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Abstract

A graded bandgap p-i-n junction solar cell is proposed. The main purpose of graded bandgap is
to ensure more efficient absorption of photons. The efficiency will increase according to the load
current. Here we use quaternary semiconductor material GalnAsP because it is easy to change
the bandgap of this material without changing the lattice constant and we can change the
bandgap over a wide region by changing their compositions. We have performed numerical
calculation for energy gap and lattice parameter by changing the composition of the materials.
From the compositions we get the maximum band gap 1.3723eV that we have to put on the top
of the p-i-n solar cell, because the high frequency photon’s penetration depth is low. Then we put
an intrinsic material between p and n type doped material (here we use intrinsic material as
graded Ga,In|«As,.,Py and which is not doped at all). Finally at the bottom we put n-type
material of minimum band gap 0.5135 eV. We allow +0.05 % mismatch in lattice parameter
between InP substrate and our active materials. We assumed the parameters such as effective
density of states in the conduction band and valance band as independent of the bandgap.
Assumed total number of electrons and holes are same and the reflectivity of sunlight for short
circuit current calculation is neglected in the model. In this model the short circuit current, open
circuit voltage, fill factor and finally efficiency are calculated. And efficiency of our designed
graded bandgap p-i-n junction solar cell is around 18.42%. This value is for one sun
concentration of sunlight. According to our efficiency it is expected that the proposed model can

be used for better efficiency rather than other same category solar cells.

2

Department of Electrical and Electronic Engineering, East West University.



Undergraduate Thesis

Acknowledgements

We would like to thank Dr. Anisul Haque, Professor and Chairperson, Department of Electrical
and Electronic Engineering (EEE), East West University (EWU), Dhaka, our supervisor, for his
constant guidance, supervision, constructive suggestions and constant support during this

research.

We are grateful to Mr. Mahmudur Rahman Siddiqui, Research Lecturer, Department of EEE,
EWU, Dhaka, for his suggestions and help.

We also want to thank our parents and all of our friends for their moral support and helpful

discussion during this work.

EWU, Dhaka Authors

October, 2010

3

Department of Electrical and Electronic Engineering, East West University,



’ndergraduate Thesis

Approval

The thesis titled “Performance Analysis of Graded Bandgap p-i-n Junction Solar Cell”
submitted by Md.Toufique Arefin (2006-2-80-003), Md. Al-Imran (2006-2-80-035) and Md.
Toufiqul Bari (2006-2-80-032) session summer 2010, has been accepted satisfactory in partial
fulfillment of the requirement of the degree of Bachelor of Science in Electrical and Electronic

Engineering on August, 2010.

Supervisor

e

Dr. Anisul Haque
Professor and Chairperson,
Department of Electrical and Electronic Engineering,

Fast West University, Dhaka-1212, Bangladesh.

4

Department of Electrical and Electronic Engineering, East West University.



I ndergraduate Thesis

Authorization Page

We hereby declare that we are the sole authors of the thesis. We authorize East West University

to lend this thesis to other institution or individuals for the purpose of scholarly research.

At

Md.Toufique Arefin
Md. Al-Imran

Md. Toufiqul Bari

We further authorize East West University to reproduce this thesis by photocopy or other means,
in total or in part, at the request of other institutions or individuals for the purpose of scholarly

research.
el ad

Md.Toufique Arefin

Md. Al-Imran

Md. Toufiqul Bari

5

Department of Electrical and Electronic Engineering, East West University.



_ndergraduate Thesis

Contents
Abstract
Acknowledgements
Approval
Authorization page
Contents
List of figures
1. Introduction
1.1 Background
1.2 Operating Principle of Solar Cell
1.3 Literature Review

1.4 Objective

3]

Review of Different Types of Solar Cells
2.1 Homo-Junction Solar Cell
2.2 Hetero-Junction Solar Cell

2.3 Multi-Junction Solar Cell

3. Properties of Compound Semiconductor Materials
3.1 Binary Materials
3.1.1 Gallium Arsenide
3.1.2  Gallium Phosphide
3.1.3 Indium Phosphide

3.1.4 Indium Arsenide
6

Department of Electrical and Electronic Engineering, East West University.

12

14

15

18

18

20

22

24

24

25

25

26

26



ndergraduate Thesis

3.2 Quaternary GalnAsP Materials on InP Substrate

3.3  Why Choose This Material
3.4 Energy Gap Relationships

3.5 Lattice Parameter Relationships

4. Analysis of Material Properties
4.1 Energy Gap Analysis
4.2 Lattice Parameter Analysis and Simulation
4.2.1 Lattice Constant under Certain Condition

4.3 Analysis under Restricted Lattice Constant

th

Modeling and Analysis of p-i-n and p-n Solar Cells Parameter

5.1 Model p-i-n Solar Cell
5.2 p-n Solar Cell Analysis
5.3 Short Circuit Current
5.4 Open Circuit Voltage
5.5 Fill Factor

5.6 Efficiency

6.  Graded p-i-n Solar Cell Analysis

6.1 Graded p-i-n Solar Cell Analysis

7

Department of Electrical and Electronic Engineering, East West University.

27

27

28

29

30

30

31

32

32

33

33

37

37

39

40

40

41



~Zergraduate Thesis

Conclusion
7.1 Summary

7.2  Future Work

%. Reference

8

Department of Electrical and Electronic Engineering, East West University.

46

46

47

48



~Zergraduate Thesis

List of Figures

Generalized diagram showing how solar cell works. 7 2
/ X W\

_ / A\

2 A p-njunction solar cell. ;’ )ﬁ
Global Carbon emission by fossil fuel plant.
= A p-njunction solar cell with resistive load.

The equivalent circuit of a solar cell.

= Photo of the new world record solar cell made of Gag 35Ing ¢sP/Gag g3lng 17As/Ge
with a cell area of 5.09 mm?.

2 The electric field and the force acting on the charged carriers.
22 Energy band diagram of p-n homo-junction in thermal equilibrium
23 The energy band diagram of n-p hetero-junction in thermal equilibrium.
2+ Band diagram of Hetero-junction solar cell.
23 Multi-junction solar cell.
Solar radiation spectrum.
32 Band diagram of GaAs.
>3 Band diagram of GaP.
>4 Band diagram of [nP.
33  Band diagram of InAs.
<1 Bandgap vs. composition.

42 Lattice constant vs. composition.

1
(&5}

Required lattice constant vs. composition.

9

Department of Electrical and Electronic Engineering, East West University.



* miergraduate Thesis

S Solar spectrum and the absorbed wavelength in nm.

© 2 Penetration depth vs. Photon energy for 1.37 eV.
Penetration depth vs. Photon energy for 0.5135 eV,

* = Modeled p-i-n solar cell.

* 5 Circuit diagram of an ideal p-n solar cell.

® = Maximum Power point.

6 Energy band diagram of graded p-i-n solar cell.

=2 Load current vs. Voltage of modeled graded p-i-n solar cell.

= > Maximum power point of modeled graded p-i-n solar cell.

10

Department of Electrical and Electronic Engineering, East West University.



Pmdergraduate Thesis

Chapter 1

Introduction

o.ar cell is formed by a light sensitive p-n junction semiconductor where the photons of the
w.mzht are absorbed. Every photon has its own energy. If the energy of the photon is greater
oo or equal to the energy needed to transfer electron from the valance band to the conduction
w2 1t will contribute to the output of the solar cell. After generating the free electrons, a path is
.~d towards the p-type semiconductor (As the rule goes “unlike charges attract each other").
~=ough an external path. If an external path is not available there, the process of generating free
= =cirons stops. The probability of releasing electrons by the photons depends on the amount of
~t absorbed by the cell’s surface. More absorption implies more electron release, and hence

—ore electricity will generate [1]. Figure 1.1 shows how solar cell works.

Sunlight
P
n
I
S 7
H@f — External circuit

Figure 1.1: Generalized diagram showing how solar cell works.
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1.1 Background

== cells are used for converting the photon energy to electrical energy. When sunlight falls on

= solar cell, the materials absorb the photons (if the photon’s energy is equal or greater than the
cmergy gap of that material) and produce electricity. In 1839, the French physicist Antoine-César
Becguerel started the work for developing the solar cells [2]. By experimenting with a solid
szrode in an electrolyte solution, he observed that when light fell upon the electrode, the
zze developed in electrode. After a long period (around 50 years) the first true solar cells
cr¢ constructed by Charles Fritts using junctions formed which were coated by the
wwmiconductor selenium with an ultrathin, which is nearly transparent, layer made of gold. But
= devices were very inefficient for use, because it could transform the absorbed light’s energy
clectrical energy and the efficiency was less than 1 percent of the absorbed light. In 1927, for

< solution of that problem, other metal semiconductor-junction solar cells were discovered
«=.ch was made of copper and the semiconductor copper oxide. In 1930s in the fields of light-
wensitive devices, both the selenium cell and the copper oxide cell were being employed, such as
~~otometers, for use in photography. The early solar cell had energy-conversion efficiency less
man 1 percent. In 1941, this problem was finally overcome with the development of the silicon
«o.ar cell by Russell Ohl [3]. A silicon solar cell was invented in 1954 by three American
~cscarchers G.L. Pearson, Daryl Chapin, and Calvin Fuller, which had 6-percent energy-
-ooversion efficiency using direct sunlight’s photons [4]. By the late 1980s not only silicon cells
. 250 those made of Gallium Arsenide which was capable of more than 20 percent efficiency
~=_ ~een fabricated. After that a concentrator solar cell was invented in1989. A concentrator is
—z2¢ of different types of lenses (it may be concave or convex) and which is used to increase the
~znsity of the sunlight. The concentrators are put above the solar cell and the solar cells are put
= the focus of the lenses. By increasing the intensity of the collected energy and by using this

~oe of solar cell efficiency can be increased [2]. Figure 1.2 shows a simple p-n solar cell.

12
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I:Iiht
\ % i\j\

p~Type n-Type

~—e Potentiometer o——————-.
Figure 1.2: A p-n junction solar cell.

“=ooc move towards the solar cells, because it is environment friendly. Solar cell generates
- =oimcity using sunlight’s photon, thus solar panels do not produce any pollution compared to
~.mung fossil fuels. Fossil fuel power plant produces electricity by burning fuel, so it produces
=2 amount of toxic gases, which is released into the atmosphere. Figure 1.3 shows global
czmoon emission by fossil fuel plant. From the graph we can see that the emission of carbon is

. up to since 1900, but it increases exponentially after 1900. In 1980, the global carbon

=mussion by fossil fuel is around above 200 billion tons, which is very high amount of carbon

=t I 8
< = =

Emigsions {biltion tonnes C}

<8
=4
T

E?ln % VBEY 130h 1849 e
Year

Figurel.3: Global Carbon emission by fossil fuel plant. [5]
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¢ = consumers, solar panels can free the individual from the national grid, because the

~msmer Coes not have to pay any bill to the utility company.

1.2 Operating Principle of a Solar Cell

s ccllis one type of p-n junction and it can produce directly electricity by using the energy of
w27t Two cases we can consider when sunlight falls on the solar cell. If the energy of photon
ss than the band gap of that material (by which solar cell is made), then that photon should

. ~e absorbed by the material. Another thing could happen that is, if the photon energy is equal
- crezter than the band gap of that material, then the photon is absorbed by that material. This is
~w most desirable case. By absorbing those photons the electron-hole pair is created, because
+ =r zhsorbing the one photon one electron jumps to the conduction band and hole is created in
wcnce band. As electrons and holes are charge opposite to each other, so they move in two
~ erent directions. So there will appear a potential difference. This potential difference will
ezt the electricity and that current is supplied to the load. Solar cell acts as a current source. It
. ways gives a steady current. Figure 1.4 shows a p-n junction with resistive load [6]. Though
=0 bias voltage is applied to the junction, an electric field still exists in space charge region.
"z incident photon can generate electron-hole pair in the space charge region that will be swept

_ producing photocurrent IL in the reverse bias direction.

(((((( o

" E-field

Figure 1.4: A p-n junction solar cell with resistive load.
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Figurel.5: The equivalent circuit of a solar cell.
% = czn model an equivalent circuit which will help to understand the electronic behavior of a
« o cell Figure 1.5 shows the equivalent circuit diagram of a solar cell. An ideal solar cell may

e epresented by a current source in parallel with a diode [7]. But in practical case no solar cell
« 2zal. The photons are absorbed by the cell which will produce a current. That current is called
& snor circuit current (when the load resistance is zero). But that current is not same as the load
oment, because the solar cell has its own resistance. So a shunt resistance and a series resistance
co=oonent are added to the model. The efficiency of the cell will increase if the shunt resistance

~ nigh and the series resistance is very low.

1.3 Literature Review

«zscarch is going on solar cell and the researchers are trying to increase the efficiency of solar
.= The efficiency of solar cell achieved dramatic improvements when the focus shifted from Si

vards GaAs and I1I-V semiconductor compound system. In 1980 several types of III-V solar
2z s had been tested and by 1984 first GaAs solar cell wad developed [8]. After that by using the
~oncentrator on solar cell, we can get maximum conversion of around 37% of absorbing sunlight
= ¢lectrical energy. Then researchers move toward to hetero-junction solar cell. Hetero-junction

=olar cells consist of two different types of materials. Hetero-junction is a contact point between

15
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w0 of different crystalline semiconductors. Hetero-junction is different from homo-

“ o semiconductor materials due to its unequal bandgaps. In hetero-junction solar cells, we

“w e Citferent types of semiconductor materials and those materials have unique band gap,
Secwwse of that these type of solar cell can absorb two different energized photons [8]. That
Sevce oves us a satisfactory efficiency. After that the researchers try to analyze the property of

wo- wocuon solar cells. Multi-junction solar cell consists of different layers. First two or more
S two solar cells are created individually and then the cells are mechanically stacked, one on
= = tne other. By using this type of solar cell we can transform the absorbed light’s energy to

~ ooz energy and which has a high efficiency. Because in multi-junction solar cells we use
o o= nvpes of semiconductor materials, which have different bandgaps, so the multi-junction
& o= can absorb different energized photons. Thus the efficiency of multi-junction solar cell

* 2-2r than hetero-junction or compound semiconductor solar cell. A multi-junction solar cell
“ov 2z oped by the researchers of the Fraunhofer Institute for Solar Energy Systems (ISE which
~erman company) and they achieved a record efficiency of 41.1% for the conversion of
ozt into electricity [9]. They used a concentrator above the multi-junction solar cell. The
= 2t is concentrated by a factor of 454. Their multi-junction is around 5 mm? and made of
. =7 GalnAs on a Ge substrate. Photo of the solar cell which has highest efficiency (41.1%) is

n 0 Figure 1.6.

- zute 1.6: Photo of the new world record solar cell made of Gag 35Ing 6sP/Gag 83Ing 17As/Ge with

a cell area of 5.09 mm?. [9]
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1.4 Objective

© . oooect we are interested to design a graded bandgap p-i-n junction solar cell to improve
“=o by causing absorption of wider spectrum of sunlight. There are mainly two ways to
o nction. One is putting an impurity that means doping the materials and another is by
=2 the compositions of the materials. The main purpose of graded bandgap is to ensure
mooe oo cient absorption of photons. Then finally the efficiency will increase according to the

—ent. Here we use quaternary semiconductor material GalnAsP because it is easy to

n¢ bandgap of this material without changing the lattice constant and we can change the
“wn 220 over a wide region by changing their composition. Then we model our solar cell and
> analyze the performance parameters such as short circuit current, open circuit voltage,

= Vo odal

actor & efficiency.
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} L hapter 2

' Review of Different Types of Solar Cells

e orc three main elements of solar cells such as: (1) a semiconductor; (2) a semiconductor

wnoon 2nd (3) conductive contacts. Semiconductors such as silicon may be doped n-type or p-

"= hen an n-type silicon and p-type silicon interface with each other, a region is created in

S w2 cell which is called the semiconductor junction. The semiconductor absorbs light. The
wwers tom the light may be transferred to the valence electron of an atom in a silicon layer,
w20 = ows the valence electron to escape its bound state leaving behind a hole. These photo-
somerzied electrons and holes are separated by the electric field associated with the p-n junction.

e conductive contacts allow current to flow from the solar cell to an external circuit [10].

= == chapter, we have mainly focused on solar cells having three different kinds of junctions

“uct 25 1) homo-junction; (2) hetero-junction and (3) multi-junction.

2.1 Homo-Junction Solar Cell

* somo-junction solar cell is one kind of device whose p and n type materials are exactly same.
~ con Si)solar cell or Gallium Arsenide (GaAs) cell is the perfect example of this kind of solar
.+ = other words, when similar semiconductor materials interface with each other a homo-
oo on s formed between the layers of those materials. Bandgaps of those materials are equal
= mocally their doping is different. A solar cell having such junction is called homo-junction
o = cell [11]. To explain how homo-junction solar cell works, we have discussed about the
.~ <z line silicon solar cell. Figure 2.1 and 2.2 shows the functionality of homo-junction solar

.« and energy band diagram of p-n homo-junction solar cell in thermal equilibrium

18
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Figure 2.1: The electric field and the force acting on the charged carriers.
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- 2ume 2.2: Energy band diagram of p-n homo-junction solar cell in thermal equilibrium.

coarzie pieces of silicon are electrically neutral. When they are put together interesting part

v« A thout an electric field, the cell wouldn't work. When the n-type and p-type silicon
=« =0 contact, the electric field is created automatically. Suddenly, the free electrons on the n
2¢ wov oz tendency to fill up into the holes on the p side. All the free electrons do not fill all the
swe oo o= It they do so, then the whole arrangement wouldn't be very useful. However, right at
wmcuon, they mix with each other and form a barrier which makes a harder situation for

«= == on the n side to cross over to the p side. Eventually, equilibrium is reached, and we
s == zectric field separating the two sides. This electric field acts as a diode which allows
~=ons 1o flow from the p side to the n side. It's like a summit - electrons can easily go down

= «ommit (to the n side), but can't climb it (to the p side). When light hits the solar cell in the
— -7 photon. its energy breaks apart electron-hole pairs. Each photon with sufficient energy
~ormally extract exactly one electron with same number of hole as well. If this happens

19
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cmouzh 1o the electric field or if free electron and free hole happen to wander into its range

- = once. the field will send the electron to the n side and the hole to the p side. This causes

s Csruption of electrical neutrality and if an external current path is provided, then the
o os will flow through the path to the p side to combine with holes that the electric field sent
e o flow of electrons creates the current, and the cell's electric field causes a voltage. If the
e s multiplied with the voltage, then the power is formed [12].
- onction cells using direct-gap semiconductor materials have not that much desired
= ==oes. Homo-junction solar cells can absorb those photons only around the bandgap
s so for higher energized photons, a significant fraction of energy is wasted.

2.2 Hetero-Junction Solar Cell

. % e two semiconductors with different bandgap energies interface with each other, then a
| Swemo- unction is formed [13]. Two different roles occur among the top and bottom layers in a
~ - unction solar cell. The top layer which is specified by window layer is a material with a
© o ~andzap selected for its transparency to light. Almost all incidents light is allowed to reach
“e sooom laver by the window, which is a material with low bandgap that readily absorbs light.

 ur nat electrons and holes are generated by the light which is very near about the junction.
“.2n this process, it is convenient to separate the electrons and holes effectively before they
“ur secombine. Hetero-junction devices have a natural advantage rather than homo-junction
oo oo« which require materials that can be, doped both p- type and n-type. A high-band gap
wooow laver reduces the cell's series resistance. Highly conductive material can be used to
w - =2 window and without reducing the transmittance of light the thickness can be increased.
o & rzsult, light-generated electrons can easily flow laterally in the window layer to reach an
© oo oz contact [14]. In thermal equilibrium a typical p-n hetero-junction energy band diagram

Bown in Figure 2.3.

20
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“izure 2.3: The energy band diagram of n-p hetero-junction in thermal equilibrium.

~ = s zssumed that photons are incident on the wide bandgap material. Photon which is less
‘ e © oo going across the wide band gap material operates as an optical window and photon

woon s greater than Egp are absorbed in the narrow bandgap material. Excess carriers within a
" "o length of the junction and created in the space charge region are collected on average

w0 oroduce the photocurrent. High energy photons are absorbed in the depletion region of the
| s hand gap material if Egn is sufficiently large. Particularly at the shorter wavelength,
" o= nction solar cell has better characteristics rather than a homo-junction cell.

Ec T

Figure 2.4: Band diagram of Hetero-junction solar cell.

* 2r orming a p-n homo-junction a wide band gap material is grown on top which acts as an
= o= window for photon energy less than Egl. Photons with energies in between Egl and Eg2
»  ceoerate excess carriers in the homo-junction and photons with energies greater than Egl

21
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W cenerate excess carriers in the window type material. In the narrow band gap material, if the
womtion coefficient is high then within a single diffusion length of the junction, all of the
oo carriers will be generated. So the collection efficiency will be very high. Figure 2.4 shows
» =2y band diagram of a hetero-junction solar cell using different compositions of AlGaAs
e GaAs [13].

2.3 Multi-Junction Solar Cell

. -unction solar cell is one kind of high efficiency solar cell, which has multiple layers of
= 2ual solar cells with several band gaps. Individual solar cell in multi-junction solar cell can
* & ~omo-junction, a hetero-junction or it could be a p-i-n junction. Multi-junction solar cell can
Lo different portion of the solar spectrum to convert sunlight energy into electrical energy by
wu - solar cell at greater efficiency [15]. In a single layer or band gap solar cell efficiency is
= =2 due to the inability of p-n junction to absorb a broad range of photons in the solar
~wcomum. Photons below the band gap in blue spectrum either pass through the solar cell or due
—olecular demonstration, are converted into heat. Energy of photons above the band gap in
~=d spectrum is also lost because only the energy necessary to generate electron hole pair is
o So, the remaining energy is converted into heat [16]. Multi-junction solar cell was first
.+ z.oped and introduced for satellite power applications, where cost was not the main issue but

= main issue was to increase the efficiency.

22
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Figure 2.5: Multi-junction solar cell.

~zre in this figure 2.5 we can see the diagram of multi-junction solar cell of three layers. For
==, Eg) band (celll) is absorbing those photons which have higher energy than cell2. Then Eg,
wund (cell2), is absorbing those photons which have higher energy than cell3. Finally (cell3) is
w~sorbing those photons which have lowest energy. Different band gap materials are combined
» such a way that high energy photons are converted into electricity with high energy band gap
L low energy photons are converted with low energy band gap materials. As a result, each
~~oton of different energy is converted more efficiently. As the cells in multi-junction solar cell
- connected in series, so the voltage arrangement is higher & the current arrangement is lower.

. due to low current, the resistive losses of the cell can be minimized [17].

23
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' Chapter 3
|

| Properties of Compound Semiconductor Materials

- this chapter we have discussed about different types of binary semiconductor materials that

m GalnAsP quaternary materials.
| .1 Binary materials

* compound semiconductor is a semiconductor compound composed of elements from two or

=ore different groups of the table. Binary semiconductor compounds consist of two materials

|

=ch as GaAs, GaP, InAs, and InP etc. Binary semiconductor compounds have a fix energy gap

:nd lattice constant. As an example, Gallium Arsenide has 1.424eV band gap. So this material

|
|

I correspond of 1.424eV is around 783 nm for gallium arsenide. That means by using GaAs we

can absorb only those photons which have minimum energy 1.424eV. The wave length

zan absorb those photons which have maximum 783nm wave length. Figure 3.1 shows the solar

soectrum.

25— :
e UV | Visible | Infrared —
c i |
~ i |
NE 24 I Sunlight Top of tl
|
~ 1
1
=3 |
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= |
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v H,0
Q ‘o .0 Eeyes 20 Gt Hy0
v 0 3 ik it s 3 J/p?», IR Y P e —

1000 1250 1500 1750 2000 2250 2500
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L L b
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Figure 3.1: Solar radiation spectrum. [18]

Here we mainly discuss different types of binary materials with their basic properties.
24
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= 1.1 Gallium Arsenide

2As consists of two elements Gallium (III) and Arsenic (V). So it is an III-V semiconductor.

¢ bandgap for GaAs is 1.424eV and it has direct bandgap [19].

Energy

300K E;=142eV
Er=171eV
Ex = 1.90 eV
E,, =034 cV

| <|1|>\
— Wave vector

Heavy holes

Light holes

\Split-off band

Figure 3.2: Band diagram of GaAs. [19]

~2As is used in high efficiency solar cells and it is one of the most important applications of

~z2llium Arsenide.

3.1.2 Gallium Phosphide

~zP consists of two elements Gallium (I1I) and Phosphorus (V). It is also an I1I-V semiconductor

=aterial, which has an indirect bandgap of 2.26 eV [19].

Energy
300K E, = 2268V
-volley Aie =260V
L -valley E, = 078V
X-valley Ei0=0.08eV
<> s <>
Eso v by Wave vector
Light  “Heavy holes
Split-otf band holes

Figure 3.3: Band diagram of GaP. [19]
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*.1.3 Indium Phosphide

= consists of two elements Gallium (III) and Phosphorus (V). It is an III- V semiconductor

=azterial, which has a direct bandgap of 1.34eV. The properties of InP and GaAs are similar [19].

Energy 300K E,=134 eV
E,=1938V

X-valley £, =219 eV
T-valley E =011eV

L-valley

<100> 0 <111>

Wave vector
1 E Heavy holes
{ 0

Light holes

Split-off band

Figure 3.4: Band diagram of InP. [19]
3.1.4 Indium Arsenide

~dium Arsenide is a material, which has 0.354eV band gap. It is also an III- V semiconductor

material and this material has direct bandgap [19].

Energy 300 K E' =0 35 eV

EL ) 08 eV

E,=137 eV

C-valley E.,=041eV

X-valley

L-valley

<100> g <111>

/ Wave vector
E,, Heavy holes

Light holes

Split-off band

Figure3.5: Band diagram of InAs. [19]

The most common similarity between all binary (that we studied) semiconductor materials have

zinc blended crystal structure.
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*2 Quaternary GalnAsP Materials on InP Substrate

%< have to consider two cases before choosing our substrate materials. One of the important
“uses 1s that the substrate material should be cost effective, because substrate material is not the
=zin part of the cells (because it’s not absorbing the photon energy). The most important case is
~zt the lattice constant of the substrate should be matched with the active semiconductor
=aerials (but a little mismatch is acceptable). Here active semiconductor material means which
=zt of the solar cell is associated with absorbing photon’s energy. For our project we choose
w.ostrate as InP and active semiconductor material as GalnAsP. We choose InP because its
wice constant is pretty close with GalnAsP. The lattice constant of InP is 5.8687 A. Lattice
constant of Gag 47Ing s3AsyPy.y 1s 5.8687 A at 300K [19]. So for this composition we can see that
= lattice constant is identical with InP. Because of that we use Quaternary GalnAsP materials

= InP substrate.

3.3 Why Choose This Material

= our project we use quaternary semiconductor material which is GalnAsP. Because we can
zsily control the lattice parameter and bandgap of this material. If we vary the composition then
«2 can get bandgap and lattice constant as a range. For GaxIn;4As,P,.y, where the compositions
== x and y which are also called mole fractions. Now if we vary composition of x and y, then the
=nge for bandgap is 2.073-0.354 eV. This means that our solar cell can absorb a large portion of
«unlight’s spectrum. This is much desired case for our project, because if we could absorb large
sortion of sunlight’s spectrum that means the efficiency of our solar cell will increase. But we
zn not take above banggap range, because for that composition that we get the range, the lattice
~arameter of GalnAsP could be mismatched with the substrate InP and this case will be

~scussed later.
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3.4 Energy Gap Relationships

= this section we present the relationship to calculate the bandgap of GalnAsP. For that purpose
“rst we have to know for which composition, we want to calculate the bandgap. Now the
ormula for finding the bandgap of quaternary materials in terms of the bandgaps of ternary

semiconductor materials is given below [20]:

_ [x(1 =) [yTapc(¥) + (1 = Y)Tapp ()] + y(1 — ¥) [XTacp(y) + (1 = x)Tgep (W)]]

. 3.1
Y x(1—x) +y(1-y)
_et’s assume, Tagc (%) = Tgainas
The formula for finding the bandgap of ternary materials in terms of the bandgaps of binary
semiconductor materials is given below [20]:
Tasc(X) = xBag + (1 — x)Bpc — x(1 — x)Cagc 3.2

‘Where, ‘Capc’ is an empirical bowing parameter. According to Vegard’s law, Cagc = 0 for the
attice constant. However, strong bowing is often observed for energy gap. Experimentally,

~owing parameters determined the direct bandgap.

Now we want to calculate,
Tagc(X) = xBgaas + (1 = x)Binas — X(1 = X)Cgarnas
Again, Tpgp (%) = Tgamep
Tagp(X) = xBgap + (1 = x)Binp — X(1 — X)Cgamp
Again, Tacp(y) = Tgaasp(y)
Tacp(yY) = ¥Bgaas + (1 = ¥)Bgap — (1 — ¥)Coansp
Again, Tgcp(y) = Tinasp(y)

Toep(¥) = YBinas + (1 = ¥)Bimp — y(1 = ¥)Crnasp
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Now, Qyy = [X(1 =) [yTagc(X) + (1 = y)Tapp (0] + y(1 = y) [XTacp () + (1 = x)Taep (W]]
B x(1—x) +y(1-y)

“nother formula for finding the bandgap of quaternary material is [19]:

Q=1.35 +0.668x -1.068y +0.758x> +0.078y*-0.069xy -0.332x%y +0.03x)* eV

. 3.5 Lattice Parameter Relationships

When we model any solar cell then we have to consider one important issue and that is lattice

constant mismatch. The lattice constant of our quaternary semiconductor material (GalnAsP)

inen

should be matched with the substrate material (InP). If the lattice constant is not matched then

the whole property that we consider could be changed. The formula of lattice constant of

suaternary semiconductor is given below [21]:

Lattice constant = 5.87+0.18x-0.42y+0.02xy A
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Chater4

Analysis of Material Properties

4.1 Energy Gap Analysis

Now if we vary the composition of x and y from 0 to 1 respectively of GayIn;. As,P.,, then we

zet a surface, where the maximum energy gap is 2.0731 eV and minimum band gap is 0.354 eV.

2.5
S 2
[+}]
£
§ 1.5
>
o2
2
L 1 1
0.5 | %
1 N |
: . X: 1 1
: e Y:0.02
0.5 a 06 z.05135
g 0.4 ; -
L 0.2
it f 0 o0 .
compsition oty compostion of x

Figure 4.1: Bandgap vs. composition

Figure 4.1 is about the bandgap vs. composition and from MATLAB plot we can see the
maximum, minimum bandgap and as well as their corresponding composition also. The lattice

constant at maximum and minimum bandgap are respectively 5.6620 A and 5.4540 A.
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4.2 Lattice Parameter Analysis and Simulation

Now if we vary the composition then we get a surface for lattice constant and the maximum and
minimum lattice constant are 6.042 A and 5.452 A. Figure 4.2 shows the surface for lattice

constant while we are varying the composition. From figure we can see that the range of lattice

constant is from 6.042 A and 5.452 A.

required lattice A

0.8

05 - ) -0.6

0.4
0.2

. 0
compositon of y 4 compositon of x

Figure 4.2: Lattice constant vs. composition
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4.2.1 Lattice Constant under Certain Condition

Here we consider that £0.05% lattice constant mismatch with InP is acceptable. Now the surface
for required lattice constant is showed in figure 4.3:

Allowed Range e

Lattice Constant in A

compsition of y

0 g compostion of x

Figure 4.3: required lattice constant vs. composition

4.3 Analysis under Restricted Lattice Constant

Under £ 0.05% lattice constant mismatch, the maximum and minimum lattice constants are
5.8980 A and 5.8394 A and the corresponding compositions are x=0.3800, y=1 and x=0.2400,
y=0.3800 respectively. Again at maximum and minimum lattice constant the corresponding
energy gaps are 0.5135 eV and 1.2013 eV respectively. Now maximum and minimum bandgaps
are 1.3763 eV and 0.5135 eV. At maximum bandgap, Lattice constant and composition are
respectively 5.8658 A and x=0.0100, y=0. At minimum bandgap, Lattice constant and
composition are respectively 5.8980 A and x=0.3800, y=1. These restricted values of the

compositions and bandgaps will be used to design the graded p-i-n solar cell.
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|
{‘ Chapter 5

| Modeling and Analysis of p-i-n and p-n Solar Cells Parameter

In this chapter we first model our desired p-i-n solar cell first. For this purpose we have to find
out the penetration depth for maximum and minimum bandgap. Maximum and minimum
bandgap are respectively 1.3763 eV and 0.5135 eV, and their corresponding wave lengths are
respectively 901 nm and 2416 nm. We put at the top the material for which we can get higher
bandgap, because the penetration depth for high frequency is low and for low frequency the
penetration depth is high. So we put at the bottom the material for which the bandgap is lower.
Then we analyze and try to find out the expression for few basic parameters of p-n solar cell such
as the short circuit current, open circuit voltage, fill factor and efficiency. The p-n junction
analysis is very important because we want to develop a graded p-i-n solar cell with the help of

p-n junction analysis.

5.1 Model p-i-n Solar Cell

Our solar cell can absorb maximum 1.3763 eV energized photon and the corresponding wave
length of that photon is 901 nm. The minimum energy absorbed by the cell is 0.5135 eV and the
corresponding wave length of that photon is 2416 nm. So our solar cell can absorb those photons
which have the wave length between 901 nm-2416 nm. Figure 5.1 shows the solar spectrum and

the bounded region shows the area that our solar cell can absorb.
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Figure 5.1: Solar spectrum and the absorbed wavelength in nm

Now we want to calculate the percentage of solar spectrum that our solar cell could absorb.

The total energy of solar spectrum is 100.04 (mW/cmz) and energy within the allowed range is

30.65067 (mW/cm?). So our modeled solar cell can absorb 30.6393% from the solar spectrum.

Now we want to calculate the penetration depth for those photons which have energy of
1.3763 eV and 0.5135 eV respectively. For this calculation we use MATLAB software and the
MATLAB plots for this calculation are shown in figure 5.2 and figure 5.3 respectively.
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Photon energy in eV

2 X 0.1937
¥:1.38

0 0.2 0.4 0.6 0.8 1 1.2 1.4
penetration depth in um

Figure 5.1: Penetration depth vs. Photon energy for 1.37 eV

Figure 5.2 shows the penetration depth for the photon which has energy around 1.37 eV and

from the plot we can see that the penetration depth for that energized photon is around 0.20 um.
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Photon energy in eV
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Y:0.5071

0 5 10 15 20 25
penetration depth in um

Figure 5.2: Penetration depth vs. Photon energy for 0.5135 eV

Figure 5.3 shows the penetration depth for the photon which has energy around 0.5135 eV and

from the plot we can see that the penetration depth for that energized photon is around 10 um.

Now we can design our p-i-n solar cell, because we got every parameter to design our desire
solar cell. Figure 5.4 shows our designed p-i-n solar cell. For the composition we get the
bandgap 1.3723 eV that we have to put on the top of the p-i-n solar cell, because the high
frequency photon’s penetration depth is low. Then we put an intrinsic material between p and n
type doped material (here we use intrinsic material as graded Gayln,.<As).,Py and which is not

doped at all). Finally at the bottom we put n-type material.
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Graded Band gap Region
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Figure 5.4: Modeled p-i-n solar cell.

5.2 p-n Solar Cell Analysis

To analyze a solar cell we have to find out few basic parameters. These parameters are very
important, because these parameters give us an idea about that solar cell. The basic parameters of

a solar cell are given below:

1. Isc (Short circuit current),
Voc (open circuit voltage),
n (efficiency),

FF (fill factor).

SR

8.3 Short Circuit Current

Short circuit current is measured when the external load resistance equals to zero. The voltage
developed when terminals are isolated (infinite load resistance) is called open circuit voltage.

The diagram of an ideal p-n solar cell is shown in figure 5.5.
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Figure 5.5: Circuit diagram of an ideal p-n solar cell.

The net current density,](V) = Js¢ — Jpark(V)
qv_
=Jsc-Jo (eKBT - 1) 5

Now we want to find the expression of the dark current. When a load is present, a potential
difference develops between the terminals of the cell. This potential difference generates a
current which acts in the opposite direction to the photocurrent. This reverse current is usually

called the dark current. The dark current equation is given below [22]:

eDpPpg eDpnpo

Jo=——+t 5.2
av
=10 (eKBT — 1) 5.3
qv_
“ Ipark = Jo (eKBT - 1) o

The photocurrent generated by a solar cell under illumination at short circuit is dependent on the

incident light. The equation for short circuit current and photons flux density are given below
[23]:
NOW,]SC = efbs(E)QE(E)dE 5.5

Where, bs(E) is the incident spectral photon flux density and Qg (E) is the quantum efficiency.
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2
« bg(E) = hzfsz <§_> 56
c KgT
e*BiS—1
Where, C is the velocity of light, Ts is the surface temperature of sun; Kg Boltzmann constant,
Fs is a geometrical factor which arise from integrating over relevant angular range. Just at the
surface of black body this range is a hemisphere and Fs=n and away from the surface the
angular range is reduced and Fs= nsinzesun. Where 6, is the half angle subtended by the
radiating body to the point where the flux is measured. For the sun as seen from the earth 6,, 1is

equal to 0.26°

5.4 Open Circuit Voltage

Open circuit voltage is another important basic parameter. When the contacts are isolated, the
potential difference has its maximum value and then it is called open circuit voltage. It can

express in bellowing way [24].

.-.Vocz—ln[l—s—c+1] >.7

Jsc

Jm

| [
-

Vm Voc

Figure 5.6: maximum power point

Figure 5.6 shows the maximum power point.
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3.5 Fill Factor

From fill factor (FF) we can get overall behavior of a solar cell. Fill Factor is the ratio of the
available power at the maximum power point (Py,) divided by the open circuit voltage (Voc) and

the short circuit current (Isc). The mathematical expression is given below [25]:

FF = Vo xXim 5.8

Voexise

We can control the fill factor by controlling series and shunt resistances. To a have higher fill

factor we have to increase the shunt resistance (Ry,) and decrease the series resistance R,

5.6 Efficiency

Energy conversion efficiency of a solar cell, which is the percentage of power converted to
electrical energy and collected energy, when a solar cell is connected to an electrical circuit [25].
This term is calculated using the ratio of the maximum power point, Py, divided by the input

light irradiance.

_ YgXig
- EKXAC

59

Where, ‘A’ is surface area of solar cell. Ex is the input sunlight irradiance.
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Chapter 6

Graded p-i-n solar cell analysis

The topics of this chapter can be divided into two parts and those are p-i-n solar cell analysis and
graded p-i-n solar cell analysis. In this chapter first we have discussed about the p-i-n solar cell
and tried to find out the expression of few basic parameters such as short circuit current, open

circuit voltage of graded p-i-n solar cell. Figure 6.1 shows that energy band diagram of graded p-

i-n solar cell.

Graded Band gap Region

£, X/
EFp ------------------------------------- \ .
<
T EFn
P i et F
Er E
E. £
Eg,
E

Figure 6.1: Energy band diagram of graded p-i-n solar cell.

Where, Er, and Er, are Quasi- Fermi energy levels. Er; is the intrinsic Fermi level.

6.1 Graded p-i-n Solar Cell Analysis

Here we first discussed about the p-i-n solar cell. Few basic equations for p-i-n solar cell are

given below and then we modify the equation for the graded p-i-n solar cell [23].

ev
We know that,np = n? (eKBT) 6.1
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EFn—Ej
Again,n = n; e K8T 6.2
Ei—Egp
P=nie ksT
. ’ . _ Wn
Recombination : J,ec = q f_wp Udx 6.3

Where, ‘U’ is the recombination rate per unit volume. W, and W are the depletion region width
of n side and p side. Ef, and Eg, are Quasi- Fermi energy levels; n; is the intrinsic carrier

concentration.

Now generation due to light,

Jgen = I, Jgen (E)AE 6.4

Jgen = —a /", g(E)dE 6.5

Now, we know that the recombination rate per unit volume is given below:

np-n}

U= 6.6
Tp(p+pi)+Tn(n+n;)

By putting the value of recombination rate per unit volume to equation 6.3, we get

Whn np—ni2

“Jrec =4 Jn_Wp Tp(p+pi)+Tn(n+n;) o7
Here we modify the above equations for graded p-i-n solar cell.
eV
We know that, np = n;(x)? (eKBT) 6.8
Epp—Ei
Again,n = n;(x)e KsT 6.9
Ei-Epp
B = n;(x)e XsT 6.10
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From equation 6.6 we get recombination rate per unit volume for graded p-i-n solar cell is given
below:
np(x)-nf (x)

U=
Tplp+pi (X)) +Th(n+n; (%)) 611

From equation 6.7,

2
" Jrec QI P00 =0 () dx 6.12

Wp Tp(p+pi () +Tn (n+n(x))

np(x)-n?(x)
Jaark = le Wp TP Pr () Tn (R T P00) dx 6.13

Short circuit current, Jsc = [ q(1 — R(x))bge™®*» (1 — e ®(0X)dE 6.14

Where R is the reflectivity of sunlight, a is the absorption coefficient, and x; is the length of the
intrinsic region of the graded p-i-n solar cell, bs(E) is the incident spectral photon flux density, 1,
and 1, are the electron and hole life time. W, and W are the depletion region width of n side and

p side.

We can calculate the efficiency and the fill factor from the equation 5.8 and 5.9 respectively. We
calculate the short circuit current from the equation 6.14 and then we calculate numerically open
circuit voltage from the equation 6.13. At the voltage when the dark current is equal to the short
circuit current that voltage is called the open circuit voltage. All calculations are performed at
one sun concentration of sunlight without considering any concentrators. The calculated short

circuit current is 17.4911 (mA/em?® ) and the open circuit voltage is around 1.33 V.

Figure 6.2 shows that load current vs. the voltage. From the figure we can see that at around

1.33 V the load current became zero.
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Figure 6.2: Load current vs. Voltage of modeled graded p-i-n solar cell.

Figure 6.3 shows that the maximum power point. From figure we can see that the maximum

power is around 18.42 (mW/cm?).
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Figure 6.3: Maximum power point of modeled graded p-i-n solar cell.
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Fill Factor and efficiency of our designed graded bandgap p-i-n junction solar cell are around
0.792 and 18.42% respectively. According to our efficiency we can say that our designed graded
p-i-n junction solar cell is good compared to other types of solar cell. Because if we see the other
types of solar cell like, Polymer solar cell its efficiency is 5%, Amorphous Silicon solar cell is
(5-7%), Thin-film solar cell is (10-12%), Polycrystalline solar cell is (13-15%) and
Mono-crystalline solar cell is 18% efficiencies [2][3]. So compare to all other solar cells our
solar cell efficiency is better. So if we take our graded bandgap p-i-n junction to make a solar
cell it is expected that the proposed model can be used for better efficiency rather than other

category solar cells.
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Conclusion

7.1 Summary

In our project, we have developed a graded bandgap p-i-n junction solar cell by using GalnAsP
semiconductor material. The main purposes of graded bandgap are, we choose GalnAsP as
active semiconductor material of solar cell and InP as substrate, because its lattice constant are
pretty close with GalnAsP also to ensure more efficient absorption of photons. The efficiency
will increase according to the load current. Here we use quaternary semiconductor material
GalnAsP because it is easy to change the bandgap of this material without changing the lattice
constant and we can change the bandgap over a wide region by changing their compositions. We
have performed numerical calculation for energy gap and lattice parameter by changing the
composition of the materials. From the compositions we get the bandgap 1.3723eV that we have
to put on the top of the p-i-n solar ceil, because the high frequency photon’s penetration depth is
low. Then we put an intrinsic material between p and n type doped material. Finally at the
bottom we put n-type material of bandgap 0.5135 eV. We consider +0.05 % mismatch in lattice
parameter between substrate and our active materials. We assumed the parameters such as
effective density of states in the conduction band and valance band as constant. We have
neglected recombination of electrons for making our calculation easy. Also we have used
+0.05% mismatch in lattice parameter to cover wider range from sunlight spectrum. Assumed
total number of electrons and holes are same, and the reflectivity of sunlight for short circuit
current calculation is neglected in the model. In this model the short circuit current is
17.4911(mA/cm? ), open circuit voltage is around 1.33 V, fill factor is 0.792 and finally
efficiency is 18.42% calculated. And the obtained efficiency is good for solar cells not using
concentrators. It is expected that the proposed model can be used for better efficiency rather than

other same category solar cells.
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7.2 Future Works l 4 =]
We have neglected few parameters for ma\ki'ng\ our éalgul’é{tion easy. We have used +0.05%
mismatch in lattice parameter to cover wider rané; 1;rc;m sunlight spectrum. But in future this
mismatch can be increased to cover wider range. We have used GalnAsP to design our graded
p-i-n solar cell but in future other quaternary materials can be used to increase efficiency. We
assumed the parameters such as effective density of states in the conduction band and valance
band as constant. We have assumed reflectivity of the cell is equal to zero for making our
calculation easy, but in future the value of reflectivity of sunlight by the cell can be calculated
perfectly to get more accurate efficiency. Assumed total number of electrons and holes are same
and we doped the material with 10'° cm® impurity atoms, but in future the impurity atoms can be
calculated for which the efficiency of the cell can be increased. We took some reasonable values
for calculating length for p-side & intrinsic side (i). The length for p-side & intrinsic side (i) can
be calculated perfectly to get more reasonable efficiency in future. In our analysis we have not
optimized the design of the proposed solar cell to maximize efficiency. Design optimization of

this structure in future should result in an increase in the efficiency of the proposed solar cell.
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