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Chapter 1 Introduction
1.1 Trend in Solar Cells

1.1.1 Background of photovoltaic generation

The global warming by emission CO2 is one of critical environmental issues.
Kyoto Protocol to the United Nations Framework Convention on Climate Change was
adopted in 1997 and it entered into force in 2005. The major feature of the Kyoto Protocol
is that it sets binding targets for 37 industrialized countries and the European community
for reducing greenhouse gas emissions. These reductions amount to an average of five
percent against 1990 levels over the five-year period 2008-2012.1 Post-Kyoto Protocol
which is about the period after the end of 2012 has been discussed at Ad Hoc Working
Group on Long-term Cooperative Action under the Convention (AWG-LCA), the Ad
Hoc Working Group on Further Commitments for Annex I Parties under the Kyoto
Protocol (AWG-KP), and United Nations Climate Change Conference. In order to realize
the reduction of greenhouse gas emissions, renewable energy is absolutely imperative.
In this context, photovoltaic powers have attracted much attention as a one of the
renewable energy. Photovoltaic power generation, which employs solar cells as energy
conversion devices, is a promising form of clean energy that does not emit greenhouse
gases. However, the actual CO2 emission per kilowatt hour is nonzero because energy is
consumed in the manufacture of solar cells and the installation of photovoltaic systems.
Moreover, the reduction of CO2 emissions per kilowatt hour resulting from the use of
photovoltaic systems depends on the power source structure used in their manufacture
and installation. CO2 emission due to nuclear power generation is very small, and
therefore, the reduction of CO2 emissions per kilowatt hour due to the use of photovoltaic
1
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systems depends on the proportions of thermal and nuclear power generation. In the case
of Japan, assuming the basic unit of lifecycle CO2 emission due to photovoltaic power
generation to be 0.05 kg-CO2/kWh, the reduction of CO2 emission per kilowatt hour
achieved by installing photovoltaic systems is calculated to be approximately 0.3
kg-CO2/kWh [= 0.35 (the average of lifecycle CO2 emission due to other power
generations) − 0.05].2 In 2010, cumulative installed photovoltaic power generation
capacity and the amount of CO2 emission of Japan were 3.6 × 109 kWh and 1.26 × 1012 kg,
respectively, therefore the reduction of CO2 is still only 0.086% of CO2 emission. To
reduce CO2 more than 1%, a cumulative installed capacity of 50 GW is necessary. The
research and development are indispensable to install such large-scale photovoltaic
power generations, especially the immediate challenge in the technological development
of photovoltaic power generation is to lower the cost of electricity generation.3

1.1.2 Brief history of solar cells

The

photovoltaic

effect

was

first

experimentally

demonstrated

by

Alexandre-Edmond Becquerel in 1839.4 In this experiment, silver-chloride was placed in
an acidic solution and illuminated while connected to platinum electrodes, thus
generating photovoltage and photocurrent. In 1883, the first solid state solar cell was built
by Charles Fritts, who coated the semiconductor selenium with an extremely thin layer of
gold to form the junctions.5 The device was only around 1% efficient.
The first practical solar cell was developed in 1954 at Bell Laboratories by Dary
Chapin, Calvin Souther Fuller, and Gerald Petarson.6 They used a silicon p-n junction in
which a thin layer of p-layer was formed over an n-type base. The device realized 6%
efficient.

2
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In the 1970s, thin films of Si and a whole range of new semiconductor materials
(CIS, CdTe, InP, Zn3P2, Cu2Se, WSe2, GaAs, ZnSiAs) were developed. They are almost
all the alternative materials used by today’s new PV industry, including polycrystalline
and amorphous silicon, and organic semiconductors.
In the early 1980s, Allen M. Barnett developed the polycrystalline Si thin film
cell;7 while Martin Green replaced the silicon serigraphy with a silicon solar cell with
greater surface area to catch the sun’s rays with tiny, laser-etched grooves in which the
wires (contacts) that carry the electric current are buried, leading to 20% efficient cells.8
In 1994, microcrystalline silicon cell was reported9. In 2007, Sanyo corp.
achieved an efficiency of 22% at the research level with its HIT solar cells.10 The HIT
(heterojunction with intrinsic thin layer) solar cell is composed of a single thin crystalline
silicon wafer surrounded by ultra-thin amorphous silicon layers.
Table 1.1 shows various solar cells with diﬀerent features, including their type,
conversion eﬃciency, and future prospects of their application.3

3
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Table 1.1 Conversion eﬃciency, annual production volume, and future prospects for
application to power generation of various solar cells.
Product-level
module
conversion
efficiency
(%)

R&D-level
module
conversion
efficiency
(%)

R&D-level small
-area cell
conversion
efficiency
(%)

Total world
production in
2007
(MW)

1. Single crystal Si

13-18

22.9 (778 cm2)

25.0 (4 cm2)

1,355

2. Polycrystalline Si

13-15

15.5 (1017 cm2)

20.4 (1 cm2)

1,837

3. GaInP/GaAs/Ge
Triple junction

—

41.1 (0.05 cm2)
454 suns

—

Solar cell material

Future prospects for
application to power
generation

Bulk solar cell
25 GW manufacturing
capacity in 2010
Immediate goal of use
as concentrators

Thin-ﬁlm solar cell
4. a-Si

6-7

6-8

9.5 (1 cm2)

168

5. a-Si/µc Si double
junction

9-10

12-13

15.0 (1 cm2)

Sum of
4. and 5.

6. Cu(InGa)Se2

10-11

13-15
(900 cm2)

19.4 (1 cm2)

40

1.3 GW manufacturing
capacity in 2010

7. CdTe

10-11

11-12
(40×120 cm2)

16.7 (1 cm2)

219

The production of CdTe solar
cells by First Solar was 504 MW
in 2008 and will reach 1 GW in
2010

8. Dye-sensitized

—

8.4 (17 cm2)

10.4 (1 cm2)

—

Immediate goal of consumer use

9. Organic semiconductor

—

2.05 (223 cm2)

5.15 (1 cm2)

—

Immediate goals of improving
conversion eﬃciency and
reliability

4
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1.2 Thin-film silicon solar cells

1.2.1 Introduction of thin-film silicon solar cells

Thin-film silicon solar cells are fabricated by the deposition of thin silicon films
(1–3 µm) at low temperatures (around 200°C) on various substrate materials. Such
thin-film silicon solar cells require a far lower amount of silicon material than the
wafer-based crystalline silicon solar cells; this means that they have, on a medium-term
time scale, a more pronounced cost reduction potential than the latter. Furthermore, As
shown in Fig. 1.1, the complete traditional process of wafer-based crystalline silicon solar
cells involves more than two dozen separate steps to prepare and process silicon ingots,
wafers, cells, and circuit assemblies before a module is complete.11 Thin-film module
production, on the other hand, requires only half as many process steps as crystalline
silicon with simplified materials handling. Therefore, ‘energy payback time’, i.e., the
time required for the photovoltaic solar module to ‘pay back’, to the user, the quantity of
energy invested during its fabrication, are lower in the case of thin-ﬁlm silicon solar cells
than for wafer-based crystalline silicon solar cells.12 Compared with other thin-ﬁlm solar
cell technologies, thin-ﬁlm silicon has the advantage of constituting an industrially
mature technology and of being based on raw materials which are present in abundance in
the earth’s crust. Their stabilized efﬁciency is, however, at this moment still rather limited.
Improving the conversion efficiency is necessary for more widespread use of thin-film
silicon solar cells.
There are two forms of thin-ﬁlm silicon material that can be used for constituting
such a solar cell: hydrogenated amorphous silicon (a-Si:H) and hydrogenated
microcrystalline silicon (µc-Si:H).

5
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Wafer-based crystalline silicon solar cells
Raw feed stock

Fabrication of
polysilicon
Siemens process

pn-junction formation
Phosphorus diffusion
Cleaning etch

Metal grade Si

Gasification
(SiHCl3, SiH4)

Polysilicon sorting

AR coating

Polysilicon type
check

Contact deficition
Screenprinting

Polysilicon etch

Contact formation
Edge isolation

Crystal growing
Cell Test
Ingot Shaping
Stringing
Ingot sizing
Mounting

Circuit Assembly
Laminate Assembly

Wire saw cutting

Lamination

Texture
Chemical etching

Module Assembly
IV Test

Thin-film silicon solar cells
Fabrication of first
electrode
Laser patterning of
first electrode
Absorber formation
Silicon thin film
deposition

Wiring
Encapsulation
Framing
IV Test
Lamination

Laser patterning of
silicon thin film
Formation of second
electrode

Module assembly
IV Test

Laser patterning of
second electrode

Fig. 1.1 Process sequence for manufacturing wafer-based crystalline silicon modules and
process sequence for manufacturing thin-film silicon modules.11,13,14
6
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1.2.2 Amorphous silicon15

a-Si:H layers were ﬁrst deposited by R. Chittick. He was experimenting with
silane (SiH4) plasmas and accidentally obtained a-Si:H layers in a remote part of his
plasma reactor. Chittick’s results were taken up by W. E. Spear and co-workers at Dundee
University, who published16 the ﬁrst systematic study on plasma-enhanced chemical
vapour deposition (PECVD) with silane plus (optional) doping gases. Glow discharge
decomposition of SiH4 enables one to build actual semiconductor devices with a-Si:H
layers. It is, however, not advisable to use p–n type diodes as solar cell structure, in the
case of amorphous silicon, and this for three reasons:
(1) The doping capability of a-Si:H is rather poor, the Fermi-level can be pushed only half
way towards the conduction and valence band edges, even with heavy doping.
(2) Doping has a detrimental effect on a-Si:H layer quality, because it leads to the creation
of many additional silicon dangling-bonds, which are the main recombination centers in
this material.
(3) In a classical p–n type solar cell, carrier collection is obtained by minority carrier
diffusion within the p- and n-layers. Fortunately, diffusion lengths in crystalline silicon
wafers are sufﬁciently high (over 200 µm), to ensure a near-perfect carrier collection over
the whole useful range of the solar cell thickness where signiﬁcant optical absorption
takes place. In a-Si:H layers, on the other hand, minority carrier diffusion lengths are
extremely small (around 0.1 µm), and it becomes impossible to base the collection of
photogenerated carriers on diffusion alone.
Because of these three reasons p–i–n diodes are always used for a-Si:H solar
cells. The corresponding structure is shown schematically in Fig 1.2. In such a p–i–n cell
the main part of light absorption and photogeneration of carriers will take place in the
intrinsic part of the solar cell. The p–i–n-type a-Si:H solar cell was introduced in 1977 by
7
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D. Carlson et al. at RCA Laboratories, Princeton, New Jersey, USA.17
In the ﬁrst years after their introduction, p–i–n-type amorphous silicon solar
cells made rapid progress in reaching higher efﬁciencies. By 1982, a-Si:H solar cells with
(initial) efﬁciencies over 10% had been obtained.18 However, a-Si:H solar cells suffer
from a light-induced degradation effect (the so-called Staebler-Wronski effect) and
stabilize only at lower efﬁciency values.

Fig. 1.2 Schematical sketch of a typical p–i–n thin-ﬁlm silicon solar cell, as used both for
a-Si:H and for µc-Si:H. The values for n indicated here give approximate values of the
optical index of refraction, an important parameter for light trapping considerations.15

8
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1.2.3 Microcrystalline silicon15

µc-Si:H layers were ﬁrst produced by Veprek and Marecek in 1968 in Prague19
by a low-temperature plasma-assisted deposition process. Usui and Kikuchi showed in
1979 that doping of µc-Si:H layers is possible;20 it is indeed more easily achieved than
that of a-Si:H layers.
Because of the poor quality of the ﬁrst µc-Si:H layers20,21 (i.e., because of their
relatively high defect density) and because of the n-type character of most layers
produced, even without addition of doping gases, it was originally believed that it would
not be possible to make reasonable solar cells with an µc-Si:H intrinsic layer acting as the
main photoconversion layer. However, in 1996, J. Meier et al.22 at Neuchâtel University
reported p–i–n-type fully microcrystalline thin-ﬁlm silicon solar cells with an efﬁciency
value of 7.7%. This was achieved by using a gas puriﬁer to deposit an intrinsic layer with
low oxygen content, as previously shown by U. Kroll et al.,23,24 and used for µc-Si:H solar
cells by P. Torres et al.25 These µc-Si:H solar cells generally do not suffer from a
pronounced Staebler-Wronski effect. However, even though doping is far easier in
µc-Si:H than in a-Si:H, and even though doped µc-Si:H layers do not have additional
defects introduced by the doping process (as far as one can judge today), one still always
uses the p–i–n-type conﬁguration for fabricating µc-Si:H cells, because the diffusion
lengths in µc-Si:H material are, just as in a-Si:H, far too low, and therefore drift-assisted
collection is necessary.
Following the introduction of µc-Si:H as novel solar cell material,
microcrystalline/amorphous or ‘micromorph’ tandem solar cell was demonstrated to be a
high efficiency thin-film silicon solar cell.22 As shown in Fig. 1.3, the spectral sensitivity
of the micromorph tandem is larger than that of single junction because of two distinctly
different gap energies (1.75 (a-Si:H) and 1.1 eV (µc-Si:H)). The a-Si:H (top cell) absorbs
9
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visible light and µc-Si:H (bottom cell) absorbs red and infrared light of the solar
spectrum. Since the µc-Si:H has an indirect band gap, the same as single-crystalline Si,
thicker intrinsic µc-Si:H ﬁlms (1–3 µm) are required, compared to a-Si:H typically (200–
400 nm). Therefore, the high-deposition technique of µc-Si:H is critical issue for the cost
reduction of the micromorph tandem solar cell.

Fig.1.3 Schematic structure and corresponding typical spectral response of a
micromorph tandem silicon solar cell.26

10
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1.3 Plasma process of thin-film silicon solar cells27

Several methods have been proposed to fabricate device-grade a-Si:H or µc-Si:H
thin films. Reactive sputtering of crystalline-silicon targets with Ar+H2 plasma,28
mercury sensitized photo chemical vapor deposition (CVD) utilizing decomposition
reaction of SiH4 molecules with photo-excited Hg (Hg*),29,30 direct photo CVD method
where high energy photons from Xe-resonance lamp or low pressure Hg lamp are used
for direct excitation of SiH4 molecules to their electronic excited states;31 hot-wire CVD
method to decompose SiH4 and H2 by means of catalytic reactions on heated metal
surface,32 and PECVD are also discussed. As compared to other methods, PECVD is
widely used due to its high potential to fabricate high quality materials uniformly on a
large area substrate.
The initial event for the growth of µc-Si:H and a-Si:H is the decomposition
process of source gases in SiH4 and SiH4/H2-glow-discharge plasmas. Figure 1.4 shows a
schematic illustration of the dissociation pathway of SiH4 and H2 through electronic
excited states of those molecules by inelastic collisions with high energy electrons in the
plasma. As the energy of electrons in the plasma varies from zero to several ten electron
volts (eV), the ground-state electrons of the source gas molecules are excited into their
electronic excited states almost simultaneously by inelastic collisions with energetic
electrons. Electronic excited states of complicated molecules like SiH4 are usually
dissociating states, from which dissociation occurs spontaneously to SiH3, SiH2, SiH, Si,
H2 and H as shown in Fig. 1.4 depending on the stereochemical structure of excited states
without emitting photons to return back to their ground state.33
Dissociation of SiH4 is caused by the impact of the electron with the energy of
8.75 eV or higher and H2 molecule is also decomposed to atomic H (H radical) by the
electron with the energy of 8.8 eV or higher. Therefore, the high-energy electrons in the
11
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tail region of the electron-energy-distribution function contribute to the dissociation of
these molecules. When the partial pressure of SiH4 is low and an electron density is high,
SiH4 is highly dissociated, followed by depletion, which is so-called high
SiH4-depletion condition. As a matter of course, excitation of groundstate electron to
vacuum state gives rise to ionization event, generating new electron and ions to maintain
the plasma.
Table 1.2 shows part of reaction-rate constants which were reported in
literatures.34–36 Reactive species produced in the plasma experiences secondary reactions
mostly with parent SiH4 and H2 molecules, forming a steady state. Steady-state densities
of reactive species are basically determined by the balance between their generation rate
and their annihilation rate. Therefore, highly reactive (short lifetime) species such as
SiH2, SiH, and Si with SiH4 and H2 take much smaller value than SiH3 (long lifetime
species) that shows low reactivity with SiH4 and H2 in the steady-state plasma, although
the generation rates of those species are not so diﬀerent.
Among these species, the SiH3 radical is recognized as the dominant ﬁlm
precursor for a-Si:H and µc-Si:H.37,38 The H radical is considered to play important roles
in the case of µc-Si:H growth.39 The contribution of short lifetime species to film growth
leads to enhance the creation of dangling-bond defects in the film. In addition, the
nano-particles generation is started by an insertion reaction of the short lifetime species
such as SiH2 into SiH4 forming Si2H6. The nano-particle generation can aﬀect the
electrode and chamber wall conditions and can induce unwelcome long-term changes in
the plasma parameters through electron attachment. Furthermore, the formed
nano-particles increase the maintenance frequency of the deposition systems.

12
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H2

SiH4
Si*
10-8 sec

SiHx+
SiH*
10-7 sec

SiHx-

H*

Hx+
hν
(288 nm)

hν
(656 nm)

Si
SiH4

SiH3

SiH

hν
(414 nm)

H2

0.20
0.15
-1

H

H

H2

EEDF (eV )

SiH2

SiH4 + e (>8.75 eV) → SiH3 + H + e
H2 + e (>8.8 eV) → 2H + e

0.10
0.05
0
0

5

10

15

20

Electron energy (eV)

Fig. 1.4 Schematic illustration of the dissociation processes of SiH4 and H2 molecules to a
variety of chemical species in the plasma through their electronic-excited states. Typical
electron-energy-distribution function (EEDF) in the plasma with assuming electron
temperature (Te) as 2 eV is also shown.
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Table 1.2 Selected reaction rate constants for SiH4 plasma
Reaction
Electron impact

Neutral-neutral
reactions

Ion-neutral
reactions

Rate Constant

Reference

e + SiH4 → SiH3 + H + e

7.7E‒7 Te‒1 exp(−10.6/Te)

35

e + SiH4 → SiH2 + 2H + e

1.6E‒7 Te‒1 exp(−10.6/Te)

35

e + SiH4 → SiH3− + H

1.5E‒11 exp(‒9/Te)

36

e + SiH4 → SiH2− + H2 + e

9E‒12 exp(‒9/Te)

36

e + SiH4 → SiH3+ + H + 2e

3.3E‒9 exp(‒12/Te)

36

e + SiH4 → SiH2+ + H2 + 2e

4.7E‒9 exp(‒12/Te)

36

SiH4 + H → SiH3 + H2

2.8E‒11 exp(‒1250/T)

34

SiH4 + SiH2 → Si2H6*

1E‒11

36

Si2H6* → Si2H4 + H2

5E6/s

36

Si2H6* + SiH4 → Si2H6 + SiH4

1E‒10

36

SiH4 + SiH3 → Si2H5 + H2

2.94E‒12 exp(‒1006/T)

35

SiH4 + SiH → Si2H5*

6.9E‒10 [1‒1/(1+0.33P)]

34

SiH3 + SiH3 → SiH2 + SiH4

2.99E‒11

35

SiH2 + H2 → SiH4*

3.0E‒12 [1+1/(1+0.03P)]

34

SiH3+ + SiH4 → Si2H5+ + H2

0.6E-10

34

SiH2+ + SiH4 → SiH3+ + SiH3

11.3E‒10

34

Note: Te in eV and T in K. The notation E‒x means 10‒x.
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1.3.1 Growth of a-Si:H

SiH3 radicals reaching the ﬁlm-growing surface start to diﬀuse on the surface.
During surface diﬀusion, SiH3 abstracts surface-covering bonded hydrogen, forming
SiH4 and leaving dangling-bond on the surface (growth-site formation). Toward the
dangling-bond site on the surface, another SiH3 diﬀuses to ﬁnd the site and to make Si–Si
bond (ﬁlm growth) as schematically shown in Fig. 1.5. This surface-reaction scheme for
the ﬁlm growth has been proposed on the basis of two experimental results.40 Fig. 1.6
shows a general concept of surface-reaction process. A part of unity-ﬂux density of SiH3
is reﬂected as it is (reﬂection probability). Remaining part of SiH3 is adsorbed on the
surface and it changes its form as follows; (1) SiH3 abstracts surface-covering bonded H
forming SiH4 or two SiH3 radicals are encountered on the surface forming Si2H6
(recombination probability β), and (2) surface-diﬀusing SiH3 sticks to the dangling-bond
site forming Si–Si bond (sticking probability s). Total loss probability (α) is given by the
sum of recombination probability and sticking probability (β + s), and reﬂection
probability is expressed as (1 − α).
The density of dangling bond defect is one of important parameters in silicon
thin films for device applications. Structural properties in the resulting ﬁlm is basically
determined by the steady-state growing-surface properties, in general, for the thin ﬁlm
growth process, because the surface at an instant is involved into the bulk at the next
instant by the successive ﬁlm growth. Steady-state-number density of surface
dangling-bond is determined by the balance between the generation rate of dangling
bonds and annihilation rate of them. SiH3 radicals can find stable low potential sites on
the surface through diffusion followed by sticking to the dangling-bond site. The sticking
of SiH3 radicals contributes to both reducing and creating the dangling-bond defect on
the surface, as shown in Fig.1.5. On the other hand, the sticking SiHx≤1 species to the
15
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surface creates dangling-bond defects.
Since the insertion reactions of short lifetime species SiH x≤2 into Si–H bonds
have high reactivity, they are unable to diffuse on the surface. The sticking reactions of
SiH2 arriving on the film surface are also shown in Fig. 1.5. The contribution of the SiH
x≤2

to ﬁlm growth, therefore, leads to enhanced creation of the dangling-bond defects on

the ﬁlm-growing surface, and hence, results in a high dangling-bond-defect density of the
resulting ﬁlm, on the assumption that the surface dangling-bond defects become
statistically incorporated in the ﬁlm.41
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Fig. 1.5 Schematic illustration for the surface-growth process of a-Si:H in the case that
dominant ﬁlm precursor is SiH3. Large sphere and small sphere represent Si and H,
respectively.

Reflection
(1 − α)

Recombination desorption,
Desorption (β)

Surface diffusion
Sticking (s)
Surface loss probability
α=β+s
Fig. 1.6 General concept of surface-reaction process
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1.3.2 Growth of µc-Si:H

H radicals reaching the ﬁlm-growing surface play an important role for the
growth of µc-Si:H. This has also been indicated in the µc-Si:H-formation map drawing on
the space between electric power density (radio frequency RF of 13.56 MHz in this case)
applied to the plasma and H2-dilution ratio R in the source gas materials at constant
substrate temperature during ﬁlm growth as shown in Fig. 1.7.39
In order to explain speciﬁc phenomena in the formation process of µc-Si:H, three
models have been proposed; (1) surface-diﬀusion model,39 (2) etching model,42 and (3)
chemical-annealing model.43
Surface-diﬀusion model is schematically illustrated in Fig. 1.8. Sufficient
amount of H radical ﬂux from the plasma realizes a full surface coverage by bonded H
and also produces local heating through hydrogen-exchanging reactions on the
ﬁlm-growing surface. These two actions enhance the surface diﬀusion of ﬁlm precursors
(SiH3). As a consequence, SiH3 adsorbed on the surface can ﬁnd energetically favorable
sites, leading to a formation of atomically ordered structure (nucleus formation). After the
formation of nucleus, epitaxial-like crystal growth takes place with an enhanced surface
diﬀusion of SiH3.39,44
Etching model has been proposed based on the experimental fact that
ﬁlm-growth rate is reduced with an increase of H2-dilution ratio R. A concept of the
etching model is schematically shown in Fig. 1.9. H radicals reaching the ﬁlm-growing
surface break Si–Si bonds, preferentially weak bonds involved in the amorphous network
structure, leading to a removal of Si atoms weakly bonded to another Si. This site is
replaced with a new ﬁlm precursor SiH3, creating rigid and strong Si–Si bond, giving rise
to an ordered structure.42,44
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Chemical-annealing model has been proposed to explain the experimental fact
that crystal formation is observed during hydrogen-plasma treatment in a layer-by-layer
growth by an alternating sequence of thin amorphous ﬁlm growth and H2-plasma
treatment. Several monolayers of amorphous silicon are deposited and these layers are
exposed to H radicals produced in the H2 plasma. These procedures are repeated
alternately for several ten times to fabricate the proper thickness for evaluation of ﬁlm
structure. The absence of remarkable reduction of ﬁlm thickness during the H2-plasma
treatment is hard to be explained by the etching model and the chemical-annealing model
has been proposed as schematically shown in Fig. 1.10. During the H2-plasma treatment,
many H radicals are permeating in the subsurface (growth zone), giving rise to a
crystallization of amorphous network through the formation of a ﬂexible network with a
suﬃcient amount of H radicals in the sub-surface region without remarkable removal
process of Si atoms.43,44 These three models have been carefully examined, and validity
for each model has been discussed.44,45
Ionic species impinging to the film-growing surface of µc-Si:H have the
negative effect. It has been reported that the crystallinity of Si thin films decreased with
increasing energy of ionic species impinging to the film-growing surface.46
In the case of µc-Si:H, short lifetime species are recognized as the cause of
dangling-bond defect as same as a-Si:H. Moreover, a collision of crystals growing from
diﬀerent nuclei influences the dangling-bond-defect density in µc-Si:H, which is different
from the case of a-Si:H.47
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Fig. 1.7 Crystal size (three-quarter gray circles: δ) and volume % (quarter solid circles:
Xc) of microcrystallites in the resulting ﬁlms mapped out on the RF power
density/hydrogen-dilution ratio plane.39

Fig. 1.8 Surface-diﬀusion model for µc-Si:H formation.
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Fig. 1.9 Etching model for µc-Si:H formation.

Fig. 1.10 Chemical-annealing model for µc-Si:H formation.
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1.3.3 High-rate deposition of µc-Si:H

In order to apply µc-Si:H to solar cells, intrinsic µc-Si:H active layer needs
thickness more than 2 µm to absorb sufficient sunlight. Therefore, high-rate deposition
technique of high quality µc-Si:H is strongly required for the cost reduction of solar cells.
In previous studies, a growth rate of ca. 2 nm/s has been achieved using
capacitively coupled plasma (CCP) with with a high input power of very-high-frequency
(VHF as power-source frequency), a high working pressure (ca. 1000 Pa), and a narrow
electrode gap. The high pressure and the high input power of VHF-power source provide
a high-electron density, which leads to the eﬃcient generation of a ﬁlm precursor. The
high pressure also suppresses high ion energy which causes the formation of defect in
films. In addition, the high electron density is eﬀective to achieve SiH4 depletion, even at
a relatively high working pressure. SiH4 depletion is useful for the survival of H radicals,
because SiH4 is a H radical scavenger.
When increasing the film-growth rate (>2 nm/s), optoelectronic properties in the
resulting µc-Si:H are severely deteriorated through an increase of defect density.48,49 It is
considered that the defect density in the resulting µc-Si:H is strongly dependent on the
contribution ratio of short lifetime species such as SiHx≤2 to film growth. A high depletion
of SiH4 causes an increase in the contribution of short-lifetime species. Moreover,
increasing pressure reduces electrode spacing between cathode and anode to produce
stable plasma in the CCP reactor, causing non-uniform plasma production and
non-uniform ﬁlm growth. Therefore, the high-rate deposition technique which does not
deteriorate the film quality of µc-Si:H is strongly required.
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1.4 Diagnostics for activated species in the plasma

Activated species was very important in determining the performances of the plasma
process. Therefore, the information on behaviors of these species in the gas phase is
essential to understanding the plasma chemistries and hereby controlling the plasma
processing. In reactive plasmas, many species have been investigated so far by using
various diagnostics techniques.

1.4.1 Measurement for atomic radicals

Table 1.3 shows measurement techniques for atomic radicals.
Optical emission spectroscopy (OES) is one of the most popular techniques to
measure the activated species in plasmas, since OES does not require the special laser
equipment which is expensive.
Relative densities of species can be measured by using the actinometric OES
(AOES) method in reactive plasmas.50 The detail procedure is described in Chapter 2.
Using the AOES, the detection of fluorine (F) atoms has been made with reliability in the
etching plasma processing. The validity of AOES has been investigated extensively by
using the established measurement method for F atom density.51–56
The hydrogen (H) atom densities have been derived from OES using two line
Balmer lines (BOES) where the emission intensities of Balmer α (Hα 656.3 nm) and
Balmer β (Hβ 486.1 nm) are compared.57 This method is based on the fact that the upper
level of Balmer lines is populated both by electron impact with ground state atoms and
ground state molecules. For this method, the availability of reliable cross-sections of
direct excitation and dissociative excitation of two lines are very important. In general,
however, the knowledge of the cross-sections is insufficient and so it is necessary to
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estimate the electron energy distribution function (EEDF) close to threshold accurately.
Optical absorption spectroscopy is a powerful tool to obtain the information
about the absolute density of radicals directly in the plasmas. This technique does not
disturb the plasma and does not need the procedure of calibration for estimating the
absolute density. The Si atom densities in the parallel-plate RF and ECR SiH4 plasmas
were measured by ultraviolet absorption spectroscopy (UVAS) using the incoherent
hollow cathode lamp, which is a very compact light source.58,59 Hiramatsu et al. have
measured Si atom densities in the parallel-plate SiH4 plasma employing UVAS with a
ring dye laser which has the narrow linewidth.60
Tachibana and Kamisugi have developed the vacuum ultraviolet laser absorption
spectroscopy (VUVLAS) for the measuring the F atoms in the plasma,61 in which
coherent VUV emissions at 95–96 nm have been obtained by two-photon resonance four
wave frequency mixing technique using Xe gas. This method is very reliable and
extended to the measurement of the densities of C atoms,62 H atoms, nitrogen (N) atoms,
and oxygen (O) atoms63 in the ground state. Umemoto et al. have measured H atoms in
Cat-CVD with SiH4/H2 by VUVLAS with the phase-match third harmonic generation
technique.64 Takeda et al. determined the flux of exited O atom [O(1D2)] using
phase-matched frequency tripling.65 These methods basically need the specialized skill to
operate the dye laser system and the sophisticated techniques such as frequency mixing
and phase-matching, and so on.
The VUV absorption spectroscopy (VUVAS) using resonance fluorescence
emission in the VUV region has been proposed to measure F atom densities in the etching
plasmas.51 However, the self-absorption exists generally in the light source and it causes
the distortion of line shape of the probe emission considerably from Gaussian profile.
Therefore, this technique has some issues to be solved in measuring the absolute densities
of F atoms in the plasma.
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Takashima et al. have developed a reliable measurement technique for atomic
radicals in the reactive plasmas employing the VUVAS with a high pressure
microdischarge hollow cathode lamp (MHCL). This emission line profile does not
involve a large Doppler broadening due to excited atomic radicals and the distortion of
the line shape does not occur. Moreover, this measurement system is very compact. This
technique is successfully applied to the measurement of the absolute density of H atoms
in reactive plasmas employing SiH4 and CH4, and extended to the measurements of the
absolute densities of O, C, and N atoms with various kind of plasma processing.66–73
Two-photon absorption laser induced fluorescence (TALIF) technique has been
applied to the measurement of H atoms in H2 plasmas,74–77 N atom in N2 plasma,78 and O
atom in O2 plasmas79–81 and O2/CF4 plasmas.82 This technique has potentially a high
temporal, spatial resolution and a wide dynamic range, but the calibration procedure for
obtaining the absolute scale requires many assumptions. Moreover, the laser used in
TALIF sometimes causes the dissociation of feed gases and other species in the plasma.

1.4.2 Measurement for molecular radicals

Table 1.4 shows the measurement techniques of molecular radicals. Molecular
radicals such as CFx (x = 1–3), SiHx (x = 1–3), and CHx (x = 1–3) are so important that
their behaviors and their gas phase kinetics should be measured and clarified for
controlling the plasma processing. Infrared diode laser absorption spectroscopy (IRLAS)
has been applied to the measurement of the absolute density of radicals in reactive
plasmas. CH3, CF, and CF2 radicals were measured by UVAS using a deuterium lamp or a
Xe arc lamp.83–85 In the case of measurement of rotation-vibration transitions in the
ground state with IRLAS, the sensitivity of the absorption is relative low compared with
that of other methods detecting the electronic transitions. However, neutral non-emissive
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radicals in the electronic ground state such as CF3, SiH3, and CH3, which had never been
measured in the past by various optical measurement methods, were successfully
measured by IRLAS. CFx (x = 1–3) radical in C2F6 plasmas,86 CHF3 plasmas,87,88 and
C4F8 plasmas,89,90 SiH and SiH3 in SiH4 plasmas,91,92 and CH3 in CH4 and CH3OH
plasmas93,94 have been reported previously. Intracavity laser absorption spectroscopy
(ICLAS) was developed where the plasma was placed inside the laser resonator for
getting a long absorption length and low-density SiH2 radicals.95
Recently, to improve the detection limit of radicals in the plasma, the cavity
ring-down spectroscopy (CRDS) has been applied to the measurement of the molecular
radical densities in reactive plasmas with high sensitivity.96–100 It realized the increase of
the sensitivities of detection with pulse light sources. The sensitivity was significantly
greater than those with the conventional absorption measurements employing the
continuous light sources. This technique led to the development of the novel
measurement systems such as phase-shift CRDS,101 Fourier transform CRDS,102 and
cavity enhanced magnetic rotation spectroscopy103 and extended to the detection of a lot
of important radicals such as SiH, SiH3 and CH radicals in reactive plasmas.
LIF has been frequently applied to the measurement of spatial distribution of
radicals in reactive plasmas. Surface reaction rates and sticking probabilities have been
also measured by using the LIF.104 CF and CF2 radicals in C2F6, C4F8, and CHF3
plasmas,105–109 SiH and SiH2 radicals in SiH4 plasmas,110,111 SiF and SiF2 radicals in SiF4
plasmas,112–114 and CH radical in CH4 plasmas115 have been reported previously.
Appearance mass spectroscopy (AMS) was developed for measuring the
absolute density of several kinds of radicals such as CFx (x = 1–3),116 and CHx (x = 1–3)
117

but had experimental difficulties in reliable measurement of radicals of relatively high

sticking coefficient such as SiHx (x = 1–3). Kuroda et al. proposed modified AMS to
measure SiH3 with a higher degree of accuracy.118
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1.4.3 Measurement for polymeric radicals

The large neutral radicals have been attracted in the processes with fluorocarbon
and silane gas based plasmas. Electron attachment mass spectroscopy (EAMS) has been
applied to the investigation of the fluorocarbon plasmas.119,120 The large neutral
molecules and radicals are transferred into negative ions by attachment of low-energy
electrons and subsequently the negative ions are detected by the mass spectrometer. As
the formation process of negative ions contains the dissociative attachment process, the
direct measurement of large molecular radicals using EAMS is very difficult. However, it
enables us to measure the behaviors of large molecular radicals in the plasma.
Nakamura et al. have developed the ion attachment mass spectroscopy (IAMS)
for measuring the large neutral molecules and radicals. In this method, the neutral species
are ionized by attachment of Li+ ion. The ion attachment energy is so low that the target
species seldom suffer the decomposition even if they are unstable dissociative radicals.
Unstable polymeric species in C4F8 plasmas has been measured by this method.121

27

Chapter 1

Table 1.3 Various techniques for measurement of atomic radicals.
Measurement methods

Measured

Gases

Reference

Radicals
Optical emission spectroscopy (OES)
Actinometric OES (AOES)

F

CF4

50

OES due to two Balmer lines

H

H2

57

Si

SiH4

58–60

Vacuum ultraviolet absorption

H

H2, SiH4, CH4

66–68

spectroscopy (VUVAS)

O

O2

72,73

N

N2

71

F

C4F8

51

Vacuum ultraviolet laser

H

H2, SiH4

64

absorption spectroscopy

O

O2

63,65

(VUVLAS)

N

N2

63,70

F

CHF3, CF4, C2F6

61

C

CHF3, CF4, C2F6

62

(BOES)
Optical absorption spectroscopy
(OAS) with incoherent light sources
Ultraviolet absorption
spectroscopy (UVAS)

OAS with coherent light sources

Two-photon absorption laser induced H

H2

74–77

fluorescence (TALIF)

N

N2

78

O

O2, CF4/O2

28
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Table 1.4 Various techniques for measurement of molecular radicals.
Measurement methods

Measured

Gases

Reference

Radicals
Optical absorption spectroscopy
(OAS) with incoherent light sources
Ultraviolet absorption

CH3

CH4/H2

83

spectroscopy (UVAS)

CF, CF2

C4F8/C2H2F2/Ar

84,85

Infrared diode laser absorption

CF, CF2, CF3

C2F6, CHF3, C4F8

86–90

spectroscopy (IRLAS)

SiH, SiH3

SiH4

91,92

CH3

CH4, CH3OH

93,94

SiH2

SiH4

95

Cavity ring down spectroscopy

SiH3, SiH, Si

SiH4

97,98,122

(CRDS)

CH3, CH

CH4, C2H2

Laser-induced fluorescence

CF, CF2

C2F6, C4F8, CHF3

105–109

spectroscopy (LIF)

SiH, SiH2

SiH4

110,111

SiF2

SiF4

112–114

CH

CH4

115

Appearance mass spectroscopy

CF, CF2, CF3

CF4

116

(AMS)

CH, CH2, CH3

CH4

117

SiH3

SiH4

118

OAS with coherent light sources

Intracavity laser absorption
spectroscopy (ICLAS)

29
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1.4.4 Measurement for radical temperatures

Various diagnostics techniques have been applied to the measurement of
temperature of species, as shown in Table 1.5. The measured radical temperatures
generally mean translational one. However, molecular radicals have translational,
rotational, vibrational, and excitation temperatures. In the previous study, Doppler
broadening of absorption,60,123–127or fluorescence128–131 were investigated to obtain the
translational temperatures of radicals. On the other hand, analyses of rotational and
vibrational spectra of absorption,37,88,117,132–136 emission,137–146 or fluorescence144 were
carried out to investigate the rotational and vibrational temperatures. Popular
measurement technique for obtaining the radical temperature is the analysis of the
rotational and vibrational band shapes by using OES and Fourier transform infrared
spectroscopy. The translational temperature of radical is a very important factor to obtain
the information of surface reaction of the radicals on the substrate. The chemisorbed flux
of radicals incident on the substrate is defined as
Γads = sΓ ,

(1.1)

where s and Γ are the sticking coefficient and the radical flux incident on the substrate,
respectively. The flux of radicals Γ incident on the solid surface is given by
Γ=

1
8kT
n
4
πm

(1.2)

where n, m, and k are the absolute density of radical, the mass, and Boltzmann constant,
respectively. T is the translational temperature of the radical. Therefore, the translational
temperature of radicals is a key parameter to determine the process feature in the plasma
process, and the measurement of Doppler broadening by using the coherent light source is
the most powerful technique to measure the translational temperature of selected species
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directly.

Table 1.5 Various techniques for measurement of radical temperatures.
Method
Rotational and

Absorption

Species

Reference

CF, CF2, CF3,CF4

84,88,132–134

SiH3

37,135

N2O

136

N2

137–140

N2+

141,142

C2, CO, SiF, CN, CF

143,144

CCl

144

SiH

146

CH

145

CCl

144

CF, CF2, CF4

124,125

Si

126–128

H

123

Ar+,

128

Fe

129

SiH2

130

CF

131

vibrational spectra

Optical emission

Fluorescence
Doppler broadening Absorption

Fluorescence
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1.4.5 Measurement for radicals in SiH4/H2 plasma

As described in 1.3.2, the H radical is an important species in SiH4/H2 plasma
for deposition of µc-Si:H. In order to have a better understanding of the behavior of the
H radical in plasmas, the Balmer α (Hα, 656.3 nm) emission has been often measured.
However, the optical emission intensity does not always correspond to the density of
ground-state H atoms. It has been reported that the absolute density of H radicals in
SiH4 plasmas was measured by employing the TALIF technique. However, in the
TALIF method, the calibration of the absolute H radical density is usually difﬁcult.
Moreover, the laser employed in TALIF sometimes causes the dissociation of feed gases
and other species in the plasmas, leading to extra H radical formation. Thus, in this
study, the absolute density and translational temperature of H radicals has been
measured by employing VUVAS and VUVLAS techniques.
The SiH3 is the dominate film precursor for a-Si:H and µc-Si:H. The density of
SiH3 radicals has been measured by optical absorption spectroscopy and mass
spectroscopy because the SiH3 radical is a non-emissive species. In this study, the
CRDS technique has been used to measure the density of SiH3 radicals since the CRDS
technique gives us the information of not only SiH3 radicals but also nano-particles.122
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1.5 Purposes and construction of this thesis

The advantages of thin-film silicon solar cells and the plasma process are
described. As mentioned above, thin-film silicon solar cells have not only cost reduction
potential but also low energy payback time. The micromorph tandem solar cell is a
promising high efficiency thin-film silicon solar cell, however thicker intrinsic µc-Si:H
ﬁlms (1–3 µm) are required. Therefore, the high-rate-deposition technique of high
quality µc-Si:H is critical issue for the cost reduction of the micromorph tandem solar
cell. To realize the high-rate-deposition technique, a novel deposition method should be
developed based on understanding the plasma gas-phase and film properties resulting
from PECVD.
The purposes of this study are to clarify the relation between behaviors of
radicals in plasma and properties of deposited µc-Si:H thin films and to develop
high-rate-deposition method of µc-Si:H thin films. As described in 1.3, radicals play very
important role in the deposition of µc-Si:H thin films, however the quantitative
information of radicals, especially H radicals, is not sufficient. To understand the relation
between radicals and film property, the surface loss probability of H radicals was
estimated by VUVAS, additionally H and SiH3 radicals in capacitively coupled plasma
are were measured by VUVLAS and CRDS. For development of high-rate-deposition
method, H-radical-injection PECVD was proposed and the effect on the contribution of
the thin-film deposition was evaluated.
In Chapter 2, theories of plasma diagnostics such as VUVAS, VUVLAS, CRDS
and microwave interferometer were described. Theories of film characterization
technique such as Raman spectroscopy, X-ray diffraction (XRD), Fourier transform
infrared absorption spectroscopy (FTIR) and Electron spin resonance used as
measurement methods of silicon thin film were introduced.
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In Chapter 3, the surface loss probability of H radicals was investigated in
SiH4/H2 plasma using VUVAS. The surface loss probability was calculated from the
decay curve of the H radical density in the plasma afterglow, and increased with the SiH4
flow rate. Silicon thin films deposited on the chamber wall were analyzed to investigate
the relation between the surface loss probability and the surface condition. From these
results, surface loss mechanisms of H radicals were discussed.
In Chapter 4, the properties of thin-ﬁlm silicon grown by PECVD were
investigated with respect to the ﬂux ratio of hydrogen radical to ﬁlm precursor. The
absolute density and translational temperature of H radicals in SiH4/H2 capacitively
coupled plasma were measured using vacuum ultraviolet laser absorption spectroscopy.
The effective ﬂux of H radicals to the surface reactions was estimated from the results and
the surface loss probability obtained in Chapter 3. The effective ﬂux of ﬁlm precursor for
deposition was estimated from the deposition rate and the flux of SiH3 radicals was
estimated from the measurement of CRDS. The growth speed of nano-particles was also
given by CRDS. From these results, the critical flux ratio of H radicals to film precursors
to obtain ﬁlm properties suitable for the i-layer of a solar cell was clarified. Moreover, the
contribution ratio of SiH3 to film precursors and the generation of nano-particles were
discussed.
In Chapter 5, the development of a PECVD with H-radical-injection
(RI-PECVD) for the high-rate deposition of µc-Si:H thin ﬁlms. As described in 1.3.3, the
higher-rate-deposition (>2 nm/s) obtained by the high pressure and the high input power
has problems such as the degradation of film quality and non-uniform film growth.
Furthermore, the results of Chapter 4 have indicated that achieving the sufficient H
radical density is crucial issue for the high-rate deposition of µc-Si:H and the growth
speed of nano-particles is significantly increased by increase in the pressure. In this study,
the RI-PECVD has been developed to increase the deposition rate without increasing
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the pressure and input power. The RI-PECVD system has a H2 plasma as a radical
source in addition to a deposition plasma (SiH4/H2 plasma) and potential to increase
deposition rate without increasing the puressure and the input power. The plasma
parameters and resultant growth characteristics obtained with the RI-PECVD system
were compared with those obtained using a conventional PEVCD system. The absolute
density of H radicals was measured by VUVLAS to evaluate the eﬀect of RI-PECVD for
controlling the H radical density. It has been demonstrated that RI-PECVD system
enables to increase the H radical density and enhance the crystallization of silicon thin
films and it is effective to increase deposition rate with keeping the crystallinity of
µc-Si:H.
Finally, the results in the present study are summarized and future scope is
described in Chapter 6.
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Chapter 2 Plasma

Diagnostic

Techniques

and

Film

Characterization Methods
2.1 Introduction

Plasma processing has been used for the manufacturing of solar cell devices. In
order to improve conversion efficiency and reduce production cost, the deposition
process realizing the more high film quality and the more high deposition rate have
been required. Approaches to understand plasma deposition processes are categorized to
plasma diagnostic and surface characterization.
In this chapter, the experimental systems, diagnostic techniques of plasma and
film analysis method are described. Vacuum ultraviolet absorption spectroscopy
(VUVAS), vacuum ultraviolet laser absorption spectroscopy (VUVLAS), cavity
ring-down spectroscopy (CRDS) were used for measurement of radical densities in
plasma. In order to obtain information of the crystallinity, crystalline orientation and
defect density of deposited films, Raman spectroscopy, X-ray diffraction (XRD) and
electron spin resonance (ESR) were employed. Post-deposition oxidation of ﬁlms was
evaluated by Fourier-transform infrared spectroscopy (FTIR). The microstructure of
ﬁlms was observed by transmission electron microscopy (TEM). On the basis of
analysis resulting from these measurements, it could be expected to realize the
development of sophisticated plasma deposition for the next generation process.
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2.2 Plasma diagnostic techniques

2.2.1 Theory of absorption spectroscopy

Optical measurement techniques such as absorption spectroscopy and
emission spectroscopy are very powerful for detecting the behaviors of activated species
without the disturbance of process plasmas. Recently, these techniques have employed
the light in the optical range between vacuum ultraviolet (VUV) and infrared (IR) for
probing atomic and molecular radicals. If the parallel light from a source passes through
as absorption cell, such as plasma, the intensity of the transmitted light is given as
follows1,

I (ν ) = I 0 (ν ) exp[ − k (ν ) L ] ,

(2.1)

where ν is the frequency, I(ν) and I0(ν) are the intensities of the transmitting light and
the incident light, respectively. L is the absorption path length, and k(ν) is the absorption
coefficient as a function of frequency ν.

The broadening of the absorption coefficient, that is, the broadening of the absorption
line-profile is due to the causes as follows,
(1) Natural broadening due to the finite lifetime of the exited state.
(2) Doppler effect broadening due to the motions of the atoms.
(3) Lorentz broadening due to collisions with foreign gases.
(4) Holtsmark broadening due to collisions with other absorption atoms of the same
kind.
(5) Stark effect broadening due to collisions with electrons and ions.

However, in this study the Doppler broadening should be taken into account, because
collision frequency, the density of the electron and absorbing atoms of the same kind
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should be low.
Here, we consider that a parallel beam of the light of frequency ν passed
through a layer of atoms bounded by the planes at the length of dL. Suppose there are Nl
normal atoms per cm3 of which dNl are capable of absorbing the frequency range
between ν and ν+dν, and Nu excited atoms of which dNu are capable of emitting this
frequency range. Neglecting the effect of spontaneous re-emission in view of the fact
that it takes place in all direction, the decrease in energy of the beam is given by

− [ I (ν )]dν = dN l dL ρ (ν ) Blu hν − dN u dL ρ (ν ) Bul hν ,

(2.2)

where Blu and Bul are Einstein B coefficient from ground state l to excited state u and
from u to l, respectively. h is Planck’s constant, and ρ(ν) is the radiation energy density
given by I(ν)=cρ(ν), (c: light velocity). Rewriting Eq. (2.2), we obtain

−

1 d [ I (ν )]
hν
dν =
( Blu dN l − Bul dN u ) .
I (ν ) dL
c

(2.3)

Recognizing that the left-hand term is k(ν)dν as defined by Eq. (2.1), Eq. (2.3) becomes

k (ν ) dν =

hν
( Blu dN l − Bul dN u ) .
c

(2.4)

Integrating over the whole absorption line, neglecting the slight variation in ν
throughout the line,

∫ k (ν ) dν =

hν 0
( Blu N l −Bul N u ) ,
c

(2.5)

where ν0 is the frequency at the center of the line. Here we use the Einstein A
coefficient.

∫ k (ν )dν =
≅

c2

gu
gN
AN l (1 − l u )
8πν g l
gu Nl
2
0

c2

gu
AN l
8πν g l
2
0

(Nu << Nl),

(2.6)

where gl and gu are the statical weights of the lower and upper level, respectively.
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Therefore, by measuring I0(ν) and I(ν), k(ν) is decided and we can estimate the density
Nl.
The intensity of measured light is the integrated value over the frequency

I 0 = ∫ e0 f 0 (ν )dν ,

(2.7)

I a = ∫ e0 f 0 (ν ){1 − exp[−k0 fa (ν ) L]}dν ,

(2.8)

where I0 and Ia are the intensities of the incident light and the absorption, respectively,
f0(ν) is the emission line-profile function for the light source, e0 is the emission intensity
of the light source at a center frequency of f0(ν), fa(ν) is the absorption line-profile
function, and k0 is the absorption coefficient at the center frequency of fa(ν). The
intensity of absorbed light A(k0L) is given by the following equation.

A(k0 L) = 1 −

Ia
=
I0

∫ f (ν ){1 − exp[−k f (ν ) L]}dν ,
∫ f (ν )dν
0

0 a

(2.9)

0

From A(k0L) obtained by measurement, k0 is determined by assuming the line-profile
function f0(ν) and fa(ν). Then, the number density of state l, Nl, is estimated by using Eq.
(2.6) as

8πν 02 g l 1
Nl = 2
k0 f a (ν )dν .
c gu A ∫

(2.10)

2.2.2 VUVAS using micro-discharge hollow cathode lamp (MHCL)

Recently, the measurement system of absolute densities of atomic H, N and O
radicals in the ground state using the VUVAS with micro-discharge hollow cathode
lamp (MHCL) as a light source has been developed.2–4 Transition lines used for
measuring the absolute densities of H, N and O radicals are Lyman α at 121.6 nm, 4P5/2–
4 o
S 3/2, 4P3/2–4So3/2

and 4P1/2–4So3/2 at 120.0 nm and 3So–2p4 3P2 at 130.217 nm, 3s 3So–2p4
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3

P1 130.487 nm and 3s 3So–2p4 3P0 130.604 nm, respectively. Each emission of these

transition lines can be obtained by the H2, N2 and O2 plasma, respectively. However,
these emissions are caused by two major processes.5–7 One is the direct excitation of
ground state atomic radicals by the electron impact.
X + e → X* + e → X + hν + e,

(2.11)

where X is the atomic radical of interest, X* is X atoms in the excited state. The other is
the dissociative excitation of ground state of X2 by the electron impact.
X2 + e → X* + X + e → X + X + hν + e.

(2.12)

Reaction (2.11) is responsible for the production of slow excited X* atoms. Reaction
(2.12) can produce fast excited X atoms which produce a large Doppler broadening.
Therefore, the structure of the atomic radical emission line profile consists of a
two-component velocity distribution arising from two different excitation processes as
shown in Eqs. (2.11) and (2.12). It is difficult to estimate the emission line profile,
which involves a two-component velocity distribution.
In the view of problem above in the measurement of absolute atomic radical
density, a high pressure MHCL as a light source for VUVAS has been developed. The
specific merits of the MHCL we expect are as follows,

(1) The emission line profile will not involve a large Doppler shift due to the fast
excited atomic radical arising from dissociative excitation of molecules, since they
should be thermalized before they emit light.
(2) The size of the hollow cathode is a small as 0.1 mm diameter, resulting in a high
current density in the cathode, which is favorable for attaining a high dissociation
degree of molecules and obtaining spectrally pure atomic radical emission.
(3) A point-source-like emission from a micro-hollow can be efficiently coupled to the
entrance slit of a monochromator using an appropriate lens system.
(4) The lamp is compact and is operated with an inexpensive dc power source.
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The cathode and anode consist of a plate with 0.5 mm thickness with a through-hole
hollow of 0.1 mm in diameter. Helium (250 sccm) and helium gas containing a small
amount of H2 and N2 gas (5 sccm) were used. The MHCL was operated at a total
pressure of 0.1 MPa. Figure 2.1 shows the image view of the MHCL.

9 mm Ø

Fig. 2.1 Image view of MHCL
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2.2.3 VUVLAS using tunable VUV laser system

A non-linear frequency mixing technique in gases is a well-established method
for the generation of optical radiation in the spectral region of the VUV at wavelength
from 100 to 200 nm. Pioneering works in the field were published more than 30 years
ago8–13.
In this study, we used the non-linear mixing technique for generating the
tunable VUV laser radiation. Figure 2.2 shows a schematic diagram of two-photon
resonant four-wave frequency mixing technique. In this technique, two-photon resonant
line is used for exciting to intermediate state. In Chapter 4 and 5, VUVLAS technique
was applied for measuring absolute concentrations of ground state atomic H radical in
the SiH4/H2 plasma. We used the two-photon resonant four-wave frequency mixing
technique (ωVUV = 2ω1 − ω2) in krypton (Kr) gas for generating the tunable VUV laser
radiation. Therefore, the two-photon resonance 4p–5p[1/2, 0] of Kr was used for
exciting to the intermediate state in this conversion technique. Two dye lasers
(COHERENT ScanMatePro), which are pumped by XeCl excimer laser (COHERENT
COMPexPro 201 XeCl) radiation, generate the laser radiations of frequency ω1 and ω2.
The wavelength λ1 of ω1 was 212.56 nm which was generated by frequency doubling
the dye laser output in the BBO1 and the wavelength λ2 of ω2 was ~844 nm. These laser
radiations were focused on the Kr gas in a cell (20 Torr) with a lens (f=40 cm) through
the quarts window. In this case, due to the adjustment of the frequency of ω1 to an exact
two-photon resonance, the photoionization current of Kr gas was monitored. In the
measurement of absolute ground state atomic H radical concentration, the second dye
laser was operated to generate λ2=844.6 nm which correspond to the resonance line
(Lyman α) of ground state.
Figure 2.3 shows the schematic illustration of the effect of the background
absorption in the cases of that (a) background absorption of molecules or radicals
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produced in plasma is higher than the source gas and (b) background absorption of
molecules or radicals produced in plasma is lower than the source gas. In both cases, by
scanning the laser wavelength λ, we can obtain the absorption line profile without any
effect of background absorption.14
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ωVUV = 2ω1 - ω2

Fig. 2.2 Schematic diagram of two-photon resonant four-wave frequency mixing
technique.

Laser intensity
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Fig. 2.3 Schematic illustration of behavior of laser intensity (a) background absorption
of molecules or radicals produced in plasma is higher than that of source gas (b)
background absorption of molecules or radicals produced in plasma is lower than that of
source gas.
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2.2.4 Cavity ring-down spectroscopy (CRDS)

CRDS is a very powerful technique for detecting small fractional absorbing
species. The availability of the cavity ring down technique in the last decade15 enables
an important step forward in the in situ detection of key radicals in low-temperature
plasma processing16–20. The highly sensitive CRD technique which was demonstrated
by O’Keefe and Deacon is based on the measurement of the rate of absorption of a light
pulse confined in a closed optical cavity21.
Figure 2.4 shows the schematic illustration of CRDS. The optical cavity
consists of two highly reflective plano-concave mirrors. The light intensity leaking out
of the cavity is represented by

 t
I t = I 0 exp −  ,
 τ

(2.13)

and the ring-down time τ is given by

τ=

l /c
l /c
=
,
Ltot L0 + Labs + Lsca

(2.14)

where l is the cavity length, c is the light velocity, Ltot is the total cavity loss, L0 is the
primary cavity loss, Labs is the cavity loss due to light absorption by species in the cavity,
and Lsca is the cavity loss due to light scattering at species in the cavity. In the absence
of any absorbing or scattering species between the cavity mirrors, τ is determined by L0,
which only depends on the small transmittance and diffraction loss of the mirrors

L0 = 1 − R ,

(2.15)

where R is reflection ratio of the mirrors or (1−R) is the effective transmittance of the
mirrors. The Labs,i and Lsca,i of species i distributed over a width d are given by
Labs = k i (ν ) d abs, i = N abs, iσ abs, i (ν ) d abs, i

(2.16)

Lsca = N sca,iσ sca,i d sca,i

(2.17)

and
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respectively, where Nabs,i and Nsca,i are the densities of the absorbing and scattering
species of type i, and σabs,i(ν) and σsca,i are the cross sections for light absorbing and
scattering at species of type i, respectively. The cavity loss, defined in this paper as
(Ltot−L0), reflects the light losses at species and is described by

Ltot − L0 = ∑ Labs, i + ∑ Lsca, i
i

i

~

(2.18)

.

~

SiH3 radicals absorb light via the Α 2 Α1′ ← Χ 2 Α1 transition. This is a
broadband featureless absorption spectrum ranging from ~200 to ~260 nm. In this study,
the density of SiH3 radicals was estimated from
N (SiH 3 ) = Labs / σ SiH 3 d ,

(2.19)

where σ SiH is σabs,i(ν) for SiH3 radicals of at 1.9 × 10−17 cm2 at 220 nm.
3

In this study, the laser light pulse was obtained by optical parametric oscillator
laser (Spectra Physics, versaScan500MB) pumping by 355 nm pulses generated by the
frequency-tripled output of a Nd:YAG laser (Spectra Physics, Quanta-Ray PRO).

d: Absorption length

Laser

Detector

Cavity mirror

l: Cavity length

Cavity mirror

Fig. 2.4 Schematic illustration of CRDS.
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2.2.5 Optical emission spectroscopy (OES)

Many optical emissions originating from excited species (e.g. atomic and
molecular radicals) are generally observed in the plasma. Specific species is identified
by the photon energy of the optical emission. Excited species are generated by various
processes such as electron collision, dissociation, impact of other excited species,
photon absorption, etc. Generally, excitation by electron impact frequently occurs in the
plasma. Electron impact excitation of the ground state is given by
e + X → X* + e,

(2.20)

where X is the species of interest. De-excitation is followed by the emission of a photon
from the excited state as,
X* → X + hν.

(2.21)

The intensity of the optical emission due to the transition from an excited state to the
ground state is given by
I x ∝ n e n X ∫ σ X (ε )ν (ε ) f e (ε )dε = k eX ne n X ,

(2.22)

where ne is the electron density, nX is the concentration of X, σX(ε) is the collision cross
section for the electron impact excitation of X as a function of electron energyε, ν(ε) is
the electron velocity and fe(ε) is the electron energy distribution function (EEDF). keX(ε)
is the excitation rate coefficient for X* by the electron impact on X. Under the condition
where keX and ne are kept constant, the emission intensity is proportional to the
concentration of species. However, both of them are affected by the experimental
conditions and are generally so difficult to be kept constant when external parameters,
such as input power, working pressure, are varied in the plasma processing. Thereby,
optical emission spectroscopy (OES) technique is widely used as a monitoring tool in
various plasma processes. Moreover, in order to compare those emission intensities with
the concentration of species, it is necessary to assume that emissions from exited states
chosen are proportional to the concentration of the same species in the ground state.
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Therefore, the special technique such as actinometric optical emission spectroscopy
(AOES) is frequently applied to estimate relative concentration of species in the ground
state.22–28
Optical emission spectra are generally measured by using a spectrometer.
Usually, a monochromator with a photomultiplier tube (PMT) and multi-channel
spectrometer with a charged coupled device (CCD) array are used.

In a

monochromator the light intensity is detected through the exit slit by PMT, as shown in
Fig. 2.5(a). On the other hand, in a multi-channel spectrometer the light intensity is
detected by each pixel of CCD, as shown in Fig. 2.5(b). The advantage of the
multi-channel spectrometer is that it can measure a wide range (several ten nm) of
wavelength simultaneously; however, the defect of the multi-channel spectrometer is
that the resolution is restricted by the size of the pixel of CCD. The resolution of
spectrometer sometimes limits the accuracy of measurements.

Incident
light

Exit slit

CCD array

To PMT
Incident
light

(a)

(b)
Grating

Rotation

Grating

Rotation

Fig. 2.5 The schematic illustration of (a) monochromator and (b) multi-channel
spectrometer.
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A spectral line measured by a spectrometer has a certain width. The full width
at half maximum (FWHM) of the spectral line is determined by various factors such as
natural broadening, Doppler broadening, pressure broadening, Stark broadening, and
instrumental broadening (instrumental function). The natural broadening giving a
Lorentzian line shape, however, is generally very small and negligible. Doppler
broadening depends on the temperature of the species of interest. Doppler broadening
gives a Gaussian line shape as,
2
 
(
ν − ν0 ) 
f D (ν ) = exp − 2 ln 2
 ,
∆ν D  
 


(2.23)

with

∆ν D =

2ν 0 2RT ln 2
,
c
M

(2.24)

where ∆νD is the FWHM of the Doppler broadening, ν0 is the center frequency, c is the
velocity of light, R is the gas constant, T is the gas temperature, M is the mass number.
Pressure broadening depends on pressure around the species of the interest gives a
Lorentzian function as,

f P (ν ) =

∆ν P
2

 ∆ν P  
2
24(ν − ν 0 ) + 
 

 2  

,
(2.25)

with
∆ν P =

1

π

z=

1

π

nσ

8 RT

πµ

,

(2.26)

where νP is the FWHM of the pressure broadening, z is the collision frequency, n is the
concentration of the species, σ is the collision cross section, µ is the reduced mass.
Stark broadening depends on the electric field caused by charged particles such as
electrons and ions. The actual spectrum is determined from the convolution of the
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various broadening mechanisms. The convolution of Gaussian and Lorentzian functions
results in a Voigt profile. Voigt function is given by,

f V (ν ) =

exp(− y 2 )
dy ,
π ∫ a 2 + (ω + y )2
a

(2.27)

with
a=

∆ν L
∆ν G

ln 2 ,

(2.28)

and

ω=

2(ν - ν 0 ) ln 2
,
∆ν G

(2.29)

where ∆νL is the FWHM of the Lorentz broadening, ∆νG is the FWHM of the Gaussian
broadening.
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2.2.6 Microwave Interferometer

Microwave interferometer, the most common wave diagnostics technique, has
been used to measure plasma density by propagation measurement. Spatial resolution
inferior to probe measurement such as Langmuir probe, however, time response is faster
and the propagation measurement does not disturb plasmas. The principle of its use is
that change in phase shift across a region with and without plasma can be measured.
This in turn can be related to the change in propagation constant and hence to the
plasma frequency.
Since the propagation constant of a wave is dependent on the plasma frequency
of electron is given by

ω pe =

e 2 ne
,
ε 0 me

(2.30)

propagation measurement have been used to measure plasma density. Here, e, ne, me,
and εo are charge of electron (1.6 × 10−9 C), electron density, mass of electron (9.1 ×
10−31 kg), and permittivity (or dielectric function) of a plasma (8.854 × 10−12 F/m),
respectively. The change in phase shift is given by
1/ 2

 ωp2 ( x) 
∆φ = k0 ∫ 1 −
 dx − l ,
0
ω 2 

l

(2.31)

where k0 = ω/c is the free space propagation constant, and l is the wave propagates
across a region of length. It is often possible to choose the diagnostics frequency
sufficiently high compared to plasma frequency that square root can be expanded. The
free space part of the phase shift the conveniently cancels leaving

ωp2 ( x)
k0 e 2
dx
=
0 ω2
2ε 0mω 2

∆φ = k0 ∫

l

l

∫ n( x)dx ,
0

(2.32)

In this approximation, we see that the line integral of the density can be directly
measured in term of a phase shift.29
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2.3 Film characterization methods

2.3.1 Raman spectroscopy

C. V. Raman discovered Raman scattering or the Raman effects in liquids in
192830,31, and then G. Landsberg and L. Mandelstam found Raman scattering in
crystals32. When light is scattered from an atom or molecule, most photons are
elastically scattered, such that the scattered photons have the same energy (frequency)
and wavelength as the incident photons, which is called Rayleigh scattering as shown in
Fig. 2.6(a). However, a very small amount of the scattered light is scattered by an
excitation, with the scattered photons having a different frequency from the incident
photons, which effect is called Raman scattering. There are two types of Raman
scattering; Stokes scattering and anti-Stokes scattering. In Stokes scattering, molecule
absorbs energy, and photon of lower energy generates a Stokes line on the red side of
the incident spectrum as shown in Fig. 2.6(b). On the other hand, in anti-Stokes
scattering, a molecule loses energy, and incident photons are shifted to the blue side of
the spectrum, thus generating an anti-Stokes line as shown in Fig. 2.6(c).
Raman spectroscopy employs the Raman effect for materials analysis. The
frequency of light scattered from a molecule may be changed based on the structural
characteristics of the molecular bonds. A monochromatic light source like laser is
required for illumination. Because Raman spectroscopy is sensitive against silicon
nanostructure as shown in Fig.2.7,33 it has been powerfully used for analysis of a-Si:H
and µc-Si:H. The Raman shift of crystalline structures of silicon is well known. The
spectra of µc-Si:H include three peaks corresponding to crystalline (520 cm−1),
defective crystalline (510 cm−1), and amorphous (480 cm−1) phases. In this study, the
Raman spectra were decomposed into these peaks and the crystalline factor φc, was
calculated as follows:34
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φc =

I 520 + I 510
,
I 520 + I 510 + I 480

(2.33)

where Ik is the area under the Gaussian curve centered at k, and k is the Raman shift.
During Raman spectroscopy measurement, laser light enters to the sample. The
scattered light passes through a double monochromater to remove Rayleigh scattering.
The light of Raman-shifted wavelength is detected by a photodetector. A commercial
instrument of Raman spectroscopy usually consists of a laser illumination and
microscope. Laser power is normally kept below 5 mW because high power injection
would cause the sample heating and specimen decomposition. Ar+ laser is widely used
as a light source, whose wavelengths are 514.5, 488.0, and 457.9 nm. In this study,
514.5 nm laser was used as the excitation source (Renishaw inVia ReflexStreamline).

(a)

(b)

(c)

Virtual energy
level
∆Ei = hν0
∆Ei = hν0

∆Ei = hν0
∆Ei = −hν0

∆Ei = −h(ν0 − νv)

∆Ei = −h(ν0 + νv)

1st excited
vibrational state
Ground state

Fig. 2.6 The different possibilities of light scattering. (a) Rayleigh scattering, (b) Stokes
scattering, and (c) anti-Stokes scattering.
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Fig. 2.7 Raman spectra of microcrystalline silicon films deposited at various
temperatures between 65 and 350°C. The sample at 180°C was deposited on a
single-crystal Si (111) wafer and the others on amorphous metals and quartz. The
Raman spectra of single-crystal (c-Si(111)) and amorphous silicon are also shown for
comparison.33
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2.3.2 X-Ray diffraction (XRD)35

X-ray diffraction (XRD) is a non-destructive technique for identifying a crystal
structure such as crystalline phases, orientation and grain size. It requires little sample
preparation and gives structure information over entire materials. Consider a perfect
crystal arranged to diffract monochromatic X-rays of wavelength λ from lattice planes
spaced d. The X-rays are incident on the sample and reflected at an angle θ, as shown in
Fig. 2.8. The X-rays scattered from adjacent planes will combine constructively when
the θ results in a path-length difference that is an integer multiple n of λ as below
equation, which is the Bragg's law.
2 d sin θ = nλ

(2.34)

In the case of silicon, the observed diffraction peaks are predominately (111),
(220), and (311). XRD analysis in the θ-2θ scan geometry using the CuKα line (Rigaku
SmartLab) was employed. Table 2.1 shows the lattice spacing, the diffraction angle and
intensity ratio of each lattice planes.
The grain size can be estimated from the width of a diffraction peak, via
Scherrer's equation:
Dhkl =

kλ
,
β cos θ

(2.35)

where Dhkl is grain size of (hkl) lattice plane, β is width of a diffraction peak , and k is
constant which is 0.9 (width is full-width at half-maximum) or 1 (width is integral
width).
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Fig. 2.8 Schematic illustration of the Bragg's law.

Table. 2.1 Lattice spacing, the diffraction angle and intensity ratio of silicon.

Diffraction plane

Diffraction angle 2θ

Intensity ratio

(degree)

(%)

Lattice spacing (Å)

(111)

3.138

28.4

100

(220)

1.920

47.3

67.0

(311)

1.638

56.1

39.9
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2.3.3 Fourier transform infrared spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) allows us to detect infrared
(IR) absorption and reflection properties of materials.36–38 FTIR is widely used to
evaluate for a chemical bonding such as C–H, C–F, C–N, C–O, Si–H, Si–O–Si,39–43 and
so on. The foundations of FTIR were laid in the latter part of the nineteenth century by
Michelson,44 Raleigh,45 Rubens and Wood,46 von Baeyer,47 and others who recognized
the relationship of an interferogram to its spectrum by a Fourier transformation. It was
not until the advent of computers and the fast Fourier algorithm that interferometry
began to be applied to spectroscopic measurements in the 1970s. FTIR is based on a
Michelson interferometer, which consists of a beam splitter, a fixed mirror and a
moving mirror (scanning mirror).48 Light from the source (see Fig. 2.9) is separated into
two parts and then recombines at the beam splitter after reflection by the two mirrors as
shown in Fig. 2.10. The transmission factor and the reflection coefficient of beam
splitter are T0 and R0, respectively. Light I0 (wave number ν) from the infrared source is
collimated and directed onto a beam splitter. The light intensity reaching the detector is
the sum of the two beams. In the case of L1 = L2 (L1: distance between beam splitter and
fixed mirror M1, L2: distance between beam splitter and fixed mirror M2), the light
intensity of 2I0T0R0, enters the detector. When M1 is moved, the optical path lengths are
unequal and an optical path difference δ is introduced. If M1 is moved a distance, the
retardation is δ = 2x since the light has to travel an additional distance x to reach the
mirror and the same distance to reach the beam splitter. The light intensity Iobs(x)
reaching the detector depends on the value of x that can be described by the equation

I obs ( x) = 2R0T0 I 0 [1 + cos(2πνx)] .

(2.36)

when R0, T0 = 0.5, Eq. (2.36) is

I obs ( x) =

I0
[1 + cos(2πνx)]. .
2
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Consider the light have the wave number ν1–ν2 and the intensity I0(ν). When the source
emits more than one frequency, Eq. (2.37) is replaced by the integration
ν2

I obs ( x) = ∫

ν1

I 0 (ν )
[1 + cos(2πνx)]dν . .
2

(2.38)

Direct current from the interference output signal of Eq. (2.38) is subtracted.

F ( x) =

1 ν2
I 0 (ν ) cos(2πνx)dν . .
2 ∫ν 1

(2.39)

Due to the path difference between the two beams, an interference pattern is generated.
The output beam from interferometer is recorded as a function of path difference, and is
called the interferogram (see Fig. 2.8). When Eq. (2.39) is generalize
F ( x) =

∫

∞

−∞

I 0 (ν ) exp( 2πxνi ) dν . .

(2.40)

The incident radiation I0(ν) is obtained by the Fourier transform of the interferogram
actually measured.

F ( x) =

1 ∞
F (ν ) exp(2πxνi )dx. .
2 ∫−∞

(2.41)

The IR spectrum can be obtained by calculating the Fourier transform of the
interferogram.
There are two primary advantages to using FTIR as compared to a dispersive
spectrometer, Fellgett’s advantage (Multiplex advantage) and Jacquinot’s advantage
(Throughput advantage). Generally, the signal-to-noise ratio (SNR) is proportional to
the number of scans or measurement time T (SNR∝ T ). In a broadband spectrum, the
number of spectral elements n between the frequency range ν1 and ν2 can be defined as
n = (ν2−ν1)/∆ν. In a dispersive spectrometer, a particular spectral element is recorded in
a time t, so that the total 22 time required is T = nt. However, the FTIR spectrometer
records information for all wavelengths in the spectrum simultaneously. During each
scan, it records n times faster than a dispersive spectrometer with the same SNR. If the
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measurement time is the same, then the SNR will be increased by factor of

n . In a

dispersive spectrometer the energy throughput is limited by the entrance and exit slits of
the monochromator. Since the FTIR does not require slits, measurements at higher
intensities are possible. To increase the resolution of a dispersive spectrometer, the slits
must be narrowed. In an FTIR, the resolution is increased by increasing the mirror
travel distance with no decrease in the energy throughput. In this study, IR absorption
spectra were measured by FTIR spectrometer (Thermo Scientiﬁc, Nicolet-8700).
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Wavenumber
Fig. 2.9 Spectrum of light source.

Intensity

Fig. 2.10 Schematic diagram of FTIR.

Time
Fig. 2.11 Interferogram.
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2.3.4 Electron spin resonance (ESR)49,50

ESR is a technique to measure unpaired electrons which occupies molecular or
atomic orbital singly in materials. Generally, two electrons occupy the same orbital,
however unpaired electrons exist in some cases: d orbital of transition metal, f orbital of
lanthanides, radicals and dangling bonds caused by a lattice defect of materials. The
ESR enables us to study the density and the environment of unpaired electrons.
In the presence of an external magnetic field, the magnetic energy of the
magnet depends on the direction of a magnetic moment. The potential energy of the
magnet U is given by inner product of the magnetic moment µ and the magnetic field H
and is represented by
U = − µ ⋅ H = µH cosθ .

(2.42)

Electron has the magnetic moment µe and the magnitude is given by
µe =

eh
≡ µB ,
4πm

(2.43)

where µB is the Bohr magneton, e is the elementary charge, h is the Planck constant and
m is the electron mass. The energy is quantized and discrete because µe is quite small.
The energy of the magnetic moment µe is
U = µ B H (2mS ) ,

(2.44)

where ms is the magnetic quantum number and the values are −1/2 (parallel to the
magnetic field) or 1/2 (antiparallel to the magnetic field). Figure 2.12 shows U as a
function of H with energy levels for ms= ±1/2. The separation of energy in the presence
of the magnetic field is called the Zeeman effect. Generally, a number of electrons exist
in lower energy level (ms= −1/2). Here, the electromagnetic wave of the appropriate
frequency ν causes a transition from lower energy level to higher energy level when the
energy of electromagnetic wave hν is equal to the difference of lower and higher energy
levels. This phenomenon is called electron spin resonance. The resonance condition is
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represented by

hν = 2µ B H 0

(2.45)

Electrons responds not only to the applied magnetic field but also to any local magnetic
fields of atoms or molecules, therefore instead of the constant 2 in the right hand of Eq.
(2.45) g-factor is used.
hν = g µ B H 0

(2.46)

The Eq. (2.46) is called the resonance condition of ESR. In the case of general ESR
equipment, the absorption of a microwave by electron is measured with keeping the ν of
the microwave and satisfying the resonance condition by changing the applied magnetic
field. ESR spectra are recorded as first derivatives as shown in Fig. 2.13. In this study,
ESR measurements were conducted using a standard X-band (9 GHz) spectrometer
(Bruker Biospin, EMX plus) with a microwave resonator (Bruker Biospin,
ER4119HS-W1).
The absorption intensity of ESR (ESR signal) is proportional to the density of
unpaired electrons in samples. The unpaired electron density of an objective sample Nx
can be calibrated using a standard sample of which the unpaired electron density is
known and following equation.

Nx =

Qx I x
N cal.
Qcal. I cal.

(2.47)

Ncal. and Ical. are the unpaired electron density and the intensity of ESR signal of the
standard sample, respectively. Ix is the intensity of ESR signal of the objective sample.
Qx and Qcal. are correction values which depend on the kind of samples and
measurement condition. In this study, CuSO4·5H2O was used as the standard sample.
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ESR signal intensity (arb. unit)

Fig. 2.12 Energy of the magnetic moment as a function of the magnetic field.

6

4.0x10

6

2.0x10

0
6

-2.0x10

6

-4.0x10

3450 3500 3550
Magnetic field (G)

3600

Fig. 2.13 ESR spectrum of µc-Si:H thin film.
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2.3.5 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique whereby a
beam of electrons is transmitted through an ultra thin specimen, interacting with the
specimen as it passes through. TEM has been widely used for highly magnified sample
images.48 TEM is capable of imaging at a significantly higher resolution than light
microscopes, owing to the small de Broglie wavelength of electrons. This enables the
instrument's user to examine fine detail—even as small as a single column of atoms,
which is tens of thousands times smaller than the smallest resolvable object in a light
microscope. TEM forms a major analysis method in a range of scientific fields, in both
physical and biological sciences. At present, extremely high resolution has been
obtained in TEM to be 0.05 nm, contributing advances in aberration corrector design
have been able to reduce spherical aberrations.51,52
The TEM is, in principle, similar to optical microscope; both contain a series of
lenses to magnify the sample. A schematic of a TEM is shown in Fig. 2.14. Electrons
from an electron gun are accelerated to high voltage— typically 100 to 400 kV— and
focused on the sample by the condenser lenses. The transmission ability to the sample
increases with increasing the energy of the electron, and resolution also improves,
because the de Broglie wave λ of the electron beam shorten by the high acceleration
voltage as

λ=

h
eV 

2meV 1 +
2 
 2mc 

=

(

0.03878

V 1 + 9.785 × 10 −4 V

)

( nm) ,

(2.48)

where h is Pranck’s constant, m and e are the mass of electrons and the charge of
electron, respectively, V is the acceleration voltage (kV), and c is the velocity of light.
The sample in the size of a few mm in diameter is place on a small copper grid. The
static beam has a diameter of few microns. The sample must be sufficiently thin (a few
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tens to a few hundred nm) to be transparent to electrons. The transmitted and forward
scattered electrons from a diffraction pattern in the back focal plane and a magnified
image in the image plane. With additional lenses, either the image or the diffraction
pattern is projected onto a fluorescent screen for viewing as well as electronic or
photographic recording. The ability to from a diffraction pattern yields structural
information.
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Fig. 2.14 Schematic of a TEM.
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Chapter 3 Investigation of Surface Loss Probability of H
Radicals in SiH4/H2 Plasma
3.1 Introduction

Hydrogen (H) based plasmas are widely used in the deposition processes of
various thin films, such as diamond-like hydrocarbon, hydrogenated amorphous silicon
(a-Si:H) and hydrogenated microcrystalline silicon (µc-Si:H). Thin film silicon solar
cells, in which the semiconductor layers are composed of a-Si:H or µc-Si:H thin films
deposited by plasma enhanced chemical vapor deposition (PECVD), are a promising
technology for realizing low cost photovoltaics. H radicals are known to influence the
properties of silicon (Si) thin films, and a sufficient supply of H radicals to the
deposition surface is necessary for the crystallization of Si thin films.1 Surface
coverage,2 etching reactions,3–5 and modification of the Si-Si network6 have been
proposed as roles of H radicals on the surface during deposition. Therefore,
understanding the behavior of H radicals in plasmas is critically important for the
development of deposition processes. In addition, it is essential to realize a highly
reliable process, because the process margin to obtain high quality µc-Si:H thin films
for solar cells is very narrow.7
The absolute densities of species in plasmas are affected by the surface
conditions of the chamber wall, electrodes, and the substrate. One reason for this is the
dependence of the surface loss probability of the species on the surface conditions.8,9
Estimation of the surface loss probability is important for controlling the density of
species and for clarifying surface reactions. There have been a number of reports on
surface loss probabilities for species including molecular radicals10–15 and atomic
radicals16–19 using various diagnostic techniques, such as absorption spectroscopy and
appearance mass spectroscopy. The surface loss probabilities of H radicals have also
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been investigated under various conditions;8,15,20–24 however, the surface loss probability
of H radicals in SiH4/H2 plasma has, to our knowledge, been reported only once.25
In this study, the surface loss probabilities of H radicals on Si thin films were
estimated by measuring the decay time constants of H radicals in a SiH4/H2 mixture
plasma afterglow. The decay time constants were measured using vacuum ultraviolet
resonance absorption spectroscopy (VUVAS). The surface loss probabilities obtained in
this study will facilitate the precise control for deposition processes of a-Si:H and µcSi:H thin films, and contribute to understanding the surface reactions that occur during
deposition.
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3.2 Experimental details

Figure 3.1 shows a schematic diagram of the experimental setup used to measure
the absolute density of H radicals. The process chamber dimensions were ⌀80×170 mm.
An input power of 320 or 350 W with 13.56 MHz radio frequency (rf) was supplied to
the inner antenna, which was coated with Al2O3 to prevent contamination and cooled by
water. Pulsed rf power with a repetition frequency of 10 Hz (25 ms on, 75 ms off) was
applied to generate the plasma to measure the decay of the H radical density in the
plasma afterglow. The pressure was varied from 22 to 40 Pa. A microdischarge hollow
cathode lamp (MHCL) was used as a VUV light source. The process chamber and
VUVAS system were differentially pumped using two capillary plates; VUV
transparent windows were located at the each end of each port for the VUV
monochromator and MHCL. The absorption path length was 220 mm between capillary
plates. In absolute density measurements using resonance lamp as a light source, the H2MHCL, of which was known the emission-line profile, was used for an accurate
measurement of H radical density.26 The transition lines employed for measurement of
the absolute radical densities were the Lyman α at 121.6 nm for absorption by H
radicals. For measuring a background absorption, the N2-MHCL was used and the
transition lines were 4P5/2-4So3/2, 4P3/2-4So3/2, and 4P1/2-4So3/2 at 120.0 nm of N atom.27
The background absorption seems to be caused by SiH4 molecules and higher radicals.
Percentage of absorption observed under the conditions studied was from 9.0 to 55.0%,
and that of background absorption was from 0 to 25.4%.
The temperature of the chamber wall that is made of stainless steel was
controlled using a refrigerated and heating circulator and was monitored with a
thermocouple. Si thin films deposited on the chamber wall were analyzed using a step
profiler and Raman spectroscopy to investigate the relation between the surface loss
probability and the surface condition of the chamber wall.
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Fig. 3.1 Schematic diagram of the experimental apparatus used to measure the surface
loss probability of H radicals in plasma afterglow employing a VUVAS system.
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3.3 Results

3.3.1 Surface loss kinetics of H radicals in the afterglow of SiH4/H2 plasma

To clarify the loss kinetics of H radicals in the SiH4/H2 plasma, the H radical
densities in the plasma afterglow were investigated. Before presenting the measured
surface loss probabilities, the generation and loss mechanisms in the plasma should be
discussed. The primary reaction in the plasma is caused by collisions between fast
electrons and feed gases selected depending on the processes. The decomposition
products consist of positive and negative ionic species and neutral species such as
molecular species and neutral radicals. H radicals are produced by electron impact
dissociation of H2 and SiH4:

H2 + e → H + H + e ,

(3.1)

SiH 4 + e → H + SiH 3 + e .

(3.2)

On the other hand, the removal processes of H radicals are due to removal by pumping
action, gas-phase recombination, and diffusion followed by the recombination at
chamber walls. Accordingly, the behavior of the H radical density can be described by
the following rate equation:
dN ( H )
= σ H 2ν e n e N ( H 2 ) + σ SiH 4ν e n e N (SiH 4 )
dt
N (H ) N (H )
−
−
− k1 N 2 ( H ) N ( x ) − k 2 N ( H ) N (SiH 4 )

τ pump

(3.3)

τd

where N(H), N(H2), N(SiH4) and N(x) represent the H radical density, the H2 density,
the SiH4 density and the density of other species x reacting with the H radicals,
respectively, σ H and σ SiH are the generation cross-section of H radicals by one
2

4

electron impact on H2 and SiH4, νe is the thermal velocity of the electron, ne is the
electron density, τpump is the loss time by pump action, τd is the diffusion lifetime of H
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radicals and kx are the reaction rate constants between H radicals and the reaction
species.
In the first case of removal by pumping, the residence time under the conditions
employed was estimated to be 200 ms, which was sufficiently longer than the observed
decay times (0.4–2.0 ms). Therefore, the pumping action is considered to be negligible
as a possible loss mechanism.
For the second type of loss, the relevant gas-phase reactions were taken into
consideration28,29

H + H + H2 → H2 + H2 , k1 = 8.8 × 10 −33 (300 / T ) 0.6 cm 6 s −1
H + SiH 4 → H 2 + SiH 3 ,
k 2 = 2.8 × 10 −11 exp( −1250 / T ) cm 3s −1 .

(3.4)
(3.5)

The reaction constant of (3.4) is too small to account for the observed decay times;
therefore, the loss of H radicals by three body recombination is considered to be
negligible. In contrast, the reaction constant of (3.5) is relatively high and the loss of H
radicals by reaction with SiH4 should be considered as feasible.
H radicals that do not react with SiH4 in the gas phase reach the chamber wall
where subsequent reactions occur on the surface. These could include surface reactions
such as physical adsorption and desorption, chemical adsorption and desorption,
reactions of chemisorbed radicals, and the surface diffusion of physisorbed radicals.
Considering the loss mechanisms, the extinction of H radicals in the afterglow is
given by:

dN (H )
N (H )
=−
− k1 N 2 ( H ) N ( x ) − k 2 N ( H ) N (SiH 4 ) .
dt
τd

(3.6)

Solving this rate equation while neglecting the k1N2(H)N(x) term gives a single
exponential function for the decay of the radical concentration in the afterglow plasma:

N (H) = N0 (H) exp[−(1/τ d + k2 N (SiH4 ))t ] ,
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where N0(H) is the initial H radical density. The measured decay time constant τm,
corresponds to losses by diffusion followed by reactions on the wall surface and
reaction with SiH4:

τm =

1
.
1 / τ d + k2 N (SiH4 )

(3.8)

From Eq. (3.8) the effective diffusion lifetime taking into account the surface loss
probability according to the model of Chantry30 is represented by:

τd =

1
.
1 / τ m − k2 N (SiH4 )

(3.9)

Therefore, τd is calculated using τm, the reaction rate constant k2 (2.8×10−11
exp(−1250/T))29 and the density of SiH4. The density of SiH4 is estimated from the
pressure and the gas mixture ratio of SiH4 and H2. The dissociation ratio of SiH4 in the
plasma afterglow is not significantly influence on results shown here, because the term
of 1/τm is one or two orders higher in magnitude compared with the term of k2N(SiH4).
The diffusion lifetime τd is represented by

pΛ2
τd =
,
D

(3.10)

where p is pressure, Λ is an effective diffusion length, and D is the diffusion coefficient
for H radicals. A simple approximation of Λ2 was proposed by Chantry30

Λ2 = Λ02 + l0λ ,

(3.11)

where Λ0 and l0 are the geometric diffusion length and the volume to area ratio of the
chamber, and λ is determined by a surface boundary condition and expressed by

λ=

4D  1 − α / 2 

,
v  α 

(3.12)

where ν is the velocity of H radicals given by (8kT/πM)1/2 [T and M are the temperature
and mass, respectively, and k is the Boltzmann constant], and α is the surface loss
probability on the chamber wall. For a cylinder of radius R and height H, Λ0 and l0 are
given by
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2

1  π   2.405 
= +
 ,
Λ02  H   R 
RH
l0 =
.
2(R + H )

(3.13)
(3.14)

These expressions of Λ2 are actually rigorous in two limiting cases: (i) high pressure
2
2
and/or α → 1 where Λ = Λ0 , and (ii) low pressure and/or α → 0 where Λ2 ≈ l04D/vα,

and accounts for intermediate cases within a 10% error. From Eqs. (3.10), (3.11), and
(3.12), τd is represented by the following equation

pΛ02 2l0 (2 − α )
+
τd =
.
να
D

(3.15)

Prior to experiments of the SiH4/H2 plasma, the surface loss probability of H
radicals for the stainless steel covered with no Si film in a pure H2 plasma was
estimated. Figure 3.2 shows a typical decay curve of the H radical density on the
stainless steel wall in the H2 plasma afterglow at the RF power of 320 W, H2 flow rate
of 50 sccm and the pressure of 26 Pa. The decay curve of the hydrogen radical density
was well fitted by a single exponential function, which suggests that three body
recombination is negligible, as shown in Fig. 3.2. D was determined to be 3.1×105 cm2
Pa s−1 from the slope shown in Fig. 3.3, which corresponds well to the theoretical
calculation (3.1×105 cm2 Pa s−1 at gas temperature of 400 K) by Chapman-Enskog
theory with a Lennard-Jones intermolecular potential.31,32 The surface loss probability
on the stainless steel wall was estimated to be 0.12 on the basis of the decay time
constants in Fig. 3.3 and Eq.(3.15). This value agreed well with previous reports.20,21
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Fig. 3.2 Typical decay of the H radical density in the H2 plasma afterglow when the
chamber wall was covered with no Si film. The dashed lines are results of fitting with
single exponential functions.
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Fig. 3.3 Decay time constants of H radical density as a function of total pressure in H2
plasma afterglow on stainless steel wall. The dashed line is result of fitting with linear
function.
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3.3.2 H radical densities in SiH4/H2 plasmas

Figure 3.4 shows the absolute H radical density as a function of the SiH4 flow
rate. The SiH4/H2 plasma was turned on at a SiH4/H2 flow rate of 1/100 sccm for 1 h
prior to the measurement as a pre-treatment. Si thin films were deposited on the
chamber wall when all measurements were carried out. The H2 flow rate and the wall
temperature were maintained at 100 sccm and ca. 310 K, respectively. The H radical
density decreased significantly from 4.3×1012 to 6.8×1011 cm−3 with increase in the SiH4
flow rate from 0 to 3 sccm. This is probably due to enhancement of the H radical loss by
the introduction of SiH4; the recombination reaction of H radicals with SiH4 and surface
loss to the chamber wall are considered to be the main loss mechanisms of H radicals in

5

12

-3

H radical density (10 cm )

the SiH4/H2 plasma.

4
3
2
1
0

0

1
2
3
SiH4 flow rate (sccm)

Fig. 3.4 H radical density as a function of the SiH4 flow rate at a pressure of 40 Pa
and an rf power of 350 W. The dashed line is guide to the eye.
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3.3.3 Surface loss probability of H radicals in SiH4/H2 plasma

Figure 3.5 shows typical curves for the H radical density decay in the afterglow
plasma produced by on-off modulated SiH4/H2 discharge at a pulsed rf power of 350 W,
a pressure of 40 Pa, a SiH4/H2 gas flow of from 0–3/100 sccm and a wall temperature of
310 K. The H radical density decay curves could be well fitted with the exponential
function, which suggests that three body recombination is negligible. Figure 3.6 shows
the measured decay time constant of H radicals in the plasma afterglow as a function of
the SiH4 flow rate. The surface loss probability was calculated using the measured
decay time constant, Eqs. (3.9) and (3.15). D for H radicals in the SiH4/H2 plasma is
assumed to be almost the same as D in a pure H2 plasma, because the flow rate of SiH4
was less than that of H2 by two orders of magnitude. The surface loss probability of H
radicals as a function of the SiH4 flow rate is shown in Fig. 3.7. The surface loss
probability increased from 0.01 to 0.32 with increase in the SiH4 flow rate, which
indicates that the loss probability of H radicals is dependent on the surface conditions
determined by incident species such as radicals and ions. Consequently, the surface loss
probability is significantly changed by variation of the SiH4 flow rate and the surface
loss probability is considered to be influenced by the species generated from SiH4.
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Fig. 3.5 Typical decay of the H radical density in the SiH4/H2 plasma afterglow. The
dashed lines are results of fitting with single exponential functions.
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Fig. 3.6 Measured decay time constant of H radicals as a function of the SiH4 flow rate.
The dashed line is guide to the eye.
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Fig. 3.7 Surface loss probability of H radicals as a function of the SiH4 flow rate. The
dashed line is guide to the eye.
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3.3.4 Surface analysis of thin films deposited on chamber wall

Figure 3.8 shows an increase in the deposition rate with increase in the SiH4 flow
rate, which indicates that the density of film precursors increased with the SiH4 flow
rate. Figure 3.9 shows Raman spectra for the deposited films as a function of the SiH4
flow rate. The spectra include three peaks corresponding to crystalline (520 cm−1),
defective crystalline (510 cm−1), and amorphous (480 cm−1) phases. The Raman spectra
were decomposed into these peaks and the crystalline factor φc, was calculated as
follows33:

φc =

I 520 + I 510
I 520 + I 510 + I 480

,

(3.16)

where Ik is the area under the Gaussian curve centered at k, and k is the Raman shift.
The φc decreased from 0.57 to 0 with increase in the SiH4 flow rate, due to an increase
of film precursors and a decrease of H radicals. The flux ratio of H radicals to film
precursors is a key parameter for the resultant crystallinity of µc-Si:H.34–37 A sufficient
supply of H radicals to the film growth surface enhances crystallization of the Si thin
films.
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Fig. 3.8 Deposition rate of Si thin films on the chamber wall as a function of the SiH4
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Fig. 3.9 Raman spectra of Si thin films deposited on the chamber wall at various SiH4
flow rates.
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3.3.5 Measurement of VUV radiation from SiH4/H2 plasma

The photon energy of VUV radiation from the plasma is sufficient to break and
activate chemical bonds on the surface of the film. A synergetic effect of radicals and
VUV photons is reported to contribute to chemical reactions in the field of plasma
etching, wherein etch rates obtained by radicals and VUV irradiation are higher than
those obtained with only radicals.38 Therefore, there is a possibility that VUV photons
influence the surface condition during plasma discharge, so that the surface loss
probability of H radicals is changed by the VUV irradiation. Actually, VUV photons
have been reported to influence the surface loss probabilities of H and N radicals in
H2/N2 plasma.22 To investigate the effect of VUV on the surface loss probability, the
optical emission intensities in the VUV region were measured. Figure 3.10(a) shows
optical emission spectra measured below the wavelength of 200 nm. Peaks in the
spectra for various SiH4 flow rates were estimated to be due to H (121.6 nm) or H2
(150–170 nm). The integrated intensities of the spectra are shown as a function of the
SiH4 flow rate in Fig. 3.10(b). The intensity decreased with increasing SiH4 flow rate,
because the SiH4 molecule absorbs VUV light.39 The pure H2 plasma and SiH4/H2
mixture plasma have VUV light emission. However, the VUV intensities decreased and
the surface loss probability increased with increasing SiH4 flow rate; therefore, the
VUV effects on increasing the surface loss probability was not observed for the SiH4/H2
plasma.
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Fig. 3.10 (a) Optical emission spectra below 200 nm for at various SiH4 flow rates and
(b) integrated intensity of the spectrum as a function of the SiH4 flow rate. The dashed
line is guide to the eye.
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3.3.6 Dependence of the absolute density and surface loss probability of H
radicals on the temperature of the chamber wall

Si thin films are generally deposited at a substrate temperature of around 473 K.
To investigate the surface reaction of H radicals at higher temperatures, the chamber
wall was heated to 473 K at a SiH4 flow rate of 1 sccm. However, the decay time
constant could not be obtained at 473 K, because the absorption ratio of H radicals was
too low to estimate an accurate density of H radicals in the plasma afterglow. Therefore,
the density of H radicals in the plasma was measured instead of that in the plasma
afterglow. Figure 3.11 shows a significant reduction in the H radical density by heating
the chamber wall up to 473 K in the plasma. The density of H radicals in the steadystate plasma is given by:

N (H ) =

ne [ σ H 2ν e N ( H 2 ) + σ SiH 4ν e N (SiH 4 )]
1 / τ d + k 2 N (SiH 4 )

.

(3.17)

The diffusion lifetime of H radicals at a wall temperature of 473 K was calculated to be
0.15 ms using Eq. (3.17), and the density of H radicals at 473 K.

ne [ σ H 2ν e N (H 2 ) + σ SiH 4ν e N (SiH 4 )] and k2N(SiH4) were estimated from the
diffusion lifetime, the density of H radicals at 310 K, and assuming that the gas
temperature is 473 K and that the electron density and electron temperature are the same
at both temperatures. The surface loss probability of H radicals at 473 K was estimated
to be ca. 1 from the estimated diffusion lifetime. Thus, the increase of surface loss
probability is due to the increased activation of surface reactions at higher temperatures.
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3.4. Discussion

Kinetic models for the surface reactions of H radicals in SiH4/H2 plasma are listed
as follows: (a) physical adsorption and desorption; (b) surface diffusion after physical
adsorption; (c) chemical adsorption and desorption at chemically active vacant sites on
the surface; (d) the reaction of physisorbed H radicals with physisorbed or chemisorbed
H and SiH3, which leads to the formation of H2 and SiH4; (e) insertion in Si–Si bonds;
(f) diffusion in Si thin films.
The loss mechanisms of H radicals on Si surface in pure H2 plasma are
recombination reactions with physisorbed or chemisorbed H atoms on the surface (a, b,
c, d), insertions into Si–Si bonds followed by Si etching (4H + Si → SiH4) (e), and
diffusion into the subsurface (f). In a SiH4/H2 mixture plasma, species generated from
SiH4, such as SiHx radicals and ions, have an additional influence on the surface loss
probability. SiH3 radicals can abstract a H atom from the surface, which leaves a
dangling bond on which H radicals adsorb (c). During deposition, SiH3 is constantly
adsorbed on the surface. The reaction between H radicals and adsorbed SiH3 occurs
more easily than the insertion of H radicals in Si–Si bonds (d). Therefore, the surface
loss probability of H radicals increases with the SiH4 flow rate.
The deposition rate dependence on the SiH4 flow rate shown in Fig. 3.8 supports
the increase in SiH3 radicals, which are a dominant film precursor, with increasing SiH4
flow rate. The crystallinity decreased with increasing SiH4 flow rate, as shown in Fig.
3.9, and the degradation of crystallinity is probably due to change of the surface
reactions during deposition. When there are many dangling surface bonds or the surface
coverage of H atoms is low, SiH3 radicals are unable to diffuse long distances, which
leads to degradation of the crystallinity. Furthermore, reactions of physisorbed H
radicals with physisorbed or chemisorbed SiH3 increase with the SiH4 flow rate.
Consequently, the surface conditions and reactions of H radicals that induce
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crystallization, such as the surface coverage, etching of the amorphous phase, and
modification of the Si–Si network, are relatively decreased.
SiHx ions are heavier than Hx ions, so that the formation of surface dangling
bonds seems to be enhanced by SiHx ion bombardment during plasma discharge. VUV
photons have been reported to influence the surface loss probabilities of H and N
radicals in H2/N2 plasma22. VUV emissions were observed in SiH4/H2 plasma, and VUV
photons possibly influence the surface reactions of H radicals. However, the VUV
intensities decreased and the surface loss probability increased with increasing SiH4
flow rate; therefore, the VUV effects are smaller than other factors that increase the
surface loss probability with increasing SiH4 flow rate.
The diffusion lifetime was calculated, with some assumptions, on the basis of the
decrease in the H radical density by heating the wall surface. The surface loss
probability was estimated to be ca. 1 at the high temperature of 473 K, as shown in
section 3.3.6. This is due to the activation of reactions by heating. Thus, the surface loss
probability of H radicals during practical deposition process of Si thin film is almost
unity, because the substrate is generally heated up to around 473 K. Furthermore, this
indicates that cooling of the chamber wall is a key factor for achieving a high density of
H radicals. Although low temperatures favor high H radical densities, they do not favor
high film quality because surface diffusion of SiH3 is slow1 and surface reactions of H
radicals are suppressed at low temperature. Therefore, substrate temperatures are
individually heated up to ca. 473 K to achieve high film quality and other parts of a
chamber such as inner walls and powered electrodes are oppositely cooled down to
obtain enough high H radical density in deposition processes of Si thin film.
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3.5. Conclusion

The surface loss probability of H radicals in SiH4/H2 plasma afterglow was
investigated using VUVAS. The decay of H radicals in the afterglow plasma was
measured and the diffusion lifetime was calculated by considering the reaction between
H radicals and SiH4 molecules. The surface loss probability was estimated from the
diffusion lifetime and was higher in the SiH4/H2 mixture plasma than in H2 pure plasma
and increased with increasing SiH4 flow rate. The surface condition was investigated by
analyzing the deposition rate and the crystallinity of Si thin films deposited on the
chamber wall. On the basis of these results and with consideration of the reactions on
the surface, it was concluded that deposition species such as SiH3 radicals generated
from SiH4 influence the surface loss probability of H radicals. Furthermore, the density
of H radicals was significantly decreased by heating the chamber wall. Surface reactions
are enhanced by heating and the surface loss probability is ca. 1 at 473 K. The
quantitative results for the surface loss probability of H radicals obtained in this study
are important to understand not only plasma-surface reactions, but will also contribute
to improvements in the control of plasma processing and the design of equipment.
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Chapter 4 Investigation

of

H

and

SiH3

Radicals

in

Microcrystalline Silicon Deposition
4.1 Introduction

Hydrogenated microcrystalline silicon (µc-Si:H) thin ﬁlm fabricated by plasma
enhanced chemical vapor deposition (PECVD) is a promising material for photovoltaic
applications. H radicals play an important role in the deposition of µc-Si:H thin ﬁlms.
Some models have been proposed for the reactions of H radicals on the ﬁlm-growth
surface. During deposition of a silicon ﬁlm, H radicals cover the growth surface and the
surface dangling-bonds undergo reduction. H radicals induce local heating through
recombination reaction to produce hydrogen molecules. These two events occur on the
surface and enhance surface diﬀusion of the ﬁlm growth precursors. Precursors can then
ﬁnd stable adsorption sites and form stable Si–Si bonds.1 H radicals etch the weakly
bonded Si atoms in amorphous phase and assist in the reconstruction of the Si–Si bond
network in H-rich subsurface regions.2–4 Thus, the phase transition of amorphous silicon
(a-Si:H) to µc-Si:H is induced by a suﬃcient supply of H radicals.
The process margin to obtain high quality µc-Si:H thin ﬁlms for solar cells is
very narrow just prior to entering the a-Si:H growth regime.5 The transition from
µc-Si:H to a-Si:H growth has been recognized as being determined by the ratio of H
radical ﬂux to silicon deposition ﬂux. It was reported that the ﬂux ratio was 40 by
employing an etch product detection technique and the ﬂux ratio was 100 by deducing
the H radical density from the decomposition process of SiH4 molecules.6,7 However,
these techniques are not the measurement of the absolute density of radicals. Therefore,
in the present work, the absolute density and the translational temperature of H radicals
were measured using vacuum ultraviolet laser absorption spectroscopy (VUVLAS). The
absolute density of SiH3 radicals are also measured by cavity ring-down spectroscopy
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(CRDS). From these results, fluxes of H and SiH3 radicals were estimated. Experiments
were conducted under high pressure and high power discharge for high rate deposition
of µc-Si:H thin ﬁlms.
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4.2 Experimental details

Figure 4.1 shows a schematic diagram of the capacitively coupled plasma
(CCP) chamber with (a) a VUVLAS system for measurement of the H radical density
and (b) a CRDS system for measurement of the SiH3 radical density. A VHF (60 MHz)
power of 400 W was supplied to the upper electrode to sustain plasma discharge. The
SiH4 gas ﬂow rate was varied from 7 to 15 sccm and the H2 gas ﬂow rate was ﬁxed at
470 sccm. The gas mixture was introduced from a shower-head in the cathode plate of
the CCP system. The total pressure was maintained at 1200 Pa (9 Torr) by controlling
the vacuum conductance of pumping system. Glass (Corning, EAGLE XGTM) and
quartz substrates were placed on the grounded electrode, and heated to 523 K. The gap
between the cathode plate and substrate was ﬁxed at 10 mm. The crystallinity factor and
preferential orientation of Si ﬁlms deposited on the glass substrate were analyzed using
Raman spectroscopy and X-ray diﬀraction (XRD), respectively. The defect density of
the ﬁlms deposited on quartz substrates was measured using electron spin resonance
(ESR) spectroscopy.
The VUVLAS system for the Lyman α line at 121.6 nm consists of a
two-dye-laser system and a Kr gas cell. The VUV laser was generated by employing the
two-photon-resonance four-wave-sum frequency mixing technique, which was passed
through the CCP and then focused on the slit of the VUV monochromator (Acton
Research Corp., ARC VM-520) with MgF2 lens and detected by the photomultiplier
tube (Hamamatsu, R8487). Slits were used as the end caps of the ceramic pipes for
adjustment of the absorption length to 100 mm, because MgF2 window was inapplicable
owing to the film deposition on any window. H2 gas was introduced in the pipes at a
ﬂow rate of 30 sccm to prevent silicon deposition on the MgF2 lenses after the gas cell
and in front of the VUV monochromator. Thus, the total ﬂow rate of H2 gas was 500
sccm.
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Optical cavity for CRDS consists of two plano-concave highly reflective
mirrors (Laser optik). The cavity mirrors were also blown by H2 of 30 sccm to prevent
film deposition. The cavity length, determined by the distance between the cavity
mirrors was 170 cm. Two sets of narrow-bandwidth high-reﬂectivity mirrors have been
used. One set optimized for the 220 nm range with reﬂectivity R=99.2%, and the other
one was optimized for the 280 nm range with reﬂectivity R=99.2%. The CRD laser light
pulses at wavelengths of 220 and 280 nm are obtained by optical parametric oscillator
(OPO) laser pumping by the frequency-tripled output of a Nd:YAG laser. The pulse
duration and repetition rate are 8 ns and 10 Hz, respectively. The light leaking out of the
cavity at the back mirror was detected by the photomultiplier (Hamamatsu, R928) with
the bandpass filter. The cavity ring-down transients are recorded with a digital
oscilloscope. A delay generator and pulse generator are used to tune the delay time
between the plasma ignition and the generation of the laser pulse.
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Fig. 4.1 Schematic diagrams of each experimental setup for CCP with (a) VUVLAS
system and (b) CRDS system.
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4.3 Results and discussion

4.3.1 Measurement of H radicals

Figure 4.2 shows typical absorption spectra of the Lyman α line measured by
varying the frequency (ν1) of the laser. These absorption spectra are fitted by

α (ν 1 ) =

∫ f (ν )[1 − exp{−k f (ν )L}]dν ,
∫ f (ν )dν
0

0 a

(4.1)

0

where fa(ν) is the absorption line profile function, k0 is the absorption coefficient at the
center frequency(ν0) of fa(ν), and L is the absorption length. fa(ν) is assumed to be a
Gaussian form. Firstly, the line width for instrumentation was checked by measuring the
absorption profile of the Xe line at 129.56 nm, and the full width at half maximum (∆ν)
of the laser source was obtained as 0.4 cm−1. In the other contribution, Doppler
broadening is a main factor given by
1

 kT  2
∆ν = 2 2 ln 2 
ν0 ,
2 
 Mc 

(4.2)

where k is the Boltzmann constant, T is the translational temperature, M is mass, and c
is the speed of light. The values of k0 and ∆ν of fa were parameterized, so that both the
absolute density and the translational temperature of the H radicals were determined.
The absorptions in Fig. 4.2 were saturated near the center frequency. In this instance, the
translational temperature cannot be accurately determined if two temperature
distribution exist, which inhibits fitting the absorption profile to a Gaussian profile.8 In
the present results, the shoulders of the measured absorption profile could be fitted to a
Gaussian profile. Therefore, a two temperature distribution was not apparent.
Figure 4.3 shows the dependence of the absolute density and translational
temperature of H radicals on the SiH4 ﬂow rate. The density was constant at around
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5.5×1012 cm−3 and the translational temperature was constant at around 770 K. SiH4
molecules act as scavengers of H radicals through the following reaction:
SiH4+H→SiH3+H2.

(4.3)

However, the measured density of H radical did not decrease with increasing SiH4 ﬂow
rate, which is probably due to that SiH4 was suﬃciently depleted and the annihilation of
H radicals was prevented. The high depletion of SiH4 is due to the high electron density
obtained effectively by the VHF power source.9
The ﬂux of H radicals was evaluated from the measurement results and is
shown in Fig. 4.4. The H radical ﬂux ΓH, was calculated using the following equation:
ΓH =

1
8k BT
n
πm ,
4

(4.4)

where n, T, and m represent the absolute density, translational temperature, and the
atomic mass of H atom (m=1.66×10−27 kg), respectively, and kB is the Boltzmann
constant. The surface reaction probability of H radicals was assumed to be 1.0 which is
estimated from the afterglow measurement in Chapter 3. The ﬂux of eﬀective H radicals
to the surface reactions was estimated to be constant at 5.7 × 1017 cm−2 s−1.
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Fig 4.2 Typical absorption spectra of the Lyman α line

Fig. 4.3 Absolute density and translational temperature of H radicals as a function of the
SiH4 ﬂow rate. The dashed line is guide to the eye.
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4.3.2 Investigation of the behavior of the H radical density on the basis of the
calculation

The behavior of the H radical density was investigated on the basis of the
calculation, in particular, focusing on the fact that the H radical density was almost
constant against SiH4 flow rate as shown in Fig. 4.3. The density of H radicals was
estimated from following rate equations:
dN ( H 2 )
= ΦH + k3 N (H) N (SiH 4 ) − (2k1ne + 1 / τ pump ) N (H 2 ) ,
2
dt

(4.5)

dN (SiH 4 )
= ΦSiH 4 − (k2 ne + k3 N (H) + 1 / τ pump ) N (SiH 4 ) ,
dt

(4.6)

dN (H)
= k1ne N (H 2 ) + k2 ne N (SiH 4 ) − (k3 N (SiH 4 ) + 1 / τ d ) N (H ) ,
dt

(4.7)

where Φx is the input molecular flow rates per unit of volume of x, kx for x=1, 2, 3 is the
rate constant for the reaction described by the each equation of (3.1), (3.2), and (4.1),
N(x) is the density of x, τpump is the loss time by pumping action, and τd is the diffusion
lifetime of H radicals. k1 is 1.7×10−11 cm−6 s−1, k2 is 4.2×10−10 cm−6 s−1, and k3 is 2×
10−12 cm−6 s−1, respectively, when the electron energy distribution function is assumed
to be Maxwellian at the electron temperature of 1.5 eV and gas temperature is 473 K.10–
12

Prior to the calculation of the H radical density, behaviors of k1ne and k2ne were
evaluated from the optical emission of Xe. The threshold energy of the Xe emission
(823.1 nm) is 9.82 eV which is close to those of the electron impact dissociation of SiH4
(8.75 eV) and H2 (8.8 eV), therefore behaviors of k1ne and k2ne can be estimated from
the behavior of Xe emission intensity.13 Figure 4.5 (a) shows the optical emission
spectrum when a small amount (1 sccm) of Xe was added to the parent gases, in which
emission lines of Xe were observed at 823.1 and 828.0 nm. As seen in Fig. 4.5 (b), the
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Xe emission intensity was constant against SiH4 flow rate, therefore k1ne and k2ne are
estimated to be constant in the experimental condition.
Figure 4.6 shows the measured H radical density and the calculated H radical
density as a function of SiH4 flow rate, where the calculation was carried out with
assuming the electron density to be 1010 cm−3. The behavior of the calculated H radical
density approximately agrees with that of measured H radical density. From the
calculating result, the consideration that the loss of H radicals by the reaction with SiH4
is not significant in the present conditions is theoretically supported.
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Fig. 4.5 (a) Optical emission spectrum at around 825 nm when a small amount (1 sccm)
of Xe was added to the parent gases, (b) emission intensity at 823.1 nm as a function of
SiH4 flow rate. The dashed line is guide to the eye.
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4.3.3 Measurement of SiH3 radicals

Figure 4.7 shows typical cavity decay profiles with and without plasma. The
decay profile with plasma was measured at 6 ms after the plasma ignition. The
cavity-ring-down signals represent exponentially decreases with time. The cavity loss
reflects absorption and scattering during multiple reflections between the mirrors. The
cavity loss at laser wavelength of 220 nm reflects light-absorbing by SiH3 radicals and
light-scattering or light-absorbing by nano-particles that gradually grew with time after
the plasma ignition. The cavity loss at 280 nm reflects light-scattering or light-absorbing
by nano-particles because the absorption range of SiH3 is from ~200 to ~260 nm.14
Therefore, we measured the cavity loss at the laser wavelength of 220 and 280 nm.
Figure 4.8 shows time-evolution of the cavity loss after plasma ignition at 220 and 280
nm. The detection limit was determined by the standard deviation of the distribution of
ring-down time in vacuum over 1000 shots of laser. At 2 ms, the cavity loss was
observed only at the wavelength of 220 nm but not at 280 nm. Besides, at 8 ms, the
cavity losses at both represented similar values. This indicated that the loss was mainly
occurred by scattering originated from nano-particles growth. Therefore on the basis of
results taken at 2 ms, we could estimate a density of SiH3 radicals in SiH4/H2 plasma.
It has been reported that the cavity loss at the laser wavelength of 280 nm was
observed after a few seconds at 133 Pa.14 Although the difference of pressure is only
one order of magnitude, the growth speed of nano-particles is three orders of magnitude
higher in the present conditions. The formation of nano-particles starts from the
insertion reactions between short lifetime species SiHx≤2 and SiH4, and then the growth
speed of nano-particles can be expressed as
dN nano
∝ k 5 [k 4 ne N (SiH 4 )]N (SiH 4 ) ,
dt
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where Nnano is the density of nano-particles, and k4 and k5 are reaction rate constants for
generation of SiHx≤2 and for reactions between SiHx≤2 and SiH4, respectively. The
density of SiH4 is proportional to the pressure; therefore, at least the growth speed of
nano-particles becomes two orders of magnitude higher when the pressure is one orders
of magnitude higher. Furthermore, the electron density probably increases with increase
in the pressure and some of k5 shows a pressure dependence.15 Consequently, there is
the possibility that the growth speed of nano-particle is three orders of magnitude higher
than that in the one order of magnitude lower pressure.
Figure 4.9 shows the density of SiH3 radicals as a function of SiH4 flow rate.
The increase in SiH3 radicals is due to the increase of feed gas SiH4 and that the gas
phase reaction of SiH3 with SiH4 is not significant.
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Fig. 4.7 Typical cavity decay profiles with and without plasma.
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Fig. 4.8 Time-evolution of the cavity loss after plasma ignition at 220 and 280 nm. The
dashed lines are guide to the eye.
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Fig. 4.9 The density of SiH3 radicals as a function of SiH4 flow rate. The dashed line is
guide to the eye.
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4.3.4 Film deposition characteristic

Raman spectra of Si films deposited at different SiH4 flow rate ranging from 7
to 15 sccm are shown in Fig.4.10 (a). The spectra include three peaks corresponding to
crystalline (520 cm−1), defective crystalline (510 cm−1), and amorphous (480 cm−1)
phases. The crystallinity factor was calculated using:

φC =

I 520 + I 510
I 520 + I 510 + I 480

(4.9)

where Ik is the area under the Gaussian function centered at a Raman shift of k.16 As
shown in Fig. 4.10 (b), the crystallinity factor decreased with increasing SiH4 flow rate.
Figure 4.11 (a) shows XRD patterns of of Si thin films deposited at different
SiH4 flow rate. The degree of ⟨110⟩ preferential orientation was evaluated from XRD
patterns. I(hkl) represents the integrated intensity of the (hkl) phase; therefore, the
I(220)/I(111) ratio indicates the degree of ⟨110⟩ preferential orientation. I(220)/I(111)
for the randomly oriented polycrystalline Si powder is 0.67. The I(220)/I(111) ratio
increased from 1.7 to 4.8 with increasing SiH4 flow rate, followed by a decrease to 0.6
as shown in Fig. 4.11 (b).

121

Chapter 4

(a)
15 sccm

Intensity (arb. unit)

13 sccm

11 sccm

9 sccm

7 sccm

360 400 440 480 520 560 600 640
-1

Raman shift (cm )

1.0
Crystallinity factor

(b)

0.8
0.6
0.4
0.2
0

7

9

11

13

15

SiH4 flow rate (sccm)
Fig. 4.10 (a) Raman spectra of Si thin films deposited at different SiH4 flow rate.
Dashed lines on spectrum of 7 sccm shows three peaks used for deconvolution. (b)
Crystallinity factor as a function of SiH4 flow rate. The dashed line is guide to the eye.
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Fig. 4.11 (a) XRD patterns of of Si thin films deposited at different SiH4 flow rate (b)
Ratio of the integrated intensity of the (220) and (111) as a function of SiH4 flow rate.
The dashed line is guide to the eye.
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4.3.5 Relation between flux of radicals and film deposited property

Based on the results of preceding sections, the relation between the important
film properties of µc-Si:H and the fluxes of H radicals and film precursors will be
discussed below.
Figure 4.12 shows the deposition rate and the ﬂux of deposited precursor as a
function of the SiH4 ﬂow rate. The deposition rate increased linearly with the SiH4 ﬂow
rate, which also supports the depletion of SiH4. The ﬂux of deposited precursor ΓP, is
given by:
ΓP =

Rd ρ
mSi ,

(4.10)

where Rd is the deposition rate, ρ is the ﬁlm density (ρ=2.18 g cm−3),17 and mSi is the
atomic mass of silicon (mSi=4.69×10−23 g).
Figure 4.13(a) shows that ϕC increased with ΓH/ΓP. The I(220)/I(111) ratio
increased from 0.6 to 4.8 with ΓH/ΓP, followed by a decrease to 1.7. Si ﬁlms deposited at
ΓH/ΓP of 65–80 exhibited strong ⟨110⟩ preferential orientation as shown in Fig. 4.13 (b).
The etch rate of Si by H radicals is known to be dependent on the orientation; the etch
rate of the (111) facet is smaller than those of other facets; therefore, at high ΓH/ΓP
I(220)/I(111) becomes small.18 In addition, it has been reported that the species of
deposition radicals may inﬂuence determination of the growing facets.19 The ratio of
deposition radicals would presumably be changed with variation of the SiH4 ﬂow rate.
The defect density ND was almost constant at 1.0 × 1016 cm−3, which is suﬃciently low
for device-applicable ﬁlm quality. ⟨110⟩-oriented µc-Si:H with ϕC of approximately 0.5–
0.6, or near the phase transition region from a-Si:H to µc-Si:H, is generally suitable for
the i-layer of a solar cell.20 Therefore, the critical ΓH/ΓP to obtain ﬁlm properties suitable
for solar cell devices is so important and it was determined to be approximately 65–70
by this research.
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Moreover, the ratio of SiH3 radicals in the flux of film precursors was
estimated. The flux of SiH3 radicals deposited as films was calculated assuming the
sticking probability of 0.09 (Ref.

21

) and temperature of 473 K and using following

equation;

ΓSiH3 =

8kBTSiH3
s
nSiH3
,
πm
4

(4.11)

where s is sticking probability of SiH3. Figure 4.14 shows the flux of SiH3 radicals
deposited as films as a function of SiH4 flow rate. The ratio of SiH3 radicals in the flux
of film precursors was estimated to be 45%. Actually, the flux of SiH3 radicals deposited
as films is more accurately given by

ΓSiH 3 =

8kBTSiH 3
1 s
′ 3
nSiH
,
4 1−α
πm

(4.12)

′ 3 is the density of SiH3
where α is the surface loss probability of SiH3 radicals, and nSiH
radicals at the surface of the substrate. However, the spatial distribution of SiH3 radicals
cannot be measured in the present work, therefore the flux was estimated from Eq.
(4.11). The surface loss probability of SiH3 radicals has been reported to be ca. 0.5 in
the case of µc-Si:H at the substrate temperature of around 200°C.1 From Eq. (4.12) and
the surface loss probability of 0.5, a maximum possible flux can be estimated to be 1.3

′ 3 should be lower than
times higher than the flux estimated from Eq. (4.11) because nSiH

nSiH3 . A maximum possible ratio of SiH3 radicals in the flux of film precursors is 59%; it
is concluded that the film precursors is not only SiH3 radicals. The results and
considerations indicate that high order radicals SixHy seems to be predominant
precursors under the relatively higher pressure conditions.
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4.4 Conclusion

In conclusion, the ﬂux ratio of H radicals to precursors that deposited as a ﬁlm
in SiH4/H2 plasma was investigated using tunable VUVLAS. The absolute density of H
radicals was 5.5×1012 cm−3 and the translational temperature was around 770 K. The
behavior of the calculated H radical density from rate equations approximately agrees
with that of measured H radical density. The ﬂux of H radicals was estimated to be
5.7×1017 cm−2s−1 from the measured H radical density. The ﬂux of precursor deposited
as a ﬁlm was estimated to be in the order of 1015–1016 cm−2 s−1. The critical ﬂux ratio to
obtain ﬁlm properties suitable for the i-layer of a solar cell was found to be
approximately 65–70. Moreover, from the CRDS measurement, the ratio of SiH3
radicals in the flux of film precursors was estimated to be 45%, and the growth speed of
nano-paritcles is significantly-fast. These results indicate that he range of the flux ratio
of H radicals to film precursors to obtain suitable film properties is very narrow and the
65–70 times higher flux of H radicals than film precursors is necessary. Therefore,
achieving the sufficient H radical density is crucial issue for the high-rate deposition of
µc-Si:H. In the case of the relatively higher pressure condition, not only SiH3 radicals
but also high order radicals seem to be predominant precursors, and then the behaviors
of high order radicals are important for further understanding the deposition process.
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Chapter 5 Fabrication of Microcrystalline Silicon Thin Film
by H Radical-Injection Plasma
5.1 Introduction

Hydrogenated microcrystalline silicon (µc-Si:H) thin ﬁlm is a promising
material for the bottom cell of a tandem solar cell, because it can absorb higher
wavelength light towards the infrared region of the solar spectrum and has excellent
stability against light soaking compared to amorphous silicon (a-Si:H) thin ﬁlms, which
are used for the top cell.1–4
Low temperature plasma-enhanced chemical vapor deposition (PECVD)
processes employing SiH4/H2 plasma are commonly used for the deposition of µc-Si:H
ﬁlms. However, the optical transition of µc-Si:H is indirect; therefore, ﬁlm thicknesses
greater than 2 µm are required for suﬃcient absorption of sunlight. Consequently, the
high-rate growth of high-quality µc-Si:H ﬁlms is required to reduce the cost of solar cell
fabrication.
H radicals are recognized as a key factor that inﬂuences the crystallinity of Si
thin ﬁlms. Suﬃcient supply of H radicals to a growing Si thin ﬁlm surface induces
crystallization. Some models have been proposed for the reaction of H radicals on a
growing Si ﬁlm surface. During Si thin ﬁlm deposition, H radicals cover the growth
surface and induce local heating by recombination to hydrogen molecules.4,5 These two
events on the surface enhance surface diﬀusion of the ﬁlm growth precursors, so that the
precursors can ﬁnd stable adsorption sites and make stable Si–Si bonds. H radicals etch
weakly bonded Si atoms in the amorphous phase, which results in the reconstruction of
a Si–Si bond network in H-rich subsurface regions.6–8 In Chapter 4, the behavior of H
radicals in SiH4/H2 plasma has been investigated using a vacuum ultraviolet laser
absorption spectroscopy (VUVLAS). The results in Chapter 4 have indicated that the
131

Chapter 5

range of the flux ratio of H radicals to film precursors to obtain suitable film properties
is very narrow, and that the 65–70 times higher flux of H radicals than film precursors is
necessary. Therefore, achieving the sufficient H radical density is crucial issue for the
high-rate deposition of µc-Si:H.
A growth rate of approximately 2 nm/s was reported using a capacitively
coupled plasma (CCP) system with a high input power of very-high-frequency (VHF as
power-source frequency), a high working pressure (ca. 1000 Pa), and a narrow electrode
gap.9–11 The high pressure and the high input power of VHF-power source provide a
high-electron density, which leads to the eﬃcient generation of a ﬁlm precursor. The
high pressure also suppresses high ion energy which causes the formation of defect in
films. In addition, the high electron density is eﬀective to achieve SiH4 depletion, even
at a relatively high working pressure. SiH4 depletion is useful for the survival of H
radicals, because SiH4 is a H radical scavenger.4,12,13
The optoelectronic properties of µc-Si:H ﬁlms are degraded with an increase in
the ﬁlm growth rate (>2 nm/s),14 due to an increase in the density of dangling-bond
defects in the ﬁlm.12,15 A high depletion of SiH4 causes an increase in the contribution of
short-lifetime species such as SiH2, SiH, and Si during ﬁlm growth. Short-lifetime
species have high reactivity and adhere to the growing ﬁlm surface without surface
diﬀusion by insertion reactions into Si–H bonds. An increase in the contribution of
short-lifetime species causes an increase in the number density of dangling-bond defects
in the ﬁlms. Moreover, further high-pressure has a problem on a mass production.
Increasing pressure reduces electrode spacing between cathode and anode to produce
stable plasma in the CCP reactor, causing non-uniform plasma production and
non-uniform ﬁlm growth.4 As shown in Chapter 4, the growth speed of nano-particles is
significantly increased by the increase in the high pressure, which reduces the up-time
of large-area plasma deposition systems. This is because a maintenance time becomes
frequent to clean nano-particles in chambers.
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In this study, H radical-injection (RI)-PECVD for the high-rate deposition of
µc-Si:H thin ﬁlms. The RI-system enables the individual control of multiple species.
The RI-PECVD system has a H2 plasma as a radical source in addition to a deposition
plasma (SiH4/H2 plasma); H radicals in the deposition plasma are increased by the
injection from the radical source. Therefore, the RI-PECVD has a potential to fabricate
µc-Si:H ﬁlms under low depletion of SiH4 and to increase the deposition rate without
increasing the pressure and the input power. In fact, the eﬀect on the morphology and
growth rate of carbon nanowalls (CNWs) has been demonstrated by controlling the H
radical density in C2F6/H2 CCP using an RI-system that employs inductively coupled
plasma.16,17 Another RI-PECVD system was developed to achieve large area growth of
CNWs with a reasonable growth rate using a surface wave microwave excited H2
plasma as a radical source.18,19
The plasma parameters and ﬁlm-growth characteristics obtained using the
PECVD system with and without the RI-system are compared in this study. The electron
density, electron temperature, and H radical density were measured to evaluate the
features of the RI-system. The crystallinity factor, preferential orientation, defect density,
microstructure, and post-deposition oxidation of the resultant thin Si ﬁlm were analyzed
to evaluate and to discuss the eﬀect of the RI-system.
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5.2 Experimental details

Figure 5.1 shows schematic illustrations of the PECVD reactors with (a)
conventional capacitively coupled plasma (C-CCP) source and (b) CCP source with RI
(RI-CCP). Both sources have a shower-head VHF electrode, to which 60 MHz VHF
power was applied, and a lower grounded (GND) electrode. A hydrogen diluted silane
(SiH4/H2) plasma was generated between these electrodes. In the case of C-CCP, H2 gas
was introduced through the VHF electrode together with SiH4 gas and an alumina
(Al2O3) insulator was placed between the upper GND and VHF electrodes. In the case
of RI-CCP, the H2 gas was introduced into the upper region through the upper GND
electrode to generate the H2 plasma between the upper GND and VHF electrodes. Then ,
the H2 gas and H radicals generated in the H2 plasma are supplied to the H2 plasma. The
distance between the VHF and lower GND electrodes was 10 mm, and that between the
VHF and upper GND electrodes was 5 mm.
Three diﬀerent substrates, glass (Corning EAGLE XGTM), quartz, and Si(100)
were placed on the lower GND electrode. 1 µm thick Si thin ﬁlms were deposited on
these substrates. The crystallinity factor and preferential orientation of the Si thin ﬁlms
deposited on the glass substrates were then analyzed by Raman spectroscopy and X-ray
diﬀraction (XRD). The defect density of the ﬁlms deposited on quartz substrates was
measured by electron spin resonance (ESR) spectroscopy. Post-deposition oxidation of
ﬁlms deposited on Si(100) substrates was evaluated by Fourier-transform infrared
spectroscopy (FTIR). The microstructure of ﬁlms was observed by transmission
electron microscopy (TEM). For conductivity measurements, a comb electrode of Al,
patterned as shown in Fig. 5.2, was deposited on the Si thin films by electron beam
evaporation. Photo conductivity was measured under solar simulator (SERIC LTD.
XL-03E50K kai) illumination (air mass 1.5 and 100 mW/cm2).
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The electron density in the SiH4/H2 plasma region was measured using a 35
GHz microwave interferometer.20 A multi-channel spectrometer was used to observe the
optical emission intensity of the Si∗(288 nm) and SiH∗(414 nm) lines. The absolute
density of H radicals was measured by vacuum ultraviolet laser absorption spectroscopy
(VUVLAS).
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(a) C-CCP
Alumina insulator
SiH4/H2
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Heater
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(b) RI-CCP
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H2

SiH4

60 MHz
SiH4/H2 plasma
Substrate
Heater

Lower GND electrode
Fig. 5.1 Schematic illustrations of the PECVD reactors (a) conventional capacitively
coupled plasma (C-CCP) source and (b) CCP source with RI (RI-CCP).
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Fig. 5.2 Schematic illustration of the comb electrode of Al deposited on the Si thin
films.
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5.3 Results and discussion

5.3.1 Plasma diagnostics

Measurements of the electron density as a function of the VHF power in the
SiH4/H2 plasma region were carried out for comparison of RI-CCP and C-CCP under
the same plasma conditions. For RI-CCP, both the SiH4/H2 and H2 plasmas are produced
with one VHF power; therefore, the electron density should be diﬀerent from that for
C-CCP at the same VHF power. Figure 5.3 shows the electron density in the SiH4/H2
plasma for both C-CCP and RI-CCP as a function of the VHF power. The electron
density increased from 4.7×1010 to 12.8×1010 cm−3 for C-CCP and from 2.0×1010 to
9.3×1010 cm−3 for RI-CCP with an increase in the VHF power from 200 to 700 W. The
SiH4/H2 gas mixture ratio was 3% with a total gas ﬂow rate of 1000 sccm, and the total
pressure was kept at 1200 Pa. The densities for RI-CCP are lower (44–72%) than those
for C-CCP at the same VHF power. Therefore, to evaluate the eﬀect of the RI-system, at
least it is necessary to compare RI-CCP and C-CCP at the same electron density.
SiH4 and H2 are dissociated by electron impact with threshold energies of 8.75
eV and 8.8 eV, respectively. Therefore, electrons in the high-energy tail region of the
electron-energy distribution-function play an important role in the production of species
such as SiH3 and H radicals. The electron temperature was estimated by optical
emission spectroscopy. It has been reported that the Si∗ and SiH∗ emissive species are
produced through the one-electron-process of SiH4 molecules with energies of more
than 10.35–11.5 and 10.33–10.5 eV, respectively.21 Therefore, the optical emission
intensity ratio [Si∗/SiH∗] gives information on the slope of the high-energy tail region of
the electron-energy distribution-function for a plasma and can be used as a estimation of
behavior of the electron temperature.22
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The optical emission intensity ratios [Si∗/SiH∗] for C-CCP and RI-CCP were
measured to compare the electron temperatures. Figure 5.4 shows the optical emission
intensity ratios [Si∗/SiH∗] in the SiH4/H2 plasma region as a function of the VHF power.
Both emission intensity ratios for C-CCP and RI-CCP were almost constant at 0.5.
These measurements indicate that the electron temperatures in the SiH4/H2 plasma
regions of C-CCP and RI-CCP are almost the same, whereas the electron densities are
diﬀerent. Therefore, it is reasonable to compare those two plasma sources at the same
electron density under a constant electron temperature.

139

Chapter 5

10

-3

Electron density (10 cm )

15

C-CCP

10

5

0

RI-CCP

0

200 400
600
VHF power (W)

800

Fig. 5.3 Electron density in the SiH4/H2 plasma regions as a function of VHF power.
The dashed lines are guide to the eye.
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Fig. 5.4 Optical emission intensity ratio [Si*/SiH*] in the SiH4/H2 plasma regions as a
function of VHF power. The dashed lines are guide to the eye.
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H radicals play an important role in the formation of Si thin ﬁlms. The absolute
density of H radical in the SiH4/H2 plasma was measured using the VUVLAS technique
to evaluate the eﬀect of the RI-system on the H radical density. Absorption
measurements were conducted with variation of the VHF power. Figure 5.5 shows the
absolute density of H radical in the SiH4/H2 plasma regions of C-CCP and RI-CCP as a
function of the electron density. The density of H radicals increased from 4.8×1012 to
8.2×1012 cm−3 for C-CCP and from 5.5×1012 to 8.3×1012 cm−3 for RI-CCP with an
increase in the electron density. The density of H radicals with RI-CCP is ca. 1.4 times
higher than that with C-CCP compared at the same electron density, because H radicals
were supplied from the H2 plasma in the case of RI-CCP. Therefore, the RI-system
enables an increase in the H radical density at the same electron density and
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Fig. 5.5 Absolute density of H radical in the SiH4/H2 plasma regions as a function of
electron density. The dashed lines are guide to the eye.

141

Chapter 5

5.3.2 Film deposition characteristics

Figure 5.6 shows deposition rates for C-CCP and RI-CCP as a function of the
electron density. The substrate temperature was 373 K. The deposition rate for C-CCP
increased slightly from 2.8 to 3.2 nm/s with increasing electron density, and then
became saturated. Similarly, the deposition rate for RI-CCP increased from 2.0 to 3.0
nm/s with increasing electron density and became saturated. The deposition rate with
both plasmas satisﬁes the production level required for the fabrication of solar cell
devices.
The increase in the deposition rate is due to enhanced dissociation of SiH4 by
the increase in the electron density. Saturation of the deposition rate indicates that the
silane species is depleted. The deposition rates for both plasmas were equal at the same
electron density. These results indicate that only the production of the ﬁlm growth
precursors is strongly dependent on the plasma density.
In contrast, the etching eﬀect of H radicals is ignorable. Si etch yield of H
radicals is enough low as 0.01,23 and H radical ﬂux is 1017 cm−2 s−1 from the results of
VUVLAS measurement. Compared with the estimated etching rate of 0.1 nm/s here, the
deposition rates of more than 1 nm/s were one order higher in magnitude. Therefore, the
H etching eﬀect has no signiﬁcant contribution on deposition even though the H radical
density was 1.4 times higher for the RI-CCP than that for C-CCP.
Figure 5.7 shows the crystallinity factors ϕC of Si thin ﬁlms deposited by
C-CCP and RI-CCP as a function of the electron density. The crystallinity factor is
determined from

φC =

I 520 + I 510
,
I 520 + I 510 + I 480

(5.1)

where Ik is the area under Gaussian centered at k and k is the Raman shift.24 ϕC for
C-CCP increased from 0 to 0.68 with increasing electron density from 4.7×1010 to
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7.4×1010 cm−3, followed by a slight decrease to 0.60 at a density of 12.8×1010 cm−3. ϕC
for RI-CCP increased from 0.20 to 0.78 with increasing electron density from 2.0×1010
to 6.3×1010 cm−3 and decreased to 0.70 at a density of 9.3×1010 cm−3. H radicals
enhance the crystallinity of Si thin ﬁlms, and the generation of H radicals by
dissociation of feed gases increases with increasing electron density. Furthermore, a loss
of H radicals, which is due to the main reaction between H and SiH4, decreases with
increasing electron density due to the depletion of SiH4. The H radical density increased
with increasing electron density, as shown in Fig.5.5. However, with increasing VHF
power, ion bombardment also increased, which causes a decrease in the crystallinity.4
The decrease in crystallinity is probably due to the increase in ion bombardment and/or
the depletion of SiH4, which increases the short-lifetime of SiH2, SiH, and Si species.
The ϕC values for RI-CCP and C-CCP are compared in Fig. 5.7, which indicate that
crystallization was enhanced for RI-CCP. In particular, crystallization occurs with
RI-CCP even at lower electron densities where no crystallization occurs for C-CCP.
These results indicate that crystallization can occur under low depletion of SiH4 for
RI-CCP, due to the higher H radical densities in RI-CCP than C-CCP, as shown in Fig.
5.5.
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Fig. 5.6 Deposition rate as a function of electron density. The dashed lines are guide to
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Fig. 5.7 Crystallinity factors for Si thin ﬁlms deposited by C-CCP and RI-CCP as a
function of the electron density, determined from Raman spectroscopy. The dashed lines
are guide to the eye.
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The degree of ⟨110⟩ preferential orientation, I(220)/I(111), where I(hkl) denotes
the integrated intensity of the (hkl) phase in the XRD pattern is shown in Fig. 5.8. The
dotted line represents I(220)/I(111) for randomly oriented polycrystalline Si powder.
Figure 5.8 shows that the Si thin ﬁlm grown at an electron density of 6.3×1010 cm−3 by
RI-CCP has weak ⟨110⟩ preferential orientation. The mechanism to determine the
crystalline orientation is not yet completely understood. However, it has been reported
that the composition of deposition radicals (SiH3 and polysilane radicals) may play an
important role in the determination of the growth facets.25,26 For RI-CCP, crystallization
occurs under low depletion of SiH4. Therefore, the ratio of SiH3 radicals to polysilane
radicals may be diﬀerent from that for C-CCP.
Figure 5.9 shows the defect densities of Si thin ﬁlms deposited by C-CCP and
RI-CCP as a function of the electron density. The defect density increased from
4.6×1016 to 8.7×1017 cm−3 for C-CCP and from 5.1×1016 to 2.5×1017 cm−3 for RI-CCP
with increasing electron density. It is supposed that the short-lifetime species increased
with increasing electron density, because SiH4, which acts as the scavenger of such
species, was depleted when the electron density was high. In addition, the eﬀect of ion
bombardment on the ﬁlm growth possibly increased with an increase in the electron
density. Ion bombardment is one of the causes for the generation of dangling-bond
defects. This indicates that RI-CCP enables to deposit the crystallized Si ﬁlms with low
defect densities, because sufficient H radicals can be obtained even under low electron
density which leads to low depletion of SiH4 and less ion bombardment.
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Fig. 5.8 Degree of ⟨110⟩ preferential orientation I(220)/I(111) for Si thin ﬁlms deposited
with C-CCP and RI-CCP as a function of the electron density. The dashed lines are
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Fig. 5.9 Defect densities of Si thin ﬁlms deposited by C-CCP and RI-CCP as a function
of the electron density. The dashed lines are guide to the eye.
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The microstructural characteristics of Si thin ﬁlms deposited with C-CCP and
RI-CCP were investigated. Bright-ﬁeld images of cross-sectional samples for the films
deposited by C-CCP and RI-CCP at 300 W are shown in Fig. 5.10. Dark regions and
bright regions correspond to crystallites and voids, respectively.27 The crystallinity
factors of these samples are similar around 0.7, as shown in Fig. 5.7; however, the micro
structures appear to be much diﬀerent. The microstructure of the ﬁlm deposited with
RI-CCP near the ﬁlm-substrate interface is quite diﬀerent from that deposited with
C-CCP and columnar structure was observed. This is probably due to crystallization
occurring near the ﬁlm-substrate interface. For RI-CCP, crystallization occurs under a
lower electron density or lower ion bombardment than for C-CCP. High ion
bombardment prevents nucleation at the initial stage.28 Therefore, crystalline grains are
present near the ﬁlm-substrate interface in the case of RI-CCP.
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Fig. 5.10 Bright-ﬁeld images of cross-sectional ﬁlms deposited with (a),(c) C-CCP at
300 W (electron density: 7.4×1010 cm−3) and (b),(d) RI-CCP at 300 W (electron density:
4.1×1010 cm−3). White dashed lines represent the ﬁlm-substrate interfaces.
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Figure 5.11 shows FTIR spectra in the range of 800–1250 cm−1 for Si thin ﬁlms
deposited by C-CCP and RI-CCP at 300 W measured 16 days after deposition. The
absorption bands at 840–890 cm−1 are attributed to the dihydride bending modes and
those at 950–1200 cm−1 are attributed to the Si–O–Si stretching modes. The increase in
the Si–O–Si stretching modes shows that the Si thin ﬁlms are oxidized during exposure
to the ambient air. The intensities of the Si–O–Si stretching modes for the Si thin ﬁlm
deposited with C-CCP increased more than those with RI-CCP in 16 days after
deposition. Post-deposition oxidation occurs in voids and cracks connected to the ﬁlm
surface. There are possibly many voids in the ﬁlm deposited with C-CCP, which is due
to higher ion bombardment.29 Thus, RI-CCP is more eﬀective to avoid post-deposition
oxidation.
Figure 5.12 shows deposition rate and crystallinity factor as a function of SiH4
flow rate at VHF power of 400 W and pressure of 1200 Pa. Deposition rates for both
C-CCP and RI-CCP increased with increasing SiH4 flow rate, however the crystallized
films can be obtained at higher SiH4 flow rate using RI-CCP. It is due to that H radical
density was increased by RI-system, therefore crystallization occurred at higher SiH4
flow rate with RI-CCP. From this result, it was demonstrated that RI-CCP is useful for
increase in the deposition rate with keeping the crystallinity factor.
Figure 5.13 shows the dark conductivity σdark, the photo conductivity σphoto, and
the photosensitivity σphoto/σdark of Si thin ﬁlms deposited by RI-CCP as a function of φC.
σdark and σphoto increased and σphoto/σdark decreased with increasing φC; this behavior is
typical in Si thin films deposited by PECVD. In addition, the σphoto/σdark of the order of
102 seems to be high enough to apply the µc-Si:H ﬁlms to solar cells.30
Crystallization was realized under a low electron density or low depletion of
SiH4 with RI-CCP, due to a suﬃcient H radicals supplied by the RI-system. The eﬀect
of the RI-system on the increase in H radicals was conﬁrmed from VUVLAS
measurements. Only the Si thin ﬁlm deposited with RI-CCP had weak ⟨110⟩ preferential
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orientation. It is necessary to measure deposition radicals to investigate the mechanism
of ⟨110⟩ preferential orientation. µc-Si:H ﬁlms with low defect densities (5.1×1016
cm−3) and low post-deposition oxidation can be achieved using RI-CCP, due to less
short-lifetime species and less ion bombardment. RI-CCP can deposit the µc-Si:H film
at high deposition rate. µc-Si:H ﬁlms deposited by RI-CCP have good photosensitivity
of the order of 102. Thus, RI-CCP has a high possibility to realize high-quality µc-Si:H
ﬁlms for the fabrication of solar cell devices with high deposition rate.
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5.4 Conclusion

PECVD at 60 MHz with a RI-system for the fabrication of Si thin ﬁlms for
solar cell devices was proposed to achieve selective enhancement of the H radical
densities for crystallization of the ﬁlms under low depletion of SiH4. The plasma
parameters and ﬁlm growth characteristics of RI-CCP were compared with C-CCP. The
electron density and temperature were measured using a microwave interferometer and
by optical emission spectroscopy, respectively. The absolute density of H radicals was
measured by VUVLAS. The crystallinity factor, preferential orientation, defect density,
microstructure, and the post-deposition oxidation of deposited Si thin ﬁlms were
investigated by Raman spectroscopy, XRD, ESR, TEM and FTIR, respectively. From
these results, the following features of the RI-system were determined:

1. The density of H radicals in RI-CCP was ca. 1.4 times higher than that in C-CCP at
the same electron density (5.5 × 1012 – 8.3 × 1012 cm−3).
2. A crystallinity factor of 0.6 was achieved under a low electron density (4.1×1010
cm−3).
3. Si thin ﬁlm deposited with RI-CCP showed weak ⟨110⟩ preferential orientation
(I(220)/I(111)=0.9).
4. The defect density by crystallization with RI-CCP is lower than that with C-CCP
(5.1×1016 cm−3).
5. There were less voids in the ﬁlms deposited with RI-CCP, and therefore less
post-deposition oxidation.
6. RI-CCP can deposit crystalized Si thin films at higher deposition rate than C-CCP.
7. µc-Si:H ﬁlms deposited by RI-CCP have good photosensitivity of the order of 102.
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The high performance of RI-CCP for the deposition of Si thin ﬁlms for solar
cell devices has been demonstrated. As a ﬁrst step, the RI-PECVD system was
constructed with one power supply of 60 MHz, which is divided into two regions, so
that equipment costs and size could be kept down. This equipment is a novel system for
the fabrication of µc-Si:H ﬁlms for solar cell devices. Furthermore, the results obtained
in this study should be useful and give the guideline from viewpoints of basic and
applied research for the development of high quality ﬁlms.
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Conclusions and Future Works

6.1 Conclusions of present research

The motivation of this thesis is understanding the relation between behaviors of
radicals in plasma and properties of deposited µc-Si:H thin films and the development
of high-rate deposition method of µc-Si:H thin films. We have estimated the flux of H
and SiH3 radicals from the measurement of the absolute density and investigated the
relation between the flux and film structure. This study has also developed H radical
injection (RI) plasma enhanced chemical vapor deposition for a high-rate deposition of
µc-Si:H thin films.
In Chapter 1, the trend in solar cells has been shown as introduction: the
thin-film silicon solar cells, plasma process and previous studies of plasma diagnostics
were also introduced. Purposes and overview of this thesis were also described.
In Chapter 2, theories of plasma diagnostics such as VUVAS, VUVLAS,
CRDS and microwave interferometer were described. Theories of film characterization
technique such as Raman spectroscopy, X-ray diffraction (XRD), Fourier transform
infrared absorption spectroscopy (FTIR), Electron spin resonance (ESR), and
Transmission electron microscopy (TEM) used as measurement methods of silicon thin
film were introduced.
In Chapter 3, the surface loss probability of H radicals in SiH4/H2 plasma
afterglow was investigated using VUVAS. The decay of H radicals in the afterglow
plasma was measured and the diffusion lifetime was calculated by considering the
reaction between H radicals and SiH4 molecules. The surface loss probability was
estimated from the diffusion lifetime and was higher in the SiH4/H2 mixture plasma than
in H2 pure plasma and increased with increasing SiH4 flow rate. The surface condition
was investigated by analyzing the deposition rate and the crystallinity of silicon thin
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films deposited on the chamber wall. On the basis of these results and with
consideration of the reactions on the surface, it was concluded that deposition species
such as SiH3 radicals generated from SiH4 influence the surface loss probability of H
radicals. Furthermore, the density of H radicals was significantly decreased by heating
the chamber wall. Surface reactions are enhanced by heating and the surface loss
probability is ca. 1 at 473 K.
In Chapter 4, the ﬂux ratio of H radicals to precursor deposited as a ﬁlm in
SiH4/H2 plasma was investigated using a tunable VUVLAS. The absolute density of H
radicals was 5.5×1012 cm−3 and the translational temperature was around 770 K. The
ﬂux of H radicals was estimated to be 5.7×1017 cm−2s−1 from quantitative measurements.
The ﬂux of precursor deposited as a ﬁlm was estimated to be in the order of 1015–1016
cm−2 s−1. The critical ﬂux ratio to obtain ﬁlm properties suitable for the i-layer of a solar
cell was found to be approximately 65–70. Moreover, the ratio of SiH3 radicals in the
flux of film precursors was estimated to be 45%. These results indicate that he range of
the flux ratio of H radicals to film precursors to obtain suitable film properties is very
narrow and the 65–70 times higher flux of H radicals than film precursors is necessary.
Therefore, achieving the sufficient H radical density is crucial issue for the high-rate
deposition of µc-Si:H. In the case of high pressure condition, not only SiH3 radicals but
also high order radicals seem to be predominant precursors.
In Chapter 5, RI-PECVD system exited by a 60 MHz was proposed for the
fabrication of Si thin ﬁlms for solar cell devices to achieve selective enhancement of the
H radical densities for crystallization of the ﬁlms under low depletion of SiH4. The
plasma parameters and ﬁlm growth characteristics of RI-CCP were compared with
C-CCP. The electron density and temperature were measured using a microwave
interferometer and by optical emission spectroscopy, respectively. The absolute density
of H radicals was measured by VUVLAS. The crystallinity factor, preferential
orientation, defect density, microstructure, the post-deposition oxidation, and the photo
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sensitivity of deposited Si thin ﬁlms were investigated by Raman spectroscopy, XRD,
ESR, TEM, FTIR, and solar simulator, respectively. From these results, the high
performance of RI-CCP for the high-rate deposition of Si thin ﬁlms has been
demonstrated. As a ﬁrst step, the RI-system was constructed with one power supply of
60 MHz, which is divided into two regions, so that equipment costs and size could be
reduced. This equipment is a novel system for the fabrication of µc-Si:H ﬁlms for solar
cell devices. Furthermore, the results obtained in this study should be useful and give
the guideline from viewpoints of basic and applied research for the development of high
quality ﬁlms.
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6.2 Scopes for future works

In this thesis, the behaviors of H and SiH3 radicals in gas phase and relation of
them and film property of µc-Si:H were studied based on plasma diagnostics and
high-rate deposition method was developed based on controlling radicals by using H
radical-injection (RI) system.
In Chapter 3, the surface loss probability of H radicals in SiH4/H2 plasma
afterglow was investigated using VUVAS. The surface loss probability increased with
increasing SiH4 and the surface temperature. From these results, we have confirmed that
the reaction probability of H radicals on the deposition surface is almost unity.
Moreover, it is important to control the temperature of the chamber wall for high density
of H radicals. The quantitative results for the surface loss probability of H radicals
obtained in this study are important to not only understand plasma-surface reactions, but
also contribute to improvements in the control of plasma processing and the design of
equipment.
In Chapter 4, the ﬂux ratio of H radicals to precursor deposited as a ﬁlm in
SiH4/H2 plasma was investigated using a tunable VUVLAS. The critical ﬂux ratio to
obtain ﬁlm properties of µc-Si:H suitable for the i-layer of a solar cell was found to be
approximately 65–70. This result will be useful for the design of equipment using
plasma simulation. However, other plasma species such as SixHy ions and radicals
would help our farther understanding. In situ film characterization such as FTIR and
spectroscopic ellipsometry would also give important information. From these results,
the mechanism of µc-Si:H deposition will be completely clarified.
In Chapter 5, RI-PECVD system exited by a 60 MHz was proposed for the
fabrication of Si thin ﬁlms for solar cell devices to achieve selective enhancement of the
H radical densities for crystallization of the ﬁlms under low depletion of SiH4. Effects
of RI-system on increase in H radicals and enhancing crystallization have been
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demonstrated. It was found that the deposition rate can be increased with keeping film
property using RI-system. However, the magnitude of increase of H radicals is still 1.4
times. As a future works, the RI-system will be improved to obtain much higher H
radical density. If higher H radical density is realized, higher deposition rate would be
also obtained. The photovoltaic property of µc-Si:H deposited by RI-PECVD has not
been evaluated. The information of the photovoltaic property must be feedback to the
development of RI-system.
It is very important to obtain the behaviors of activated species in reactive
plasmas for realizing high quality and high rate deposition process. However, in order to
measure the activated species quantitatively, some specialized equipments such as laser
systems are necessary and expensive at the present, and difficult to be applied to every
plasma processes. Therefore, novel plasma monitoring techniques and apparatuses with
simple and easy use should be developed to measure activated species at any plasma
equipment for the future. These techniques would realize the deep understanding of the
deposition processes and development of plasma equipment which can deposit
high-quality silicon thin films at high deposition rates.
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