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Abstract
As our global energy expenditure increases expdelbntit is apparent that renewable energy solatimust be utilized. Solar PV
technology is the best way to utilize the unlimgethr energy. The InGaN is a recently developeeehsolar cell material for its
promising tunable band gap of 0.7 eV to 3.4 eVtfar realization of high efficiency tandem solarlséh space and terrestrial
applications. In this work, various numerical simtibns were performed using Analysis of Microelestc and Photonic Structure
(AMPS) simulator to explore the possibility of regtefficiency of InGaN based solar cells. At thage three different types of
InGaN based solar cells (single junction, doubledtion and triple junction) were designed and ojeed. Numerical simulations
were done with different band gap of InGaN mategiadl found that maximum efficiency occurs arourddeM to 1.5 eV, it has been
optimized at 1.34 eV for (single junction solarlcelith maximum conversion efficiency of 25.02%e Bimgle junction solar cell
were simulated and optimized for optimum thickrafgs-layer and n-layer. Doping concentration ancdcbaontact material of the
designed cells were investigated and found that0t%am? of doping concentratiofor both p and n type material and Nical as back
contact with®,, of 1.3 eV are best fitted for higher conversidiciefncy. From tunable band gap ofGe, ,N material, selection has
been done at 1.61 eV, 1.44 eV and 1.21 eV foofentiddle and bottom cells respectively for thedtm triple junction and double
junction (1.61 eV, 1.21 eV) solar cells. The bestversion efficiency of the single junction, doyblection and triple junction solar
cells are 25.019%, 35.45% and 42.34% respectiveffiect of tunnel junction for the tandem cells alseestigated and found that
required thickness for tunnel junction is aroundrh with doping concentration,sMnd N, of 1x10"° and 1x16° respectively were
found in this analysis. Finally, the temperatureffwient (TC) of the above proposed cells weraukited to investigate the thermal
stability of the proposed cells. It has been fothrat the TC of InGaN cells is about -0.04%/°C, wvhhiiedicate the higher stability of
the proposed cells.
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1. INTRODUCTION

Indium Gallium Nitride (InGaN) thin film solar celhas
recently been recognized as a leading photovottai@idate
for the possibilities of high conversion efficienco attain
the expected breakthrough of photovoltaic technplag a
competitive energy source against fossil fuels,déié higher
conversion efficiency, low cost and stability afee tmain
factors. The InGaN material has attractive tundlaled gap of
0.7 eV to 3.42 eV and high optical absorption do&fht over
10°/cm which indicates the better absorption of then Su
spectrum [1, 2]. It is a very potential materiat idtra thin
solar cells in space application. Its band gap lwantuned by
varying the amount of Indium in the alloy. The [b#giy to
perform band gap engineering with InGaN over a eatitat
provides a good spectral match to sunlight makeSah
suitable for solar photovoltaic cells. It is possilio grow
multiple layers with different band gap of InGaN Hw
material is relatively insensitive to defects imtmoed by a
lattice mismatch between the layers [3]. A two-laye
multijunction cell with band gaps of 1.1 eV and BV can
attain a theoretical 50% maximum efficiency, by a&png

multiple layers tuned to a wide range of band gaps
efficiency up to 70% is theoretically expected [3].

The layers of InGaN solar cell can be depositedguttie cost
effective techniques, such as Metal Organic Chemiegor
Deposition (MOCVD), Metal Organic Vapor Phase Epjta
(MOVPE), and Molecular Beam Epitaxy (MBE) [4]. D@7
Jani et al. have reported GaN/InGaN solar cell pghobin
Zhang et al. published 20.284% conversion efficyernd
InGaN single junction solar cell in 2007 [6]. In & same
group published 24.95% conversion efficiency of gin
junction InGaN solar cell and the conversion effigy of
InGaN tandem solar cells for double junction anigbler
junction were 34.34% and 41.72% respectively [Bcéntly
in 2011, S. Ben Machichieas achieved efficiency of 24.88%
for single junction InGaN solar cell and efficienofy34.34%
and 37.15% for double junction and triple junctitaemdem
solar cell respectively [8]. The IlI-V group mats are
widely used for tandem solar cells for the spacglieation,
such as InGaP/GaAs double junction and InGaP/Ga&s/G
triple junction cells were developed in 2009. Teiglnction
structure of GalnP/GaAs/Ge shown efficiency of 44.19]
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but it should be noted that the 0.66 eV indirechcbaap
energy of Ge is not optimal as the material forttb&om sub
cell in a triple junction cell. Recently, in 2012aw structure
of GalnP/GaAs/GalnNAs shows efficiency of 44%, whis
the highest efficiency up to now [10]. But the gesh of this
structure is more complex quardinary alloy systdrthe cell
and the toxicity as well as the cost of Arsenids)(faterial is
the biggest barrier of these material system. Theeescopes
to reduce the thickness to save materials andd®ase the
conversion efficiency by improving short circuit roent
density (sg, open circuit voltageMo¢ and fill factor EF)
with different proportion of x in lfGa N material system
with different doping concentration. All the abowkeas were
modeled in this work and numerical analysis wasedby
using AMPS 1D simulator to achieve the best InGaiygle
junction solar cell for higher efficiency and stihi The
proposed cell might be a basic component of tandelar
cells. The conversion efficiency has been found this
research work were 25.019%35.45% and 42.34%
respectively for the proposed InGaN single junctidouble
junction and triple junction tandem solar cell withe
temperature coefficient (TC) of -0.04%/°C.

2. DESIGN AND SIMULATION

One-dimensional AMPS numerical simulation of InGedi-

film solar cells is used in this work. It is a pag tool to
build a reasonable physical model to test the higband
numerical simulations can help to predict any clesnig cell
performance resulting from the modified reasonable
parameters [11]. Moreover, difficult experimentakks can
sometimes be by-passed with numerical modeling and
simulations. The operation of semiconductor devicas be
described by a set of basic equations. These ensatire
coupled with partial differential equations, foriathit is often

not possible to find general analytical solutioriBhese
equations can be transformed into a set of nonliakgebraic
equations, which can be solved numerically witloeputer.

Poisson’s equation relates the electric fieldo the charge
density. In one dimension space, Poisson’s equasiaiven
by [11]:

.2 @
dx ¢

Where,¢ is the permittivity. Since the electric fiel can be
defined as-d¥/dx, where? is the electrostatic potential and
the charge density can be expressed by the sum of free
electronn, free holep, ionized donor dopind\Ny”, ionized
acceptor dopindjs , trapped electron, and trapped holp,,

Poisson’s equation can be written as [11]:

&Gttt @

Due to complex and very costly fabrication methotimGaN
thin film solar cells, the need for numerical madglimethod
is higher for InGaN solar cells.
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Fig -1: Single junction structure

Fig. 1 illustrates the proposed structure of InGesed single
junction structure and Fig. 2 illustrates the deyihction and
triple junction tandem solar cells structure. Ir throposed
In,Ga.N solar cell structure, a p-type layer which acts a
absorber layer and an n-type layer are connectddrto a
single junction solar cell. A transparent and cartihg oxide
(TCO) about 200 nm is stagged which acts as thé frontact
of the cell, generally deposited on high qualitsgsy substrate.
Sun light strike at the p-type material over whictransparent
conductor is connected as front contact and irbtuek surface
a metal conductor is connected as back contactrizlae it
should form an ohmic contact to the n-InGaN. TC@ back
contact are used to achieve thin InGaN layer. Thpird)
concentration (5xI0cm®) used in the earlier study has been
changed to (1xT¥fcm®) more effective and today’s practically
achievable values for higher efficiency. Higher twfainction
metals such as Au/Ni/Pt need to be used for backaco as
InGaN has high electron affinity. In this desigrchaontact
material Nical (Ni) has used with back contact iearheight
of 1.3 eV. In this work, Analysis of Microelectr@niand
Photonic Structures (AMPS-1D) has been used tostigeate
the cell performance with JGa; ,N.
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Fig -2: Tandem Structure
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For proper design of InGaN based solar cell, farst have to
analyze the equation of material main parameteris ag band
gap, electron affinity, optical property, carrierohility,
density of states, permittivity, absorption coeéfitt, electric
field distribution and stability at higher operaitemperature
etc. At room temperature, band gap (eV) of thgGha,N
material is given by the relation [12]:

E, (x) = 07x+ 341-x) - 143(1-X) 3)

Where x is the proportion of In content inG&.,N. The band
gap of InN is 0.7 eV and the band gap of GaN ise3/4 The
1.43 eV is the best fitted bowing parameter. Frbeequation

(3), band gap of WGa N were calculated and presented in

the plotted in Fig. 3.
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Fig -3: Band gap variation with the (x) proportion ofiin
In,Ga, xN material.

From the Fig 3, it is clear that InGaN has pronmgisunable
band gap of 0.7 eV to 3.4 eV.

The electron affinity of InGaN is expressed by tiedéation
given below [13]:

X =41+ 0734-E,) ()

Where Eg is the band gap of theGaN material from
equation (3).

The effective density of states in the conductiand [13]

N, = 09x+ 1.81-X) )

The absorption coefficien&() is related to the particular
wavelength and band gap of theGa,_,N material [14].

124

a(A)=22x10° E (6)

]

The effective density of states in the valence Hab{
N, = 53x+ 1.81-x) )
The relative permittivity, [13]:
£, =146+ 1041-x) ®)

The above formulae are obtained from the lineéinfjtof the
corresponding parameters of InN and GaN [16]. Fesighing
of InGaN solar cell all parameters are calculatedehand
shown in the Fig. 4. From these values, severalbawetions
of band gap have been tried and selection was rfinaahebest
performance of the cells.
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Fig -4: Device parameter and Band gap qGge, 4N

InGaN is a material with high electron affinity amdhen the
band gap decreased electron affinity increased rafative
permittivity of InGaN also increased. From Fig.tdis clear
that the density of state at conduction band ahehea band
shows opposite behavior with the band gap. Effectignsity
of state at conduction band decreased with dealdzesed gap
while effective density of state at valence baratéased.

Table 1 shows all the required parameters for ithelation of
single junction, double junction and triple junctid@andem
solar cel
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Table-1: Parameters for simulation

Type x (E\’}) e | x(eV) Ngnl]-gg Ngnl]-glg Na cm® cl\r:?S bn o [ D pm

p | 064] 134 | 13.04 5.54 1.40 4.04 90 0 955 169.8 0.5
n|o064| 134| 1309 554 1.40 4.04 0 %10 955 169.8 0.1
pl| 0.53| 1.61| 1263 5.35 1.56 3.64 %100 o0 955 169.8 0.5
nli| 053| 1.61| 1263 5.35 1.56 3.64 0 1%¥1p 955 169.8 0.1
ni+| 0.6 | 1.44 | 12,92 5.47 1.46 3.90 0 3%¥1Q 433 169.8 0.03
pl+| 0.7 | 1.21 | 1334 563 1.32 4.25 1*30| o 73.53 3.15 0.02
p2| 07| 121| 1334 563 1.32 4.2 1¥10f o 955 169.8 0.5
n2| 07| 121| 1334 563 1.32 4.2 0 %190 955 169.8 0.1
pl| 0.53| 1.61| 1263 5.35 1.56 3.64 %100 o 955 169.8 0.5
nli| 053| 1.61| 1263 5.35 1.56 3.64 0 1%¥1p 955 169.8 0.1
ni+| 0.53| 1.61 | 1263 5.35 1.56 3.66 0 3¥10 433 86.5 0.03
pl+| 0.6 | 1.44 | 12.92 5.47 1.46 3.90 1*30| o 73.53 3.15 0.02
p2| 0.6 | 144 | 12994 547 1.46 3.90 1¥10[ o 955 169.8 0.5
n2| 06| 144 | 1299 547 1.46 3.90 0 1%¥190 955 169.8 0.1
n2+| 0.6 | 1.44 | 12,92 547 1.46 3.90 0 3%¥1Q 433 86.5 0.03
p2+| 0.7 | 1.21 | 1334 563 1.32 4.25 1*30| o 73.53 3.15 0.02
p3| 07| 121| 1334 563 1.32 4.2 1¥10[ o 955 169.8 0.5
n3| 07| 121| 1334 563 1.32 4.2 0 %10 955 169.8 0.1

3. RESULT AND DISCUSSIONS

One of the challenging issues of solar cells isteel to the
lesser material usage. The monocrystalline InGabsl tigh
absorption coefficient over #@m, which means that all the
potential photons of sunlight with energy greatemt the band
gap can be absorbed within fewn thin InGaN absorber
layer. Moreover, lgGa, N has direct band gap of 0.7 eV to
3.4 eV, to utilize whole solar spectrum. In my poes
research it was published that absorber layer tigis& of 0.5
pm is enough to create a best performance cell @vithum n

layer at 1.34 eV [17]. In another work of triplenpiion
tandem solar cell, bandgap selection has been foadee top
cell, middle cell and bottom cell and they are 1e¥] 1.44 eV
and 1.21 eV[18].

In this research it can be seen from the Fig. &ctet field
distribution of the cell that the field diminishbsfore 0.5 um

of p-InGaN thickness. The charge depletion extends
approximately 0.5 microns into the p-InGaN layef.the
thickness of the p-InGaN layer is restricted to kenavalues
(<0.5 um), then the InGaN layer is said to be yfaépleted'.
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Fig-5: The electric field distribution in of InGaN abber
layer.

The carrier generation rate of 0.5 um thick InGaMscare
calculated and found to be in the order of 5%&6i’s? in the
vicinity of InGaN junction as shown in Fig. 6. Fnothe
figure the carrier generation drastically decreasihin just

0.5 um of InGaN absorber layer thickness. So, Qu®

absorber layer has been selected for the differehivith 0.1
um n layer. single junction solar cell of InGaN. Woris result
of single junction cell of this material are 24.9%%d 24.88%.
Absober layer thickness was selected at@nSor the top and
bottom cells. This selectction has been made fragorus
simulation process by AMPS. The efficiency of thregmsed

double junction cell is 35.45%, which is higher rtha

previously reported double junction cell of InGaNaterial.
The reputed result are 34.43%. For the triple jiomctcell,
selected bangaps are 1.61 eV, 1.44 eV and 1.2loetop,
middle and bottom cell respectively.

Thickness of absorber layers are Qrd . For triple junction
cell efficiency is 42.34% that is also the highémt InGaN
solar cell ever reported. The reputed results riptet junction
solar cells are 41.72% and 37.15%.
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Fig-6: The calculated carrier generation rate in theaNG
solar cell

From this analysis, it can be concluded that Orbthickness
of the absorber layer would be better for highogdfit cell.

Band gap selection has been made from the numerical
simulation for different ratio of Indium. From thesult of this
simulation, optimized band gap were selected 1¥%,11e44

eV and 1.21 eV for the tandem top, middle and mottell
respectively. For the double junction cell, bang ga1.61 eV
and 1.21 eV were selected for top and bottom cell
respectively. And for the single junction solarlceklected
band gap is 1.34 eV, absorber layer thickness efst#iected
cell is 0.5um, which is 200 times lower than conventional
solar cells. For the single junction solar cell #féiciency of
designed cell is 25.019%s6=30.883 mA/crfi, FF=0.876 and
Voc=0.925V. This efficiency is highest for a reputed

Effect of tunnel junction has been analyzed andktigss of
the tunnel junction layer was optimized for thedam cells\
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Fig-7: Effect of tunnel junction n layer thickness on tard
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Fig-8: Effect of tunnel junction p layer thickness on tarmd

From the proposed cells of single, double anderjphction,
it is observed that the efficiency is increasedha tandem
cells than single junction cell. In tandem celldgfedent cells
with diffrent band gap are connected by tunnel fiomcto
form a complete workable cell. The band gaps oftémelem
cells are selected in such a way that it could dibdbe
maximum effective solar flux. Thdsc and Voc are very
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important in tandem cell design. Thscfollow the minimum
value of the connected cells in series afat follow the

higher value of the connected cell. In this wolkee types of
solar cells have been designed and found thatffiogeacy is

25.019%, 35.45% and 42.34% for single, double aipdet
junction respectively. Thelsc is 30.883 mA/cy 33.984
mA/cn? and 36.15 mA/cm with/oc is 0.925V, 1.165V and
1.33V; FF is 0.876, 0.895 and 0.88 for the singlecjion,

double junction and triple junction respectively ioth are

shown in Table 2 for clear view.

Table 2: Comparison of Single, double and triple junction
InGaN solar cells

Solar Jsc Voc FE Efficiency
cell (mA/cm?) | (V) (%)

Single | 30883 | 0.025| 087  25.02%
Junction

Double | 33984 | 1.165| 0.893  35.45%
Junction

Triple 36.15 1.33| 088 42.34%
Junction

Three different cell efficiency curve from AMPS sitation
are shown in Fig. 9.
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1=25.019%
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Fig-9: I-V curve of single, double and triple junctioells

An investigation has been done to understand tFectebf
higher operating temperature on the proposed ¢itiemcy
with temperature ranged from 25 °C to 100 °C. THdPS
simulation results are shown in Fig. 10. It is evidfrom the
Fig. 10 that the conversion efficiency linearly desses with
operating temperature at a temperature coeffigi€a) of -
04%/°C, which also indicate the degree of stabiityhe cell
at higher operating temperature or in stresseditions.

For single junction, double junction and triple gtion cell TC
is -0.04%/°C. From the analysis of temperature ddpacy,
cell stability is much better than other convendibsolar cell.

Therefore, the designed cell is more stable atdrigiperating
temperature.

12
TC= ;0.04%/“C

0 e
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Fig-10: Effect of operating temperature on the tanderh cel
performance

CONCLUSIONS

Utilization of the enormous energy of the Sun bgnating it
into electricity is an emerging alternative way ftdfill the
energy demand of the mankind. The PV solar celisvary
potential which can be operate continuously withaumy
maintenance, non-polluting and has the potentiattyulfill
the shared dream of humanity; clean and affordablergy
from the sun, for all in everywhere. The numbemngtterials
that can be used for solar cell production is largecent
studies suggest that thin films will dominate therhdwide
terrestrial market in the near future, since thepud be
capable of reaching a lower price figure (in $/\)aftmong
thin film InGaN is the favorable choice becausehds
important advantages as a material for solar celsnely
optimum tunable direct energy gap, higher absaonptio
coefficient over 1®&cn? and its ability to keep good electronic
properties under different temperature. Becaugbetunable
band gap of 0.7 eV to 3.4 eV and the excellent sensiuctor
properties of InGaN, it is a promising material fsingle
junction as well as tandem solar cells.

Numerical simulation of solar cell is an importanty to
predict the effect on cell performance and to testviability
of the proposed structure. A high efficiency InGahhgle
junction solar cell was designed and numericallioized in
this work with cell efficiency of 25.02%. The doeljunction
and triple junction InGaN tandem solar cells weesigned
and numerically optimized in this work with the eension
efficiency of 35.45% and 42.34%. These simulatedilte are
higher than the previously published results of dNGsolar
cells. The thickness of the cells is reduced thahero
conventional solar cells and it will reduce therfeétion cost
effectively. Effect of temperature of the proposals were
investigated and found that temperature coefficiehtthe
designed cells is -0.04%/°C, which indicate the rrifed

stability of the cell in stressed condition to sorertent.
Thermal stability of the proposed cells are in galhe is

higher than other conventional solar cell. This kveas shown
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an important way for the design and fabricationsoigle
junction and tandem solar cells with InGaN materigtus
InGaN based tandem solar cells were designed aalyzaa
numerically. The designed cells of this work need be
fabricated for further investigation. Much moresearch need
to be done on this material for its design procasd the
fabrication techniques.
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