
36.56% to 42.7% for a 2J, from 41.21% to 44.33% for a 3J and
from 49.19% to 52.49% for a 4] under AM1.5G with 1 sun
condition which are shown in Fig. 2(b). Again if the bandgap
of the third layer (bottom layer of a 3J cell) has been varied
from 0.8eV to leV, the efficiency also varied from 42.14% to
45.27% for a 3J and 48.87% to 52.16% for a 4] solar cells
under AM1.5G with 1 sun condition which are shown in Fig.
2(c). From Fig. 2(d), it is seen that the efficiency is varied
from 50.45% to 53.74% by anomalously varying the bandgap
from 0.6 eV to 0.8eV with bismuth deposition condition under
AM1.5G with 1 sun condition. The above simulation results
are suggesting that a ~0.2eV increase in the energy bandgap of

bismide layer(s) leads to 3- 4% increase on the overall cell
efficiency.

4.2. Effect of Sun concentration

The impacts of sun concentrations have also been
analyzed. For that, short circuit current density equation of
spectral p-n junction model has been modified by incorporating
a concentrator factor (C) with the numerator of the J;. equation

I(C . .
Js= € X%) [9] and with the denominator of the final
efficiency equation ([J = YocJsclP
(C)Pin
concentration has been varied from the normal condition, 1
sun, to 500 sun and found that efficiencies of the modeled
concentrator multijunction solar cells are increased rapidly

X100%). In this study, sun
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from 1 to 100 sun and then it reaches to a stable value. For a 4] solar cell with the variation of sun concentration from 1
AML.5 G illumination, the efficiencies varied from 36.6 % to sun to 500 sun shown in Fig. 3(a).
42.5% for a 2J, 44% to 51.6% for a 3], and 52.1% to 62.5% for

Sun Concentration Vs. Efficiency, AM1.5G
(a)
6

O |
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Fig. 3. Sun concentration versus efficiency for (a) AM1.5G and (b) AM1.5D. The top (yellow), middle (red) and bottom (green)
curves are, respectively, for 4J, 3] and 2J multijunction solar cells.
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Again for AM1.5 D direct normal illumination, the efficiencies
varied from 38.7 % to 45% for a 2J, 47% to 55% for a 3J and
56.4% to 67.9% for a 4J solar cell with the variation of sun
concentration from 1 sun to 500 sun shown in Fig. 3(b). In
fact, the incorporation of concentrator factor with the short-
circuit density affects the overall cell performance. When we
increase the sun concentration C, the short-circuit current
R[(9)
hv
increment of short-circuit current exponentially increases the
open circuit voltage (V,, = (k—:) In [(]]i:) + 1]), where,

symbols stand for the usual meaning. It is observed that the
increase of sun concentration will increase the short-circuit
current linearly that lead to increase the open circuit voltage
exponentially which ultimately lead to increase the overall cell
efficiency exponentially (cf. Fig. 3(a) and 3(b)). Moreover, a
simple solar cell is nothing but a p-n junction diode under dark.
Since open circuit voltage and short-circuit current equations

density (Joc= e x=—), is increased linearly but this linear

qv
are driven from the diode equation (] = ], (eﬁ - 1) — Jpn)s 80

the overall solar cell performance-curve will also follow the
trend of diode curve. In another words, the diode equation is
developed based on the real optoelectronics properties of the
semiconductor materials involved, therefore the efficiency also
follow the diode like exponential behaviour up to 100 sun and
then attains a saturation at higher values of sun concentration,
due to practical material limitation (see Fig. 3(a) and 3(b)). The

wide variation of simulated efficiency between 1 sun and 500
sun radiation has been appeared in literatures, for example,
Marti et al reported the theoretical efficiencies for
concentrating solar radiation would be  10-20% higher
compared to 1 sun condition [32] and theoretical efficiencies
as high as 1 >60% through different approaches have also been
reported by others [26, 33].

4.3.  Effect of Surface recombination velocity

From the equations (7) and (8) of present model, it is
found that the surface recombination velocity (S, and Sj)
depends on diffusion constant and minority carrier lifetime.
Furthermore, the diffusion constant depends on the mobility of
the charge carrier; and the minority carrier lifetime depends on
donor and acceptor concentrations of the materials involved.
To reduce the surface recombination velocity, diffusion
constant both for electron and hole must be reduced and the
minority carrier lifetime must be increased. Young et al [34]
reported that the introduction of AllnP layer yielded the lowest
surface recombination velocity and the introduction of a buffer
with optimized growth temperature yielded the longest
minority carrier lifetime. In this work, the surface
recombination velocity has been varied from the highest
simulated value to zero and the impact of this surface
recombination velocity on solar cell performance is presented
in Table 3.

Table 3. Simulated results of the surface recombination velocities of different sub-layers and their impact on overall cell

efficiencies.
Simulated surface Efficiency for the Zero surface Efficiency for zero
Solar cell  Sub-layer recombination velocity  surface recombination recombination surface
from our model, S (ms™) velocity obtained from velocity, S (ms')  recombination
our model velocity
GalnP, Sel 883.62 36.56% for AM1.5G 39.56%
Two Shl 880.81 0 for AM1.5G
Junction GaAs gsBi o4 Se2 957.16 38.75% for AM1.5D 41.93%
Sh2 118.20 for AM1.5D
GalnP, Sel 883.62 47.42%
Shl 880.81 44.03%for AM1.5G for AM1.5G
Three GaAs Se2 2012.6 0
Junction Sh2 549.87 50.67%
GaAs 94Bi g6 Se3 710.33 47.04% for AM1.5D for AM1.5D
Sh3 278.61
GalnP, Sel 883.62
Shl 880.81 52.13% for AM1.5G 56.68%
Four GaAs Se2 2012.6 for AM1.5G
Junction Sh2 549.87 0
GaAs 9sBi g5 Se3 869.97
Sh3 284.13 56.45% for AM1.5D 61.38%
GaASAngiAog Sed4 617.52 for AM1.5D
Sha 96.51
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From Table 3, it is clear that if the surface recombination
velocity vary from maximum value (according to model) to
zero [14], then the efficiency of a 2J solar cell will vary from
36.56% to 39.56% for AM1.5G and 38.75% to 41.93% for
AMI1.5D under 1 sun condition, the efficiency of a 3J solar cell
will vary from 44.03% to 47.42% for AM1.5G and 47.04% to
50.67% for AM1.5D under 1 sun condition and the efficiency
of a 4J solar cell will vary from 52.13% to 56.68% for
AM1.5G and from 56.45% to 61.38% for AM1.5D under 1 sun
condition. Therefore, the efficiency of different multijunction
solar cells were found to be increased 3% - 4% when surface
recombination velocity reduced to zero from its’ maximum
simulated value. It can also be seen that the surface
recombination velocities of different sub-layers have the
exactly equal values for AM1.5G and AMIL.5D. In fact,
atmospheric conditions such as AM1.5G and AM1.5D do not
affect the surface recombination velocities; it depends on
semiconductor material properties, such as, diffusion constant,
carrier lifetime and mobility of electron and hole.

5. Conclusion

In this study, numerical simulations have been
performed to evaluate the performance parameter such as
short-circuit current density, open circuit voltage, reverse
saturation current density, maximum power, fill factor and
efficiencies of a III-V bismide based multijunction solar cells
by a modified version of spectral p-n junction model for
AM1.5G and AM1.5D under 1 sun condition to 500 sun. The
effect of sun concentration, bandgap and surface recombination
velocity of the bismide based two-, three-, and four-junction
solar cell have been successfully analyzed to realize highly
efficient Bismide based multijunction solar cell. Multijunction
solar cells are believed to be one of the best alternative means
for efficient conversion of sun light to electricity for meeting
up future energy demand.
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