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Abstract

Strain issue and its impact on the performance of InGaN-based multijunction solar cell (MJISC)
is addressed for the first time in the present research work. The route of strain in MJSC is
identified to be due to the change in lattice constants in different layers of subcell grown
epitaxially with bandgap stepping. Using multi-layered strain model, the state of strain and its
magnitude is determined for three kinds of MJSC structures named as MJSC-1, MJSC-2 and
MISC-3. The results are expressed in terms of subcell thickness 80nm, 100nm and 120nm and
number of subcells 3, 5 and 7. It is found that the magnitude of MJSC position-dependent strain
is strongly dependent on the subcell thickness and decreases with increasing the layer thickness.
Further, the position-dependent strain increases with increasing the number of subcells. With the
combination of MJSC position-dependent strain and deformation potentials, the strain-induced
energy bandgap modification is determined under tensile strain condition. Finally, including the
strain effect the efficiencies of different MJSC structures are evaluated and found to be lower
with that of reported without taking into account of strain. The detraction of efficiency is
identified to be due to the open circuit voltage which decreases under tensile strain condition.
Among the MJSC structures studied here, MJSC-3 with 7-layers is less efficient and it’s

efficiency decreases upto 3.01% when strain effect is taken into consideration.



Title Page
Declaration

Certificate of Research

Acknowledgement
Abstract

Contents

List of Tables

List of Figures
List of Symbol

Contents

CHAPTERI1 Introduction

1.1

General Information

1.2 Historical Background

1.3 Related Works

1.4  Objectives of the Research Work

1.5  Layout of The Thesis
CHAPTER 11 Solar Cell Fundamentals

2.1 Introduction

2.2 Band Theory

2.3 Physical Representation of a Solar Cell
2.4 Working Principle of Solar Cell

2.5 Efficiency loss Factors in Solar Cell

2.5.1 Reflection Loss

2.5.2 Recombination Loss

2.5.3 Series and Shunt Resistance Loss
2.5.4 Inadequate Absorption of Photons
2.5.5 Thermal Loss

2.5.6 Inadequate Assortment of EHPs
2.5.7 Fill Factor (FF) Loss

2.6 Efficiency Enhancement Technique

2.6.1 MJ solar Cell

2.6.2 Multiple Spectrum Solar Cell

2.6.3 Compound Absorption Path Solar
Cell

2.6.4 Multiple Energy Level Solar Cell

2.6.5 Multiple Temperature Solar Cell

2.7 Important Fabrication Issues in MJSC

PAGE

i
iv

Vi
viii
ix
xii

~N N W N —

10
12
14
16
17
17
18
18
18
19
19
20
21
21
22

23
24
24

vi



CHAPTER III

CHAPTER 1V

CHAPTER V

References

2.7.1 Bandgap Issue
2.7.2 Lattice Mismatch Issue
2.7.2.1 Energy Bandgap under
the Influence of Strain
2.7.3 Current Matching Issue
2.7.4 Use of Tunnel Junction
2.8 Typical MJSC Models
2.9 Existence of Strain in Multilayer Structure

Multijunction Solar Cell Structure and Strain Model

3.1 Introduction
3.2 Properties of In,Ga; 4N
3.2.1 Band Gap Energy
3.2.2 Absorption Coefficient a
3.2.3 List of Important Parameters
3.3 InGaN-based MJSC Structures
3.4 Multi-layered Strain Model
3.5 Strain-Induced Change in Energy Bandgap
3.6 Photo-current Density
3.7 Strain Effect on Open Circuit Voltage
3.8 Efficiency

Performance of MJSC in Presence of Strain

4.1 Introduction
4.2 Analysis of Strain in Different MJSC structures
4.2.1 MIJSC Structure Dependent Strain
4.2.2 Subcell Layer Dependent Strain
4.2.3 Subcell Thickness Dependent Strain
4.2.4 Effect of strain on the change in
subcell thickness
4.2.5 Strain induced change in energy gap
4.2.6 The change in energy gap due to
subcell thickness dependent strain
5.3 Performance of MJSCs in presence of strain

Conclusion and Future Work

5.1 Conclusion
5.2 Proposal for Future Works

25
29
26

27
28
28
30

32

32
33
33
34
35
36
37
40
40
42
43

44

44
44
45
48
50
52

54
57

59

63

63
64

65

vii



Table No.

3.1
32

4.1

4.2

4.3

4.4

4.5

4.6

4.7
4.8

LIST OF TABLES

Description

Bandgap energy distribution of different subcells of MJISC
Properties of GaN and InN materials [46-49]

Values of subcell position dependent strain with respect to subcell
thickness 80 nm, 100 nm and 120 nm for different MJSC structures.

Comparison of subcell position-dependent strain with respect to the
number of subcell layers and thicknesses of MJSC-1

Comparison of cell position-dependent strains estimated for the
subcell thickness of 80nm, 100nm and 120nm when subcell numbers
are 3 (a) MJSC-1, (b) MJSC-2, and (c) MJSC-3

Change in strain, Ag, due to differential change in subcell thickness
from 120 to 100nm and from 120 to 80nm

Comparison of relaxed and strained bandgap energies under tensile
strain. The results are estimated for different MJSCs having 3, 5 and
7 layers

Comparison of subcell thickness dependent strain induced change in
energy gap, AEy, for different thicknesses of the subcells. The
comparison is made for 3, 5 and 7 layers of MISC-3

Comparison of AE; for different MJSCs with 3, 5 and 7 layers

Comparison of the open circuit voltage, V., short circuit current, /.,
average number of photons and efficiency, 7, for different MJSC
structures with and without strain effects.

Page

34
36

45

48

50

52

55

57

58
60

viii



Figure No.
1.4

1.2

2.1
2.2

2:3

24
2:5
2.6
2.7
2.8
2.9
2.10

2.11
2AZ

2.13

2.14
2.15

2.16

LIST OF FIGURES

Description
Multijunction Solar Cell Roadmap [16].

Band gap energies of the In,G,.,N alloy system cover the entire air-
mass-1.5 solar spectrum. The band gap energies of conventional MJ
solar cell materials (Ge, GaAs and GalnP) are also shown in the
right hand panel for comparison [20]

Comparison of Band Gaps for Different Material Types [30]

Comparison of single junction-Si solar cell to common triple
junction solar cell [31]

Solar irradiance absorption comparison of single junction-Si solar
cell to common triple junction solar cell [32]

Schematic of a typical solar cell [33]

The working principle of solar cell.

Solar cell operation.

Current- voltage characteristics of a solar cell.
Multiple spectrum photovoltaic system
Absorption in compound absorption path solar cell

Operation of multiple energy level solar cells as (a) quantum well
solar cell & (b) intermediate band solar cell.

Concept of multiple temperatures solar cells

Relationship between bandgap energies and lattice constants of the
semiconductors.

Absorption coefficient versus wavelength for various semiconductor
materials [42].

Current density—Voltage (J-V) characteristic of a tunnel junction
(a) Multijunction principle representation.

(b) InGaP-based Multijunction Solar Cell.

(a) Individual subcell with different composition, corresponding
lattice constant
(b) Multilayer Structure having different subcell bandgap energies

Page

11
11

12

13
15
16
20
22
22
23

24
26

27

28
29

30



3.1
32

3.3

34
3.5

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

Compositional dependence of band gap energy of InGaN material.

Room temperature absorption coefficient of InyGa; 4N alloys as a
function of photon energy with different indium composition, x
[45].

The schematic illustration of (a) MJISC-1, (b) MJISC-2 and (c)
MISC-3 [22-24].

Multilayer structure with n-layer

Solar energy spectrum (AM of 1.5) in terms of photon vs. photon
energy [52]

Comparison of cell position-dependent strains estimated for the
MIJSC-1, MJSC-2 and 3 when subcell numbers are 3 (a) 80 nm
thick subcell (b) 100 nm thick subcell, and (¢) 120 nm thick subcell

Comparison of cell position-dependent strains estimated for the
MISC-1, MJSC-2 , and MJSC-3 when subcell numbers are 5 (a) 80
nm thick subcell (b) 100 nm thick subcell, and (c) 120 nm thick

subcell

Comparison of cell position-dependent strains estimated for the
MISC structures 1, 2 , and 3 when the subcell numbers are 7 (a) 80
nm thick subcell (b) 100 nm thick subcell, and (c) 120 nm thick

subcell

Comparison of cell position-dependent strains estimated for the
number of subcell 3, 5 and 7 of the MISC-1 (a) 80 nm thick subcell
(b)100 nm thick subcell, and (c) 120 nm thick subcell.

Comparison of cell position-dependent strains estimated for the
number of subcell 3, 5 and 7 subcell of the MJSC-2 (a) 80 nm thick
subcell (b)100 nm thick subcell, and (c) 120 nm thick subcell.

Comparison of cell position-dependent strains estimated for the
number of subcell 3, 5 and 7 subcell layered structure of MISC-3
(a) 80 nm thick subcell (b) 100 nm thick subcell, and (c) 120 nm
thick subcell

Comparison of cell position-dependent strains estimated for the
subcell thicknesses of 80nm, 100nm and 120nm when subcell
numbers are 3 (a) MJSC-1, (b) MJSC-2, and (¢) MISC-3

Comparison of cell position-dependent strains estimated for the
subcell thickness of 80nm, 100nm and 120nm when subcell
numbers are 5 (a) MJSC-1, (b) MJSC-2, and (c) MJSC-3

34

38
41

46

46

47

48

49

49

51

e



4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

Comparison of cell position-dependent strains estimated for the
subcell thickness of 80nm, 100nm and 120nm when subc uell
numbers are 7 (a) MJSC-1, (b) MJSC-2, and (c) MJSC-3

Change in cell position-dependent strains, A= due to the differential

change in subcell thickness of At (120nm-80nm) and At (120nm-
100nm) when subcell numbers are 3 (a) MJSC-1, (b) MJSC-2 and
(c) MJSC-3

Change in cell position-dependent strains, A due to the differential

change in subcell thickness of At (120nm-80nm) and At (120nm-
100nm) when subcell numbers are 5 (a) MJSC-1, (b) MJSC-2 and
(c) for MJSC-3

Change in cell position-dependent strains, A due to the differential
change in subcell thickness of At (120nm-80nm) and At (120nm-
100nm) when subcell numbers are 7 (a) MJSC-1, (b) MJSC-2 and
(c) MJSC-3

Comparison of unstrained and strained bandgap energies for MJSC-
1 (a) 3-layer (b) 5-layer and (c) 7-layer with subcell thickness 80nm.
The bandgap energies are estimated under tensile strained condition.

Comparison of unstrained and strained bandgap energies for MJSC-
2 (a) 3-layer (b) 5-layer and (c) 7-layer with subcell thickness 80nm.
The bandgap energies are estimated under tensile strained condition.

Comparison of unstrained and strained bandgap energies for MJSC-
3 (a) 3-layer (b) 5-layer and (c) 7-layer with subcell thickness 80nm.
The bandgap energies are estimated under tensile strained condition.

Comparison of strain-induced change in energy gap, AE,, for the
subcell  thicknesses 80nm, 100nm and 120nm. The results are
estimated for MJSC-3 when the number of subcells are (a) Three (b)
Five and (c) Seven.

Comparison of strain-induced change in energy gap for MJSC-1, 2
and 3 structures when the number of subcells are (a) Three (b) Five
and (c) Seven and the cell thickness is taken as 80 nm.

Comparison of efficiencies for different MJISCs under strained and
unstrained conditions

52

53

53

54

35

56

56

58

59

61

xi



Hl’
1, mp

Isc

Jsc,Ji

List of Symbols

Absorption coefficient

Efficiency of solar cell

Incident irradiance per unit area (mW/cm®)

Di-electric constant

Back surface field

Drift velocity of hole

Drift velocity of electron
Electron-hole pair

Band gap energy
Built-in-field

Fill Factor

No. of incident photon
Thickness of p-region
Current in maximum power condition
Short circuit current

Short circuit current density
Saturation current density
Photogenerated current

Photogenerated current in n-region

xii



Photogenerated current in p-region
Diffusion length of electron

Length of neutral n-region

Diffusion length of hole

Length of neutral p-region

Acceptor atom concentration

Donor atom concentration

Density of state for conduction band
Density of state for valance band

Intrinsic carrier concentration

Reflection co-efficient

Surface recombination velocity in n-region
Surface recombination velocity in p-region
Space charge layer

Temperature

Open circuit voltage

Voltage in maximum power condition
Depletion width

Thickness of n-region

Indium composition in In,Ga; \N

Multi-Junction

xiii



MIJSC

Ci1,C5 Cy3 C33

D': ,D;_ DR, D—i

Multi-Junction Solar Cell

Poisson’s ratio

Lattice constant

Young’s modulus

Elastic constants (GPa)

Deformation potentials (eV)

Uniform strain component

MIJSC position

y-level where bending strain is zero
Radius of curvature

Subcell thickness

Initial strain

Strain-induced change in band gap energy
Current density in depletion region
Band gap energy under strain condition

Air Mass

Xiv



CHAPTER1

Introduction

1.1 General Information

Nowadays development of modern civilization and industries are highly dependent on
electrical power. Generation of electrical power from conventional resources (such as coal,
gas, and oil) produces greenhouse gases as a byproduct, which is in fact responsible for
global warming/changing our environment [1]. Some of these resources are only available in
few regions of the world; the scarcity also poses a risk to national and regional
infrastructures. The fossil fuel is costly for transmitting in remote areas. On the other hand,
the use of nuclear and chemical energy is a questionable solution due to its radioactive
disposal and toxic waste Therefore, the needs of renewable energy resources are considered
very important to meet up the world energy demand and to defend the environment from
climate change phenomenon due to the burning of fossil fuels. The renewable energy
resources such as wind, hydro, biomass and solar energies have the prospective to overcome
the above problems [2]. The sunlight is an unlimited environmental pollution free clean
source of renewable energy. Solar cell is an optoelectronic device that can convert light
energy into electrical energy [3]. It can provide electrical power at low operating cost and is
virtually free from environmental pollution. Bangladesh is situated closer to the equilateral
zone and here solar energy is available throughout the year with a good potential. Also we

have a significant amount of remote areas especially the coastal zone where it is very difficult



to erect transmission lines or gas pipes. That’s why solar system may be deployed in these

areas to meet up the electrical energy demand of the people living there.

1.2 Historical Background

In the year 1767 a Swiss scientist named Horace-Benedict de Saussure created the first solar
collector — an insulated box covered with three layers of glass to absorb heat energy [4].
Saussure’s box became widely known as the first solar oven, reaching temperatures of 230
degrees Fahrenheit. A French scientist by the name Edmond Becquerel discovered a major
milestone in the evolution of solar energy at 1839 [5]. He defines the photovoltaic effect
using two electrodes placed in an electrolyte, when sunlight exposes into the junction,
electricity is produced. Some years later, in 1876, English scientist Grylls Adams discovered
that if pieces of the metals selenium and platinum touched each other, and light shone on
them, electricity started to flow through the metals-called photovoltaic effect. Solar cell was
invented around 1886 by the American Charles Fritts [6]. It was made with the metal
selenium coated with a layer of gold which was very costly, inefficient, and transforming less
than 1 percent of the absorbed light into electrical energy. Substantial improvements in solar
cell efficiency had been achieved for a better understanding of the physical principles
involved in their design, provided by Einstein in 1905 and Schottky in 1930 [7]. By the
1930s both the selenium cell and copper oxide cell were being employed in light sensitive
devices such as photometers to use in photography. Solar cell efficiency finally saw generous
progress with the development of first silicon cell by Russell Ohl. in 1941. In 1953, Calvin
Fuller, Gerald Pearson, and Daryl Chapin, discovered the silicon solar cell capable of 6%
energy conversion efficiency. However in the 1970's, Exxon Corporation designed an
efficient solar panel which was less costly to manufacture. This was a major milestone in the

history of solar energy. In 1980, the silicon cells as well as the cells made of gallium



arsenide, with more than 20 percent efficiencies were fabricated. In 1889 a concentrator solar
cell in which sunlight is concentrated onto the cell surface by means of lenses, achieved an
efficiency of 37%. By the year 1999 the largest plant was developed producing more than 20
kilowatts. With the solar victory, in 2012, the history’s largest solar energy plant is the
Golmud Solar Park in China, with an installed capacity of 200 megawatts [8]. However, still
the efficiency of conventional and commercially available solar cells is poor. Other
associative drawbacks, such as optimum power controlling and tracking of PV array have

been solved within the present technology.

Researchers are now concentrating their investigation to achieve higher efficiency in solar
cell technology. The modifications of design and fabrication technology with the
coordination of different materials are being carried out to reduce the reflected component of
solar energy. It is evident from the literatures of this field that there are a lot of materials
available on low cost and high efficiency solar cells with improved performance. Single
junction solar cell is not able to utilize full spectrum of solar energy to electrical energy. The
photons of higher energy than the semiconductor bandgap energy is usually dissipated as heat
and is thus wasted. On the other hand, photons of lower energy than bandgap are not
absorbed at all and hence unused. To overcome these difficulties and hence to increase the

solar cells efficiency multijunction(MJ) approach has been used all over the world [9].

1.3 Related Works

To be competitive with the conventional energy resources, the conversion efficiency of a
solar cell must be improved. In previous studies [10, 11], several solar cell approaches have
been proposed like multijunction (MJ) solar cell, concentrator solar cell, intermediate
bandgap solar cell, quantum well, quantum dot solar cells etc. Among them MJ approach is

very much attractive to resolve the main issues related with efficiency degradation.



To utilize the whole solar spectrum MJSC are fabricated with the combination of different
bandgap materials or by selecting suitable composition in ternary/quaternary materials,
subcells with different bandgaps are formed. Bedair er al. [12] demonstrated the first
multijunction solar cell with epitaxially grown subcells monolithically interconnected with an
epitaxially grown tunnel junction with an AlGaAs/GaAs two-junction cell in 1979. Several
years later, Olsen et al. [13] demonstrated the dual junction GalnP/GaAs cell, and this
technology was deployed on space missions in the mid-1990. An active Ge bottom subcell
was developed, using the Ge substrate, resulting in three-junction (3J) GalnP/GalnAs/Ge
cells which were first launched on spacecraft in 2000. In 2006, 40% efficiency was achieved
for 3J- GalnP/GalnAs/Ge cells [14]. A 3] lattice-matched cell with an undisclosed lattice
matched technology has achieved 43.5% efficiency [15]. Spectrolab has a broad research

program pursuing a variety of development paths toward improved efficiency as shown in

figure 1.1.
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On the other hand a tri-valent composition InGaP/GaAs cell has the highest efficiency of
30.3% under AM1.5G solar spectrum with 1-sun intensity (100 mW cm-2) among monolithic
2J cells [17, 18], while 4-terminal configuration allowed the highest 2J efficiency of 32.6%
under AM1.5G spectrum at 100 suns for a lattice-mismatched GaAs/GaSb stack (GaSb: 6.09

A, 0.70 eV) [19].

It is well recognized that In,Ga;.,N (0.64 to 3.4 eV) is a promising material [21] for
multijunction solar cell (MJSC), because its bandgap energy is nicely matched to whole solar
spectrum as indicated in figure 1.2. The InGaN-based MJSC structure is composed of number
of subcells in which the bandgaps of the subcells are divided by tuning the composition. For
efficient absorption of whole solar energies, the higher bandgap cell is fabricated at the top

and others are below the top cell.

In case of MISC structure, cells are fabricated layer by layer resulting in layered change in
lattice constant. Since the lower bandgap cell is placed at the bottom and higher at the top of

InGaN-based MJSC structure, the lattice constant decreases in different layers from bottom to

Energy (eV)

0 . = . :
16 12 08 04 0 02 04 06 08 1
Solar Radiation In fraction

(W/(m*nm)) in InxGa1-=N

Figure 1.2: Band gap energies of the In,Ga;.N alloy system cover the entire air-mass-1.5
solar spectrum. The band gap energies of conventional MJ solar cell materials
(Ge, GaAs and GalnP) are also shown in the right hand panel for comparison

[20].



top that leads to induce tensile strain and cannot be determined using simple epilayer strain
model. In order to determine strain from the MJSC structure multilayered strain model can be
used where strain is calculated by integrating strain induced in different layers due to change
in lattice constant layer by layer. In previous studies [21-23], efficiencies of MJSC structures
are reported without considering strain effect. To understand the true efficiency of MJSC it is
very much important to evaluate the efficiency taking into account of strain effect, which has

not been done yet.

1.4 Objectives of the Research Work

In previous studies [23, 24] the efficiency of InGaN-based MISC was investigated without
taking into account of strain. It is well known that the bandgap of semiconductor materials is
modified under the influence of strain. Due to the application of compressive strain the
bandgap of InGaN is increased and opposite is happened for the tensile strain [25]. It is
therefore very much important to explore the actual efficiency of InGaN-based MJSC on

account of strain.

It is well established that the lattice mismatch between GaN (ag,n=3.189 A°) and InN
(an=3.54 A°) is more than 10% [26]. Epitaxially fabricated different subcell layers will
therefore induce as well as the strain model in MJSC structure and cannot be determined
using simple epilayer strain model [22] or the strain model used to determine strain in bulk

materials [27].

In this work, study of strain will be carried out in different MJISC structures using
multilayered strain model [28-29]. Three types of MJISC structures [22-24] will be considered
in the present study. The state of strains and their magnitudes will be investigated as a

function of cell parameters. The strains will also be studied with respect to the number of



layers for different MJSC structures. With the combination of multilayered strain model and
electron deformation potentials, the strain-induced change in bandgap energy, AE;; will be
estimated. The resultant open circuit voltage of subcells is then determined from the
summation of AE,s and the relaxed bandgap, E; under tensile strained condition. Finally, the
efficiency of different MJSC structures will be calculated including the effect of strain in

terms of number of subcells and their thicknesses.

1.5 Layout of The Thesis

This dissertation describes the impact of strain on the performance of InGaN-based
multijunction solar cell. The research work is divided into several chapters in which solar cell
fundamentals, solar cell structures, mathematical modelling of strain, strain-dependent

bandgap energy calculation and performances are discussed.

In chapter 1, background of the present work is explained. Present status and future prospect
of InGaN-based MJSC are described clearly in this chapter. Finally objectives of the present

work are also summarized in this chapter.

In chapter 2, the working principle and issues related to efficiency losses of solar cell are
discussed. The efficiency enhancement techniques and the influence of strain on the
performance improvement of photovoltaics using MJ method have also been discussed in this

chapter.

Chapter 3 starts with a description of physical and electronic properties of InGaN material.
The potentiality of InGaN material for MJSC fabrication is explained here. Three MJSC
structures with the distribution bandgap energy in different subcells are presented in this

chapter. The mathematical modelling of the proposed device has been presented. The origin



of strain in MJSC structure has been discussed along with multilayer strain model. The strain-
induced modification of energy bands in InGaN semiconductor has also been discussed.
Furthermore, the mathematical formulations associated with solar cell efficiency in presence

of strain have been explained.

In chapter 4, the performance of different MJSC structures is determined using the
formulations discussed in chapter 3 and the results obtained for different MJSC structures
with and without strain effect are summarized. Finally, a comparison is made among the
MISC structures to understand the better performance of the MJSC structures with and

without taking into account of strain.

Chapter 5 provides the conclusion of the present research and the prospect for the future

studies.



CHAPTERII

Solar Cell Fundamentals

2.1 Introduction

Solar electricity or photovoltaics can meet up the substantial portion of electrical power
demand without burning fossil fuels (coal, oil or natural gas) or creating nuclear fission
reactions. The sun provides us with an unlimited amount of pollution free, environmentally
friendly, reliable energy. Photovoltaics can generate electricity for a wide range of
applications. It is a cost-effective way to provide power to remote areas and for space
applications. However, the most important drawback of solar energy converter (solar cell) is
it’s lower conversion efficiency. Better efficiencies are needed if solar technology is to
become a larger contender in the movement toward alternative energy sources. Such mandate
increases in efficiency has been expected in a class of PV known as multijunction solar cells.
The main principle being the use of multiple semiconductors arranged in a stack to more
effectively capture electromagnetic radiation than the standard single junction cells. Current
records in multijunction solar cell efficiencies are over 40% and show the promise for values
above 50% in the coming years. Multijunctions are arguably the most promising area of PV
technologies and are critical in the development of a green energy infrastructure. Attempts
have been made to fabricate photovoltaic cells with materials other than silicon. At the same

time modification in design are being carried out to reduce the reflected component of solar
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energy. The modelling and hence to investigate the performance of InyGa;.\N-based MJSC is
very much promising for its wide range of composition dependent bandgap (0.64 to 3.4 €V)
properties. In this chapter, the working principle and efficiency losses of solar cell have been
discussed. The efficiency enhancement techniques and the influence of strain on the
performance improvement of photovoltaics using MJ method have also been discussed in this

chapter.

2.2  Band Theory

A brief discussion of band theory is required before the evaluation and an ultimate
understanding of solar cells principles. The classical Bohr model of the atom is insufficient
when analyzing semiconductors, so a better model is needed; this leads to Band Theory. In
Band Theory there are three classifications of material: insulator, semiconductor, and
conductor. The difference between each material is the size of the energy needed to move
from one energy state or “band” to another. This difference in energy is called the “energy
band gap” or simply “band gap”. The smaller the band gap, the better a material is able to
conduct the flow of charge carriers (i.e. electrons) from energy state to energy state giving
rise to electric current. The lower energy band is referred to as the valence band and the upper

energy band is referred to as the conduction band [30].

According to natural processes carriers want to minimize their energy. For this reason,
carriers are found in mass quantity in the valence band and in small amounts in the
conduction band during thermal equilibrium conditions, thus many high energy states are
available to carriers, but these states are mostly empty because the carriers do not have
enough energy to move from a low energy to a high energy state under normal thermal
equilibrium situations. As shown in figure 2.1, insulators have a large band gap and the band

gap of conductors is thought to be zero [30].
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Figure 2.1: Comparison of Band Gaps for Different Material Types [30].

A great level of control may be attained by controlling the ability to have a material conduct
at will. Such a level of control is available in semiconductors because the band gaps are small
enough such that natural and easily attainable man-made processes can provide enough
energy to charge carriers to traverse the band gap, going from the lower energy state in the
valence band to the higher energy state in the conduction band. When considering solar cells,
the band gaps in the semiconductors used need to be comparable to the energy of incoming
photons. Figure 2.2 provides a graphical example of the band gaps and relationship to

common parts of the electromagnetic Spectrum [31].
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Figure 2.2: Comparison of band gap of common semiconductors and the electromagnetic

spectrum [31].
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Figure 2.3: Solar irradiance absorption comparison of single junction-Si solar cell to common

triple junction solar cell [32].

Solar cells are devices composed of semiconductors and are used to generate electric power
when exposed to electromagnetic radiation. Based on the band gap of the materials used in
creating the cells, not all the electromagnetic radiation may be used. That is, only certain
parts of the electromagnetic spectrum may be used for solar cell technology due to the
physical limitations of the semiconductor materials used. Figure 2.3 shows the solar radiation
that is seen on earth and how different types of semiconductors absorb light. It can also be
seen from the following figures that the peak irradiance occurs in the range of visible light
(i.e. 380 - 750 nm). For this reason, solar cells are designed using the material or combination

of materials so that the whole spectral irradiance can be absorbed [32].

2.3 Physical Representation of a Solar Cell

A simple solar cell uses a metallic grid to form one of the electrical contacts. The light enters
into the semiconductor between the grid lines and be absorbed and converted into electrical
energy. An antireflective layer is fabricated between the grid lines to limit reflection and

increase the amount of light absorbed by the cell [33]. The metal grid and the antireflective
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Figure 2.4: Schematic of a typical solar cell [33]

coating is fabricated over the p-n junction. A p-n junction is the most fundamental part of
solar cell. The cell is fabricated through diffusion, ion implantation, or epitaxial methods.

Figure 2.4 shows the physical structure of a basic solar cell.

Solar cells can be fabricated with a number of semiconductor materials. The most commonly

used are the forms of silicon: monocrystalline, polycrystalline, and amorphous.

% Monocrystalline- The crystal lattice of the solid is continuous and unbroken to its
edges. The monocyrstalline solar cell can have up to 24% efficiency although they

are more expensive than polycrystalline and amorphous solar cells [34].

% Polycrystaline- Composed of many small regions of single crystal materials.
Polycrystalline solar cells have lower efficiency and low cost than monocrystalline
solar cells. Their efficiency is up to 20%. Commercially available solar panels are

made from polycrystalline solar cells [35].

< Amorphous- Contains no periodic structure unlike the other types of solids. It is

commonly used to build thin film solar cells (a solar cell that is made by depositing
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one or more thin layers of PV materials on a substrate). Amorphous is the cheapest of

these three silicon based options with least efficient.

Silicon is used because its absorption characteristics are a good match to the solar spectrum.
It is extensively used in the semiconductor industry and its fabrication technology. Solar cells
can also be constructed using compound semiconductors InGaN, InGaAs, GaAs, GalnP,

Cu(InGa)Se2, and CdTe.

2.4 Working Principle of Solar Cell

Semiconductor solar cell is fundamentally simple device and delicately designed for
efficiently absorb sun light and then convert it into electrical energy. A solar cell is simply a
semiconductor p-n junction diode that can separate and collect electrons and holes and

conducts the generated current in a specific direction [36].

A simplified schematic diagram of a typical solar cell is shown in figure 2.5. Consider a p-n
junction with a very narrow and more heavily doped n-region. The light is illuminated
through the thin n-side. The depletion region extends primarily into the p-side. There is a
built-in field E, in this depletion layer. The electrodes attached to the n-side must allow
illumination to enter into the device. As the n-side is very narrow, most of the photons are
absorbed within the depletion region, W and within the neutral p-side (L,), and generate
electron-hole pairs (EHP) in these regions. Thus the photo-generated EHPs in the depletion
region are immediately separated by the built-in field £y which drifts them apart. The electron
reaches at the neutral n-side whereupon it makes this region negative by an amount of

negative charge (—¢). Similarly, the hole reaches at the neutral p-side and thereby makes this
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Figure 2.5: The working principle of solar cell.
side positive. Consequently, an open circuit voltage develops between the terminals of the
device with the p-side positive with respect to the n-side. If an external load is connected,
then the excess electron in the n -side can travel around the external circuit and reach the p-
side to recombine with the excess hole there. It is important to realize that without the
internal field E, it is not possible to drift apart the photo generated EHPs and accumulate

excess electrons in the n-side and excess holes in the p-side.

The EHPs generated by long-wavelength photons in the neutral p-side diffuse around in this
region as there is no electric field in this region. If the recombination lifetime of the electron
is 7, it diffuses a mean distance L,, = /2D, T, where D, is its diffusion coefficient in the p-
side. The electrons within a distance L, to the depletion region can readily diffuse and reach
this region whereupon they become drifted by E, to the n-side as shown in figure 2.5.
Consequently, only those photogenerated EHPs within the minority carrier diffusion length
L, to the depletion layer can contribute to the photovoltaic effect. Again the importance of the

built-in field E, is apparent. Once an electron diffuses to the depletion region, it is swept over
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Figure 2.6: Solar cell operation.

to the n side by Ej to give an additional negative charge there. Holes left behind in the p-side
contribute a net positive charge to this region. Those photogenerated EHPs further away from
the depletion region than L, are lost by recombination. It is therefore important to have the
minority carrier diffusion length L, be as long as possible. The same ideas also apply to EHPs
photogenerated by short wavelength photons absorbed in the n-side. Those holes
photogenerated within a diffusion length L, can reach the depletion layer and become swept
across to the p-side. The photogeneration of EHPs that contributes to the photovoltaic effect
therefore occurs in a region covering L, + W+ L,. If the terminals of the device are shorted as
in figure 2.6 then the excess electron in the n-side can flow through the external circuit to
neutralize the excess hole in the p-side. This current due to the flow of the photogenerated

carriers is called the photocurrént.
2.5 Efficiency Loss Factors in Solar Cell

The conversion efficiency of commercially available silicon solar cell is very poor. Extensive

researches are being carried out for improving the efficiency up to its theoretical limit. Solar
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cells manufactured through industrial process have efficiencies in the order 12 -15%. This
means that about 88 - 85% losses occur in Si-based solar cells. It is therefore very much
important to study different losses that occur in the solar cells and then find out the
techniques that can be implemented for reducing different loss components in photovoltaics

system.

2.5.1 Reflection Loss

The reflection loss occurs from the top surface through which light enter into the solar cell.
Reflection mechanism reduces the absorbed carriers and hence the short circuit current Ic.
The losses due to reflection in a bare Si are about 30%. To reduce the reflectivity
antireflective coating ARC (60nm) is deposited using CVD (chemical vapour deposition) and
extruding (which is in the form of pyramids usually formed by etching the surface with the
acid (H,SO4 or HNOs in Hy0;) on top surface of the solar cells. Proper thickness and
refractive index are important physical parameters for good ARC. Total internal reflection is
desired when the photon strikes on the surface of the cell (interface between the Si and the
ARCQ). The refractive index and thickness of the ARC material has to be adjusted to achieve
internal reflection. The thickness of ARC layer is adjusted so that the reflected light from the
ARC, interface of ARC, and Si will be out of phase resulting in destructive interference and

leads to absorb maximum possible light in the cell.

2.5.2 Recombination Loss

Photon incident on the solar cell generates EHPs. Generated carriers need to be separated
before recombination. Recombination causes loss of carrier and affects the performance of
the cell. Open circuit voltage V. of the cell is reduced due to recombination of carriers.

Different recombination losses that occur at different regions of the solar cells are: surface



18

recombination, bulk recombination, depletion region recombination, and recombination at
metal Semiconductor interface. The recombination losses can be minimized using
semiconductors having long life time for the photogenerated carrier. The elimination of all

unnecessary defects could also be another solution.

2.5.3 Series and Shunt Resistance Losses

The series resistance gives rise to a voltage drop and therefore causes the deviation from ideal
photovoltaic voltage-current characteristics. A fraction of the photogenerated carriers can
also flow through the crystal surfaces (edge of the device) instead of flowing through the
external load. It causes the effective internal shunt or parallel resistance that diverts the
photocurrent away from the load. The series resistance can significantly deteriorate the solar
cell performance by limiting the short circuit current. Similarly shunt resistance caused by
extensive defects in the material also reduce the efficiency. Loss due to series (0.3%) and

shunt (0.1%) resistances is negligible compared to other losses.

2.5.4 Inadequate Absorption of photons

Photons with energies larger than the band gap E, of the semiconductor excite electrons from
the valence band to the conduction band, resulting in free charge carriers; electrons and holes.
If photons have energy exceeding semiconductor’s band gap energy, the excess energy is
usually dissipated as heat and thus wasted. In contrast, the photons whose energies are less
than the band gap energy of the semiconductor are transmitted through the materials and are
not used.

2.5.4 Thermal Losses

A significant portion of loss in solar cell is due to heat which is generated by the absorption

energetic photons. The excess energy is released in the form of heat instead of EHPs
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generation leads to rise of temperature in the cell. The parameters that are affected by the
temperature of the cell are band gap energy, diffusion length, minority carrier lifetime,
intrinsic carrier density, etc. resulting in increasing of reverse saturation current density. This

leads to reduce open circuit voltage and degrades the efficiency of the cell.

Temperature effect is more pronounced in concentrator cells. Depending on the concentration
ratio, temperature of the solar cell can rise above 1000°C and reduces the open circuit
voltage. If temperature rise is kept within limits with the help of proper cooling arrangements

(use of heat sinks or heat pipes) thermal losses could be maintained within limits.

2.5.6 Inadequate Assortment of EHPs

Any energy that an impinging photon has in excess of the energy gap of the material will
contribute to the lattice vibration of the material and will eventually be dissipated as heat. On
the other hand, a significant number of EHPs generated outside the space charge region can
be separated by the built in field if they are generated within a diffusion length of the carrier.
The majority of the EHPs generated far from the junction will recombine, causing the

efficiency to fall below 100%.

2.5.7 Fill Factor (FF) Loss

It is extremely important to achieve high fill factors to maximize the power generation
capabilities of the cell. The fill factor of silicon wafer solar cells is strongly influenced by
recombination currents and ohmic resistances. It is defined as a measure of junction quality
and series resistance of the cell. The function of the FF can be understand by realizing the I-V

characteristics of solar cell as shown in figure 2.7 and is given by equation (1)

Fill factor, FF= (I mp *V mp)/(V oc * 1oc) (1)
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Figure 2.7: Current- voltage characteristics of a solar cell.

Fill factor loss is determined by the curvature of the current-voltage characteristic of the
device. A device operating at V. results in all absorbed photons recombining radiatively and
no current being extracted. All absorbed photons will be extracted at short circuit current
(Jsc) however, this will only occur in the absence of luminescent radiation when the device is
operated at zero volts. Fill factor loss is a result of operating at the maximum power point and

has been calculated as shown in equation (2).

Fill factor loss = Voc X Isc -1 mp XV mp 2)

In a real solar cell this is affected by cell resistances however, in the ideal model used here

the fill factor loss tends to zero for a cell at 0°K.

2.6  Efficiency Enhancement Techniques

Various losses occur in the St solar cells are briefly discussed. Among them recombination,
reflection, resistive, and thermal are the major loss components at 1 sun solar concentration.
At higher concentration levels the resistive losses become dominant. Various schemes for
reduction of losses have been suggested for the enhancement of efficiency limit. In this study

we will discuss MJ technique. Other techniques are also briefly explained here.
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2.6.1 MJ Solar Cell

MJSC consists of a multiple, single junction solar cells stacked on one another in which the
bandgaps of the subcells are divided by tuning the composition. For efficient absorption of
whole solar energies, the higher bandgap subcell is fabricated at the top and others are below
the top subcell. Existing MJ devices have achieved efficiencies over 37% [20] and further
improvement may be achieved by increasing the number of layers. Although MJSC provides
us higher efficiency, it has an inherent drawback, that is, its efficiency is tied to the material
quality and availability of suitable materials having band gap matched to the solar spectrum.
Nowadays In.Ga;N is a promising material and its bandgap energy can be tuned from 0.64

to 3.4eV [37] and suitably matched with the solar spectrum.

2.6.2 Multiple Spectrum Solar Cell

Multiple spectrum solar cells take the input solar spectrum, and change it to a new spectrum
with the same power density. The main feature of these approaches, which include up and
down-conversion [11] and thermo-photonics, is that the transformation of the solar spectrum
is done separately from the solar cell itself, thus increasing the efficiency of an existing solar
cell structure via additional coatings. This technology could be applied to any solar cell
provided that power gained through spectral alternation offsets the cost of the additional
optical coating. As many of the suggested approaches can potentially be implemented in a
low cost fashion, multiple spectrum photovoltaic system primarily offer a mechanism for
relatively moderate efficiency increases using existing solar cell technology as shown in
figure 2.8. Here theup/down conversion can be implemented by either material systems or by

using quantum wells/ quantum dots approaches.
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Figure 2.8: Multiple spectrum photovoltaic system

2.6.3 Compound Absorption Path Solar Cell

Existing solar cell approaches is the one-to-one relationship between an absorbed photon and
a generated electron-hole pair. This relation can be circumvented via two mechanisms (i)
two-photon absorption and (ii) impact ionization/auger generation as shown in figure 2.9.
Although such absorption processes have been measured in bulk materials [38], nano-
structured materials are required in order to measure a large effect. For example, nano-
structured materials have high two-photon absorption and impact ionization processes, with
close to 100% impact ionization reported [39]. While high impact ionization rates are an
important first step, such high rates alone do not insure high solar cell efficiency, and the
critical measurement for such devices is to demonstrate quantum efficiencies substantially

exceeding unity.

absorption generation '

Figure 2.9: Absorption in compound absorption path solar cell
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2.6.4 Multiple Energy Level Solar Cells

In multiple energy levels solar cell, the mismatch between the incident energy of the solar
spectrum and a single band gap is accommodated by introducing additional energy levels
such that photons of different energies can be efficiently absorbed. Multiple energy levels
solar cell can be implemented either as localized energy levels (first suggested as a quantum
well solar cell) or as continuous mini-bands (also called intermediate band for the first solar
cell to suggest this approach) as shown in figures 2.10 (a) & 2.10 (b). Both cases, which are
shown in figure 2.10, have a fundamental similarity in that the key issue is the generation of
multiple light-generated quasi-Fermi levels. The transport of the carriers between the two
approaches, however, is substantially different. In the mini-band case, the transport must
occur along the mini-bands and hence the carriers must not be able to thermalize from one
band to another. This means that the density of states must be zero between the bands, and
such approaches must use either quantum dots or a material which inherently has multiple
bands. In localized energy level approaches, transport is accomplished by having the carriers
at each localized energy level escape by light absorption. To maintain high collection

efficiency, the escape time should be faster than the recombination time. The feasibility of the
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Figure 2.10: Operation of multiple energy level solar cells as (a) quantum well solar cell &

(b) intermediate band solar cell.
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escape process is well demonstrated by quantum-well infrared photodetectors, which have
high collection from intra-sub band processes. Localized band approaches have a further
advantage in that successive localized energy levels can have different energies, thus

allowing the a large number of effective band gaps and high efficiencies.

2.6.5 Multiple Temperature Solar Cells

Figure 2.11 shows that a solar cell which contains multiple temperatures in a single device
can use these temperature differentials to generate power. The multiple temperatures may be
due to variations in the physical temperature of the lattice, but it is easier to maintain a
temperature differential between hot carriers and thermalized carriers. The multiple
temperature approach has the advantage that a thermal converter allows higher efficiencies
given identical high concentration structures. A thermal converter can be implemented by a
structure in which the band edges in the converter vary, allowing interactions between hot
carriers and carriers at the band edge. While this approach allows efficiencies 66% with three

energy levels, the physical effect of thermal interactions have not been demonstrated.
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Figure 2.11: Concept of multiple temperatures solar cells

2.7 Important Fabrication Issues in MJSC

A MISC solar cell experiences four major fabrication challenges. These are band gap, lattice

matching, current matching and tunnel junctions, which are discussed in the following
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section. Appropriate band gap selection and lattice matching are the key points for designing

efficient MJSC.

2.7.1 Bandgap Issue

In order to improve conversion efficiency of a photovoltaic cell, the solar cell should absorb
as much of solar energy as possible. The bandgap separation of adjacent layers should be as
small as possible, because instead of generating EHPs the absorption of high energy photons
generates heat energy in the lattice structure of absorbing material [40]. For efficient
utilization of solar energy in different subcells of MJSC, the top layer should be higher
bandgap material and the bottom layer should be smaller bandgap. The availability of suitable
materials that nicely matched to solar spectrum and bandgap stepping in different subcells are

main design hinders in MJSC approach.

2.7.2 Lattice Mismatch Issue

The lattice constant is the distance between two atoms in a crystal structure. It is desirable to
have epitaxial layers under lattice matching condition. Because, quality of epitaxial layer/
junction/ interface is highly dependent on the matching of lattice constant between two
layers. In case of MJSC different subcells are grown epitaxially with different bandgap
materials in order to complete absorption of solar energy. This implies that the material used

in different subcells must have different lattice constants.

Researchers at the national renewable energy laboratory (NREL) showed that a lattice
mismatch as small as 0.01% significantly decreases the current produced by the solar cell.
The relationship of bandgap energy with lattice constant of different semiconductors is shown

in figure 2.12. In case of the proposed InGaN-based MJSC structure, the lattice constant
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Figure 2.12: Relationship between bandgap energies and lattice constants of different

semiconductors.

decreases in different layers from bottom to top that leads to induce tensile strain due to
layered change in lattice constants from bottom to top subcells. It is well known that the
strain induced due to the change in lattice constant between two layers can easily be
determined using in epitaxial strain model [41]. However, residual strain induced due to the
change in lattice constants in multiple layers can not be determined using simple epilayer
strain model. Further, the bandgap in semiconductor material is modified under the influence
of strain [41]. Therefore, to understand the actual efficiency in MJSC, it is very much
important to determine MJSC structure dependent state of strain and hence to investigate the

efficiency of MJSC including the strain effect.

2.7.2.1 Energy Bandgap under the Influence of Strain

It is well established that the bandgap energy is modified under the influence of strain in
semiconductor materials depending on the state of strain [27], [41]. The energy band gap of
InGaN decreases under the application of tensile strain, whilst a compressive strain causes an

increase of the band gap energy of the same material [25].
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2.7.3 Current Matching Issue

The serial architecture of monolithically grown multijunction solar cells makes matching of
currents into a desirable characteristic. The output current of the multijunction solar cell is
limited to the smallest current produced by any of the individual junctions. If this is the case,
the currents through each of the subcells are constrained to have the same value. The current
is proportional to the number of incident photons exceeding the semiconductor’s bandgap,
and the absorption constant of the material. A layer must be made thinner if the photons that
exceed the bandgap are in abundance. At the same time, a layer with a low absorption
constant must be made thicker, since on average a photon must pass through more of the
material before being absorbed. After materials are selected with desired bandgaps and lattice
constants, the thickness of each layer must be determined based on the material’s absorption
constant and the number of incident photons with a given energy, so that each layer will
generate the same photocurrent. The absorption constant for various semiconductors as a

function of photon wavelength is shown in figure 2.13.
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Figure 2.13: Absorption coefficient versus wavelength for various semiconductor materials

[43].
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2.7.4 Use of Tunnel Junction

Tunnel junctions (TJs) are key components to the successful operation of multijunction solar
cells (MJSCs) under high concentration. Ideally, they serve as perfectly transparent, highly
conductive interconnections between adjacent subcells [40]. For optimal performance, the
peak tunneling current density Jpeak must be significantly higher than the short-circuit current
density Jy. of the solar cell to minimize series resistance contributions and avoid a
degradation of the maximum power point. Since the Jic of an MJSC scales linearly with
concentration as shown in figure 2.14, conditions resulting in a value of J,. greater than the
TJ Jyeak can be occurred if the TJ is performing poorly or if a cell is operated well beyond the

level of concentration [44].
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Figure 2.14: Current density—Voltage (J-V) characteristic of a tunnel junction

One problem encountered when creating a tunnel junction is that when the cell is annealed at
high temperature, the tunnel junction may diffuse out of the junction, widening the depletion
region. The wide depletion region reduces tunnelling and limits the current that can be carried

in the cell.
2.8 Typical MJSC Structure

The energy from incoming photons must have enough energy to excite electrons from the
valence band sufficient energy to move to the conduction band. But the solar spectrum

contains photons of different energies; as a result, a single p-n junction solar cell will give
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limited range of conversion efficiency due to inefficient utilization of solar energy. The
solution of poor conversion efficiency is to absorb a wider range of the solar spectrum using
multiple p-n junctions stacked with different bandgaps. This idea is referred to as MJSC [42].
Each layer is made of a different material, which is usually ITI-V semiconductor, and absorbs
a different portion of the spectrum. The top layer has the largest band gap so that only the
most energetic photons are absorbed in this layer. Less energetic photons must pass through
the top layer since they are not energetic enough to generate EHPs in the material. Each layer
going from the top to the bottom has a smaller band gap than the previous. Therefore, each
layer absorbs the photons that have energies greater than or equal to the band gap of that
layer and less than the band gap of the higher layer as shown in figure 2.15 (a). In this way
there arises a perfect utilization of the full solar spectrum and increased efficiency. For an
instance, a typical InGaP-based MJSC model in according to the multijunction principle is
presented in figure 2.15 (b). The subcells are placed from bottom to top with lower to higher
bandgap by adjusting the composition. The window layer is used at the top to reduce surface
recombination, on the other hand, back surface field (BSF) at the bottom to reduce carrier
scattering . The function of high bandgap window is also to reduce the cell’s series resistance.
In addition to window and BSF layers tunnel junctions are used in this model to provide low

electrical resistance and to create optically low loss path between two subcells.
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Figure 2.15: (a) Multijunction principle representation. (b): InGaP-based Multijunction Solar Cell.
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2.9 Strain in Multi-layered Structure

In case of a multilayer structure, the lattice constant in different subcells are different in
magnitudes due to the variation of their band energies and compositions as shown in figure
2.16 (a). For this reason, lattice mismatch arises between the adjacent layers. In order to make
a MISC structure the higher bandgap subcells are placed at the top and lower at the bottom.
As a result high energetic photons will be absorbed in the top cell and remaining photons will
be absorbed in the subsequent adjacent subcells depending on the band gap energy of the

subcells.

In order to absorb the whole solar energy using InyGa;.\N-based MJ solar cell structure, GaN
subcells having higher band gap energy must be placed at the top InN subcell at the bottom
and other InyGa, <N subcells with different compositions will be placed in between top and
bottom cells depending on the subcells energies. It is well known that the InN and GaN

material provide lattice constant 3.548A° and 3.189A" respectively.

Subeell n a E Subcell n
2 n gn
4t Subcell 3 a,. E; Subcell 3
E Subcell 2
b Subcell 2 a, o)
X1 Subcell 1 a, Egl Subcell 1
Substrate Substrate
(a) (b)

Figure 2.16: (a) Individual subcell with different composition, corresponding lattice constant.

(b) Multilayer Structure having different subcell bandgap energies.
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If an epitaxial layer of InyGa;,N is grown on the InN layer, tensile strain is induced.
Therefore, decreasing of lattice constant from bottom to top layer in case of In,Ga,.xN-based
MIJSC structure leads to tensile strain in each layer. Figures 2.16(a) and 2.16(b) show an
overview how strain is induced due to layered change in lattice constant in In,Ga,..N-based

MISC structures.
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CHAPTER III

Multijunction Solar Cell Structure and Strain Model

3.1 Introduction

To be competitive with the conventional energy resources, the conversion efficiency of the
solar cells must be improved. Multijunction solar cell (MJSC) technology offers high
efficiency compared to traditional single junction solar cells [9]. The group-III nitride
compounds and their alloys have recently been received considerable attention for solar cell
applications. Specially, In,Ga;..N (0.64 to 3.4 eV) is a promising material for MJSC, because
its bandgap energy is nicely matched to solar spectrum [37]. This creates an opportunity to
design and fabricate In,Ga,.N-based MJSCs with improved performance. In MIJSC
technology, the subcells are grown epitaxially with different energy bandgaps, which lead to
change lattice parameters in different layers. As a result residual strain is induced in different
layers of MJSC. Three different MJSC structures named MJSC-1, MJSC-2 and MJSC-3 are
investigated. For better coupling of light, current matching, reduction of carrier scattering and
providing low losss optical path, window layer, tunnel junction and BSF layer are placed in

different positions of different MJSC structures.

It is well known that change in lattice constant between two layers induces strain in
semiconductor junctions and can be easily determined using epilayer strain model [41]. On

the other hand, if strain is induced in bulk crystal due to continuous variation of composition
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along the growth direction or radial direction, well established strain model for bulk-crystal
can be used [27]. In our case, strain is induced due to the change in lattice constants in
different layers of MISC structure. To determine the strain in our case, multi-layered strain

model can be used [28].

3.2 Properties of In,Ga;_ N

The theoretical efficiency limits of solar energy conversion are strongly dependant on the
range and number of different band gaps or effective band gaps that can be incorporated into
a solar cell. For tandem devices, the range of band gaps available as well as the ability to
achieve junctions with specific band gaps and device structures is critical in achieving high
efficiency. A fundamental limitation in achieving ultra-high efficiency solar cells (> 50%) is
the availability of materials and corresponding device structures. The In,Ga;. N material
system offer substantial potential in developing ultra-high efficiency devices. The recent
measurements indicate that the band gap of InN is lower than that of reported previously. Due
to other unique material properties, such as absorption coefficient, defect density, doping etc.

make it promising for advanced solar cell.

A short description of bandgap energy, absorption coefficient and some other parameters of

In,Ga;.«N material discussed in the next section.

3.2.1 Band Gap Energy

The composition-dependent bandgap energy of ternary compound In,Ga,. N is essential for
designing of multi-layered structures. The band gap energy of unstrained InGaN as a function

of alloy composition can be expressed [38] by equation (3)

=(1-x)E + xF,
( g

ngnGaN GaN dinN bx(1 - x) (3)
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where, the energy gaps of binaries E;. . and E; . are equal to 3.4 and 0.64 eV [30],
respectively and bowing parameter b = 3.5¢V [26]. The variation of band gap energy of

In.Ga;..N material as a function of composition is shown figure 3.1.
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Figure 3.1: Compositional dependence of bandgap energy of InGaN material.

In this study, the subcells are placed from bottom to top with lower to higher bandgaps by
adjusting the composition. The splitting of bandgaps for 3, 5, and 7 subcells are shown in

Table 3.1 [40].

Table 3.1: Bandgap energy distribution of different subcells of MJSC

No. of Stack Values of Bandgap (eV)
3 0.952 1.372 1.899
5 092 1.166 144 1.757 221
7 0.706 0.932 1.135 1.355 1.588 1.888 2.32

3.2.2 Absorption Coefficient a

When light impinges on a semiconductor with photon energy, /v, greater than or equal to the
band gap energy, E,, the light is absorbed resulting in excitation of an electron from the

valence band to the conduction band. The absorption coefficient, «, is a material parameter
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Figure. 3.2: Room temperature absorption coefficient of In,Ga,.N alloys as a function of

photon energy with different indium composition, x [45].

which depends on the photon energy. It is a measure of how good the materal is for
absorbing light of certain wavelength. Absorption coefficient in In,Ga,N is related to its
composition i.e. In fraction, x, as well as wave length of the light. It also depends on the
operating temperature. Room temperature (300° K) [45] absorption coefficient of In.Ga;..N

as a function of photon energy with different indium composition is shown in figure. 3.2.

3.2.3 List of Important Parameters

InN possesses a strong propensity for n-type conductivity which can be explained by an
exceptionally high Fermi stabilization energy well above the conduction band minimum. On
the other hand GaN possesses higher carrier mobilities, high current density and also provide
lighter devices. Their combination makes a composition dependent compound In.Ga;..N

which has significant use in the tandem solar cell.

In this study, the experimental measurements of all parameters are not available for the

ternary compound In,Ga,.N. In our study, the parameters which are not available for InGaN
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Table 3.2: Properties of GaN and InN materials [46-49]

Parameters Notation InN GaN
Bandgap (eV) E, 0.64 34
Lattice constant (a) a 3.548 3.189
Young’s modulus E 141 270
Poission’s ratio P 0.21 0.18
Dielectric constant £ 14.6 104
Elastic constants (GPa) Ci1 223 367

Cio 114 135

Ci3 92 103

Gai 224 405
Deformation potentials (eV) Dy 5.81 3.62

D; 8.92 4.60

Dy 5.47 2.68

D, -2.98 -1.74
Density of state (cm™) Ne 1,76 10" » T 4.3x10"xT?

Ny 10"% % 8.9x10"°xT*?
Diffusion Length (cm) Ly 2.8x10° 125x10°

I 0.16x10” 79x10°
Diffusion Coefficient (cm”/s) D, 8 25

B 1.6 9
Absorption Coefficient(cm™) a 6x10* 10°

crystal are determined by linear interpolation between the values measured experimentally
for the binaries GaN and InN. Table 3.2 shows some important parameters which are taken

from the references [46-49].

3.3 InGaN-based MJSC Structures

The MIJSC structures studied here are shown in figures 3.3(a-c) [22-24]. The subcells are
placed from bottom to top with lower to higher bandgap by adjusting the composition. In
MISC-1, the window layer is used at the top to reduce surface recombination, on the other
hand, back surface field (BSF) at the bottom to reduce carrier scattering [49]. The function of
high bandgap window is also to reduce the cell’s series resistance. In addition to window and
BSF layers tunnel junctions are used in MJSC-2 to provide low electrical resistance and

optically low loss path between two subcells [23]. Each unit cell is comprised of a window,
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BSF and tunnel junction in MJSC-3 structure [22]. The bandgaps used in 3, 5, and 7 subcells

of different MJSC structures are listed in table 3.1. The bandgap of the material used in the

window, tunnel junction, and BSF layers must be higher than the bandgap of adjacent subcell.
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Cell 2

Cell n

(a) MJSC-1

.

Window

Cell 1

Tunnel Junction 1

Cell 2

Tunnel Junction 2

TR

Celln

O

(b) MISC-2

Antireflecting
Coating
Window 1
Top
Cell 1 1 Cell
BSF 1

Tunnel Junction 1
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o

Celln

Bottom
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BSF n

(c) MJSC-3

e

Figure 3.3: The schematic illustration of (a) MJISC-1, (b) MJSC-2 and (¢) MJSC-3 [22-24].

3.4  Multi-layered Strain Model

The multilayered strain model is developed [28] based on the multilayer structure shown in

figure 3.4. The position and thickness of the layers are indicated by y, and ¢,, respectively. A

sacrificial layer is used to reduce lattice mismatch between the substrate and layer-1. Layer-1

to layer-n consists of multi-layers that lead to induce residual strain due to change in lattice

constant in different layers. Since the MISC structure have different layers with layered

change in lattice constant multi-layer strain model can be used to determine strain in MJSC

structure.
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Figure 3.4: Multilayer structure with n-layer

The plane strain induced in multilayered system due to the change in lattice constant in

different layers can be given [24].
ekt 4)

where £ is the uniform strain component and G and y; is the parameters that can be given [24]

by

_ YL Etityi-q)
yb . Z?:i E{ti (5)

The other parameters are determined by the following equations,

G = -2 Z?:i E{t‘[yiz+yf.yl—1+yf:2—1‘_3yb(yl+yi“1—yb)] (6)
331, B ti(i+yi-1—2yp(k—nief +vid)

and

_ SR Bltne-via)
st b L ()

=15

where, thickness of each layer t; = y; — y;_,. E; and v; are Young’s modulus and Poisson’s
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ratio. E{ = E;/(1 — v;%) . Here n; = 1 + v; and & is the initial strain. The parameter d can

be given by

i (a12—ay1)az3b;—(azy by — ag1by) (8)
(a11a22-a12a21)a22+(a%,—a%)azs

The parameters including the expression of d can be obtained by the following linear system

of algebraic equations,

a1 a2 0 (k b,
Qy1 Gy Gy3|{di=1b; 9)
a3y Qzz azzl\R b;

where,
ay; = az; = ) Eity
Ay, = az; = ) Ejtiv;
az1 = LEit;(y{" — ¥p)
Az2 = daz = LE{tivi(]" — ¥b)
A3 = iZ Eiti[4)? — yi¥i-1 — 3y 2y — ¥b)]
by = bs = Y Ejtin;&]
b, = LEitini&l O — ¥b)

; +yi— ; : _r
R is curvature and y;" = w . Curvature R is the reciprocal of curvature radius G:

R=1/G. Using equation (4) the strain can be calculated for different MJSC structures as a
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function of number of layers. The composition-dependent Young’s modulus and Poisson’s
ratio for InGaN can be determined by linear interpolation between the values listed in table

3.2 for binaries GaN and InN [26].
3.5 Strain-Induced Change in Energy Bandgap

It is well established that the bandgap energy is modified under the influence of strain in
semiconductor materials depending on the state of strain [27, 41]. Under the influence of
tensile strain the bandgap energy of InGaN is reduced [51]. The strain-induced change in

bandgap energy, AL, can be given [26] by

AEgs = 2[~(D; + D) + (D] + D) e (10)

where & is the subcell position-dependent in plane strain. D;, D, D3, and D, are the
deformation potentials, and C,;3 and C3; are the elastic constants. The experimental
measurements of these parameters are not available for InGaN material. Therefore, the
parameters used here are determined by linear interpolation between the values available for
GaN and InN materials and are listed in table 3.2. Substituting the subcell position-dependent
strain in equation (10) the strain-induced change in bandgap energy corresponding to each
subcell can be determined. Since the relaxed bandgap energy, £, is reduced under the

influence of tensile strain, the bandgap energy under strained condition can be expressed by
E,s = E; — AEy (11)
3.6  Photo-current Density:

The photocurrent is induced in a subcell of the MJSC structure by the absorption of photons

having energies greater than or equal to the bandgap energy of the subcell. The total photo
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current density at a given wavelength is the sum of hole J,,; (1), electron J,,;(4) and depletion

region J4,-(4) current densities and can be represented [22, 49] by

jphi = EAM 1.5]p£(/1) +jn£(-a-) + Jar(2) :Eg(i) < hv (12)
where,
— qF(l—R)aLp}
]pz(/l) =: { aszz =1
,Sjizl _—ax; {Solp Xj e
( D, +al ) e f{ D, cosh( J/Lp) +smh( ’/Lp)}_ —

§—smh( }/L )+cosh (xj/Lp)

Snln —aH L cinh(H' —-aH'
oy _ [aFA-Raln) _a(x;, iy (B )[C"Sh( /Ln)_e [#sinh("'/,, J+atne
]nz(A) - { aanz_l }e i xj " & laLn Snbn smh( lI/l'.rn)""C(:|S]'I(H‘r/l'..n) and

Jar(D) = qF(1 — R)e™™i[1 — e~%W]

Here i is an integer and indicates the number of layer/junction of MJSC. a is the absorption
coefficient, F is the number of incident photons/cm®/s per unit bandwidth and R is the
fraction of these photons reflected from the surface. 7 is calculated from the solar energy

spectrum (AM of 1.5) shown in figure 3.5.

4107 SOLAR ENERGY SPECTRUM

NUMBER OF PHOTONS [s'm V")

PHOTON ENERGY [eV]

Figure 3.5: Solar energy spectrum (AM of 1.5) in terms of photon vs. photon energy [52].
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The depletion width  can be represented by

W= (B[l 2" 1)

qg WNg Np

where, V) is the contact potential, € is di-electric constant, ¢ is the elementary electron
charge. The concentration of acceptor and donor atoms per cm’ on the p-side and n-side are

denoted by N4and Nprespectively.

For a typical p-n junction, contact potential V,can be given by

V, == In~42 (14)

where, K, 7, and ¢ are the Boltzmann constant, temperature, and elemental charge

respectively.
3.7  Strain Effect on Open Circuit Voltage

Taking into account of strain effect, the open circuit voltage of a subcell can be obtained from

Vor = Lin(2E + 1) (15)
q Jo

here, the saturation current density, ./, can be determined by the following equation

il Dy Dpi o
]0 = qn (LmNA + _LpgND) ) 1 1, 2, < . n (16)

where D,; and D,; are the diffusion constants, and Z,; and L, are the diffusion lengths of the
electron and hole respectively. Using the strain-dependent bandgap energy the intrinsic

carrier concentration »; can be given by

n? = N.Nyexp (— @) (17)
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Considering strain effect the resultant 1, for a MJSC structure can be calculated by

Ve =S0V.00) , #1.2.3 ... .5 (18)

3.8 Efficiency

The efficiency of MJSC including the strain effect can be calculated by

JoniVocFF
=k (19)

In case of MISC the photocurrents, J,,,; generated in different junctions/subcells are not the
same. In our calculation minimum J,p; is used for equalizing the photocurrents among the

subcells. The efficiency is calculated considering the fill factor FF = 0.88 and the incident

irradiance per unit area @,= 96.366 mW/cm® [40].



CHAPTER IV

Performance of MJSC in Presence of Strain

4.1 Introduction

In the preceding section origin of strain in MJSC structure has been discussed along with
multilayer strain model. The strain-induced modification of energy bands in InGaN
semiconductor has also been discussed. Furthermore, the mathematical formulations
associated with solar cell efficiency in presence of strain have been explained. In this chapter,
performance of different MJSC structures is determined using the formulations discussed in
the previous chapter and the results obtained for different MJSC structures with and without
strain effect is explained. Finally, a comparison is developed among the MJSC structures to

understand MJSC structure’s performance in presence of strain.

4.2 Analysis of Strain in Different MJSC structures

Using the multilayer strain model, the strain induced due to the change in lattice constants in
different layers of MJSC structures is calculated. To understand the structure-dependent state
of strain, equations (4) and (12) are used. Three different MISC structures shown in figures
3.3(a-c) in chapter-3 are studied. The parameters like composition-dependent bandgap
energies, lattice constants, Young’s modulus, Poisson’s ratio etc. are determined for InGaN
by linear interpolation between the values listed in table 3.2 for the binaries GaN and InN.
Initial strain plays an important role on the resultant strain, and primarily it depends on the
difference of lattice constants between the substrate and bottom layer. The strain are

investigated for different MJSC structures with the subcell numbers 3, 5, and 7 as a function
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of subcells dimension while keeping the dimension of window, tunnel, and BSF layers are

constant.

4.2.1 MJSC Structure Dependent Strain

Using the multilayered strain model, residual strain induced in different subcells of MJSC-1,
MIJSC-2 and MJSC-3 are estimated. The strains are calculated with respect to the MJSC
subcell thicknesses. Figures 4.1(a) to (c) shows a comparison of cell position-dependent
strains among the MJSC-1, MJSC-2 and MJSC-3 with the number of subcell 3. The results
are calculated for the cell thicknesses 80 nm, 100nm, and 120nm and plotted in the same

scale for the comparison in figures 4.1(a) to (c) respectively.

Table 4.1: Values of subcell position dependent strain with respect to subcell thickness 80

nm, 100 nm and 120 nm for different MJSC structures.

Subcell Cell Position Induced Strain
Thickness (nm)

(nm) MIJSC-1 MISC-2 MIJSC-3
150 0.0107 0.0108 0.0111
80 200 0.0111 0.0113 0.0115
270 0.0118 0.0119 0.0122
150 0.0104 0.0105 0.0107
100 200 0.0108 0.0109 0.0112
270 0.0112 0.0115 0.0117
150 0.0102 0.0103 0.0103
120 200 0.0105 0.0106 0.0109
270 0.011 0.0111 0.0114

The subcell position changes for different structures, because the number and placement of
additional layers such as window, BSF and tunnel are not the same in different MJSC
structures as seen in figures 3.3(a-c) in chapter 3. It is found in figure 4.1 that the magnitude
of strain is the same up to the subcell position 90 nm. This is because the position of the
bottom subcell and its bandgap energy is the same for all the MJSC structures up to 90 nm

when subcell numbers are 3, which causes the same initial strain for all the structures.
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Figure 4.1: Comparison of cell position-dependent strains estimated for the MISC-1, MJSC-2
and 3 when subcell numbers are 3 (a) 80 nm thick subcell (b) 100 nm thick

subcell, and (c) 120 nm thick subcell.
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Figure 4.2: Comparison of cell position-dependent strains estimated for the MJISC-1, MJSC-
2, and MJSC-3 when subcell numbers are 5 (a) 80 nm thick subcell (b) 100 nm

thick subcell, and (¢) 120 nm thick subcell.

After 90 nm the magnitude of the position-dependent strain varies for different MJ structures
and is found to be lower, medium, and higher, for the MJSC-1, MJSC-2, and MJSC-3,
respectively. This is may be due to the provision of an additional layer (tunnel) in the MJSC-

2 and more additional layers in the MJSC-3. This is clearly observed in figure 3.3.
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Figures 4.3: Comparison of cell position-dependent strains estimated for the MJSC structures
1, 2, and 3 when the subcell numbers are 7 (a) 80 nm thick subcell (b) 100 nm

thick subcell, and (c) 120 nm thick subcell.

More number of layers in the MJSC-2, and MJSC-3 may accumulate more strain compared to
the MJSC-1. Similar results are found in figures 4.2 & 4.3 for the subcells number 5 and 7.
However, the magnitude of the initial strain changes for the number of subcells as the initial

bandgap energies vary with the number of subcells.

In order to understand the subcell thickness dependent magnitude of strain for a particular
number of subcells, figures 4.1(a) to (c) are plotted in the same scale. For the same reason,
figures 4.2(a) to (c) and figures 4.3(a) to (c) are also plotted in the same scale. It is found that
with increasing the thickness of the subcells from 80nm to 120nm the magnitude of the strain
decreases in a particular subcell position as clearly observed in figures 4.1(a) to (¢). The same
results are also observed in figures 4.2(a) to (c) and 4.3(a) to (c). It is well known [35] that

the strain is relaxed with increasing epitaxial layer thickness.

To compare the subcell position dependent strain with respect to different number of layer

and subcell thickness the numerical values of strains are summarized in table 4.1.
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4.2.2 Subcell Layer Dependent Strain

To compare the subcell position dependent strain as a function of the different layers of
subcells the values of strains are estimated considering the subcell thicknesses 80nm, 100nm
and 120nm subcell thickness. The strains are calculated for the MJSC-1 and summarized in
table 4.2. The subcell position dependent strain profiles are plotted in figures 4.4 (a) to (c) for

the layers of 3, 5 and 7. The magnitude of strain increases with the number of MISC layers.

Table 4.2: Comparison of subcell position-dependent strain with respect to the number of

subcell layers and thicknesses of MJSC-1

Subcell Cell Position Induced Strain
Thickness (nm)
Layer-3 Layer -5 Layer -7
(nm) Y y y
30 0.0088 0.0092 0.0128
80 150 0.0107 0.0112 0.016
270 0.0116 0.0123 0.0176
30 0.0087 0.0092 0.013
100 150 0.0104 0.0109 0.0155
270 0.0112 0.0117 0.0168
30 0.0085 0.009 0.0128
120 150 0.0102 0.0107 0.015
270 0.0109 00114 0.0164
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Figure 4.4 : Comparison of cell position-dependent strains estimated for the number of
subcell 3, 5 and 7 of the MJISC-1 (a) 80 nm thick subcell (b) 100 nm thick

subcell, and (¢) 120 nm thick subcell.
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subcell, and (¢) 120 nm thick subcell

As seen in figures 4.4(a) to (c) the strain magnitude is higher for the 7 layers MISC than the 3

and 5 layers MJSC. The strain magnitude decreases with increasing layer thickness due to the

facts discussed in above. The similar results are also observed in figures 4.5(a) to (c) and

4.6(a) to (c) for the MISC-2 and MJSC-3, respectively. However, the magnitude of strains is

found to be more in case of MJSC-3 than MJSC-2 and MJSC-1, which is due to the MJSC

structure as discussed earlier.
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Initial strain plays an important role on the resultant strain, and primarily it depends on the
difference of lattice consfants (bandgap) between layer-1 and the layer below the layer-1. As
seen in the above figures the value of initial strain is higher for the 7 layer MJSC and lowers
for the 3 layer MJSC. This is due to the bandgap stepping for different layer of MJISC

structure as seen in table 3.1.
4.2.3 Subcell Thickness Dependent Strain

To understand and hence to compare the subcell thickness dependent strains among different
MISC-structures , the values of strain with respect to the MJSC positions 90nm, 180nm and
270nm are evaluated. The results are summerized for the subcell thicknesses 80nm, 100nm
and 120nm in table 4.3 considering 3-layers MJSC structures. For graphical understanding
and better comparison, the strain profiles are presented in figures 4.7 (a) to (c) in the same
scale for the MIJSC-1, MJSC-2 and MJSC-3, respectively. It is clearly observed that with
increasing the subcell thickness the value of strain decreases and same tendency is found for

all the MJSC structures. The cause behind these results already discussed.

Table 4.3: Comparison of cell position-dependent strains estimated for the subcell thickness
of 80nm, 100nm and 120nm when subcell numbers are 3 (a) MJSC-1, (b) MJSC-

2, and (¢) MJSC-3

Subcell Cell Position Magnitude of Strain
Thickness (nm) (nm) MISC-1 MISC-2 MISC-3
90 0.01 0.0097 0.0095
80nm 180 0.011 0.0106 0.0104
270 0.0118 0.0113 0.0111
90 0.0105 0.0102 0.099
100nm 180 00115 00111 0.01
270 0.0122 0.0118 0.0115
90 0.015 0.0145 0.0142
120nm 180 0.0164 0.0159 0.0155
270 0.0175 0.0168 0.0164
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Figure 4.7: Comparison of cell position-dependent strains estimated for the subcell

thicknesses of 80nm, 100nm and 120nm when subcell numbers are 3 (a) MJSC-

1, (b) MISC-2, and (¢) MJSC-3.

It is also found in figures 4.7 (a) to (¢) that the magnitude of strain for a particular position of
subcell is more for the MJSC-3 than MJSC-2 and MJSC-1. This is due to the structural
difference among the MJSCs where MJSC-3 have more additional layer than MJSC-2 and
MJSC-1. The more strain for a particular position in MJSC-3 may be due to more additional
layers. Similar results are also calculated and presented in figures 4.8(a) to (c¢) and 4.9(a) to

(c) for the number of layers 5 and 7, respectively.
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Figure 4.8: Comparison of cell position-dependent strains estimated for the subcell thickness

of 80nm, 100nm and 120nm when subcell numbers are 5 (a) MISC-1, (b) MISC-

2, and (c) MJSC-3.
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Figure 4.9: Comparison of cell position-dependent strains estimated for the subcell thickness

of 80nm, 100nm and 120nm when subcell numbers are 7 (a) MJISC-1, (b) MJSC-

2, and (¢) MJSC-3.

4.2.4 Change in strain due to differential change in subcell thickness

The changes in strains, Ae, with respect to subcell position of different MJSC structures are

determined for the number of subcell layers 3. The strains are calculated for the differential

change in subcell thicknesses At. To calculate the Ae, subcell thickness 120nm is taken as the

reference thickness and then Ae is estimated for the differential thickness At(120nm~100nm)

Table 4.4: Change in strain, Ag, due to differential change in subcell thickness from 120 to

100nm and from 120 to 80nm

MIJSC Cell Position Change in Strain, A&

Structyre (nm) At (120-100) At (120-80)
50 0.00012 0.00024

MJSC-1 150 0.0003 0.00054
250 0.00038 0.00067
50 0.00012 0.00028

MJSC-2 150 0.00026 0.00061
250 0.0003 0.00073
50 0.00012 0.00029

MJSC-3 150 0.0003 0.00068
250 0.00038 0.00080
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that is by subtracting the strain magnitude obtain for the thickness 100nm to that of obtained
from 120nm. Similarly, the Ae is estimated for the differential thickness At(120nm~80nm) by
subtracting the strain obtain for the 80nm subcell thickness to the 120nm thickness. The
results are summarized in Table 4.4 with respect to position of different MISC structures and

plotted in figures 4.10(a) to (c) for the MJSC- to MJSC-3, respectively.
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Figure 4.10: Change in cell position-dependent strains, Ae due to the differential change in
subcell thickness of At (120nm-80nm) and At (120nm-100nm) when subcell

numbers are 3 (a) MJSC-1, (b) MJSC-2 and (c) MJSC-3.
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Figure 4.11: Change in cell position-dependent strains, Ae due to the differential change in
subcell thickness of At (120nm-80nm) and At (120nm-100nm) when subcell

numbers are 5 (a) MJISC-1, (b) MJSC-2 and (c¢) for MJSC-3.
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Figure 4.12: Change in cell position-dependent strains, Ae due to the differential change in
subcell thickness of At (120nm-80nm) and At (120nm-100nm) when subcell

numbers are 7 (a) MJSC-1, (b) MISC-2 and (c) MJSC-3.

It is found in figure 4.10 that the change in Ag, increases in MJSC-3 than that of MJSC-2 and
MIJSC-1 because, the effect of strain is more in MJSC-3 than MJSC-2 and MISC-1 due to the
provision of additional layers. Similar results are also calculated for the number of subcell
layers 5 and 7 and presented in figures 4.11(a) to (¢) and figures 4.12 (a) to (c), respectively

for different MJSCs.

4.2.5 Strain induced change in energy gap

It is well known that the strain induced in semiconductor junction/layers due to the change in
lattice constants causes a significant effect on the modification of band gap energy depending
on the state of strain. Under compressive strain bandgap energy is increased in InGaN
material [52]. The results are found to be opposite under tensile strain [25]. In case of MJSC
studied here, tensile strain is induced in different subcell layers due to the energy stepping of

the subcells and their placement in order to absorb whole solar radiations.
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Table 4.5: Comparison of relaxed and strained bandgap energies under tensile strain. The

results are estimated for different MISCs having 3, 5 and 7 layers

Subcell | No. of Band Energy (eV)
Layers | Subcell MIJSC-1 MISC-2 MISC-3
Relaxed Strained Relaxed Strained Relaxed Strained

Subcell 1 0.952 0.9226 0.952 0.9226 0.952 0.9226

Layer 3 | Subcell 2 1.372 1.3309 1.372 1.3296 1.372 1.3274
Subcell 3 1.899 1.8463 1.899 1.844 1.899 1.8403
Subcell 1 0.92 0.89 0.92 0.89 0.92 0.89
Subcell 2 1.166 1.1272 1.166 1.1261 1.166 1.1241

Layer 5 | Subcell 3 1.44 1.393 1.44 1.3909 1.44 1.3876
Subcell 4 1.757 1.7016 1.757 1.6987 1.757 1.6943
Subcell 5 2.21 2.1448 2.21 2.1411 2.21 2.1355
Subcell 1 0.706 0.6741 0.706 0.6741 0.706 0.6741
Subcell 2 0.932 0.8853 0.932 0.8838 0.932 0.8813
Subcell 3 1.135 1.0774 1.135 1.0748 1.135 1.0705

Layer 7 | Subcell 4 1.355 1.2871 1.355 1.2836 1.355 1.2779
Subcell 5 1.588 1.5105 1.588 1.5059 1.588 1.4989
Subcell 6 1.888 1.7994 1.888 1.7941 1.888 1.7859
Subcell 7 2.32 2218 232 2.2117 2.32 2.2019

Using the deformation potentials and subcell position dependent strains, the strain induced

change in bandgap energies for different MJSC structures with number of layers 3, 5 and 7

are calculated. The results obtained in our calculations are listed in table 4.5 for the cell

thickness 80 nm and plotted in figures 4.13(a)-(c), 4.14(a)-(c) and 4.15(a)-(c) for MJISC-1,

MJSC-2 and MJSC-3, respectively.
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Figure 4.13: Comparison of unstrained and strained bandgap energies for MJSC-1 (a) 3-layer

(b) 5-layers and (c¢) 7-layer with subcell thickness 80nm. The bandgap energies

are estimated under tensile strained condition.
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Figure 4.14: Comparison of unstrained and strained bandgap energies for MJSC-2 (a) 3-layer

Bandgap Energy (eV)

(b) 5-layer and (c) 7-layer with subcell thickness 80nm. The bandgap energies

are estimated under tensile strained condition.
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Figure 4.15: Comparison of unstrained and strained bandgap energies for MJSC-3 (a) 3-layer

(b) 5-layer and (c) 7-layer with subcell thickness 80nm. The bandgap energies

are estimated under tensile strained condition.

In case of 3-layer MJSC structure the bandgaps under strained condition are decreased upto

0.9226eV and 1.331eV from the relaxed bandgaps of 0.952eV and 1.372eV respectively.

These reduction of bandgap energies are resulted from the position dependent strains of

0.01004 and 0.01088, respectively. In case of 5 and 7 layers, the strain dependent change in

bandgap energies are also increased from the relaxed bandgap energies and found to be

1.393¢V and 1.077eV from the relaxed bandgap of 1.44V and 1.135eV for the position

dependent strain values of 0.01209 and 0.01725, respectively. The similar results are also
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found for the MJSC-2 and MJSC-3. In all cases, the detraction of bandgap energies strongly
depends on the number of layers. Even for the same MJSC structure, the decrement of
bandgap energy is found to be more for the 7-layer than the 5 and 3 layers. This is due to the
magnitude of tensile strain which increases with the number of layers and hence AEg
increases. As a result, the bandgap energy under tensile strained condition obtained by

equation (11) becomes reduced.

4.2.6 Change in energy gap, AE,, due to subcell thickness dependent strain

Using equation (10), change in energy gap due to subcell thickness dependent strain AE; is
calculated and summarized in table 4.6. The values of AE, are calculated corresponding to
the strain evaluated for the subcell thicknesses 80nm, 100nm and 120nm. The results are
plotted in figures 4.16 (a), 4.16(b) and 4.16(c) for the number of layers 3, 5 and 7 of the

MIJSC-3.

Table 4.6: Comparison of subcell thickness dependent strain induced change in energy gap,
AEg;, for different thicknesses of the subcells. The comparison is made for 3, 5

and 7 layers of MJSC-3

Subcell No. of Subcell Change in Energy Gap AE, (eV)
Layers
80 nm Subcell 100 nm Subcell 120 nm Subcell

SC-1 0.02941 0.02941 0.02941

Layer 3 SC-2 0.04455 0.0441 0.04376
SC-3 0.05874 0.05795 0.05734
SC-1 0.02997 0.02998 0.02997
SC-2 0.04192 0.04154 0.04119

Layer 5 SC-3 0.05245 0.0518 0.05121
SC-4 0.06275 0.06186 0.06106
SC-5 0.07452 0.07339 0.07237
SC-1 0.03191 0.03189 0.03191
SC-2 0.05072 0.0502 0.04982
SC-3 0.06446 0.06356 0.06289

Layer 7 SC-4 0.07714 0.07594 0.07508
SC-5 0.08907 0.08759 0.08652
SC-6 0.1021 0.10033 0.09902
SC-7 0.11808 0.116 0.11443
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Figure 4.16: Comparison of strain-induced change in energy gap, AEy, for the subcell
thicknesses 80nm, 100nm and 120nm. The results are estimated for MJSC-3

when the number of subcells are (a) Three (b) Five and (¢) Seven.

It is found that AEy decreases negligibly in the bottom subcells and considerably in the top
subcell for the variation of subcell thickness from 80nm to 120nm. This is because the values
of strain decrease with increasing subcell thickness. The same trend is found for all the MJSC
structures. The values of AE for 3, 5 and 7 layers of MJSC-3 corresponding to the subcell

thickness 80nm, 100nm and 120nm are summarized in table 4.6.

Table 4.7: Comparison of AE for different MJSCs with 3, 5 and 7 layers

Subcell No. of Subcell Change in Energy Gap AE; (eV)
Layers
MISC-1 MISC-2 MISC-3

Subcell 1 0.02942 0.02942 0.02942

Layer 3 Subcell 2 0.04113 0.04241 0.04457
Subcell 3 0.05267 0.05504 0.05873
Subcell 1 0.02998 0.02998 0.02998
Subcell 2 0.03876 0.03992 0.04192

Layer 5 Subcell 3 0.04703 0.04913 0.05244
Subcell 4 0.05541 0.0583 0.06275
Subcell 5 0.06516 0.06886 0.0745
Subcell 1 0.03191 0.03191 0.03191
Subcell 2 0.04674 0.04821 0.05072
Subcell 3 0.05762 0.06019 0.06446

Layer 7 Subcell 4 0.06788 0.0714 0.07714
Subcell 5 0.07746 0.08211 0.08907
Subcell 6 0.08858 0.09393 0.1021
Subcell 7 0.10196 0.10835 0.11808
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Figure 4.17: Comparison of strain-induced change in energy gap for MJSC-1, 2 and 3
structures when the numbers of subcells are (a) Three (b) Five and (c) Seven. The

results are calculated for the cell thickness 80 nm.

To understand the variation of AE, graphically, figures 4.17(a) to (c) are plotted for different
MIJSCs as a function of the number of subcell layers. The values of AE, found to be more for
the MJSC-3 than MJSC-1 and MJSC-2 and changes sharply with increasing the number of

layers. The details results are summarized in table 4.7.

As discussed earlier, strain is relaxed with increasing thickness of the layer, as a result, the
change in energy gap, AE,,, due to increasing the subcell thickness decreases for all the

MISC structures.
4.3 Performance of MJSCs in presence of strain

In previous section, the MISC structure dependent strain profiles have been presented as a
function of subcell position, subcell thickness, the number of subcell layers for all of the
MISC structures. The strain-induced change in band gap energy for the InGaN-based MJISC
structures and hence the bandgap energy under strained and unstrained conditions have also
been shown. In this section, the effect of strain on the efficiency of InGaN-based MJSC is

presented.
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In order to compare the structure dependent performance of MJSC, the key parameters open
circuit voltage, V. and short circuit current, /. are calculated using equation (18) and (12) for
all the MJSCs under strained and unstrained conditions. Hence the efficiency # is calculated
using equation (19) for the number of subcell layers 3, 5 and 7 and the subcell thickness is

100nm. Finally, the results are presented in table 4.8.

The resultant V,. is determined with the summation of V,. obtained from individual subcell.
In this way, the value of V,. for 3, 5 and 7 layer structure is determined and found to be varied
from 2.45V to 5.7V in case of unstrained condition. The values of V. are found to be varied
from 2.33V to 5.42V, 2.31V to 5.33V, and 2.29V to 5.12V in case of strained condition for
MIJSC-1, MISC-2 and MIJSC-3, respectively. These results indicate that the open circuit
voltages are increased with the number of layers. MJSC-3 produces the open circuit voltage
less than other structures under the strained condition. On the other hand, the current flows
through a MJ solar cell from top to bottom junction is to be kept minimum. In order to
equalize the photocurrent in each junction, the minimum photocurrent is taken into
consideration for the calculation of MJSC efficiency.

Table 4.8: Comparison of the open circuit voltage, V,. short circuit current, /. , average

number of photons and efficiency, n, for different MJSC structures with and

without strain effects

Without strain With strain

No.

of All MJSCs MJISC-1 MJSC-2 MJISC-3

layer Vae y Avg. 7 Voe F Avg. 7 Ve I Avg. n Ve I Avg. i/

no. of no. of no. of no. of
™ @ma) | photon %) ™ ms | Photon %) ™ ms | photon ) ™ my | photon %)

3 245 18.6 1.4628 | 40.18 | 233 | 188 | 1.3048 | 3864 | 2.31 | 18.84 | 1.3162 | 38.55 2,29 18.98 | 13210 | 38.26
5 4.49 11.2 | 09950 | 4438 | 421 | 11.5 | 0.8146 | 4260 | 4.16 | 11.57 | 0.8157 | 4246 4.08 11.69 | 0.8172 | 42,14
1 59 9.17 | 0.6871 | 46.14 | 542 | 938 | 0.7047 | 4486 | 533 | 943 | 0.7079 | 44.39 5.12 9.55 | 0.7091 | 43.13
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It is found in table 4.8 that the photocurrent in terms of the short circuit current /. for all the
MIJSC structures is varied from 18.6mA to 9.17mA under unstrained condition for the
variation of layers from 3 to 7. However, the same is found to vary from 18.8mA t09.38mA,
18.84mA to 9.43mA and 18.98 to 9.55mA for MJISC-1, MISC-2 and MJSC-3 under strained
conditions, respectively. It means that the short circuit current decreases with increasing the
number of layers. This is because, the average number of integrated photons decreases under
strained condition. It is found from table 4.8 that, without strain effect, the efficiencies are
estimated 40.18%, 44.38%, and 46.14% for the 3, 5, and 7 layers for all the MISCs.
However, they are estimated to be 38.64%, 42.60%, and 44.86% for MJSC-1 when strain
effect is taking into account. Further, if the performances of different MJSCs are compared
under strained condition, the MJSC-3 shows the best results than the MISC-1 and MJSC-2
irrespective of the layers. A comparison of efficiencies for different MJSC:s is also shown in

figure 4.17 under strained and unstrained conditions.
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Figure 4.17: Comparison of efficiencies for different MISCs under strained and unstrained

conditions.
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It is already discussed that the subcells of MJSC-3 are composed of the window layer, tunnel
junction and BSF layer. The provision of more layers in the MJSC-3 causes more strain in the
corresponding position of a subcell than the MJSC-1 and MJSC-2. The more strain results
less open circuit voltage under tensile strain condition and hence less efficiency. The
selection of subcells bandgap energies is also very much important for the MJISC structure.
For the 7-layer MJSC structure, more photons are collected by integrating solar spectrum,
which are happened due to suitable bandgap selection. Finally, the efficiency of the MJSC-3
for seven layer structure is found to be 43.13% which is less than the efficiencies of other

structures and it reduces up to 3.01% when strain effect is taken into account.
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CHAPTER V

Conclusion and Future Work

5.1 Conclusion

We for the first time investigated the residual strain, which is induced due to the change in
lattice constants in different layers of InGaN-based MJSC. The effect of strain on the
performance of the MJSC is also reported for the first time. We have studied three types of
MISC structures. The numbers of subcell layers are taken 3, 5 and 7 and the subcell
thicknesses are taken as 80nm, 100nm and 120nm. The quantitative amount of strain is
determined from the analytical approach developed for multilayered structure [24]. The
results obtained from the present study demonstrate that the magnitude of strain strongly
depends on the difference in lattice constant between the adjacent subcells, particularly, on
the initial strain, which is induced due to the change in lattice constant between the bottom
layer and the layer on which it is grown. The strain magnitude is also found to have strong
dependency on the number of layers and the thickness of the subcells. The subcell position
dependent strain is found to be higher for MJSC-3 than the MJSC-2 and MJSC-1. Again, the
strain is found to be increased for the 7-layered MJSC structure than the 5 and 3-layered

structures.

The strain-induced change in bandgap energy is determined with the combination of strain
and electron-deformation potentials. The resultant bandgap energy is then determined under

tensile strain condition. The results obtained in our study indicate that the open circuit voltage
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of a subcell decreases under strained condition. However, the magnitudes of short circuit
current are not significantly affected due to the effect of strain. With the combination of open
circuit voltage and short circuit currents, the efficiencies of different MJSC structures are
determined as a function of the number of subcell layers and their thicknesses. It is found
from a comparison that the efficiencies for all the MJSCs is lower under strained condition
than that of evaluated under unstrained condition. It is also found that thicker subcell
structure gives less efficiency than thin subcell structures. Finally, it is concluded that the
efficiency of the MJSC-3 for seven layer structure found to be 43.13% which is less than the
efficiencies of other structures and it decreases up to 3.01% when strain effect is taken into

account.

5.2 Suggestion for Future Works

In the present study, three types of MJSC structures composed of InGaN materials is
investigated. The main goal of this research is to explore the influence of strain induced due
to change in lattice constants in different layers of subcells. Finally, including the strain
effect, the efficiency of different MISC structures are estimated in terms of different physical
parameters of the MJSC. The quantitative amount of strain is determined from the analytical
approach developed for multilayered structure. The effect of series and shunt resistances has
not been considered in our calculations. In future, the work can be extended considering the
effect of series and shunt resistances. Using the multilayered strain model, the performance of
quantum well, quantum dot, concentrator solar cell, intermediate bandgap solar cell, and

multiple quantum well solar cells, can be studied in future.
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