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ABSTRACT

The efficiency of nonpolar In,Ga(.4\N material based hybrid lateral multi-junction solar cells was
simulated using finite element approach. In this work we have used p-i-n and p-n structures for
designing the sub-cells of hybrid lateral multi-junction solar cells. We have optimized both the sub-
cell structures separately at different values of indium composition (x) for maximum efficiency. We
have proposed fourteen sub-cells for our hybrid lateral multi-junction solar cell device through
which it absorbs solar spectrum from 0.3 to 1.7 ym wavelength range. Results of simulation are
presented here, which predict 37.08% average efficiency for lateral multi-junction solar cell based
on p-i-n sub-cells while 40.21% average efficiency for lateral multi-junction solar cell based on p-n
sub-cells. But the proper hybrid combination of p-i-n and p-n sub-cells provided 41.5% average
efficiency.

Keywords: Vertical Multi-Junction (VMJ) solar cell; Lateral Multi-Junction (LMJ) solar cell; Nonpolar
InyGay.yN material; p-i-n solar cell and optical beam splitter.
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1. INTRODUCTION

A multi-junction solar cell facilitates us to absorb
complete solar spectrum from ultra-violet to infra-
red region [1-4]. It contains multiple p-n junctions
of different materials. These p-n junctions are
called sub-cells. These sub-cells are connected
in such a way, that they can absorb maximum
range of solar spectrum and convert it into
electrical power [5-7]. In VMJ solar cells,
spectrum splitting is performed by the sub-cells
as shown in Fig. 1.
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Fig. 1. Basic arrangement of sub-cells in VMJ
solar cell

In VMJ solar cells, the sub-cells are arranged
vertically one on one with ascending order of
their energy band gap. When solar radiations are
incident on the top surface of the solar cell, every
sub-cell absorbs the radiation of energy greater
than energy band gap and passes the remaining
radiations to the next sub-cell just below it [6,8].
In such a way, maximum radiations are absorbed
by VMJ solar cell. VMJ solar cells are grown
monolithically [9,10]. In general VMJ solar cells
are more expensive compare to single junction
solar cells due to the expensive fabrication steps
involved in growing layers of materials with lattice
mismatch. Moreover, strain and interface defects
significantly affect the performance of VMJ solar
cells [9,11]. The highest 40.7% efficiency has
been achieved by using this structure [9,12].

The LMJ solar cell works as an important
solution for the problems associated with VMJ
solar cell. In LMJ solar cells, the optical beam
splitter is used for splitting the solar spectrum
into the desired bandwidth [13-15]. The basic
arrangements of sub-cells in LMJ solar cell is
shown in Fig. 2.
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The sub-cells of LMJ solar cell are connected
externally, therefore it provides greater flexibility
in terms of interconnections of sub-cells and
material choice issues and yield higher efficiency
[16,17]. Further improvement in LMJ solar cell
will be possible by utilizing the flexibility of
choosing the sub-cells independently. In present
work we have optimized the sub-cells of p-i-n
and p-n structures. Results show that proper
combination of these sub-cells offer a chance to
achieve better efficient Hybrid Lateral Multi-
Junction (HLMJ) solar cell.

Nonpolar In,Ga(1.\N alloy is the most suitable
material for photovoltaic applications. This alloy
has direct band gap property at entire energy
band gap range, which makes this material
suitable for generating and absorbing light [18],
[19]. In,Gan.yN material can absorb solar
spectrum from 0.3 to 1.7 ym wavelength by
changing indium composition (x) from 0 to 1 [18],
[19]. Therefore nonpolar In,Ga;.yN material is
capable of absorbing more than 80% radiations
of AM1.5D spectrum of the sun.

2. RELATIONS AND PARAMETERS OF
In,Gay.gN MATERIAL USED IN
SIMULATION

The energy band gap Eg(iny6ag-xn) - Relative
permittivity E(InyGag_pN) Electron  affinity
X(inyGag_pN) Absorption  coefficient  a(A),
Refractive index NinyGag_pN) - Effective density
of states in the conduction band Ne(imgGag_gn):

Effective density of states in the valence band
Ny (iny6aq_pn) » Electron mobility p.n, , Hole

mobility unvy and Lattice constant AinyGagy—xN)

for In,Ga. yN material at different indium
composition (x) is calculated by using the
relations from equation-1 to 10 and the required
values of GaN and InN material parameters for
simulation are listed in Table 1 [18-22].
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Table 1. Parameters of GaN and InN used in simulation

Parameter (wurtzite structure) GaN InN
Carrier life time (ns) [21] 1 1
Energy band gap (eV) [21] 3.42 0.7
Bowing parameter (eV) [22] 1.43 1.43
Relative permittivity [21] 8.9 10.5
Electron affinity (eV) [21] 41 6
Refractive index [20] ] 2.65 29
Effective density of states in the conduction band (cm™) [21] 2x10" 8x10"™®
Effective density of states in the valence band (cm™) [21] 3x10" 3x10"
Maximum electron mobility (cm“eV™'s™") [21] 1000 1100
Maximum hole mobility 170 340
(cm?eV's™) [21] ,
Minimum electron mobility (cm“eV's™) [21] 55 30
Minimum hole mobility 3 3
(cm?eV's™) [21]
Lattice constant (A) [20] 3.189 3.548
Electron saturation velocity (cm/sec.) [20] 2.5x10’ 2.5x10’
Eg(]nxGa(l_x)N) = ng(InN) + (1- x)Eg(GaN) — bx(1-x) )
E(ingGag—pN) = XEmm) T (1 = X)&@Gan) )
X(imxGag_pN) = XGany +0.7 [3'42 - Eg(lnxGa(l—x)N)] )
1
_ s [(1.24 2
a(2) =22 x10° [(*2) = Ey1n0a_om) | (4)
NingGag_pn) = XManwy + (1= X)n@Gany — bx(1 = x) (5)
Ne(ingag_yn) = ¥Neanny + (1 = x)N¢Gam (6)
Ny(iny6ag-pn) = XNvanwy + (1= )Ny Gaw) (7)
I —He(mi
He(n) = HMe(min) T [W] (8)
+(N—C)
Kh(max) Hh(min
Han) = Hagmin) T [%] (9)
Ny
UinyGag_pN) = ¥y T (1 = X)Gan) (10)

Where, E;ny) and Eggqny are the energy band
gap of InN and GaN material. ‘b’ is called the
bowing parameter for In,Ga(. o N material. g,y
and g4y are the relative permittivity of InN and
GaN material. yqy) is the electron affinity of
GaN. n,y) and n,yy are the refractive indies of
InN and GaN respectively. Ncgny) and Negany
are the effective density of states in the
conduction band of InN and GaN material.
Nyanyy @nd Nygqn) are the effective density of
states in the valence band of InN and GaN

material. Ue(max)y @Nd peininy are the maximum
and minimum electron mobility in In,Gagn. N
material. (ponax) @Nd fpominy are the maximum
and minimum hole mobility in In,Ga. x\N material.
Ay @nd aggqy) are the lattice constant of InN
and GaN material respectively.

3. METHOD

The energy band gap of nonpolar In,Gag. N
material has controlled by varying indium
composition (x) from 0 to 1. This material can
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Table 2. Optical and electrical parameters of In,Ga(;. )N material at different indium
composition (x)

Sub-cell Cutoff Required Indium Energy gap Refractive Absorption

number wavelength(Ac) composition (x) (Eg) index (n) coefficient
in ym ineV a(Ac)

in 10° cm™
1 0.4 0.08 3.10 2.56 1.48
2 0.5 0.24 2.48 245 1.15
3 0.6 0.37 2.06 240 0.98
4 0.7 0.45 1.77 240 0.81
5 0.8 0.55 1.55 242 0.69
6 0.9 0.63 1.37 247 0.65
7 1.0 0.69 1.24 2.51 0.55
8 1.1 0.74 1.12 2.56 0.54
9 1.2 0.79 1.03 2.61 0.48
10 1.3 0.83 0.95 2.65 0.44
11 14 0.87 0.88 2.70 0.43
12 1.5 0.91 0.82 2.75 0.41
13 1.6 0.95 0.77 2.82 0.37
14 1.7 0.98 0.72 2.86 0.35

absorb solar spectrum from 0.3 to 1.7 pm
wavelength. In this work, we have divided above
1.4 um wavelength absorption range into
fourteen parts and accordingly find out the values
of indium composition (x) for In,Ga(. yN material.
All the required optical and electrical parameters
of In,Gay. yN material at different indium
composition (x) are calculated and listed in
Table 2.

We have started the simulation process with a p-
InyGa. yN/n-In,Ga(s. 4N solar cell structure by
using PC1D (version 5.9) simulation software.
Here we have considered that solar radiations of
AM1.5D spectrum are entering from n-In,Gag. »yN
region. We have used untextured upper surface
with good quality passivation layer. We have
optimized the thickness of n-In,Ga(. yN and p-
In,Ga(s. yN regions at different values of indium
composition (x) for maximum efficiency. In the
next step of simulation, an i-In,Ga. N layer has
inserted between p-GaN and n-GaN region. After
that we have changed the value of indium
composition (x) in i-In,Gay. N layer and
optimized the thickness of i- In,Ga. xN layer for
maximum efficiency.

4. RESULTS AND DISCUSSION

The carrier life time is the direct indicator of
material quality [23]. Study of In,Ga(s. yN material
shows that the carrier lifetime for considerable
quality of the material should be 1ns. For

InyGa(s. yN material, as we increase the value of
indium composition (x), the quality of the material
is degraded. This reduction in quality of In,Ga.
»N material is due to the size difference between
the indium and gallium atoms. This difference
generates the lattice defects and also changes
the internal polarization field. The devices
fabricated by using nonpolar In,Gas. ,N material
is free from the polarization effect, but
exaggerated by the lattice defects like trapping
centers and dislocation density [18,23-25]. It is
well known that for good quality material, the p-n
structure of solar cell is more efficient than p-i-n
structure solar cell [21]. In this work we have
considered 1ns lifetime of carriers for the In,Ga;.
oN material. Here we have used the p-i-n
hetrostructure for designing the sub-cells of LMJ
solar cell. In this structure p and n regions are
made by GaN material while i-layer is formed by
using In,Ga(. yN material. We have got 100nm
thick n-GaN and 400 nm thick p- GaN layer for
designing the p-i-n hetrostructure sub-cells
through the simulation. The thickness of n-GaN
layer plays a vital role in device efficiency. Large
thickness of n-GaN layer makes the device bulky
and less transparent for light. But small thickness
of n-GaN layer should be problematic in
fabricating ohmic contacts for the device. An i-
InyGa(. yN layer is inserted between them and
optimized the thickness of this layer for maximum
efficiency. Fig. 3 shows the required thickness of
i- In,Gag. yN layer for maximum efficiency at
different indium composition (x).
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Fig. 3. Thickness of i- In,Ga;. »N layer for
maximum efficiency

Graph indicates the saturation in thickness of i-
InGa;r. yN layer because of the saturation in
absorption coefficient at higher values of indium
composition (x). Further enhancement in
efficiency is possible through the optimization of
p-doping in i-In,Ga;1. »N layer. The optimized
value of p-doping for desired value of indium
composition is shown in Fig. 4 and the maximum
efficiency of p-i-n solar cell on optimized value of
p-doping is shown in Fig. 5.

The maximum efficiency 53.53% has achieved at
1x10"° per cm’ p-doping, 0.37 indium
composition and 480 nm thickness of i-In,Ga.
oN layer with 10.7mA short circuit current and
2.598 volt open circuit voltage. Initially for small
values of indium composition (x) in i-In,Ga. o\N
layer, p-i-n structure sub-cells provides the better
performance in comparison to p-n structure. The
external efficiency of p-i-n and p-n sub-cells at

Thosar et al.; BJAST, 15(2): 1-7, 2016; Article no.BJAST.24678

different values of indium composition (x) is
shown in Fig. 5.
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Fig. 4. Optimized p-doping in i-In,Ga(;. 4N
layer

It is well known that the p-i-n hetrostructure solar
cell provides better results with large energy
difference between i- layer and n or p layer [23].
But the pattern of results are reversed after 45%
of indium composition (x) in i-In,Gay. yN layer.
This change of pattern is due to the poor quality
of InGany. N material at higher indium
composition (x). The lattice mismatch generates
the trapping centers at the interface of two
layers. These trapping centers trap the photo
carriers pass through it [23,26,27]. But the
conduction band offset plays a vital role in
degrading the performance of p-i-n hetrostructure
sub-cells. This conduction band offset works as a
barrier for those photo electrons which passes
the n-GaN/i-In,Ga(i. »yN interface [26]. Finally one
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Fig. 5. The external efficiency of p-i-n and p-n sub-cells at different values
of indium composition (x)



got better results for p-n sub-cells for higher
values of indium composition (x) in sub-cells.
Results shows that the performance of p-i-n sub-
cells are better than p-n sub-cells up to 45% of
indium composition and after that results are
reversed. For designing HLMJ solar cell, it is
suggested that p-i-n sub-cells can used up to
45% indium composition and remaining from p-n
sub-cells for higher indium composition. The
average efficiency of LMJ solar cell based on p-i-
n sub-cells was 37.08% and 40.21% for p-n sub-
cells while through the proposed model of HLMJ
solar cell one can achieve the 41.5% average
efficiency.

5. CONCLUSION

Results of simulation, study and proposed design
of HLMJ solar cell indicates that the flexibility of
choosing the sub-cells in LMJ solar cell improve
the performance. The efficiency of LMJ solar cell
with p-i-n sub-cells was 37.08%. This efficiency
improved further by 8.44% using p-n sub-cells.
But finally the use of proper combination of p-i-n
and p-n sub-cells in the proposed HLMJ solar
cell provided 41.5% efficiency. This efficiency is
greater than 11.92% from LMJ solar cell using p-
i-n sub-cells and 3.2% of using p-n sub-cells.
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