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ABSTRACT

Thin-film solar cells (TFSCs) have the potential to reach cost effective photovoltaic generated
electricity. Cadmium Sulfide (CdS), Indium Sulfide (In,S3) and Zinc Sulfide (ZnS) buffer layer
based Copper Indium Gallium Selenide (CIGS) solar cell offers higher efficiency with low
manufacturing cost. Therefore, this thesis presents a comparative study among CdS, In,S3 or
ZnS buffer layer based CIGS solar cell. The numerical study has been performed using a Solar
Cell Capacitance Simulator named SCAPS-1D. The performance of CIGS solar cell is observed by
adjusting the buffer layer thickness of each CdS, In,S; and ZnS. The efficiency of CdS/CIGS solar
cell is found 23.74% that is higher than the efficiency of In,S3/CIGS (23.39%) solar cell for 50 nm
buffer layer thickness. This efficiency was increased further by using ZnS/CIGS structure that
corresponding to an efficiency of 25.51%. It is also found that, the increase in buffer layer
thickness from the optimum level degrades the performance of CdS/CIGS and ZnS/CIGS solar
cells as compared to In,S3/CIGS solar cell. Therefore, In,S3 or ZnS based CIGS cell could be an
ideal candidate as a substitute of toxic CdS buffer layer based CIGS solar cell.
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Chapter-1

INTRODUCTION

Harvesting of sunlight is not new to life on earth. It can be said without any doubt that the
entire life on the planet earth is dependent on the solar energy. Everyone might be aware of
the fact that chlorophyll the green pigment in leaves and algae uses sunlight in photosynthesis
and is at the bottom of the food chain. One notable point to mention here about the sunlight is
that about 90% of the conversion of CO2 to 02 is done by algae and plants with the help of
solar energy. One can, therefore, undoubtedly say that energy from sunlight is the driving force
of our survival.

1.1 World Energy

In the modern world, growth is synchronized with energy demand. According to the IEO Report
2011 [1], the world energy consumption is prominent to rise from 505 quadrillion Btu in 2008
to 619 quadrillion Btu in 2020 and may reach 720 quadrillion Btu by 2035. Out of the 505
quadrillion Btu produced in 2008, liquid fossil fuels such as crude oil contribute 35%, coal
contributes 27%,natural gas contributes 23%, 10% is contributed by renewables which include
hydro, wind, solar etc., and the rest by nuclear power.

The fossil fuels including crude oil, coal and natural gas together provide around 80% of energy
consumed around the world today. These fossil fuels are fast depleting and take millions of
years to restock. According to some reports both the crude oil and coal are about to cross or
may have already crossed their peak production [2]. These fossil fuels are not only depleting
but are also emitting large amounts of so called greenhouse gases which are responsible in part
for global warming [3]. The figure: 1-1 shows the increase in CO; in earth’s atmosphere with
respect to time.

Nuclear energy, which appeared to be a durable source of energy, is associated with setbacks
such as complexity in waste disposal, limited availability of the nuclear raw materials like
uranium, thorium etc and socio environmental hazards involved in extracting them [4]. The
nuclear plant accidents like core meltdown and subsequent radiation leak at Fukushima Diiachi
Nuclear Plant in Japan after being struck by a tsunami in 2011 have resulted in opposition of
future nuclear establishments. Some of the OECD countries such as Germany have agreed to
shut down their nuclear plants by 2020 [5].
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Figure 1-1: Cumulative Carbon di oxide emission in different region

Enormous availability and ecofriendly nature make renewables, the most viable alternate in all
the energy sources. Here, renewables consist of wind, solar, tidal, geothermal etc. High EROEI
ratio (energy returned on energy invested) is an etiquette in the energy industry. The amount
of energy used for installation and operation should always be lesser than the amount of
energy that is returned. Although renewables were able to produce energy greater than the
amount of energy they have used, issues like variability, intermittency, lack of technology for
efficient energy storage, high cost of raw materials etc., deterred the usage of the renewables
in main stream energy production.

However, recent technological advancements, especially in solar energy sector such as the
usage of new materials, reducing the influence of raw material price of absorbent layer on the
overall cost of the cell and also recent reduction in prices of raw materials have resulted in
achievement of near grid parity. Some projections show that even grid parity is achievable in
near future [6], which implies that renewables especially solar energy can be harvested on a
large scale so as to give the major chunk of electricity used.



1.2 SOLAR ENERGY

Solar cells, at present, are one of the most extensive forms of renewable energy in the civilian
and military domains. Several solar projects have been commissioned by the Marine Corps for
stationary units, mobile units, and patrolling Marines. As technology advances, these systems
have become smaller and more efficient. However, cost has not been shown to decrease
proportional to technological advancement. In the face of decreasing budgets and cuts to
military spending, the need for efficient and inexpensive solar cells is desired. Thin film solar
cells present an attractive option due to their lightweight and flexible nature. Leading the thin
film market are cells constructed from copper indium gallium di-selenide (CIGS), a compound
guaternary semiconductor alloy. The robust material properties of CIGS cells present many
attractive features for both military and consumer applications, such as mechanical flexibility
and durability. One of the most desirable traits is the low cost of manufacturing CIGS cells.
Although CIGS cells currently lack the efficiency of silicon (Si) based cells or more advanced
multi-junction cells, continued research shows promise in closing this gap while still retaining all
the desired qualities of CIGS. Optimization of the design parameters of CIGS structures is
necessary to fully maximize the capabilities of cells which will be used in future systems.

1.3 OBJECTIVE

Based on the background summarized in the forgoing sections, the present research aims at covering
the following objectives to improve the efficiency of thin film solar cell. The objectives are-

X3

S

To find optimal point of different parameters

X3

S

To determine the value of intermediate band gap energy for CIGS solar cell

X3

S

To find out the effect of different buffer layer in the efficiency of solar cell

X3

S

To find the optimum thickness of buffer layer in the efficiency of solar cell

X3

S

To know the effect of absorber layer thickness in CIGS solar cell

1.4 STRUCTURE OF THE THESIS

This thesis is arranged into four chapters. The theoretical background into the physics of solar
cells and the solar spectrum is given in Chapter-2. An in depth analysis of CIGS cells is given in
Chapter-2. An introduction to SCAPS and the results of simulation is given in Chapter-3. The
conclusion with recommendations for future work is given in Chapter 4.



Chapter-2

THEORETICAL BACKGROUND

2.1 Solar cell history

The history of solar cells is extensive, with countless discoveries leading to the advances in solar
cell technology. Below are a few of the accomplishments.

The introduction of solar cell technology begins as early as 1839. French physicist, Antione-
Cesar Becquerel, observed the photovoltaic effect while experimenting with a solid electrode in
an electrolyte solution. He noticed a voltage generated when light fell upon the electrode.

Nearly 50 years later, Charles Fritts, an American inventor, spent endless hours creating the first
true solar cell. In an attempt to prove to his friends that sunlight could be converted into
electricity. The first true solar cells, using junctions, were formed by coating the selenium
semiconductor with an extremely thin, nearly transparent layer of gold. As a result of the
properties of selenium, Fritt's cells had a conversion efficiency of only about 1%. The high cost
of materials, in addition to its inefficiency prevented the use of such cells for energy supply.

The Fritts' first solar cell is shown below. Which had been purchased at an auction by an
auctions dealer, only to be forgotten in a box for 60 years. Too much suprise the device still
works after being re-discovered

In 1905, Albert Einstein published his paper on the photoelectric effect. Einstein described light
as a collection of discrete quanta (photons) rather than continuous waves. He theorized that a
photon above a threshold frequency had enough energy to eject a single electron, bonded to
an atom (the photoelectric effect). Einstein's interpretation of the photoelectric effect won him
the Nobel Prize in Physics in 1921.

In 1953 Photovoltaic technology is born in the United States. Gerald Pearson, an empirical
physicist, unintentionally developed a substantially more efficient photovoltaic cell from silicon
as opposed to the traditional selenium. The following year, Gerald Pearson, Daryl Chapin, and Calvin
Fuller developed the first silicon photovoltaic cell at Bell Laboratories. The silicon solar cell developed



had a 4% efficiency and later achieved 11% efficiency. The device was the first solar cell capable
of converting enough of the sun's energy into power to run electrical equipment.

The technical progress of silicon solar cells continued at a fast pace. However, initially the only
demand for silicon solar cells was for radio and toy manufacturers to power small devices. As
progression of the solar cell continued during the 1950s. NASA began to investigate solar cells
to power its ambitious space ventures. In the late 1950s the Vanguard | space satellite used a
solar cell to power its radios.

Since the beginning of applications for solar cells, its potential continues to grow rapidly. With
modern dependence of fossil fuels, advancements in the efficiency and capabilities of solar
power is becoming an increasingly viable power source [8].

2.2 Solar cell physics

Solar cells generate electricity when illuminated; these can be considered as basic building
blocks of a photovoltaic system. In general, it can be assumed that a solar cell is equivalent to a
two terminal device which acts as a normal diode in a dark environment and as a current source
when illuminated.

Normally a voltage of 0.1V is developed by a typical Solar Cell when illuminated, and the short

circuit current developed is around 10mA/cm2. As the voltage is really small, large numbers of
cells usually in count of 36 or 72 are connected in series on the panel to get a standard voltage
of around 12V.

solar cell battery

— @ |

LOAD LOAD

Figure: 2-1 Analogy between solar cell and battery.



From above figures it can be observed that, in conductors, the energy band is continuous and
thus the charge carriers do not require any energy to flow from one band to other. Whereas, in
the Semiconductors the valence band is full, and there exists a clear band gap between valance
band and next energy band i.e., conduction band. The electrons in VB (valance band) are tightly
bonded, and energy equivalent to band gap is required to excite those e-'s from VB to CB
(conduction band). So the semiconductors at normal conditions act as insulators. The band gap
of semiconductor is around 0.5eV to 3eV.

2.3 Basic operation of Solar Cell

The figure 2-2 shows the Energy band structures of conductors, semiconductors and insulators.

Conduction
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Figure: 2-2 Energy band structures of conductors, semiconductors and insulators.

From above figures it can be observed that, in conductors, the energy band is continuous and
thus the charge carriers do not require any energy to flow from one band to other. Whereas, in
the Semiconductors the valence band is full, and there exists a clear band gap between valance
band and next energy band i.e., conduction band. The electrons in VB (valance band) are tightly
bonded, and energy equivalent to band gap is required to excite those e-'s from VB to CB
(conduction band). So the semiconductors at normal conditions act as insulators. The band gap
of semiconductor is around 0.5eV to 3eV.



Figure: 2-3 Movement of electrons and holes in p-n junction solar cell [9]

When the electrons in the valance band are exposed to energy greater than their band gap,
electron frees itself from the lattice and moves to conduction band leaving a hole in valance
band, thus resulting in a free electron hole pair. This electron hole pair is available to conduct
electricity. If the exciting energy is provided by an incoming photon, then the entire process is
called photo conductivity. Different materials exhibit different levels of photo-conductivity. The
photo-conductivity property of material depends on the energy band gap of the material and
electron hole recombination’s occurring in it. If the material has high energy band gap then high

energy photons are needed to move the electrons from Valance band.
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Figure: 2-4 Generation and movement of charge carriers in p-n junction solar cell [9]



A p-n homo junction solar cell has a single material which is n-type doped on the one side and
p-type doped on the other. In whole, the cell can be described to be electrically neutral, and the
junction region consists of two depletion regions, one with electrons and other with holes on
either side.

As shown in the above figure: 2-3 the p-n homo junction, solar cell when illuminated produces
an electron hole pair due to the photon absorption and movement of electron from the valence
band to the conduction band.

The band structures of p-n junction under equilibrium and illuminated conditions are shown in
Fig. 2-5. As shown in figure, the incoming photon excites the electron resulting in an electron
hole pair. These charge carriers were used for conduction [10]
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Figure: 2-5 Band structure of PN junction solar cell [11]

2.4 Solar Non-Idealities

There are several factors that can degrade the performance of solar cells. Primary losses can
include reflection of photons off the surface of the cell, shading from the top grid, photons that
are below band gap, and recombination losses. Typical losses in solar cells are depicted in
Figure: 2-6.
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Figure: 2-6 Photoelectric affect in solar cells [12]

An in-depth explanation of solar cell losses is found in [20]. Optimizing solar cell efficiencies by
targeting the correct band gap and optimum cell thickness for absorptions is investigated.

2.5 SOLAR SPECTRA IRRADIATION ON EARTH

The sun produces light at various intensities throughout the wavelength spectrum. These
intensities are closely mimicked by a 6000 K black body radiation. As the light travels through
space, its intensity decreases by a rate of 1/d2 where d is the distance from the sun [13]. The
standard for measuring light intensity on earth is to describe by how many atmospheres the
light has passed through. The intensity spectrum for satellites in space is labeled as AMO, since
the light has not passed through any of the earth’s atmosphere. At sea level, near the equator,
at noon on a cloudless day, the spectrum is labeled as AM1, since light has passed through one
standard atmosphere. As not all solar cells are utilized on the equator at noon, the industry
standard for measuring solar cell is AM1.5, or one and a half atmospheres. Intensity losses in
this spectrum are due to photon absorption by particulates in the atmosphere. The most
notable of these are ozone (03), water (H20), and carbon dioxide (CO2) [16]. These absorption
losses are represented by deep troughs as seen in Figure: 2-6.
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Figure: 2-7 Solar spectral irradiance versus wavelength for differing standards [12]

While absorption losses are represented as deep troughs in the spectrum, this does not account
for the general loss of intensity. General intensity loss is due to reflection and scattering of
photons by air molecules and dust particles in the atmosphere [13].

As stated earlier, the industry standard is AM1.5. This spectrum gives a relative baseline for
which all solar cells are tested against. AM1.5 is not representative of the solar spectrum at all
locations on the Earth; it is merely used for standardization. Besides atmospheric effects,
spectrum intensity is most influenced by altitude, humidity, and latitude. Solar cells at higher
altitudes are exposed to more intense radiation than those at sea level. An arid climate has less
photon absorption by water molecules than a humid climate. Solar cells used near the equator
have more direct sunlight than a cell used at higher latitudes with glancing rays. All of these
effects can vary the solar spectrum intensity and change the performance of solar cells. By
tuning the band gap of CIGS, we can optimize cells for a particular region or climate. A cell that
is used in a high altitude desert might have a different optimum band gap than one used at sea
level in 100% humidity. By using a cell with an optimized band gap, average power output can
be increased without significant changes in the manufacturing process.

10



2.6 Solar Cell Types

Solar cells can be categorized into three generations based on the material used to
manufacture them.

2.6.1 First Generation Solar Cell-Wafer Based
As it is already mentioned, the first generation solar cells are produced on silicon wafers. It is
the oldest and the most popular technology due to high power efficiencies. The silicon wafer
based technology is further categorized into two subgroups named as

» Single/ Mono-crystalline silicon solar cell.

* Poly/Multi-crystalline silicon solar cell.

2.6.1.1 Single/Mono-Crystalline Silicon Solar Cell

Mono crystalline solar cell, as the name indicates, is manufactured from single crystals of silicon
by a process called Czochralski process [14]. During the manufacturing process, Si crystals are
sliced from the big sized ingots. These large single crystal productions require precise
processing as the process of “recrystallizing” the cell is more expensive and multi process. The
efficiency of mono-crystalline single-crystalline silicon solar cells lies between 17% - 18% [15].

Sunlight

T
| i e-
LOAD

Figure: 2-8 The semiconductor p-n junction solar cell under load.
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Figure: 2-9 Various types of solar cell technologies and current trends of development.

2.6.1.2 Polycrystalline Silicon Solar Cell (Poly-Si or Mc-Si)

Polycrystalline PV modules are generally composed of a number of different crystals, coupled
to one another in a single cell. The processing of polycrystalline Si solar cells is more
economical, which are produced by cooling a graphite mold filled containing molten silicon.
Polycrystalline Si solar cells are currently the most popular solar cells. They are believed to
occupy most up to 48% of the solar cell production worldwide during 2008 [16] During
solidification of the molten silicon, various crystal structures are formed. Though they are
slightly cheaper to fabricate compared to monocrystalline silicon solar panels, yet are less
efficient ~12% - 14% [17]

2.6.2 Second Generation Solar Cells—Thin Film Solar Cells

Most of the thin film solar cells and a-Si are second generation solar cells, and are more
economical as compared to the first generation silicon wafer solar cells. Silicon-wafer cells have
light absorbing layers up to 350 um thick, while thin-film solar cells have a very thin light
absorbing layers, generally of the order of 1 um thickness [18]. Thin film solar cells are classified
as

e a-Si

e C(CdTe.

e CIGS (copper indium gallium di-selenide).
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2.6.2.1 Amorphous Silicon Thin Film (a-Si) Solar Cell

Amorphous Si (a-Si) PV modules are the primitive solar cells that are first to be manufactured
industrially. Amorphous (a-Si) solar cells can be manufactured at a low processing temperature,
thereby permitting the use of various low cost, polymer and other flexible substrates. These
substrates require a smaller amount of energy for processing [19]. Therefore, a-Si amorphous
solar cell is comparatively cheaper and widely available. The “amorphous” word with respect to
solar cell means that the comprising silicon material of the cell lacks a definite arrangement of
atoms in the lattice, non-crystalline structure, or not highly structured. These are fabricated by
coating the doped silicon material to the backside of the substrate/glass plate. These solar cells
generally are dark brown in color on the reflecting side while silverish on the conducting side
[20].

The main issue of a-Si solar cell is the poor and almost unstable efficiency. The cell efficiency
automatically falls at PV module level. Currently, the efficiencies of commercial PV modules
vary in the range of 4% - 8%. They can be easily operated at elevated temperatures, and are
suitable for the changing climatic conditions where sun shines for few hours [21] .

2.6.2.2 Cadmium Telluride (CdTe) Thin Film Solar Cell

Among thin-film solar cells, cadmium telluride (CdTe) is one of the leading candidate for the
development of cheaper, economically viable photovoltaic (PV) devices, and it is also the first
PV technology at a low cost. CdTe has a band gap of ~1.5 eV as well as high optical absorption
coefficient and chemical stability. These properties make CdTe most attractive material for
designing of thin-film solar cells.

CdTe is an excellent direct band gap crystalline compound semiconductor which makes the
absorption of light easier and improves the efficiency. It is generally constructed by
sandwiching between cadmium sulfide layers to form a p-n junction diode. The manufacturing
process involves three steps: Firstly, the CdTe based solar cells are synthesized from
polycrystalline materials and glass is chosen a substrate. Second process involves deposition,
i.e., the multiple layers of CdTe solar cells are coatedon to substrate using different economical
methods. It is already mentioned that CdTe has a direct optimum band gap (~1.45 eV) with high
absorption coefficient over 5 x 10%°/cm [22] . Therefore, its efficiency usually operates in the
range 9% - 11% [23].CdTe solar cells can be made on polymer substrates and flexible. However,
there are various environmental issues with cadmium component of solar cell. Cadmium is
regarded as a heavy metal and potential toxic agent that can accumulate in human bodies,
animals and plants. The disposal of the toxic Cd based materials as well as their recycling can be
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highly expensive and damaging too to our environment and society. Therefore, a limited supply
of cadmium and environmental hazard associated with its use are the main issues with this
CdTe technology.

2.6.2.3 Copper Indium Gallium Di-Selenide (CIGS) Solar Cells

CIGS is a quaternary compound semiconductor comprising of the four elements, namely:
Copper, Indium, Gallium and Selenium. CIGS are also direct band gap type semiconductors.
Compared to the CdTe thin film solar cell, CIGS hold a higher efficiency ~10% - 12%. Due to their
significantly high efficiency and economy, CIGS based solar cell technology forms one of the
most likely thin film technologies. The processing of CIGS are done by the following techniques:
sputtering, evaporation, electrochemical coating technique, printing and electron beam
deposition. In addition, the sputtering can be a two or multi-step process involving with
deposition and subsequent interaction with selenium later, or can be a one-step reactive
process. However, evaporation is similar to the sputtering in the sense that it can be used in a
single step, two-step or multiple processing steps. The substrates for CIGS material can be
chosen from glass plate, polymers substrates, steel, aluminum etc. The advantages of CIGS thin
film solar cells include its prolonged life without a considerable degradation. These properties
of CIGS indicate an easy solution to enhance the efficiency [24]

2.6.3 Third Generation Solar Cells

Third generation cells are the new promising technologies but are not commercially
investigated in detail. Most of the developed 3rd generation solar cell types are:

1) Nano crystal based solar cells.

2) Polymer based solar cells.

3) Dye sensitized solar cells.

4) Concentrated solar cells.
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2.6.3.1 Nano Crystal Based Solar Cells

Nanocrystal based solar cells are generally also known as Quantum dots (QD) solar cells. These
solar cells are composed of a semiconductor, generally from transition metal groups which are
in the size of nanocrystal range made of semiconducting materials. QD is just a name of the
crystal size ranging typically within a few nanometers in size, for example, materials like porous
Si or porous TiO,, which are frequently used in QD. With the advance of nanotechnology, these
nanocrystals of semiconducting material are targeted to replace the semiconducting material in
bulk state such as Si, CdTe or CIGS. This idea of the QD based solar cell with a theoretical
formulation were employed for the design of a p-i-n solar cell over the self-organized in
As/GaAs system [25]. Generally, the nanocrystals are mixed into a bath and coated onto the Si
substrate. These crystals rotate very fast and flow away due to the centrifugal force. In
conventional compound semiconductor solar cells, generally a photon will excite an electron
there by creating one electron-hole pair [26]. However, when a photon strikes a QD made of
the similar semiconductor material, numerous electron-hole pairs can be formed, usually 2 or 3,
also 7 has been observed in few cases.

15


http://file.scirp.org/Html/6-7701727_62181.htm#ref32
http://file.scirp.org/Html/6-7701727_62181.htm#ref33

aonds

winwiui pue  aoeds e pue  dduds [ews pue  ddeds afie| pue  aoeds afze| pue  2oeds ae| pue Kauanaiga 290005 I I—
D) UONE[[eISUL LT} UOTIR[[BISUL  OUIT) UONR[[RISUL  OWIT) UONR[[RISUL  SUIL) UONR[[RISUI JWIN UONR[[RISUI 0407 dAlssaiduit 7o) anp arxo] S_Eoﬁ_u ! 8: \ [139p [eUOLIPPY
Joys spaaN Tuo[ SpaaN. Moy spaaN JOYS SpaaN JMOYs SpaaN Tuo[ SpaaN 2Ry §O]) Awog Iw! : Ad PO
“£Tojoutaa 151
§][22 U011 S[[22UODI[IS  §[[22 UOAI]IS §][22 U0dI[Is S[[UODI[IS  §[[22 UODI[IS §][99 U0dI[ I8 §][20 u0aI[IS WUy "wjy-umy
[PUONIUIAUOD [BUONUDAUOD  [BUONUJAUOD  [BUONUIAUOD  [PUONUIAUOD  [PUONUIAUOD [BUONUDAUOD  [PUONUdAUOD Ol paredwod o) paseduwod %o
ueypaaisuadyg  uegroaisuadxa  ueyoaisuadxe  ueyioaisuadxe  umpasisuadye  ueyroaisuadya  uerp aasuadxa  uey anisuadxd anisuadya anisuadxa B0
ssapiurad ¢ ssopuaonad og  ssopjuaanad ¢ ssopjuoad ¢ ssapjwatad ¢ ssapjuntad (¢ ssopjueonad o¢ SS9 Jua0Iad ()G AIOWI AU OM]  AIOUI SUIL) OM]
d[qeanp dlqemp dlqemp dlqeimp dqeanp d[qeInp aqemp
W31 alqixop udisapionpoadjo @R ARy IRy SRRy IgE Qe Iy Y3 jqixap 2MO4J0 Jnows 1m0d 0 Jnowe
i ) ) i i i awes ay aanpoxd awes ayy 2anpoxd
wou ufisop afuerpazieddds  wouy uisap wioyj uFisap woy ufisap  wouy ufisop woy ufisop  woy uFisp o1 oA ol auion TN
Jonpoad jo aFues v fuuayy(y 1onpoud jo afuer  jonpoud jo afuer  jonpord jo afurr jonpord jo afuer jonpoid jo ofuer jonpoad jo aFues boum oum
_ ssaf Apueayiudig ssaf Apueayiudig
apia e Suap pmeunago  opmeSuuago  opim e uudyo opmeuuayo  apmefuuayo  apm e Sulo
SO0 SLONIDL0 suonIpuod suonIpuod SUONIPUO?
Anpqes s E.Em._w“:_u - n._w“:_u Apges— ampeadway ampeidwyy  ampenadwyy  sampeiadwa) sameadua) aaueunojad
[BULIAY) JU[[20XE] [BULLIAY JU[[90%] _ ! : [BULIAY) JUa][29%7] [ SE [om g seqam By seqam ydig e pood 10N Sy e poodjoN - ameiadwa) YRy
4By ut pood 1oN 4By ut pood JoN : : . _ .
SE |00 UL POOT)  $¥ 003 U POO) S 003 Ul PO0r)
%lE %lp= %00 - %t~ %01= %8 - %L %8 - b %Cl - %01 %ll - %6 Wvl-%Cl  WSLL- %Pl fouatoyyq
uoaI[i§
LA TIERTI) 1owijog  paznisuag akg [EsKiooueN snoudioury 1D afpy  aunmskiokjog  auresinouopy
SOIYSA0Ia] - w1 unyg UOI[Is dulf[eIsAL) adfi o)

'[L11[91] s{109 Jejos jo sad&y snotxea Jo uosueduwos v *| 2jqe |

Table 2-1. A comparison of various types of solar cells [16] [17].
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Figure: 2-10 A schematic of Quantum dot (QD) layer.

2.6.3.2 Polymer Solar Cells

Polymer solar cells (PSC) are generally flexible solar cells due to the polymer substrate. The first
PSC were invented by the research group of Tang et al. at Kodak Research Lab. [27]. A PSC is
composed of a serially connected thin functional layers coated on a polymer foil or ribbon. It
works usually as a combination of donor (polymer) and a acceptor (fullerene). There are various
types of materials for the absorption of sunlight, including organic material like a
conjugate/conducting polyme . In 2000, Heeger, MacDiarmid, and Shirakawa fetched the Nobel
Prize in Chemistry for the discovering a new category of polymer materials known as
conducting polymers. The PSC and other organic solar cells operate on same principle known as
the photovoltaic effect, i.e., where the transformation of the energy occurs in the form of
electromagnetic radiations into electrical current. Yu et al. mixedpoly [2-methoxy-5-(2’-
ethylhexyloxy)-p-phenylene vinylene] (PPV), C60 and its other derivatives to develop the first
polymer solar cell and obtained a high power conversion efficiency. This process triggered the
development of a new age in the polymer materials for capturing the solar power. After
significantly optimizing the parameters, researchers achieved efficiency over 3.0% for PPV type
PSCs [28]. These unique properties of PSCs opened a new gateway for new applications in the
formation of stretchable solar devices including textiles and fabrics [39]. A modern recycling
concept known as polarizing organic photovoltaics (ZOPVs) was also developed for increasing
the function of liquid crystal displays utilizing the same polarizer, a photovoltaic device and
proper light conditions/solar panel.

2.6.3.3 Dye Sensitized Solar Cells (DSSC)

Recent research has been focused on improving solar efficiency by molecular manipulation, use
of nanotechnology for harvesting light energy. The first DSSC solar cell was introduced by
Michel Gratzel in Swiss federal institute of technology [29]. DSSCs based solar cells generally
employ dye molecules between the different electrodes. The DSSC device consists of four
components: semiconductor electrode (n-type TiO,and p-type NiO), a dye sensitizer, redox
mediator, and a counter electrode (carbon or Pt). The DSSCs attractive due to the simple
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conventional processing methods like printing techniques, are highly flexible, transparent and
low cost as well. The novelty in the DSSC solar cells arise due to the photosensitization of nano
grained TiO2 coatings coupled with the visible optically active dyes, thus increasing the
efficiencies greater than 10% [30]. However, there are certain challenges like degradation of
dye molecules and hence stability issues. This is due to poor optical absorption of sensitizers
which results in poor conversion efficiency. The dye molecules generally degrade after
exposure to ultraviolet and infrared radiations leading to a decrease in the lifetime and stability
of the cells. Moreover, coating with a barrier layer may also increase the manufacturing more
expensive and lower the efficiency.

2.6.3.4 Concentrated Solar Cell

Concentrating photovoltaic (CPV) has been established since the 1970s [31]. It is the newest
technology in the solar cell research and development. The main principle of concentrated cells
is to collect a large amount of solar energy onto a tiny region over the PV solar cell, as shown
in Figure 5. The principle of this technology is based on optics, by using large mirrors and lens
arrangement to focus sunlight rays onto a small region on the solar cell. The converging of the
sunlight radiations thus produces a large amount of heat energy. This heat energy is further
driven by a heat engine controlled by a power generator with integrated. CPVs have shown
their promising nature in solar world. It ca n be classified into low, medium, and high
concentrated solar cells depending on the power of the lens systems. Concentrating
photovoltaic technology have the following merits, such as solar cell efficiencies >40%, absence
of any moving parts, no thermal mass, speedy response time and can be scalable to a range of
sizes.
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A

PV Cell

Radiation Reciever

Figure: 2-11 Schematic of concentrated solar cell [ 31].
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2.6.3.5 Perovskite Based Solar Cell

Perovskites are a class of compounds defined by the formula ABXs; where X represents a
halogen such as I, Br, Cl". and A and B are cations of different size. Perovskite solar cells are
recent discovery among the solar cell research community and possess several advantages over
conventional silicon and thin film based solar cells. Conventional Si based solar cells need
expensive, multiple processing steps and require high temperatures (>1000°C) and vacuums
facilities [34]. The perovskites based solar cells can have efficiency up to 31% [32]. It can be
predicted that these perovskites may also play an important role in next-generation electric
automobiles batteries, according to an interesting investigation recently performed by
Volkswagen. However, current issues with perovskite solar cells are their stability and
durability. The material degrades over time, and hence a drop in overall efficiency. Therefore
more research is needed to bring these cells into the market place.
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2.7 CIGS SOLAR CELLS

BASIC STRUCTURE

Modern commercially produced CIGS cells consist of five layers, each with their own unique
parameters and function. The typical design of a CIGS cell is shown in Figure 3-1.

Front contact

(Grid)
[ ]

TCO (ZnO ~200 nm)
Bufter (CdS ~ 50 nm)

Absorber
(CIGS 1-3 um)

Back contact (Mo ~500 nm

Substrate
(Soda Lime Glass ~ 2 mm)

Figure: 3-1 CIGS basic structure

The cells are “grown” beginning with the substrate. Each additional layer is then deposited via
various commercially available means. The numerous manufacturing techniques for fabricating
CIGS cells are not investigated in this thesis but some of their limitations are taken into account.

2.7.1. Substrate

The substrate is the starting point for the manufacture of CIGS and is what determines whether
the solar cell is flexible or rigid. Glass is the most common substrate used in production solar
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cells due to its low cost and ability to resist corrosion. Soda lime glass (SLG) is often used in
manufacturing for its contribution to increasing performance properties. It has been shown that
during the manufacturing process, sodium particles from the substrate diffuse into the back
contact layer and increase efficiency. While this phenomenon is still being investigated, it has
been proven that, all things being equal, cells manufactured on SLG have higher efficiency than
other commonly used substrates. The use of SLG as a substrate offers many benefits to CIGS
solar cells but has one major drawback. Any glass substrate negates the ability of thin film cells
to be light weight and flexible. Metals such as stainless steel or aluminum offer a suitable
substrate that allow the solar cell to remain lightweight and flexible. Thin plastics and polymers
can also be used as a viable replacement to SLG. As stated in [33], “Typical thickness of metal,
polymer, or ceramic substrate materials is generally between 25 and 400 um, about one or two
orders of magnitude lower than standard SLG substrates.” By using certain metals as
substrates, manufactures are able to retain the lightweight and flexible properties that are
desired in CIGS cells.

2.7.2 Back Contact

The back contact of a solar cell is placed between the bottom of the absorber layer and the top
of the substrate as seen in Figure 17. The back contact layer is designed to collect the carriers as
they are produced in the absorber layer. The back contact in solar cells generally consists of a
metal with low resistivity and serves as the positive lead or anode of the cell. For CIGS cells,
molybdenum (Mo) is used for its compatibility in the manufacturing process [34]

2.7.3. Absorber Layer

The absorber or CIGS layer is where the majority of carrier generation is accomplished. CIGS is
an I-llI-VI semiconductor known as a chalcopyrite. CIGS is an alloy of the materials CulnSe2 (CIS)
and CuGaSe2 (CGS). Both CIS and CGS are direct band gap materials, with band gaps ranging
from 1.07 eV to 1.76 eV and a high absorption coefficient. The range of band gap levels covers
the infrared and higher energies of the sunlight spectrum. This results in most of the incident
sunlight being absorbed close to the p-n hetero-junction formed with the CdS layer. This
property is what allows the absorber layer to be manufactured in CIGS cells with thickness
orders of magnitude smaller compared to traditional Si cells [34]. By alloying these two
compounds, we can vary the band gap of CIGS.
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2.7.4. Buffer Layer

The buffer layer is deposited on the absorber layer. CdS is the most widely used buffer layer in
the CIGS solar cells. CdS is an n-type semiconductor with a band gap of ~2.4 eV. The buffer layer
improves the CIGS solar cells” performance by forming the optimized band alignment between
the absorber layer and the window layer. In addition, the buffer layer possesses more
advantages to the CIGS solar cells such as the damage prevention of the absorber layer in the
sequent sputtering process, the passivation of the absorber surface, the relief of the lattice
misfit and so on. Besides CdS, more new buffer layers are in the development process. For
example, the new buffer layers include Zn(S,0), ZnMgO, ZnS and In,Ss. Since the research on
the new buffer layers is a hotspot in the development of the CIGS solar cell in recent years, one
can search a lot of published papers regarding the new generation Cd-free buffer layers and
some of them showed great progress.

2.7.5 Window Layer

A window layer is designed to function in a similar fashion to the back contact. The window
layer’s purpose is to collect carriers as they are produced and transport them to the load. Since
the window layer is on top of the solar cell, it needs to be transparent to the light spectrum that
is required for photoelectric effect. To achieve this desired effect, a transparent conducting
oxide (TCO) is often used for the window layer. A good TCO has a large enough band gap to
allow a majority of photons to reach the absorber layer. It is also critical that the TCO has a low
resistivity to reduce recombination losses. In common CIGS cells, zinc oxide (ZnO) is used for
the TCO. ZnO has a band gap of 3.3 eV [34]. In this thesis, two layers of ZnO are used. The first
layer, placed directly above the buffer layer, is a thin layer of iZnO. This aids in the cell bonding
together in the manufacturing process. The second layer is ZnO doped with aluminum to give it
low resistivity and increase efficiency.
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2.8 Technology of the CIGS solar cells

The term "photo-voltaic" has been in use in English since 1849. A photovoltaic cell (also called a
solar cell) is an electrical device that converts the energy of light directly into electricity by the
photovoltaic effect [20]. The operation of a solar cell requires three basic attributes. At first, the
absorption of light generates either electron-hole pairs or excitons. Afterwards, various types of
charge carriers are separated. Finally, those carriers are extracted to an external circuit.
Conventionally, photovoltaic materials use inorganic semiconductors. Ideally, the absorber
material of an efficient solar cell should be a semiconductor with a bandgap of 1-1.5 eV with a
high solar optical absorption (10* to 10° cm™) in the wavelength region of 350—1000 nm, a high
guantum vyield for the excited carriers, a long diffusion length and low recombination velocity
[35]

The magnetron sputtering is extensively used to deposit the Mo back contact layer and the ZnO
window layer. The CdS buffer layer is usually fabricated by a chemical bath deposition method.
Several more methods such as atomic layer deposition and spray ion layer gas reaction
technique have been adopted to obtain the new buffer layers. Several techniques were
developed to fabricate Cu(ln,Ga)Se,. Among them the co-evaporation method and the two-
stage process are two of the most important techniques.

2.9 BENEFITS OF CIGS CELLS MANUFACTURING

The use of CIGS solar cells has the potential to lead the market in thin film solar cells. This is due
to the many benefits that CIGS cells offer both to the manufacturer and the consumer. As
research continues into improving both the efficiency of the cells and reducing the
manufacturing costs, CIGS cells have the potential to gain the majority of the thin film market
share [36].

2.9.1 Inexpensive Manufacturing

One of the main benefits of CIGS cells is that they can be commercially manufactured at a
fraction of the cost of traditional Si cells. To start with, crystalline Si cells need to be
manufactured from extremely pure Si. Once a manufacturer has bulk Si with high enough
purity, the material must be heated to extremely high temperatures for it to form in a
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crystalline structure. This block of crystalline Si is then cut into wafers that must undergo
numerous rounds of etching and doping before a final product is achieved [37]. This process is
very time consuming and expensive for the manufacturer. Thin film solar cells, such as CIGS can
be produced in a much more efficient manner. The CIGS material can be deposited onto the
substrate and back contact by a process called disposition. This essentially sputters the
elements onto the substrate at high enough temperature to allow them to adhere. This process
does not require the high tolerances of Si cells and is overall a more manufacture-friendly
process [32]. In addition to the benefits of disposition, CIGS can be manufactured with a
technique call roll-toroll. Roll-to-roll manufacturing is displayed in Figure: 3-2.

Roll-to-Roll Processing of CIGS Solar Cells

backside contact absorber layer buffer layer front side contact
0) (C165) {Zn0)
0 K supported W deposition

iitra light and super thin

L
B
N
] Polyimide

Figure: 3-2 Roll-to-roll processing of CIGS solar cells [38].

2.9.2. Flexible

The flexibility of CIGS cells produced on a thin metal substrate is also a tremendous benefit.
This flexibility gives CIGS an advantage over traditional Si cellswith respect to mounting. A
standard Si cell has properties consistent with a pane of glass. This makes a Si cell rigid and
brittle, restricting the options for implementing solar arrays. The flexible nature of CIGS allows
them to be mounted to structures that may notbe perfectly flat. Research has shown the
practicality of mounting CIGS cells on dronaircraft, thereby increasing their endurance [39].
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2.9.3. Lightweight

A byproduct of being thin and flexible is also being lightweight. Being lightweight has its
advantages for people who wish to take their solar cells with them as they travel about. This
means that the market for solar cells will be able to increase from the traditional home or
industrial power production to more expeditionary ones. CIGS cells could be marketed from
campers, backpackers, and general outdoorsmen to beach goers and picnickers. Being
lightweight give CIGS cells a portability that remains out of reach for Si based cells.

2.10 CURRENT STATE OF TECHNOLOGY

Research into CIGS cells continues to improve the efficiencies seen in manufactured cells. The
National Renewable Energy Laboratory’s record efficiencies for numerous solar cell
technologies versus the date that the efficiency was recorded is shown in Figure: 3-3.
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Figure: 3-3 NREL's best research-cell efficiencies versus time [38].
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Comparing CIGS cells performance in Figure 21 to other single junction non-concentrated cells,
one can see that CIGS cells fall short. The current record for a CIGS cell is 22.8% efficiency,
which leads the non-concentrated thin-film technologies. Compare this to a single crystal Si cell
with an efficiency of 25.0% or a single crystal gallium arsenide cell with an efficiency of 26.4%,
and CIGS cells are simply outpaced [40]. When consumers are looking to power their home with
solar cells, efficiency is the driving factor. A cell that is light weight and flexible is of little
concern if it has 5% lower efficiency. CIGS cells still have the advantage of being inexpensive. As
manufacturers continue to improve the efficiency, CIGS will gain a larger foot hold on the
market. While the industry standard is to measure cell efficiency against an irradiance of
AM1.5, CIGS ability to have a variable band gap may give users in unique climates higher usable
power than similar single junction cells. All these benefits point to an increase in CIGS demand
with manufactures finding ways to increase efficiency and decrease production costs.

2.11 CONCLUSION

An in-depth look at CIGS solar cells was given in this chapter. The basic layers were discussed as
well as the numerous benefits that CIGS possess over comparable cells. An explanation into
how CIGS cells can be manufactured with various band gaps was given as well as the benefit
that this offers to consumers. Finally, the current state of CIGS was discussed and compared to
other solar cells that are on the market today.
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Chapter-3

RESULTS AND DISCUSSIONS

3.1 SCAPS BASIC

SCAPS is a one dimensional solar cell simulation program. It allows to insert up to 7
semiconductor layers and almost all parameters can be graded (i.e. dependent on the optical
composition or on the depth in the cell) Eg, x, € NC, NV, vthn, vthp, un, up, NA, ND, all traps
(defects) Nt. Recombination mechanisms are band-to-band (direct), Auger, SRH-type. Defect
levels are in bulk or at interface; their charge state and recombination is accounted for defect
levels. Charge types are no charge (idealization), monovalent (single donor, acceptor), divalent
(double donor, double acceptor, amphoteric), multivalent (user defined) defect levels.
Energetic distributions are single level, uniform, Gauss, tail, or combinations defect levels.
Optical property is direct excitation with light possible (impurity photovoltaic effect, IPV). Meta-
stable defects are transitions between acceptor and donor configurations for known meta-
stable defects in CIGS: the V_Se and the In_Cu defect; also custom set meta-stable transitions
implemented. Metal Contacts consist work function or flat-band; optical property (reflection of
transmission filter) filter. It allows two types of tunneling: intra-band tunneling (within a
conduction band or within a valence band); tunneling to and from interface states. Generation
is created either from internal calculation or from user suppied G(x) file. [llumination consist a
variety of standard and other spectra included (AMO, AM1.5D, AM1.5G, AM1.5Gedition2,
monochromatic, white). lllumination can be done from either the p-side or the n-side; spectrum
cut-off and attenuation. Working point for calculations are voltage, frequency, temperature.
The program calculates energy bands, concentrations and currents at a given working point, J-
V characteristics, ac characteristics (C and G as function of V and/or f), spectral response (also
with bias light or voltage). Batch calculations are possible; presentation of results and settings
as a function of batch parameters. Loading and saving of all settings; startup of SCAPS in a
personalized configuration; a script language including a free user function. SCAPS is very
intuitive user interface. A script language facility to run SCAPS from a "script file"; all internal
variables can be accessed and plotted via the script. It also provides a built-in curve fitting
facility.
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3.2. Basic Cell Confirmation

For this thesis, a CIGS cell that was comprised of five layers was constructed. Starting with the
top of the cell, the layers are as follows; Al:Zn0-0.2 um, iZn0-0.1 um, CdS/In,S3/ZnS-0.05 um,
CIGS-2.0 um, and Mo-0.4 um. The simulated cell had a top area of one centimeter squared,
based on the industry standard for laboratory testing. A visual representation of the base cell
structure is depicted in Figure: 4-5.

0.4
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12
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16

24

2.8

Figure: 3-1 Control cells used as the basis of simulation.

In researching the basic semiconductor parameters for CIGS cells, it was found that the
parameters varied only slightly. By putting these parameters into SCAPS the values were
calculated automatically according to material parameters and doping. The semiconductor
parameters used in this thesis were relative permittivity Er, band gap Eg, electron affinity xe,
density of states in the conduction band Nc, density states in valence band Nv, electron band
mobility pn, and hole band mobility up. The parameters of conventional CIGS solar cell inputted
into SCAPS are displayed in Table 3-1.
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3.3 CIGS Absorber Layer:

The suitability of thin-film Cu(In,Ga)(Se)2 (CIGS) absorber layer in solar cell (SCs) usage is shown
in many studies because these chalcopyrite compounds have shown the highest efficiencies for
laboratory thin film SCs. The semiconductor CIGSS material have a high value of absorption
index, therefore, it is possible to use a fairly thin films in absorber layer of solar cell. This, in
turn, significantly reduces material costs.

3.3.1 Parameters:

The semiconductor parameters band gap E,, relative permittivity €, electron affinity xe, density of
states in the conduction band N,, density states in valence band N,, electron band mobility u,,
and hole band mobility y, for CIGS absorber layer is shown in Table-1.

Table: 3-1 Semiconductor material parameters of CIGS absorber layer

Bandgap (eV) 1.24
Electron Affinity (eV) 4.5
Dielectric Permittivity 13.6

CB effective density of states (1/cm3) 2.2E+18
VB effective density of states (1/cm3) 1.8E+19
Electron Thermal velocity (cm/s) 3.9E+7
Hole Thermal velocity (cm/s) 1.4E+7
Electron mobility (cm2/Vs) 1.0E+2
Hole mobility (cm2/Vs) 2.5E+1

The cell used as the base line was given a Ga content of 30%. This yielded a cell that had a band
gap of 1.24eV.
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3.3.2 Thickness Optimization:

It was developed many methods to produce thin films of CIGS. Depending on the production method
the following photoactive layer thicknesses are possible: ~1.5 um for vacuum deposition ~2.0 um for
co-evaporation in vacuum ~2.0 um for metallic precursors handling in  Se-vapor.

Since the CIGS solid solution allows production of thin enough SCs, there is a need to clarify the optimal
value of the thickness of the absorbing layer in SCs based on CIGS. Too small thickness of the absorbing
layer leads to a lower value of the photocurrent. Too thick absorbing layer leads to a large series
resistance and increase in material consumption and, consequently, the cost per unit of power
produced.

In this thesis we consider the influence of the photoactive layer thickness on photocurrent for a CIGS
based SC. The thickness of the CIGS absorber layer are optimized for four thickness parameters and the
parameters are varied from 1lum to 2.5um with an interval of .5um. The individual sweep with different
thickness is shown below:

The first sweep was done with 1um of absorber layer. Simulating in SCAPS, the result shows that the
value of short circuit current, Jsc is 0.426 mA/cm2, open circuit voltage, Voc 0.6332V and fill  factor
80.20%.
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Figure: 3-2 Jsc and Vo of CIGS solar cell with 1um thickness of CIGS absorber layer and corresponding efficiency.
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The second sweep was done with 1.5um of absorber layer. Simulating in SCAPS, the result shows that
the value of short circuit current, Jsc is 0.444 mA/cm2, open circuit voltage, Voc 0.6329V and fill factor
80.40%.
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Figure: 3-3 Jsc and V¢ of CIGS solar cell with 1.5um thickness of CIGS absorber layer and corresponding efficiency.

The third sweep was done with 2um of absorber layer. Simulating in SCAPS, the result shows that the
value of short circuit current, Jsc is 0.460 mA/cm2, open circuit voltage, Voc 0.6406V and fill factor
80.54%.
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Figure: 3-4 Jsc and Vo of CIGS solar cell with 2um thickness of CIGS absorber layer and corresponding efficiency.
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The fourth sweep was done with 2.5um of absorber layer. Simulating in SCAPS, the result shows that the

value of short circuit current, Jsc is 0.472 mA/cm2, open circuit voltage, Voc 0.6489V and fill factor

80.30%.
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Figure: 3-5 Jsc and V¢ of CIGS solar cell with 2.5um thickness of CIGS absorber layer and corresponding efficiency.

From sweeping results, it can be seen that cell efficiency continues to increase as the CIGS thickness
increases. As the thickness of the absorber layer is increased, more carriers are generated. More
carriers results in higher Isc and a higher current at the maximum power point. As the CIGS layer
increases, carriers generated farther from the p-n junction are subjected to a weaker electric field
and more subject to recombination of electrons and holes. This recombination results in a law of
diminishing returns where an increase of layer thickness does not result in major efficiency gains.
The thickness of CIGS was capped at 2.5 um to prevent chasing higher efficiency at the cost of losing
the lightweight flexible qualities.

Table: 3-2 Comparison of I-V characteristics, fill factors and efficiencies w.r.t CIGS thickness

lum 1.5um 2um 2.5um
Jsc (MA/cm2) 0.426 0.444 0.460 0.472
Voc (V) 0.6332 0.6329 0.6406 0.6489
FF (%) 80.20 80.40 80.54 80.30
n (%) 21.65 22.61 23.74 24.63
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3.3.3 Bandgap Optimization:

According to the theoretical considerations proposed by Loferski and also based on Shockley—
Queisser limit, the maximum theoretical efficiency of a solar cell can be obtained by the absorber
layer band gap in the range of 1.2 eV to 1.5 eV (Loferski, 1956; Shockley & Queisser, 1961). This has
led to the interest in using CIGS material due to its energy band gap, which is in the range of 1.04 eV
to 1.69 eV. This feature firmly makes CIGS as a promising semiconductor material to be used as an
absorber layer in a thin film solar cell [41].

Continuing from the base cell, the method in which SCAPS calculated band gap needed to be
verified. Five cells with different band gaps were modeled in this thesis. The amount of Ga used in
the five cells was 0%, 10%, 30%, 50%, and 70%. Each Ga content was entered separately and
calculated from the equation below. The calculated band gaps from lowest to highest were 1.04 eV,
1.15eV, 1.24 eV, 1.41 eV and 1.55 eV. Performing a quadratic regression on this data yielded a band
gap equation of

E, (eV)=0.024x" +0.667x +1.07

Where x is the mole fraction of Ga used in the CIGS region. An extrapolated curve of this data is
shown in Figure.
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Figure: 3-6 Extrapolated graph of Ga content versus band gap.

33



The first sweep was done with a bandgap of 1.04eV (0% Ga content). Simulating in SCAPS, the result
shows that the value of short circuit current, Jsc is 0.460 mA/cm2, open circuit voltage, Vo 0.4405V and
fill factor 75.70% which corresponds to an efficiency of 15.37%.
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Figure: 3-7 Jsc and Vo of CIGS solar cell with 0% Ga content (bandgap 1.04ev) and corresponding efficiency.

The second sweep was done with a bandgap of 1.15eV (10% Ga content). Simulating in SCAPS, the result
shows that the value of short circuit current, Jsc is 0.462 mA/cm?2, open circuit voltage, Voc 0.5500V and
fill factor 78.80% which corresponds to an efficiency of 20.03%.
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Figure: 3-8 Jsc and V of CIGS solar cell with 10% Ga content (bandgap 1.15ev) and corresponding efficiency.
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The third sweep was done with a bandgap of 1.24eV (30% Ga content). Simulating in SCAPS, the result
shows that the value of short circuit current, Jscis 0.460 mA/cm2, open circuit voltage, Voc 0.6406V and
fill factor 80.54% which corresponds to an efficiency of 23.74%.
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Figure: 3-9 Jsc and V¢ of CIGS solar cell with 30% Ga content (bandgap 1.24ev) and corresponding efficiency.

The fourth sweep was done with a bandgap of 1.41eV (50% Ga content). Simulating in SCAPS, the result
shows that the value of short circuit current, Jsc is 0.460 mA/cm?2, open circuit voltage, Voc 0.9348V and
fill factor 61.12% which corresponds to an efficiency of 26.31%.
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Figure: 3-10 Jsc and V¢ of CIGS solar cell with 50% Ga content (bandgap 1.41ev) and corresponding efficiency
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The fifth sweep was done with a bandgap of 1.55eV (70% Ga content). Simulating in SCAPS, the result
shows that the value of short circuit current, Jsc is 0.463 mA/cm?2, open circuit voltage, Voc 1.0717V and
fill factor 54.18% which corresponds to an efficiency of 26.92%.
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Figure: 3-11 Jsc and Voc of CIGS solar cell with 70% Ga content (bandgap 1.55ev) and corresponding efficiency.

In addition to recording the calculated band gaps, IV curves for each of the five cells were obtained.
Comparing the IV curves of cells with differing band gaps ensured that SCAPS was successfully modeling
higher band gaps material. Higher band gap solar cells should produce a higher V¢ but a lower Isc. The
five IV curves of the control cell with different badgaps are shown in the sweeping Figures. A detailed
breakdown of the data from Figures is given in Table: 3-3.

Table: 3-3 Comparison of |-V characteristics, fill factors and efficiencies w.r.t CIGS bandgap

1.04eV 1.15eV 1.24eV 1.41eV 1.55eV
Jsc (MA/cm2) | 0.460 0.462 0.460 0.460 0.463
Voc (V) 0.4405 0.5500 0.6406 0.9348 1.0717
FF (%) 75.70 78.80 80.54 61.12 54.18
n (%) 15.37 20.03 23.74 26.31 26.92
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3.4 Buffer layer Optimizations:

The other important layer of the CIGS solar cell structure is the buffer layer. The role of a buffer layer in
a heterojunction is to form a junction with the absorber layer, while leading maximum amount of
incoming light to the absorber layer. The buffer layer should have minimal absorption losses, low
surface recombination and minimal electrical resistance when transporting the photo generated carriers
to the outer circuit (McCandless & Hegedus, 1991). The most important features of the buffer layer are
protecting the junction against the chemical reactions and mechanical damage, as well as optimizing the
band alignment of the cell, electrical properties and making a wide depletion region with the p-type
absorber layer. This eventually can minimize the carriers tunneling and maintain higher open circuit
voltage value to establish higher contact potential (Contreras et al., 2002). In order to satisfy such
desired features, the buffer layer should have a wider band gap in comparison with the CIGS layer.

In this thesis, we’ve optimized the CIGS solar cell for three different buffer layers:

i.  Cadmium Sulfide (CdS)
ii.  Indium Sulfide (In,S3)
iii.  Zinc Sulfide (ZnS)

3.4.1 CdS buffer layer:

The most common used material as a buffer layer in CIGS solar cells is Cadmium Sulfide (CdS). Cadmium
sulfide (CdS) with direct band gap (2.4 eV at room temperature) is an n-type semiconductor. It is one of
the most promising materials for application in different optoelectronic and photovoltaic devices like
photo-sensors, photo conducting sensors, biological labels, and high-efficiency copper-indium-gallium-
selenide (CIGS) solar cells. Various methods are utilized to deposit CdS thin films, such as sol—gel, spray
pyrolysis, pulsed laser deposition, laser beam sputtering, chemical vapor deposition (CVD), and chemical
bath deposition (CBD) [42]. CBD is applied intensively for deposition of CdS thin layers on different
substrates due to its low cost and simplicity. On the other hand, the CBD method leads to the formation
of a large amount of hazardous solvent waste. Therefore, it would be interesting to use another
technique that requires less material, which would lower the waste material and processing cost. This
study includes the preparation of a liquid coating solution that will be applied on the heated substrate
surface using a hot plate.
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3.4.1.1 Parameters:

The semiconductor parameters band gap E,, relative permittivity €, electron affinity x., density of
states in the conduction band N,, density states in valence band N,, electron band mobility u,,
and hole band mobility p, for CIGS absorber layer is shown in Table: 3-4. The defect properties
are shown in Table: 3-5 and the interface between CIGS absorber and CdS buffer layer are
shown in Table: 3-6.

Table: 3-4 Semiconductor material parameters of CdS buffer layer

Bandgap (eV) 2.4
Electron Affinity (eV) 4.2
Dielectric Permittivity 10.0

CB effective density of states (1/cm3) 2.2E+18
VB effective density of states (1/cm3) 1.8E+19
Electron Thermal velocity (cm/s) 3.1E+7
Hole Thermal velocity (cm/s) 1.6E+7
Electron mobility (cm2/Vs) 1.0E+2
Hole mobility (cm2/Vs) 2.5E+1

Table: 3-5 Defect properties of CdS buffer layer

Energetic distribution Gaussian
Defect Type Acceptor
Capture Cross section electrons (cm2) 1.00E-15
Capture Cross section holes (cm2) 5.00E-13

Table: 3-6 Interface properties of CIGS/CdS layers

Interface CIGS/CdS
Defect Type Acceptor
Capture Cross Section Electrons (cm2) 1.00E-14
Capture Cross Section Holes (cm2) 1.00E-14
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3.4.1.2 Thickness Optimization:

The first sweep was done with 0.04um of buffer layer. Simulating in SCAPS, the result shows that the

value of short circuit current, Jsc is 0.463 mA/cm2, open circuit voltage, Voc 0.6408V and fill factor

80.54%.
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Figure: 3-12 Jsc and Vo of CIGS solar cell with CdS buffer layer of .04um thickness and corresponding efficiency

The second sweep was done with 0.05um of buffer layer. Simulating in SCAPS, the result shows that the

value of short circuit current, Jsc is 0.460 mA/cm2, open circuit voltage, Voc 0.6406V and fill factor

80.54%.
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Figure: 3-13 Jsc and Vo of CIGS solar cell with CdS buffer layer of .05um thickness and corresponding efficiency
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The third sweep was done with 0.06um of buffer layer. Simulating in SCAPS, the result shows that the

value of short circuit current, Jsc is 0.457 mA/cm2, open circuit voltage, Voc 0.6404V and fill factor
80.55%.
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Figure: 3-14 Jsc and Vo of CIGS solar cell with CdS buffer layer of .06um thickness and corresponding efficiency

The fourth sweep was done with 0.07um of buffer layer. Simulating in SCAPS, the result shows that the
value of short circuit current, Jsc is 0.455 mA/cm2, open circuit voltage, Voc 0.6401V and fill factor
80.55%.
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Figure: 3-15 Jsc and Vg of CIGS solar cell with CdS buffer layer of .07um thickness and corresponding efficiency
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The fifth sweep was done with 0.1um of buffer layer. Simulating in SCAPS, the result shows that the
value of short circuit current, Jsc is 0.449 mA/cm2, open circuit voltage, Voc 0.6397V and fill factor

80.54%.
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Figure : 3-16 Jsc And Vo of CIGS solar cell with CdS buffer layer of .1um thickness and corresponding efficiency

The CIGS cell efficiency is significantly more sensitive to the CdS thickness. Cell efficiency fell over .6% by
doubling the thickness of CdS. As stated previously, CdS has a band gap of 2.4 eV. Increasing the
thickness CdS creates a stronger electric field between the p-n hetero-junction at the cost of absorbing
more of the usable photons from reaching the CIGS layer. From sweeping figures, CdS reached peak
efficiency at 0.04 um. Increasing the thickness efficiency began to fall off.

Table: 3-7 Comparison of I-V characteristics, fill factors and efficiencies w.r.t CdS thickness

0.04um 0.05um 0.06um 0.07um 0.1um
Jsc (MA/cm2) | 0.463 0.460 0.457 0.455 0.449
Voc (V) 0.6408 0.6406 0.6404 0.6401 0.6397
FF (%) 80.54 80.54 80.55 80.55 80.54
n (%) 23.90 23.74 23.59 23.47 23.14
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3.4.1.3 Quantum Efficiency:
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Figure: 3-16 Quantum efficiency of CIGS Solar cell with CdS buffer layer

The external quantum efficiency of a solar cell is shown in Figure: 3-16. The spectral response curve
shows a decrease of the long wavelength collection. This is most likely due to incomplete absorption of
the long wavelength photons.

For CdS buffer layer the maximum efficiency occurred from 500nm-600nm. The efficiency begin to fall
off after 700nm.
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3.4.2 In2S3 buffer layer:

Cadmium sulfide (CdS) is a prominent candidate to be used a buffer layer in Cu(In,Ga)Se2 based solar
cell. Note that Cadmium (Cd) is a metal that can cause severe toxicity in humans and the environment.
For this issue, various substitutes have been taken into account as a substitute of CdS buffer layer.
Among the other materials, In,S; is considered as an ideal substitute for toxic CdS buffer layer due to its
stability, wider band gap (2.1 to 2.8 eV) and photoconductive behavior [43]. Therefore, this In,S;
material not only eliminates toxic cadmium but also improve light transmission having band gap wider
than that of CdS. The band gap of In,S; can also be increased by partially doping with oxygen or sodium.

3.4.2.1 Parameters:

The semiconductor parameters band gap E,, relative permittivity €, electron affinity x, density of states
in the conduction band N, density states in valence band N,, electron band mobility u,, and hole band
mobility p, for CIGS absorber layer is shown in Table-1. The defect properties are shown in Table-2 and
the interface between CIGS absorber and CdS buffer layer are shown in Table-3.

Table: 3-8 Semiconductor material parameters of In,S; buffer layer

Bandgap (eV) 2.1-25
Electron Affinity (eV) 4.45
Dielectric Permittivity 13.6

CB effective density of states (1/cm3) 1.8E+19
VB effective density of states (1/cm3) 4.0E+13
Electron Thermal velocity (cm/s) 1.0E+7
Hole Thermal velocity (cm/s) 1.0E+7
Electron mobility (cm2/Vs) 4.0E+2
Hole mobility (cm2/Vs) 2.1E+1

Table: 3-9 Defect properties of In,S; buffer layer

Energetic distribution Gaussian
Defect Type Acceptor
Capture Cross section electrons (cm2) 1.00E-15
Capture Cross section holes (cm2) 5.00E-13

Table: 3-10 Interface properties of CIGS/In,S; layers

Interface CIGS/In,S;
Defect Type Acceptor
Capture Cross Section Electrons (cm2) 1.00E-14
Capture Cross Section Holes (cm2) 1.00E-14
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3.4.2.2 Thickness optimization:

The first sweep was done with 0.04um of buffer layer. Simulating in SCAPS, the result shows that the
value of short circuit current, Jsc is 0.387 mA/cm2, open circuit voltage, Voc 1.4501V and fill factor
41.69%.
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Figure: 3-17 Jsc and Vo of CIGS solar cell with In,S; buffer layer of .04um thickness and corresponding efficiency.

The second sweep was done with 0.05um of buffer layer. Simulating in SCAPS, the result shows that the
value of short circuit current, Jsc is 0.387 mA/cm2, open circuit voltage, Voc 1.4428V and fill factor
41.85%.
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Figure: 3-18 Jsc and Vo of CIGS solar cell with In,S; buffer layer of .05um thickness and corresponding efficiency
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The third sweep was done with 0.06um of buffer layer. Simulating in SCAPS, the result shows that the
value of short circuit current, Jsc is 0.387 mA/cm2, open circuit voltage, Voc 1.4403V and fill factor
41.89%.

Current Density

current mode 3 J (current density in mA/Scm2))
Scalel -3.65E-1- 1
I log ’
lin ~3.B68E-1- f
— Abs -3.70E-1- '
-3.72E-1- I
& -3 74E-1-
5 f
= -3.76E-1-
E
— -3.78E-1-
-3.80E-1- /"‘
-3.82E-1- /
-3.84E-1- -
/
I
-3.87E-1-5 |
0.00 0.05 0.10 0.15 0.20 025 0.30 0.35 0.40 0.45 0.50 055 0.64
vaoltage (V)
log
=il
WVoc (V) Jsc (mA/cm2) FF (%5) eta (%5)
1.4403 387.112873E-3 41.89 2336

Figure: 3-19 Jsc and Vo of CIGS solar cell with In,S; buffer layer of .06um thickness and corresponding efficiency.

The forth sweep was done with 0.07um of buffer layer. Simulating in SCAPS, the result shows that the
value of short circuit current, Jsc is 0.386 mA/cm2, open circuit voltage, Voc 1.4381V and fill factor
41.93%.
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Figure: 3-20 Jsc and Vo of CIGS solar cell with In,S; buffer layer of .07um thickness and corresponding efficiency
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The fifth sweep was done with 0.1um of buffer layer. Simulating in SCAPS, the result shows that the
value of short circuit current, Jsc is 0.384 mA/cm2, open circuit voltage, Voc 1.4304V and fill factor
42.09%.
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Figure: 3-21 Jsc and Vpcof CIGS solar cell with In,S; buffer layer of .1um thickness and corresponding efficiency

Cell efficiency fell over .3% by doubling the thickness of In,S;. As stated previously, In,S; has a band gap
of 2.1-2.8 eV. From sweeping figures, In,S; reached peak efficiency at 0.04 um. Increasing the thickness
efficiency began to fall off.

Table: 3-11 Comparison of I-V characteristics, fill factors and efficiencies w.r.t In,S; thickness

0.04um 0.05um 0.06um 0.07um 0.1um
Jsc (MA/cm2) | 0.387 0.387 0.387 0.386 0.384
Voc (V) 1.4501 1.4428 1.4403 1.4381 1.4304
FF (%) 41.69 41.85 41.89 41.93 42.09
n (%) 23.42 23.39 23.36 23.31 23.13
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3.4.2.3 Quantum Efficiency:
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Figure: 3-22 Quantum efficiency of CIGS Solar cell with In,S; buffer layer

The external quantum efficiency of a solar cell is shown in Figure: 3-22. The spectral response curve
shows a decrease of the long wavelength collection. This is most likely due to incomplete absorption of
the long wavelength photons.

For In,S; buffer layer the maximum efficiency occurred from 400nm-550nm. The efficiency begin to fall
off after 600nm.
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3.4.3 ZnS buffer layer:

Zinc sulfide is a wide-band-gap semiconductor with a range of potential applications in optoelectronic
devices. Generally, in thin film solar cells based on CulnS2, CulnSe2, Cu(ln,Ga)Se2, Cu(ln,Ga)(SSe)2,
(CIGSSe) and comprises of large bandgap of 3.68 eV.

3.4.3.1 Parameters:

The semiconductor parameters band gap E,, relative permittivity €,, electron affinity xe, density of
states in the conduction band N,, density states in valence band N,, electron band mobility u.,
and hole band mobility y, for CIGS absorber layer is shown in Table: 3-12. The defect properties
are shown in Table: 3-13 and the interface between CIGS absorber and ZnS buffer layer are
shown in Table: 3-14.

Table: 3-12 Semiconductor material parameters of ZnS buffer layer

Bandgap (eV) 3.68
Electron Affinity (eV) 4.13
Dielectric Permittivity 8.9

CB effective density of states (1/cm3) 2.2E+18
VB effective density of states (1/cm3) 1.8E+19
Electron Thermal velocity (cm/s) 1.0E+7
Hole Thermal velocity (cm/s) 1.0E+7
Electron mobility (cm2/Vs) 2.5E+2
Hole mobility (cm2/Vs) 7.0E+1

Table: 3-13 Defect properties of ZnS buffer layer

Energetic distribution Gaussian
Defect Type Acceptor
Capture Cross section electrons (cm2) 1.00E-15
Capture Cross section holes (cm2) 5.00E-13

Table: 3-14 Interface properties of CIGS/ZnS layers

Interface CIGS/ZnS
Defect Type Acceptor
Capture Cross Section Electrons (cm2) 1.00E-14
Capture Cross Section Holes (cm2) 1.00E-14
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3.4.3.2 Thickness Optimization:

The first sweep was done with 0.04um of buffer layer. Simulating in SCAPS, the result shows that the
value of short circuit current, Jsc is 0.434 mA/cm2, open circuit voltage, Voc 1.4688V and fill factor
40.98%.
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Figure: 3-23 Jsc And V¢ of CIGS solar cell with ZnS buffer layer of .04um thickness and corresponding efficiency

The second sweep was done with 0.05um of buffer layer. Simulating in SCAPS, the result shows that the
value of short circuit current, Jsc is 0.431 mA/cm2, open circuit voltage, Voc 1.1212V and fill factor
52.73%.
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Figure: 3-24 Jsc And V¢ of CIGS solar cell with ZnS buffer layer of .05um thickness and corresponding efficiency
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The third sweep was done with 0.06um of buffer layer. Simulating in SCAPS, the result shows that the
value of short circuit current, Jsc is 0.428 mA/cm2, open circuit voltage, Voc 1.0502V and fill factor
56.11%.

Current Density

current mode 3 J {current density in mAjcm2))
Scale] -3.89E-1- 1
— I
lin" -395E-1-
~ Abs I
-4 00E-1- ’
& -4.05E-1-
=
§ /
E -4 10E-1-
- /
4 15E-1- r-
-4 20E-1- /j
-4 25E-1- -
.-/
-4 29E-1-; 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 050 0.55 0.64
wvoltage (V)
log
|_ in
Voc (V) Jsc (mAjcm2) FF (%) eta (%)
1.0502 428.858625E-3 56.11 2527

Figure: 3-25 Jsc and V¢ of CIGS solar cell with ZnS buffer layer of .06um thickness and corresponding efficiency

The fourth sweep was done with 0.07um of buffer layer. Simulating in SCAPS, the result shows that the
value of short circuit current, Jsc is 0.428 mA/cm2, open circuit voltage, Voc 1.0424V and fill factor
56.48%.
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Figure: 3-26 Jsc and V¢ of CIGS solar cell with ZnS buffer layer of .07um thickness and corresponding efficiency
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The fifth sweep was done with 0.1um of buffer layer. Simulating in SCAPS, the result shows that the
value of short circuit current, Jsc is 0.427 mA/cm2, open circuit voltage, Voc 1.0403V and fill factor
56.57%.
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Figure: 3-27 Jsc and Vo of CIGS solar cell with ZnS buffer layer of .1um thickness and corresponding efficiency

Cell efficiency fell over 1% by doubling the thickness of ZnS. As stated previously, ZnS has a band gap of
3.68 eV. From sweeping figures, ZnS reached peak efficiency at 0.04um. Increasing the thickness
efficiency began to fall off.

Table: 3-15 Comparison of |-V characteristics, fill factors and efficiencies w.r.t ZnS thickness

0.04um 0.05um 0.06um 0.07um 0.1um
Jsc (MA/cm2) | 0.434 0.431 0.428 0.428 0.427
Voc (V) 1.4688 1.1212 1.0502 1.0424 1.0403
FF (%) 40.98 52.73 56.11 56.48 56.57
n (%) 26.15 25.51 25.27 25.23 25.17
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3.4.3.3 Quantum Efficiency:
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Figure: 3-28 Quantum efficiency of CIGS Solar cell with ZnS buffer layer

The external quantum efficiency of a solar cell is shown in Figure: 3-28. The spectral response curve
shows a decrease of the long wavelength collection. This is most likely due to incomplete absorption of
the long wavelength photons.

For ZnS buffer layer the maximum efficiency occurred from 400nm-750nm. The efficiency begin to fall
off after 800nm.
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3.5 Comparison between different buffer layers:

In this thesis, the thickness of buffer layer is optimized at 0.05um (nm), thicknesses less than 40nm
currently is not reachable because of fabrication techniques and instruments limitation. Thus, the range
of 40nm to 50nm is the preferred and the optimized thickness of the buffer layer in CIGS-based solar
cell.

Table: 3-16 Semiconductor parameters of different buffer layers

Parameters CdS In,S;3 ZnS
Bandgap (eV) 2.4 2.1-2.5 3.68
Electron Affinity (eV) 4.2 4.45 4.13
Dielectric Permittivity 10.0 13.6 8.9

CB effective density of states (1/cm3) 2.2E+18 1.8E+19 2.2E+18
VB effective density of states (1/cm3) 1.8E+19 4.0E+13 1.8E+19
Electron Thermal velocity (cm/s) 3.1E+7 1.0E+7 1.0E+7
Hole Thermal velocity (cm/s) 1.6E+7 1.0E+7 1.0E+7
Electron mobility (cm2/Vs) 1.0E+2 4.0E+2 2.5E+2
Hole mobility (cm2/Vs) 2.5E+1 2.1E+1 7.0E+1
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3.6 Efficiency comparison:

The optimized data of corresponding different buffer layers is shown below:

Table: 3-17 Efficiency obtained with different buffer layers

cds In;S; ZnsS
Jsc (MA/cm2) 0.460 0.387 0.431
Voc (V) 0.6406 1.4428 1.1212
FF (%) 80.54 41.85 52.73
n (%) 23.74 23.39 25.51

From the optimized data, it is shown that when the CIGS solar cell is optimized with cadmium sulfide
(CdS) buffer layer the maximum efficiency obtained is 23.74% with 0.05um buffer layer thickness. When
the cell is optimized with Indium Sulfide (In,S;) buffer layer of 0.05um thickness, the maximum cell
efficiency obtained is 23.39%. And highest efficiency is obtained with Zinc Sulfide buffer layer of 0.05um,
which is 25.51%.
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Chapter-4

CONCLUSION

4.1 Conclusion

The objective of this thesis was to design CIGS solar cells that were optimized for a specific
climate or region. SCAPS was used as a virtual fabrication and modeling tool. A base line cell
was created by entering the parameters and characteristics of other known CIGS cells to verify
the validity of the model. Continuing from the base cell, four additional cells were created in
which only the bandgap of CIGS layer (1.04ev, 1.15ev, 1.24ev, 1.41ev, 1.55ev) was varied by
varying the Ga content. This yielded efficiency of 15.37%, 20.03% e, 23.74%, 26.31%, and
26.92% respectively. But practically it is difficult to obtain such large bandgaps of 1.41eV and
1.55eV for CIGS absorber layer. Therefore, the optimum value of badgap for CIGS absorber
layer is 1.24eV. In this thesis another additional cells were created varying the thickness of CIGS
by 1um, 1.5um, 2um, 2.5um which gives the efficiency of 21.65%, 22.61%, 23.74%, 24.63%
respectively keeping the bandgap constant. This research focused on optimizing the thicknesses
of the semiconductor layers in each of the band gap cells. The semiconductor layers that were
optimized were Al:Zn0-0.2 um, iZn0-0.1 pm, CdS/In,S3/ZnS-0.05 pum, CIGS-2.0 um, and Mo-0.4
um.

In this investigation, the CdS buffer layer is replaced by other materials like Zinc Sulphide (ZnS)
and Indium Sulphide (In,S3). We concluded that ZnS can be used as alternative material to CdS.
We calculated the efficiency of CIGS solar cell using different buffer layer e.g. In,Ss, ZnS, CdS.
Each of the buffer layer was varied by thickness of 0.04um, 0.05um, 0.06um, 0.06um, 0.07um,
0.1um and corresponding efficiency was calculated. Here we observed that efficiency increased
by decreasing the thickness of buffer layer. The highest efficiency was found using ZnS is
25.51% with the thickness of 0.05um. The current world record efficiency for CIGS is 22.6%.
While the efficiency in this thesis is only theoretical, it exceeds the current record efficiency by
2.91%. The solar spectrums of AM1.5 used for this simulation at 300k and 100 mW/cm?2.
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4.2 RECOMMENDATIONS FOR FUTURE WORK

1. Physical Confirmation of Model

Confirmation of the model was an important step in this research; however, it is not a sufficient
substitute to physical validation. CIGS cells with varying band gaps and different buffer layers
need to be produced and tested in contrasting geographic locations or solar irradiance to
validate the concept presented in this thesis.

2. Model Improvement

Additional research is required in order to improve the SCAPS model used in this thesis.
Research into how manufacturing defects affect the performance and how to model these
characteristics will produce a more accurate model. Electron hole mobility and lifetime also
need to be more accurately modeled for higher band gap CIGS material.

3. Currently Manufactured Cell Parameters

As stated before, current manufactures parameters for high efficient CIGS cells were not
available. This is due to company’s reluctance to freely publish parameters that required
thousands of dollars and man hours to determine. By obtaining real world parameters, a more
accurate model can be created and validated.

4. Additional Solar Spectrums

Designing solar cells that were specifically tuned to the solar irradiance of a region was
investigated in this thesis. In order to fully validate this concept, additional solar irradiance
profiles need to be entered into SCAPS. Currently, SCAPS contain the standard spectrums of
AMO and AM1.5. By entering measured solar irradiance into the model, a true optimum band
gap cell can be developed and tested.

5. Higher Efficiency CIGS Concepts

With CIGS ability to vary band gap, differing designs could be tested in an attempt to achieve
higher efficiency cells. A dual junction CIGS cell could be attempted by placing a higher band
gap CIGS material above a lower band gap one. Another concept would be to design a CIGS
layer that continually changed band gap with thickness. The top of the CIGS layer would be high
band gap material and then gradually transition to lower band gaps towards the bottom of the
cell. This gradient could possess the benefits of a multi-junction cell without the need for tunnel
junctions between layers of different materials. Another approach can be taken by changing the
window layer with transparent conducting oxide (TCO) which consist the properties to reduce
the recombination losses.
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APPENDIX

About SCAPS

SCAPS is a one dimensional solar cell simulation program developed at the department of
Electronics and Information Systems (ELIS) of the University of Gent, Belgium. Several
researchers have contributed to it's development: Alex Niemegeers, Marc Burgelman, Koen
Decock, Johan Verschraegen, Stefaan Degrave. SCAPS is originally developed for cell structures
of the CulnSe2 and the CdTe family. Several extensions however have improved its capabilities
so that it is also applicable to crystalline solar cells (Si and GaAs family) and amorphous cells (a-
Si and micromorphous Si).

SCAPS 3.3.06 Action Panel — [m] X
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S 2 S /cm’2 Gsh =11 00E3
llumination: Dark [ 1 Light Specify illumination spectrum, then calculate Gix) Directly specify Gix)
Analytical model for soectm_m-jD: sectrum from file I Anglytical model for G) | G} from file —
— Inciderit (or bizs)
Spectrum file name: fllaminated tron left iliuminated from right liaht power (W/m2)
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Figure : A-1 Action panel of SCAPS.

There are dedicated panels for the basic actions:
1. Run SCAPS .

2. Define the problem, thus the geometry, the materials, all properties of your solar cell

3. Indicate the circumstances in which you want to do the simulation, i.e. specify the working
point
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4. Indicate what you will calculate, i.e. which measurement you will simulate.
5. Start the calculation(s)

6. Display the simulated curves,

SCAPS is originally developed for cell structures of the CulnSe2 and the CdTe family. Several
extensions however have improved its capabilities so that it is also applicable to crystalline solar
cells (Si and GaAs family) and amorphous cells (a-Si and micromorphous Si). An overview of its
main features is given below:

e upto 7 semiconductor layers

e almost all parameters can be graded (i.e. dependent on the ocal composition or on the
depth in the cell): Eg, x, €, NC, NV, vthn, vthp, un, up, NA, ND, all traps (defects) Nt

e recombination mechanisms: band-to-band (direct), Auger, SRH-type

o defect levels: in bulk or at interface; their charge state and recombination is accounted
for

o defect levels, charge type: no charge (idealisation), monovalent (single donor, acceptor),
divalent (double donor, double acceptor, amphoteric), multivalent (user defined)

o defect levels, energetic distributions: single level, uniform, Gauss, tail, or combinations

o defect levels, optical property: direct excitation with light possible (impurity
photovoltaic effect, IPV)

e meta-stable defects: transitions between acceptor and donor configurations for known
meta-stable defects in CIGS: the V_Se and the In_Cu defect; also custom set meta-stable
transitions implemented.

e contacts: work function or flat-band; optical property (reflection of transmission filter)
filter

e tunneling: intra-band tunneling (within a conduction band or within a valence band);
tunneling to and from interface states

e generation: either from internal calculation or from user suppied G(x) file

e illumination: a variety of standard and other spectra included (AMO, AM1.5D, AM1.5G,
AM1.5Gedition2, monochromatic, white,...)

¢ illumination: from either the p-side or the n-side; spectrum cut-off and attenuation

o working point for calculations: voltage, frequency, temperature

o the programme calculates energy bands, concentrations and currents at a given working
point, J-V characteristics, ac characteristics (C and G as function of V and/or f), spectral
response (also with bias light or voltage)

e batch calculations possible; presentation of results and settings as a function of
batchparameters
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¢ loading and saving of all settings; startup of SCAPS in a personalised configuration; a
script language including a free user function

e very intuitive user interface

e a script language facility to run SCAPS from a "script file"; all internal variables can be
accessed and plotted via the script.

e a built-in curve fitting facility

Editing a solar cell structure

When clicking the ‘Set Problem’-button on the action panel, the ‘Solar cell definition’-panel is
displayed. This panel allows to create/edit solar cell structures and to save those to or load
from definition files. These definition files are standard ASCII-files with extension ‘*.def’ which
can be read with e.g. notepad. Even though the format of these files seems self-explaining it is
however strongly misadvised to alter them manually.

Device model

* Device is modeled in one dimension across layers, and formed junctions in physical space
e Depth is x coordinate
e Spatial distributions of fields, charge carriers, defect, etc.

Physics model: interfaces

¢ The quasi-fermi levels are allowed to be discontinuous at the interfaces.
e Recombination at the interface states is handled Example: recombination between electrons
of CdS and holes in the CdTe on the right side of the interface.

Physics model: grading

* Almost all parameters can be graded; the principles of the algorithms used to simulate graded
solar cell structures
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* All parameters are consistently derived from the composition grading of a layer — Each layer is
assumed to have composition Al-yBy — Define values of a parameter P for pure compounds A,
B, and the composition grading y(x) over the layer thickness — Specify some grading law for P(y).

138+24 8E+1-
TJE+1- ]
10E-2 BE+1- 1
80E-1 S€s1- |
4E+1 I
& 60E+1 o
3 § 3E+1 [I
£ 0ear $ & 71
— / = 1E+1 m 4
2061 0E<0 JDark =
/| ' /
00F o0 - e+ e i -1E4 ]
/ -2E+1
20€+1 7 Numinated at AM 1.5 /
32E+1-7 e i ) BE+1 ; : '
00 [} 02 03 04 05 06 07 08 00 01 02 03 04 05 06 07 08
volage (V) = :oq voliage (V) ﬂ‘.%g
t hn
Voe (V) Js¢ (mAJem2) FF (%) eta (%) Voc (V) Jsc (mAiem2) FF (%) eta (%)
07619 32279632 8199 20.16 0.7624 33837535 8208 2118
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Figure: A-2 Grading in SCAPS.

Physics model: generation

¢ From internal calculation under illumination — Dark or light, power level (~*ND filter), choice of
the illuminated side, choice of the spectrum.

e From user supplied generation g(x) file, at the xcoordinates of the nodes used by SCAPS —
allows for modeling of radiation detectors, EBIC measurements — Solar cell efficiency and QE
cannot be calculated; may use collection efficiency, based on “ ideal” device current.

Physics model: recombination

¢ Direct band-to-band — Between the occupied states in the CB and the vacant states in the VB.

¢ Indirect, or Shockley-Read-Hall — Through a defect state in the gap — Also through interface
states.

¢ Auger recombination — Involves three carriers: after recombination, the energy is given an
electron in the conduction band (as opposed to emission as a photon or phonon).
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Output

¢ In each calculation the running parameter (V, f, or 1) is varied in the specified range ¢ Plot all

calculated parameters, such as I/V, C/V, C/f, Q(I), band diagrams, concentrations, and currents e

All calculations can be saved in ASCII format ¢ When divergence occurs, the points calculated so

far are shown on the corresponding graphs e Batch calculations possible; presentation of

results and settings as a function of batch parameters.

Device definition
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|
|
I
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Figure: A-3 Solar cell definition panel in SCAPS.

e Device is represented as a stack of layers, up to 7 semiconductor layers with specified

properties

¢ Separate entries for interface parameters

e Two additional layers for contacts, front and back .
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Quantum efficiency

e The Q.E. is the ratio of the number of carriers collected by the solar cell to the number of
photons of a given energy incident on the solar cell .

e If all photons of a certain wavelength are absorbed and the resulting minority carriers are
collected, then the quantum efficiency at that particular wavelength is unity.

¢ The quantum efficiency for photons with energy below the band gap is zero.
The red response is
reduced due to rear
surface recombination,

Blue response is reduced reduced absorption at

due to front surface recombination. long wavelengths and
/ low diffusion lengths.

1.0 L Ideal quantum

oy efficiency

@
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(¥ caused by reflection and a low

E diffusion length. No light is absorbed
E below the band gap

5 so the QFE is zero at
o long wavelengths
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— n >
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Figure: A-4 Quantum efficiency vs wavelength.

Summary

SCAPS-1D is a versatile package for semiconductor device modeling.

¢ Output for I/V, C/V, C/f, Q(l), band diagrams, concentrations, and currents.
¢ Data analysis for I-V, C-V, C-f.

e A number of standard models available with the distribution package.

* Well-developed user interface, convenient scripting facilities.
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