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Preface

The demand for new energy resources is steadily increasing with growth of
worldwide economy. Unexpected environmental destruction such as greenhouse
effects, air pollution and acid rain has become a serious problem all over the world.
The destruction has resulted from the today’s energy consumption system based on an
outrageous consumption of fossil fuels such as petroleum, coal and natural gas. In
order to solve these problems, we should concentrate on new energy resources in
parallel with development of the energy-saving technology.

Compared to other wide variety of renewable energy projects such as
hydropower and wind power, photovoltaic technology has recently attracted a great
deal of attention as the most advanced of the alternative energy resources, because it is
free and inexhaustible and brings no by-products to harm the environment. Solar
energy radiated on the earth for a year is more than 10,000 times of the total energy
consumption in the world. Therefore, supply of sufficient energy for the world can be
guaranteed even by a portion of this energy, if it is utilized directly and effectively.
The use of this technology to generate electric power is now almost exclusively based
on single crystalline silicon solar cells. Although solar cells have already been used as
an energy source for household use, they have not been widely spread and used yet.
This is simply because it is expensive. To become economically competitive with the
conventional fossil fuels and nuclear energy, it is necessary to develop highly efficient

solar cells that guarantee long-term stability and are cheap to manufacture. To achieve



these goals, major research efforts have recently shifted from bulk to thin film grown
on cheap glass substrates.

Silicon thin film solar cells are classified structurally into amorphous silicon
(aSi:H) solar cells and microcrystalline silicon (re-Si:H) solar cells. Thin film solar
cells based on nt-Si:H solar cells have been becoming very important due to their
stability and potentially high conversion efficiency. Recently, tandem (hybrid) solar
cells which have aSi:H solar cell for the top cell and nmc-Si:H solar cell for the bottom
cell have been intensively investigated due to their high cost performance. Until now,
the growth of the nc-Si:H films at low substrate temperature has been realized by
photochemical vapor deposition (photo-CVD) and plasma enhanced CVD (PECVD).
However, the growth rate of these processes is still low. For further cost-down, new
process which can deposit nc-Si:H films at high deposition rate of over 2 nm/s is
highly required.

In this thesis, new process “Hot Wire Cell method” to prepare high efficiency
nc-Si:H thin film solar cells have been intensively investigated. In this method, high
deposition rate can be achieved due to the high dissociation efficiency of the reactant
gases. High efficiency aSi:H thin film solar cells have aso been investigated for
fabrication of a Si:H/nmc-Si:H tandem cells. In order to obtain high efficiency nc-Si:H
thin film solar cells, first, many efforts have been made for improvement of intrinsic
nc-Si:H film quality. Second, for improvement of p/i interface of the solar cell, 2-step
growth method was proposed and carried out. Furthermore, high rate depositions were

also investigated. Finally, a-Si:H/nt-Si:H tandem cells were fabricated.
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Chapterl
Overview and Objectives of ThisResearch
Role of renewable energy in the foreseeable future

Energy is essential to industry, promotes global economics growth and helps
to create the wealth and support the technology needed to combat environmental
degradation Energy also provides the amenities that make human life comfortable but
the secure supply of energy at affordable prices is necessary.

For more than a century, the world’'s commercial energy needs have been met
predominantly by fossil fuels including oil, coal and natural gas. Fossil fuels have
sizeable proven reserves with the prospect of future discovery and better extraction
rate through advanced technology. At this time, there is no single or group of
substitutes, which offer a commercial alternative to fossil fuels.

Nonetheless, fossil fuels are finite and development of other energy sources
for the longer term is both inevitable and prudent. From historical point of view, future
energy systems may comprise an even greater mix of energy sources, with the higher
visibility of renewable sources becoming a new transition. The place those new
sources hold in the future energy mix will depend upon their technical development
and price, as well as safety and environmental impact. Nuclear are dready in use, but
in the recent years, development of nuclear has been held black by political and public

concerns about safety, no doubt heightened by Chernobyl and Tokal village disaster.



Several technologies which exploit the energy potential of wind, modern biomass and
solar photovoltaic are established in the marketplace. Modern renewable energy
technologies are progressing quickly down their “cost learning curves’ and gaining
from the economics already achieved by more mature energy technologies. Some of
the more promising renewable technologies may well become commercially
competitive and start to make a measurable contribution to energy supply by 2020.
Renewable energy offers some environmental benefits over fossil fuels. The greater
use of fossil energy results in serious emissions of nitrogen oxides (NOy), sulfur
oxides (SOx) and volatile organic compounds that are directly correlated to “acid rain”
and photochemical smog, destroying the ecological balance. Fossil fuels also emit
carbon dioxide (CO), which is one of the “greenhouse gases”. There is strong concern
that increased concentration of CO,in the atmosphere and could lead to an excessive
“greenhouse effect” and possible global warning.

Therefore, the exploitation of adequate, environmentally responsible and
economical energy is one of the fundamental preconditions for the survival of the
world’s steadily increasing population. Although the energy resources to maintain our
civilization in the 20th century has been supplied mostly by fossil fuels, toxic
emissions and CO, must be reduced to ward off ecological damage and climate
changes. Oil, natural gas, coal and nuclear energy will make an important contribution
for many years to come, but renewable sources of energy will have to play an

increasingly important role in the foreseeable future.

Photovoltaic — electricity from the Sun

Solar energy is one of the renewable sources and generally recognized to be



environmentally benign and inexhaustible. We have dreamed of harnessing the power
of the sun and are trying to utilize this solar radiation in various ways. Examples of
direct utilize of this solar radiation as light or heat on comparatively large-scale
includes photovoltaic power generation and solar heat power generation. Wind power
generation, hydroelectric power generation and wave power generation can be
considered as examples of indirect utilization of solar radiation.

Among a wide variety of these technologies developed to exploit the
renewable sun’s power, the simplest and most elegant technology is solar photovoltaic.
Based on solid-state physics, photovoltaic cells convert sunlight energy directly into
electricity without the need for an intermediate electrical generator. The technology is
simple, dependable and can be used on any scale from milliwatts to megawatts.
Photovoltaic systems have no moving parts, thus maintenance is minimal. Above al,
the technology is environmentally friendly, silent and emission free. It is elegant and
easy to install.

The solar cell is the key feature of photovoltaic technology; the light is
absorbed in it by semiconductor material, generating pairs of activated charged
particles that must be split by the cell’s internal electric field (apace charge region of
the diode) during their lifetime and passed to the metal contacts at the cell surface.
Conversion efficiency, i.e. the ratio of maximum extractable electricity to the amount
of the incident light power, is the most important physical parameter for characterizing
a solar cell. Mass-produced solar cells of single-crystalline silicon currently achieved
efficiencies of around 18-20%.

In spite of various advantages in photovoltaic power generation as above
mentioned, before “oil-shock” in 1973, solar cells had been used for a limited

application area such as apace power sources. A big barrier impeding the expansion of



large-scale power source application was the high price of solar cell modules, which
were more than $50/W,, (peak watts) by 1974. That is because the cost of the electrical
energy generated by solar cells was very high compared with that generated by fossil
fuels and nuclear power generation. Therefore, the cost reduction of solar cells is the
main focus of considerable research worldwide. Photovoltaic manufacturers in R&D
and market development activities have benefited from two decades of support of their
respective government organizations, such as the New Energy and Industrial
technology Development Organization (NEDO) and Photovoltaic Power Generation
Technology Research Association (PVTEC) in Japan as a part of the New Sunshine
Program under the Ministry of Economy, Trade and Industry, Department of Energy
(DOE) in USA as a pat of the U.S. National Photovoltaic Program and the
Commission of the European Communities (CEC) in Europe as a part of JOULE
program. These considerable efforts have been strongly encouraged to accelerate

remarkably the pace of technology development.

Microcrystalline Silicon thin films and solar cells

The history of microcrystalline silicon film started since Veprek et al.
deposited it by using the method named “Chemical Hydrogen Plasma Transport” for
the first time in 1968.2 In this method, crystalline silicon with a room temperature was
etched by atomic hydrogen produced by remote plasma, as a result, radicals were
generated and they were transported to the substrate heated at a temperature over
200°C. Then, microcrystalline silicon film was deposited on the substrate. After 1968,
Ovshinsky et a. in Energy Conversion Device Co. reported they could obtain

amorphowus silicon films with high conductivity in 1979.2 However, they



experimentally confirmed the existence of crystalline phase in amorphous silicon
films in 19802 They are the origin of the material that we recently called
microcrystalline silicon. Since then, Usui et al. in Sony Co. deposited microcrystalline
silicon films for the first time using hydrogen based silane gas.¥ At the aimost same
time, Hirose (Hiroshima univ.)® and Matsuda (AIST) et al.® succeeded in obtaining
microcrystalline silicon films at a low temperature. From the systematic researches of
Matsuda, it was found that the formation of microcrystalline silicon film has
relationship with hydrogen and ion bombardment from plasma prevents the growth of
crystalline.” Although microcrystaline silicon films could be deposited around 30
years ago, they couldn't attract much attention to solar cell applications. Because
microcrystalline silicon film has many defects and impurities, the large carrier
recombination at the grain boundary is a serious problem, and it is very difficult to
overcome these problems. Therefore, microcrystalline silicon films have been thought
to be not useful for intrinsic absorber layer of silicon based thin film solar cells. Thus,
amorphous silicon solar cells have been intensively and widely investigated for such a
long period until now. In this situation, Neuchatel univ. in Switzerland reported pin
solar cell properties for the first time in 1994. They could achieve a conversion
efficiency of 7.7%.% ® Beside, their microcrystalline silicon thin film solar cells didn't
show any light soaked degradation properties like amorphous silicon solar cells.
Therefore, since 1994, microcrystalline silicon thin film solar cells have attracted
much attention as a next generation high efficiency thin film solar cell. Figs. 1-1 and
1-2 shows status of microcrystalline silicon thin film solar cells. The maximum
conversion efficiency of 10.7% was recently achieved by KANEKA Corp. using
PECVD for microcrystalline silicon single cells ard amorphous Si/microcrystalline Si

tandem cells, respectively.'? Besides, recently, a conversion efficiency of 9.4% was
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Fig. 1-1: Status of microcrystalline silicon thin film solar cells
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Fig. 1-2: Status of microcrystalline silicon thin film solar cells prepared by HW-CVD



also achieved by IP-Julich using Hot Wire CVD.? at a deposition rate of 0.1 nm/s.

In silicon based thin film solar cells, the active absorber layer is amorphous or
microcrystalline thin film that has been deposited on a supporting substrate made of
glass, ceramic, metal, plastic, or another semiconductor. The main advantage of thin
film solar cells is their promise of lower costs, since less energy for processing and
lower costs for the materials are required, and large-scale production is feasible. The
deposition of semiconductors on foreign substrates usually results in microcrystalline
or amorphous silicon films with optical and electrica properties that can be
substantially different from the single crystal behavior. However, one of the major
problems in thin film solar cells is that higher defect density reduces the efficiency
and stability compared to the single crystal silicon solar cells in many cases. Therefore,
great efforts have been made to understand the influence of lattice defects on the
photovoltaic properties of films. Though remarkable improvements have been
obtained in particular cases, many fundamental problems still remain.

The progress in the development of amorphous silicon based thin film solar
cells have been impressive in recent years, and its application is successfully
established in small consumer products like desk calculators and wristwatches.
Research and development of cost reduction technologies for large area and thin film
module production are now concentrated on further understanding of the long-term
stability problems and further improvements in stabilized conversion efficiencies.

Recently, the research activities have shifted towards thin film solar cells
using microcrystalline silicon that have a great potential to attain high conversion
efficiency and high stability compared to amorphous silicon solar cells. Among them,
microcrystalline silicon has attracted the most attention. The advantage of using

silicon is the possibility of mass production. There are rich silicon resources in the



earth and long succession of the study of the silicon technology. Besides, silicon is
toxic free. However, microcrystalline silicon is indirect semiconductor like single
crystalline silicon, therefore, it has low absorption coefficient within the visible light
wavelength region. The band gap of microcrystalline silicon is as same as that of
single crystalline silicon and the value is 1.1eV. The absorption coefficient of
microcrystalline silicon is described with that of amorphous and single crystalline
silicon in Fig. 1-3. The absorption coefficient of microcrystalline silicon is similar to
that of single crystalline silicon in low photon energy region less than 1.5 eV and also
similar to that of amorphous silicon in high photon energy region over 2.0 eV. Because
of these optical properties, the thickness of at least 2.0 nm is required for intrinsic
absorber layer of microcrystalline silicon solar cells even with a good light trapping.
This thickness is much thicker than the thickness of 0.3 nmm for amorphous silicon.
Therefore, for further cost-reduction, high deposition rate of 2-5 nm/s is highly
required for microcrystalline silicon solar cells. For high efficiency and low cost,
recently, amorphous silicon/microcrystalline silicon tandem (hybrid) solar cells have
been intensively investigated, and these tandem cell modules already started to be

sold.
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Objectives of this study

The overall objective of this study is to contribute towards developing new
technologies for high efficiency and low cost thin film solar cells. Until now, various
deposition techniques of chemical vapor deposition (CVD) such as plasma-CVD"* ¥
and photo-CV D' are developed to fabricate silicon based thin film solar cells.
However, the deposition rate of these techniques is still low and the apparatus of these
techniques is complicated. In order to achieve mass production of solar cells, novel
deposition techniques which have simple apparatus and high deposition rate are
required. For this purpose, Hot Wire Cell method is proposed as a novel technique for
the growth of microcrystalline silicon thin films.

As above mentioned, Hot Wire Cell method is newly proposed to achieve
high efficiency and low cost microcrystalline thin film solar cells. Since the
fabrication method of Hot Wire Cell method have not been established yet, that is first
investigated and established to prepare device quality intrinsic microcrystalline silicon
films. The solar cell performances mainly depend on the properties of intrinsic
absorber layer because intrinsic absorber layer acts as active layer in the solar cell.
From these points of view, several approaches in this study are attempted to achieve
device quality microcrystalline silicon thin films with moderate deposition rate at a
low substrate temperature, which enable depositing on the cheap glass substrate. In
case of photo-CVD, it was demonstrated that radical flux ratio ([SiH3]/[H])) on the
growing surface is the key factor in the growth of high quality amorphous and
crystalline silicon at a low substrate temperature® However, the deposition
conditions and mechanism of Hot Wire Cell method are very different from those of

photo-CVD or plasma-CVD, and they have not been well known and established.
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Therefore, one of the objectives of this study is to establish deposition technique for
achieving high quality microcrystalline silicon thin films by Hot Wire Cell method.
For this purpose, the apparatus of the Hot Wire Cell system was fabricated and various
approaches to obtain high quality microcrystalline silicon thin films have been
examined. For example, the influence of various deposition parameters such as
filament temperature, substrate temperature, pressure, gas flow rate and
filament-substrate distance on the structural and electrical properties of films were
evaluated. Since the solar cell performances largely depends on p/i interface properties,
the investigations and improvements of p/i interface were also carried out.
Furthermore, for cost reduction, several approaches for high rate deposition of

microcrystalline silicon thin films were attempted.

Outline of thisstudy

This thesis consists of eight chapters as shown in the last part prior to
references’ page of this chapter 1 (Fig. 1-4).

Chapter 1 refers to an overview and objectives of this study. First, an
informed look ahead at the future of photovoltaic technologies as one of renewable
sources is indicated. Second, in spite of a wide range of solar cells that is currently
explored for their potential use in photovoltaic applications, the increasing demand to
develop thin film solar cells as a suitable energy source economically and
environmentally is demonstrated. Then, among various kinds of thin film solar cells,
the advantage of low cost solar cells based on microcrystalline silicon thin film are
given. The last part in this chapter propose the novel deposition process, Hot Wire Cell

method, for achieving high deposition rate.

1



Chapter 2 reviews the configurations and features of the Hot Wire Cell system.
The fundamental principle of Hot Wire Cell method including the dissociation
reactions of reactant gases at the surface of filament and gas phase reactions of
radicals produced at the filament is also described in the first half chapter.

Chapter 3 demonstrates the results of amorphous silicon thin films and solar
cells prepared by Hot Wire Cell method. To find the good deposition conditions for
amorphous silicon films might be aso very useful for the investigation of
microcrystalline silicon films. The electrical and structural characterization of
amorphous silicon films and improvement of their film quality were carried out. Then,
amorphous silicon thin film solar cells were fabricated and characterized. Furthermore,
high rate deposition of amorphous silicon thin films and solar cells are attempted.

Chapter 4 demonstrates the results of theoretical analysis for microcrystalline
silicon solar cells. Calculation for solar cell performances were carried out by using
AMPS-1D BETA Version 1.00 (A one-dimensional device simulation program for the
Analysis of Microelectronic and Photonic Structures) that was developed by the
electronic materials and processing research laboratory in Penn. State University with
the support of the Electric Power Research Institute and equipment support by IBM. In
the initial stage of this research, the ideal device structure for microcrystalline silicon
thin film solar cells was not established. Therefore, silicon materials such as
amorphous silicon and microcrystalline silicon were theoretically examined if they
were suitable for p-layer and rlayer of microcrystalline silicon solar cell. Then, the
influence of ilayer film properties on solar cell performances was also theoretically
investigated.

Chapter 5 demonstrates the results of microcrystalline silicon thin films and

solar cells prepared Hot Wire Cell method. The electrica and structura

12



characterization of microcrystaline silicon films and improvement of their film
quality were carried out. Then, microcrystalline silicon thin film solar cells were
fabricated and characterized. Furthermore, p/i interface properties of microcrystalline
silicon thin film solar cells was also investigated and improvement of p/i interface
properties was attempted.

Chapter 6 demonstrates the results of approaches for high rate deposition of
microcrystalline silicon thin films and solar cells. First, high rate deposition was
attempted by increasing gas flow rate and decreasing filament-substrate distance. Then,
in order to male up the reduction of gas dissociation efficiency caused by the increase
of reactant gas flow rate, long filament was examined for high rate deposition.

Chapter 7 summarizes the results obtained in this study. Subjects to
accomplish further improvement of conversion efficiency of microcrystalline silicon

thin film solar cells prepared Hot Wire Cell method are discussed.
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Chapter2

Characteristics and Principles of Hot Wire Cdl
Method

2-1 Introduction

L ow-temperature deposition of silicon based thin films, such as amorphous
silicon (&Si:H) and microcrystalline silicon (nc-Si:H), is one of the most important
technological requirements in the semiconductor industry for thin film solar cells.
These films are usualy prepared by plasma enhanced chemical vapor deposition
(PECVD) method, since PECVD is the only method to satisfy the industria
requirements so far, athough there are some exceptional cases of using
low-temperature thermal CVD or photo CVD. However, the PECVD method is not
perfect for the deposition rate and there is the problem in the influence of plasma
damage, such as ion bombardment damage in various devices.

On the other hand, the Hot Wire Cell method was developed to overcome
these problems arising in the PECVD processes. In this process, a heated tungsten
filament is used to induce the catalytic and/or pyrolytic dissociation of reactant gases”
and produce atomic hydrogen as areaction by-product, which reacts with silane
molecules to produce SiHs radicals. Recently similar processes named catalytic
chemical vapor deposition (Cat-CVD)?>* and Hot Wire CVD> " have been studied

intensively. A wide variety of materias, including aSi:H,%*? ne-SiH,B )
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silicon-nitride,*® * epitaxial silicor?® 2 and epitaxial Si.yCy?* %> films have been
achieved by Hot Wire CVD.

This chapter first describes the physical characteristics and dissociation
efficiency of the Hot Wire Cell. Then, the fundamental principles of Hot Wire Cell
method are reviewed. Finally, some advantages of Hot Wire Cell method are discussed

briefly.

2-2 Fabrication of Hot Wire Cell System

The Hot Wire Cell apparatus used in this study was shown in Fig. 21. The
apparatus consists mainly of three parts: the parts for gas inlet into the low-pressure
deposition chamber, for gas decomposition via catalytic and/or pyrolytic cracking
reactions at the surface of a heated filament and the substrate for film formation using
decomposed species transported from the filament. A tungsten wire is used as a
filament, because the melting point of tungsten is as high as 3382°C, and also because
it remains as high as 2165°C?* even when the surface of tungsten is covered to silicide
by the reaction with mono-silane (SiH4) gas.

The apparatus of Hot Wire Cell system is almost the same as Cat-CVD?® and
Hot Wire CVD. The significant difference between our Hot Wire Cell method and
these works is the layout of the filament. In this work, we used the integrated
combination of gas inlet and the filament, which is called “Hot Wire Cell unit”. The
name of the Hot Wire Cell is derived from the Knudsen cell or plasma cell used in the
molecular beam epitaxy system. The Hot Wire Cell unit consists of a gas inlet pipe, a
hot wire filament and current-introduction terminals. A coiled tungsten wire is used as

a hot wire filament. Tungsten wire with a diameter of 0.5 mm was used as a hot wire
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filament. The axis of the coiled filament in the chamber was parallel to the gas flow.
The filament was heated by supplying DC electric power directly to it and the
temperature was kept constant throughout the experiment by controlling the power.

The schematic view of the Hot Wire Cell unit is shown in Fig. 2-2. The Hot
Wire Cell unit is consisted of the 114 mnt flange, the copper and molybdenum rods
that are used for the current terminals, stainless pipe which is used for gas inlet and
tungsten filament. The distance of each rod is about 3.5 cm, the filament coiled with a
diameter of 4 mm and the length of 1.5 cm is arranged near the gas inlet pipe. The
distance between the filament and the gas inlet pipe is about 2-2.5 cm. The
molybdenum rods and gas inlet pipe can be replaced by new one, when they become
old.

A stainless steel chamber with a diameter of 56cm and a height of 60cm is
used for the deposition of intrinsic nc-Si:H films and is ordinarily pumped by a turbo
molecular pump (TMP). The base pressure of this chamber is around 2x10 Torr.
While deposition, a mechanical booster pump (MB) or TMP is used for evacuation. In
the case of the deposition at a pressure of less than 50 mTorr, the TMP is ordinarily
used. The gas pressure is controlled by adjusting the valve between the chamber and
MB or TMP. The apparatus is a hybrid multi chamber system (Hot Wire chamber and
photo-CVD chamber) and have a load-lock chamber. Corning 7059 glass, Asahi
U-type TCO glass and single crystalline Si wafer used as substrates were placed on a
substrate holder. The substrate holder was placed on the stage that has a heater block
inside. The temperature of the substrate was measured by a calibrated thermocouple
placed inside of the stage. The calibration for real substrate temperature was
previously carried out by using a second thermocouple attached directly onto the glass

substrate. The distance between the substrate holder and the filament is varied form 15
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cm to 1.5 cm by changing the stage height.

The value of the filament temperature is essentially important in the Hot Wire
Cell method. However, the precise estimation of the rea filament temperature is
difficult. The filament temperature is measured by using an optical pyrometer through
a quartz window of the chamber. The filament temperature is also estimated from the
temperature dependence of the electric current applied to the filament. The value
obtained from the pyrometer includes ambiguity due to the emissivity of tungsten
observed through the quartz window. The emissivity of the tungsten surface is
believed to be about 0.4.29 The temperature estimation appears to have some errors of

around several tens °C, because the temperature is not constant along the entire wire.

2-3  Principles of Hot Wire Cell Method

In photo-CVD, gas molecules are decomposed by photon energy from an UV
lamp or exited mercury atoms that are exited by an UV lamp. Such decomposed
species are transported to the substrate through the gas phase reactions and form a film.
In thermal CVD, reactant gases are decomposed on the growing surface and the
decomposed species contribute to the film deposition immediately. On the other hand,
in case of the Hot Wire Cell method, reactant gas molecules are decomposed via
catalytic and/or pyrolytic cracking reactions on a heated filament. The exact reactions
of SiH4s molecules occurred on the surface of the heated tungsten are not clear.
Matsumura implied that SiH4 molecules are decomposed to SiH, or SiHs.Y However,
recently, the reactions of SiIH; molecules on the surface of the filament have been
investigated both experimentally and theoretically by several researchers?’?, and

similar results have been reported as follows:
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The decomposition reactions on the filament
SHs? Si + 4H
? S+ 2H,

Ho? 2H

The primary gas phase reactions
H+SHs? Hx+ SiH3
Si + SiHys ? SikHs ? 2SiH;
? SIH + SiH3
? SiH; + H»

?  SipHa

The secondary gas phase reactions
H+SHs? Hx+ SiH;
SH; + SiHys ?  ShiHs
SH + SiHy ?  Si;Hs
SipH, + SiHg ?  SigHg

H + ShHy4) ? Hz+ SiHas)
SibHs + SiHs ?  SisHg
? SiH; + SkHe
SH3z+SiH3? SiH2+ SiH4
? SipHs + Hy
? SibHs + H
? SibHy + 2H,

? SipHs
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In the recent researches, it is reported that the reactant gas molecules such as
SH, and H; are decomposed on the surface of afilament as shown in Egs. 2-1, 2-2 and
2-3. SiH4, molecules are completely decomposed into bare silicon atoms, generating
atomic hydrogen and/or H, molecules. And H molecules are decomposed into atomic
hydrogen. The probability of these dissociation reactions largely depends on the
filament temperature. In case of low temperature deposition of silicon, atomic
hydrogen plays very important role especially in the formation of nc-Si:H film. In Hot
Wire Cell method, atomic hydrogen can be sufficiently generated from a dissociation
of SiH,4 gas, since the gas decomposition efficiency is very high. As a result, in some
deposition conditions, nc-Si:H films can be obtained by using only SiH4 gas. Egs.
from 2-4 to 2-8 show the primary gas phase reactions. In these reactions, bare silicon
atoms and atomic hydrogen are consumed by SiH4 molecules that are not decomposed
on the filament, newly generating radicals such as SiHsz, SiH,, SiH, SkH2 and SkHa.
These radicals are commonly generated in other CVD methods and it is reported that
they are experimentally detected in Hot Wire CVD. In the secondary gas phase
reactions, as shown in Egs. from 2-9 to 2-20, there are probabilities that higher silane
radicals such as ShHs and SikHs can be generated. These higher silane radicals are
undesirable radicals for obtaining high quality silicon films. On the other hand, these
secondary gas phase reactions largely depend on the gas pressure. Therefore, for
obtaining high quality silicon films, it is very important for controlling the deposition

pressure.

2-4  Advantages of Hot Wire Cell Method

The advantages of Hot Wire Cell method are summarized as follows:
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1. Soft process

Hot Wire Cell method is considered to be a process without ion bombardment
damages caused by energetic charged particles. Therefore, it can be expected the
interfaces and properties of silicon films are quite improved compared with that of

prepared by PECVD.

2. Low substrate temperature process

In the Hot Wire Cell method, filament temperature is set to high temperature
around 2000°C. Since the deposition species such as radicals are generated not by
substrate surface but by filament, the film can be grown a low substrate
temperatures around 100-200°C. Low substrate temperature process is very
important factor not only because the film can be deposited on glass substrates, but

also because the impurity distribution of semiconductor devices is not destroyed.

3. High deposition rate

In the Hot Wire Cell method, since the filament is placed perpendicular to the
substrate, the reactant gases are efficiently decomposed during passing through the
filament, thus high deposition rate can be obtained. Atomic hydrogen is
sufficiently produced as a result of the decomposition of SiHs gas. Atomic
hydrogen introduces the crystallization of the silicon films at low substrate
temperature. Therefore, Hot Wire Cell method is useful process for high rate

deposition of nt-Si:H films.
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Chapter 3

Fabrication and Characterization of Amorphous
Silicon Thin Filmsand Solar Cells

3-1 Introduction

Recently, a&Si:H/nc-Si:H tandem solar cells have attracted much
attentions,*® because both of low cost and high conversion efficiency can be expected.
However, for tandem cells, around 65% of cell performances largely depends on
aSi:H top cell, therefore, high efficiency and high stability of aSi:H top cell is
strongly required for tandem solar cell. Besides, for the mass production and the
further reduction of the cost of solar cells, the deposition rate should be increased to
1-2nm/s. From these points of view, the HW-Cell method is one of the promising
methods for obtaining aSi:H and ne-Si:H thin films, since high deposition rate, low
substrate temperature and high efficiency of gas usage can be expected.? Furthermore,
in HW-Cell method, the film structure can be easily controlled from amorphous to
microcrystalline by changing filament temperature,> ® therefore, there is an advantage
that aSi:H/nmc-Si:H tandem solar cells can be fabricated in the same system. Our
group already had enough knowledge and technique for fabricating a-Si:H single solar
cells since many researches of aSi:H materials and solar cells have been done for
around 20 years and a stabilized conversion efficiency of 9.0% has been achieved by

using photo-CVD method.” Therefore, we thought that the study of aSi:H solar cells
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prepared by HW-Cell method is necessary for the development of high cost
performance tandem solar cells, the deep understanding of HW-Cell method and it can
be also useful for the study of ntc-Si:H solar cells prepared by HW-Cell method.

In this work, we have investigated the structural and electrical properties of
aSi:H thin films deposited by the Hot Wire Cell method using SiH4 gas without
hydrogen dilution. Furthermore, the superstrate pin aSi:H solar cells with these
intrinsic aSi:H thin films deposited by the Hot Wire Cell method were fabricated in

order to investigate the film quality.

3-2 Experimental Details

Intrinsic aSi:H thin films were deposited on Corning7059 glass and single
crystal Si wafers by Hot Wire Cell method in a hybrid multichamber system (Hot Wire
Cell method and photo-CV D). The chamber was evacuated by a turbomolecular pump,
and the base pressure was around 10 Torr. Only SiH4 gas was used for intrinsic
aSi:H film deposition. The filament in the shape of a coil that had a diameter of 4 mm
and a length of 1.5 cm was used and it was placed parallel to the gas inlet. The
filament temperature was monitored by an infrared pyrometer through a quartz
window.

The deposition conditions are shown in Table 31. In order to characterize the
quality of aSi:H thin films, Fourier transform infrared absorption spectroscopy
(FT-IR) measurement, dark (sg) and photoconductivity (Spn) measurements and
secondary ion mass spectroscopy (SIMS) measurements were carried out. For SIMS
measurements, stacked thin film layers deposited on single crystal Si wafers as a

function of the deposition pressure were prepared.
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In order to investigate the application of these a-Si:H films to Skbased thin film
solar cells, superstrate pin solar cells were prepared with the deposition rate of 0.4-1.0
nm/s. The structure of the superstrate pin solar cell was as follows:
glassTCO(SnO,)/p-a SIC:H/buffer-a-SiC:H/i-a Si:H/na-Si:H/ZnO/Ag/Al. The p-type,

buffer and n-type layers were prepared by the photo-CVD method.

Table 3-1: Deposition parameters.

Filament temperature 1900°C
Substrate temperature 150-270°C
Deposition gas pressure 1-200 mTorr
SH, gas flow rate 5 scecm
Filament-substrate distance 1.5-6.0cm
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3-3 Resultsand Discussion

3-3-1 Characterization of Amorphous Silicon Thin Filmsand

| mprovement of Film Quality

In the first step of this research, Jsc and F.F. in an &Si:H solar cell deposited
at a high deposition pressure of 0.1 Torr were as low as 5.78 mA/cnf and 0.52,
respectively, therefore, a conversion efficiency of only 2.3% could be obtained, as
shown in Fig. 3-1. In order to investigate the reason for this low conversion efficiency,
we measured O and C concentrations of the aSi:H solar cell by SIMS analysis, as
shown in Fig. 32. The sample was grown on a TCO(SnO) substrate. It was found
from this result that very high O and C concentrations of 2x10?* cm® and 4x10%° cm®
were incorporated into the aSi:H solar cell, respectively. Furthermore, we measured
the FT-IR spectrum of a-Si:H film deposited at a pressure of 0.1 Torr, as shown in Fig.
3-3. It was found from this result that the peak at 2100 cm™ was a dominant peak in
this aSi:H film. The peak at 2100 cmi' which originates from SiH, bonding is
undesirable for the high quality aSi:H film.2 ® Therefore, such a high concentration
of impurities and/or SkH, bonding might be the reasons for the low conversion
efficiency of the solar cell. On the other hand, Jsc and F.F. in the aSi solar cell
deposited at a lower deposition pressure of 22 mTorr were 8.4 mA/cnf and 0.58,
respectively. As the result, the conversion efficiency increased to 4.3%, as shown in
Fig. 3-4. We measured the FT-IR spectrum of a-Si:H film deposited at a pressure of 22
mTorr, as shown in Fig. 3-3. It was found from this result that the peak at 2000 cm*

was a dominant peak in thisa-Si:H film.
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Fig. 3-1 |-V characteristics of a-Si:H solar cell deposited at a pressure of 0.1 Torr.
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Fig. 3-2 Oxygen (O) and Carbon (C) SIMS depth profiles of aSi:H solar cell on
TCO (SnOy) substrate.
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These results imply that depositing aSi:H films at a lower pressure can improve the
film quality, therefore, we attempted to decrease the deposition pressure further, and
investigate the film properties.

Figure 33 shows the dependence of FT-IR spectra of aSi:H films on the
deposition gas pressure. It is found from this result that the peak at 2100 cm
dramatically decreased with decreasing the deposition pressure from 200 mTorr to 5
mTorr. It is also found that the peak at 2100 cmi' decreased and the SkH stretching
mode became a dominant peak when the samples were grown at the pressures of 5-20
mTorr, indicating the improvement of film quality at these pressures. The peak at 2100
cmit again increased at a low deposition pressure of 1 mTorr. First, this might be the
reason that the real substrate temperature decreased because the thermal conduction
between the substrate and the heater decreased at alow gas pressure. The peak at 2100
cm? increased at a low substrate temperature, as shown in Fig. 38. Therefore, it
seems that the peak at 2100 cmi' increased at a low deposition pressure. Second,
atomic hydrogen generated on the filament is difficult to be consumed by the reactions
with the other radicals in the gas phase, because the gas phase reaction is restrained at
a low gas pressure. Therefore, atomic hydrogen was excessively supplied at a low
pressure. On the other hand, in our previous works, it was already found that the peak
at 2100 cmit in aSi film increased with increasing the hydrogen dilution ratio and the
peak at 2100 cm* became a dominant peak completely, when the film became ne-SizH
at a high hydrogen dilution ratio. From this result, it seems that the peak at 2100 cm*
increased at a low deposition pressure of 1 mTorr because of the excess atomic
hydrogen. Figure 35 shows the photo and dark conductivity as a function of the
deposition gas pressure. The photoconductivity dramatically increased with decreasing

the deposition gas pressure from 200 mTorr to 10 mTorr. As a result, the
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photoconductivity of 6.5x10° S/cm was obtained at a low pressure of 10 mTorr.
Therefore, it was found that the quality of aSi:H could be greatly improved by
decreasing the deposition gas pressure to 10 mTorr. On the other hand, the
photoconductivity decreased at the deposition pressure of less than 10 mTorr. This
might be the reason that the peak at 2100 cm* in the FT-IR spectra again increased at
the low deposition pressure of 1 mTorr, as shown in Fig. 3-3. Then, we again
measured the O and C concentrations in these films by SIMS analysis. Figure 36
shows the dependence of the concentrations of O and C atoms on the deposition gas
pressure. For SIMS measurement, the first layer was grown at the pressure of 20
mTorr and it was decreased step by step. The lowest deposition gas pressure was 1
mTorr and then it was again increased up to 20 mTorr. The O and C concentrations of
the sample were 2x10*® cm® and 1x10%® cm?®, respectively. These vaues are
comparable to those of films grown by PECVD with a super chamber system.'® From
these results, it was found that the deposition pressure should be decreased less than
20 mTorr. Since the evacuation speed is very high at alow deposition gas pressure, the
concentrations of impurities such as O and C in the chamber are decreased. Therefore,
the concentrations of impuritiesin a&Si film deposited at a pressure less than 20 mTorr
are much fewer than that in aSi film deposited at a high pressure of 0.1 Torr.
Furthermore, the generation of undesirable radicals such as SiH», Si;Hs, SisHs and so
on, are suppressed due to the restraint of the gas phase reaction at a low deposition
pressure. Therefore, the amount of SkH, bonding and the concentration of O and C
were reduced and photoconductivity increased at a low deposition pressure of 10

mTorr.
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In order to find the more optimum deposition conditions, we deposited aSi:H
films at different substrate temperatures. In the experiment, the deposition pressure
was fixed at 10 mTorr. Figure 3-7 shows the dependence of the photo and dark
conductivity on the substrate temperature. The dark-conductivity was almost constant
according to substrate temperatures. The photoconductivity of 6.5x10° S/cm was
obtained at a substrate temperature of 200°C. Figure 3-8 shows the dependence of
FT-IR spectra on the substrate temperature. The hydrogen content of aSi:H films
decreased from 26% to 12.5% with increasing the substrate temperature from 150°C to
270 °C. The peak a 2100 cm’® also decreased with increasing the substrate
temperature. At a low substrate temperature less than 200°C, it could be speculated
that the migration of film precursors was not enough on the growing surface, therefore,
Si-H> bonding and dangling bond density increased with decreasing substrate
temperature. On the other hand, at a high substrate temperature over 200°C, the
hydrogen content decreased and it is not enough for passivating the dangling bond.
Therefore, the photoconductivity decreased with increasing the substrate temperature

over 200°C.
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3-3-2 Characterization of Amorphous Silicon Solar Cells

Figure 3-9 shows the initial and stabilized |-V characteristics of the aSi:H
solar cell. An intrinsic aSi:H layer was deposited at a gas pressure of 10 mTorr,
filament temperature of 1900°C, substrate temperature of 200°C. The thickness and
the deposition rate of tlayer were 250 nm and 0.4 nm/s, respectively. The initia
conversion efficiency of 7.5% could be achieved. However, Voc and FF were 0.78 V
and 0.66, respectively. Therefore, in order to achieve higher conversion efficiency, it is
necessary to improve the quality of intrinsic aSi:H layer, p-layer and p/i interface.
After light soaking, the stabilized conversion efficiency of 6.3% was obtained and the
Voc increased from 0.78 V to 0.82 V. This kind of result i similar to that of aSi:H
solar cell deposited by photo-CVD with H, dilution.'” Therefore, the phenomena
seems due to the hydrogen dilution effect on the film property because of the high
generation rate of atomic hydrogen in the Hot Wire Cell method. Up to now, the initial
conversion efficiency of 7.75% (Voc=0.84V, Jsc=13.5mA/cn?, F.F.=0.68) was

achieved.
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3-3-3 High Rate Deposition of Amorphous Silicon Thin Films and
Solar Cells

Next, we tried to deposit aSi:H films at high deposition rates. In our previous
works, it was found that the deposition rate proportionally increased with increasing
the flow rate of SiH4.'? However, from the viewpoint of gas usage, it is better to
obtain high deposition rate at a low flow rate of SiH4. Furthermore, it was found that
the deposition at alow pressure was effective in improving the film quality because of
the restraint of the gas phase reaction. We thought that the gas phase reaction was very
important and the radicals reaching the growing surface might be much influenced by
the distance between the filament and the substrate because the gas phase reaction is
changed by the distance. Therefore, we changed the filament-substrate distance as
another way of achieving a high deposition rate with maintaining the film quality.

Figure 310 shows the dependence of deposition rate of aSi:H film on the
filament-substrate distance. It was found that the deposition rate proportionally
increased with decreasing the filament-substrate distance. The deposition rate of 1.5
nm/s could be achieved at the filament-substrate distance of 1.5 cm. This result is
attributed to the increase of radical density by decreasing the filament-substrate
distance. In order to investigate the film quality of these films, we measured photo and
dark conductivity and FT-IR spectra of these a-Si:H films.

Figures 3-11 and 3-12 are dependence of photo and dark conductivity and FT-IR
gpectra on filament-substrate distance, respectively. From the result of conductivity
measurement, the dark-conductivity was amost constant, however, the
photoconductivity largely decreased with decreasing the filament-substrate distance

from3cmto 1.5 cm.
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Thereason isclear in Fig. 3-12, since the peak at 2100 cmi* increased with decreasing
the filament-substrate distance from 3 cm to 1.5 cm. At the filament-substrate distance
of 3 cm, in spite of the high deposition rate of 1 nm/s, a high photoconductivity and a
dominant peak at 2000 crri* could be obtained. The reason of the degradation of film
quality at the short distance might be attributed to the insufficient migration of radicals
on the growing surface due to the high deposition rate and due to the undesirable
radicals near the filament. In order to investigate the film quality of these aSi:H films,
solar cells were fabricated by using these films for klayer. An intrinsic aSi:H layer
was deposited at a gas pressure of 5 mTorr and filament-substrate distance of 3 cm.
The thickness and the deposition rate of i-layer were 280 nm and 1 nm/s, respectively.
As a preliminary result, the initial conversion efficiency of 5.5% was achieved, as
shown in Fig. 313. Comparing to aSi:H solar cell deposited at a deposition rate of
0.4 nm/s, Voc and Jsc were almost same, however, F.F. was as low as 0.53. The cell
performance might be much improved by optimizing the deposition conditions of p

and i layer.
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Fig. 3-13 I-V characteristics of a-Si:H solar cell deposited at a growth rate of 1 nm/s.
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3-4 Summary

A-Si:H films were deposited by the Hot Wire Cell method and it was found
that the deposition at a low pressure was effective in improvement of the quality of
aSi:H films. We could succeed in reducing Si-H, bonding and the concentrations of O
and C atoms to the order of 10'® cm® at the deposition pressures of 1-10 mTorr, and
the photoconductivity of 6.5x10°° S/cm could be obtained. The initial and stabilized
conversion efficiency of 7.5% and 6.3% with the deposition rate of 0.4 nm/s were
achieved for superstrate pin aSi:H solar cell. It was also found that the short
filament-substrate distance was effective for the high deposition rate with maintaining
film quality. We could succeed in obtaining the high photoconductivity and the
dominant peak at 2000 cmt in FT-IR spectra with a high deposition rate of 1 nm/s at a
pressure of 5 mTorr and a filament-substrate distance of 3 cm. The initial conversion
efficiency of 5.5% with the deposition rate of 1 nm/s was achieved for superstrate pin

aSi:H solar cell.
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Chapter4

Theoretical Analysis of Microcrystalline Silicon
Thin Film Solar Cells

4-1 Introduction

Our group has been studied aSi:H materials and solar cells for around 20
years and a stabilized conversion efficiency of 9.0% has been achieved by using
photo-CVD method.” Therefore, the fundamental technique for solar cell fabrication
including p-aSiC:H, buffer-aSIC:H, naSi:H, ZnO, Ag and Al electrode was
established. However, in the initial stage of this study, we didn't have any knowledge
and technique for microcrystalline silicon frc-Si:H) solar cells. Therefore, it was
required to be confirmed if p-aSiC:H and n-a-Si:H were suitable for nc-Si:H thin film
solar cells. If paSIC:H and naSi:H were not suitable, the other materials as p-layer
and nlayer were required to be found and investigated. Thus, first, p-layer and n-layer
materials such as p-aSIC:H, p-aSi:H, p-nt-Si:H, naS:H and nnc-Si:H were
investigated by theoretical analysis. In the theoretical analysis, these materials were
applied to a nc-Si:H solar cell, their suitability was examined. For the theoretical
analysis, AMPS-1D BETA 1.00 (aone-dimensional device simulation program for the
Anaysis of Microelectronic and Photonic Structures) was used. Next, effects of

i-layer film properties on solar cell performances were also investigated by theoretical
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analysis. The tlayer is an active absorber layer and it is most significant layer for
solar cells and investigating the effects of i-layer film properties such as defect
densities and impurity concentrations on solar cell performances are necessary for

fabricating high efficiency solar cells.

4-2 Calculation for Solar Cell Performances by Using
AMPS-1D

The theoretical analysis was carried out by using AMPS-1D BETA 1.00 (a
one-dimensional device simulation program for the Analysis of Microelectronic and
Photonic Structures). AMPS-1D was devel oped with the support of the Electric Power
Research Institute and equipment support by IBM. AMPS-1D is the creation of
Professor Stephen J. Fonash and his students. AMPS-1D is one-dimensional computer
program for simulating transport physics in solid-state devices. It uses the
first-principles and Poisson’s equations approach to analyze the transport behavior of
semiconductor electronic and opt electronic device structures. These device structures
can be composed of crystalline, polycrystalline, or amorphous materials or
combinations thereof. AMPS-1D numerically solves the three governing
semiconductor device equations (the Poisson equation and the electron and hole
continuity equations) without making any apriori assumptions about the mechanisms
controlling transport in these devices. With this general and exact numerical treatment,
AMPS-1D may be used to examine a variety of device structures including
homojunction and heterojunction p-n and p-i-n solar cells and detectors. Fundamental

formulas of AMPS-1D are described as follows:
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Poisson's equation is given by
S8 2=qp9- N9+ N300~ NA(9+ (¥ - ()] (@1)
X @ dx g

where the electrostatic 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 N, doping concentrations are all functions of the position of
the position coordinate x. Here, e is the permittivity and q is the magnitude of

the charge of an electron. The free electron n, free hole p concentrations are given

by
CE &
n=N¢ Xy, e(pééEF < 9 (4-29)
e kT g
p = Ny XFy, ey Er 0 (4-2b)
e kT g

In these equations, Nc and Nvare the band effective densities of states for the
conduction and valence bands, respectively. The Fermi integral of order one-half

appearing in Equation 4-2a and b is defined as

2 ¥ El/ZdE

F = 4-3
v2() «/EOQL"'GXD(E-I']) (4-3)
where h - the Fermi integral argument — is expressed as
ép - EC 0
h,= k2 4-
I e (4-44)
for free electrons and
ok - Ef0
h, = e 4-4b
for free holes.
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The total charge arising in localized doping levels including gap states can be
represented by
NG =Nip + Nip 53
for the donor-dopant levels and
Nu = Nga+ Npy (4-5b)
for the acceptor-dopant levels. Here, N; and N, seen in Poisson's equation
(Equation 4-1), are the total charges arising from both the discrete and banded dopant
energy levels. In these eguations, N, and N, represent the total charge
originating from discrete donor and acceptor concentrations, respectively, while N,
and N,, represent the total charge developed by any banded donor and acceptor
levels, respectively.

The total charge arising in defect levels can be represented by
Pe= Pd+ Po + Po (4-62)
for the donor-like states and
N, = Ng, + Mo, + N, (4-6b)
for the acceptor-like states. Here, the p,and n, seen in Poisson's equation (Equation
4-1), are the total charges arising from the discrete, banded and continuous defect
(structural or impurity) energy levels. In these equations, ns¢, and pq, represent the
total charge, originating respectively from discrete acceptor and donor concentrations,
while no, and pe, , respectively, represent the total charge developed by any banded
acceptor and donor concentrations. Finally, nc, and pc, respectively represent the
total charge developed by any continuous (exponential, Gaussian, or constant)
acceptor and donor concentrations.

Above formulas has provided expressions for al the quantities contributing to

the charge in Poisson's equation. A close inspection of these expressions shows that
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they al are ultimately defined in terms of the free carrier populations n and p.
Now, 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 concentrationsis equal to zero. Asa
result, the continuity equation for the free electrons in the delocalized states of the

conduction band has a form

lagll o
s R 4-7
—C 2= G0+ RO (79

and the continuity equation for the free holes in the delocalized states of valence band

has the form

1280, 0_
sE g0 Cu0- RY) (4-7h)

where J, and J are, respectively, the electron and hole current densities. The term
R(xX) is the net recombination rate resulting from band-to-band (direct)

recombinationand S-R-H (indirect) recombination traffic through gap states. The term

G,p(X) is the optica generation rate as a function of x due to externally imposed

illumination. The electron current density J,, can always be expressed as

Ef .
3,00 = qmméé%Q (489
e GX g

where m), is the electron mobility and n isdefined in Equation 4-2a.

The hole current density J,, can always be expressed by

J,(x) = qmppgd—xp%j (4-8Db)

where m, is the hole mobility and p isdefined in Equation 4-2b.
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There are two basic processes by which electrons and holes may recombine
with each other. In the first process, electrons in the conduction band make direct
transitions to vacant states in the valence band. This process is labeled as
band-to-band or direct recombination R, (also known as intrinsic recombination). In
the second process, electrons and holes recombine through intermediate gap states
known as recombination centers. This process, originally investigated by Shockley,
Read, and Hall, is labeled indirect recombination R or SR-H recombination (also
known as extrinsic recombination). The net recombination term R(x) in the

continuity equations takes both of these processes into consideration such that

R() =R, (x) + R (x) (4-9
The net direct recombination rate can be expressed by
Ry (X) =b(np- nyp,)=b(np- n?’) (4-10)

where b isaproportionality constant which depends on the energy-band structure of
the material under analysis. The n, and p, factors are the carrier concentrations in
thermodynamic equilibrium, expressed by Equations 4-2a and b.

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

(np' Ny po)
t pO(n+nt)+t nO(p+ pt)

R (X)= (4-12)

where t, and t, ae short hand for reciprocas of the thermal
velocity- hole/electron capture cross section and Nt product. The quantities n, and
p, depends exponentially on the position of the defects in the energy band gap.

It is assumed that a structure illuminated by a light source of frequency n,
with a photon flux of F ,(n;) (in units of photons per unit area per unit time) has
photons obeying hn 2 E_ . This photon flux F ;(n;) isimpinging a x=0. Asthe

photon flux travels through the structure, the rate at which electron-hole pairs are
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generated is proportional to the rate at which the photon flux decreases. Therefore, the

optical generation rate can be expressed as

A F0) e A FR) @12)

G, (x) =

where F*(n.) represents the photon flux of frequency n, at some points X
which is moving left to right (forward), and F ™' (n,) represents the photon flux of
frequency n, at some points 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 points
X, we have
FI%0,) =F () {expl-a(,)x] + R-Ry[exp(-a (n,)L)]* - exp[-a ()X +...} (4-13)
whereas
FI M) =ReF 6 0) - {exp[-a()L]- exp[-a()(L- X)] +
R-Rg[exp(-a (;)L)]° - exp[-a(;)(L - ¥)] +..} (4-14)
In these expressions, R: is the reflection coefficient for the internal surface at x=0
and R; is the reflection coefficient for the internal surface at x =L (the back
surface). All of these reflection coefficients can be functions of the frequency n, .
AMPS-1D can also take into consideration the acceptor-like, donor-like band
tail states and the acceptor-like and donor-like Gaussian dangling bond states. The
acceptor-like, donor- like band tail states are respectively expressed as
9A(E) = gs (- (Ec - E)/E,} (4-15)
95 (E) = g5 "expf- (E- E,)/Ep} (4-16)
where E, and E_ are the characteristic energy.
The acceptor-like and donor-like Gaussian dangling bond states are respectively

expressed as

94



@& N, 0 & (E-E)0
E) = AG X - AG/ = 4-17
PO ks 8 Bk b .
(E)—& Npg 9@( & (E- EDG)29 (4-18)
P sy 6 Bk b

S ,c @d s, are the standard deviations of the acceptor-like and donor-like
Gaussian dangling bond states, respectively.

The material parameters of p-layer, i-layer and n-layer used for AMPS-1D are

general parameters®® for aSi:H and nc-Si:H solar cells and shown in Tables 4-1, 4-2

and 4-3, respectively. Where N, and N, are effective density of states in the

conduction band and valence band, respectively. f, is E.-E a x=0

(front-surface/p-layer interface) or a8 x=L (n-layer/back-surface interface). g,

and g, are prefactor in the equations 4-15and 4-16, respectively.

Table 4-1: The material parameters of p-layer used for AMPS-1D

p-layer p-layer p-layer
(p-aSiC:H) (p-aSi:H) (p-ne-Si:H)
Thickness [mm] 0.02 0.02 0.02
Carrier concentration [cm3] 1x1019-1x102t 5x108-1x1020 1x1017-1x1020
N¢[cnmd] 3x10%° 3x10% 3x10%°
N, [cm?] 2x10%° 2x10% 2x10%°
folev] 1.7 15 1.05
Oa/0p [cmBeV-]] 5x1019/5x1019 5x10195x 1019 5x1019/5x1019
En/Ep[eV] 0.03/0.04 0.03/0.04 0.01/0.02
D-state density [cne] 5x10Y 2x10Y 1x1016
D*-level (above E,) [eV] 0.5 0.5 0.3
D-level (below E_) [eV] 0.5 0.5 0.3
Capture cross section
D*+e=D°[cm?] 1x104 1x1014 1x1015
DO+h*=D*[cr?] 1x10°15 1x1015 1x1016
D°+e=D" [cn¥] 1x1015 1x1015 1x1016
D+hr=D°[cm] 1x1014 1x1014 1x1015
Sac! SpsleVv] 0.09/0.09 0.09/0.09 0.13/0.13
Electron affinity ¢ [eV] 3.8 39 39
Dielectric constant 11.9 119 11.9
Mobility bandgap[eV] 1.95 17 11
Mohbility m/m,[cm?/V-YsY 5/0.7 10/1 50/5
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Table 4-2: The material parameters of i-layer used for AMPS-1D

i-layer
(i-nc-Si:H)
Thickness[ mm] 0.55.0
Carrier concentration [cm3] 1x100-1x1018
Nclem?] 3x1019
Ny [em3] 2x1019
fplev] -
04/0 [cmrieV ] 5x10t9/5x10°
E Ep[eV] 0.01/0.02
D-state density [cm3] 1x10%5-1x1018
D*-level (above E,) [eV] 0.3
D-level (below E) [eV] 0.3
Capture cross section
D*+e=D°[cn¥] 1x10-15
Do+h*=D*[cm? 1x1016
Do+e=D-[cm? 1x1016
D+h=D°[cm?] 1x10-15
Sac! SpeleVl] 0.13/0.13
Electron affinity ¢ [eV] 3.9
Dielectric constant 11.9
Mobility bandgap [eV] 11
Mohbility mym, [cr?/V-Ys?] 50/5

Table 4-3: The material parameters of n-layer used for AMPS-1D

n-layer nlayer
(n-a-Si:H) (n-me-Si:H)
Thickness [mm] 0.02 0.02
Carrier concentration [cm-9] 1x1017-1x10%° 1x1017-1x1020
Nc[emd 3x10%® 3x10t°
Ny [emF] 2x10% 2x10%°
folev] 0.2 0.02
04/9p [cm3eV-] 5x10t9/5x10%° 5x10%/5x10%
E/Ep[eV] 0.03/0.04 0.01/0.02
D-statedensity [cm3] 2x10% 1x10t6
D*-level (aboveE, ) [eV] 0.5 0.3
D~level (below EJ) [eV] 0.5 0.3
Capture cross section
D*+e=D° [cm?] 1x1014 1x1015
Do+h*=D*[cm?] 1x1015 1x10-16
De+e=D- [cm?] 1x1015 1x10-16
D-+h*=De [cm?] 1x1014 1x1015
Sac! SpeleV] 0.09/0.09 0.13/0.13
Electron affinity c [eV] 3.9 39
Dielectric constant 119 11.9
Mobility bandgap [eV] 1.7 11
Mobility mym,[cm?/V-Y/s? 101 50/5
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4-3 Resultsof Calculation

4-3-1 Effectsof p-layer materials

In this section, effects of p-layer materials on solar cell performances were
examined. As a nlayer, nnt-Si:H was used, and p-aSiC:H, p-aSi:H and p-nc-Si:H
were investigated in order to confirm if they were suitable p-layer materials for
nc-Si:H thin film solar cells. As shown in Fig. 4-1, when the p-layer was p-aSiC:H
and p-aSi:H, solar cell performances showed large dependence on the acceptor
concentration of p-layer. On the other hand, when the p-layer was p-nc-Si:H, solar cell
performances were constant at an acceptor concentration from 1x10%° cmi® to 1x10%’
cm®. In the case of p-aSIC:H and p-aSi:H, k& and F.F. largely decreased with
decreasing the acceptor concentration less than 1x10%° cm®, as a result, conversion
efficiency largely decreased at an acceptor concentration less than 1x10™° cm®.
Therefore, in order not to decrease cell performances, the acceptor concentration of
over 1x10?° cm® and 5x10'° cm® are required for p-a-SiC:H and p-aSi:H, respectively.
However, apart from an acceptor concentration of 5x10'° cm?® for p-a-Si:H, an
acceptor concentration of 1x10?° cmi® is too high for p-a-SiC:H and it is not a practical
value, because a general acceptor concentration for p-aSiC:H is around 5x10* cm.
An acceptor concentration of around 1x10° cm®is a practical value for paSi:H,
however the increase of doping makes defect density increase, thus, a window of
deposition parameters for obtaining high quality and high acceptor concentration at
the same time is narrow. From these results, the most suitable player material for
nc-Si:H thin film solar cellsis p-nec-Si:H. Therefore, in this study, p-nec-Si:H was used

for fabrication of nc-Si:H thin film solar cells.
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Fig. 4-1: Solar cell performances as a function of p-layer acceptor concentration

in the case of p-nt-Si:H, p-aSi:H, p-aSIC:H
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Next, in order to know the reasons for above results, band profiles and recombination
rates of solar cells were investigated. As shown in Fig. 4-2, in the case of p-aSIC:H,
the electric field largely decreased with decreasing acceptor concentration less than
5x10'° cm®. One of the reasons for this decrease of the electric field might be thought
that the activation energy of p-layer increased due to the low acceptor concentration.
Besides, at each acceptor concentration, a band offset occurred at the valence band of
the p/i interface due to the large difference of band gap, it might disturb a flow of
holes. As shown in Fig. 4-3, the recombination rate in the whole i-layer region largely
increased with decreasing acceptor concentration less than 5x10*° cmi® due to the large
decrease of the electric field in the ilayer. Especially in the region from p/i interface
to the middle of i-layer, the recombination rate largely increased by 2 orders of
magnitude. When the acceptor concentration was 1x10?* cm®, the recombination rate
was as low as that of p-nc-Si:H in the whole i-1ayer region.

As shown in Fig. 4-4, in the case of paSi:H, the electric field largely
decreased with decreasing acceptor concentration less than 1x10'° cmi®. This result is
similar to that of p-aSIC:H. A band offset also occurred at the valence band of the pfi
interface due to the large difference of band gap, like in the case of paSIC:H. As
shown in Fig. 4-5, the recombination rate in the whole i-layer region largely increased
with decreasing acceptor concentration less than 1x10%° cm® due to the large decrease
of the electric field in the ilayer. Especialy in the region from p/i interface to the
middle of layer, the recombination rate largely increased by 2 orders of magnitude.
When the acceptor concentration was 1x10%° cm®, the recombination rate was as low

as that of p-nt-Si:H in the whole i-1ayer region.
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4-3-2 Effectsof n-layer materials

As above mentioned in 4-3-1, there was a large dependence of cell
performances on player materias. Especially when the player was pa-SiC:H and
p-aSi:H, solar cell performances showed large dependence on the acceptor
concentration of player. Therefore, in this section, naSi:H and n-nt-Si:H were
investigated in order to confirm if they were suitable n-layer materials for nc-Si:H thin
film solar cells. From the results in 4-3-1, it was found that p-rc-Si:H was the most
suitable material for the p-layer, thus, p-nc-Si:H was used for the theoretical analysis
in this section. For both naSi:H and nnt-Si:H, donor concentration of nlayer was
varied from 1x10'" cmi® to 1x10%° cmi®. In the case of both n-a-Si:H and n-ne-Si:H, no
difference was observed in the solar cell performances at donor concentrations from
1x10Y" ecm® to 1x10?° cm®, as shown in Fig. 4-6. Vo, J, F.F. and conversion
efficiency were constant for both ra-Si:H and nnt-Si:H. No difference was aso
observed in band profiles and recombination rates of solar cells for both ra-Si:H and
n-ne-Si:H. From these results, it is concluded that both n-a-Si:H and n-nc-Si:H can be
used for ne-Si:H thin film solar cells. In our group, high quality na-Si:H films were
aready obtained by using photo-CVD method, therefore, n-aSi:H prepared by

photo-CV D was used for fabrication of nc-Si:H thin film solar cellsin this study.
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Fig. 4-6: Solar cell performances as a function of n-layer donor concentration
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4-3-3 Effectsof i-layer film properties

From the above results in 43-1 and 4-3-2, it was found that p-nt-Si:H is the
most suitable material for p-layer and both na-Si:H and nnt-Si:H can be used for
nc-SicH thin film solar cells. In this section, effects of layer film properties on solar
cell performances were investigated. In the theoretical analysis, p-nc-Si:H and
nnc-Si:H were used for p-layer and nlayer of nt-Si:H thin film solar cells,
respectively. First, effects of defect density of i-layer on cell performances were
investigated. A thickness and impurity concentration of layer were fixed 1.2 mm and
1x10"° cm®, respectively. Defect dersities were varied from 1x10™ cm® to 1x10'8
cm®. As shown in Fig. 4-7, Ve, F.F. and conversion efficiency largely decreased with
increasing defect density from 1x10* cm®to 1x10'® cm3. Jy was almost constant at a
defect density from 1x10™ cm®to 5x10% cm?®, and then it largely decreased with
increasing defect density over 5x10'® cm®. The theoretical results show that if defect
density can be reduced down to 1x10™ cm®, a conversion efficiency can be increased
up to 9.4%. It was found that defect density is very effective in solar cell performances,
and for obtaining high conversion efficiencies, defect density must be reduced less
than 5x10%° cm®. In order to know the reasons for above results, band profiles and
recombination rates of solar cells were investigated. As shown in Fig. 4-8, the
homogeneous electric field was strongly formed in the whole i-layer region and it was
almost same at defect densities of 1x10™ cmi® and 1x10% cmi®, however, when the
defect density increased to 1x10'® cmi®, the electric field was strongly formed only at
the p/i interface and it was almost zero in the whole i-layer region. Therefore, the large
decrease of cell performances was caused by this weak electric field in the whole

i-layer region at defect densities over 1x10® cm®.
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As shown in Fig. 49, the recombination rate was constant with a value of 1x10?
cm®s? in the whole ilayer region at a defect density of 1x10'® cm® because of the
weak electric field in the i-layer. The recombination rates largely decreased with
decreasing defect density from 1x10*® cmi® to 1x10* cm®. Especially in the region
from p/i interface to the middle of i-layer, the recombination rate largely decreased by
4 orders of magnitude with decreasing defect density from 1x10% cm® to 1x10™ cm®.
The electric field in the i layer was almost same at defect densities of 1x10™° cmi®and
1x10™ cm®, however, the recombination rate had large difference, because the rate of
trapped electrons and holes in defects largely increased due to the increase of defect
dengity.

Generaly, intrinsic mc-Si:H films show ntype characteristics when impurity
concentration such as oxygen concentration increases, because oxygenrelated donor
increases. Therefore, next, effects of impurity (donor) concentration of layer on cell
performances were investigated. A thickness and defect density of ilayer were fixed
1.2 mm and 1x10'® cm®, respectively. Impurity concentrations were varied from
1x10™° cm® to 1x10'® cm?3. As shown in Fig. 4-10, Vo, X, F.F. and conversion
efficiency were constant at impurity concentrations from 1x10'° cm®to 1x10™ cm®.
However, Voc and FF. dlightly increased and Js largely decreased with increasing
impurity concentrations over 1x10™ cm®. As a result, conversion efficiencies largely
decreased at impurity concentrations over 1x10* cm®. From the results in Figs 47
and 4-10, it was found that for obtaining high conversion efficiency, impurity
concentration must be decreased less than 1x10™ cm®, furthermore, defect density
largely limits cell performances at a impurity concentration less than 1x10'° cm®. In
order to know the reasons for above results, band profiles and recombination rates of

solar cells were investigated.
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As shown in Fig. 411, the homogeneous electric field was strongly formed in the
whole ilayer region at impurity concentrations of 1x10*° cm® and 1x10* cm®, and
the electric field in the i-layer region slightly decreased with increasing impurity

concentration from 1x10'° cm?® to 1x10%® cnmis.

However, when the impurity
concentration increased to 1x10%" cm®, the electric field was strongly formed only at
the p/i interface and it was almost zero in the whole i-layer region Therefore, the large
decrease of cell performances was caused by this weak electric field in the whole
i-layer region at impurity concentrations over 1x10'® cm®. As shown in Fig. 4-12, the
recombination rate was constant with a value of 6x10%° cm®s? in the whole ilayer
region at a impurity concentration of 1x10*" cnmi® because of the weak electric field in
the i-layer. The recombination rates largely decreased with decreasing impurity
concentration from 1x10' cm® to 1x10'° cmi3. In the region from the middle of i-layer
to the i/n interface, the recombination rate largely decreased by 3 orders of magnitude
with decreasing defect density from 1x10% cmi®to 1x10% cmi®, however, around the
p/i interface, the recombination rate largely decreased with increasing impurity
concentration from 1x10'° cm® to 1x10%" cm®. The reason of this large decrease is
because layer became rrtype due to the high donor concentration and the electric
field at the p/i interface became strong. The slight increase of V,c and F.F. in Fig. 4-10
might be also caused by this reason. The difference between the recombination ratesin
the tlayer region from the p/i interface to the middle of tlayer and that from the
middle of ilayer to n/i interface was small at impurity concentration of 1x10'° cm?®,
however, the difference largely increased with increasing impurity concentration to
1x10™ cm®. The reason of this result is that the electric field in the ilayer region

decreased with increasing impurity concentration from 1x10%*° cm® to 1x10* cm®.

Therefore, it is concluded that in order to form the homogeneous electric field strongly
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in the entire ilayer region and reduce the recombination rate, the tlayer must be
maintained to be intrinsic and the impurity concentration must be reduced less than
1x10" cm®.

The other important i-layer parameter is the thickness. When the i-layer
thickness increases, the light absorption increases, as a result, J increases. However,
when film quality of ilayer is not good, solar cell performances are degraded with
increasing the i-layer thickness, indicating that there is an optimum layer thickness,
which depends on film quality of the i-layer. Therefore, finally, the dependence of cell
performances on the ilayer thickness was investigated. The impurity concentration of
the i-layer was fixed 1x10 cni®. The thickness of the i-layer was varied from 0.5 nm
to 5.0 nm for the defect densities of 1x10™ cm® and 1x10%° cm®, respectively. As
shown in Fig. 4-13, Vocand FF. slightly decreased with increasing layer thickness at
a defect density of 1x10™ cm, and they largely decreased with increasing ilayer
thickness at a defect density of 1x10™ cmi®. On the other hand, when a defect density
was 1x10™° cm3, X largely increased from 15 mA/cn? to 30 mA/cnt with increasing
i-layer thickness and it was saturated at a thickness of 5.0 nm. However, when a defect
density was 1x10'® cm®, J¢. also largely increased from 15 mA/cn? to 22 mA/cnt
with increasing i-layer thickness, but it was saturated at a thickness of around 2.0 nm.
As the results, when a defect density was 1x10™ cm®, a conversion efficiency largely
increased with increasing layer thickness and it had the maximum value of 11.2% at
a thickness of 5.0 mm. On the other hand, when a defect density was 1x10'® cm®, a
conversion efficiency had a peak value of 6% at a thickness of around 1.0-2.0 nm. In
order to know the reasons for above results, band profiles and recombination rates of
solar cells were investigated. As shown in Fig. 4-14, when a defect density was 1x10™

cm®, the electric field decreased with increasing i- layer thickness, however,
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the homogeneous electric field was strongly formed in the whole i-layer region even at
a thickness of 5.0 mm. Therefore, Voc and FF. slightly decreased, but J. largely
increased with increasing klayer thickness from 0.5 nm to 5.0 nm, as a result, the
maximum conversion efficiency of 11% could be obtained at a thickness of 5.0 mm, as
shown in Fig. 413. On the other hand, when a defect density was 1x10*® cm®, the
electric field in the ilayer region largely decreased with increasing layer thickness,
and it became very weak at a thickness of 5.0 nm, as shown in Fig. 515. Therefore,
Vocand FF. largely decreased, and Js: increased with increasing layer thickness, but
it was saturated at a thickness of around 2.0 nm, as a result, a conversion efficiency
had a peak value of 6% at a thickness of around 1.0-2.0 nm. As shown in Fig. 4-16,
when a defect density was 1x10" cm?®, the recombination rate increased with
increasing i layer thickness, however, the value was still as small as 1-6x10'® cmi®s?
in the whole i-layer region because the homogeneous electric field was strongly
formed in the whole i-layer region even at a thickness of 5.0 m. On the other hand, as
shown in Fig. 417, when a defect density was 1x10'° cm®, the recombination rate
largely increased with increasing ilayer thickness, the value was as large as 1x10%°
cm®s? in the amost whole i-layer region. There was a large dependence of the
recombination rate on the distance from the p/i interface especially at a thickness of
2.0 mm. The recombination rate largely increased with increasing the distance from the
p/i interface, because the electric field was strongly formed at the p/i interface,
however, it became weak in the distant region from the p/i interface. From above
results, it is concluded that when the i layer defect density is as low as 1x10%° cm®, a
conversion efficiency increases with increasing i-layer thickness and the thickness can
be increased around 5.0 nm, however, when the defect density is 1x10% cm®, the

optimum i-layer thickness is around 1.0-2.0 mm.
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4-4 Summary

It was investigated if p-layer and n-layer materials such as p-aSiC:H, p-aSi:H,
p-nt-Si:H, naSi:H and nnt-Si:H were suitable for nec-Si:H thin film solar cells by
theoretical analysis. For the theoretical analysis, AMPS-1D BETA 1.00 was used. First,
effects of p-layer materials on solar cell performances were examined. As a result,
when the p-layer was p-aSiC:H and p-aSi:H, solar cell performances showed large
dependence on the acceptor concentration of player. On the other hand, when the
p-layer was p-nc-Si:H, solar cell performances were constant at an acceptor
concentration from 1x107° cm®to 1x10%" cm®. In the case of p-aSiC:H and p-a-Si:H,
cell performances largely decreased with decreasing the acceptor concentration less
than 1x10'° cm3. Therefore, it is concluded that the most suitable p-layer material for
nc-Si:H thin film solar cells is p-nt-Si:H. Next, nraSi:H and nntc-Si:H were
investigated in order to confirm if they were suitable n-layer materials for nc-Si:H thin
film solar cells. In the theoretical analysis, no difference was observed in solar cell
performances for both ra-Si:H and nnc-Si:H. Therefore, it is concluded that both
na Si:H and n-nt-Si:H can be used for ne-Si:H thin film solar cells. Finaly, effects of
i-layer film properties such as defect density, impurity concentration and film
thickness on solar cell performances were investigated. Defect density was varied
from 1x10™® cm3to 1x10'® cm®, as a result, it was found that defect density is very
effective in solar cell performances, and for obtaining high conversion efficiencies,
defect density must be reduced less than 1x10'® cmi®. Impurity concentrations were
varied from 1x10%° cm® to 1x10'8 cm®, as a result, it was found that for obtaining high
conversion efficiency, impurity concentration must be decreased less than 1x10%° cm®,

besides, defect density largely limits cell performances at a impurity concentration
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less than 1x10% cm®. The thickness of the i layer was varied from 0.5 nrm to 5.0 nm
for the defect densities of 1x10™® cm® and 1x10'" cm®, respectively, as the results,
when a defect density was 1x10™° cm®, a conversion efficiency largely increased with
increasing i-layer thickness and it had the maximum value of 11% at a thickness of 5.0
mm. On the other hand, when a defect density was 1x10'® cm®, the optimum layer

thickness was around 1.0-2.0 mm and the maximum conversion efficiency was 6% at

that thickness.
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Chapter5

Fabrication and Char acterization of Microcryst-
alline Silicon Thin Films and Solar Cells

5-1 Introduction

Recently, hydrogenated microcrystalline silicon (rre-Si:H) based thin film solar
cells attracted much attention as a bottom cell of hybrid solar cells. However, for the
reduction of manufacturing cost of solar cells, deposition rates should be enhanced up
to 2-5 nm/s. Matsumura and Tachibana® and Mahan et d.? proposed Catalytic
Chemical Vapor Deposition (CAT-CVD) or the Hot Wire CVD method and obtained
aSi:H films with good quality at high deposition rates of over 1 nm/s. From these
points of view, HW-Cell method is one of the promising methods for obtaining & Si:H
and rc-SizH thin films since high deposition rate, low substrate temperature and high
efficiency of gas usage can be expected.® In our previous works, it was demonstrated
that at a high filament temperature of 2100°C and relatively high deposition pressure
of 0.1 Torr, nc-Si:H films with a high crystal volume fraction of 80-90% and relatively
high growth rates of 0.4-3.0 nm/s could be easily obtained without hydrogen
dilution.” However, it was found from SIMS results that the O and C concentrations
of me-Si:H films grown at a pressure of 0.1 Torr were 5x10°* cm® and 5x10%° cm®,

respectively, and the cell performances were limited critically by such a high impurity
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concentration.” On the other hand, it was found that the O and C concentrations of
aSi:H films grown by HW-Cell method could be reduced to the order of 10 cm® and
Si-H/SkHH; ratio and electrical properties were also largely improved with decreasing
deposition pressure less than 20 mTorr as above mentioned in Chapter3. Therefore, in
this work, first, we tried to reduce the impurity concentration in the nt-Si:H i-layer by
decreasing deposition pressure and also tried to obtain high quality films in structural
and electrical properties. Second, a novel 2-step growth method was proposed in order
to reduce the thickness of an incubation layer in the initial growth of ilayer. Then,
deposition parameters in the 1% and 2" layer of 2-step growth method were optimized
for the further improvement of solar cell performances. Furthermore, degradation

properties of films and solar cells were investigated.

5-2 Experimental Details

5-2-1 Experimental Setup

A schematic view of the hybrid multichamber system (Hot Wire Cell method
and photo-CVD) used for film deposition in this study is shown in Fig. 51. This
apparatus consists of totaly 6 chambers, such as a load-lock (LD) chamber,
photo-CV D-i and n chambers, HW-p chamber and HW-i chamber (for Si, SIC). In this
study, HW-i chamber was used for depositions of nt-Si:H intrinsic films, besides
HW-p and photo-CVD-n chambers were also used for solar cell fabrications. HW-i
chamber is ordinarily evacuated by a turbo molecular pump (TMP) and is aso
evacuated by a TMP during deposition. The base pressure is 2-5x107 Torr. HW-p and

photo-CV D-n chambers are ordinarily evacuated by a TMP and are evacuated by a
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mechanical booster pump (MB) during deposition. A schematic view of HW chamber
used in this work is shown in Fig. 52. Gas inlet, filament, substrate and pumps are

placed as shown in the Fig. 5-2.

5-2-2 Deposition conditions

Intrinsic me-Si:H thin films were deposited on Corning7059 glasses, single
crystal Si wafers and Asahi U-type TCO glasses by Hot Wire Cell method in a hybrid
multichamber system. A mixture of pure SiH; and H; gases was used for the
deposition of intrinsic nt-Si:H films. These gases are decomposed on the surface of
the heated W (tungsten) filament as a result of the catalytic and pyrolytic
dissociation.®’ The filament in the shape of a coil which had a diameter of 4 mm and a
length of 1.5 cm was used and it was placed parallel to the gas inlet. The filament
temperature was monitored by an infrared pyrometer through a quartz window. The
structure of ne-Si:H thin films was evaluated by Raman scattering spectroscopy and
scanning electron microscope (SEM) measurement. Photoconductivities (Spn) under
AM1.5, 100 mW/cnt illumination and dark conductivities (s 4) were measured with an
Aluminum (Al) coplanar electrode configuration. Activation energy (Es) was
evaluated by the temperature dependence of s 4. Fourier transform infrared absorption
spectroscopy (FT-IR) measurement was carried our in order to evaluate hydrogen
content including SFH and SkH, content. Defect density and impurity concentration
of nmc-Si:H thin films were measured by the electron spin resonance (ESR)
measurement and the secondary ion mass spectroscopy (SIMS) measurement,
respectively. For SIMS measurements, stacked thin film layers deposited on single

crysta Si wafers were prepared. The ambipolar diffusion length paralel to the

82



substrate (L, ) was evaluated by the steady-state photocarrier grating (SSPG)
measurement’ 2% and that perpendicular to the substrate (L ) was evaluated by the
surface photovoltage (SPV) measurement.®Y The thickness of the films was
measured with a Dektak profilometer. Raman spectra were deconvoluted in their
integrated crystalline, k. (520 cmt), amorphous, |, (480 cmi') and intermediate, I,
(510 cm) pesks. The crystal volume fraction, X, was calculated from the following
equation'?:
Xe= e+ Im) (Ic + Im + 1) Q)

In order to investigate the application of these nmc-Si:H films to Si based thin
film solar cells, p-i-n superstrate-type solar cells were prepared on Asahi Glass Co.
TCO (SnOy) glasses with the deposition rate of around 0.3 nm/s.

The structures of solar cells  fabricated was as follows:
Glass/TCO(SnO2)/p-pc-Si:H(30nm)/i-pc-Si:H(0.75-2.25nmm)/n-a Si:H(40nm)/ZnO/Ag
JAl. The ppc-Si:H and n-aSi:H layer were prepared by HW-Cell method™ ) and
photo-CVD method'®> 1", respectively. The deposition conditions of p, i and n layers
are summarized in Tables 51, 5-2 and 5-3, respectively. A mixture of pure SiH, and
H, diluted BHs (1%) gases were used for p-pc-Si:H film deposition. p-pc-Si:H films
could be obtained without H; dilution because of a high filament temperature of
2050°C and H, in Hy diluted BHs gas. A deposition rate was about 0.2 nn/s. In order
to reduce the TCO damage caused by atomic hydrogen, in the beginning of p-layer
deposition, aSi:H pre-deposition layer with a thickness of 223 nm was deposited on
TCO substrate at alow filament temperature of 1900°C using only pure SiH4 gas, then
p-uc-Si:H film with a thickness of 25 nm was deposited. This p-puc-Si:H film has a
high conductivity of 0.5-1.0 S/cm, crystal volume fraction of 40% even when the

thickness was as thin as 20-30 nm. Furthermore, it was already demonstrated that a
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conversion efficiency of over 7% could be obtained for pc-Si:H thin film solar cells
with tpc-Si:H prepared by photo-CVD, indicating high quality pupc-Si:H film. A
mixture of pure SiH; and H, diluted PHs (1%) gases were used for naSi:H film
deposition. This na-S:H layer have been used for aSi:H solar cells in our laboratory
and the maximum stabilized conversion efficiency of 9.0% was obtained. A schematic
view of the solar cell structure fabricated in this study is shown in Fig. 53. After the
deposition of p, i, n layers on TCO(SnO-) glass, ZnO layer with a thickness of 100 nm
was deposited by MOCVD method, then Ag and Al electrodes were deposited by

evaporation. RF-plasma CF4 etching apparatus was carried out for the etching of Si

films.
Table 5-1: Deposition parametersfor p-uc-Si:H layer.
Substrate temperature 175°C
Filament material Tungsten (W)
Filament temperature 1900-2050°C
Partial (SiH4)/total (SiH4+B2Hg) pressure 7/13.5 mTorr
SH, gas flow rate 0.62 sccm
B2Hs (H2 diluted, 1%) gas flow rate 1.3 sccm
Filament-substrate distance 4cm
Filament length 1.5 cm (18-turn)
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Table 5-2: Deposition parameters for i-uc-Si:H layer.

Substrate temperature 120-300°C
Filament material WorTa
Filament temperature W: 1800-2100°C, Ta: 1400-1700°C
SH,4 partial pressure 1-100 mTorr
SH4 gas flow rate 5scem
H, gas flow rate 5-100 sccm
Filament-substrate distance 5cm
Filament length 1.5 cm (18-turn)

Table 5-3: Deposition parameters for na-Si:H layer.

Substrate temperature 175°C
UV-lamp wavelength 184.9 nm
Total gas pressure 0.7 Torr
SH, gas flow rate 10 sccm
PH3 (H diluted, 1%) gas flow rate 5 scem
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Fig. 5-3: A schematic view of the solar cell structure fabricated in this study
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5-3 Deposition and Characterization of Microcrystalline
Silicon Thin Filmsand Solar Cells

5-3-1 Dependence on Hydrogen Flow Rate

In our previous works, we attempted to obtain microcrystalline Si (nc-Si:H)
films with a large grain size. As a result, it was found that films with a high crystal
volume fraction (Xc) around 90% could be obtained at a relatively high deposition
pressure of 100 mTorr without H dilution.® *® However, conversion efficiencies of
solar cells with those intrinsic ne-Si:H films were as low as around 1-1.5%, as shown
in Fig. 54. On that time, the structure of solar cells fabricated was as follows:
Glass/TCO (SnOy)/p-aSIC:H/buffer-a SIC:H (graded)/i-pc-Si:H/nra-Si:H/ZnO/Ag/Al.
Therefore, as demonstrated in Chapter4, one of the reasons of such a low conversion
efficiency was using p-aSIC:H. Figure 55 shows |-V characteristics of nc-Si:H solar
cells with ne-Si:H Hlayer prepared by photo-CVD. From these results, it was also
demonstrated that paSIC:H layer was not suitable for nc-Si:H solar cells and it
largely limited cell performances. Another reason of a low conversion efficiency is
low quality of nc-Si:H tlayer. From the SIMS results, it was found the O and C
concentrations of nc-Si:H films grown at a pressure of 100 mTorr were 5x10?* cm®
and 5x10%° cmi®, respectively, as shown in Fig. 56. On the other hand, it was found
that the O and C concentrations of aSi:H films grown by the HW-Cell method could
be reduced to the order of 10" cmi®with decreasing deposition pressure less than 20
mTorr, as demonstrated in Chapter3. Therefore, we thought good quality nc-Si:H films
could be obtained by introducing hydrogen dilution to the deposition conditions of

high quality a-Si:H films and the reduction of the O and C concentrations of nmc-Si:H
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The i-layer was prepared by photo-CVD
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films could be done by decreasing deposition pressure. The deposition conditions of
high quality amorphous silicon films are as follows. substrate temperature of 200°C,
filament temperature of 1900°C, SiH4 partial pressure (equal to total pressure) of 10
mTorr, SiH, flow rate of 5 sccm, filament-substrate distance of 5 cm. First, using this
deposition condition, nc-Si:H films were deposited by changing only H; flow rate.
Figure 57 shows Raman spectra as a function of H flow rate. The film structure was
amorphous at a H, flow rate of until 20 sccm, a film was crystallized at a H, flow rate
of 40 sccm. The crystal volume fraction (X.) of this nt-Si:H film was 42%. Next,
conductivity and FT-IR measurement were carried out for these nc-Si:H films. As
shown in Fig. 58, dark conductivity q4) has a correlation with film structure, the
value was constant and in the order of 10° a a H, flow rate of until 20 sccm,
reflecting amorphous structure, and largely increased to the order of 107, reflecting
the crystallization. Photoconductivity (Spn) decreased with increasing a H flow rate
from 5 sccm to 20 scem, but it increased with increasing a Hy flow rate to 40 sccm. As
shown in Fig. 5-9, total H content in nc-Si:H film slightly decreased from 15.5% with
increasing Hy flow rate until 20 sccm, and it largely decreased to 10% at a H, flow rate
of 40 sccm. That is because the film structure was completely amorphous at a H, flow
rate until 20 sccm, and at a H flow rate 40 sccm, it became microcrystalline with X
of 40%, indicating amorphous region decreased to 60%. It can be thought that H
atoms of nc-Si:H film exist mainly in the amorphous region. Thus, the amorphous
region decreased to 60%, total H content decreased from 15.5% to 10%, whose
decrease ratio was 65%, indicating that total H content in the amorphous region was
amost constant. On the other hand, SkH bonding largely decreased, SkH, bonding
largely increased with increasing H flow rate, indicating a degradation of aSi:H film

quality due to the decrease of SiH/Si-H; ratio.
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5-3-2 Dependence on Deposition Pressure

From the above results in 5-3-1, it was found that a film was crystallized at a
H, flow rate of 40 sccm with adding hydrogen dilution to the deposition condition of
high quality aSi:H films. Next, H, flow rate was fixed 40 sccm, films were deposited
by changing only SiH,4 partial pressure from 1 mTorr to 15 mTorr. The optimum SiH4
partial pressure was around 10 mTorr for amorphous silicon, however we thought that
in the case of nc-Si:H, total pressure increased because of hydrogen dilution, and
decreasing the pressure was effective in further reduction of impurities due to the
increase of gas evacuation speed. As shown in Fig. 5-10, Xc largely decreased at SiH4
partial pressures of over 5 mTorr, the structure of the film became amorphous at a
SH, partia pressure of 15 mTorr. The atomic H plays an important role in the growth
of nmc-Si:H thin film. The concentration of atomic H in the deposition chamber
decreased with increasing SiH; partial pressure, since gas phase reaction was
promoted and atomic H was consumed at a high deposition pressure. Therefore, Xc
decreased with increasing SiH, partial pressure. sq reflects the structural transition
from amorphous to microcrystalline material, indicating a large increase from Sy
=10"° Sem for aSi:H to s=108-10° Scm for me-Si:H. On the other hand, sph
doesn't reflect such a structural transition from amorphous to microcrystalline
material. When the SiH; partial pressure was 3 mTorr, Sq and spn showed the
maximum with the values of 5.8x10° S/cm and 9.1x10° S/cm, respectively. In our
previous works, spn of ntc-Si:H films deposited at a high pressure around 100 mTorr
was in the order of 10° however sp, was around 10°-10* Slcm in Fig. 5-10,
indicating that film quality was improved, compared to the conventiona films

deposited at a high pressure. Fig. 5-11 shows oxygen (O) and carbon (C) SIMS depth
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profiles of nc-Si:H film as a function of SiH4 partial pressure. For SIMS
measurements, stacked thin film layers were deposited on a Si wafer as a function of
SH4 partial pressure. The first layer was grown at a pressure of 20 mTorr and it was
decreased step by step. The lowest deposition gas pressure was 3 mTorr and then it
was again increased up to 20 mTorr. Each layer was deposited at a H flow rate of
40sccm. The substrate and the filament temperature were 200°C and 1900°C,
respectively. The dependence of O and C concentrations on the SiH, partial pressure
was clearly indicated that the concentrations of O and C atoms could be reduced to the
order of 10%° cm® by decreasing the partial pressure of SiH4 down to 3mTorr. Since
the evacuation speed is very high at a low deposition gas pressure, the concentrations
of impurities such as O and C in the chamber are decreased. Furthermore, the
generation of undesirable radicals such as SiH,, SihHs, SisHg and so on, are suppressed
due to restraint of the gas phase reaction at a low deposition pressure. Thus, the
incorporation of O and C during and/or after deposition can be suppressed. On the
other hand, these impurity concentrations of 2x10%° is still high and a further reduction
is required, however it might be thought that impurity concentrations could be further
reduced by decreasing SiH, partial pressure less than 3 mTorr. Figs. 512(a) and (b)
show cross-sectional SEM images of nt-Si;H films deposited at different pressures.
Fig. 5-12(b) is atypical cross-sectional SEM image of nt-Si;H films deposited at a
high pressure of 100mTorr by the HW-Cell method and the film has a columnar
structure and many grain boundaries. On the other hand, no columnar structure can be
seenin nt-Si;H film deposited at a low pressure of 3mTorr, as shown in Fig. 5-12(a).
The film seems to be denser than that grown at the high pressure. Xc of nc-Si;H film
shown in Figs. 5-12(a) and (b) was 60% and 90%, respectively. Therefore, these

structural differences are attributed to the difference of Xc. From the SEM
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Fig. 5-12: Cross-sectional SEM images of nmc-Si:H films deposited at a low pressure

of 3mTorr (a) and a high pressure of 100mTorr (b)
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observation, it was shown that the other reason of high O and C concentrations in the
nmec-Si;H film deposited at a high pressure of 100mTorr is attributed to this columnar
structure. The columnar structure has many grain boundaries, which have many
dangling bonds and voids, therefore, impurity incorporation easily occurred during
and/or after deposition.

Atomic H breaks the weak Si-Si bonds on the growing surface and chemically
etches the surface through the formation of SiH4'® ¥ and it also terminates the
dangling bonds on the growing surface and promotes the migration of SiH3.2%
Furthermore, the generation of undesirable radicals are suppressed due to restraint of
the gas phase reaction at a low deposition pressure. Thus, it is concluded that both
sufficient atomic H and suppression of generation of undesirable radicals could reduce
dangling bonds and voids in nmc-Si:H film at a low pressure and sn increased with

decreasing SiH4 partial pressure. According to these results, we adopted SiH, partial

pressure of 3 mTorr for fabrication of nc-Si:H films and solar cells below mentioned.

5-3-3 Dependence on Substrate Temperature

From the results in 5-3-2, it was found that nc-Si:H films with better quality
could be obtained at a SiH, partia pressure of 3 mTorr. Next, nc-Si:H films were
deposited by changing substrate temperature. As shown in Fig. 513, X. was almost
constant with changing substrate temperature from 165°C to 250°C. No large
differences could be observed in photo and dark conductivity, except that spn and Sq
had a small increase at a substrate temperature of 200°C. As shown in Fig. 514, no
large differences could be observed in H content. Total H content, SrH bonding and

Si-H, bonding were around 5-6%, 4% and 1-2%, respectively. Total H content and
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Si-H bonding had a small increase at a substrate temperature of 200°C, corresponding
to the tendency of conductivities. Next, the substrate temperature was fixed 200°C,
ne-Si:H films were deposited by changing filament temperature from 1800°C to
2100°C.

5-3-4 Dependence on Filament Temperature

It was demonstrated from the results in 5-3-2 that film quality largely changed
with changing SiHs partial pressure. The film quality largely changed because
pressure is a dominant deposition parameter that largely controls gas phase reactions.
On the other hand, reactant gases are catalytically and pyrolitically decomposed on the
surface of a filament, therefore dissociation efficiency of reactant gases has a large
dependence on filament temperature. Thus, gas phase reactions might be largely
changed by filament temperature. In this time, substrate temperature was fixed 200°C,
films were deposited by changing filament temperature from 1800°C to 2100°C. As
shown in Fig. 5-15, X; largely increased from 48% to 63% with increasing a filament
temperature from 1800°C to 2100°C, as aresult, s 4 also largely increased from 1x10®
Slem to 2x10°® S/em. spn had amost constant value of 24x10™ S/cm. Spn/Sq ratio
largely increased at a filament temperature of 1800°C, indicating that film quality was
improved. As shown in Fig. 516, total H content largely increased until 9% with
decreasing a filament temperature down to 1800°C. The amorphous region (100%-X.)
in nc-Si:H film decreased from 52% to 37%, total H content decreased from 9% to
4.2% with increasing filament temperature from 1800°C to 2100°C. Therefore,
decreasing ratio of the amorphous region was 37/52=0.7 and decreasing ratio of total

H content was 4.2/9=0.47, indicating that grain boundary was insufficiently passivated
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by H atoms and defect densities increased at high filament temperatures. SiH;
bonding dlightly decreased with decreasing filament temperature, however, Si-H
bonding largely increased with decreasing a filament temperature down to 1800°C.
From above results, it was found that total H content and SkH/Si-H, ratio increased by
decreasing a filament temperature down to 1800°C, indicating improvement of film
quality. However, it is not clear yet that these results were derived from the decrease
of gas dissociation efficiency or the decrease of heat radiation from the filament or the

decrease of impurity contamination from the filament at a low filament temperature.

5-3-5 Fabrication and Characterization of Solar Cells

It was demonstrated from the results in 5-3-2 and 5-3-4 that impurity
concentrations could be largely decreased by decreasing SiH4 partial pressure down to
3 mTorr and film quality could be improved by decreasing filament temperature down
to 1800°C. Therefore, in order to confirm the improvement of film quality, solar cells
were fabricated and characterized.

First, solar cells were fabricated with using rlayer deposited at a substrate
temperature of 200°C, a filament temperature of 1900°C, a SiH, partial pressure of 3
mTorr. In the conventional solar cells prepared at a filament temperature of 2100°C
and a pressure of 100 mTorr, conversion efficiency of around 1% could be obtained
and quantum efficiency had a very small spectrum response at a long wavelength of
over 800nm, however, a conversion efficiency of 2.79% could be obtained and a
relatively large spectrum response at a long wavelength of over 800nm could be
observed in a quantum efficiency, as shown in Figs 517 and 5-18. Therefore, it was

demonstrated from above results that film quality of nc-Si:H could be improved by
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decreasing filament temperature and SiH; partial pressure. Besides, as above
mentioned, the other reason for the improvement of solar cell performances is that
p-nc-Si:H film was used instead of p-a-SiC:H as ap-layer material.

Next, dependence of solar cell performances on substrate temperature and H
flow rate were investigated, respectively. No large differences could be observed in
the film characterization, as shown in 53-3, in the solar cell performances, open
circuit voltage (Voc), short circuit current (Ji) and conversion efficiency were almost
constant at each substrate temperature, as shown in Fig. 519. However, fill factor
(F.F.) obviously decreased with increasing substrate temperature. It might be thought
that p-layer was thermally damaged at high substrate temperatures over 170°C thus the
p/i interface was degraded by boron diffusion from player to tlayer because the
substrate temperature of the p-layer was around 170°C. Therefore, the optimum
substrate temperature of the i-layer is around 150°C. As shown in Fig. 5-20, X. largely
increased from 53% to 63% with increasing H, flow rate from 25 sccm to 50 sccm and
it was saturated at H, flow rates over 50 sccm. With increasing X; Vo largely
decreased from 0.4 V to 0.3 V, on the contrary F.F. largely increased from 0.4 to 0.5.
Jc had a peak value at a H, flow rate of 40 sccm. As a result, conversion efficiency
increased with increasing H flow rate from 25 sccm to 40 scem, and then largely
decreased at at H flow rates over 50 sccm. It was found from these results that solar
cell performances were largely degraded at X of over 60%. It was demonstrated in
5-3-1 that total H content largely decreased and SH/SkH, ratio largely decreased
with increasing H, flow rate, indicating degradation of film quality. Therefore, the
results of solar cell performances correspond with that of film characterization,

indicating that films were degraded by alarge amount of H, dilution.
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Finally, dependence of solar cell performances on filament temperature was
investigated. Substrate temperature, SiH, partial pressure and H, flow rate of the
i-layer were 150°C, 3 mTorr and 40 sccm, respectively. As shown in Fig. 521, X.
largely increased from 48% to 62% with increasing filament temperature, as a result,
Voc largely decreased from 0.43 V to 0.34 V, on the contrary F.F. increased from 0.43
to 0.48. These results are the similar tendency to those of Fig. 519. Jy largely
increased with decreasing filament temperature down to 1800°C. And it had the
maximum value of 14.5 mA/cnt in our previous works.

As shown in Fig. 5-22, the spectrum response in the long wavelength region
was largely improved at a filament temperature of 1800°C, indicating the
improvement of the tlayer. Therefore, the results in 53-4 were also supported by
these results of solar cells. However, it has not been solved yet that the improvement
of nc-Si:H films was derived from the decrease of impurity contaminations and/or
heat radiation at the low filament temperature or the low crystal volume fraction.

Therefore, next, our researches were intensively focused on these problems.
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5-4 Examination of Tantalum Filament and 2-Step Growth
Method

5-4-1 Examination of Tantalum Filament

From the results of 53-5, it was found that solar cell performances were
largely improved with decreasing filament temperature down to 1800°C. However, it
has not been solved yet that the improvement of mc-Si:H films was derived from the
decrease of impurity contaminations and/or heat radiation at the low filament
temperature or the low crystal volume fraction. Therefore, in this time, nc-Si:H films
were deposited at further low filament temperatures of less than 1800°C. However,
when tungsten (W) is used as a filament materia, there is a serious problem that W
suffers from the silicide by SiH,4 gas. Since the silicide remarkably occurs at a filament
temperature of less than 1800°C, a lifetime of a tungsten filament becomes extremely
short at this low filament temperature. On the other hand, it is tantalum (Ta) that
recently attracts much attention as a filament material that is silicide-free at filament
temperatures of less than 1800°C. Therefore, in thistime, ntc-Si:H films and solar cells
were fabricated by using a tantalum filament.

W filament has been used in the temperature region from 1800°C to 2100°C,
however, we don't know the temperature region that Ta can be used. Therefore, first,
the usable temperature region of Ta was investigated. In this study, a filament with a
shape of coil was formed by usng W or Ta wire, as a result, it was found that a
filament temperature couldrit be increased over 1800°C because Ta wire is much
softer than W wire and the shape of filament was largely changed by a heat at filament

temperatures over 1800°C. Therefore, a Ta filament was used at filament temperatures
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less than 1700°C. nt-Si:H films were deposited at a filament temperature from 1400°C
to 1700°C, a substrate temperature of 190°C and a H flow rate of 40 sccm and the
films were characterized by photo and dark conductivity measurement, FT-IR
measurement.

As shown in Fig. 523, a deposition rate largely decreased from 0.3 nm/s to
0.046 nm/s and X; also largely decreased from 23% to 6% with decreasing a filament
temperature from 1700°C to 1400°C, indicating that a dissociation efficiency of the
reactant gases largely decreased at filament temperatures less than 1600°C. No large
differences were observed in a deposition rate and X; at a filament temperature of
1700°C, compared to W filament with filament temperatures from 1800°C to 2100°C.
On the other hand, a tantalum filament didn't suffer from silicide at all even at a
filament temperature of 1400°C. As shown in Fig. 5-24, photoconductivity increased
in the order from 10°®to 10°°, on the contrary dark conductivity decreased in the order
from 107 to 10°® with increasing filament temperature from 1400°C to 1700°C. As a
result, a photo response i.e. Spn/Sq ratio had the maximum value at a filament
temperature of 1600°C.

As shown in Fig. 525, X; had a aimost constant value of 6-9% at a filament
temperature from 1400°C to 1600°C, it increased to 23% only at a filament
temperature of 1700°C. Total H content had a almost constant large value of 9-10% at
al the filament temperatures, since X. was smal value and films were amost
amorphous. Besides, these total H contents were derived mainly from SkH bonding,
Si-H, content was very low and the value was 0% at filament temperatures from
1400°C to 1500°C, 0.8-1.2% at filament temperatures from 1600°C to 1700°C. As
above mentioned in 53, in nc-Si:H films deposited at a filament temperature from

1900°C to 2100°C by using W filament, Si-H content largely decreased, on the
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contrary SkH, content largely increased with changing a film structure from
amorphous to microcrystalline. S-H bonding has never been dominant even at a low
Xc. On the other hand, there was a tendency that SkH content increased, SkH, content
decreased with decreasing filament temperature from 2100°C to 1800°C, therefore,
following two reasons might be thought: SFH bonding could be dominant because of
the effect of Tafilament or the effect of low filament temperatures less than 1700°C.
From the above results, it was found that X. and deposition rate largely
decreased due to the decrease of gas dissociation efficiency at filament temperatures
less than 1500°C, therefore, it was concluded that a practical filament temperature was
from 1600°C to 1700°C. Thus, film properties as a function of H flow rate was
investigated at filament temperatures of 1600°C and 1700°C. A substrate temperature
and SiH4 partial pressure were 190°C and 3 mTorr, respectively. As shown in Fig. 526,
at a filament temperature of 1600°C, X. increased only from 8.5% to 27% with
increasing H, flow rate from 40 sccm to 120 sccm, and decreased to 15% with
increasing H flow rate to 160 sccm. Therefore, filament temperature of 1600°C is
insufficient for obtaining X of over 30%. There was a good correlation between X;
and conductivities. Both photo and dark conductivity increased with increasing X,
they had a peak at a H, flow rate to 120 sccm. The values of photo and dark
conductivities were around 10° S/cm and 108-107 S/cm, respectively. Those values
were similar to those of nc-Si:H films with a X; of around 30% deposited by using a
W filament. As shown in Fig. 527, at a filament temperature of 1700°C, X. largely
increased from 23% to 51% with increasing H flow rate from 40 sccm to 60 sccm,
then it was saturated at H flow rates over 60 sccm. The conductivities had a good
correlation with X, both photo and dark conductivity increased with increasing Xc.

The values of photo and dark conductivities were around 10°-10* S/cm and 108-10°°
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S/cm, respectively.

As shown in Fig. 528, total H and SiH content decreased and SkH, content
increased with increasing H, flow rate. However those values had no large differences
due to a small increase of X.. As shown in Fig. 529, total H and S-H content largely
decreased and SkH, content largely increased with increasing X.. Compared to Fig.
5-28, those values had large changes due to a large increase of X.. It can be thought
that H atoms of ne-Si:H film exist mainly in the amorphous region. Thus, in the H
flow rate region from 40 sccm to 80 sccm, the amorphous region decreased from 77%
to 48%, whose decrease ratio was 48/77=0.62, total H content decreased from 10% to
7%, whose decrease ratio was 7/10=0.7, indicating that total H content in the
amorphous region was amost constant. On the other hand, S-H bonding largely
decreased, SkH;, bonding largely increased with increasing H flow rate, indicating a
degradation of quality of amorphous region due to the decrease of SkH/Si-H; ratio.

From the above results, It was found that nc-Si:H films with a X less than
30% deposited at filament temperatures less than 1700°C by using a Ta filament had a
extremely high SFH/SkHH, ratio, compared to using a conventional W filament.
Therefore, nc-Si:H solar cells were fabricated by using a Ta filament. A filament
temperature was fixed 1700°C, because X. could be largely varied at this temperature,
a substrate temperature was 150°C and a H, flow rate was varied from 40 sccm to 80
sccm. A thickness of the i-layer was 1.5 mm. As shown in Fig. 5-30, X. largely
increased from 34% to 56% with increasing H flow rate from 40 sccm to 80 sccm.
Vo decreased from 0.5 V to 0.4 V with increasing X.. J« and F.F. had the maximum
value at a H, flow rate of 60 sccm i.e. when a X; was 50%, as a result a conversion
efficiency of 3.5% was obtained. This conversion efficiency was the maximum value

in our previous works, indicating that film quality could be improved at a low filament
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temperature by using a tantalum filament. However, compared to the case of W
filament, solar cell performances were not remarkably improved. Besides, the results
such as s pn/s ¢ and SFH/SHH; ratio in Figs. 5-27 and 5-29 suggests that mc-Si:H films
with good quality can be obtained at H, flow rates less than 60 sccm. Therefore, we
thought that other factors except the quality of the i-layer that lowered cell
performances existed. For example, for the preparation of nmc-Si:H thin films at high
deposition rates and/or at a low crystallinity, the existence of an incubation
(amorphous Si) layer in the initial growth was already reported.?:"?® The existence of
an incubation layer at the p/i interface of a p-i-n solar cell might limit the solar cell
performances. Therefore, it might be thought that the solar cell performances with low
Xcof around 30-40% were unexpectedly low in the H flow rate region from 40 sccm

to 50 sccm because of incubation layer.

5-4-2 Study of Initial Growth of Filmsand 2-Step Growth Method

Next, the crystallinity of thin films was investigated as a function of H flow
rate to investigate the thickness of an incubation layer. As shown in Fig. 531, it was
found that an amorphous layer with a thickness of around 80 nm was unintentionally
deposited in the initial growth at the H flow rate of 40 sccm (Xc: 34%). Since the
i-layer was deposited on the p-ntc-Si:H layer in the case of solar cells, it might be
thought that the real thickness of the incubation layer was less than 80 nm. However,
from these results, one of the factors that lowered the cell performances must be the
incubation layer. The thickness of incubation layers could be reduced less than 10nm
by increasing the H, flow rate up to 100sccm. In order to minimize the effect of the

incubation layer on the cell performance, a novel 2-step growth method was proposed.
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Figure 532 shows a schematic view of the 2step growth method. The procedure of
the 2-step growth method is as follows; after depositing nc-Si:H p-layer, a film with
the thickness of 20nm was deposited at a H» flow rate of 100sccm that had an
incubation layer thickness of less than 10nm, and then the H; flow rate was gradually
decreased within 2 minutes down to 40sccm. All the procedures were carried out

continuously.

5-4-3 Application of 2-Step Growth Method to Solar Cells

From the results in Figs. 530 and 531, there is a high probability that the
incubation layer existing at the p/i interface lowered the cell performances at X of
less than 50%. In order to investigate the influence of the incubation layer, solar cells
were fabricated with using the 2-step growth method. The 2-step growth method was
applied to the two solar cells with X; of 34% (H, = 40 sccm) and 50% (H, = 60 sccm)
in Fig. 5-30. A deposition rate of the ilayer was 0.3 nm/s. Figs.5-33 and 534 show
the comparison of the solar cell performances and the FV characteristics fabricated
with and without the 2-step growth method, respectively. In the case of the solar cell
with X of 34% (H, = 40 sccm), Jsc largely increased (10.11? 18.32 mA/cnt), and a
conversion efficiency of 3.9% (Voc: 0.44V, Jsc: 18.32mA/cn?, F.F.: 0.48, active area:
0.086 cnf, AM1.5) was achieved. On the other hand, no difference between the solar
cell performances with and without the 2step growth method was doserved in solar
cells with a high Xc of 50%. It implies that the reason of the low solar cell
performances at the high Xc of 50% was due not to the incubation layer but to the film
quality of i-layer. As shown in Fig. 5-35, the spectrum response was largely improved

in the whole wavelength region from a short wavelength of 400 nm to along
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wavelength of 1000 nm. From these results, it was found that an existence of the
incubation layer at the p/i interface of p-i-n solar cells limited the solar cell
performances and a good quality nc-Si:H film could be obtained at the low Xc of 30%.
Furthermore, the 2step growth method is very effective in reducing the incubation
layer and the conversion efficiency of the solar cell could be successfully improved. In
order to investigate the influence of incubation layer on solar cell performances, a
numerical analysis was carried out using AMPS-1D BETA 1.00 (a one-dimensional
device simulation program for the Anaysis of Microelectronic and Photonic

Structures). The material parameters used for AMPS-1D are shown in Table 5-4.

Table 5-4: Material parameters used for AMPS-1D

p-layer Incubation-layer i-layer n-layer
(me-Si:H) (aSi:H) (me-Si:H) (a-Si:H)
Thickness[nm] 0.02 0.06 12 0.02
Carrier concentration [cm) 1x10%° 1x10%° 1x10'° 5x108
Nc[em3] 3x10w 3x1019 3x10%° 3x10w
Ny [cm3] 2x10'° 2x10%° 2x10'° 2x10'°
f,lev] 10 - - 02
ga/gp [emiev Y 5x10%/5x10%° 5x1049/5x10° 5x10%/5x10%° 5x10%95x10%°
E /Ep[eV] 0.01/0.02 0.03/0.04 0.01/0.02 0.03/0.04
D-state density [cm?3] 1x1016 1x1016 1x10t5 2x10%7
D*level (aboveE,) [eV] 0.5 0.5 0.5 05
Dlevel (below E¢) [eV] 05 0.5 05 05
Capture cross section
D*+e=D° [cm? X104 1x1014 1x1014 1x10%
Do+h*=D*[cm? X105 X108 1x1015 1x105
De+e=D-[cm?] 1x10-15 1x1015 1x10-15 1x10
D-+h*=De[cm?] 1x1014 1x10-44 1X1014 1x10%
Sac/ SpeleV] 0.13/0.13 0.09/0.09 0.13/0.13 0.09/0.09
Electron affinity c [eV] 39 3.9 39 39
Dielectric constant 11.9 119 11.9 11.9
Mobility bandgap [eV] 11 1.7 11 17
Mobility m/m, [cmZVYs?] 50/5 20/3 50/5 1011
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Where Nc and Ny are effective density of states in the conduction band and valence
band, respectively. fy is Ec-Er at x=0 (front-surface/p-layer interface) or at x=L
(n-layer/back-surface interface). g and g are prefactor in the following equations (2)
and (3), respectively. B and B are the characteristic energy. sac and spg are the
standard deviation of the acceptor-like and donor-like Gaussian dangling bond states,
respectively. The equations (2) and (3) are the acceptor-like and donor-like band tail
states, respectively.
0A(E)= gn exp{-(Ec-E)/Ea} )
o (E)= o exp{-(E-Ev)/Ep} ©)

From the result of the numerical analysis, it was found that conversion efficiencies
largely decreased from 5.93% (Voc: 0.46V, Jsc: 20.28mA/cn?, F.F.: 0.64) to 2.38%
(Voc: 0.58V, Jsc: 7.29mA/cn?, F.F.: 0.56) with insertion of the incubation (amorphous
Si) layer at the p/i interface. This tendency of Voc and Jsc well corresponds to the
result of Fig. 5-34. Fig. 5-36 shows calculated electric fields of p-i-nnc-Si solars cell
with and without the incubation layer at the p/i interface. The homogeneous electric
field was strongly formed in the whole tlayer region when the p/i interface had no
incubation layer. A barrier was formed in the valence band at the p/i interface and the
electric field became very weak in the whole i layer region when the p/i interface had
the incubation layer. Moreover, as shown in Fig. 537, it was revealed that when the
p/i interface had the incubation layer, electron-hole recombination both at the pfi
interface and in the ilayer largely increased from 4x10® cmi®s? to 3x10%° cmi®*st and
from 1x10%° cm®s! to 1x10?* cmi3s?, respectively. As a result, short circuit current

largely decreased.
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5-4-4 Comparison of Tungsten and Tantalum Filament in Solar Céll

Per for mances

From the above results in 5-4, film quality of nc-Si:H was improved by
decreasing filament temperature down to 1700°C using a Ta filament as a novel
filament material, furthermore, the 2step growth method was proposed and a large
improvement could be successfully obtained for solar cell performances by reducing
incubation layer. Therefore, in this time, W filament was again used and solar cells
were fabricated with using 2step growth method. Then, comparison of W and Ta
filament in solar cell performances was investigated. Figure 538 shows solar cell
performances as a function of filament temperature. In Fig. 5-38, the cell
performances at a filament temperature of 1700°C show those of a solar cell prepared
at a H flow rate of 40 sccm with using Ta filament in 5-4-3, the cell performances at
filament temperatures of from 1800°C to 2000°C show those of a solar cell prepared
with using W filament, and X of those solar cells was maintained 30% by controlling
H, flow rate from 20 sccm to 30 sccm for each filament temperature. The thickness of
the klayer of each solar cell was around 1.5 nm, the deposition rate was around 0.3
nm/s. The 2-step growth method was applied to each solar cell and the other
deposition parameters were as same as those of the solar cell at afilament temperature
of 1700°C in 54-3. Vi was as high as 0.52 V only at a filament temperature of
1800°C and it was around 0.45 V at the other filament temperature. The reason of the
high Vo at afilament temperature of 1800°C was because X. was 20% and lower than
that of the other solar cells. J; had the maximum value of 18.32 mA/cn? at a filament
temperature of 1700°C, although X; was as high as 50%. Cell performances degraded

at a high X, as shown in 5-3-5 and 5-4-3, therefore, it was indicated that film quality
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was improved at a low filament temperature of 1700°C. J. largely decreased at a
filament temperature of 1800°C because X. was as low as 20% and the film structure
was similar to amorphous. J at a filament temperature of 1900°C had the maximum
value of around 17 mA/cnt in al the solar cells prepared by using W filament in our
previous works, indicating the effects of a low X; of 30% and 2-step growth method.
On the other hand, although X; was as low as 30%, J. largely decreased at a filament
temperature of 2000°C, indicating a degradation of film quality of ilayer. F.F. had an
almost constant value of 0.5 at each filament temperature. Conversion efficiency was
around 4.0% at filament temperatures from 1700°C to 1900°C, however it decreased
down to 3.0% at a filament temperature of 2000°C. Therefore, it is concluded that the
filament temperature is very important for film quality and the optimum filament
temperature region is from 1700°C to 1900°C. However, it is difficult to be concluded

from above results if Ta filament is superior to W filament.

5-4-5 Optimization in Fabrication of Solar cells

From the results in 5-4-4, in the case of W filament as well as in the case of
Ta filament with a temperature of 1700°C, a conversion efficiency of around 4.0%
could be obtained by decreasing filament temperature less than 1900°C and using the
2-step growth method. Next, solar cells were optimized with using W filament, for
further improvement of the solar cell performances. First, thickness of p-layer, layer
and nlayer was optimized. Second, deposition time and H, flow rate in the first-step
of the 2step growth method was optimized in order to improve the p/i interface. In
this time, the deposition parameters of ilayer of all the solar cells were the same as

those of the solar cell with a conversion efficiency of 4.0% prepared at a filament
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temperature of 1900°C in 54-4. As shown in Fig. 539, especialy, & had a large
dependence on the p-layer thickness. Voc and F.F. dightly increased with increasing
the p-layer thickness. Conversion efficiency had the maximum value of 4.2% at a
p-layer thickness of 25 nm, reflecting the change of J.. A thickness of i and nlayer
were 1.5 nm and 40 nm, respectively. As shown in Fig. 540, spectral response in the
short wavelength region largely decreased when the p-layer thickness was as thick as
35 nm, indicating the absorption of the incident light in the p-layer. On the other hand,
spectral response in the long wavelength region increased at a p-layer thickness of 35
nm. Besides, V,c and F.F. increased at this p-layer thickness, indicating that carrier
recombination was restrained by a strong electric field in the ilayer due to a thick
p-layer. On the contrary, spectral response in the short wavelength region largely
increased at a p-layer thickness less than 25 nm, indicating the reduction of absorption
of the incident light in the p-layer. However, Vo, F.F. and spectral response in the long
wavelength region decreased with decreasing player thickness less than 25 nm. It
might be thought that internal electric field in the tlayer became weak because of a
thin p-layer. The cell performances had a peak at a p-layer thickness of 25 nm,
therefore, next, p-layer thickness was fixed 25 nm and n-layer thickness was
optimized. As shown in Fig. 541, J; largely decreased with decreasing the nlayer
thickness from 40 nm to 15 nm. V. aso slightly decreased with decreasing the n-layer
thickness. On the other hand, F.F. increased with decreasing the n+layer thickness. Asa
result, conversion efficiency had the maximum value of 4.2% at a nlayer thickness of
40 nm. Vo and & decreased with decreasing Rlayer thickness, probably because
internal electric field in the layer became weak due to a thin nlayer. F.F. increased
with decreasing rrlayer thickness, probably because rlayer was amorphous and the

series resistance was reduced when the n-layer thickness was thin. Next, a thickness of
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p and n-layer was fixed 25 nm and 40 nm, respectively. Then, the dependence on
i-layer thickness was investigated. As shown in Fig. 5-42, all the parameters increased
with decreasing the ilayer thickness from 2.25 mm to 0.75 nm. As a result, the solar
cell performances were largely improved at i-layer thickness of 0.75 mm, the
maximum conversion efficiency of 4.8% (Voc: 0.47V, Jsc: 17.44mA/cn?, F.F.: 0.58,
active area: 0.086 cnf, AM1.5) was obtained. In this time, increase of J. was expected
with increasing tlayer thickness, however J. decreased. For these results, following
reasons can be thought: first, internal electric field in the ilayer became weak and
carrier recombination increased with increasing i-layer thickness because of
insufficient quality of the layer. Second, since the ilayer with alow X; of 30% was
almost amorphous and its optical properties were also similar to those of amorphous, a
large light absorption could be obtained for a thin i-layer, however further light
absorption couldn't be obtained with increasing i-layer thickness and cell
performances decreased due to the increase of carrier recombination at a thick layer
thickness. Third, if the p/i interface properties of our solar cells ae bad, the cell
performances are largely limited by carrier recombination at the p/i interface.
Therefore, when ilayer thickness increased, carrier recombination increased and cell
performances decreased because of the reduction of internal electric field in the i-layer.
Next, in order to improve the p/i interface properties, deposition time and H, flow rate
in the first-step of the 2-step growth method was optimized. The first layer has been
deposited at a H, flow rate of 100 sccm for 1 minute. The incubation layer could be
successfully reduced under this deposition condition, however the player can be
damaged by a large amount of atomic hydrogen. Therefore, first, H flow rate in the
first-step of the 2-step growth method was fixed 100 sccm, deposition time was varied

from 0.5 minute to 3 minutes. Second, deposition time was fixed 1 minute and H, flow
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rate was varied from 25 sccm to 100 sccm. As shown in Fig. 543, no changes could
be observed in the cell performances with changing deposition time from 0.5 minute
to 3 minutes, except small differences in J. It was already demonstrated that the film
crystallization started within 0.5 minute at a b flow rate of 100 sccm, therefore, a
deposition time of 0.5 minute was sufficient for the reduction of the incubation layer.
On the other hand, the p-layer can be damaged until the i-layer starts to grow.

Therefore, there is no difference between 1 minute and 3 minute after the film grows.
Thus, the cell performances were not varied with changing the deposition time in the
first-step of the 2-step growth method from 0.5 minute to 3 minutes because of above
reason. Therefore, we thought player was damaged within several minutes in the
initial growth of klayer; next H flow rate was \aried. As shown in Fig. 544, the
dependence of the cell performances on H flow rate was clearly observed. Vo was
almost constant with a value of around 0.48 V, however Js; largely changed, as a result,
it was found that the optimum H, flow rate in the irst-step of the 2step growth

method was 40 sccm. Besides, the maximum conversion efficiency of 5.3% was

obtained at this H, flow rate. F.F. increased at a Hy flow rate of 100 sccm because the
i-layer thickness was 0.75 nm and thinner than 1 mm of the other solar cells. A H, flow
rate of 25 sccm corresponds to the case without 2-step growth method. Therefore, the
decrease of cell performances at a H, flow rate of 25 sccm because of an incubation
layer. From the above results, it is concluded that the p-layer can be damaged by the
deposition of the first-step of the 2step growth method and the damage can be

reduced by decreasing H, flow rate.
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5-5 Optimization of Deposition Parameters and Degradation
Properties of Microcrystalline Silicon Thin Films and
Solar Célls

5-5-1 Optimization of Deposition Parameters

It is recently reported that high quality nme-Si:H films could be obtained at the
amorphous- microcrystalline phase transitiort* > or a a relatively low X. around
50%.2%) Besides, from the above results in 5-3 and 5-4, it was found that nc-Si:H films
with good quality could be obtained at X of around 30%. Therefore, in this section,
X was fixed around 30% and the influence of deposition parameters such as substrate
temperature, H flow rate, SiH, partial pressure and filament temperature on film
properties and solar cell performances was investigated.

Substrate temperature is one of the significant parameters that largely
influence film quality, especially defect density of aSi:H and nt-Si:H filmsin CVD
method. Therefore, nc-Si:H films and solar cells were prepared with varying substrate
temperatures from 130°C to 250°C and these films were evaluated by photo and dark
conductivity measurement, FT-IR measurement. Filament temperature of 1900°C,
SH, partial pressure of 3 mTorr and H flow rate of 25 sccm were carried out. As
shown in Fig. 545, X largely increased from 15% to 50% with increasing substrate
temperatures from 130°C to 190°C, and it was saturated at substrate temperatures over
190°C. Both spn and s ¢ increased with increasing substrate temperatures from 130°C
to 190°C, reflecting the increase of X and they decreased at substrate temperatures
over 190°C. spn had a peak value at substrate temperature around 165-190°C. As

shown in Fig. 5-46, total H content largely decreased from 11% to 7% and SkH/SkH,
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ratio also largely decreased from 2.6 to 1.5 with increasing substrate temperatures
from 130°C to 250°C. It can be thought that H atoms of nt-Si:H film exist mainly in
the amorphous region. Thus, when substrate temperatures increased from 130°C to
190°C, the amorphous region decreased from 85% to 55%, whose decrease ratio was
55/85=0.65, total H content decreased from 11.21% to 8.63%, whose decrease ratio
was 8.63/11.21=0.77, indicating that total H content in the amorphous tissue increased.
Si-H/SkH, ratio decreased from 2.5 to 2.0, indicating a slight degradation of
amorphous region. On the other hand, although X. was almost constant value of 50%
at substrate temperatures from 190°C to 250°C, both total H content and SkH/Si-H,
ratio further decreased, indicating that the grain boundary was insufficiently
passivated by H atoms and defect density increased and film quality of amorphous
region was degraded. Figure 547 shows solar cell performances prepared by using
these ne-Si:H films. A 2-step growth method was also used for the preparation of solar
cells. Vo monotonously decreased with increasing substrate temperature. On the other
hand, 1. and F.F. had peak values at substrate temperatures around 150-190°C. As a
result, conversion efficiency had also peak values at substrate temperatures around
150-190°C. Therefore, it was found that the optimum substrate temperature was
around 150-190°C. This result corresponds to the results in Figs. 545 and 5-46,
indicating that film quality was improved at substrate temperatures around 150-190°C.
As above mentioned in Fig 546, film quality was degraded at substrate temperatures
over 190°C, besides, p-layer was damaged and boron diffused from p-layer to ilayer
at substrate temperatures over 190°C because player was prepared at a substrate
temperature of 170°C. Therefore, they are also the factors of degradation of cell

performances at substrate temperatures over 190°C.
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H, flow rate is a deposition parameter that largely controls Xc. In our previous
works, cell performances decreased and high conversion efficiencies were not
obtained at high X.. Therefore, in order to investigate the reason, nc-Si:H films were
prepared with varying H, flow rate from 25 sccm to 100 sccm in the deposition
conditions such as a substrate temperature of 150°C, a filament temperature of 1900°C,
SH, partial pressure of 3 mTorr and a H flow rate of 25 sccm which the best cell
performances could be obtained. These films were evaluated by photo and dark
conductivity measurement, FT-IR measurement, ESR and SIM S measurement.

As shown in Fig. 5-48, X. largely increased from 30% to 60% with increasing
H, flow rate from 25 sccm to 40 sccm, and it was saturated at H flow rate over 40
sccm. sqincreased by one order of magnitude with increasing H flow rate from 25
sccm to 40 sccm and it was saturated at H, flow rate over 40 scem, reflecting X.. On
the other hand, spn was amost constant. As shown in Fig. 549, total H content
measured by FT-IR agreed with that measured by SIMS, and the value largely
decreased from 10% to 5.5% with increasing H, flow rate from 25 sccm to 60 scem, it
was saturated at H flow rate over 60 sccm. SFH/SHH; ratio largely decreased from
2.2 to 0.2 with increasing Hy flow rate from 25 sccm to 60 scem, it was saturated at Hy
flow rate over 60 sccm. These total H content and SFH/SHH» ratio had a good
correlation with Xc.. When H; flow rate increased from 25 sccm to 60 sccm, the
amorphous region decreased from 70% to 40%, whose decrease ratio was 40/70=0.57,
total H content decreased from 10% to 5.5%, whose decrease ratio was 5.5/10=0.55,
indicating that total H content in the amorphous tissue was constant. On the other hand,
Si-H/SkH; ratio largely decreased from 2.2 to 0.2, i.e., the bonding between Si atom

and H atom mainly became SiH, bonding, indicating a large degradation of film

qudity.

135



80 T T ) i
—_ i o °
S 60 _ °
: et -
20 } -
O ] ] I
— 10 + Photo 7]
g @) @)
) 10° ko O s
> .6 L i
S . o * 3
= 107 Dark .
2 g| @
c 10" F -
O
10'9 , l , l , l ,
20 40 60 80 100

H, Flow rate [sccm]

Fig. 5-48: X,, photo and dark conductivity as a function of H, flow rate

80 T T T T T

soF 0 3
o) - -
< 20F*® :

8 v T T v T v 3
'o\;' L i 2 O Total H content (FT-IR) | | o
o Yty W Si-HISi-H, ratio (FT-IR) =
g 3 i O Total H content (SIMS) | 4 2 =
< r —— I
= TF 0 1 &
© v T
= 6 o O 7 l [
5 O - Q"
S gL L
I —

4 N 1 N Y Y v 0

20 40 60 80 100

H, Flow rate [sccm]

Fig. 5-49: X, total H content and Sk H/Si- H, ratio as afunction of H, flow rate

136



As shown in Fig. 550, Ns largely increased from 1.0x10% cm® to 8.9x10'°
cm® with increasing H, flow rate from 25 sccm to 100 sccm. This result corresponds
to that of Fig. 549, indicating that aSi:H at grain boundaries for nc-Si:H was
insufficiently passivated by small amount of H atoms at a large H; flow rate over 40
sccm, thus Ns largely increased at large H, flow rates over 40 sccm. Figure 551
shows Oxygen (O) and Carbon (C) SIMS depth profiles as a function of H flow rate.
For SIMS samples, nc-Si:H films were deposited on a low resistance Si wafer varying
H, flow rate from 25 sccm to 100 sccm with using purifier, then ne-Si:H films were
again deposited varying Hy flow rate from 25 sccm to 100 sccm without using purifier,
and finally aSi:H cap layer was deposited. A thickness of each layer was about 200
nm. Effect of the purifier could not be observed. Beside the silicon substrate, O and C
concentrations largely decreased. However, H content also largely decreased at the
same time, indicating that an epitaxial layer was grown in the first layer with a thick
ness of 200-400 nm. O and C concentrations showed a large dependence on H; flow
rate. O and C concentrations increased in the order from 10%° to 10°* with increasing
H, flow rate from 25 sccm to 100 sccm, indicating that impurity concentrations
increased with increasing X.. Therefore, it is concluded from these results that high
quality mc-Si:H films could be obtained at low X. around 30% in our HW-Cell system
due to large Ns value, small S-H/SkH, ratio and large impurity concentrations at

large X over 30%.
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From the above results in 5-3, it was found that impurity concentrations could
be reduced by decreasing SiH, partial pressure down to 3 mTorr. Therefore, in this
section, nc-SitH films were prepared with varying SiH,4 partial pressure from 1 mTorr
to 5 mTorr, and these films were evaluated photo and dark conductivity measurement,
FT-IR and SIMS measurement. Filament temperature and substrate temperature were
1900°C and 150°C, respectively. X. was maintained around 30% by controlling Hy
flow rate from 20 sccm to 30 sccm, however, as shown in Fig. 5-52, X monotonously
decreased from 50% to 20% with increasing SiH4 partial pressure from 1 mTorr to 5
mTorr. But, both s, and sq were almost constant. As shown in Fig. 553, total H
content measured by FT-IR corresponded with that measured by SIMS. When SiH4
partial pressure increased from 1 mTorr to 5 mTorr, X decreased from 51% to 20%,
total H content and SFH/Si-H; ratio increased from 8.3% to 11.6% and from 1.9 to 2.7,
respectively. When SiH, partial pressure increased from 1 mTorr to 5 mTorr, the
amorphous region increased from 49% to 80%, whose increase ratio was 80/49=1.6,
total H content increased from 8.3% to 11.6%, whose increase ratio was 11.6/8.3=1.4,
indicating that in the amorphous tissue, total H content at SiH4 partial pressure of 1
mTorr was larger than that a SiH, partial pressure of 5 mTorr. SFH/Si-H; ratio
increased from 1.9 to 2.7 with decreasing X, indicating the similar tendency of the
results in Figs 546 and 5-49. Figure 554 shows Oxygen (O) and Carbon (C) SIMS
depth profiles as a function of SiH, partial pressure. For SIMS samples, nc-Si:H films
were deposited on a low resistance Si wafer varying SiH4 partial pressure from 1
mTorr to 5 mTorr with using purifier, then nc-Si:H films were again deposited varying
SH, partial pressure from 1 mTorr to 5 mTorr without using purifier, and finally
aSi:H cap layer was deposited. A thickness of each layer was about 150 nm. Effect of

the purifier could not be observed.
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Beside the silicon substrate, O and C concentrations largely decreased. However, H
content also largely decreased at the same time, indicating that an epitaxial layer was
grown in the first layer with a thick ness of around 150 nm. O and C concentrations
showed a large dependence on SiH,4 partial pressure. O and C concentrations largely
decreased in the order from 10?! to 10'° with decreasing SiH,4 partial pressure from 5
mTorr to 1 mTorr. In 5-3, O and C concentrations could be reduced in the order of 10%°
by decreasing SiH, partial pressure to 3 mTorr, however, as shown in Fig. 5-54, it was
found that these impurities could be further reduced in the order of 10%° by decreasing
SH, partial pressure to 1 mTorr. Therefore, it is concluded that decreasing SiH,4 partial
pressure is very effective in reducing O and C concentrations and the pressure should

be decreased less than 1 mTorr.
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Finally, nc-Si:H thin films and solar cells were deposited with changing
filament temperature. SiH; partial pressure was fixed 3 mTorr. The filament
temperature was varied from 1800°C to 2100°C and X, was maintained around 30%
by changing H, flow rate from 12 sccm to 35 sccm. The cell performances as a
function of the filament temperature are summarized in Fig. 5-55. Open-circuit
voltage (Voc), short-circuit current density (k) and fill factor (F.F.) largely increased
with decreasing filament temperature, suggesting improvement of film quality. As a
result, a conversion efficiency of 6.0% (Voc: 0.50 V, Jsc: 19.69 mA/cnt, F.F.: 0.61,
active area: 0.086 cn?, AM1.5) was obtained at a filament temperature of 1800°C. X
was maintained around 30-40%, therefore, following two reasons were considered in
order to explain a large degradation of cell performances at high filament
temperatures; one is heat radiation from the filament and the other is the increase of
defect density and/or impurity concentration from the filament. Effects of the heat
radiation were confirmed by fabricating solar cells at a filament temperature of
2100°C with substrate temperatures from 120°C to 150°C, as shown in Fig. 5-56. As a
result, X, decreased and cell performances couldrit be improved with decreasing
substrate temperature. Therefore, heat radiation is not a critical reason for the
degradation of cell performances.

Figure 5-57 shows X, S4, Sph, total H content and SiH/Si-H; ratio as a
function of filament temperature. sq and spn largely increased and Spn/sq ratio
decreased at a filament temperature of 2100°C, indicating the degradation of film
quality of nc-Si:H. The total H content decreased from 11% to 7% with increasing
filament temperature. Therefore, it indicates that aSi:H at grain boundaries for
nc-Si:H was insufficiently passivated by H atoms at high filament temperatures.

Besides, SFH/SHH; ratio in nt-Si:H films also decreased from 2.6 to 1.9, indicating
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the degradation of film quality of a-Si:H tissue in nc-Si:H film. From these results, the
quality of nc-Si:H film degraded at high filament temperatures. Figure 5-58 shows
infrared absorption coefficient spectra as a function of filament temperature. In the
case of 2100°C, the sample was prepared at a filament temperature of 2100°C and a
SH, partia pressure of 50 mTorr without hydrogen dilution. The three spectra have
very different shapes each other. At a filament temperature of 2100°C, the spectrum
has a large split peak at around 2100 cm. This split peak at around 2100 cm* is
derived from SiHO and/or SiH,O bonding?” and it was typically observed in ne-Si:H
films with columnar structure that were deposited at a filament temperature of 2100°C
and a SiH, partial pressure of over 50 mTorr without hydrogen dilution in our previous
works. However, it was not observed in nc-Si:H films deposited at a filament
temperature of 2100°C and a SiH,4 partial pressure of less than 10 mTorr. On the other
hand, in the nt-Si:H films deposited at a filament temperature of 1700°C and 1800°C,
a split peak at around 2100 cmi* was not observed, a peak at 2100 cmi' decreased ard
on the contrary, a peak at 2000 crmi increased with decreasing filament temperature.
From these results, it is concluded that film quality can be improved by decreasing
filament temperature.

Figure 5-59 shows dependence of E, Nsand ambipolar diffusion length on the
filament temperature. E; was almost constant with a value of 0.5 eV, indicating
intrinsic characteristics in entire filament temperature range. Ns was found to be as
low as about 1.0x10%® cmi® at filament temperatures from 1800°C to 2100°C and it
slightly decreased with decreasing filament temperature. The lowest Ns of 7.5x10™
cm® was obtained at a filament temperature of 1800°C, which corresponds to the solar
cell results. However, the difference of Ns is small, therefore this small difference

cannot be a critical reason for a large degradation of solar cell performances at high
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filament temperatures. L, and L were around 100 nm, and these values increased with
decreasing filament temperature and this result aso corresponds to the solar cell
results. There was no difference between the values of L, and L , indicating that there
is electrically isotropic properties.® 1% 28

For further investigation of impurity contaminations, SIMS profile for metal
elements such as Fe, Co, Ni, Mo, W and Al was investigated. W and Al concentrations
showed very clear dependence on the filament temperature, and they largely increased
with increasing filament temperature, as shown in Fig. 5-60. W and Al atoms in
nec-Si:H film could originate from W filament and ALO3 insulators used in the hot
wire unit, respectively. Thus, we concluded that the contamination of W and Al was
one of the critical factors for large degradation of cell performances at high filament

temperatures. Therefore, filament temperature must be decreased less than 1800°C for

further improvement of cell performances.
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5-5-2 Degradation Properties of Filmsand Solar Cells

In this section, we will describe aging of films and solar cells. Figure 561
shows initial and degraded solar cell performances as a function of the filament
temperature. The solar cells were preserved in air without any light exposure for 4
months. The cell performances largely degraded for solar cells grown at filament
temperatures from 1900°C to 2000°C, while such a large degradation was not observed
in the solar cells prepared at a filament temperature of 1800°C and 2100°C,
respectively. In the filament temperature region from 1900°C to 2100°C, Vo and 1.
largely degraded down to 0.25 V and 10 mA/cn?, respectively. Thus, the conversion
efficiencies degraded to 1.0-1.5%, indicating the degradation of intrinsic nc-Si:H
absorber layer. In order to confirm the degradation by aging, the degradation of
nc-SitH films was investigated. Figure 562 shows initial and degraded Ns of ntc-Si:H
films as a function of filament temperature. The N; was measured 2 months after
fabrication. Ns largely increased from about 1.0x10*® cm™ to about 4.0x10'® cm® by
aging. Figure 5-63 shows initial state and degraded state of FT-IR spectra of nt-Si:H
films as a function of filament temperature. No difference between initial state and
degraded state of FT-1R spectra was observed in the peaks at 2000 cmit and 2100 cm*
originated from SkH and Si-H, bonding, respectively. However, when the films were
grown at filament temperatures less than 1900°C, the peak at 1000-1100 cm*
originated from Si-O-Si bonding?’?*2% |argely increased after 2 months, indicating the
post-oxidation of ne-Si:H films. The post-oxidation mechanism is as follows; break of
Si-Si and/or SFH bonding and creation of new dangling bonds were caused by an
invasion of oxygen atoms in air, and spontaneous break of weak S-Si and/or Si-H

bonding was induced by stress and it caused the further invasion of impurity atoms.
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The increase of the peak increased with decreasing filament temperature. These results
correspond with those of Fig. 562, concluding that the nt-Si:H films deposited at a
low filament temperature have low spin densities and impurity concentrations in the
initial state, however it is structurally unstable for ageing. In order to investigate the
influence of substrate temperature on the stability of nc-Si:H film, mc-Si:H films were
deposited at various substrate temperatures from 130°C to 300°C. Filament
temperature was fixed 1800°C, because the stability of nt-Si:H film was lowest at this
filament temperature. Figures 5-64 and 5-65 show Nsof nc-Si:H films as a function of
substrate temperature (?: as-deposition, ? : after 1.5 months, ?: after 2 months) and
initial state and degraded state of FT-IR spectra of ne-Si:H films as a function of
substrate temperature, respectively. The filament temperature was fixed 1800°C. Ns
measured after 1.5 months had the minimum value at a substrate temperature around
200°C, indicating the similar trend of substrate temperature dependence on Ns of
general mc-Si:H film.31 32 Even after 1.5 months, N; at a substrate tenperature of
190°C was still as low as the initial N at a substrate temperature of 150°C. Besides, Ns
at substrate temperatures over 165°C were lower than the degraded Ns at a substrate
temperature of 150°C. Therefore, nt-Si:H films deposited at substrate temperatures
over 165°C has a high stability for aging. The pesk a 1000-1100 cm’ largely
increased after 2 months at substrate temperatures less than 165°C, indicating the
post-oxidation of mc-Si:H films. The increase of the peak increased with decreasing
substrate temperature. These results correspond with those of Ns, indicating that
me-Si:H films deposited at a low substrate temperature less than 165°C was unstable
and the instability has relationship with the post-oxidation. Therefore, it is concluded
that the instability of nc-Si:H film is derived from a growth at low substrate

temperatures. In Figs. 5-62 and 5-63, the substrate temperature was fixed 150°C at
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each filament temperature, however, this substrate temperature was estimated value
and it was really measured and calibrated only at a filament temperature of 1900°C in
our previous works. Therefore, the real substrate temperature shifted and it was lower
than 150°C at filament temperatures less than 1800°C because of low heat radiation
from filament to substrate at a lower filament temperature. Thus, it is concluded that
the instability of nc-Si:H film originates not from filament temperatures but from the
deposition at low substrate temperature less than 150°C and therefore these unstable
nc-Si:H film deposited at a low substrate temperature cannot prevent from the

post-oxidation.

5-5-3 Post-oxidation of Microcrystalline Silicon Thin Films

It was already found in 53 that the deposition at a low pressure was very
effective in reduction of impurities such as oxygen and carbon atoms in nc-Si:H film,
these impurity concentrations could be reduced down to 2x10?° cmi® by decreasing the
partial pressure of SiH4 to 3 mTorr. It was also found from above results that ne-Si:H
films deposited by HW-Cell method could easily suffer from the post-oxidation.
Therefore, in order to investigate the initial impurity concentrations, the location of
the film where impurity atoms came from and the way how to prevent from the
post-oxidation, nc-Si:H films were investigated by SIMS measurement. For SIMS
measurement, 3 samples were prepared as shown in Fig. 5-66. Sample “A” is nc-Si:H
film without a-Si:H cap layer, sample “B” has an aSi:H cap layer and sample “C” has
aSi:H layer surrounding nc-Si:H film. The thickness of the cap layers was about 3 nm.
Samples “B” and “C” suffered from air-break for 10 minutes and 40minutes,

respectively. The each edge of the four sides of sample “C” was etched until the
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silicon substrate by CF4; etching after depositing nc-Si:H first layer. SIMS
measurement was carried out 1.5 months later after these samples were prepared. Fig.
5-67 shows oxygen (O) and carbon (C) SIMS depth profiles of these samples. These
results showed that O and C atoms diffused from the film surface rather than from the
side. The diffusion length was as long as 2-2.5 nm. It was found for the first time that
initial O and C concentrations in nt-Si:H film was as low as 2x10™ cm®, indicating
nc-Si:H film deposited by our HW-Cell method has good quality. The large increase
of O and C concentrations was observed at the interface between a cap layer and
anc-Si:H layer. Furthermore, the peak value and width of O and C concentrations for
sample “C” were quite larger than those of sample “B”, indicating that the
post-oxidation easily and quickly occurred in a short time of 10-40 minutes. It was

also shown that a thick cap layer could completely prevent the impurity diffusion.

. . a-Si cap a-Si cap
without a-Si EVEE ) layer (3nm)
cap layer Tfil=1900°C Tfil=1900°C
Py, =3mTorr Pgn.=3mTorr
nc-Si (3mm) nc-S (3nm) nc-Si (3mm)
T;,=1900°C T,;,=1900°C T,,=1900°C

Pgu,=3mTorr

S (100) p-type

Sample“A”

Pyu=3mTorr

Pgus,=3mTorr

S (100) p-type

S (100) p-type

Sample “B”

Sample“C”

Fig. 5-66: Schematic view of SIMS samples without a-Si:H cap layer (Sample “A”),

with a-Si:H cap layer (Sample “B”) and with & Si:H layer surrounding nc-Si:H film

154



i
2
w

uc-S S substrate
| §
S, :
VJ 10 o ‘

(0]
S B o
B 8 R

=
o
&

Concentration[Atom

1017 1 1 1 1 1 i
0O 05 1 15 2 25 3

@

m'_|1023'l'-l'l'l 71

S

81016.|.|.

=
ON
w

S
R

=

o
N
=

=
o
©

=
o
&

PO il add -

LR 1

- C

Concentration[Atoms/cmS]
5888
~ =}

i
1 2 3 4 5

=

o
=
o

0
Depth [um]
(©

Fig. 5-67: Oxygen and carbon SIM S depth profiles of nt-Si:H film without aSi:H cap

layer (@), with aSi:H cap layer (b) and with a-Si:H layer surrounding nc-Si:H film (c)

155



This post-oxidation is the other factor for lowering the cell performances. Even our
best solar cells that have highest efficiency of 6% probably suffer from the
post-oxidation. In order to investigate how to prevent from the post-oxidation, the
influence of SiH4 partial pressure on the stability of nc-Si:H film was investigated.

Figure 5-68 shows O and C SIMS depth profiles of nt-Si:H film as a function
of SiH, partial pressure. The sample has an aSi:H cap layer with a thickness of 0.5
mm. O and C concentrations largely decreased from1.0x10?° cmi® to 2.0x10™ cmi® with
decreasing SiH, partial pressure from 5 mTorr to 1 mTorr. In the case of SiH,4 partial
pressure of 3 mTorr in Fig. 568, all the deposition parameters were as same as those
of nc-Si:H layer in Fig. 567, and initial O and C concentrations was 2x10*® cm®, as
shown in Fig. 5-67. Therefore, it was found from the result of Figs. 5-67 and 5-68 that
athin (0.5mm) a-Si:H cap layer was not enough for preventing the impurity diffusion,
and furthermore, the ntc-Si:H layer deposited at SiH,4 partial pressure of 1 mTorr was
difficult to suffer from the post-oxidation. Figure 569 shows spin density (Ns) of
nc-Si:H films as a function of SiH,4 partial pressure. Ns measured after 1.5 months
decreased with decreasing SiH, partial pressure, and it had the minimum value at a
SH, partial pressure of 1 mTorr. Even after 1.5 months, Ns at a SiH4 partial pressure
of 1 mTorr was still as low as the initial Ns at a SiH4 partial pressure of 3 mTorr.
Therefore, nt-Si:H films deposited at a SiH,4 partial pressure of 1 mTorr has a high
stability for aging.

Thus, from these results, it is concluded that a deposition at alow SiH,4 partial

pressure less than 1 mTorr is also effective in the reduction of the post-oxidation.
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5-6 Theoretical Analysisand Fabrication of Amor phous
Silicon/Microcrystalline Silicon Tandem Solar Cells

In order to obtain further high conversion efficiency of over 15% for silicon
based thin film solar cells, fabrication of hybrid type solar cells such as amorphous
silicon/microcrystalline silicon tandem solar cells are required. Up to now, the
maximum stabilized conversion efficiencies of amorphous silicon and microcrystalline

silicon single solar cells are 9.0%>)

and 10.7%,3¥ respectively. However, it has been
reported that the maximum conversion efficiency of 14.5% could be obtained for
amorphous silicon/microcrystalline silicon tandem solar cells3¥ Therefore, recently,
many researchers are intensively investigating amorphous silicon/microcrystalline
silicon tandem solar cells worldwide.®>? In this section, first, theoretical analysis of
amorphous silicon/microcrystalline silicon tandem solar cells was investigated by
using AMPS-1D for the current matching between the top cell and the bottom cell, and
the expected conversion efficiency. Then, amorphous silicon/microcrystalline silicon
tandem solar cells were ectually fabricated and they were also theoretically analyzed.

The material parameters of the top cell and the bottom cell used for AMPS-1D are

summarized in Tables 7-1 and 7-2. General parameters’®** were used for AMPS-1D.
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Table 5-5: Material parameters of aSi:H top cell used for AMPS-1D

p-layer i-layer n-layer
(aSC:H) (aSi:H) (a-Si:H)
Thickness[nm] 20 100-500 20
Carrier concentration [cm3] 5x1017-1x1018 1x1010-1x1015 5x1018
Nc[em3] 3x10%° 3x10%° 3x10Y°
N, [cm?] 2x10%° 2x10%° 2x10'°
flev] 1314 - 0.1
0a/0p [cmBeV-]] 5x1019/5x10% 5x1019/5x 1019 5x10%9/5x1019
En/Ep [eV] 0.03/0.04 0.03/0.04 0.03/0.04
D-state density [cm™] 1x1018 5x10'%-4x1016 4x10Y
D*-level (above E,) [eV] 0.5 0.5 05
D-level (below E_) [eV] 0.5 0.5 05
Capture crosssection
D*+e=D°[cm?] X104 1x1014 X104
D°+h*=D*[cm? 1x101° 1x101° 1x101°
D°+e=D[cn?] 1x101° 1x101° 1x101°
D-+h*=Do [cm? X104 1x1044 1x10-4
Sac! SpcleVl] 0.09/0.09 0.09/0.09 0.09/0.09
Electron affinity c [eV] 3.9 3.9 39
Dielectric constant 119 11.9 11.9
Mobility bandgap [€V] 1.95 1.75 1.75
Mobility mym, [cm?/V-Ys?] 5/0.5 20/3 10/1

Table 5-6: Material parameters of nc-Si:H top cell used for AMPS-1D

p-layer i-layer nlayer
(nc-Si:H) (mc-Si:H) (nc-Si:H)
Thickness[nm)| 0.02 1.2-3.0 0.02
Carrier concentration [cm?] 1x10%° 1x10%°-6x10%° 1x10%°
Nclem3] 3x10° 3x101° 3x10°
Ny [cm™3] 2x10'° 2x101° 2x10'°
f,lev] 105 - 0.02
ga/ o [cm3eV Y 5x10'95x10%° 5x1049/5x10% 5x10%/5x10%°
E /Ep[eV] 0.01/0.02 0.01/0.02 0.01/0.02
D-state density [cm3] 1x10t6 1x1015-5x1016 1x10t6
D*-level (aboveE,) [eV] 03 0.3 0.3
D--evel (below Ec) [eV] 03 0.3 0.3
Capture cross section
D*+e=D°[cm? 1x10% 1x10%5 1x10%
D°+h*=D* [cm?] 1x10% 1x1016 1x10%
Deo+e=D-[cm?] 1x10% 1x1016 1x10%
D+h*=D°[cm?] 1x105 1x10718 1x10%
Sac! SpsleV] 0.13/0.13 0.13/0.13 0.13/0.13
Electron affinity c [eV] 39 3.9 39
Dielectric constant 119 119 119
Mobility bandgap [eV] 11 11 11
Mohility my/m, [cm3V Ys?] 50/5 50/5 50/5
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5-6-1 Theoretical Analysisof Amorphous Silicon/Microcrystalline-

silicon Tandem Solar Cdlls

In the fabrication of tandem solar cells, the current matching between the top
cell and the bottom cell is very important for obtaining high conversion efficiency.
With increasing the top cell thickness, the light absorption of the top cell increases,
however, that of the bottom cell decreases. When the current generated in the top cell
is larger than that in the bottom cell, the total current of the tandem solar cell is limited
the smaller current of the bottom cell, and vice versa, since the top cell and the bottom
cell are connected in series. Therefore, in order to obtain high conversion efficiency,
equalizing the current of the top and the bottom cell is required, i.e., adjusting the
thickness of the top and bottom cell is necessary. Thus, two kinds of bottom cells
(me-Si:H) with conversion efficiencies of 6% and 10% were prepared, the current
density (Js;) of the top cell and the bottom cell was investigated by changing the top
cell thickness from 0 nm to 500 nm. The thickness of the two bottom cells with
conversion efficiencies of 6% and 10% were fixed 1.2 nm and 3.0 nm, respectively.
The defect density of the two bottom cells with conversion efficiencies of 6% and
10% were 1x10™ cm® and 1x10™ cm®, respectively. As shown in Fig. 570, with
increasing the top cell thickness from 0 nm to 500 nm, J. of the top cell increased
from 10 mA/cn? to 15 mA/ent, and it had saturation with a value of 15 mA/cnt, on
the other hand, Jy; of the two bottom cells largely decreased. The Js value that is equal
in both top and bottom cells were around 12 mA/cn? and 14 mA/cn?, respectively for
the two bottom cells with conversion efficiencies of 6% and 10%. Besides, the top cell
thickness at the current matching point between the top cell and the bottom cell were

170 nm and 300 nm, respectively for the two bottom cells with conversion efficiencies
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of 6% and 10%. Therefore, it was found that the optimum thickness of the top cell and
bottom cell in atandem solar cell largely depend on the ability of the bottom cell.
Next, conversion efficiencies of tandem solar cells were predicted by
theoretical analysis. First, a tandem solar cell using aSi:H top cell with a conversion
efficiency of 10.1% and nt-Si:H bottom cell with aconversion efficiency of 10.6%
was investigated. From the above resultsin Fig. 5-70, the thickness of the top cell and
the bottom cell were fixed 300 nm and 3 mm, respectively. As aresult, a conversion
efficiency of 15.1% (Voc: 1.48 V, Jsc: 13.7 mA/cnt, F.F.: 0.75, AM1.5) was obtained,
as shown in Fig. 571. This result corresponds with that of the best aSi:H/nc-Si:H
tandem solar cell of Kaneka Corp. with a conversion efficiency of 14.5% (Voc: 141V,
Jsc: 14.4 mA/en?, F.F.: 0.719, AM1.5)2? Therefore, it was found that a conversion
efficiency of over 15% could be expected for aSi:H/nc-Si:H tandem solar cells.
Second, a tandem solar cell using our aSi:H top cell with a conversion efficiency of
7.4% and nc-Si:H bottom cell with a conversion efficiency of 6% was investigated.
From the above results in Fig. 570, the thickness of the top cell and the bottom cell
were fixed 170 nm and 1.2 nm, respectively. As a result, a conversion efficiency of
9.0% (Voc: 1.26 V, Jsc: 11.39 mA/ent, F.F.: 0.63, AM1.5) was obtained, as shown in
Fig. 5-72. It was found that a relatively high conversion efficiency of 9.0% could be
expected for a tandem solar cell using our aSi:H top cell and nmc-Si:H bottom cell,
therefore, next, aSi:H/nc-Si:H tandem solar cell was actually fabricated and

characterized.
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5-6-2 Fabrication and Characterization of Amorphous Silicon/

Microcrystalline silicon Tandem Solar Cells

In this section, amorphous silicon/microcrystalline silicon tandem solar cell was
actually fabricated by the Hot Wire Cell method and characterized. The tandem solar
cell structure fabricated has a following configuration. Glass’'TCO(SnO,)/p-aSi:H/i-a
Si:H/naSi:H/p-a Si:H/i-me-Si:H/n-ne-Si:H/ZnO/Ag/AL. The al silicon layers of the
top and the bottom cells were prepared by Hot Wire Cell method. The thickness of the
top and bottom cell was 170 nm and 1.2 nmm, respectively. As shown in Fig. 573, a
conversion efficiency of 3.8% (Voc: 1.20 V, Jsc: 6.83 mA/cnt, F.F.: 0.46, active area:
0.086 cnf, AM1.5) was obtained. Contrary to the prospects of theoretical analysis, the
conversion efficiency was as low as 3.8%. In order to investigate the reason, the
performances of each top cell and bottom cell was characterized. As a result, it was
found that a conversion efficiency of the top cell was 5.4% (Voc: 0.74 V, Jsc: 12.14
mA/cnt, F.F.: 0.60, active area: 0.086 cnf, AM1.5) and a conversion efficiency of the
bottom cell was 3.9% (Voc: 0.51 V, Jsc: 16.00 mA/cn?, F.F.: 0.49, active area: 0.086
cnt?, AM1.5). One of thereasons of the low conversion efficiency of the top cell is the
p-layer. In the previous aSi:H solar cell with a conversion efficiency of 7.5%,
p-aSIC:H and graded aSIC:H buffer layer were used, however, pa-Si:H layer was
used for the p-layer of this aSi:H top cell. A conversion efficiency of the bottom cell
was also very low probably because the deposition condition was not optimized. In
order to investigate the other factors of the low conversion efficiency, a theoretical
analysis was carried out. Figure 5-74 shows calculated |-V characteristics of a tandem
cell using aSi:H top cell with a conversion efficiency of 5.33% and nt-Si:H bottom

cell with a conversion efficiency of 3.97%. The calculation results show a conversion
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efficiency of 4.93% (Voc: 1.25 V, Jsc: 8.57 mAlcenf, F.F.. 0.46, AM15). This
theoretical result corresponds with the result of the real tandem cell. Therefore, the
low conversion efficiency of the tandem cell fabricated was mainly derived from the
bad cell performances of each top and bottom cell. Jsc of the tandem cell fabricated
was lower than that of theoretical value, aloss at the junction between the top cell and
the bottom cell and/or alow absorption at long wavelengths over 800 nm due to a low
Xc (30%) of the bottom cell might be thought. For obtaining higher conversion
efficiency of tandem solar cells, the cell performances of each top and bottom cell

must be further improved.

5-7 Summary

Hot Wire Cell (HW-Cell) method has been developed in order to grow
microcrystalline silicon frc-Si:H) thin films. The influence of various deposition
parameters on the structural and electrical properties of the films was investigated to
improve film quality. As the result, it was found that the concentrations of O and C
atomsin me-Si:H films could be reduced from the order of 10?* cm® to the order of
10%° cm® by decreasing the partial pressure of SiH4 from 100 mTorr to 3 mTorr. Then,
a novel 2-step growth method was proposed in order to reduce an incubation layer in
the initial growth of nc-Si:H i-layer. By using this method, Jsc largely increased
(10.11 ? 18.32 mA/cnt), as the result, a conversion efficiency of 3.9% could be
achieved. The influence of the incubation layer on solar cell performances was also
investigated by a numerical analysis. Then, a conversion efficiency of 5.3% (Voc: 0.48
V, Jsc: 20.56 mA/cnt, F.F.: 0.54, active area: 0.086 cnf, AM1.5) was obtained for

nc-Si:H solar cells with an i-layer thickness of 1.0mm by optimizing deposition
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parameters. Finally, solar cell performances were dramatically improved by
decreasing filament temperature from 2100°C to 1800°C, the maximum conversion
efficiency of 6.0% (Voc: 0.50 V, Jsc: 19.69 mA/cn?, F.F.: 0.61, active area: 0.086 cnt,
AM1.5) was obtained for nc-Si:H solar cells with an i-layer thickness of 0.8nm at a
low filament temperature of 1800°C. The influence of the filament temperature on
nc-Si:H film properties was intensively investigated. As the result, it was found from
SIMS results that W and Al concentrations largely increased with increasing the
filament temperature from 1800°C to 2100°C and this metal contamination was one of
the factors for large degradation of cell performances at a high filament temperatures.
Next, we found that a large degradation of solar cell performances occurred by aging.
FT-IR and ESR measurement were carried out in order to investigate the influence of
ageing on nc-Si:H film properties. The results showed that the peak at 1000-1100 cmt
originated from S-O-Si bonding and spin density largely increased by aging. SIMS
results also showed that O and C atoms in our nc-Si:H films were as low as 2x10™®
cm® in theinitia state and alarge amount of O and C atoms diffused from the surface
of nc-Si:H film, and that the diffusion length was as long as 22.5 nm. However, it
was found that a deposition at a high substrate temperature over 165°C was very
effective in high stability of the nme-Si:H film, and it was also shown that a thick (3
mm) aSi:H cap layer and/or a deposition at a low SiH4 partial pressure less than 1
mTorr could completely prevent the impurity diffusion. Finaly, theoretical analysis
and fabrication of amorphous silicon/microcrystalline silicon tandem solar cells were
carried out. From the results of theoretical analysis using AMPS-1D BETA 1.00, a
conversion efficiency of 15.1% (Voc: 1.48 V, Jsc: 13.7 mA/ent, F.F.: 0.75, AM1.5)
could be expected for a tandem solar cell using aSi:H top cell with a conversion

efficiency of 10.1% and nmc-Si:H bottom cell with aconversion efficiency of 10.6%.
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Besides, it was found that a relatively high conversion efficiency of 9.0% could be
expected for atandem solar cell using our aSi:H top cell with a conversion efficiency
of 7.4% and nt-Si:H bottom cell with a conversion efficiency of 6%. Then,
amorphous silicon/microcrystalline silicon tandem solar cell was actually fabricated
by the Hot Wire Cell method. As aresult, a conversion efficiency of 3.8% (Voc: 1.20 V,
Jsc: 6.83 mA/cn?, F.F.: 0.46, active area: 0.086 cn?, AM1.5) was obtained. It was
found that a conversion efficiency of the top cell was 5.4% and a conversion
efficiency of the bottom cell was 3.9%. The theoretical analysis showed that the low
conversion efficiency of the tandem cell fabricated was mainly derived from the bad

cell performances of each top and bottom cell.
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Chapter6

Approachesfor High Rate Deposition of
Microcrystalline Silicon Thin Films

6-1 Introduction

The technology for high rate deposition of microcrystalline silicon thin films
with small hydrogen dilution ratio was developed. In our previous works, it was
already found that high deposition rates of 2-3 nm/s could be obtained at low substrate
temperatures of 200-300°C. As above-mentioned, for the cost reduction of solar cells,
high deposition rate of 25 nm/s is highly required, many researches for high rate
depositions have been done, up to now. 9 Therefore, further high rate deposition was
attempted. In order to obtain high deposition rate, deposition parameters such as SiH4
flow rate and filament-substrate distance was changed. The film properties such as
dark conductivity, photoconductivity and crystal volume fraction were investigated for
the films deposited by changing those deposition parameters Then, microcrystalline
silicon thin film solar cells were aso fabricated with high deposition rates. On the
other hands, it was aready demonstrated in Chapter 5 that the filament temperature
must be decreased to less than 1800°C for obtaining high quality microcrystalline
films and high efficiency solar cells. However, gas dissociation efficiency decreased

with increasing reactant gases at a low filament temperature less than 1900°C, as a
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result, the film couldri t be crystallized. Therefore, in order to increase gas dissociation
efficiency with maintaining the filament temperature of 1900°C, instead of ordinary
18-turn filament with a length of 1.5 cm, 36-turn long filament with a length of 3 cm

was used and examined.

6-2 Experimental Details

Intrinsic nc-Si:H thin films were deposited on Corning7059 glass and Asahi
U-type TCO glass by Hot Wire Cell method in a hybrid multichamber system (Hot
Wire Cell method and photo-CVD). The chamber was evacuated by a turbomolecular
pump, and the base pressure was around 2x10° Torr. A mixture of SiH4 and H, gases
was used for intrinsic ne-Si:H film deposition. The filament in the shape of a coil that
had a diameter of 4 mm and a length of 1.5 cm or 3.0 cm was used and it was placed
paralel to the gas inlet. The filament temperature was monitored by an infrared
pyrometer through a quartz window.

The deposition conditions are shown in Table 6-1. In order to characterize
nc-Si:H thin films, Fourier transform infrared absorption spectroscopy (FT-IR)
measurement, dark (Sq) and photoconductivity 6,n) measurements were carried out.
In order to investigate the application of these aSi:H films to Skbased thin film solar
cells, superstrate pin solar cells were prepared with the deposition rate of 0.4-1.5 nm/s.
The structure of the superstrate pin solar cell was as follows:
glass’TCO(SnO,)/p-a SIC:H/buffer-a- SiC:H/i-a Si:H/nra-Si:H/ZnO/Ag/Al. The p-type,
buffer and ntype layers were prepared by the photo-CVD method. 2-step growth

method was also carried out for the fabrication of solar cells.
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Table 6-1: Deposition parameters.

Filament temperature

1900-2100°C

Substrate temperature 100-215°C
SH,4 partial pressure 3-4.2 mTorr
SH4 gas flow rate 5-25 sccm
H, gas flow rate 15-200 sccm
Filament-substrate distance 1.5-10cm

Filament length

1.5 cm (18-turn) or 3.0 cm (36-turn)
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6-3 High Rate Deposition and Solar Cell Properties

6-3-1 Dependence on Mono-silane Flow Rate

In our previous works, the dominant deposition parameters that largely
control the deposition rate are SiH, flow rate and filament-substrate distance.
Therefore, in order to largely increase the deposition rate, it can be simply thought that
SH4 flow rate should be increased at a near filament-substrate distance. Thus, first, in
order to know the effects of SiH, flow rate, the dependence of deposition rate on SiH,
flow rate was investigated. The deposition conditions are as follows: substrate
temperature of 150°C, filament temperature of 1900°C, SiH,4 partial pressure of 3
mTorr, SHs flow rate of 515 sccm, H, flow rate of 25-120 sccm and
filament-substrate distance of 5 cm. As shown in Fig. 63-1, it was found that the
deposition rate largely increased from 0.3 nm/s to 1.4 nm/s with increasing SiH, flow
rate of from 5 sccm to 15 sccm. When SiH4 flow rate was 5 sccm, H, flow rate was 25
scem, i.e. Ho/SiH, ratio of 5, and crystal volume fraction of the film was around 30%
in this case. In case of SiH4 flow rate of 15 sccm, H flow rate was increased to 120
sccm, i.e. H/SiH4 ratio of 8, because Hy/SiH4 ratio required for the same crystal
volume fraction increased with increasing SiH,4 flow rate. However, as shown in Fig.
6-3-2, athough H flow rate largely increased, the crystal volume fraction of the film
largely decreased with increasing SiH; flow rate over 10 sccm, and the film
completely became amorphous at SiH4 flow rate of 15 sccm. The film couldn't be
crystallized at SiH4 flow rate of 15 sccm even when H, flow rate was increased to 150
sccm. Therefore, that is because the gas dissociation efficiency at the filament was

reduced by the large increase of total reactant gas flow rate. Besides, deposition rate
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didn't increase in proportion to SiH, flow rate. That is because SiH4 partial pressure
was constant of 3 mTorr in this case, thus the total gas pressure increased with largely

increasing Hy flow rate.

6-3-2 Dependence on Filament-Substrate Distance

Next, in order to check the effects of filament-substrate distance, deposition
rate as a function of SiH, flow rate was investigated. The deposition conditions are as
follows:. substrate temperature of 165°C, filament temperature of 1900°C, SiH4 partial
pressure of 3 mTorr, SiHs flow rate of 5 sccm, H, flow rate of 40 sccm and
filament-substrate distance of 1.5-10 cm.

As shown in Fig. 6-3-3, deposition rate largely increased from 0.16 nm/s to
1.24 nm/s with decreasing filament-substrate distance from 10 cm to 1.5 cm.
Deposition rate largely increased, especially in the region of filament-substrate
distance from 6 cm to 1.5 cm. As shown in Fig. 6-3-4, crystal volume fraction of the
films kept almost constant value of 50-60% in the region of filament-substrate
distance from 6 cm to 1.5 cm, while crystal volume fraction largely decreased with
increasing filament-substrate distance over 8 cm, and it decreased to 13.5% at
filament-substrate distance of 10 cm. That is because consume of atomic hydrogen
produced at the filament is promoted by gas phase reaction with increasing
filament-substrate distance, thus the quantity of atomic hydrogen which arrive on the
substrate reduces. Next, for these films, dark conductivity, photoconductivity
measurement were carried out and H content and Si-H/Si-H, ratio was also measured
by FT-IR measurement. The results of them are shown in Figs. 63-5 and 6-3-6,

respectively.
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As shown in Fig. 6-3-5, in the region of filament-substrate distance from 6 cm
to 1.5 cm, photoconductivity and dark conductivity had some variations, however
those values were the order of 10%-10°, 10°, respectively. On the other hand, dark
conductivity decreased to 1x10 with increasing filament-substrate distance over 6 cm,
reflecting the decrease of crystal volume fraction. The photoconductivity/dark
conductivity ratio had a large value of 102-10°at a long filament-substrate distance
over 6 cm. As shown in Fig. 6-3-6, athough crystal volume fraction kept constant
value of around 60% in the region of filament-substrate distance from 6 cm to 1.5 cm,
total H content in the film decreased from 5.6% to 4.4% with decreasing
filament-substrate temperature. Although crystal volume fraction was constant, total H
content decreased, therefore, the grain boundary of the film was insufficiently
passivated by H atoms, indicating degradation of film quality. On the other hand,
Si-H/SkH; ratio kept an almost constant value of around 1.0 in the region of
filament-substrate distance from 6 cm to 2 cm, while it largely decreased with
increasing filament-substrate distance to 1.5 cm. This tendency is similar to that of the
films deposited with high hydrogen dilution as demonstrated in Chapter 5, indicating
the existence of large amount of atomic hydrogen around the filament. Besides, the
real substrate temperature increased with decreasing filament-substrate distance
because therma radiation from the filament largely increased in a short distance,
implying that H atoms emitted from the film. FT-IR measurement couldrit be carried
out successfully in the cases of filament-substrate distance of 8 cm and 10 cm
probably because the films were grown epitaxicially.

Based on these results of the dependence on SiH; flow rate and
filament-substrate distance, further high rate deposition was attempted by combining

these two deposition parameters. In above results, a degradation of film properties was
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not seen in the region of filament-substrate distance from 6 cm to 2 cm, therefore, next,
filament-substrate distance was fixed 2 cm and SiH4 flow rate was varied 5 sccm to 25
sccm. As shown in Fig. 6-3-2, crystal volume fraction largely decreased with
increasing SiH, flow rate over 10 sccm at a filament temperature of 1900°C, therefore
filament temperature was fixed 2050°C. Substrate temperature was 190°C, SiH, partial
pressure was 4.2 mTorr and Hy/SiH4 dilution ratio was fixed 8. Deposition rate and
crystal volume fraction as a function of SiH,4 flow rate and dark and photoconductivity
as afunction of SiH,4 flow rate were shown in Figs. 6-3-7 and 6-3-8, respectively.
Asshown in Figs. 6-3-7, deposition rate extremely largely increased from 0.8
nm/s to 11.5 nm/s with increasing SiH4 flow rate from 5 sccm to 25 sccm. Crystal
volume fraction was maintained a constant value of around 60% until SiH4 flow rate
of 15 sccm, i.e. deposition rate of 3.7 nm/s, while it largely decreased to 11% with
further increasing SiH4 flow rate to 25 sccm. That is because dissociation efficiency of
reactant gases at the filament was reduced with increasing gas flow rate, and also
probably because in general, higher substrate temperatures are required for
crystallinity and restrain of defect density at a high deposition rate compared to
moderate deposition rate less than 0.5 nm/s, therefore substrate temperature of 190°C
was not enough for high rate deposition in this case As shown in Fig. 6-3-8, both of
photo and dark conductivity decreased with increasing SiH; flow rate. Dark
conductivity largely decreased at SiH4 flow rate of over 15 sccm, because crystal
volume fraction of the film decreased as shown in Fig. 6:3-7. Besides, compared to
other photoconductivity, it largely decreased to the order of 107 at SiH,4 flow rate of

25 scem, indicating a degradation of the film quality.
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6-3-3 Effectsof Filament Length on Film Properties

From the results in 63-1 and 6-3-2, it was found that high deposition rate
could be easily obtained by increasing reactant gas flow rate, however, filament
temperature was required to increase up to around 2050-2100°C, because dissociation
efficiency of reactant gases at the filament was reduced by increase of gas flow rate.
On the other hand, from the results in Chapter 5, solar cell performances largely
degraded at filament temperatures of over 2000°C, high conversion efficiencies have
not been obtained at this high filament temperature region. Therefore, in this study, in
order to increase the dissociation efficiency of reactant gases with maintaining a
filament temperature of 1900°C, instead of conventional tungsten filament with a
length of 1.5 cm (18-turn), a novel long tungsten filament with a length of 3 cm
(36-turn) was attempted to use for deposition of microcrystalline silicon thin films.

First, in order to confirm if dissociation efficiency really increases by using a
long filament, the relationship between crystal volume fraction and H flow rate was
investigated for both of ordinary filament (1.5 cm) and long filament (3 cm),
respectively. The deposition conditions are as follows: substrate temperature of 150°C,
filament temperature of 1900°C, SiH,4 partial pressure of 3 mTorr, SiH4 flow rate of 5
sccm, H, flow rate of 15-100 sccm and filament-substrate distance of 5 cm. As shown
in Fig. 6-3-9, the obvious differences in crystal volume fraction were observed
between 18-turn filament and 36-turn filament in the region of H, flow rate from 10
sccm to 60 scem. H flow rate of 25 sccm was required for crystal volume fraction of
30% in the case of 18-turn filament, however H; flow rate of only 10 sccm was needed
for the same crystal volume fraction in the case of 36-turn filament. In the region of

H, flow rate from 10 sccm to 60 sccm, Ho flow rate required for the same crystal
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volume fraction shifts to a low H, flow rate side in the case of 36-turn filament.
Therefore, it is concluded that dissociation efficiency of SiH, and H, gases increased
by increasing filament length, thus the quantity of atomic hydrogen supplied to the
substrate largely increased. On the other hand, in the region of H flow rate over 60
sccm, crystal volume fraction was saturated with a value of around 60% in case of
both filament. Raman spectra were deconvoluted in their integrated crystalline, I (520
cmt), amorphous, 1, (480 cmit) and intermediate, Iy, (510 cmit) peaks, then crystal
volume fraction, X., was calculated from these values. The problem of this method for
evaluating X; is that value of X is saturated with a value of around 60% at a high X;
of over 60%. Therefore, X; seems to be saturated in the region of H, flow rate over 60
sccm. Besides, it is also one factor of this saturation that the substrate temperature was
as low as 150°C, thus, the crystallinity of the films were limited by this low substrate
temperature.

From the above results, it was confirmed that dissociation efficiency of
reactant gases increased and H flow rate required for crystallization could be reduced
by using a long filament. It was also indicated that crystalinity of films might be
limited by substrate temperature. Therefore, next, the relationship between
crystallinity and substrate temperature was investigated for SiH, flow rate of both 5
sccm and 15 sccm. The deposition conditions are as follows: filament length of 3 cm
(36-turn), filament temperature of 1900°C, substrate temperatures of 100-215°C, SiH,
partial pressure of 3 mTorr, filament-substrate distance of 5 cm and SiH4/H- flow rates
of 5 sccm/15 sccm and 15 scem/ 75 scem. Deposition rate for SiH,4 flow rates of 5
sccm and 15 scem was 0.4 nm/s and 1.3 nm/s, respectively.

As shown in Fig. 6-3-10, films were crystallized even at SiH,4 flow rate of 15

sccm. Until now, films couldrit be crystallized at a filament temperature of 1900°C in
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case of 18-turn filament, filament temperature required to be increased to 2100°C,
however, microcrystalline silicon films could be obtained at 1900°C by using 36-turn
filament. From these results, it was also confirmed that dissociation efficiency of
reactant gases increased by increasing filament length. Crystal volume fraction largely
increased with increasing substrate temperature from 100°C to 215°C at deposition
rates of both 0.4 nm/s and 1.3 nm/s. In case of deposition rate of 1.3 nm/s, crystal
volume fraction largely decreased at substrate temperature of lower than 200°C, and
the substrate temperature required for the same crystal volume faction shifted to high
temperature side, compared to the case of deposition rate of 0.4 nm/s. Therefore,
compared to at low deposition rate, the substrate temperature is required to be
increased at high deposition rate. However, a substrate temperature of i-layer cannot
be increased more than that of player in pi-n superstrate type solar cell, thus some
measures against these problems are required.

From above results, it was found that a long filament (3 cm, 36-turn) was very
effective and useful in crystallinity and high rate deposition. Therefore, it is necessary
to investigate the application of these films prepared by a long filament to solar cells.
On the other hand, in this study, our solar cells need 2step growth method, thus,
initial growth of films was investigated by using a long filament before the preparation
of solar cells. The deposition conditions are as follows: filament temperature of
1900°C, substrate temperature of 150°C, SiH,4 partial pressure of 3 mTorr, SiH,4 flow
rates of 5 sccm and filament-substrate distance of 5 cm.

Figures 6-3-11 and 6-3-12 show film crystalinity in the initial growth as a
function of H, flow rate in case of 18-turn filament and 36-turn filament, respectively.
H, flow rate required for film crystallization shifted to a low H, flow rate side using

36-turn filament, compared to using 18-turn filament. Crystal volume fraction was
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around 30% at H, flow rate of 25 sccm and 15 sccm using 18-turn filament and
36-turn filament, respectively. Besides, the thickness of the films which crystallization
started was around 60-70 nm and corresponded well in both cases, as shown in Figs.
6-3-11 and 6-3-12. In both cases, the thickness of the films which crystallization
started largely decreased with increasing H flow rate. Therefore, it is concluded that
the thickness of a film which crystallization starts mainly depends on crystal volume
fraction of athick film when the deposition rate is almost same. H, flow rate required
for crystallization in case of 36-turn filament was almost half of that in case of 18-turn

filament.

6-3-4 Fabrication and Characterization of Solar Cells

From the results in 6-3-2, it was found that microcrystalline silicon thin films
could be obtained at the maximum deposition rate of 11.5nm/s using our current Hot
Wire Cell system. Solar cells were fabricated with increasing deposition rate from
0.3-0.4 nm/s to 1-2 nm/s. First, filament-substrate distance was fixed 5 cm and solar
cells were fabricated by changing SiH4 flow rate from 5sccm to 15 sccm in a similar
way to 6-3-1, then their performances were characterized. The other deposition
conditions were completely same as those of 63-1. However, the film couldn't be
crystallized at a SiH,4 flow rate of 15 sccm and at a filament temperature of 1900°C, as
shown in 6-3-1, therefore, in this time, filament temperature was increased to 2100°C
only at a SiH4 flow rate of 15 sccm. Besides, al the solar cells were fabricated using
2-step growth method and thickness of i-layer was around 1.5nm.

As shown in Fig. 63-13, although deposition rate was increased from 0.3

nm/s to 0.5 nm/s by increasing SiH, flow rate from 5 sccm to 10 sccm, no degradation
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was observed in the solar cell performances and a conversion efficiency of around
4.0% was obtained. Voc increased to around 0.5 V but ., F.F. decreased and a
conversion efficiency decreased to 2.5% with increasing SiH,4 flow rate to 13 sccm.
This is because crystal volume fraction largely decreased to 7% and the film structure
became almost amorphous. Therefore, crystal volume fraction was controlled around
30% at a SiH,4 flow rate of 15 sccm and at a filament temperature of 2100°C. As a
result, deposition rate increased up to 1.5 nm/s, however Vo and J largely decreased
and conversion efficiency largely decreased to 1.4%. It is one of the reasons that film
quality was degraded by a high deposition rate of 1.5 nm/s, however that is mainly
because of the metal contamination from the filament at a high filament temperature
of 2100°C as demonstrated in Chapter 5. Therefore, instead of increasing filament
temperature, some deposition techniques that maintain crystal volume fraction of films
at alarge amount of SiH4 flow rate are highly required.

Solar cell performances were no influenced when SiH4 flow rate increased
until 10 sccm, as shown in Fig. 6-3-13, therefore, next, SiH, flow rate was fixed 10
sccm and solar cells were fabricated by changing filament-substrate distance from 5
cmto 2 cm in asimilar way to 6-3-2, then their performances were characterized. The
deposition conditions are as follows: substrate temperature of 150°C, filament
temperature of 1900°C, SiH,4 partial pressure of 3 mTorr, H, flow rate of 50-60 sccm.
As shown in Fig. 6-3-14, deposition rate largely increased from 0.5 nm/s to 1.5 nm/s
with decreasing filament-substrate distance from 5 cm to 2 cm. No large degradation
of solar cell performances was observed at filament-substrate distance until 3.5 cm
probably because deposition rate didnt increase largely. When filament-substrate
distance was decreased to 2 cm, Voc Was amost constant, but J. largely decreased,

and conversion efficiency decreased to 2.8%. Although deposition rate was as same as
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1.5 nm/s, compared to the case of Fig. 36-13, such a large degradation was not
observed. Therefore, such a large degradation as shown in Fig. 3-6-13 mainly derived
from metal contamination from filament. The reasons of the degradation in Fig. 3-6-14
are as follows: increase of defect density due to high deposition rate, increase of heat
radiation from the filament due to a short filament-substrate distance, the influence of
incubation layer because 2step growth method was not established for high rate
deposition yet.

Next, solar cells were fabricated by using 36-turn filament. In 63-3, it was
demonstrated that 36-turn filament was effective in high rate deposition, therefore, the
application of 36-turn filament to solar cells was investigated. First, solar cells were
fabricated at a SiH4 flow rate of 5 sccm. The other deposition conditions of the i-layer
are as follows. filament length of 3 cm, filament temperature of 1900°C, substrate
temperature of 150°C, SiH, partial pressure of 3 mTorr, filament-substrate distance of
5 cm, Hy flow rate of 15 scem, thickness of 1 mm and deposition rate of 0.4 nm/s. H
flow rate in the 1st layer of the 2-step growth method was 100 sccm. As shown in Fig.
6-3-15, a conversion efficiency of 3.4% was obtained. The maximum conversion
efficiency of the solar cells fabricated by using 18-turn filament at the same deposition
conditions was 4.8% (Voc: 0.47 V, Jsc: 17.44 mAlcnt, F.F.: 0.58, active area: 0.086
cn?, AM1.5) on that time. Compared to the solar cell with 18-turn filament, especially
Voc and EF. decreased. Xc of this solar cell was 43% and it’'s higher than 30% of the
solar cell that has a conversion efficiency of 4.8%. In this study, as demonstrated in
Chapter 5, the maximum conversion efficiency was obtained at a low Xc of around
30%. Therefore, a high Xc of the solar cell is one of the reasons of the decrease of sell
performances. Besides, in this time, the solar cells were fabricated at a H, flow rate in

the 1st layer of the 2-step growth method of 100 sccm. As demonstrated in 6-3-3, Hy
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Fig. 6-3-15: I-V characteristics of a solar cell fabricated by using 36-turn filament
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flow rate of 50sccm is enough for the crystallization due to high dissociation
efficiency of reactant gases in the case of 36-turn filament. Therefore, p-layer might
be damaged by a great deal of atomic hydrogen at H flow rate of 100sccm. On the
other hand, arelatively high Jsc of 16.71 mA/cnt was obtained. Until now, the 18-turn
filament with a temperature of 2100°C has a serious problem of a large decrease of Jsc
and conversion efficiency due to a large degradation of film quality. However, such
degradations were not observed in the case of 36-turn filament, therefore, it was
demonstrated that the 36-turn filament with a low temperature of 1900°C could
increase a dissociation efficiency of reactant gases as high as that of 18-turn filament
with a temperature of 2100°C maintaining the film quality. Next, for further
improvement of cell performances, solar cells were fabricated by changing H flow
rate in the 1st layer of the 2-step growth method. As shown in Fig. 6-3-16, Voc, Jsc
and F.F. increased with decreasing H, flow rate from 100 sccm to 25 sccm, as a resullt,
conversion efficiency was improved to 4%. This result indicates that p-layer can be
easily damaged and the property of p/i interface is degraded by a large amount of H,
flow rate in the 1st layer of the 2-step growth method. Fig 6-3-12 shows that
incubation layer with a thickness of 20 nm was deposited at a H, flow rate of 25 sccm,
however this result was demonstrated for corning 7059 glasses, indicating that H, flow
rate can be reduced less than 25 sccm for solar cells because Flayer can be easily
crystalized on nc-Si:H p-layer, compared to corning 7059 glass. Solar cell

performances might be further improved by decreasing H, flow rate less than 25 sccm.
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6-4 Summary

It was demonstrated that SiH4 flow rate and filament-substrate distance
are most dominant parameters that largely control deposition rate. Filament-substrate
distance was decreased from 5 cm to 2 cm, SiH4 flow rate was increased to 25 sccm,
as a result, nc-Si:H films with the maximum deposition rate of 11.5 nm/s could be
obtained. nmc-Si:H solar cells fabricated at a high deposition rate of 1.5nm/s showed a
conversion efficiency of 2.8% (Voc: 0.42 V, Jsc: 12.31 mA/cn?, F.F.: 0.54, active area:
0.086 cnf, AM1.5).

It was found that following two serious problems occurred in high rate
deposition. 1. At a filament temperature less than 1900°C, films with good quality
could be obtained, however film crystallization was difficult for alarge SiH4 flow rate
due to the decrease of dissociation efficiency at a filament. 2. At a filament
temperature over 2100°C, films could be easily crystallized, however film quality
largely degraded due to metal contaminations. In order to solve these problems,
36-turn long filament was proposed and used for nc-Si:H films and solar cells. As a
result, it was demonstrated that dissociation efficiency of reactant gases could be
increased, high rate deposition could be obtained and H, flow rate required for film
crystallization could be reduced even at a filament temperature of 1900°C. a
conversion efficiency of 4.0% was obtained at a deposition rate of 0.4 nm/s, indicating
that quality of mc-Si:H films deposited by using 36-turn filament was as good as that

of nt-Si:H films deposited by using ordinary 18-turn filament.
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Chapter7

General Conclusionsand Future Prospects

7-1 General Conclusions

As environmental and energy resource concerns have increased, greater stress
has been placed on development of renewable energy resources such as photovoltaic
electric generators. In order to attain the expected breakthrough of photovoltaic
technology as a competitive energy source against fossil fuels, further improvement of
efficiency and significant reduction of production costs are required.

In recent years, the development of thin-film photovoltaic devices based on
microcrystalline semiconductor materials from the standpoint of high-efficiency and
low-cost is the main focus of considerable research worldwide. Microcrystalline
silicon thin film solar cells are currently one of the most promising technologies
because they have a great potential to attain high conversion efficiency and high
stability compared to amorphous silicon solar cells. To achieve mass production of
solar cells, new deposition techniques that have simple apparatus and high deposition
rate on cheap substrates such as glass substrates are required. In this study, Hot Wire
Cell method is developed as a novel technique for the growth of microcrystalline
slicon thin films, film properties, the improvement of film quality and high rate

depositions were investigated. In this method, the reactant gases are decomposed on

199



the surface of a heated tungsten filament. The resulting fragments act as precursors of
possible gas phase reactions and thin film deposition. Deposition of silicon films using
mono-silane gas and hydrogen gas as reactant gases was investigated at various
deposition parameters for achieving high quality microcrystalline silicon thin films
and high rate depositions. Furthermore, high efficiency microcrystalline silicon thin
film solar cells were investigated.

In chapter 3, aSi:H films were deposited by the Hot Wire Cell method and it
was found that the deposition at a low pressure was effective in improvement of the
quality of aSi:H films. We could succeed in reducing SkH, bonding and the
concentrations of O and C atoms to the order of 10*® cm® at the deposition pressures
of 110 mTorr, and the photoconductivity of 6.5x10° S/cm could be obtained. The
initial and stabilized conversion efficiency of 7.5% and 6.3% with the deposition rate
of 0.4 nm/s were achieved for superstrate pin aSi:H solar cell. It was also found that
the short filament-substrate distance was effective for the high deposition rate with
maintaining film quality. We could succeed in obtaining the high photoconductivity
and the dominant peak at 2000 cmi* in FT-IR spectra with a high deposition rate of 1
nm/s at a pressure of 5 mTorr and a filament-substrate distance of 3 cm. The initial
conversion efficiency of 5.5% with the deposition rate of 1 nm/s was achieved for
superstrate pin aSi:H solar cell.

In chapter 4, it was investigated if p-layer and n-layer materials such as
p-aSIC:H, p-aSi:H, p-nt-Si:H, naSi:H and n-nt-Si:H were suitable for nc-Si:H thin
film solar cells by theoretical analysis using AMPS-1D BETA 1.00. First, effects of
p-layer materials on solar cell performances were examined. As a result, it was found
that the most suitable p-layer material for nc-Si:H thin film solar cells is p-ntc-Si:H.

Next, nraSi:H and nnt-Si:H were investigated in order to confirm if they were
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suitable rlayer materials for nc-Si:H thin film solar cells. As a result, it was found
that both n-a-Si:H and n-nc-Si:H can be used for nc-Si:H thin film solar cells. Finally,
effects of layer film properties such as defect density, impurity concentration and
film thickness on solar cell performances were investigated. Defect density was varied
from 1x10™° cm3to 1x10'® cm®, as a result, it was found that defect density is very
effective in solar cell performances, and for obtaining high conversion efficiencies,
defect density must be reduced less than 1x10'® cni®. Impurity concentrations were
varied from 1x10™° cm® to 1x10'8 cm®, as a result, it was found that for obtaining high
conversion efficiency, impurity concentration must be decreased less than 1x10™ cm®.
The thickness of the i-layer was varied from 0.5 nm to 5.0 mm for the defect densities
of 1x10™ cmi® and 1x10'® cm®, respectively, as the results, when a defect density was
1x10"™® cm?®, a conversion efficiency largely increased with increasing i-layer
thickness and it had the maximum value of 11% at a thickness of 5.0 nm. On the other
hand, when a defect density was 1x10'® cm®, the optimum i-layer thickness was
around 1.0-2.0 nm and the maximum conversion efficiency was 6% at that thickness.
In chapter 5, Hot Wire Cell (HW-Cell) method has been developed in order to
grow microcrystalline silicon (nc-Si:H) thin films. The influence of various deposition
parameters on the structural and electrical properties of the films was investigated to
improve film quality. As the result, it was found that the concentrations of O and C
atoms in me-Si:H films could be reduced from the order of 10%! cmi® to the order of
10%° cm® by decreasing the partial pressure of SiH4 from 100 mTorr to 3 mTorr. Then,
a novel 2-step growth method was proposed in order to reduce an incubation layer in
the initial growth of nt-Si:H i-layer. By using this method, Jsc largely increased
(10.11 ? 18.32 mA/cnt), as the result, a conversion efficiency of 3.9% could be

achieved. The influence of the incubation layer on solar cell performances was also
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investigated by a numerical analysis. Then, a conversion efficiency of 5.3% (Voc: 0.48
V, Jsc: 20.56 mA/cn?, F.F.: 0.54, active area: 0.086 cnf, AM1.5) was obtained for
nc-Si:H solar cells with an i-layer thickness of 1.0nm by optimizing deposition
parameters. Finally, solar cell performances were dramatically improved by
decreasing filament temperature from 2100°C to 1800°C, the maximum conversion
efficiency of 6.0% (Voc: 0.50 V, Jsc: 19.69 mA/cn?, F.F.: 0.61, active area: 0.086 cnt,
AM1.5) was obtained for nc-Si:H solar cells with an i-layer thickness of 0.8nm at a
low filament temperature of 1800°C. The influence of the filament temperature on
nc-Si:H film properties was intensively investigated. As the result, it was found from
SIMS results that W and Al oncentrations largely increased with increasing the
filament temperature from 1800°C to 2100°C and this metal contamination was one of
the factors for large degradation of cell performances at a high filament temperatures.
Next, we found that a large degradation of solar cell performances occurred by aging.
FT-IR and ESR measurement were carried out in order to investigate the influence of
ageing on ne-Si:H film properties. The results showed that the peak at 1000-1100 cmt
originated from SFO-Si bonding and spin density largely increased by aging. SIMS
results also showed that O and C atoms in our ne-Si:H films were as low as 2x10™®
cm® in theinitia state and alarge amount of O and C atoms diffused from the surface
of nc-Si:H film, and that the diffusion length was as long as 22.5 nm. However, it
was found that a deposition at a high substrate temperature over 165°C was very
effective in high stability of the nec-Si:H film, and it was also shown that a thick (3
mm) aSi:H cap layer and/or a deposition at a low SiH4 partial pressure less than 1
mTorr could completely prevent the impurity diffusion. Finally, theoretical analysis
and fabrication of amorphous silicon/microcrystalline silicon tandem solar cells were

carried out. From the results of theoretical analysis using AMPS-1D BETA 1.00, a
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conversion efficiency of 15.1% (Voc: 1.48 V, Jsc: 13.7 mA/cn?, F.F.: 0.75, AM1.5)
could be expected for a tandem solar cell using aSi:H top cell with a conversion
efficiency of 10.1% and nc-Si:H bottom cell with aconversion efficiency of 10.6%.
Besides, it was found that a relatively high conversion efficiency of 9.0% could be
expected for atandem solar cell using our & Si:H top cell with a conversion efficiency
of 7.4% and nt-Si:H bottom cell with a conversion efficiency of 6%. Then,
amorphous silicon/microcrystalline silicon tandem solar cell was actually fabricated
by the Hot Wire Cell method. As aresult, a conversion efficiency of 3.8% (Voc: 1.20 V,
Jsc: 6.83 mA/cnt, F.F.: 0.46, active area: 0.086 cn?, AM1.5) was obtained. The cell
performances of each top and bottom cell was investigated, it was found that a
conversion efficiency of the top cell was 5.4% and a conversion efficiency of the
bottom cell was 3.9%. The theoretica analysis showed that the low conversion
efficiency of the tandem cell fabricated was mainly derived from the bad cell
performances of each top and bottom cell.

In chapter 6, it was demonstrated that SiH, flow rate and filament-substrate
distance are most dominant parameters that largely control deposition rate.
Filament-substrate distance was decreased from 5 cm to 2 cm, SiH, flow rate was
increased to 25 sccm, as a result, nc-Si:H films with the maximum deposition rate of
11.5 nm/s could be obtained. nt-Si:H solar cells fabricated at a high deposition rate of
1.5nm/s showed a conversion efficiency of 2.8% (Voc: 0.42 V, Jsc: 12.31 mA/cnt,
F.F.: 0.54, active area: 0.086 cnt, AM1.5).

It was found that following two serious problems occurred in high rate
deposition. 1. At a filament temperature less than 1900°C, films with good quality
could be obtained, however film crystallization was difficult for alarge SiH,4 flow rate

due to the decrease of dissociation efficiency at a filament. 2. At a filament
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temperature over 2100°C, films could be easily crystallized, however film quality
largely degraded due to metal contaminations. In order to solve these problems,
36-turn long filament was proposed and used for nc-Si:H films and solar cells. As a
result, it was demonstrated that dissociation efficiency of reactant gases could be
increased, high rate deposition could be obtained and H flow rate required for film
crystallization could be reduced even at a filament temperature of 1900°C. a
conversion efficiency of 4.0% was obtained at a deposition rate of 0.4 nm/s, indicating
that quality of mc-Si:H films deposited by using 36-turn filament was as good as that
of nme-Si:H films deposited by using ordinary 18-turn filament.

Consequently, it is concluded that Hot Wire Cell method is very promising
technique for depositing microcrystaline silicon thin films for photovoltaic
applications. The main emphasis for achieving high efficiency microcrystalline silicon
thin film solar cells and the industrialization of Hot Wire Cell method is to pursue the
simple fabrication techniques and the characterization of the structural, chemical,
electrical and optical properties of each layer and their interfaces in the solar cells. It is
expected that the high conversion efficiency microcrystalline silicon thin film solar
cells can be obtained by reduction of defect density and impurity concentration, and
improvement of interfaces. The process of achieving aconversion efficiency of 6% by

HW-Cell method is summarized in Fig. 7-1.
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Fig. 7-1: Process of achieving a conversion efficiency of 6% by HW-Cell method.
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7-2  FutureProspects

For mass production of silicon based thin film solar cells, microcrystalline
silicon solar cells with a high conversion efficiency of 310% prepared at a high
deposition rate of 2-5 nm/s are highly required. Theoretical analysis demonstrates that
higher conversion efficiency can be expected for amorphous silicon/microcrystalline
silicon tandem solar cells compared to amorphous silicon and microcrystalline silicon
single solar cells. However, the conversion efficiency of tandem solar cells largely
depends on that of both amorphous top cell and microcrystalline bottom cell.
Therefore, higher conversion efficiency is required for Hot Wire Cell method. It is
theoretically demonstrated that the increase of defect density and impurity
concentration in the tlayer of pi-n type solar cells largely degrades the solar cell
performances. Therefore, for higher conversion efficiency, the reduction of defect
density and impurity concentration in the intrinsic microcrystalline silicon layer is the
key issue. The experimental results demonstrate that a low SiH4 partial pressure of
less than 1 mTorr is very effective in the reduction of O and C impurity atoms in
nc-Si:H films and the film stability, besides a low filament temperature of less than
1800°C is also very effective in the reduction of W atoms in nt-Si:H films. Therefore,
higher conversion efficiency can be expected by decreasing SiH4 partial pressure of
less than 1 mTorr and using tantalum filament that can be used a a filament
temperature of less than 1700°C. Furthermore, in our Hot Wire system, high quality
nc-Si:H films are currently obtained at low X, of 30%, however, for obtaining high
current density of 25-30mA/cn¥, large increase of absorption at long wavelengths is

required. Thus, high quality ne-Si:H films must be obtained at high X of over 50%.
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