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Chapter 1

Over View and

Objective of This Research



1-1 Overview

Mankind needs energy for a living. Besides the energy in our food necessary to
sustain our body and its function, 30 times more energy is used on average to make our
life more comfortable.

This thesis describes the results of research on the numerical analysis and the elemental
technology for amorphous silicon based solar cells and full spectrum splitting technique.
In this chapter, motivations of the research are mainly presented. Here, after a brief
discussion on needs of sustainable energy, the solar energy and the photovoltaic (PV)
technology as a candidate for the sustainable energy are discussed. Subsequently, the
thin-film silicon, i.e., hydrogenated amorphous silicon (a-Si:H), as a low-cost material
for photovoltaic applications, is briefly described. Finally, the objective of this study

and the outline of the rest of this thesis are given.

1-1-1 Renewable Energy Source- Solar Cells

The world energy demand is growing explosively. In the year 2000, the total energy
consumption on earth was around 400 EJ[1-3]. In the year 2050, the total world energy
consumption is estimated to be around 1200 EJ, three times the consumption in the year
2000 [1,2]. A still growing world population, 6 billion people in 2000 and
approximately 9 billion people in the year 2050 [4], as well as rapid economic growth in
countries like China and India are mainly responsible for this increase in energy demand.

At the same time, the amount of fossil fuels on earth is limited. Extrapolating our actual
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energy consumption and only regarding already known resources, our oil reserves are
sufficient for approximately the next 40 years, our natural gas reserves for the next 60
years and our coal reserves for the next 225 years [2,5]. In the year 2003, 7.4% of the
world energy consumption was based on coal, 42.6% on oil and 16.4% on natural gas in
Fig.1 [6]. This clearly indicates that the upcoming problems regarding energy supply
are enormous. Regarding the diminishing amount of available fossil fuels, our actual
dependence on them and the growing world energy demand, there will be an increasing
amount of energy that has to be generated by new resources as biomass, nuclear, wind
and solar energy. Problematic is not only the energy demand, but also the environmental
damage produced by fossil fuels. Amongst other forms of environmental damage, fossil
fuels produce greenhouse gases, such as CO2. Other greenhouse gases are methane
(CHa4), nitrous oxide (N20), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and
sulphur hexafluoride (SFs) [7]. Greenhouse gases are generally seen as the main cause
for global warming Fig.2. A shift from using fossil fuels to renewable forms of energy,
and also to nuclear energy, can play a huge role in controlling global warming.
Worldwide, solar energy is probably the most promising form of renewable energy.
There are several forms of use of solar energy, i.e. where solar irradiation is directly or
indirectly converted into electricity. The most direct form of solar energy conversion is
so called photovoltaic (PV) energy. The incoming radiation from sunlight is directly
converted into DC electricity using the photovoltaic effect. With this technology,
commercial conversion efficiencies of typically 10-15% can be obtained. These
efficiencies are expected to increase to more than 20% in the future [3]. Other forms of

solar energy conversion are for instance heat production through solar collectors and
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electricity production by so called concentrated solar thermal plants that employ
parabolic mirrors or other concentration techniques. In this thesis however, only PV will
be taken into consideration. Photovoltaic solar energy conversion is a very direct,
elegant and clean way of producing energy. Sunlight is directly converted into energy
and the environmental impact and risks are reduced to a minimum. The amount of
energy that enters the earth per year in the form of incident sunlight is more than ten
thousand times the actual annual energy consumption and more than a hundred
thousand times the yearly electricity consumption on earth [8]. Assuming an average
module efficiency of 10%, an area of 800 x 800 kmzin the Sahara desert covered with
solar cells would be sufficient to produce the amount of yearly consumed energy in the
year 2000 [9]. An area of about 1400 x 1400 km2 would be enough to cover the world
energy demand in the year 2050. The costs of photovoltaic solar energy are
substantially higher than the costs of energy from fossil fuels nowadays, but this is
about to change. The costs of fossil fuels will keep on rising, albeit slowly, due to an
increasing demand and a decreasing supply. Solar energy technology will keep on
improving, so the prices of solar energy will go down fast. Worldwide, the price per
unit of energy for solar cells is expected to be compatible with market prices for other
energy technologies between 2020 and 2030 [9,10]. Large-scale PV plants, or many
decentralized PV plants installed in the built environment will allow for a substantial
amount of generated electricity in Fig.2. In other applications, such as small devices as
watches and calculators, PV cells are especially useful; also for applications in remote
areas because there is a direct conversion from sunlight into electricity and no long

distance transport is needed [8]. For applications employing a very high energy density,



for instance cars or planes, solar energy is not powerful enough and other types of
energy need to be found and improved to compensate for our future lack of fossil fuels.
However, we can say that there is a strong need for new energy technologies and solar

energy is one of the most promising ones for the future.
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Figure 1.1 World energy consumption divided by energy sources from 1965 to 2010[11]
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Figure 1.3 World record efficiencies of various PV technologies (Source: NREL)



40

35

30

25

20

15

10

Annual Photovoltaic Installations [GWp]

Rest of Europe
Italy

Spain
Cermany

Rest of World
China

United States
Japan

2000

2005

2006

2007

2008

#,-,ill,l,

2009

2010

2011

2012

|

2013e

Figure 1.4 Annual PV installations from 2000 and 2013 ([Epi 2013, NEA 2013, Sys

2013])



1-1-2 Current Challenges

While crystalline and polycrystalline silicon solar cells dominate today's solar cell
industry, the rapid rise in efficiency of the multi-junction thin-film cells makes this a
particularly attractive technology path. Under concentrated sunlight, three multi-
junction solar cells have demonstrated to achieve efficiencies 44% which twice higher
than that of most silicon cells, which achieved at efficiency of 27.6%. This means that,
in photovoltaic areas, a multi-junction concentrator system can generate electricity
almost twice as much as a silicon panel with the same cell area. The concentrator solar
cells focus the light onto a small area of cells, reducing the area of the solar cells by a
factor of, typically, 500-1000 times. The reduced cell area overcomes the increased cell
cost. The cell cost is diminished in importance and is replaced by the cost of optics. If
the cost of the optics is comparable to the cost of the glass and support structure needed
for silicon flat-plate modules, then the cost per unit area can remain fixed while the
electricity production is essentially doubled. Thus, in high direct insolation locations,
multi-junction concentrator technology has the potential to reduce the cost of solar
electricity by about a factor of two. The efficiency is a moving target; today's triple-
junction cell efficiency is over 40%. Thus it may be reasonably extrapolated that multi-
junction cells may reach 50% efficiency in the future. The use of solar cell is
increasing dramatically, but in the context of the global energy consumption solar cell
only account for an insignificant part of the amount of energy that is produced
(~0.036%). Most of the established solar cell technologies are stable and exhibit a
relatively high power-conversion efficiency in the range of 10-20%, qualifying for

electrical energy production for on-grid or local use provided that the land mass is
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available. However, they all suffer from a very high cost, giving energy prices of a few
yen per watt in 2013 terms. This is believed to be one of the reasons that the use is
mainly limited to niche products and applications at remote locations. The general view
is that solar cell technology has to fulfill three criteria to reach large market and provide
on-grid electricity production [13, 14]. The solar cell technology has to be stable,
efficient, and of low cost. Crystalline silicon solar cells are very stable, with estimated
operational lifetimes in excess of 25 years and module power conversion efficiencies as
high as 20%. The cost, however, is too high and this is seen as the main reason for the
scarcity of solar cell technologies on the energy scene. Thin film solar cells are holding
some promise in this respect because it is a technology that in many ways is
complementary such as low cost, low thermal budget, solution processing and very fast
methods for fabrication. Seen in light of the recent advances within the field of thin film
solar cell with respect to stability and power-conversion efficiency, the current
challenge is the industrial demonstration of a low cost module with moderates stability
and efficiency. The secondary challenges are a higher stability of more than 10 years
and efficiencies above 40%. Most notably, the demonstrations of moderate efficiency,
high stability, and large-scale processing have not been demonstrated for the same
materials and the technology used so far. However, the fact that isolated studies can
reach any of the three goals does hold promise for the possibility of combining all three
goals in the material and this is the overall current challenge known as the unification

challenges as illustrated in Fig.1.5.
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The Unification Challenge

N

Figure 1.5 The Unification challenge of combining efficiency, material, and large scale
processing for advanced solar cell technology. The properties have been demonstrated
individually and the combination of some stability and some efficiency has been

achieved with some development.
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1-2 Objective of This Research

Since the solar spectrum is broad, containing photons with energies in the range of
about 0 to 4 eV, single-junction solar cell efficiencies are thus inherently limited to
significantly less than the efficiency with which monochromatic light can be converted.
The solution to this problem is (in principle) simple: rather than trying to convert all the
photon energies with one cell with one band gap, divide the spectrum into several
spectral regions and convert each with a cell whose band gap is tuned for that region.
The greater the number of spectral regions allowed, the higher the potential overall
efficiency. The main purpose of this dissertation is to develop a a-Si:H based thin film
solar cell for Full spectrum splitting method, which is able to achieve high conversion
efficiency solar cell at broad spectrum range. This spectrum splitting method has re-
considered and developed for thin film based solar cells. So here, two types of thin film
based solar cells have used in this thesis amorphous and III- V based solar cells because
it has own advantage at certain range of wavelength.

Mainly, for top cell application which is a-Si:H solar cell has studied with low substrate
temperature , high hydrogen dilution and new transparent conductive oxide substrate.

More detail of this thesis will be introduced right after this section.
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1-3 Outline of this thesis

The structure of this thesis is summarized as shown in Figure 1.6. From the schematic
diagram, the thesis consists of eight chapters. A brief description of each chapter is

described as the following.

Chapter 1: General overview and introduction of global trends of solar cell and current
challenge of solar cell technology. Also the motivation of this study is described. Then

the objective of this thesis is proposed.

Chapter 2: The fundamental property of amorphous silicon-based materials in terms of
its structure, electrical, optical properties. The introduction of amorphous silicon-based

solar cells is explained with single junction as well.

Chapter 3: The numerical analysis of thin film solar cells which are amorphous based
solar cell and CIGS solar cell with different of absorber thickness and optical band gap.
Then under the each certain of spectrum, those two thin film solar cells are
demonstrated for finding perfect match of condition. This simulation was performed by
simulator called AMPS-1D (Analysis of Microelectronic and Photonic Structures) in
order to explore the preferred solar cells’ properties corresponding to application
purposes are explained. Additionally, the investigation of effect of these solar cell
detailed parameter on the performance of silicon-based thin film solar cells and

compound CIGS solar cell as well.

13



Chapter 4: The characterization and optimization of amorphous based silicon solar cell
by using very-high - frequency plasma-enhanced chemical vapor deposition (VHF-
PECVD) technique for application into amorphous silicon-based thin film solar cells are
presented. The fabrication of the novel a-Si:H single-junction solar cells applying low
substrate temperature and high hydrogen dilution regime for application of spectrum

splitting top cell.

Chapter 5: The fabrication of the optimized a-Si:H solar cells and CIGS solar cell
mused by spectrum splitting technique. As follow the simulation result, first we use
conventional optical filter to find best spectrum splitting wavelength. Five different
splitting wavelength has been prepared (600, 650, 700, 750, and 800nm) then we find
best spectrum splitting results at splitting wavelength 614nm exactly same splitting
wavelength from our simulation result, then the optical filter has been optimized in
order to has best performance under the spectrum splitting configuration. Using this
optimized optical filter when the splitting wavelength 614nm, both of solar cell

measured. Then we got almost 23% of solar cell efficiency

Chapter 6: the results obtained from this thesis are summarized. Even more, suggestions

for further improvement are also offered.
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Chapter 2

Fundamental Aspect of a-Si:H Material

and a-Si:H Based Thin Film Solar Cell
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2. 1 Fundamental Characteristics of Amorphous Silicon Material

Amorphous solids refer to materials at a higher level of disorder, implying that
it is by no means easy to describe the degree of structural regularity. That is, amorphous
solids do not have a periodic, regular and repetitive structure and they cannot be defined
by diatomic unit cells with a lattice constant while only localized short-range order is
adequately maintained. These amorphous solids can processes various states
thermodynamically and structurally at fixed temperatures and pressures, while
crystalline materials has fundamental and uniquely well-defined structure at given set of

temperatures and pressures.

2-1-1 Semiconductors

Solids can be divided into three different types, insulators, conductors and
semiconductors. Solar cells are built up of semiconductors. To get an understanding of
semiconductors, it is necessary to study the main properties of solids. Let us start by
considering a single electron interacting with a positively charged atomic nucleus. We
know that the interaction can be described by a Coulomb potential and that the electron
can only occupy distinct energy levels [1]. The energy of the electron, compared to a

reference taken as E=0 where the electron is ‘just unbonded’, is given by [2]:

E, = —— ~ze?\' 1 € N\ {0} 2.1
" 2h2\ 2¢, | n2’ " \ 21)
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In this equation, E, is the nth discrete energy level, m the free electron mass, Z the
number of protons in the atomic core, e the elementary charge, h Planck’s constant and
go Stands for the permittivity of free space. The energy level for which n=1 is called the
ground level. When more electrons are in the same atom, at most two electrons (with

opposite spin) can be in the same energy level due to Pauli’s exclusion principle. At

very low temperatures (T=0K), the electrons fill up the energy levels until the so-called

Fermi level (Ef). Thus, the Fermi level is the highest occupied level for temperatures
close to the absolute zero point. As already discussed, for systems containing only one
atomic nucleus we have discrete sharply defined energy levels. In a crystal however,
where more nuclei and electrons are present, the energy levels of all electrons shift
somewhat due to the surrounding electrons and nuclei. Due to this, the energy levels

will spread out to a so-called energy band, see Figure 2.1.
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Figure 2.1 Energy levels in a crystal splitting up due to overlapping wave functions [1]
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In lower energy bands, the electrons are attached to specific nuclei and cannot move
freely through the solid. In higher energy bands however, electrons have enough energy
to move freely through the solid and are no longer attached to fixed nuclei and can thus
generate a current. The highest energy band in which electrons are still bonded to
specific nuclei is called the valence band. The lowest energy band in which electrons
have enough energy to freely move through the solid is called the conduction band. The
highest energy level within the valence band is called HOMO (Highest Occupied
Molecular Orbital), whereas the lowest energy level within the conduction band is
called LUMO (Lowest Unoccupied Molecular Orbital). The difference between the
LUMO and the HOMO is called the band gap (Eg). In this band gap are no energy states
(in the case of an ideal semiconductor) and this region can be considered as a forbidden
energy gap. The differences in properties between insulators, conductors and
semiconductors originate from the differences in the location of the Fermi level and the
band gap. In conductors, the Fermi level lies either within the conduction band, which
ensures that at all temperatures some electrons can freely move through the solid, or the
band gap is so small that the thermal energy electrons possess at room temperature is
enough to excite them into the conduction band. Another possibility is the existence of
an overlap between valence and conduction band. In insulators, the band gap is too large
for electrons to cross at room temperature, so practically all electrons will be in the
valence band and cannot generate a current through the material. Typical band gap
values for insulators are around 3-10eV [3]. In semiconductors, the band gap is usually
around 1-2eV [3]. Photons in the visible regime typically have energies within that

range and can thus excite electrons from the valence band into the conduction band.
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When an electron is excited into the conduction band, it leaves an open place in the
valence band, called a hole. This hole acts as a positive mobile charge carrier in the
semiconductor material. At room temperature, always some of the electrons will be in
the conduction band in semiconductors due to statistical thermal fluctuations in electron
energy within the material. To increase the number of free electrons or holes, the
semiconductor material can be doped. In pure (undoped) semiconductors, the number of
electrons will always be equal to the number of holes. An energy band diagram of an
undoped semiconductor is shown in Figure 2.2. The Fermi level is in the middle of the

conduction band edge (Ec) and the valence band edge (Ev).

Conduction band

Valence band

Figure 2.2 Bond Edges and Fermi lever in an undoped semiconductor [1]
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2-1-2 n-type Semiconductors

Suppose we add some atoms containing five valence electrons to a group IV
semiconductor, for instance phosphorous atoms (group V). Compared to silicon atoms,
phosphorous atoms have one extra valence electron and the charge of the nucleus will
be +15e instead of +14e. In the crystal structure, the fifth electron will be very loosely

bound and can easily be excited to the conduction band, see Figure 2.3.

Donor
", impurity |

Valence
/' electrons

Figure 2.3 Example of n-type doping in Silicon [4]
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In the case of phosphorous doping in silicon, the energy needed to excite the dopant
electrons into the conduction band is in the order of the thermal energy (kT) at room
temperature [5,6,7]. Because of this, a considerable fraction of the phosphorous atoms
will add a conduction electron to the crystal under regular operating conditions. The
extra electrons coming from the phosphorous impurities, called donor electrons, have
so-called donor levels that are very close to the conduction band, as is schematically
shown in Figure 2.4. The Fermi level of the material will shift upwards due to these
donor levels. For typical donor densities of 10'°-10*cm™, the Fermi level increase with
respect to the intrinsic Fermi level will be proportional to the logarithm of the donor
density [1]. In the case of n-type doping, there is just an electron and no hole, so the
conductivity of the material is dominated by the electrons, the negative charge carriers.
For this reason, semiconductors that are doped with atoms containing more electrons in

the outermost electron shell than the material itself are called n-type semiconductors.

26



Conduction band

Valence band

Figure 2.4 Donor lever in an n-type semiconductor. This level lies just below the

conduction band

2-1-3 p-type Semiconductors

Similarly, atoms containing three valence electrons can be added to a group IV
semiconductor. An example could be boron (group I11). Boron atoms have only three
valence electrons in the outermost electronic shell. In a silicon crystal that is doped with
boron atoms, the boron atoms will have four neighboring atoms and just three valence
electrons, so there will be a vacant electron position, see Figure 2.5. Electrons from
surrounding (silicon) atoms can move to this position, leaving a vacancy in another
atom in the crystal. This way, the vacant electron position, which is a hole, can freely
travel through the material. At room temperature, the electrons have enough thermal
energy to ‘jump’ from atom to atom, so practically for every boron atom in the crystal, a

hole will contribute to the conduction.
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Acceptor
| impurity |
. (hole) \

Valence
electrons

Figure 2,5 Example of p-type doping in silicon [6]

Because the conductivity in materials that are doped with atoms containing less valence
electrons is dominated by positive carrier conduction (hole conduction), these materials
denoted as p-type semiconductors. Please remark that in this case still the electrons are
moving, but that a concept has been created in which a net positive charge (electron
vacancy) moves through the material. As is the case in n-type material with donor levels,
the same happens in p-type material with so-called acceptor levels, as can be seen in
Figure 2.6. The Fermi level will shift downwards due to the added impurities. This shift,

compared to the intrinsic Fermi level, is proportional to the logarithm of the acceptor
28



density in the material for impurity levels of 10'°-10"%cm™ [1].

Conduction band

N MWW N KWWY

Valence band

Figure 2.6 Acceptor level in a p-type semiconductor. This level lies just above the

valence band. [1]
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2-2 General properties of a-Si:H based films

Silicon atoms in amorphous silicon largely retain the same basic structure as that of
crystal silicon: each silicon atom is connected by covalent bonds to four other silicon
atoms arranged as a tetrahedron. This understanding emerges from measurements of the
scattering (“diffraction”) of X rays by the two materials [6] as well as from theoretical
and computational studies of the two materials. If you build a noncrystalline silicon
structure with wooden sticks (to represent covalent bonds) and wooden balls drilled
with four small holes for the sticks (to represent the silicon atoms), you will have some
trouble in making a noncrystalline structure. To avoid a crystalline structure, you will
need to bend the sticks. Quite soon, you will have to give up on the fourth stick on some
atom, and you will have created an imperfect noncrystalline structure with a “dangling
bond.” Your problem is related to tetrahedral bonding: there are too many constraints on
the positions of atoms to keep all bond lengths and angles reasonably close to the values
demanded by silicon’s chemistry in any noncrystalline structure. The same conclusion is
reached by mathematical and computational methods [7, 8]. Alloys such as As,Ses,
which easily form noncrystalline glasses by cooling from a liquid, have an average
number of bonds per atom of about 2.7 or less. For hydrogenated amorphous silicon (a-
Si:H), silicon—hydrogen bonds resolve this structural problem. Several percent of the
silicon atoms make covalent bonds with only three silicon neighbors; the fourth valence
electron of the silicon bonds to a hydrogen atom. This crucial hydrogen is essentially
invisible to X rays, but is quite evident in nondestructive measurements (proton
magnetic resonance [9] and infrared spectroscopy [10]) as well as destructive testing

(secondary ion mass spectroscopy [11] and hydrogen evolution during annealing [12]).
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There are quite a few distinct atomic configurations for the hydrogen in a-Si:H. The two
principal “phases” of hydrogen evidenced by proton magnetic resonance are termed the
dilute and clustered phases [9]. In the dilute phase a particular hydrogen atom is about 1
nm away from any other hydrogen atom; in the clustered phase there are two or more
hydrogen atoms in close proximity. A computer calculation of a particular instance of
this structure [13] is presented in Figure 12.7(a). The densities of hydrogen in each of
the individual phases, as well as the total density of hydrogen, depend upon the

conditions under which the material is made.

2-2-1 Structure Property

In amorphous silicon, the silicon atoms do not form an ordered matrix, as they do in
crystalline silicon, see Figure 2.7. In a-Si, there are slight variations in bond angle, bond
length and thereby bond strength, which make the structure non-crystalline. Some
valence electrons of silicon atoms in a-Si are unbonded, thereby forming socalled
dangling bonds. During deposition of a-Si, hydrogen is incorporated, which will
passivate most dangling bonds. Amorphous silicon in which hydrogen is used to
passivate the dangling bonds; hydrogenated amorphous silicon, is usually denoted as a-

Si:H.
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Figure 2.7 Schematic 2D representation of crystalline (left) and amorphous (right)

silicon. The closed circles represent silicon atoms; the open circle hydrogen [6]
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Because of hydrogen incorporation and the presence of dangling bonds in amorphous
silicon, the electronic properties are much poorer compared to c-Si. When an electron-
hole pair is created in a-Si, the recombination rate will be much larger than in c-Si,
mainly due to the existing dangling bonds. In order to decrease the electronic losses in
a-Si based solar cells, pin junctions are most widely used, in which the generated
current in the solar cell is not diffusion-based, but drift-based. An undoped intrinsic
layer is used to absorb the light, whereas a p- and an n-layer are used to create an
electric field in the i-layer. The electric field causes the electrons and the holes to
generate a current through the cell and should prevent them to recombine. Because the
charge carriers in pin junction based solar cells are separated and drifted by the electric
field, pin junction solar cells are said to be drift-based. The main advantage of a-Si
compared to c-Si is that a-Si based solar cells can be made much thinner than c-Si based
solar cells. Crystalline silicon has an indirect band gap, which means that the highest
energy state in the valence band and the lowest energy state in the conduction band have
a different momentum. To excite an electron from the valence band into the conduction
band, not only a photon is needed to cross the band gap, but also a phonon is needed for
momentum conservation. Because both a photon and a phonon are needed
simultaneously to excite a valence electron in c¢-Si into the conduction band, the
transition probability for this process to occur is rather small. In amorphous silicon, the
band edges are much less sharp than in crystalline silicon and flatten out because of the

less ordered structure. Figure 2.8 shows examples of both a direct and an indirect band

gap.
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Figure 2.8 Example of direct band gap (left) and an indirect band gap (right) [3]
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Due to the direct band gap of a-Si, the absorption probability for photons highly
increases compared to c-Si. Because the absorption probability is much higher in a-Si
than in c-Si, much thinner layers (about a factor 1000 thinner [1,13]) can be used in
solar cell applications. This leads to an increased flexibility and lower production costs.
A disadvantage of a-Si is that the quality of the material decreases when being exposed
to light. The light exposure causes an increase of the electronic defect density, which
somewhat deteriorates the solar cell performance. This effect is called the Staebler

Wronski effect (SWE), after its discoverers Staebler and Wronski [12].

2-2-2 Defects and Metastability

While the underlying structure illustrated in Figure 2.9 is noncrystalline, it is a
chemically ideal structure: each atom forms the normal number of chemical bonds (four
for silicon, one for hydrogen). This noncrystalline atomic structure largely determines
the overall electronic and optical properties of the material, as we will discuss shortly.
However, many electronic properties in a-Si:H are also strongly affected by the gross
defects of chemical bonding. The atomic structure of the bonding defects in a-Si:H has
been extensively studied using electron spin resonance. A single type of defect, the D-
center, dominates most measurements in undoped a-Si:H [14]. The D-center is generally
identified as a silicon dangling bond [15]. A dangling bond may be envisioned using
Figure 2.9: just imagine that the hydrogen atom is removed from the dilute-phase site in
the lower right-hand corner of the figure, leaving behind a single unbonded electron (the
“dangling bond”).
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Figure 2.9 (a) Computer model of the chemical bonding of hydrogenated amorphous
silicon. The larger, gray spheres indicate Si atoms; the smaller, white spheres indicate
hydrogen atoms, which are found in clustered and relatively isolated, dilute-phase
configurations as indicated. (b) Correlation of the defect (dangling bond) density in a-
Si:H with the density of hydrogen removed from the material by heating (the hydrogen
deficit). The data points are derived from deuterium and defect profiles by Jackson et al.

[16] (350-C deuteration). The curve is a fit to a model proposed by Zafar and Schiff [17]
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This simple picture is consistent with the following observation: the density of dangling
bonds increases when hydrogen is removed from a-Si:H by heating. We present a
comparison of a model for this relationship together with measurements illustrating the
effect in Figure 2.9 [16,17]. Note that the density of dangling bonds is generally much
lower than the density of hydrogen lost from the structure; this effect has been attributed
to the evolution of hydrogen from clustered-phase sites, which presumably does not
create dangling bonds. The most intense defect research in a-Si:H has not been focused
on the direct hydrogen-defect relation, but rather on the light-soaking effects. We
illustrated how light soaking degrades the solar conversion efficiency in Figure 2.10 we
illustrate how it increases the defect density. For the high intensity illumination, the
defect density reaches a steady state at about 10*’/cm3. For purposes of engineering and
commercial applications, it is very important that a-Si:H reaches such a “stabilized”
condition after extended light soaking. Although the defect density is not the only
property of a-Si:H modified following light soaking [18], most workers believe that
the principal cause of the Staebler-Wronski effect is this increase in dangling bond
density after light soaking. The close connection between hydrogen and defects in a-
Si:H has led to several efforts to understand the defect creation in terms of metastable
configurations of hydrogen atoms [18,19]. The idea is that illumination provides the
energy required to shift hydrogen atoms away from their dilutephase sites, thus creating
dangling bonds. The technological importance of establishing the atomic mechanism
underlying the Staebler—Wronski effect lies in the possibility that this effect can be
mitigated in a-Si:H by changing its preparation conditions. An essential feature of the

light-soaking effects on a-Si:H cells and films is that most of the effects are “metastable”
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and can be removed nearly completely by annealing of a light-soaked sample at a
temperature above 150-C. More generally, the stabilized condition of a-Si:H cells and
films is quite temperature-dependent. The measurement may be understood by
considering that the stabilized condition is due to competition between two rates: the

creation of metastable defects by light and a thermally activated process that anneals

them away.
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Figure 2.10 Plot of the defect (dangling bond) density during extended illumination of
an a-Si:H film as measured by Park, Liu, and Wagner [20]. Data are given for high- and
low-intensity illumination; the legend indicates the photo carrier generation rate of each

intensity
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2-2-3 Electronic Density of States

The most important concept used in understanding the optical and electronic properties
of semiconductors is the electronic density-of-states, g(E). The idea is a simple
approximation: if a single electron is added to a solid, it may be viewed as occupying a
well-defined state (or molecular “orbital”) at a particular energy level E. In a range of
energies AE, the number of such states per unit volume of the solid is g(E) AE. In Figure
12.9 we have illustrated the density-of-states for hydrogenated amorphous silicon as it
has emerged primarily from measurements of electron photoemission [21, 22], optical
absorption [23], and electron and hole drift mobilities [24]. In the dark at low
temperatures, the states with energies below the Fermi energy Er are filled by electrons;
above the Fermi energy the states are empty. There are two strong bands of states
illustrated: an occupied valence band (E < Ey), originating with the Si-Si and Si-H
bonding orbitals and an unoccupied conduction band (E > Ec), originating with
“antibonding” orbitals. Between the conduction and valence bands lies an “energy gap”
where the density-ofstates is very low. Any functional semiconductor, crystalline or
noncrystalline, must have such an energy gap. For perfect crystals, the valence and
conduction bandedge energies Ey and Ec are well defined, as is the band gap Eg = Ec

— Ev. Interestingly, in disordered semiconductors there are exponential distributions of

bandtail states near these bandedges.
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Figure 2.11 Density of electronic states g(E) in hydrogenated amorphous silicon. The
shaded areas indicate delocalized states in the bands; these bands themselves have tails
of localized states with an exponential distribution. Midway between the bands are
levels belonging to gross defects such as dangling Si bonds indicated by the two peaked

bands around EF
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For the valence bandtail, we write g(E) = gv exp[—(E — Ev)/AEy]. The width AEy, of

this exponential distribution is important in interpreting optical absorption experiments,

in which it is usually identified with the exponential “Urbach” tail of the spectrum
apparent in Figure 12.2. For a-Si:H, a typical value AEy = 50 x 10 % eV. AEv is also

used to account for the very slow drift of holes in an electric field (i.e. the hole drift

mobility) [24,25]. The conduction bandtail width AEc is much narrower; for the best a-
Si:H materials, it is about 22 <10 eV, but increases markedly for amorphous silicon-

germanium alloys [26]. Given the presence of exponential bandtails, the very existence
of bandedge energy can reasonably be questioned. Remarkably, detailed analysis of
drift-mobility measurements supports the concept of a well-defined bandedge [24, 27].
Most workers consider the bandedge to be the energy that separates electron orbitals
that are localized (i.e. have well-defined locations in space) from orbitals that are
delocalized. The bandedges are correspondingly termed the conduction and valence
band mobility edges [28]. Unfortunately, for noncrystalline semiconductors there is no
single, conclusively established procedure for locating the bandedges within the
density-of-states. The band gap is thus difficult to determine without some ambiguity.
Since amorphous silicon—based materials with varying band gaps are used in solar cells,
it is nonetheless very important to establish conventional procedures for comparing
band gaps. By far the most common approach is to analyze measurements of the optical
absorption coefficient a(4v) similar to those in Figure 12.2; one typical analysis yields

an “optical” or “Tauc” band gap Et [29]

a(hv) = (A/hv)(hv — E;)? (2.2)
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The proportionality constant A incorporates several effects and is not usually studied
separately. The band gap obtained using this procedure is typically about 1.75 eV in a-
Si:H, but varies substantially with deposition conditions and alloying with germanium
or carbon. A simpler procedure than that of Tauc is to define the band gap to be the
photon energy corresponding to a particular optical absorption coefficient a; using o =3
% 10%/cm yields values (denoted as Ess) similar to the Tauc procedure. Finally, there is
undoubtedly a difference between these optical estimates of the band gap and the true,

“clectrical” band gap Eg = Ec — Ey. Internal photoemission measurements [30]

indicate that the electrical band gap is 50 to 100 meV larger than the Tauc band gap.
Between the bandtails lie defect levels; in undoped a-Si:H, these levels appear to be due
entirely to the dangling bonds (“D-centers”) measured by electron spin resonance. For
example, infrared absorption at photon energies around 1.2 eV is sensitive to the optical
processes that detach an electron from a defect and promote it to the conduction band or
that transfer an electron from the valence band to a defect. This infrared signal is visible
in Figure 12.2; for samples of varying electronic properties, the infrared absorption
coefficient is proportional to the D-center density over a range of at least a factor of 100
in the density [31]. The next issue to be resolved is the positions of the corresponding
levels, as illustrated in Figure 12.9. The D-center is “amphoteric:” there are three charge

states (with +e, 0, and —e charges), leading to two levels (transitions between the 0/+
and —/0 charge states). A rough guide to level positions estimated under near-dark
conditions is the following. The (—/0) level is about 0.6 eV below Ec in low defect-

density, undoped a-Si:H [48]. The (+/0) level lies about 0.3 eV below the (—/0) levels;
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the difference between the 2 levels is usually termed the correlation energy of the D-
center [33]. The actual level positions apparently vary between doped and intrinsic a-
Si:H [6], between intrinsic samples with varying densities of D-centers [32], and

possibly between dark and illuminated states [34].

2-2-4 Optical Properties

The structural and optical properties we have described can be varied substantially by
changes in deposition conditions. For example, changing the substrate temperature or
the dilution of silane by hydrogen (in plasma deposition) causes a change in the optical
band gap for a-Si:H films over at least the range 1.6 to 1.8 eV [35]; these changes can
be ascribed to changes in the hydrogen microstructure of the films. Even larger changes
can be effected by alloying with additional elements such as Ge, C, O, and N; alloying
is readily accomplished by mixing the silane (SiH,4) source gas with gases such as GeHy,
CH,, O, or NOy, and NHs, respectively. The resulting alloys have very wide ranges of
band gaps, as we illustrate for a-Si;—4Gey:H in Figure 12.10. For simplicity, we shall
usually refer to these alloys using the abbreviated notation: a-SiGe for a-Si;—«Gex:H, and
so on. Only some of these materials have proven useful in devices. In particular, a-SiGe
alloys with optical gaps down to about 1.45 eV are employed as absorber layer in
multijunction pin cells; the narrower band gap of a-SiGe compared to a-Si allows for
increased absorption of photons with lower energies [36]. Figure 12.10(a) illustrates
how the spectrum of the absorption coefficient a(hv) changes for a-SiGe alloys with

different atomic percentages x; the different optical band gaps are indicated as labels.
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Two features of these data should be noted. First, the Urbach slopes remain constant (at
about 50 meV) over the entire range of band gaps. Second, the plateau in the absorption
coefficient at the lowest photon energies increases steadily as the band gap diminishes,

which is indicative of a corresponding increase in defect density.
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Figure 2.12 (a) Absorption coefficient spectra for a-SiGe alloys; the optical band gaps

and corresponding Ge fractions x are 1.25 to 0.58, 1.34 to 0.48, 1.50 to 0.30, 1.72 t0 0.0
[36]. (b) Typical optical band gaps for a-Si; xGex:H alloys for varying Ge-ratio x and

atomic fraction h of hydrogen
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Figure 12.10(b) is a contour plot showing how the optical band gap of a-Si; xGeyx:H

varies with the Ge-ratio x and with atomic fraction h of hydrogen. The figure reflects
experimental results for a-Si:H alloys of varying H-fraction [35] and for a-SiGe:H
alloys for which both x and h were reported [37].5 Note that, for constant fraction h, the
band gap decreases about 0.7 eV as the Ge ratio x increases from 0 to 1. The band gap
increases with atomic fraction of hydrogen h. Figure 12.10(b) should be viewed as a
useful approximation; in particular, the atomic fraction h is only one aspect of the
hydrogen microstructures in a-SiGe alloys, and quantitative deviations from the contour
plot are likely. Additionally, only some of the materials represented in the figure are
useful as absorber layers. In particular, as the Ge ratio x rises to about 0.5, the
optoelectronic properties become so poor that these alloys are no longer useful in solar
cells [38]. Similarly, only limited ranges of the atomic fraction of hydrogen h vyield
useful absorber layers. It might be thought that a-SiC would be equally useful as a wider
band gap absorber; despite some promising research [39], this material is not being used
as an absorber layer by manufacturers. B-doped a-SiC is used extensively as a p-type,
window layer [40]. a-SiO and a-SiN are used as insulators in thin-film transistors [41],

but are not major components in solar cells.

2-3 General Principle of Amorphous Silicon Solar cells

A solar cell is a semiconductor device that produces electrical current (and then sends it
through an external load) when exposed to light (photovoltaic effect). The operation of a

solar cell consists of two main steps;
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1) Creation of electron-hole pairs, i.e. generation of free electrons and
holes through the absorption of photons
2 Separation of the free electrons and holes in order to actually produce
electricity
The efficiency n of a solar cell is the ratio of the electrical output power to the incident
light power. The performance of solar cells under illumination can be described using
their current-voltage (I-V) characteristics. In fact, it is sufficient to characterize the
current-voltage characteristics only with a few parameters. If considering a typical
current-voltage curve of a p-n junction diode in the dark and under illumination, three
parameters are defined to give a complete description of the electrical behavior; these
are (i) open-circuit voltage (Vqc), (ii) short-circuit current (Js), and (iii) fill factor (FF).
Voc and Jg are the values of voltage and current which are obtained under illumination
when 1 =0 and V = 0, respectively, while FF is defined by

A
FF —_nn 2.3
Vo (2.3)

oc " sc

where V,, and I, are output voltage and output current at the maximum operating point,

respectively. The efficiency 7 is then defined by

V_xI V. _xl_xFF
77: m m: oC SC (2.4)

n in

where Pj, is the input energy to the solar cells.

In a dark state (without illumination), the expression of the dark current (lg) is

the same as the current flowing in p-n junction diode
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Iy = o{eXp(%)—l} (2.5)

where |y is the reverse saturation current, g is the electron charge, V is the applied
voltage, n is the diode factor representing deviation from idea diode characteristics, k is
Boltzmann’s constant and T is the absolute temperature. Under light illumination, a
photocurrent (lpn) is generated as diode reverse current, hence the current-voltage

relationship becomes

| :—lph+|o{(%j—1} (2.6)

| is the net current which also can be described as | = Ig- I,n. From equations (2.5) and

(2.6), the V. can be expressed as

|
V, = “k—Tm[—P“ﬂj (2.7)
q I

where the reverse saturation current Il can be expressed as

qDeni2 thnin
I, = +
LN,  L.Np

(2.8)

where A is the area, Na and Np are the acceptor and donor concentration, respectively,
D, and Dy, are the diffusion coefficient for electron and hole, respectively, L. and L, are
the minority carrier diffusion length for electron and hole, respectively. The intrinsic

carrier concentration n; in equation (2.8) can be expressed as
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2 [_%j
n"=N.Nze (2.9
where N and N, are the effective density of state in the conduction and valence band,

respectively.

From equation (2.7), we can clearly see that high V,. can be obtained when Iy is as small
as possible. Moreover, from equations (2.8) and (2.9) we also can see that that small Iy
can be achieved by using wide band gap materials. This relationship reveals that the use

of wide band gap materials will result in high V. solar cells.

2-3-1 Single Junction Structure solar cell

Typically a-Si:H-based solar cells have a p-i-n or n-i-p diode structure depending on the
deposition sequence of doped and intrinsic layers. For both structures the light is
entering through the p-layer which efficiently supports hole collection in the device.
The reason for this is the smaller mobility of holes compared to electrons. A transparent
conductive oxide (TCO) film contacts the a-Si:H diode from the front side and, in the
most simplest case, a metal film serves both as rear contact and back reflector (see Figs.
1 and 2a). The very thin (10-30 nm) p- and n-doped layers build up

an electric field over the intrinsic (i) layer (typical thickness: 200-500 nm). Electrons
and holes generated in doped layers do not (or only partly) contribute to the photo-
current due to their short lifetime in highly doped a-Si:H. Therefore, wide-band-gap a-

SiC:H [42] and a-SiO:H [43] alloys or microcrystalline Si films [44] are applied as p-
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doped window layers to reduce absorption losses. Electrons and holes generated in the
i-layer are driven to the n- and p-layer, respectively, by the internal electric field. The
material quality of the intrinsic layer and the strength and distribution of the electric
field are responsible for the charge carrier collection and mainly determine the solar cell
performance. Defects affect the charge carrier collection in two different ways. On the
one hand they act as recombination centers, and on the other hand their charge state
influences the electric field distribution in the i-layer. According to the energy position
of the Fermi level, defect states in the front part of the i-layer adjacent to the p-layer are
positively charged (DC states), whereas defects adjacent to the n-layer are negatively

charged (D —). These charged defects enhance the electric field in the p/i and n/i-

interface regions, whereas the field is reduced in the volume of the i-layer. The p=i-
interface region turns out to play a crucial role for solar cell optimization. Experimental
results show that very small changes of the p=i-interface design significantly affect
initial solar cell performance and the stability upon light exposure. Intrinsic wide-band-
gap p=i-interface layers improve the open-circuit voltage [45, 46, 47]. However, these
layers often provoke additional degradation due to a redistribution of the electric field.
Optimization schemes for the pf/i-interface region which improve the stabilized cell
performance performance are given in [48]. A second critical interface is the TCO/p-
contact. The holes in the p-layer recombine at the TCO/p-interface with electrons from
the degenerately n-doped TCO film. Depending on the TCO material a depletion of the
amorphous p-layer causes a contact barrier at the TCO/p-interface [49, 50].
Microcrystalline Si p-layers provide a low ohmic TCO/p-interface in this case [49-51].
For a more detailed discussion of interfaces in a-Si:H solar cells see for example [52].
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Figure 2.13 High Resolution Scanning Electron Microscopy (HRSEM) Cross section of

an a-Si:H p-i-n single junction solar cell [53]
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Figure 2.14a,b. Schematic sketch of the band diagramm of an a-Si:H p-i-n single

junction (a), and an a-Si:H/a-Si:H p-i-n/p-i-n stacked junction solar cell (b)[53]
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2-3-2 Multi-Junction Structure solar cell

The stacked-cell concept has emerged as a successful tool to improve the light stability
of a-Si:H-based solar cells [54, 45]. A simple a-Si/a-Si stacked cell is schematically
sketched in Fig. 2.14 b. The requirement of current matching results in top cells being
much thinner than the bottom cell. Consequently, the built-in field in the top cell is
distinctly higher, which strongly reduces the decrease of cell performance by light
induced defect creation. The thicker bottom cell is more stable than a comparable
single-junction cell because the intensity of the incident light is reduced due to the top
cell acting as n-p junctions has been solved by the use of microcrystalline contact layers
[54, 55-58]. In a state-of-the-art stacked cell, the stabilized fill factor is higher than in a
single-junction cell with equal total i-layer thickness, the n-p junction provides low
optical and electrical loss, and the open-circuit voltages of the component cells add to
the stacked cell Voc. Thus, the optimization of a stacked cell is to a large extent reduced
to the optimization of the component cells. Besides the higher stability, the stacked cell
approach offers the possibility to use different band gaps for the component cells, which
allows a more efficient utilization of the solar spectrum [59]. Wide-band-gap top cells
convert the blue and green part of the sunlight at high voltages, while the red and

infrared part light is transmitted and absorbed in the bottom cell
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Chapter 3
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cell with Spectrum Splitting Technique
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3-1 Introduction

In order to predict the experimental results, it is necessary to understand the behavior of
the incorporate of several materials which consist of p, i and n layers [1-8]. In this
chapter, in order to determine material parameter sets for both top and bottom cells, a
numerical analysis was carried out using a one-dimensional device simulation program
AMPS-1D (Analysis of Microelectronic and Photonic Structures) [9]. The electrical and

optical parameters have taken from experimental results and some literatures [10-19].

3.2 AMPS-1D Device Simulation Program

3.2.1 Overview of AMPS-1D

AMPS-1D was developed by Prof. Stephen J. Fonash and his group from Pennsylvania
State University under the support of the Electric Power Research Institute (EPRI).
AMPS-1D is a one-dimensional computer program for simulating transport physics in
solid-state devices. It uses the first-principles theory and the Poisson’s equations
approach to analyze the transport behavior of semiconductor electronic and
optoelectronic device structures. These device structures can be composed of crystalline,
polycrystalline or amorphous materials as well as combinations thereof. In the AMPS-
1D simulation program, a maximum of 30 layers can be used as one single device with
each layer having its own set of parameters such as optical bandgap, effective density of
states, mobility, and other parameters. All parameters are independence of temperature.
Moreover, each layer can be assigned a total of 50 deep donor and acceptor levels,
resulting in possibility of creating almost any density of state distribution8). AMPS-1D
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device simulator uses the Newton-Raphson technique to numerically solve three
governing semiconductor device equations, i.e., the Poisson equation, the electron and
the hole continuity equations, without making any assumptions about the mechanism

controlling transport in these devices.

3.2.2 Simulation Model of AMPS-1D

As previously mentioned, AMPS-1D solves three semiconductor equations, i.e., the
Poisson equation, the electron and the hole continuity equations. In this sub-section, the
simulation model used in AMPS-1D program including these three semiconductor

equations, are explained in more detail.

First, the Poisson’s equation is given as

— (0 %) = alpGe) = n(x) + NF () — Ny () +pe(x) — ne(x)] (3.1)

Where the electronic potential y and the free electron n, free hole p, trapped electron n;,
and trapped hole p; , as well as the ionized donor-like doping N7 and ionized acceptor-
like doping N, concentrations are all functions of the position of coordinate x. Here, €

is the permittivity and q is the magnitude of the charge of an electron.

The free electron n and free hole p concentrations are given as the following
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Ep—Ec

n=N,-F 1/2 exp (T) (3.2)

n=N,-F 1/2 exp (%) (3.3)

In these equations, Nc and Ny are the band effective densities of states for the

conduction and valence bands, respectively. The Fermi integral of order one-half

F 1/2 in equation (3.2) and (3.3) is defined as

EY2 4E

1 e .
F /2 (m) = \/ﬁfo 1+exp(E-m) =

Where the Fermi integral argument n is expressed as

M = () (35)

kT

for free electrons and for free holes.

1 = (55) o

The total charge arising in localized doping levels which includes gap states can be
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represented by

Ni = N}, + N}, (3.7)

for the donor-dopant levels and

Ny = Ngg + Npy (3.8)

for the acceptor-dopant levels. It should be note that, hereN and Ny which can be
seen in Poisson’s equation (equation 3.1), are the total charge arising from both the
discrete and band dopant energy levels. In these equations, Nj, and N,, resents the
total charge originating from discrete donor and acceptor concentrations, respectively,
whereas Ng, and N;, represents the total charge developed by any banded donor and
acceptor levels, respectively. The total charge arising in defect levels can be expressed

as

Pt= Pat T Pot T Pet (3.9)

for the donor-like states and,

Nt = Ngt + Npe + Nt (3.10)
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for the acceptor-like state. Here, and which can be seen in Poisson’s equation (equation
3.1) are the total charge arising from the discrete, banded, and continuous defect
(structural or impurity) energy levels. In these equations, and represent the total charge
originating respectively from discrete acceptor and donor concentrations, while and
represent the total charge originating respectively from discrete acceptor and donor
concentrations. Finally, and represent the total charge developed by any continuous, e.g.
exponential, Gaussian, or constant, acceptor and donor concentrations, respectively. The
formulas (Equations (3.1) to (3.10)) above express all the quantities contributing to the
charge in Poisson’s equation. A close inspection of these expressions shows that they all
are ultimately defined in terms of the free carrier populations n and p. More information
on n and p is required to determine how they change across a device and under different
biases. The equations that keep track of the conduction band electrons and valence band
holes are the continuity equations. In steady state, the time rate of change of free carrier
concentrations is equal to zero. As a result, the continuity equation for the free electrons

in the delocalized states of the conduction band has a form as

é("g—;‘) = —Gop(x) + R(x) (3.11)

and the continuity equation for the free hole in the localized state of the valence band

has a form as

%(‘g—f) = —Gop(X) + R(%) (3.12)

64



Jn and J, are the electron and hole current densities, respectively. The term R(x) is the
net recombination rate resulting from band-to-band (direct) recombination and S-R-H
(indirect) recombination traffic through gap states. The term Ggy(x) is the optical
generation rate resulting from the externally imposed illumination. From equation 3.11

and 3.12, the electron current density J, can be expressed as

dEfn
Jn(2) = quan (S22) (3.13)
where i, is the electron mobility and n is defined in equation 5.2. Similarly, he hole

current density J,, can be given by

Jp() = qupp (22) (3.14)

where , is the electron mobility and p is defined in equation 3.14. Electron and hole
may recombine with each other by two basic processes. In the first process, electrons in
the conduction band make direct transitions to vacant state in the valence band. This
process is call band-to-band or “‘direct recombination’’ Rp, which is also known as
intrinsic recombination. In the second process, electron and holes recombine through
intermediate gap states known as recombination centers. This process, originally
investigated by Shockley, Read and Hall, is called ‘‘indirect recombination’’ R, or R-S-
H recombination, which is also known as extrinsic recombination. The net
recombination term R(x) in the continuity equations takes both of these processes into

consideration such that
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R(x) = Rp(x) + Ry (x) (3.15)

The net direct recombination rate can be expressed as

Rp(x) = B(np — nop,y) = B(np — niz) (3.16)

Here, B is a proportionality constant which depends on the energy-band structure of the
material under analysis, and n and p are the band carrier concentrations present when
devices are subjected to a voltage bias, light bias or both, ny and po factors are the
carrier concentrations in thermodynamic equilibrium expressed.

The S-R-H net recombination can be expressed by

Ri(x) = ~E Pz (3.17)

Tpo(M+ne)+Tno(P+D¢)

Here, tp0 and tn0 are the reciprocals of the thermal velocity-hole/electron capture cross
section and N; product. The quantities n; and p; depend exponentially on the position of
the defects in the energy bandgap.

In this simulation program, it is assumed that a structure illuminated by a light source of
frequency v; with a photon flux of @ (v;) (in units of photons per unit area per unit time)
has photos obeying hv > Egp. This photon flux ®g; (vi) is impinging at x = 0. As the
photon flux travels through the structure, the rate at which electron-hole pairs are
generated is proportional to the rate at which the photo flux decreases. Therefore, the

optical generation rate can be expressed as
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Gop(x) = —== % PR (v) + 3 FF (vy) (3.18)

where ¢ (v,) represents the photon flux of frequency v; at some point x which is
moving left to right (forward) and ¢REY (v,) represents the photon flux of frequency v
at some point x which is moving right to left (reverse). If a device has optical properties

that do not vary across the structure, then at some general point x we have

IR () = ®FOR(v,) - {exp[—a(v)x] + ReRglexp(—a(v)L]” - exp[—a(v))x]}

(3.19)
Whereas
CDiFOR () =
Rp¢oi(vy) - {exp[—a(v;)L] exp[—a(v;) (L — x)] + RpRp [exp (—a(v;))(L —
x)3exp — avi(L — x) + -+ (3.20)

In these expressions, Rg is the reflection coefficient for the internal surface at x = 0 and
Rg is the reflection coefficient for the internal surface at x =L (the back surface). All of
these reflect coefficients can functions of the frequency vi. AMPS-1D also provided the
possibility to consider Gaussian states that are either donor-line or acceptor like, located
anywhere in the bandgap. The acceptor like g, and the donor like gp band tail states are

respectively expressed as
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94a(E) = gao - exp{—(Ec — E)/E4} (3.21)

9p(E) = gpo * exp{—(E — E;)/E4} (3.22)

The acceptor like and donor-like Gaussian dangling bond states are, respectively

expressed as

N

946(B) = | T2 |- exp (- 22 (323)
2moie AG

ool = | 72 |-ex (552 @24
2mopg

Where o..and 0, are the standard deviations if the acceptor-like and donor-like

Gaussian dangling bond states, respectively.
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3.3 Theoretical Analysis of Thin film solar cells

Before studying of spectrum splitting simulation, basic of a-Si:H and CIGS solar cells’
performance are studied. In this simulation study, both of solar cells have thousands of
variable parameters as well as the splitting structure simulation. Among them, main
parameters are considered to be the splitting wavelength (lsp), which is the exact number
of wavelength that divides the solar spectrum into two parts or more, and bandgap and
thickness of absorber materials. The model of the solar cell structure assumes a p-i-n
superstrate structure which is the front electrode/ p-type hydrogenated amorphous
silicon carbide (a-SiC:H)/ intrinsic a-Si:H/ n-type uc-SiO:H/ back electrode. The
electrical and optical parameters were taken from experimental results and some
literature [20-30] for each layer are listed | table 3.1. For this model, abovementioned
continuous density of state was employed within the mobility gap. The Gaussian defect
density of i-layer was assumed to be 2 x 10" cm™. The thickness of the i-layer was
300nm and the doped layer were 15 nm as a standard model based on the experimental
results. As optical parameters, we have used the optical constant of p-a-SiC:H, i-a-Si:H,
and n-uc-SiO:H layers obtained from measurement results. In this calculation, light
trapping effect was not considered. It was assumed that there is no reflection for light
impinging on front surfaces and the back contact (Ag) has a reflection coefficient of
0.9.1t was also assumed that the band gap discontinuity at the p-a-SiC:H/i-a-Si:H
heterointerface was assigned in equal proportions to the valence and conduction badns.

For CIGS bottom cell, the material parameters were referred to a literature [28]
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Table 3.1 Simulation parameter of a-Si:H solar cell model

Parameter [unit] p-a-SiC:H i-a-Si:H n-a-Si:H
Thickness [nm] 15 200~500 15
Mobility gap [eV] 1.7~2.2 1.5~2.0 1.5~2.0
Optical gap [eV] 1.7~2.2 1.5~2.0 1.5~2.0
Electron affinity [eV] 3.9 4 4
Relative permittivity 11.9 11.9 11.9
Mobility p, / py [cm?/(Vs)] 2/0.2 20/2 20/2
Acceptor Concentration [cm™] 5x10' 0 0
Donor Concentration [cm™] 0 0 110"
Effective DOS in Conduction band N, [cm™] 1>10%° 1x10%° 110%
Effective DOS in Valence band N,[cm™] 110 1107 1x10%
D states parameter
Enc/Eac [eV] 0.6/0.6 1.07~1.43/1.07~1.43 0.6/0.6
oc/ acleV] 0.13/0.13 0.13/0.13 0.13/0.13
Donor-like dangling bond states
Capture cross section for electron [cm?] 110 1>10™ 1>10™
Capture cross section for hole [cm?] 1x10™"° 1x10™" 1x10™"
Acceptor-like dangling bond states
Capture cross section for electron [cm?] 1x10™" 110" 1x10™"
Capture cross section for hole [cm?] 1x10™* 1x10™* 1x10™*
Valence band tail states
Capture cross section for electron [cm?] 1x10™"° 1x10™" 1x10™"
Capture cross section for hole [cm?] 1x107 1x107® 1x107®
Conduction band tail states
Capture cross section for electron [cm?] 1x10"° 1x10°° 1x10°1°
Capture cross section for hole [cm?] 1x10™ 110" 1x10™%

70



Table 3.2 Simulation parameter of CIGS solar cell model

Parameter [unit] n-ZnO:B i-ZnO n-CdS p-CIGS
Thickness [nm] 1000 90 50 1000~3000
Mobility gap [eV] 3.3 3.3 2.4 1.0~14
Optical gap [eV] 3.3 3.3 2.4 1.0~14
Electron affinity [eV] 4.5 4.5 3.75 3.85~4.25
Relative permittivity 9 9 10 13.6
Mobility i / pp [cmZ/(Vs)] 100/25 100/25 100/25 100/25
Acceptor Concentration [cm™] 0 0 0 2.0110"
Donor Concentration [cm™] 5.7x10" 510" 2.1x10" 0
Effective DOS in Conduction band N, [cm™] 2.22x10" 2.22x10" 2.22x10" 2.22x10"
Effective DOS in Valence band N,[cm™] 1.78x10" 1.78x10" 1.78x10% 1.78x10%
Donor-like dangling bond states
Capture cross section for electron [cm?] 1.21<10™" 1.2x10" 9.8x107% 5.3x107%3
Capture cross section for hole [cm?] 110" 110" 110" 1108
Acceptor-like dangling bond states
Capture cross section for electron [cm?] 110" 110" 110" 110"
Capture cross section for hole [cm?] 1x10™" 1x10™" 9.8x10™ 1x10"2
Tail states parameter
Epc/Eac [eV] 0.01/0.01 0.01/0.01 0.01/0.01 0.01/0.01
o/ ¢[eV] 2x10%/ 2x10%/ 2>10%/ 110"/
2107 2107 2107 110"
Donor-like dangling bond states
Capture cross section for electron [cm?] 1x10™ 1x10" 1x10" 110"
Capture cross section for hole [cm?] 110" 1x<10™" 1x<10™" 1x10"
Acceptor-like dangling bond states
Capture cross section for electron [cm?] 110" 110" 110" 110"
Capture cross section for hole [cm’] 1x10™" 1x10™" 1x10™" 110
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Table 3.3 Parameters for electrode interface

Parameter [unit] Top cell Bottom cell

Front Contact

po=Ec-Er at x=0 (Surface) [eV] 1.05~1.55 0.00
Surface Electron recombination at x=0 [cm/s] 1.00x10’ 1.00>10’
Surface hole recombination at x=0 [cm/s] 1.0010’ 1.00x10’
Reflection coefficient 0 0.03
Back contact
o =Ec-Ef at x=L (Surface) [eV] 0.10 0.90
Surface Electron recombination at x=L [cm/s] 1.0010’ 1.00x10’
Surface hole recombination at x=L [cm/s] 1.0010’ 1.00x10’
Reflection coefficient 0.9 0.9
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3.3.1 Dependence of Intrinsic-layer thickness and optical band gap for a-Si:H solar cell

Figure 3.1 shows the simulation results of a-Si:H solar cell performance as a function of
intrinsic absorber layers’ thickness and optical band gap. From the results, as increasing
optical band gap, short-circuit current (Js;) has decreased, open-circuit voltage (Voc) and
fill factor (FF) has increased. As increasing band gap, optical band gap, the number of
excited photon has been increasing because it has transmitted not absorbed. Also in
wider band gap, internal electrical field has been increasing so recombination rate is
declined. So that reversed saturation current is lower, V. would be increasing. So, when
band gap is become wider, V. is increasing. Then thickness dependence simulation
results will be introduced. As seen in fig.3.1, short circuit current (Js) is increased.
When the absorber layer thickness is thicker, light has been absorbed effectively. On the
other hand, as increasing thickness of intrinsic layer, open circuit voltage (Vo) slightly
decreased and fill factor (FF) quite bigger drop. The reason of this drop tendency might
be assumed that when intrinsic thickness is thicker while band gap maintained
constantly, the internal electric field which insides in intrinsic layer are weak and the
rate of recombination is increasing. So the intrinsic layer thickness will be deeply

related quality of intrinsic layer.
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3.3.2 Dependence of Intrinsic-layer thickness and optical band gap for CIGS solar cell

Figure 3.2 shows CIGS solar cell performance with various band gap and absorber layer
thickness. First, band gap dependence of solar cell performances is considering. Similar
to a-Si:H solar cell performance, short-circuit current is decreased, otherwise open-
circuit voltage and fill factor are increased as increasing band gap. However for fill
factor, when band gap Ey = 1.4 eV calculated lower fill factor value when band gap Eg =
1.3 eV. Also increasing of absorber layer thickness, short-circuit current and open-
circuit voltage are slightly increasing, but fill factor has been dropped. So as same as a-
Si:H solar cell calculation, thickness of absorber layer is depended on quality of
absorber layer. In figure 3.3, 3.4, and 3.5 shows band diagram, internal electric field,
the rate of recombination/the rate of generation distribution when band gap Eq = 1.2
eV with different absorber layer thickness. In figure 3.3, band diagram do not change
even though absorber layer thickness has changed. But, in figure.3.4 internal electric
field became weaker while band gap has kept constantly. Further area from pn junction
has generated photo excited electron-hole pair collection and it has affected. So that the
reason of fill factor decreasing could be considered that electron-hole pair generation

rate (soled line) has smaller than recombination rate (dot line) in figure 3.5

75



50 . - T - T

®
[ ]
[ ]

40
30

[ ]
®
[ ]

Jsc (MA/cm?)

20 | L | L |

0.8
0.6

Voc (V)

: — {[® Eg=1.0ev
04 L : L : ' Eg=1.1eV

Eg=12 eV
0.85 . ' . ' . Eg=13 eV

e— || ® Eg=l4eVv

FF

0.8

0.75 ' : ' : '
21 T T T T T
20}
19}
18f
17}
168

EfF (%)

\

1000 2000 3000
Thickness (nm)

Figure 3.2 CIGS Solar cell performance with various intrinsic absorber thickness (nm)

and optical band gap (eV)

76



2 T T I
L L
N N ]
—
>
3 —
N N
> Ev
-
[<B] ]
c
L
—_—1
thickness 2um
| . —3
1 2 3

Distance from electrode/Zn0O interface (u« m)

Figure 3.3 Band diagram dependence by absorber layer thickness

(Illuminated, Applied Voltage=Vmax )

10° . . .
5 100l l
s | i
L=
@ 102} -
Lo )
2 - s .
g 100} r— -
- —_—1
L [ thickness 2 um 7

-2 . - |
10 0 1 2 3

Distance from electrode/ZnO interface (1 m)

Figure 3.4 Internal electric filed diagram depended by absorber layer thickness

(IMluminated, Applied Voltage=Vmax )

7



| T |
Generatipn _
- = = = Recombination

o1
thickness

Recombination ang Generation
rate (/cm’/s)

16 . | . | . L
100 1 2 3

Distance from electrode/ZnO interface (x m)

Figure. 3.5 Recombination/generation rate dependency by thickness of absorber layer
soled line indicated generation rate and dot line indicated recombination rate

(Illuminated, Applied Voltage=Vmax )

78



Table 3.4 The simulation solar cell performance for a-Si:H

Ey (eV) Thickness | Jsc (MA/cm?) | Voc (V) FF Eff (%)
(nm)
15 300 22.42 0.702 0.718 11.29
1.75 500 17.87 0.949 0.732 12.41
2.0 500 12.37 1.205 0.758 11.30

Table 3.5 The simulation solar cell performance for CIGS

Eq (eV) Thickness | Jsc (MA/cm?) | Voc (V) FF Eff (%0)
(nm)
1.0 2000 42.58 0.523 0.782 17.41
1.1 2000 38.52 0.614 0.802 18.98
1.2 2000 34.25 0.710 0.815 19.83
1.3 2000 30.59 0.820 0.807 20.24
1.4 2000 27.58 0.876 0.819 19.79

In case of a-Si:H and CIGS solar cell, theoretical analysis solar cell performance
shows table 3.4 and 3.5. In case of a-Si:H solar cell results shows that absorbed photons
are increased when band gap is narrow, so thinner intrinsic absorber layer would be
fine with a-Si:H solar cell. Also in case of CIGS sola cell results, the best thickness is

2000nm with all range of absorber layer band gap.
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3.4 Theoretical Analysis of Thin film solar cells with Full spectrum splitting

technique

Now we are ready to analysis about solar cell performance with spectrum splitting

technique. Previous section, we calculated the best of both soar cell under various

parameters. So now, the spectrum splitting solar cells performance was theoretically

demonstrated. Therefore, in this study, the splitting wavelength was varied from 500 to

800 nm as a main parameter. For the calculation, the solar irradiance spectra were

simply divided into two parts at |, in the photon flux input files, and those in the short

wavelength regions were used for the calculation of a-Si:H top cell and the rest for

CIGS bottom cell.

Table 3.6 Incident conversion wavelength range to top and bottom cell

Conversion wavelength (nm) 510 610 710 810
wavelength range to top cell 380~500 380~600 380~700 380~800
wavelength range to Bottom cell 520~1240 620~1240 720~1240 820~1240

First, incident wavelength property has been studied when the light has been split. From

the simulation AMPS-1D is able to change photon flux of incident wavelength 380nm

to 1240nm, so the range of incident wavelength has changed as presented in Table 3.6,
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3.4.1 Simulation results of amorphous silicon solar cell by Spectrum splitting

Figure 3.6 shows the simulation results of top solar cell performance under various
splitting wavelength and band gaps of active layers. As can be seen from these figures,
the Jsc of both cells strongly depend on the splitting wavelength. Short-circuit current
has increased when splitting wavelength goes to long wavelength region. But Jsc
increased at splitting wavelength 600nm then above 600nm, short-circuit current kept
constantly when band gap Eg=2.0eV. Also when band gap Eg=1.5eV, the short-circuit
current kept increasing. This tendency related absorbed photon energy and intrinsic
optical band gap. For detail, in case if wide band gap (Eg=2.0eV) shows constantly
short-circuit current values above splitting wavelength 600nm because absorb range has
around 600nm, so incident light wavelength region has increased to long wavelength.
So the short-circuit current has kept constantly at certain range of wavelength. On the
other hands, open-circuit voltage indicates almost same value at all splitting wavelength

region.

81



25 T ' T ' T ' T

NE 20:_ / ]
§ 15-_ /: —e B
g o ]
= 0 1 , 1 , 1 , 1
1.5 . - T - T - T
’5 —— —e ® °
< b |
O
> o — 06— ——— L]
05 1 \ 1 1 1
08 T I I I

o 0.75F \ |
0.7 | L | L | L |
15, . | | T

< 10f -

= ]

W 5F ® 15¢V,300m H

3 1.75 eV, 500 nmj -

0: IO 2.Qev SOQnm ]

500 600 700 800
Splitting wavelength (nm)

Figure 3.6 Simulation results of (a) a-Si:H top cells of spectrum splitting configuration

as a function of bandgaps and splitting wavelengths.

82



g 1023 T T T T T : T

g Generation

S 10% \ - - - - Recombination

I

g 1021 \ - ]
10208 ™ N - T i

§ E 019;

S 2 10 s

£5 107 ® 800 ]

o

g 1017' ;Lsplitting 288 nm " 1

D 1016 200 . ! . ! . 0

ad 0 0.1 0.2 0.3 0.4 0.5

Distance from TCO/p-layer interface ( u m)

Figure 3.7 Recombination/generation rate dependency by various spectrum splitting
wavelength soled line indicated generation rate and dot line indicated recombination
rate

(Illuminated, Applied Voltage=Vmax )

2 - T - T - I - I - I
— 800
700
A splitting 6oo M
1- —— 500 i

Energy (eV)
P

1k
_/\f—\ —

20 01 02 03 04 05
Distance from TCO/p-layer interface ( . m)

Figure 3.8 Band diagram dependence by various spectrum splitting wavelength

(IMuminated, Applied Voltage=V max )

83



[HEN
o
o

T |

F_ — 500 E
E -' ;Ls littin 600 nm
I
>
< 10° - E
=R ;
o f E
N -
QO -‘ . f/ i
2 ol E
Ll

103

1 ] 1 ] 1 ] 1 ] 1 ]
0 0.1 0.2 0.3 0.4 0.5
Distance from TCO/p-layer interface ( « m)
Figure 3.9 Internal electric filed diagram depended by various spectrum splitting
wavelength

(IMluminated, Applied Voltage=Vmax )

For fill factor (FF) shows top and bottom revered formation by short-circuit current
graph. In figure 3.7 represented recombination/generation rate in order to find the
reason. When band gap Eg=1.75eV, and thickness 500nm, the recombination/generation
rate and electrical field distribution depended by splitting wavelength has been studied
in figure 3.8 and 3.9. At this point, the applied voltage has maximum point. Otherwise,
the detailed band diagram and internal electric field depended by various spectrum
splitting wavelength has been studied. From the figure 3.8, as longer splitting
wavelength region, generated photon carrier has been increased. As like this, in intrinsic

layer, the recombination rate also increased. However, absorber layer band gap is
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Eqg=1.75eV at 710nm, even though the splitting wavelength has been longer, other
change has not confirmed. As change of splitting wavelength, the generated photons are
increased, therefore as confirmed from band diagram and internal electric field figure,
intrinsic layer electric field has been weaker so it might explain decrease of fill factor

loss.

3.4.2 Simulation results of CIGS solar cell by Spectrum splitting

Figure 3.10 shows bottom solar cell performance under the various thickness and band
gap. As placed longer splitting wavelength, the short-circuit current has been increased
because of when the splitting wavelength increased, absorbed photons are increased as
well. also the open circuit voltage has slightly increased and the fill factor has quite
increased. As the wider band gap, fill factor also has increased. No matter the results of
short circuit current and open circuit voltage and fill factor, the conversion efficiency
has increased when the splitting wavelength has moved short wavelength region. In
order to study of fill factor decreased, the generation/recombination rate inside has been
studied. In figure 3.11, shows the relationship with recombination rate when the band
gap Eg=1.1eV and the splitting wavelength. As same like top cell simulation results, the
applied voltage has maximum point. Also figure 3.12 and 3.13 shows band diagram and
electric filed. At splitting longer wavelength, numbers of absorbed photons are
decreased then recombination rate also decreased by back side of electrode. There for,

in figure 3.13 shows the back side of electrode shows weak internal electric field, so it
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could be considering that the reason why fill factor decreased is the generation and
recombination rate has huge decreased. Also in case of CIGS solar cell, the incident
light spectrum limited at longer wavelength, CdS layer has not absorbed sufficient
photon, so ZnO / CdS (buffer) / CIGS interface band change has small, the barrier

become high level by electron, so open circuit volatage and fill factor also decreased

[31].
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Figure 3.14 shows the simulated total efficiency of the solar cell performance in figure
3.15. This is the case that Eg and thickness of a-Si:H was 2.0 eV and 500 nm, and E4 of
CIGS was 1.1 eV. The total efficiency which combines top cell with wider band gap
achieved higher total efficiency. It should be noted here that it is possible to obtain the
total efficiency of as high as 24.1% at the splitting wavelength of 600 nm. The best
photovoltaic parameters are listed in table.3.7 It was observed that the total Js. of both
cells are higher than that of stand-alone bottom cell. It means that splitting technique is

much promising to use the spectrum efficiently.
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Table.3.7 Calculated photovoltaic parameters of spectrum splitting solar cells with a-

Si:H top and CIGS bottom cells.

Jsc Eff.

Cell Vo (V) (mAJem?) FF %)

Top 1.20 11.7 0.760 10.7
Bottom 0.607 27.9 0.790 13.4
Total — _ — 241
Stand-alone a-i:H | 121 12.4 0.758 | 11.30
Stand-alone cIgs | 0-614 385 | 0.802 | 19.0
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3.4 Summary

In this chapter, the theoretical analysis of a-Si:H and CIGS solar cells parameter in
order to find best solar cell condition for spectrum splitting. Then we found for the a-
Si:H solar cell when the band gap is Eg=1.75eV and the thickness 500nm, for CIGS
solar cell when the band gap 1.3eV and the thickness 2000nm have best calculated
solar cell performance (a-Si:H =12.41% and C1GS=20.29%). Then using this solar cell
parameter, we studied about splitting wavelength dependence with various band gap for
each cell. From these results, we finally got 24.1% simulation results when the splitting

wavelength is 614nm.
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Chapter 4

Fabrication of a-Si:H solar cell for

Application of Spectrum Splitting Top cell
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4-1 Introduction

In Chapter 3, the numerical analysis of amorphous silicon based solar cell and CIGS
solar cell with spectrum splitting method to investigate the most preferred band gap and
thickness combination were demonstrated splitting wavelength as well. From this
theoretical study, it was found that a top cell with a band gap of 2.0 eV and bottom cell
with a band gap 1.1eV are required to achieve an efficiency of over 24%. First, to make
wide band gap of amorphous silicon based solar cell, low temperature and high
hydrogen dilution method are promising candidates to fulfill this requirement. Several
research groups have previously reported their studies on the properties of low
temperature and high hydrogen dilution [1]. This wide band gap film has been widely
used in p-i-n solar cell as: 1) a widegap intrinsic layer in multijunction solar cells, 2) a
wide-gap p-type window layer for a-Si:H cells, and as 3) a compositionally graded
interface buffer layer between the boron-doped p-type a-SiC:H layer and the i-layer in
a-Si:H solar cells [1]. In this chapter, we are committed to the fabrication of wide-gap
silicon films and solar cells without any source gases such as oxide and carbide. We
have systematically investigated a dependence of optical, electrical and structural
properties of silicon thin films and solar cells on hydrogen flow rate and substrate

temperature.

4-2 Experimental Details
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4-2-1 Fundamental Aspects of VHF-PECVD Technique

As briefly explained in chapter 2, PECVD technique is widely used for deposition of
silicon based thin films, such as a:Si:H, c-Si:H, and their alloy materials This deposition
method is also called “glow discharge deposition” because of the visible luminosity of
the plasma region. The first preparations of a-Si:H using PECVD method were
proposed by Chittick [2] as well as by Spear and LeComber in 1969 [3]. Figure 4.1
shows a schematic diagram of a typical PECVD chamber and its important parts. The
PECVD consist of two electrode plates (cathode and anode) located in the parallel, a
pumping system, heater, pressure controller and RF or VHF power supply. The substrate
is attached to a ground and is heated by a heater. The air inside the chamber is evacuated
by pumping system, which usually has a turbo molecular pump backed with a
mechanical pump. The chamber pressure is controlled by a control value. In the PECVD
process, a silicon source such as SiH4 or a mixture of SiHs+H; is introduced into the
vacuum chamber. An RF or VHF power line is connected to one electrode plate
(cathode) while the other plate connected to the ground (anode). By passing voltage
between the two electrode plates with low chamber pressure in the range of 0.005 to 10
Torr, depending on the geometry of the vacuum chamber, then the plasma will occur.
The plasma excites and decomposes the source gas and generates many radicals and
ions, and then the radical diffuse to the substrate and silicon film is grown in the surface.
The deposition process of RF-PECVD technique can be described as a four-step process
[4]. (i) The first step is the primary reaction between electrons and SiH4, which results
in the mixture of ions and free radicals. (ii) The second step is the transport of these

species to the surface of substrate, which is accompanied by multiplicity of secondary
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reactions, e.g., ion-molecule, photon-molecule. (iii) The third step is the reactions of
ions and free radicals with, or their adsorption onto, the surface of the substrate. (iv) The
fourth step is the process by which these species or their reaction products are
incorporated into the growing film or are re-emitted from the surface into the gas-phase.
In the PECVD process, there are many deposition parameters that affect the film quality,
such as the deposition pressure, RF power and frequency, substrate temperature, and
others. A good uniformity can be obtained by a low deposition pressure, while a high
deposition pressure is preferable for depositing c-Si:H materials In general, the typical
deposition pressure of a-Si:H is around 0.5 to 1 Torr. If the RF power is lower, the
deposition rate will drop and it is difficult to maintain plasma, however the higher RF
power leads to the increase in deposition rate and also a silicon polyhydride powder.
The typical RF power is set at around 10 to 100 mW/cm2 [5]. Moreover, the substrate
temperature is also an important factor for the quality of a-Si:H films. Normally the
substrate temperature is kept around 150 to 350 °C. In case of Si-based films that are
fabricated under lower substrate temperature, more H is incorporated in the films and
leads to the increase of optical band gap (Eop). If the substrate temperature is low (<150
°C), the silicon polyhydride will be formed unless a high H, dilution is used. In contrast,
with a high substrate temperature (>350 °C), Eopt is reduced because of less H
incorporation. The silicon films that are deposited at high temperatures show a high
degradation of material quality due to the small amount of hydrogen passivation
dangling bonds. The electrode spacing (distance between anode-cathode) gap is usually
set at around 1 to 5 cm for a-Si:H deposition. A small gap is needed for a uniform

deposition, while a wide gap is easier to maintain plasma. Since the conventional RF-
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PECVD technique has a low deposition rate, the VHF-PECVD technique was first
developed by a group at Neuchatel in order to improve the deposition rate of a-Si:H
films [6-2]. In this technique, the plasma excitation frequency is increased from the
conventional RF (13.56 MHz) to the VHF range (30-200 MHz). It has been reported
that the deposition rate increased linearly with an increase of frequency [9]. A higher
deposition rate (5-10 times) is achieved for a-Si:H which are deposited under the same
plasma power as conventional RF-PECVD [6, 9-11]. In addition, the VHF-PECVD
shows a higher deposition rate of more than 1 nm/s without making polyhydride which
is found when deposition rates are increased by increasing the RF power at a low
frequency. A higher deposition rate is needed to obtain a lower production cost of a-Si:H
based solar cells. The reasons for the higher deposition rate and powder-free for a-Si:H
materials deposited by VHF-PECVD technique are not clear yet. At present, it is
assumed that the advantageous effect is due to an enhancement in the high energy tails
of the electron energy distribution function of plasma [9,11-12]. It has been reported
that the a-Si:H single junction solar cells with the i-layer fabricated by VHF-PECVD
with a high deposition rate (1 to 2.5 nm/s) showed less degradation, around 10 to 20%
[13]. Moreover, a-Si:H solar cells fabricated under high VHF power condition, which
means a high deposition rate, show superior performance and stability than solar cells
with intrinsic layers deposited in the same deposition condition at a high deposition rate
using a conventional RF plasma [13]. In addition to the high deposition rate, a low ion
bombardment is another attractive feature of the VHF-PECVD technique. Chatham et al.
have found that the mean ion energy (ion bombardment) decreases with increasing the

plasma excitation frequency [14]. Besides, an excitation frequency larger than 50 MHz
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prevents the occurrence of Si ions energies, as shown in Fig. 4.2 [15].
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Figure 4.1 Estimated peak Si-ion energies for SiH4 plasma as a function of excitation

frequency [15]
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The disadvantage of VHF-PECVD technique that suppresses applications in the
manufacture of large-scale area solar modules for both a-Si:H and c-Si:H is the un-
uniformity of films. This reason is attributed to the standing waves which may be
formed on the electrode. In general, if the RF electrode has a single feed point on one
side, a standing wave may occur if the electrode has a length of /4 or smaller ( =
wavelength). For example, at 13.56 MHz RF-PECVD, the wavelength is 22.0 m, which
does not limit the size of the area to be coated. However, if the frequency is higher than
60 MHz, the effect of standing waves becomes dominant in large area (~1.0 m2)
deposition. Therefore, the multipoint feeding of the VHF power with equal amplitude
and phase improves the homogeneity of the VHF potential [11]. By using this new
concept for the electrode, i.e. ladder shape or antenna, the problem of uniformity has
been solved and large area solar modules have been fabricated [16,17]. From the above
explanation, it is clear that the VHF-PECVD technique is beneficial for a-Si:H
deposition. The same results, i.e. a better film quality compared to the conventional RF
technique, also can be expected in a-Si:H alloys deposition, including a-SiC:H film

deposition covered in this study.
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Figure 4.2 Schematic diagrams of scattering effect on textured glass.

4-2-2 Experimental setup

Silicon films were prepared with very high frequency plasma enhanced chemical vapor
deposition (VHF-PECVD, 60MHz) has been used in this experiment. Gas mixture of
silence (SiH;) and hydrogen (H,) were used. Two types of substrates have been
prepared. For the Transparent conductive oxide (TCO) films, the glass substrate
covered with fluorine-doped thin oxide (SnO,:F) which is called Asahi VU type glass,
and boron-doped znic-xoide (ZnO:B) deposited by metal organic CVD (MOCVD)

technique were maianly used in this study. The main feature of these TCO films is that
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they have naturally textured surface after film deposition, which works for light
scattering effect in figure 4.2. Figure 4.3 shows a schematic diagram of the MOCVD
system used in this study. ZnO films were carried out with the diethylzinc (DEZ) and
H20 as reactant gases. They are contained in bubbles and kept in temperature-
controlled baths. These reactant gases were bubbled with purified Ar gas. To obtained
high conductivity, B2H6 gas was also attemted as a n-tyype dopant resource. ZnO films
were deposited on corning 7059 glass substrate. They an attractive feature of VHF-
PECVD is the 5~10 times higher deposition rate than that of RF-PECVD for silicon
films and high film quality owing to weakened ion bombardment, which is commonly
thought to contribute to lower production cost of a-Si:H based thin film solar cells [18].
The maximum achievable deposition rate is system dependent, where proper impedance
matching of rf power to the glow discharge crucial. Figure 4.4 illustrate the photograph

of VHF-PECVD system.

103



L ] Compound Gauge

4 Substrate
Heater

H,O DEZn

.l, Gas Scrubber

ivrc|  [mEc|  [MEc]

Ar B.H, (1% in H,)

Figure 4.3 Schematic diagrams of the MOCVD apparatus

The system has 5 separate chambers, which are load lock chamber, p-chamber, i-
chamber for amorphous silicon films, n-chamber, and i2-chamber for microcrystalline
silicon film deposition. The back pressure is as low as 10 pa. The deposition pressure
in the chamber can be controlled in the range of 0~1000 Pa. during deposition,
hydrogen flow rate, and substrate temperature and deposition pressure were
systematically varied while VHF power density and distance between substrate and

electrode were kept constant at 65 m\W/cm2 and 2 cm, respectively.
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The absorption coefficient and thickness of the films were obtained by spectroscopic
ellipsometry (SE). For the measurement, electromagnetic radiation is emitted by light
source and linearly polarized by a polarizer. When light is reflected or transmitted by
samples, the p-polarized (parallel to the plane of incident) and s-polarized
(perpendicular to the plane of incident) light waves depending on the oscillatory
direction of its electric filed and shows different behavior. In this study, the angle of
incidence is changed from 50<to 70 “by 10 “and then the complex reflectance ratio, p

(complex quantity) is measured.

p=:2=rtan(¥)e™ (4.2)

Where 7, is the amplitude of the p-polarized light, 7, is the amplitude of the s-

polarized light, ¥ is the amplitude component and A is the phase difference between
incident and reflected light. The resulting phase difference is relevant to the electric
dipole oscillation in a dielectric and its thickness. Therefore, dielectric function (g) ,
extinction coefficient (), thickness (d), of samples is attained. With the result obtained
optical bandgap (Eqp) Of films was calculated by the method established by Tauc. et
el[8]. For silicon thin films (~ hundreds of nanometer), absorption coefficient at
longer wavelengths, which is relevant to defect absorption, is around 1 cm™, leading to
an absorbance value of 0.1 to 0.2 %, i.e., only about 10 of the incoming light absorbed

by the thin silicon layers. Thus, it is not possible to measure such low absorbance values
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with the usually and conventional type of photospectrometer, which are based on
transmission and reflection measurement. Such a low value of absorbed light will be
totally marsked by measurement errors [19]. Then raman spectroscopy is a
spectroscopic technique used to study vibrational, rotational, and other low frequency
modes in a system. Raman scattering is inelastic scattering of phonon. The laser light
interacts with molecular vibrations, phonons or other excitations in the system, resulting
in the energy of the laser photons being shifted up or down. Raman shifts are, therefore,
affected by vibration of the electronic polarization for constituents in the films which
depend on the bonding structure of a sample can be examined by using the technique. A

532-nm Ar-laser was used as an excitation source for raman measurements.

The dark and photo conductivities of the films were characterized by J-V measurement
using Al coplanar electrodes. The photo conductivity of films and photo J-V
characteristic of solar cells were measured under standard 1-sun illumination (AM 1.5,
100mW/cm?). The p-i-n structures solar cells with an area of 0.086cm?  were fabricated
on Eagle XG glass substrates. The solar cell has structure of glass/ZnO:B/p-a-SiC:H/i-a-
Si:H/n-pc-SiO:H/Ag/Al, as shown in figure 4.5. Each of p, i and n layers are prepared in
the separated chambers to avoid contamination. After the deposition of Ag/Al electrodes
with and area 0.086cm™ , the sample was moved to reactive ion etching (RIE) system to
remove the rest part of Si layers outside of the Ag/Al electrodes under Ar plasma until

transparent conductive oxide was exposed to clearly define the area of solar cells.
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Corning glass

ZnO:B 1um

p-a-SiC:H 2.1eV, 10nm

i-a-Si:H 1.9¢eV, 300nm

n-pc-SiO:H 30nm

Electrode Ag/Al

Figure 4.5 The solar cell has structure of glass/ZnO:B/p-a-SiC:H/i-a-Si:H/n-pc-

SiO:H/Ag/AL,

Thus, an overestimate of current density of solar cells under illumination, which is
contributed by current generated outside the define area of solar cells, is prevented. The
quantum efficiency (QE) measurement was also carried out to examine the spectral
response of the solar cells. also, the QE measurement was explored under bias voltages
in order to diagnose solar cell performance. For the figures having point data, guide

lines obtained by liniear/ parabolic least squares fitting methods. [14,15] are included to
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find the best fitting curve to given set of points by minimizing the sum of the squares of
the vertical offsets of the point from the curves and, thereby, to provide an error estimate.
The vertical least squares fitting proceeds by finding the sum of the squares of the

vertical derivation R? of a set of n data point from a function f(x).

R? = ?:1{)’1’ - f(xl-, a1,a2,.....,an)}2

Where, x;, and y; demotes data points.

For a linear fit,

flay, ay) = a; + ayx;

For a parabolic fit,

f(ay,a,as,..an) = ay + ApX; + AzXZ + e e A X]

The condition for R?to be a minimum is that,
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d(R?) _
6ai -

In this thesis, n=3 is chosen for a parabolic fit.

4-3 Deposition of a-Si:H thin film using VHF-PECVD

4-3-1 Effect of substrate temperature

As remarked above, it is necessary to investigate the effect of Ts of i-layers on soar cell
performance more systemically. In figure,4.4 , Eqp of the a-Si:H films are shown with
different substrate temperature. The a-Si:H film fabricated under substrate temperature
250C is the i-layer used for the solar cell fabrication. From the figure, it is clearly seen
that Eopt of the sample increases with decreasing substrate temperature. One of the
reasons for this behavior is reduced hydrogen effusion at low substrate temperature (low
hydrogen content), which is due to the decrease in kinetic energy of the species on the

film surface during the growth [20-23].
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Figure 4.6 J-V curves for different substrate temperature for solar cell

Table 4.1 Solar cell performance by different of substrate temperature

Jsc (MA/cm?) Voc (V) FF Eff (%)
200C, (1.75eV) 14.86 0.874 0.733 9.52
150C, (1.9 eV) 14.3 0.982 0.71 10.04
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4-3-2 Effect of hydrogen dilution.

The use of strong dilution of silane by hydrogen has attracted special attention for the
fabrication of a-Si:H solar cells, because such cells show a reduced lightinduced
degradation. Increasing the dilution of the silane by hydrogen even further leads to a
morphological transition of the material into hydrogenated microcrystalline silicon ~uc-
Si:H. The latter material has also recently acquired a considerable interest as a
photovoltaically active material. In this experiment, we set 4 different SiH/H; ratio and
each solar cell performance presented in table 4.2. and these electrical and optical

properties presented in figure 4.7 and 4.8.

Table 4.2 Solar cell performance by different of SiH4/H; ratio

Sil—_l4/H2 Voc(V) Jsc(mA/cm2) FF Eff.(%0)
ratio

R=6.25 0.95 14.44 0.72 9.98
7.5 0.98 14.24 0.67 9.28
8.75 0.98 14.16 0.69 9.52

10 0.97 13.75 0.59 791
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Figure 4.7 J-V curves for by various SiH4/H, ratio for solar cell
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Figure 4.8 Quantum efficiency by various SiH4/H, ratio
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Our measurements indicate that electrical properties shows in figure4.7 and the lowest
SiH4/H, ratio has best solar cell performance (Voc=0.95V, Jsc=14.44mA/cm?.FF=0.72
and Eff. =9.98%) but otherwise from the quantum efficiency, the lowest SiH4/H, ratio
has poor response at 400~550nm region. But for highest SiH4/H; ratio has good photo
response at short wavelength but it has poor electrical properties. For highest SiH4/H,
ratio of absorber layer has transition for microcrystalline so it has good quantum
efficiency and poor electrical properties. So it is very important to find proportionality
constant between the integrated absorption strength of the rocking fully amorphous
layers deposited at moderate dilution and is additionally applicable to the

microcrystalline layers deposited at high dilution

4-3-3 Dependence of TCO substrates

The important TCO semiconductors are impurity-doped ZnO, In,O3, SnO; and CdO, as
well as multi-component oxides consisting of combinations of ZnO, and SnO,. F doped
SnO, TCO thin films are the preferable materials for most present applications. At
present, ZnO and SnO, are using as thin-film transparent electrode applications. The
best candidates are ZnO:B thin films, which the resistivity could be as low as 10*cm,
and their extinction coefficient k in the optical visible range (VIS) could be lower than

0.0001, owing to their wide optical band gap (Eg) that could be greater than 3 eV.

So most common material for TCO substrate for solar cells are SnO,and ZnO. In figure
4.9 the solar cell quantum efficiency has compared by different TCO substrate. so far,
ZnO:B adopted as TCO material for this research solar cell, however since ZnO has
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lower band gap (3.3eV) than SnO, (3.7eV), this difference is very critical issue
especially for application top cell which is required good response at short wavelength .
so instead of ZnO, SnO, substrate has been prepared which was sold Asahi glass
company named Asahi-VU types. It has very specific texture on surface to helps

effective light scattering.

Quantum Efficiency

500 600 700 800

Wavelength (nm)

0.0 '
300 400

Figure 4.9 Quantum efficiency by different type of TCO substrate a-Si:H solar cell red

is ZnO, black is SnO, (absorber layer thickness both 300nm)
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® Effect of etched SnO,:F TCO substrate

To further increase the performance of this spectrum splitting type solar cell, the top cell
(a-Si:H) with high open circuit voltage (Vo) and good response at the short-wavelength
has to be developed. To achieve better response at the short-wavelength, transparent and
conductive oxide (TCO) with wider band gap [25] such as tin oxide (SnO,, 3.6 eV) has
been considered instead of zinc oxide (ZnO, 3.3 eV). In figure 1, comparison of external
quantum efficiency (EQE) data for ZnO and SnO, as the front electrode has shown. As
can be seen, solar cell with SnO, front TCO has higher photo response at the short-
wavelength [26, 27]. Asahi VU glass (SnO,:F, 700nm) substrates have been used. These
Asahi VU glass has certain texture on surface. In order to flatten Asahi VU substrates,
these textured SnO; substrates were etched by a standard reactive lon Etching (RIE) in
Ar environment. The details of RIE etching condition are as follows: Ar flow rate 10
sccm, radio frequency (rf) power supply with an operation power of 100W, chamber
pressure was held constant at 4 Pa and etching time was varied from 10 and 20 min.
Using these etched substrate, p-i-n type a-Si:H solar cells with a 1.9 eV absorber layer
and area of 0.086 cm? have been fabricated. The solar cell structure of
glass/SnO,:F/hydrogenated amorphous silicon carbide for p layer (p-a-SiC:H, 2.1eV,
30nm)/buffer/hydrogenated amorphous silicon for intrinsic layer (i-a-Si:H, 1.9eV,
300nm)/hydrogenated microcrystalline silicon oxide for n layer (n-uc-SiO:H, 30nm)/

Ag/Al was used. In order to get wider band gap solar cell, low temperature 150 C and

high H, dilution (SiH4/H,= 8.5) conditions have been employed to get absorber layer
while the inter-electrode distance, very high frequency (VHF) power density and

chamber pressure were kept constant at 2 cm, 1 mW/cm? and 50 Pa, respectively
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VU glass (SnO,:F)700nm

Ar etchina bv RIE
p-a-SiC:H 2.1eV, 10nm

i-a-Si:H 1.9eV, 300nm

N-pc-SiO:H 30nm

Electrode Ag/Al

Figure 4.10 The solar cell has structure of glass/SnO,:F/p-a-SiC:H/i-a-Si:H/n-uc-

SiO:H/Ag/AL,
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Figure 4.11 the surface morphology image by AFM as increasing Ar etching time on

Asahi VU (SnO,:F) TCO substrate
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First, surface morphology with different etching time on VU glass substrate was
observed by atomic force microscopy (AFM) as shown in Fig.4.11. The root mean
square (RMS) of etched VU glass became lower from 41 nm, down to 25nm and 20 nm
when Ar etching time 20 min. The tip of the texture on etched glass became round
shape as well. Then using these etched glasses, amorphous solar cells have been
fabricated. The performance of Solar cells is presented in Table 4.3. As increasing
etching time on VU glass substrate increased, V. increased. However FF and short
circuit current (Jsc) decreased as shown in figure 4.12 and its quantum efficiency
presented in figure.4.13. For longer Ar etching effected electrical property especially
its short-circuit current because the texture has been smooth and effect of light
scattering became weaker. So photons are decreased in absorber layer. Otherwise as we

expected the open circuit-voltage increased as increasing of etching time.

Table 4.3 Solar cell performance by different Ar etching time on Asahi VU substrate

etching time | Jsc (mA/cm?®) | Voc (V) FF Eff (%0)
Omin 14.759 0.943 0.65 9.11
10min 14.024 0.978 0.63 8.68
20min 11.763 0.998 0.58 6.76
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Figure 4.14 Cross section image for the p-i-n solar structure ( glass/SnO,:F/ p-a-
SiC:H/i-a-Si:H/n-puc-SiO:H/Ag/Al on Asahi VU (SnO;:F) substrate (a) is no Ar

treatment SnO,:F substrate and (b) is 10 min Ar etching treatment SnO,:F substrate

®  Effect of bi-layer of SnO,:F/ZnO:B TCO substrate

However, since SnO, can be easily damaged by hydrogen plasma [28], we have also
studied the application of multilayer SnO,/ZnO substrate. Furthermore, it is generally
known that the haze of TCO film affects the cell Voc substantially because when the
surface is rough, effective p-layer thickness is thinner and it led lower Voc [29]. So in
this study we consider how to smoothen the TCO surface by Ar plasma treatment in
order to obtain higher Voc. Flatter TCO can lower the collection efficiency at the longer-
wavelength, but this will not affect the performance of the top cell so much since it is

focused to use the light at the short-wavelength. Then for multilayer (SnO,/Zn0O)
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substrate, ZnO films were deposited onto the etched Asahi VU glass by metal organic
chemical vapor deposition (MOCVD) technique. Thickness of the ZnO films was about
100 nm. Using these etched substrate, p-i-n type a-Si:H solar cells with a 1.9 eV
absorber layer and area of 0.086 cm? have been fabricated. The solar cell structure of
glass/SnO,:F/ZnO/hydrogenated amorphous silicon carbide for p layer (p-a-SiC:H,
2.1eV, 30nm)/buffer/hydrogenated amorphous silicon for intrinsic layer (i-a-Si:H, 1.9eV,
300nm)/hydrogenated microcrystalline silicon oxide for n layer (n-pc-SiO:H, 30nm)/

Ag/Al was used. In order to get wider band gap solar cell, low temperature 150 C and

high H, dilution (SiH4/H,= 8) conditions have been employed to get absorber layer
while the inter-electrode distance, very high frequency (VHF) power density and

chamber pressure were kept constant at 2 cm, 1 mW/cm? and 50 Pa, respectively
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Figure 4.14 the surface textured image by SEM as increasing Ar etching time on Asahi

VU (SnO,:F)/Zn0O:B bilayer of TCO substrate
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Figure 4.15 the surface textured image by SEM as increasing Ar etching time on Asahi

VU (SnO,:F)/ZnO:B bilayer of TCO substrate
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Figure 4.17 sheet resistance of bi-layer of TCO substrate by various Ar etching time

on Asahi VU VU (Sn0O,:F)/ZnO:B bilayer of TCO substrate
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Table 4.3 Solar cell performance and series resistance by different Ar etching time on

Asahi VU substrate

Etching | Voc(V) Jsc(mA/lcm?) | FF Eff.(%) Rs(Q-cm?)
time

Omin 0.940 14.661 0.73 10.09 9.7719E-01
10min 0.969 14.602 0.712 10.08 1.2120E+00
20min 0.975 13.742 0.699 8.99 2.7174E+00

Using etched conventional VU glass, thin layer of ZnO has been deposited and the
thickness is 100nm. Surface image checked by SEM by different etching time, as
increasing Ar etching time in figure 4.15Then optical and electrical properties of these
multilayers are measured. Transmittance of multilayers is shown in fig.4.14 and around
350nm wavelength, ZnO checked. Then sheet resistance (Rsn) measured in Figure 4.17.
Then structures of amorphous silicon solar cells are fabricated on multilayer substrate.
Solar cell’s performances are presented in Table 2. And J-V figure 4.16. As similar to
the results of etched VU glass, V. increased, but FF and Js decreased. This may come
from the fact that the surface of  multilayer SnO,/ZnO was flat with longer etching
time. So that effective p-layer thickness became thicker and this increased the V. This
may come from the fact that the surface of multilayer TCO was flat with longer etching
time so that effective p-layer thickness became thicker and this increased the Vo. On
the other hand in Fig. 4 17 presented sheet resistance (Rsn) of TCO. As can be seen from
that figure, Rq, was increasing as increasing of etching time. This can increase the series

resistance (Rs) in table 2 of solar cells and these series resistance makes lower FF. even
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though solar cell performance decreased as increasing of etching time. However, overall
performances of solar cells were better with multilayer of SnO,/ZnO glass comparing to

the one fabricated on conventional VU glass substrate.

4.4 Summary

To further increase the performance of this spectrum splitting type solar cell, the top cell
(a-Si:H) with high V,. and good response at the short wavelength has been studied. To
achieve better response at the short wavelength, SnO, with wider band gap has been
considered instead of ZnO. However it is found that it is better to cover SnO, with
ZnO in order to achieve higher performance. Furthermore, it is also found that high V.
with the same efficiency can be obtained by flattening the SnO, surface with Ar plasma
(10min). These results show that multilayer SnO,/ZnO substrate which its surface is
flatten by Ar plasma is suitable as front TCO for the top cell of spectrum splitting type

solar cell.
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Chapter 5

Optimization of a-Si:H Based Solar Cell for

Spectrum Splitting Technique
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5-1 Introduction

As introduced in Chapter 1, our final target is to develop the thin-film full spectrum
solar cells with low-concentration ratios. The main characteristics of these solar cells
are the multi-junction structure with thin-film materials, the four-terminal structure, and
low-concentration of sunlight. In this chapter, the four-terminal structure among them is
developed. Amorphous silicon and chalcopyrite materials are used as absorber layers of
top and bottom cells, respectively. Based on the simulation and experimental studies,

the results and the future potential are discussed.

5-2 Concept of Mechanically Stacked tandem structure

5-2-1 Two terminal and four terminal configurations

The thin-film full spectrum solar cells proposed in Chapter 2 are based on the multi-
junction structure with more than five absorber layers. The advantage of multi-junction
structure is to utilize the solar radiation spectrum effectively. In general, the incident
photon energy is much higher than the absorber’s band gap energy, the energy related to
the difference between two energies are released as heat losses. For the case of multi-
junction solar cells, the each component subcell absorbs photons whose energy is
corresponds to the band gap of each absorber. Then the thermal energy losses can be
much suppressed as increasing the numbers of junction of solar cells. There have been
many studies about various kind of multi-junction structure and the very-high

efficiencies of over 30% have ever been achieved with 111-VV compound semiconductor
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materials [1-7]. On the other hand, multi-junction solar cells have a disadvantage on the
current match. In a tandem structure each component subcell of multi-junction cells is
connected in series, and then the operating voltage is added up and the photocurrent is
limited to the smallest one of the component subcells. Once the photocurrent from each
component subcell does not balance, the limited Js. lowers the solar cells performance.
Therefore it is important to solve the problem of current mismatch and the solar cells
structure should be carefully determined.

We simply assumed above without preamble that the multi-junction solar cells consist
of two-terminal tandem structure. However, there are several imaginable tandem
structures of two-, three-, and four-terminal types [8] for multi-junction solar cells. For
the case of two-terminal type, the top and bottom cells are stacked and electrically
connected in series, and thus their photocurrents must be equal to obtain the optimum
output, even though they can achieve very-high efficiency as described above [1-7]. For
the case of three-terminal type, such a current match is not need to be achieved between
two main subcells because they are stacked but separately connected. Some reports have
shown the potential for high efficiency with this type [9-11]. However, an application of
three-terminal type cells to solar modules with high voltage operation is considered to
be hopeless because the connection scheme is complex due to extra subcell. The extra
subcells are needed to be connected in parallel to each three-terminal cell so that the
output voltage can be matched between the subcell 1 and 2 and furthermore the

photocurrent of the extra subcell must be same as that of subcell 2
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(a) Two-terminal
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Cell 2 Cell 2 Cell 2
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(b) Three-terminal
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(c) Four-terminal

Unit cell

Figure 5.1 Schematic diagrams of electrical connections of (a) two-, (b) three-, and (c)

four-terminal type solar cells for the case of series connected tandem cells.
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Meanwhile, for the case of four-terminal type, there is no need to get such
precise current and voltage matches. This requirement makes the range of optimum
band gap combinations for the two cells much larger. As an example, figure 5.2 shows
the comparison of calculated conversion efficiency of two- and four-terminal types by
using a-Si top cells and polycrystalline Si (poly-Si) bottom cells [12]. From these results,
one can see that achievable theoretical maximum efficiency of the a-Si/poly-Si two-
terminal tandem solar cells can be higher than that of a-Si//poly-Si four-terminal type.
This is because the results in (b) include the optical losses of 10% and 20% for the top

and bottom cells, respectively. Except for the optical losses, the four-terminal types get

predominance over the two-terminal ones as shown in figure 5.1Figure 5.1. Additionally,

by the reason that it is possible for four-terminal type cells to fabricate each component
cell independently, the combinations of the component cells become various without the
restriction of deposition techniques and temperature etc. There are some theoretical and
experimental reports that the candidates for the bottom cells of the four-terminal type
would be not only c-Si or poly-Si cells but also CulnSe; (CIS) or CdTe cells [9, 12-17].
In case of an application of four-terminal tandem solar cells to solar modules, the top
and bottom cells are separately connected in series as shown in figure.5.1 (c). However,
there are a few reports about the applications probably because there is a problem
related to the solar modules output whose voltages or photocurrents are limited by not
component cells but modules. It could be solved by using a boost chopper circuit which
adjusts the output voltages used in photovoltaic module system. The other one is to

design the voltage-matched electric circuit by the precise combination of series- and
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parallel-connections as some literatures [18,19]. If there problems can be overcome, the

chance of the four-terminal solar modules applications could become much larger.

(AML5, |00mW/ent,27°C)

20 2 Terminal Tandem 20

Eg of Bottom Cell (eV)
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Figure 5.2 Contour map of calculated conversion efficiency of (a) two- and (b) four-
terminal tandem cells as a function of bandgap energy of top and bottom cells.

The top and bottom cells are based on a-Si and poly-Si, respectively. [12]
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Figure 5.1 Calculated conversion efficiency of tandem solar cells as a function of band
gap energy of a-Si top cells with (a) c-Si and (b) CIS bottom cells. [13]

5-2-2 experimental result of four terminals mechanically stacked solar cell

The four-terminal solar cells have ever mostly been studied with mechanically-stacked
structure [9, 12-19]. Top cell which is semi-transparent with transparent back electrode
consists of superstrate configuration, and bottom cell consist of superstrate or substrate
one. The high potential of the mechanically-stacked four-terminal solar cells was
explained theoretically as described above, and has been proved. The total conversion
efficiency of the four-terminal cells is obtained by the sum of that of the semi-
transparent top cell and bottom cell. The total efficiency can and must be higher than

that of stand-alone bottom cell. The two cells are stacked with an optical coupler which
135
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optically connect and electrically insulate the component cells. The optical coupler is
optically transparent liquids [14], silicone oil [15], or polymer [16], etc. It has an
important role on optical losses of the four-terminal solar cells as W. Ma et al. [14] have
reported the effects of refractive indices of the optical coupler on the solar cells
performance. Figure 5.2 shows the photovoltaic performance of four-terminal solar cells
as a function of refractive index of an optical coupler. One can see that the photocurrent
of bottom cell is strongly depends on the refractive index of an optical coupler. This is
because the reflectance and transmittance at the interface between the undermost layer
of top cell and the optical coupler layer is defined as a combination of the refractive

indices of the two materials.
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Figure 5.2 Photovoltaic performance of four-terminal a-Si//poly-Si solar cells as a
function of refractive index of optical coupling material. [14]
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Table 5.1 Photovoltaic performance of mechanically-stacked four-terminal solar cells.

Cell Ve Jsc FF Eff.

V) (mA/cm?) (%)

a-Si:H//poly-Si [14] (E, = 1.75/1.12 eV, Area = 0.16 cm®, AM1, 100mW/cm’)

Top 0.917 10.4 0.760 7.25
Bottom 0.575 30.2 0.792 13.75

Total - - - 21.0
Stand-alone poly-Si 0.578 37.2 0.800 17.2

a-Si:H/ICIS [16] (E, = 1.7/1.0 eV, Area = 4 cm?, AM1.5G, 100mW/cm?)

Top 0.871 16.4 0.72 10.3
Bottom 0.432 17.9 0.68 5.3
Total - - - 15.6
Stand-alone CIS 0.455 124 0.66 124

GaAs//GaSb [18] (E, = 1.42/0.72 eV, AM1.5D, 100mW/cm? <100 suns)

Top 1.10 30.9 0.85 28.9
Bottom 0.466 24.5 0.71 8.17
Total - - - 37.0
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5-3 Characteristic of Splitter filters

5-3-1 CVI splitter filters

Table 5.2 Detailed properties of CVI filters

Clear aperture 90%
Parallelism 3min
Optical material BK7
Transmitted wave front error 37 51 (effective diameter20 mm)
Cut-off Tolerance #10nm
Incident angle 0<
Transmittance 85% (average from the cut-off wavelength)
Rejection >99% (from cut-off wavelength)

Reflection coating one side. antireflection

Coating coating other side
Dimensions 50.0>50.0
Thickness 4.0 mm
Surface quality 80-50scratch&dig
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Figure 5.4 CVI optical filters images (from left splitting wavelength 600,650,700,750

and 800nm)
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Figure 5.7 and 5.8 shows the measured photovoltaic parameters of splitting solar cells.

From these figures, the tendency of each parameter was similar to the simulation results.
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There were large drops in Jsc of a-Si:H cells with splitting filters because as can be seen
in Figure 5.5 these filters had large absorption losses especially in the short wavelength
regions. Thus, it is important to suppress the optical loss in filters for maximizing the
absorbers performance. Table 5.5 shows the photovoltaic parameters at a maximum
performance of which was achieved at the splitting wavelength of 614 nm. The high
conversion efficiency of 16.8% ( top = 6.26%, bottom = 12.38%) was achieved
with splitting solar cells structure. Comparing this results with the stand-alone a-Si:H
and CIGS cells performance, it was experimentally verified that the spectrum splitting

four-terminal structure had feasible advantage.

142



Under 1sun (AM-1.5, 100mW/cm?), top and bottom sell are measured.

Optical filter

41

Measuring top cell (Reflection)

Measuring bottom cell (Transmittance)

Figure 5.6 Spectrum splitting measurement process image for top and bottom cell
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Figure 5.7 a-Si:H solar cell performance using 5 splitting wavelength CV1 filters

Table 5.3 a-Si:H solar cell performance using 5 splitting wavelength CV1 filters

Cell Isp (nmM) | Jsc (MA/em?) | Voc (V) FF Eff (%)

576 6.872 0.972 0.696 4.65
614 9.163 0.981 0.697 6.26

Top cell
671 10.13 0.984 0.698 6.96

(a-Si:H)
728 10.10 0.982 0.695 6.89
741 9.889 0.980 0.696 6.75
w/o (1sun) 13.56 0.990 0.702 9.41
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Figure 5.8 CIGS solar cell performance using 5 splitting wavelength CVI filters

Table 5.4 CIGS solar cell performance using 5 splitting wavelength CVI filters

Cell lse (NM) Jsc (MA/cm?) | Voc (V) FF Eff (%)
614 23.49 0.676 0.780 12.38
671 19.97 0.673 0.779 10.46
Bottom cell
728 16.44 0.666 0.780 8.54
(CIGS)
741 15.57 0.664 0.781 8.08
w/o (1sun) 33.64 0.686 0.779 17.97
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Figure 5.9 Comparison with solar cell efficiency for both of top and bottom cell under 5
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Table 5.4 The best solar cell performance by spectrum splitting method when splitting

wavelength 614nm

Cell Jsc (MA/cm?) Ve (V) FF Eff (%)
a-Si:H 9.88 0.854 0.734 6.26
CIGS 22.6 0.661 0.786 12.38
Total — — — 18.64
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5-3-2 optimized splitter filter

However, as mentioned before, these set of splitting filters have some optical losses.
The absorption, which is described as 1-R-T, of the filter is not zero not only in the
short-wavelength region but in long-wavelength region. So as the effect of optical
characteristics of splitting filter can be suppressed as much as possible, the splitting
filter whose Isp was 620 nm was newly developed in collaboration with Kaneka
Corporation. Figure 5.10 shows optical filter and 5, 11 shows the spectral characteristics
of the splitting filter at an angle of 45 degree. This filter has much less absorption losses

than those ones.

Figure 5.10 Optimized optical filters image
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The structure of CIGS bottom cells consisted of Al grid/ ZnO:B/ ZnO/ CdS/ CIGS/ Mo/
soda-lime glass in figure 5.12. CIGS absorber layer was fabricated by a three-stage
method using a molecular beam epitaxy (MBE) apparatus, which was equipped with
elemental Cu, In, Ga, and Se Knudsen cells. The growth temperature at the first stage
was about 300 <C, and those at the second and third stages were about 530 <C. The CdS
buffer layer was deposited by a chemical bath deposition process and the non-depoed
Zn0/Zn0O:B window layers were prepared by MOCVD method. In this study, CIGS

solar cell performance was evaluated by active area.
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Then, we measured splitting solar cells with these filter and CIGS cells. Finally, we
could successfully achieve very high efficiency of over 20%, whose detail parameters

are in Table 5.5.

Table 5.5 The solar cell performance by spectrum splitting method using optimized

optical filter when splitting wavelength 614nm

ISP Jsc 0 0
Cell (nm) Vo (V) (mA/em?) FF (%) Eff(%)
Top cell (a-Si:H) 0.99 12.9 71.0 9.2
614 nm
Bottom cell (CIGS) 0.63 28.5 72.5 13.1
Total - - - - 22.25
Total intrinsic efficiency after correction of light intensity 22.9

5-4 Summary

In this chapter, to achieve our final target of the thin-film full spectrum solar cells with
low-concentration ratios, four-terminal solar cells structure was studied as one of the
key technologies. As introduced in the beginning part of this chapter, four-terminal

structure gives not only a high performance but also a lot of options for component cells
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material and device architecture. This study focused on two different types of four-
terminal structure. One was the mechanically-stacked tandem structure, and the other
was the spectrum splitting structure. Amorphous silicon and Cu(In,Ga)Se, were used as
absorber of top and bottom cells, respectively. The photovoltaic performance was
investigated by theoretical and experimental procedures in both cases. From theoretical
analysis, it was found that the total conversion efficiency of both top and bottom cells
exceeded the efficiency of each cell and could achieve 20% or more. Furthermore, it can
reach for 25% with low-concentration technique. For the case of combination of a-Si:H
with CIGS, they can complement the some poor part of the spectral response each other.
It indicates that the four-terminal structure can utilize the advantages of each component
cell efficiently. From experimental results, the mechanically-stacked double-junction a-
Si:H/ICIGS solar cell was successfully fabricated. Both of the solar cells achieved high
conversion efficiency of 14.9% at 1 sun, even though it was lower than that of stand-
alone bottom cell. Thus, if those problems on optical losses were solved, the total
efficiency can be improved more. For the case of spectrum splitting solar cells, the
splitting wavelength was varied and the total efficiency of 18.64 % was achieved at 614
nm. The performance was higher than the stand-alone a-Si:H and CIGS cells
performance, therefore it was experimentally verified that the spectrum splitting four-
terminal structure had feasible advantage to high efficiency thin-film solar cells. By
reducing the absorption loss of the splitting filter, the efficiency was successfully
improved up to 22.9% at 1 sun. It is desired that the performance could be further

improved in combination with low-concentration technique.
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Chapter 6

General Conclusion and future prospects
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6.1 General Conclusion

This thesis describes the results of research on the numerical analysis and elemental
technology for full spectrum splitting thin-film solar cell to improve conversion
efficiency. The first theoretical analyses of amorphous silicon solar cell are studied.
The model of the solar cell structure assumes a p-i-n superstrate structure. For electrical
and optical parameters were taken from experimental results and refered literature. Each
layer using spectroscopic ellipsometry (SE) analysis results by using Tauc-Lorentz
model. In order to investigate that how the devices structure influences the solar cell
performance of a-Si:H solar cells under various parameter such as band gap, thickness.
Then best performance solar cell parameter has been calculated and based on these
parameter, spectrum splitting structure simulation has been studied. a-Si:H and CIGS
cells are having thousands of variable parameters in the splitting structure. Among them,
main parameters are considered to be the splitting wavelength, which is the exact
number of wavelength that divided the solar spectrum into two parts or more, and band
gap and thickness of absorber materials. the total efficiency under the different range of
splitting wavelength. The total efficiency for the combination of the top cell with wider
band gap and the bottom cell with narrow band gap shows higher total efficiency. In
this simulation, when splitting wavelength is 600nm, we can obtain the best total
simulated splitting efficiency of 24.1% (Eg = 2.0 eV, Jsc = 11.7 mA/cm2, Voc = 1200
mV, FF = 70 %, Eff. = 10.7 % for the top cell and Eg = 1.1 eV, Jsc = 27.9 mA/cm2,
Voc = 607 mV, FF = 79 %, Eff. = 13.4 % for the bottom cell). It was found from the
simulation that the total efficiency of nearly 25% can be obtained at the splitting

wavelength of 600 nm with top cell using higher band gap material. The experiment has
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been carried out to verify the simulation results. The a-Si:H solar cells with i-layers
having its band gap of 1.9 eV have been fabricated by 60 MHz VHF-PECVD with solar
cell area of 0.086 cm2 . The cell structure basically is glass /TCO( ZnO:B, SnO,:F) / p-
a-SiC:H / buffer / i-a-Si:H (1.9 eV, 300 nm) / n-pec-SiO:H / Ag / Al. In order to get
wider band gap for a-Si:H solar cell, low temperature and high H; dilution (ratio of
SiH4/H,=8) have been employed while substrate temperature , inter-electrode distance,

VHF power density and chamber pressure were kept constant at 150C, 2 c¢cm, 1

mW/cm2 and 50 Pa, respectively. Then this solar cell has been measured by spectrum
splitting technique. As a result, the total efficiency of 22.9% has been developed as been

guided by the simulation.

6.2 Future prospects

In this study the thin film solar cells were developed by utilizing the various kinds of
techniques of spectrum splitting technique and four terminal structures. For the case of
four-terminal devices both stacked solar cell and spectrum splitting solar cells are in
early phase of development, therefore it seems that there is much room for the
improvement of the performance. So low-concentration technique could be enhanced
the solar cells performance over 25%. Also the combination of these various novel
technique such as double optical splitter for middle gap cell, with a further
improvement also can be applied to the 5 to 6- junction thin film full spectrum solar
cells with low concentration ratios which was introduced in the introduction of this

thesis, to achieve a conversion efficiency of more than 40% expected.
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Figure 6.1 double splitter configuration for spectrum splitting technique

Table 6.1 simulation results of double optical splitter technique for top, middle and

bottom cell
lsp Wavelength Material Vo (V) I FF Efficiency
(nm)  range(nm) (mA/cm?) (%)
645 300-640 InGaP 1.42 13.0 0.835 154
650-870 GaAs 1.01 14.0 0.783 11.0
875
880-2000 CIGS 0.641 8.90 0.735 4.19
Total 35.90 30.7
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