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Abstract

This thesis deals with the topic of very high frequency (VHF) plasma simulations

for industrial applications such as amorphous silicon thin film solar cells and the semi-

conductor fabrication. A VHF capacitively coupled plasma (CCP) source is widely used

for plasma enhanced chemical vapor deposition (PECVD) and plasma etching. Industries

require further cost reduction of solar cells and semiconductors. Larger area fabrication

of films and fine etching are key technologies but they have been mostly carried out by

trial and error. Recently, there is a trend of a large area and narrow gap discharge in

industries, so it is limited to diagnose the VHF-CCP characteristics inside the vacuum

chamber. Therefore, plasma simulation has become a powerful tool to accomplish the

goals. This thesis consists of five chapters, and the last chapter 5 provides a summary of

two dimensional simulations of VHF plasmas for industrial applications.

In this work, the VHF-CPPs of a frequency of 60 MHz in the PECVD process with

multi-hollow geometry and multi-rod electrodes were examined, where the substrate was

placed behind the discharge electrodes. Triode VHF-CCP sources using the multi-hollow
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geometry and multi-rod electrodes were designed for achieving high deposition rate with

high-quality films for amorphous silicon (a-Si) fabrication. As is well known, distribution

of SiH3 and SiH2 radicals as well as the density and temperature of electrons are important

parameters for deposition rates and higher-order silanes generation that is related to film

quality of a-Si. In this thesis, it was focused to examine the VHF plasma characteristics

and higher-order silanes generation using the plasma hybrid model, where 149 chemical

reactions were considered.

In the first part, the multi-hollow geometry plasma was simulated for SiH4/H2 gas

to prepare amorphous silicon. A typical character of the VHF plasma of a high electron

density with a low electron temperature was obtained. The density ratio of SiH3/SiH2

that is a measure to judge film quality at the center and near the substrate was very large,

indicating the fabrication of high-quality amorphous silicon. However, it was found that

there were many higher-order silanes with high densities near the substrate. The density

of Si5H12 radicals that contribute to a dust formation was comparable to the SiH3 density,

suggesting generation of dust particles. Furthermore, the multi-hollow plasma effect was

not found at the selected pressure.

In the following part of this thesis, the multi-rod electrode geometry was simulated

for pure SiH4 gas. It was found that the SiH3 density was similar to that in the case of

the multi-hollow plasma, however, high-order silanes densities near the substrate were
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significantly lower than the SiH3 density. Therefore, the multi-rod electrodes can fabricate

high- quality films. To optimize the process of VHF plasma discharges in the multi-rod

geometry, the simulations were performed at different pressures. Increases in pressure

were found to negatively affect the deposition rate in the simulated geometry.

The last part of the thesis was dedicated to the simulation of a VHF argon plasma

(100 MHz) at 5.3 Pa for etching process in a CCP geometry using the Particle In-Cell with

Monte Carlo Collision Module. Plasma uniformity along the discharge electrodes is a key

subject in plasma etching and has been studied using simulations by many researchers. In

this study, two-dimensional PIC simulation was performed under the assumption that the

plasma is produced by electrostatic fields. It was found that the electron density peaked

near the edge of the discharge electrode and at the center, which is the first result found

without taking into account electromagnetic fields. The results obtained by this simulation

will be useful for designing a VHF plasma source for large-area etching processes.
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Chapter 1

Introduction

1.1 General introduction

The concerns about environmental issues are growing together with themore frequent

occurrence of irregular weather and potential ecological catastrophes. One of the recent

topics is therefore switching to more environmentally friendly technologies for energy

production. The current selection is very wide and spans from wind turbines to sea wave

power generators. However, most of the effort during the last decades has been probably

devoted to solar power applications such as solar photovoltaic (PV) power cells. The PV

cells are currently going through a rapid development and they are increasing their installed

area day by day. As an example can serve Taiwan, which is like Japan an island country

with limited access to conventional sources of energy. The plan of Taiwan until 2030 is to

increase the capacity of renewable energy sources to 9.95 GWe (peak) from the initial 3.5

GWe in 2009 [70, 72] mostly in form of offshore and onshore wind power and photovoltaic
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panels. Similar situation can be observed in most of the developed countries in Europe,

Asia and America as well [2, 14, 15, 22]. To achieve these goals massive government

subsidies are offered and those funds are subsequently used for further research and devel-

opment where major focus is in general on efficiency, production costs and endurance (i.e.

degradation prevention). From the view of production costs the amorphous silicon has the

most advantageous properties, however several issues concerning its conversion efficiency

and endurance have been addressed. To solve these problems new ways of manufacturing

are currently under development.

For manufacturing of the amorphous silicon thin film solar cells the thin film tech-

nology is needed. The traditional way to produce the thin film in industry is the Chemical

Vapor Deposition (CVD) and for increasing the reaction rate of the precursors the Plasma

Enhanced Chemical Vapor Deposition (PECVD) can be used. The principle of the CVD

begins: First, the reactant gases are fed into the reactor chamber. The gases will spread

inside of the chamber and some of the gases’ volume start to interact with boundary wall

immediately. The precursors atoms are adsorbed on the substrate’s surface. The success-

fully adsorbed atoms migrate on the surface and interact with other atoms present on the

surface of the substrate. Through the nucleation process the adsorbed atoms form nuclei

then an island from which the film is grown. However, not all the atoms are used to create

the film. These atoms which are not part of the surface reactions can desorb from the

surface and became precursors of the volatile byproducts. Based on the CVD principle the
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PECVD method is used to grow high quality film in a lower temperature manufacturing

process.

A low temperature plasmas for industry applications consisting of electrons, ions,

and active neutral species are generated by RF (Radio Frequency) discharges and often

called reactive plasma. The purpose is to create a non-equilibrium state, that is, many

chemical reactions different from those in equilibrium state can occur. Plasma technology

has become increasingly important in solar cells and microelectronics manufacturing

processes. Silane (SiH4) gas is the basis of plasma technology for applications using

silicon. Amorphous silicon is fabricated using a capacitively coupled SiH4 plasma with a

power source frequency of typically 13.56MHz. The SiH4 plasma is produced by electron

impact ionizations and the chemical reactions are as follows:

SiH4 + e− −−−→ SiH3
+ + H + 2 e−

SiH4 + e− −−−→ SiH2
+ + H2 + 2 e−

SiH4 + e− −−−→ SiH+ + H2 + H + 2 e−

SiH4 + e− −−−→ Si+ + 2 H2 + 2 e−

SiH4 + e− −−−→ SiH3
− + H

SiH4 + e− −−−→ SiH2
− + H2

(1.1)

Above reactions indicate that positive ions (SiH+, SiH2
+ and SiH3

+) and negative

ions (SiH2
– and SiH3

– ) exist in the SiH4 plasma. In fact, amorphous silicon had at-
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tracted many solar cell researchers, however the deposition rate and conversion efficiency

of amorphous silicon are low. Therefore, a lot of researches have been dedicated to these

topics. Kroll et al. [30] fabricated amorphous silicon with a high deposition rate using

a very high frequency (VHF) capacitively coupled plasma (CCP), and in addition, Shah

et al. [60] proposed the tandem silicon thin film solar cell consisting of amorphous and

microcrystalline silicon to increase the conversion efficiency of the solar cell.

Despite the success in fabrication method development, the cost reduction of silicon

thin film solar cells has been themost important issue andmany efforts to reduce the cost of

silicon thin film solar cells have been made. However, the cost of the tandem silicon solar

cell is still high compared with that of crystalline silicon solar cells. Therefore, amorphous

silicon solar cells have considered once again [27, 42] because their manufacturing cost is

much lower than that of the tandem silicon thin film solar cell. In addition, the structure

of amorphous silicon solar cells is simple. On the other hand, there is a serious problem

called "light induced degradation" [64], where the initial conversion efficiency of silicon

thin film solar cells decreases after light soaking [40, 41, 48]. It is considered to be closely

related to Si-H2 bonds as well as higher-order silane radicals which play an important role

in this light induced degradation [64]. Thus, the control of the light induced degradation

has been an important subject in the development of amorphous/microcrystalline silicon

solar cells. Matsuda et al. [40] tried to suppress this degradation and recently a hydrogen-

dilution method, which is one of their suggestions, has been widely used to improve the
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light-induced degradation. They also [41, 48] reported that, when H2 gas was introduced

into SiH4 plasmas, the electron temperature increased and, as a result, additional reactions

occurred and the ion bombardment energy increased. Thus, the electron temperature is

an important parameter in the fabrication of amorphous silicon. Moreover, it is impor-

tant in the development of silicon thin film solar cells to examine the characteristics of

SiH4 plasmas. Generally, the parameters of low-temperature plasmas are measured by the

Langmuir probe method. However, the Langmuir probe method does not provide correct

values in reactive plasmas such as SiH4 plasmas because the probe is rapidly contami-

nated. In addition to the contamination, many chemical reactions occur in SiH4 plasma

and as a result, many positive ions (SiH3
+, SiH2

+, SiH+, H+, and so on) and negative ions

(SiH3
– , SiH2

– and H– ) are generated that make the sheath complicated. So, it is diffi-

cult to estimate the parameters of the SiH4 plasmas using a Langmuir probe. Therefore,

the simulationwill be a powerful tool for understanding the characteristics of SiH4 plasmas.

To reduce the light-induced degradation, Matsuda et al. [40] also proposed the so-

called triode plasma source, where the plasma generation region was separated from the

film deposition region using a third negatively biased electrode (meshed electrode), and

their group [61, 63] fabricated stable amorphous silicon films with a low Si-H2 bond

density using a 60 MHz VHF plasma. Takai et al. [66] reported that the contribution

of higher order silanes to the film growth depends on the electron temperature, hydrogen

dilution rate, gas flow rate, and gas temperature. Especially, it is interesting from the
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point of view of plasma physics that low electron temperatures is required for reducing

the higher order silanes contributions to the film growth. Recently, Matsui et al. [42]

have fabricated amorphous silicon using a triode VHF-PECVD (frequency, 60 MHz),

applied to the tandem solar cell, and achieved a stabilized conversion efficiency of 11.9%.

However, the deposition rate was very low because of the use of the meshed electrode. In

addition to a high-speed deposition, a large -area plasma ( > 1 m2) has been required to

reduce the cost of silicon thin film solar cells, so the meshed electrode will not be useful

for actual PECVD. Thus, the development of a new triode plasma source that enables a

high-speed deposition is required by solar cell industries.

There have been many reports on simulations of SiH4 plasmas [31, 62]. As is well

known, there are three kinds of simulation models to examine the behaviors of a low

temperature plasma for applications, that is, fluid model, hybrid model, and particle-in-

cell (PIC) model. The properties of SiH4 plasmas have been extensively investigated using

the fluid model by many researches. Kushner [31] proposed a perfect simulation model

of SiH4 plasmas using a one-dimensional hybrid code. The model dealt with the plasma

chemistry of SiH4 gas discharges. Used electron impact cross sections are presented in

Appendix-1. As is well known, the main deposition precursor in SiH4 plasmas is SiH3 and

the contribution of SiH2 is much smaller than that of SiH3, and SiH2 affects the quality

of the deposited films [31] and is called the precursor to form higher-order silanes. Main

SiH3 production processes in the SiH4 plasmas are the electron collisional dissociation of
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SiH4 and hydrogen abstraction reaction [31], while most SiH3 is lost by diffusion outside

the discharge electrodes. In the case where high-quality amorphous silicon is prepared, the

SiH3 density is much higher than the SiH2 and SiH densities [31, 48], such that the density

ratio SiH3/SiH2 has been discussed as a measure of film quality. The neutral-neutral and

polymerization reactions leading to the formation of higher-order radicals and molecules

in SiH4 plasmas were listed by Kushner [31], indicating that the following reaction plays

an important role in the growth of amorphous silicon because SiH3 radicals are removed

by this reaction:

SiH3 + SiH3 −−−→ SiH2 + SiH4 (1.2)

It has been found that there are three rate constants for the above reaction reported in

the literature [31, 49, 57]. When studies of dust particles became popular, the rate con-

stant proposed by Perrin et al. [57] was used in the simulations [12, 43]; Perrin et al.’s

rate constant kP (= 1.5 × 10−16 m3 s−1) is two orders of magnitude higher than Kushner’s

rate constant kK (= 7 × 10−18 m3 s−1). NIST-PML [32] provides the middle value kN (=

3 × 10−17 m3 s−1).

As is well known, higher-order silanes are produced by successive insertion reac-

tions of SiH2 starting from SiH2 + SiH4 −−−→ Si2H6, SiH2 + Si2H6 −−−→ Si3H8,...... to

SiH2 + Sin−1H2n −−−→ SinH2n+2, leading to dust formation. In my thesis, silicon hydride

molecules, Si4H10 and Si5H12, and radicals, Si4H9 and Si5H11, were taken into account,

where the NIST-PML’s rate constant was used. To contribute to the development of the
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triode plasma source that provides high deposition rates, a two-dimensional simulation of

a triode VHF SiH4 plasma was performed using the plasma hybrid code of the PEGASUS

software [7, 8, 51, 53, 56]. To the best knowledge of the author, there is no report of the

simulation of a triode VHF SiH4 plasma using the rate constant of NIST-PML for reaction

(1.2).

Plasma etching that is an indispensable technology for semiconductor fabrication is

also one of applications of a VHF-CCP. Recently, industries have required high speed

etching rates and controls of an electron energy distribution function (EEDF) and ion

energy distribution function (IEDF). Thus, VHF plasma sources at excitation frequencies

of 100-150 MHz have become popular in etching [13, 76]. As described, when the power

source frequency is increased, the electron density increases, leading to a high etching rate.

However, as is well known, electromagnetic effects such as standing wave and skin effects

[33] arise at high frequencies, and as a result, the electron density distribution along the

discharge electrodes becomes nonuniform [20]. In fact, Sawada et al. [59] observed that

the electron density in the VHF Ar plasma at a frequency of 60 MHz had a center-peaked

profile. Thus, the study of a spatial distribution of VHF Ar CCPs is an important subject

in etching. In order to develop a new VHF CCP source for etching, the characteristics of

VHF-Ar CCPs were studying using the PIC code of PEGASUS Software because the PIC

simulation is useful at low pressures.
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1.2 Outline of the thesis

The thesis is divided into five chapters as briefly summarized in the following: Chapter

1 is the introduction. Chapter 2 includes the explanations of very high frequency plasma,

balanced power feeding method, two-dimensional plasma hybrid model, and Particle-in-

cell (PIC) model. Chapter 3 describes two dimensional simulations of a triode VHF

SiH4 plasma (60 MHz) with the multi-hollow geometry and multi-rod electrodes using

PEGASUS-PHM. Higher-order silanes such as Si5H12 radicals are taken into account in

the simulations. It was found that the multi-rod electrodes VHF discharge plasma can

provide a high-quality silicon. Chapter 4 describes the characteristics of the VHF Ar

plasma (100 MHz) using the PIC-MCCM of PEGASUS under the assumption that the

plasma is produced by electrostatic fields. It was found that the plasma peaked near the

edge of the discharge electrode and at the center. Finally, Chapter 5 includes conclusions

and suggestions for future work.
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Chapter 2

VHF-SiH4 capacitively coupled plasma

2.1 VHF plasma

When electron and molecules collide, the chemical bond can be broken generating

radicals and ions necessary for the deposition and etching processes. To increase the

precursor reactivity in the reaction chamber, several parameters have to be considered.

One of them is the ability to achieve high ionization rates which means to achieve a

high electron density. Using a Very High Frequency (VHF) it is possible to achieve a

high electron density and low electron temperature. The frequency of discharge should

be smaller than the electron plasma frequency fpe and much higher than the ion plasma

frequency fpi. In this way the electrons are trapped by the VHF potential of a frequency

fVHF between two parallel discharge electrodes while other particles are not effected as

strongly inside the plasma and can move relatively freely.
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fpi � fVHF < fpe (2.1)

For effective trapping the electron displacement δx should be shorter than the spacing

gap d between discharge electrodes for ω � νm [58],

δx =
qE0

meωνm
�

d
2

(2.2)

where ω is the angular frequency of the VHF power source and νm is the electron-

neutral collision frequency. q, me and E0 are electron charge, electron mass and the

amplitude of the VHF electric field, respectively.

The discharge frequency fV HF cannot be changed beyond the validity of Eq. 2.1.

That leaves the parameters E0 and νm as the main variables to adjust the VHF plasma

characteristics. Hence, to achieve higher electron trapping effect and high electron density

the Eq. 2.2 declares to increase the pressure or the amplitude of the VHF electric field.

To estimate the power P absorbed by the electrons the mean power density equation was

used written in the following form

P =
nq2E2

0
2me

νm

ν2
m + ω2

(2.3)

When νm � ω, P decreases in proportion to ν−1
m , that is, the electron density decreases

in inverse proportion to the pressure. Equations (2.2) and (2.3) suggest that the electron
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density is considered to be maximum at a certain pressure although the electron density

is determined by solving the particle and power balance equations. Recently, the above

tendency has been found in simulations [52] as well as experiments [74]. Equation (2.2)

indicates that E0 is an important parameter for a VHF plasma. When the VHF power

increases, the amplitude of an electron oscillation in the VHF electric field E0 increases;

as a result, the condition for electron trapping, δx � d
2 , is not valid and the electrons reach

the electrode before inverting of the electric field and are not trapped by the electrode.

Therefore, to increase νm, by increasing pressure is required for the VHF discharge at high

powers.

2.2 Balanced power feeding model

The usual way to apply the VHF power to the power electrode is via a coaxial cable,

however, even with this kind of precautions it is problematic to avoid the VHF to leak in

the vacuum chamber. To prevent the additional discharges and produce the plasma only

between the electrodes, Nishimiya and his colleagues developed balance power feeding

(BPF) method. In Appendix 2 is shown the schematic of the VHF power feeding method

by (a) conventional method and by (b) new BPF method as presented in Nishimiya’s work

[47]. The point of the BPF is to use of a power divider which provides two output signals

with 180 degrees phase shift from a single VHF power source. That BPF method itself

is an experimental method with many factors to consider. For simplicity, an ideal case

has been in general two separate power sources can be considered. In this simulation
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environment, two VHF power sources were applied to realized the BPF method in an ideal

application. An example is demonstrated by Eq. (2.11). Ogiwara et al. [51] applied

the BPF method in the simulation of hydrogen plasma with high electron density and

low electron temperature between the electrodes. The results of the Ogiwara’s simulation

showed that the BPF method can be effectively used to produce VHF plasma in the

simulated environment. Here, Ogiwara’s modeling was adopted.

2.3 Two-dimensional plasma hybrid model

Behaviors of low temperature plasma are generally described by the Boltzmann equa-

tion. When a device size is much larger than the mean free path of electrons and ions,

groups of electrons and ions are regarded as a continuous medium, that is, the fluid equa-

tions derived from the Boltzmann equation are available for describing plasma behaviors

[58, Chapter 5]. The fluid equations are described in Appendix 3. The Plasma Hybrid

Module (PHM) of PEGASUS Software Inc. was used in this thesis. The PHM performs

the simulations combining the Poisson’s equation module (PEM), the electron Monte

Carlo simulation module (EMCSM) and the drift-diffusion equation module (DDEM).

The PEM calculates electric field with Poisson’s equation by the semi-implicit method:

∇ · ε∇φ (t + ∆t) = ρ(t) + ∆t
∂ρ(t)

∂t
+ ρ(s)(t + ∆t) (2.4)
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Here, ε is the permittivity, φ is the electrostatic potential, and ρ is the electric charge

density, respectively. ρs is the mean surface charge on the surface of dielectric and is

taken into account in the cell next to dielectric. The electric field is obtained from the

following equation:

E = −∇φ (2.5)

Electron energy distribution functions (EEDFs) are obtained by the EMCSM. The time-

averaged EEDF f (x, y, ε) is determined by a Monte Carlo simulation for temporal length

of 1000 rf cycles with the electron density, which is calculated by the fluid model, and

with the velocity and the position of the electrons, which are derived from the equation

of electron motion. Here, x, y and ε are the horizontal position, vertical position and the

electron energy, respectively. The electron temperature Te is obtained from

Te(r, z) =
2
3

∫ ∞

0
ε (x, y) f (x, y, ε) dε (2.6)

The DDEM calculates the density and the velocity of ions by solving the equations of

continuity in which the drift diffusion model is applied to the particle fluxes. The equation

of continuity of ion species m is given by

∂nm

∂t
= −∇ · Γm + Sm (2.7)
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Here, nm, Γm and Sm are the density, the flux and the source rate of the species m,

respectively. Sm consists of coefficients of source and loss of the particles. The flux Γm is

described as

Γm = ±µmnmE − Dm∇nm (2.8)

where µm and Dm are the mobility and the diffusion coefficient of the species m. The

temperatures of the ion species are fixed to the room temperature, so that the energy

balance equations are not calculated here.

For neutral particles, the convection-diffusion equation and Navier-Stokes equation,

which are described in the following, are derived,

∂ρa

∂t
+ ∇ · ρav = −∇ · ja + Sa (2.9)

∂ρv
∂t
+ ∇ · ρvv = −∇p + ∇ ·Π + Smom (2.10)

Here, ρa ja, and Sa Sa are mass density, diffusion flux, and source term of species a,

respectively, and v, ρ,Π p are velocity, mass density, viscous stress tensor and pressure of

mixed gas, respectively. The value of Smom is momentum transport through collision with

the charged particles. In this model, the temperatures of ions and neutrals are fixed to a

room temperature.
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Input voltages Vt and Vb were applied to the top and the bottom electrodes:

Vt = Vr f cos(2π f t) + Vdc,t,Vb = Vr f cos(2π f t + π) + Vdc,b (2.11)

where f and Vr f are the frequency and the amplitude of the VHF voltages, respectively.

DC biases of each the electrodeVdc,t andVdc,b vary self-consistently in the assumption that

a blocking capacitor is connected to the electrodes. When the BPF is used, the self-bias

voltage is 0 V, which has been confirmed by measuring it with an oscilloscope [51]. The

input power applied to the electrodes Pelec is obtained by

Pelec = Pt + Pb =
1

Tr f

∫ Tr f

0
(Vt It(t) + VbIb(t)) dt (2.12)

Here, Vr f is the time of a VHF cycle, and It and Ib are currents flow to the top and

the bottom electrodes, respectively.

As reported by many researchers [31], key radicals in the SiH4 plasma are SiH3,

SiH2, SiH, Si and H, and they are mainly generated by the following electron impact

dissociations:

SiH4 + e− −−−→ SiH3 + H

SiH4 + e− −−−→ SiH2 + H2

SiH4 + e− −−−→ SiH + H2 + H

SiH4 + e− −−−→ Si + 2 H2

(2.13)
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SiH3 radicals are also produced by the so-called hydrogen abstraction SiH4 +H −−−→

SiH3 + H2. Sticking coefficients S of SiH3, SiH2, and SiH radicals on the substrate and

electrodes are important in silicon films growth. S is defined as S = 1 − R where R is the

reflection coefficient. In this simulation, it is assumed the sticking coefficients to be 0.1

for SiH3, 0.8 for SiH2, 0.8 for SiH, and 0.9 for Si [31]. In addition, those of higher-order

silanes were assumed to be 1.0. The procedure of the simulation process using the PHM

is illustrated in Fig. (2.1). In the simulations, more than 3,600,000 VHF periods cycles

(1000 iterations with over 10,000 cycles each) are needed to achieve the convergence of

the steady-state solution.

Figure 2.1: Brief explanation of simulation procedure, where Γe and Γi are the flux of
electrons and ions, and ne and ni are the electron and ion densities.
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2.4 Two-dimensional PIC model

The particle-in-cell (PIC) method is based on a kinetic description of charged particle

motions in phase space. Charged particles move in the self-consistent electric field that is

obtained by solving the Poisson equation. The Monte Carlo method is used to calculate

collisions including excitation and ionization. The PIC method has been described in

detail by Birdsall [4], Turner [36], and Verboncoeur [37]. In the PIC method, electrons

and ions are modeled as a large number of representative particles that are referred to as

simulated particles (superparticles). A motion of the individual superparticle is subject

to the Newton’s law in the electric field. Various kinds of collisions are also taken

into account using Monte Carlo collision module (MCCM). Macroscopic quantities of the

electron and ion densities, mean energy, particle flux are obtained by statistical calculations

using velocities and positions of all the superparticles. Here, PIC/MCCM of PEGASUS

Software Inc. was used.
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Chapter 3

Simulation results of SiH4 plasma

3.1 Multi-hollow geometry plasma

3.1.1 Introduction

Recent research shows that a multi-hollow plasma source can provide a high electron

density, leading to high deposition rates [24, 44, 45, 46]. Niikura et al. [44, 45, 46] in-

vestigated the multi-hollow cathode plasma source for microcrystalline silicon films with

high rate growth at high pressures ranging from 400 to 1,300 Pa. In their work they have

achieved flat-distributed stable high density-plasma spots on the cathode surface with the

growth rate of 9.3 nm s−1 [44]. By achieving this they have prepared the foundation for

large-area high-rate growth of µc-Si:H films by VHF-PECVD. In the following work the

Niikura et al.[46] focused on limiting defect density. They have obtained a high deposition

rate of 8 nm s−1 with the defect density of 5 × 1015 cm−3 demonstrating the effectiveness

23



of the multi-hollow cathode plasma source [45, 46]. Koga et al. [29] adopted the multi-

hollow VHF plasma for fabrication of amorphous silicon, where a substrate was placed

outside the discharge electrodes, that is, triode configuration, and obtained high quality

films by introducing a cluster-eliminating filter [17]. In this case, however, the filter re-

duced the deposition rate. Thus, it is an important subject to look for optimum conditions

for high quality amorphous silicon with high deposition rates. Therefore, in this work two

dimensional simulations of a triode VHF SiH4/H2 plasma with a multi-hollow geometry

was performed.

There have been many reports on simulations of SiH4 plasmas relating to fabrication

of amorphous silicon [3, 12, 24, 31, 43]. As is well known, the main deposition precursor

in SiH4 plasmas is SiH3 and the contribution of SiH2 is much smaller than that of SiH3,

and SiH2 that is chemically reactive affects the quality of deposited films, that is, SiH2 is

considered to be precursors to form higher-order silanes. Main SiH3 production processes

in the SiH4 plasmas are considered to be due to both the electron collisional dissociation

of SiH4 and hydrogen abstraction reaction. On the other hand, SiH3 radicals that are not

reactive are mostly lost by diffusion. Based on this fact, a triode SiH4 plasma source

with a multi-hollow geometry was proposed for fabrication of silicon films [29]. In fact,

Hashimoto et al. [17] prepared amorphous silicon films at low pressure. To study the

triode SiH4 plasma source with a multi-hollow geometry, two-dimensional simulations of

the multi-hollow SiH4 plasma characteristics were carried out using the NIST-PML’s rate
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constant for removable of SiH3. In this simulation, spatial profiles of various radicals as

well as the plasma parameters were examined. To the best knowledge of the author, there

is no report of the simulation of VHF SiH4 plasmas using the rate constant of NIST-PML

for the reaction (1.2). Comparison with the results for Perrin et al.’s rate constant was

attempted.

3.1.2 Description of simulation model

To examine the VHF SiH4/H2 plasma in the multi-hollow geometry, the plasma

hybrid module (PHM) of the PEGASUS Software [56] was used for the simulation. The

detailed description of the PHM has been described in Chapter 2. A steady state of gas

flow is calculated as the initial condition before the simulation of plasma. In the current

model, the temperatures of ions and neutrals are fixed to a room temperature. For saving

computation time, it is assumed that electrons have a Maxwellian velocity distribution, so

the PHM is equivalent to a two-dimensional fluid model. Chemical reactions and their

rate constants in the SiH4/H2 plasma are listed by Kushner [31]. The plasma chemistries

are based on Kushner’s article except for the following reaction (1.2).

Fig. (3.1) shows an illustration of the triode multi-hollow plasma source used in

the simulation. Fig. (3.2) is then a schematic of used triode VHF plasma source with

multi-hollow electrodes, where a substrate is positioned at a distance of 41 mm apart from

the anode electrode. As shown in Fig. (3.2)(a), the periodic boundary for adjoining hollow

electrodes is assumed. Simulation region is illustrated by two-dot chain lines.
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As is well known, additional discharges can occur in the case of VHF discharges.

To avoid such additional discharges, the balanced power feeding (BPF) method has been

adapted to apply VHF powers to the discharge electrodes, anode and rod electrodes. The

BPF was modeled according to [52]. Two VHF voltages, which have the same amplitude

and the opposite phase (θ = 180°) of each other, V1 andV2 are applied to the rod electrodes

and anode electrodes, respectively:

V1 = Vr f cos(2ωt) + V1dc

V2 = Vr f cos(2ωt + θ) + V2dc

(3.1)

where Vr f is the amplitude of RF component of the applied voltages. Each voltage signal

includes unfixed DC component V1dc and V2dc. When the BPF is used, the self-bias

voltage is 0 V, which has been confirmed by measuring by an oscilloscope elsewhere

[35]. Experimentally, to discharge electrodes power is applied using a power generator.

Here, the power of 400 W is fed to the electrodes. As shown in Fig. (3.2), SiH4/H2 gas

is introduced from a gas feeding tube behind the anode electrode with the flow rates of

200/200 sccm, respectively with the resulting pressure of 20 Pa. Sticking coefficients of

SiH3, SiH2, and SiH radicals on the substrate and electrodes are important in silicon films

growth. In the simulation, the sticking coefficients are assumed to be 0.1 for SiH3, 0.8

for SiH2, 0.8 for SiH, and 0.9 for Si [31]. In addition, those of higher-order silanes were

assumed to be 1.0.
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Figure 3.1: Illustration of triode multi-hollow plasma source.
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Figure 3.2: Schematic of (a) the triode multi-hollow plasma source and (b) detailed
discharge electrodes, where the simulation domain is indicated by two-dot chain lines and
the unit of the length is mm.

3.1.3 Results and discussion

At first, two-dimensional profiles of the plasma parameters such as the electron

density ne, SiH3
+ and SiH2

+ densities and electron temperature Te were calculated. The

simulation results are shown in figures (3.3-3.6). Fig. (3.3) shows that the maximum

electron density is around 8.9 × 1015 m−3, while ne near the substrate is approximately

9 × 1013 m−3. That is, ne is very low near the substrate. As is well known, a CCP has a

peak profile in electron density between two discharge electrodes. Fig. (3.3) also shows
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that a spatial profile of ne is different from that of a capacitively coupled plasma (CCP),

which is considered owing to the configuration. As seen in Fig. (3.3)(b), the plasma of the

electron density of 2 × 1015 m−3 is produced outside the rod electrodes, which is caused

by the BPF method because the discharge electrodes have half a VHF voltage with the

BPF method.
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Figure 3.3: Electron density profile: (a) 2D map and (b) the density distribution at x = 0
and x = 6 mm, where the flow rate of SiH4/H2 gas and pressure are 200/200 sccm and 20
Pa, respectively. Blue area in (b) denotes the electrode positions at x = 6 mm.

Dominant ions in SiH4 plasmas have been considered to be SiH3
+. On the other hand,

the rate constant of electron impact ionization of SiH2
+ is comparable to that of SiH3

+

[31]. The dominant ions were confirmed to be SiH3
+. Fig. (3.4) shows that the maximum

SiH3
+ density 1.2 × 1016 m−3 and the spatial profile of the SiH3

+ density is similar to that
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of ne, while the maximum SiH2
+ density ∼ 1.6 × 1015 m−3 that is one order of magnitude

lower than the SiH3
+ density.

Figure 3.4: 2D maps of positive ion densities: (a) SiH3
+ and (b) SiH2

+ densities, where
the flow rate of SiH4/H2 gas and pressure are 200/200 sccm and 20 Pa, respectively.

The electron temperature Te is one of important parameters in the fabrication of

amorphous silicon because Te is proportional to the ion bombardment energy. Takai et

al. [66] experimentally studied the effect of Te on higher order silane formation in a VHF

SiH4/H2 plasma (80MHz) and found that H2 gas dilution reduced Te. Fig. (3.5) shows that

Te ∼9 eV near the discharge electrodes and Te ∼2.5 eV near the center between the rod and
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anode electrodes. The spatial profile of Te is similar to the characteristic of the CCP H2

plasma [7] where Te is high near the discharge electrodes. Note that Te is approximately

0.1 eV near the substrate. As already described in Chapter 1.1, the triode-PECVD provides

high quality films, which is due to low Te near the substrate.
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Figure 3.5: Electron temperature profile: (a) 2D map and (b) the electron temperature
distribution at x = 0 and x = 6 mm, where the flow rate of SiH4/H2 gas and pressure are
200/200 sccm and 20 Pa, respectively. Blue area in (b) denotes the electrode positions at
x = 6 mm.

As seen from Fig. (3.3) and (3.4), the SiH3
+ density is a little higher than ne, sug-

gesting existence of negative ions. In fact, as shown in Fig. (3.6), the SiH3
– density is

comparable to ne. The cross section of negative ion generation is not high compared with

that of electron impact ionization, but negative ions are confined by the potential between

two discharge electrodes, leading to an increase in the negative ion density. Note that
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the spatial profile of the SiH3
– density is similar to that of ne, which is not understood

physically. Looking at Fig. (3.3) to (3.6) carefully, it turns out that other positive and

negative ions should exist to keep the charge neutrality.

Figure 3.6: 2D map of the SiH3
– density, where the flow rate of SiH4/H2 gas and pressure

are 200/200 sccm and 20 Pa, respectively.

SiH3 radicals in SiH4 or SiH4/H2 plasmas are main contribution to amorphous silicon

film. The simulation results for SiH3, SiH2 and SiH radical densities are shown in Fig.

(3.7)(a), demonstrating that the maximum density of SiH3 is around 1.5 × 1019 m−3.The

Fig. (3.8) shows the densities distributions of radicals SiH3, SiH2 and H. Note that the

SiH3 density near the substrate is 3 × 1018 m−3, that is, the SiH3 density near the substrate

does not decrease rapidly, as shown later. This fact suggests that a high deposition rate can

be expected. It was reported [31, 39] that when high quality amorphous silicon that pro-
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vides a high conversion efficiency is fabricated, the density ratios SiH3/SiH2 and SiH3/SiH

are very high. Fig. (3.8) indicates that although the density ratio SiH3/SiH2 near the center

is around 10, this ratio near the substrate is ∼ 100. Kushner [31] reported the density ratio

SiH3/SiH2 ∼ 100 at the center of CCP. This difference near the center is attributed to the

use of the different rate constant for Eq. (1.2) [31]. Thus, it can be concluded from the

results of this simulation that the triode-PECVD using the VHF multi-hollow geometry

will be suitable for the fabrication of high quality amorphous silicon with a fast deposition.

Fig. (3.8) also shows that the spatial profile of the SiH, SiH3 and SiH2 densities between

the anode and rod electrodes is similar to that of ne . To explain this result, more detail

simulations are necessary.
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(a) 2D maps of SiH3 (b) 2D maps of SiH (c) 2D maps of SiH2

Figure 3.7: 2D maps of radical densities of (a) SiH3, (b) SiH and (c) SiH2, where the flow
rate of SiH4/H2 gas and pressure are 200/200 sccm and 20 Pa, respectively.
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Figure 3.8: Radical densities distribution: (a) SiH3 density distribution at x = 0 and 6
mm and (b) SiH3, SiH2, and H density distributions at x = 0 mm. Here, the flow rate
of SiH4/H2 gas and pressure are 200/200 sccm and 20 Pa, respectively. Blue area in (a)
denotes the electrode positions at x = 6 mm.

As is well known, the multi-hollow discharge can realize a high-electron density

plasma by hollow effect [24, 54]. However, as shown in Fig. (3.3), ne ∼ 1016 m−3 that

is a typical density of CCP. To confirm the hollow effect the anode size was changed
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from 3 mm to 9 mm in diameter, but the plasma characteristics were almost the same.

To get a higher-electron density plasma, it is necessary to examine the detailed pressure

dependence of the plasma parameters [24, 54]. In fact, the hollow effect was observed at

relatively high pressures above 266 Pa [24].

Higher order silanes are generated by successive insertion reactions [39, 41, 66] of

SiH2 starting from SiH2 + SiH4 −−−→ Si2H6, SiH2 + Si2H6 −−−→ Si3H8,...... to SiH2 +

Sin−1H2n −−−→ SinH2n+2. In the simulation the two-dimensional spatial profiles of Si2H6

and Si3H8 radicals were calculated. Fig. (3.9) shows that the densities of Si2H6 and Si3H8

are uniform between two electrodes and are of order of 1020 m−3. As seen from Fig.

(3.9), both radicals do not decrease rapidly like SiH3. It is reported that Si2H6 and Si3H8

radicals do not contribute to the film quality [39, 41]. However, as seen in Fig. (3.11),

the Si5H12 and Si4H10 densities near the substrate is comparable to the SiH3 density. Fig.

(3.12) shows spatial profiles of Si4H10 and Si5H12 densities at x = 0 and 6 mm, where the

flow rate of SiH4 / H2 gas and pressure are 200/200 sccm and 20 Pa, respectively. Figures

(3.11) and (3.12) strongly suggest dust formation [11, 12].
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(a) 2D map of Si2H5 (b) 2D map of Si2H6 (c) 2D map of Si3H8

Figure 3.9: Higher order silane densities: 2D map of (a) Si2H6, (b) Si2H5 and (c) Si3H8
densities, where the flow rate of SiH4/H2 gas and pressure are 200/200 sccm and 20 Pa,
respectively.
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Figure 3.10: Higher order silane densities: spatial profiles of Si2H6, Si2H5 and Si3H8
densities at(a) x = 0 and (b) 6 mm, where the flow rate of SiH4/H2 gas and pressure are
200/200 sccm and 20 Pa, respectively. Blue area in (b) denotes the electrode positions at
x = 6 mm.
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(a) (b)

Figure 3.11: Higher order silane densities: (a) spatial profiles of Si4H10 and Si5H12
densities at x = 0. (b) spatial profiles of Si4H10 and Si5H12 densities at x = 6 mm, where
the flow rate of SiH4/H2 gas and pressure are 200/200 sccm and 20 Pa, respectively.

39



0

5.0x10
18

1.0x10
19

1.5x10
19

2.0x10
19

2.5x10
19

3.0x10
19

3.5x10
19

4.0x10
19

 0  20  40  60  80  100

D
en

si
ty

 (
m

−
3
)

y (mm)

Si4H10

Si5H12

(a)

0

5.0x10
18

1.0x10
19

1.5x10
19

2.0x10
19

2.5x10
19

3.0x10
19

3.5x10
19

4.0x10
19

 0  20  40  60  80  100

A
n

o
d

es area

R
o

d
 electro

d
es area

D
en

si
ty

 (
m

−
3
)

y (mm)

Si4H10

Si5H12

(b)

Figure 3.12: Higher order silane densities: (a) spatial profiles of Si4H10 and Si5H12
densities at x = 0. (b) spatial profiles of Si4H10 and Si5H12 densities at x = 6 mm, where
the flow rate of SiH4/H2 gas and pressure are 200/200 sccm and 20 Pa, respectively. Blue
area in (b) denotes the electrode positions at x = 6 mm.

Hydrogen atoms also play an important role in amorphous silicon film growth because

SiH3 radicals are produced by the hydrogen abstraction as well as the electron impact

dissociation. The simulated results of the hydrogen atom density (H density) are shown
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in Fig. (3.13). As seen in Fig. (3.13)(a), the H density is uniform between two discharge

electrodes, amounting to ∼ 1.6 × 1019 m−3 that is comparable to the SiH3 density. Note

that the H density ∼ 2.2 × 1018 m−3 at the substrate. To look at a detailed spatial profile

of the H density near the electrodes, the profile is plotted at x = 6 mm in Fig. (3.13)(b),

representing that the H density decreases near the discharge electrodes and 0 at the surface

of the electrodes. This is due to the sticking coefficient of 1.0 for H atoms on the electrodes.
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Figure 3.13: The H atom density: (a) 2D map and (b) spatial profile at x = 6 mm, where
the flow rate of SiH4/H2 gas and pressure are 200/200 sccm and 20 Pa, respectively. Blue
area in (b) denotes the electrode positions at x = 6 mm.

Kushner [31] explains that the electron impact dissociation dominates SiH3 radical

production near the discharge electrode and the hydrogen abstraction is more dominant

near the center of the reactor. Rehman et al. [3] reported that the hydrogen abstraction
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is dominant in SiH3 radical generation at torr-region pressures. From the simulation it

is difficult to judge which effect is dominant in SiH3 radical generation between two dis-

charge electrodes. In addition, Te near the substrate is too low to generate SiH3 radicals

by the electron impact dissociation. It is concluded from above discussions that radicals

such as SiH3, SiH2 and SiH are produced between the discharge electrodes and diffuse to

the substrate.

The plasma characteristics was also simulated using the Perrin et al.’s rate constant.

The results near the center and substrate are shown in Table (3.1). The densities of various

species are mostly same, while the SiH3 density is low compared with the NIST-PLM’s

case. That is, the rate constant of the reaction (1.2) affects the SiH3 radical generation.

Note that the electron density is nearly equal to the SiH3
+ density, meaning that negative

ions are negligible small. In fact, the SiH3
– density was lower than 1 × 1015 m−3 between

two discharge electrodes. Whenmany negative ions exist, Te tends to increase. Simulation

results indicate that Te was as low as 1 eV. In addition, as seen fromTable (3.1), the density

ratio SiH3/SiH2 ∼50 while it is around 10 for NIST’s rate constant. Bleecker et al. [12]

reported the one-dimensional simulation of a SiH4 CPP and found that many dusts were

generated, where the density ratio SiH3/SiH2 ∼100. These results suggest that the density

ratio SiH3/SiH2 is one of measures to describe film quality, but it is not sufficient.

To validate the simulation results, the comparison with the experiments is important.
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Ameasurement of the parameters of a VHF SiH4/H2 plasma produced with the multi-rods

electrode was conducted [68, 73], where a heated Langmuir probe was used to prevent

contaminations. It was found that the plasma parameters depended on the dilution rate

of H2, pressure and power, where the SiH3
+ ion density was estimated from the ion sat-

uration current of the Langmuir I-V curves. Typically, the SiH3
+ density ∼ 1015 m−3 and

Te ∼2.5 eV [28], which are qualitatively in agreement with the simulation results. In the

simulation many negative ions in the plasma were also observed [73]. SiH4-CCP based

depositions are also important for semiconductor fabrication (e.g., SiO2, Si3N4) [28, 32].

In this Chapter an electron velocity distribution function was not calculated, and for the

simplicity it was assumed that electrons have a Maxwellian velocity distribution function.

As is well known, stochastic heating [34] occurs in CCP at low pressures and, as a result,

electrons have a bi-Maxwellian velocity distribution function, which might change plasma

processing. Simulations considering the electron velocity distribution function is a future

study.

To simulate the characteristics of a triode SiH4/H2 plasma using a multi-hollow

type source the two-dimensional PHM of PEGASUS was used. Here, it is assumed

that the spatial distribution of radicals is completely uniform in the direction (z-axis)

perpendicular to the page. In an actual system, the plasma is not uniform along the z-

axis. Three-dimensional simulations [10, 24] are necessary for designing the multi-hollow

plasma source. On the other hand, as is well known, there are many chemical reactions
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in SiH4/H2 plasmas. So, it is necessary to include many reactions into the simulation.

The purpose is to design a VHF plasma source that can provide high quality amorphous

silicon with a high speed deposition. This will be realized by a triode plasma produced

with the multi-hollow plasma source that is essentially necessary. Actual 3D simulation

was not possible with the present PEGASUS software. Nonetheless, the two-dimensional

simulations still help for the understanding of the characteristics of VHF SiH4/H2 plasmas

because there is less information about the spatial distributions of Si related radicals.

Here, the focus was on the characteristics of the triode SiH4/H2 plasma. In fact, the solar

cell industries [26] have divided the discharge electrodes to avoid the two-dimensional

standing wave and other electromagnetic effects.

As already mentioned, a typical VHF plasma of a high electron density with a

low electron temperature between two discharge electrodes was obtained. However, the

multi-hollow effect [31] was not found, so the pressure was increased. The density ratio

SiH3/SiH2 that was commonly used as a judgement of film quality was around 10 at the

center, while it was 70 near the substrate. Here, the SiH3 density was 1.5 × 1019 m−3 at the

center and 3.2 × 1018 m−3 near the substrate. These results may indicate the fabrication of

high quality amorphous silicon. However, as seen in Fig. (3.11a) and (3.12), the Si5H12

density near the substrate is comparable to the SiH3 density, suggesting dust formation.
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3.1.4 Conclusions

A triode VHF SiH4/H2 plasma with the multi-hollow geometry was simulated using

PEGASUS PHM. The following results were found:

(1) A typical VHF plasma of high ne and low Te is produced between two discharge

electrodes, anode and rods electrodes, while ne near the substrate is much lower than that

between the discharge electrodes.

(2) The rate constant of SiH3 +SiH3 −−−→ SiH2 +SiH4 affects generation of SiH3 radicals.

(3) Preferable characteristics of a high SiH3 density and a low electron temperature near

the substrate are found. Many negative ions exist.

(4) The ratio of SiH3/SiH2 and SiH3/SiH near the substrate is very high.

(5) The Si5H12 density near the substrate is comparable to the SiH3 density.

In summary, even though the found characteristics math a typical VHF plasma, the

multi-hollow effect [54] was not detected. It might appear at higher pressures. Further-

more, the SiH3 density is comparable to the Si5H12 density near the substrate, which

means that dust particles are formed, suggesting lower quality film at selected pressure. It

is concluded that the multi-hollow plasma source is not suitable for fabrication of amor-

phous silicon. In fact, Hashimoto et al. [17] introduced a dust filter to prepare high-quality

amorphous silicon films although the dust filter made the deposition rate lower.
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3.2 Multi-Rod electrodes plasma

3.2.1 Introduction

The development of a new triode plasma source that enables a high-speed deposition

is required by solar cell industries. To contribute to the development of the triode plasma

source, two-dimensional simulations of a triode VHF SiH4 plasma using multi-rod elec-

trodes [25] with the plasma hybrid code of the PEGASUS software [7, 8, 52, 53, 56] was

performed.

Kawai et al. [25] investigated ladder shaped electrode (multi-rod) for silicon films by

VHF-PECVD. They found out that the VHF discharge frequency of 60MHzwas relatively

uniform compared to those with 80 MHz and 100 MHz also investigated in their work.

In this simulation the frequency was selected at 60 MHz as well to follow the relatively

high stability of the plasma discharge. In fact, Takatsuka et al. [67] succeeded in the

fabrication of amorphous silicon films with an area of 1 m2 using the multi-rod electrodes.

In this chapter, plasma production with the pressure of 6.7, 13.3, 26.6, and 66.7 Pa were

simulated to study the pressure dependence of ne, Te and higher-order silane densities.

3.2.2 Description of simulation model

As described in Chapter 2, the current simulation has introduced the balanced power

feeding (BPF) method [9, 47] to produce a VHF plasma. A 3D projection of the triode
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system is depicted in Fig. (3.14).Fig. (3.15) then shows a schematic of triode VHF plasma

source used in this 2D simulation with multi-rod electrodes (staggered electrodes), where

a substrate (dielectric constant, 3.8; thickness, 2 mm) is positioned 25 mm away from the

lower rod electrodes to realize triode PECVD. The discharge gap distance d is 10 mm. As

shown in Fig. (3.15), the periodic boundary for adjoining rod electrodes using Cartesian

coordinates was assumed, (x-y). The simulation region is illustrated by two-dot chain

lines. The BPF was modeled according to Ogiwara et al. [52]. Two VHF voltages with

the same amplitude but opposite phases, , V1 and V2 are applied to the upper and lower

rod electrodes of 10 mm diameter, respectively:

V1 = Vr f cos(2ωt) + V1dc

V2 = Vr f cos(2ωt + θ) + V2dc

(3.2)

where f and Vr f are the frequency and amplitude of the VHF voltages, respectively. When

the voltages V1dc and V2dc are applied to the upper and lower rod electrodes, a SiH4

plasma is produced by VHF discharge. Generally, DC biases of each electrode, V1dc and

V2dc, vary self-consistently, with the assumption that blocking capacitors are connected

to the discharge electrodes. When the BPF method is used, the self-bias voltage is 0 V,

which has been confirmed using an oscilloscope [36]. The frequency is 60 MHz and the

pressure is 13.3 Pa. The applied voltages are V1 = V2 = 50 V.
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Figure 3.14: Illustration of the triode multi-rod plasma source.
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Figure 3.15: Schematic of a triode multi-rod plasma source. The two-dot chain lines
indicate the boundaries of the simulation domain.

3.2.3 Results and discussion

Firstly, two-dimensional maps of the plasma parameters including negative and pos-

itive ions were examined. As can be seen in Fig. (3.16)(a), the electron density ne is

around 1 × 1016 m−3 at the center while ne near the substrate is much lower than that

inside the discharge electrodes; ne is around 1 × 1013 m−3 at a location 3 mm away from
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the substrate (y = 15 mm), as expected. As is well known, there are many negative ions in

a SiH4 plasma, which will serve as precursors of dust [12]. In the simulation the densities

of SiH3
– and H– which are considered to be the main negative ions in SiH4 plasmas

were calculated. Fig. (3.16)(b) shows that the SiH3
– density is 5.6 × 1015 m−3, which

is lower than ne, but it is not negligibly small. On the other hand, the H– density is ∼

3.6 × 1012 m−3, which is negligibly small in this plasma.

(a) (b)

Figure 3.16: Density profiles of (a) electrons ne and (b) SiH3
– ions at a pressure of 13.3

Pa.

Dominant ions in a SiH4 plasmas have been considered to be SiH3
+. As Kushner

51



[31] reported, the electron impact ionization cross section of SiH2
+ is comparable to that

of SiH3
+ and there are many positive ions in addition to both positive ions in a SiH4

plasma. Fig. (3.17) shows that the SiH3
+ density is higher than the SiH2

+ density between

the discharge electrodes. The densities of higher-order ions such as Si2H5
+ and Si3H6

+

were also calculated and found that they were comparable to the SiH2
+ density. Thus,

the dominant ions were confirmed to be SiH3
+ in the SiH4 plasma. Note that the spatial

profiles of positive ions calculated here were similar.
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(a) (b)

Figure 3.17: Density profiles of (a) electrons SiH3
+ and (b) SiH2

+ ions at a pressure of
13.3 Pa.

As described in Chapter 1.1, the electron temperature Te is an important parameter in

the fabrication of amorphous silicon. The spatial profiles of Te and the plasma potential

Vs is plotted in Fig. (3.18). As seen in Fig. (3.18)(a), Te is uniform (∼2 eV) except

around the discharge electrodes (Te= 5.5 eV), which is a typical characteristic of the CCP

[7, 8, 52, 53]. Fig. (3.18)(b) exhibits that Vs is uniform between the discharge electrodes

and an ambipolar field is formed outside them. Note that Te =1.8 eV and Vs = 34.2 V at y

= 15 mm (near the substrate).
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(a) (b)

Figure 3.18: Spatial profiles of (a) the electron temperature Te and plasma potential Vs at
a pressure of 13.3 Pa.

As is well known, the deposition rate and quality of amorphous silicon are affected by

SiH3, SiH2, SiH, and H radicals. The 2D maps of these radicals are plotted in Fig. (3.19),

showing that the SiH3 density is 2.5 × 1019 m−3 near the center, which is much higher

than the SiH2 and SiH densities. Note that, although ne is very low near the substrate,

the SiH3 density near the substrate is relatively high, suggesting a high deposition rate.

Matsuda et al. [41] described that, when high-quality amorphous silicon was prepared,

the SiH3 density was three orders of magnitude higher than the SiH2 density, and Kushner
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[31] also reported similar results in the simulation. In this case, the maximum density

ratio SiH3/SiH2 is equal to 25, which is smaller than Kushner’s result, as discussed later.

Kushner [31] studied spatial density profiles of SiH3, SiH2, and SiH radicals in detail and

found that the SiH3 density is fairly uniform between two parallel discharge electrodes,

while the SiH2 and SiH densities have a peak close to the discharge electrodes because

SiH2 and SiH are mainly produced by electron impact dissociation.
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(a) (b) (c)

(d)

Figure 3.19: Spatial profiles of radical densities: (a) SiH3, (b) SiH2, (c) SiH, and (d) H
densities, where the pressure is 13.3 Pa.

In Fig. (3.20), the axial profiles of the SiH3, SiH2, and SiH densities at x = 0 mm

are plotted. These densities at y = 57-67 mm are 0. Fig. (3.20) shows that the SiH3

density is uniform between the discharge electrodes, which is considered to be due to
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the generation of SiH3 by hydrogen abstraction as well as electron impact dissociation

[31]. H radicals are also sensitive to the deposition rate [31]. Fig. (3.19)(d) shows that

the H density has a spatial profile similar to the SiH3 density, suggesting that hydrogen

abstraction contributes to the the production of the plasma. The H density near the center

is around 3.5 × 1018 m−3, which is one order of magnitude higher than that of a dust

plasma [12]. Fig. (3.20) also shows that the density ratio SiH3/SiH2 is equal to 100 near

the substrate. Note that the SiH2 and SiH densities decrease faster than the SiH3 density

outside the discharge electrodes. Their diffusion coefficients are almost the same; thus,

the difference is due to the sticking coefficients on the substrate, as Kushner pointed out

in his article [31].
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Figure 3.20: Spatial distributions of SiH, SiH2, and SiH3 densities at x = 0 at a pressure
of 13.3 Pa. No plasma is produced at y = 57-67 mm corresponding to the discharge
electrodes.

Higher-order silanes are produced by successive insertion reactions of SiH2 starting

from SiH2 + SiH4 −−−→ Si2H6, SiH2 + Si2H6 −−−→ Si3H8,...... to SiH2 + Sin−1H2n −−−→

SinH2n+2. Density profiles were calculated for important higher-order silanes, SinH2n+2

molecules, and Sin−1H2n radicals, where the integer n = 2-5. The results are shown in

Fig. (3.21) and (3.22). As seen from Fig. (3.21) and (3.22), it seems that higher-order

silanes have similar spatial profiles that are different from those of charged particles.

The higher-order silanes are uniform compared with the SiH2 density at the center of

the discharge electrodes. The molecular densities at the center are 1.2 × 1019 m−3 for
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Si2H6, 6 × 1017 m−3 for Si3H8, 5 × 1015 m−3 for Si4H10, and 3.6 × 1013 m−3 for Si5H12.

As seen from Fig. (3.21) and (3.22), the molecular densities near the substrate are two

orders of magnitude lower than those at the center of the discharge electrodes. Bleecker

et al.[12] carried out the simulation of the SiH4 plasma (50 MHz) at 40 Pa using a one-

dimensional fluid model and examined a dusty plasma by calculating higher-order silanes,

where Perrin’s rate constant was used for Eq. (1.2). In their case, many negative ions

were generated, ne« SiH3
– density, and the SiH3 density at the center of two discharge

electrodes was around 3 × 1018 m−3, which is one order of magnitude lower than this work.
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(a) (b) (c)

(d)

Figure 3.21: Spatial profiles of higher-order molecules: (a) Si2H6, (b) Si3H8, (c) Si4H10,
and (d) Si5H12 densities, where the pressure is 13.3 Pa.
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(a) (b) (c)

(d)

Figure 3.22: Spatial profiles of higher-order molecules: (a) Si3H7, (b) Si4H9, (c) Si5H11,
and (d) Si5H12 densities, where the pressure is 13.3 Pa.

However, the density ratio SiH3/SiH2 is equal to 100 at the center. On the other hand,

the densities of Si4H10 and Si5H12 at the center were on the order of 1019 m−3, indicating

that such densities are few orders of magnitude higher than this work. In addition, the
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radical densities of Si3H7, Si4H9, and Si5H11 shown in Fig. (3.22) were few orders of

magnitude lower than Bleecker et al.’s result. Experimentally, Nunomura and Kondo [50]

studied gas phase kinetics of a VHF SiH4/H2 plasma using a quadrupole mass analyzer and

estimated the molecular densities that were much higher than in this work. In their case,

nanoparticles were formed. Therefore, it is concluded that high-quality amorphous silicon

will be fabricated even between discharge electrodes under these simulation conditions.

Here, to examine the effect of the rate constant for Eq. (1.2) on the SiH3 radical

density, the 2D maps are calculated for the plasma parameters, radicals, and molecules

using Perrin et al.’s rate constant for Eq. (1.2). The spatial distributions of SiH3, SiH2, and

SiHdensities at x = 0 are shown in Fig. (3.23), where the simulation conditions are the same

as those for NIST-PML. Such densities at y = 57-67 mm are 0. Fig. (3.23) demonstrates

that the SiH3 and SiH2 densities are equal to 4.1 × 1019 m−3 and 6.6 × 1017 m−3 inside the

discharge electrodes, respectively; thus, the density ratio SiH3/SiH2 is equal to 63, which

is higher than the result in Fig. (3.20). Thus, including Kushner’s result [31], it seems that

a high rate constant for Eq. (1.2) provides a high SiH3 density that must be confirmed for

different conditions such as different pressures and discharge gap distances.
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Figure 3.23: Spatial distributions of SiH, SiH2, and SiH3 densities at x = 0 at a pressure of
13.3 Pa, where Perrin et al.’s rate constant was used. No plasma is produced at y = 57-67
mm corresponding to the discharge electrodes.

In addition, the higher-order molecule and radical densities are almost the same as

the results shown in Fig. (3.21) and (3.22), indicating that the rate constant for Eq. (1.2)

slightly affects the generation of higher-order silanes. This is consistent with the fact that

SiH3 radicals are not reactive. Thus, it can be concluded that the density ratio SiH3/SiH2

is one of the measures of film quality, however, the information about higher-order silanes

is also necessary for judging the film quality.

Kushner [31] explains that electron impact dissociation predominates SiH3 radical
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production near discharge electrodes and that hydrogen abstraction is more predominant

near the center of the reactor. Rehman et al.[3] reported that hydrogen abstraction is pre-

dominant in SiH3 radical generation at pressures higher than 100 Pa. Recently, Hayashi et

al. [19] have reported that hydrogen abstraction cannot be ignored. As already described,

the results from this work indicate that both electron impact dissociation and hydrogen

abstraction occur between the discharge electrodes and both reactions contribute to their

generation. Then, as is pointed out, the SiH3 radicals generated between the discharge

electrodes diffuse with collisions toward the substrate.

The effect of various parameters on the deposition rate has been studied by some

researchers [23, 31, 38]. In particular, the discharge gap distance d is an important param-

eter in the CCP [8], and spatial profiles of SiH4 plasma parameters and radicals depend

on d. Mataras [38] reported the optimum gap distance d0 at which the deposition rate was

maximum at a constant pressure; d0 = 15 mm at a frequency of 50 MHz and a pressure

of 66.7 Pa. Kushner [31] calculated the spatial profiles of SiH3 for different d values at a

frequency of 13.56 MHz and found that, when d increased, the SiH3 density decreased.

In addition, when d decreases, Te tends to increase in the VHF plasma [25]. In this sim-

ulation, d = 10 mm, which is slightly short, but a preferable VHF plasma was obtained;

ne = 1 × 1016 m−3 and Te = 2 eV at 13.3 Pa. Thus, although the d dependence of the

plasma characteristics was not examined, it may be close to the optimum conditions for

the deposition.
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The determination of the electron energy distribution function (EEDF) is important

in CCP simulations. The EEDF deviates from a Maxwellian distribution in a high en-

ergy region; thus, this deviation affects electron impact ionization [18]. In this study,

it was assumed that electrons had a Maxwellian distribution because it was focused on

the characteristics of the triode plasma source that can fabricate high-quality amorphous

silicon with a high deposition rate. As is well known, stochastic heating [34] occurs in the

CCP at low pressures and, as a result, electrons have a bi-Maxwellian velocity distribution

function, which might change plasma processing. A simulation considering the electron

velocity distribution function will be a future study.

As is well known, sticking coefficients of radicals play an important role in their

density distributions and film growth. As seen in Fig. (3.21), the Si2H6, Si3H8, Si4H10,

and Si5H12 densities decrease near the rod electrodes, while some researchers [43, 77]

reported that they were uniform. Here, it was assumed that the sticking coefficients of

higher-order silanes were 1.0; thus, the decreases in higher-order silanes densities near

the rod electrodes are considered to be due to higher sticking coefficients. However, there

might be another reason for such decreases. In this simulation, for simplicity, the continu-

ity equation was not solved for neutral particles. Instead, it is assumed that the pressure is

constant in the chamber, that is, the gas inlet and pumping are not taken in account, which

may change the density profiles of higher-order silanes near the rod electrodes. In fact,
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uniform density profiles of higher-order silanes were obtained in the case of a multi-hollow

plasma, where in the simulation the continuity equation was solved for neutral particles

and the sticking coefficient of 1.0 was used. Thus, it is an interesting subject to examine

the density profiles of higher-order silanes for different sticking coefficients together with

solving the continuity equation for neutral particles. That will be a subject of future study.

To analyze the effect of pressure on the SiH4 plasma properties near the substrate, a

position of 3 mm from the substrate was selected in the middle of the horizontal axis of the

simulation profile, as shown in Fig. (3.15). The pressure dependence of the higher-order

silanes densities is demonstrated on the example of Si5H12. Fig. (3.25) shows the density

profile of Si5H12 as a function of pressure where it peaks around 26.7 Pa. At the same

time, the electron density has a minimum value at 26.7 Pa as can be seen in Fig. (3.24).

At all studied pressures the results show very low electron densities ne in the range of

1013 m−3 near the substrate. The densities of SiH3 and SiH2 shown in Fig. (3.26) and Fig.

(3.27) are steadily decreasing with increasing the pressures. This behavior is expected

because SiH3 and SiH2 radicals only diffuse to the substrate from the production area

between the electrodes. The SiH3 density dependence on the pressure is for the most part

linear, while the density of SiH2 has more exponential-like dependence. The density of

SiH2 at the pressure of 66.7 Pa drops to 3.6 × 1011 m−3. That is suggesting an additional

process of depletion of SiH2 in dependence on the pressure such as the creation of higher
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Figure 3.24: Pressure dependence of ne at 3mm from the substrate.

order silanes. On the other hand, the density of Si5H12 near the substrate is as low as

1012 m−3 at all the selected pressures. This suggests there are almost no dust particles

near the substrate. However, to fully understand the plasma characteristics dependence on

the pressures, further research on the frequency, amplitude, and pressure settings will be

necessary.
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Figure 3.25: Pressure dependence of Si5H12 density at 3mm from the substrate.
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Figure 3.26: Pressure dependence of SiH3 density at 3mm from the substrate.
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Figure 3.27: Pressure dependence of SiH2 density at 3mm from the substrate.

3.2.4 Conclusions

In this work the characteristics of a triode VHF SiH4 plasma (frequency, 60 MHz)

using a fluid model were examined, where the plasma was produced by multi-rod (stag-

gered) electrodes, and the following results were found:

(1) A typical VHF plasma with a high ne (∼1 × 1016 m−3) and a lowTe (∼2 eV) is produced

between discharge electrodes, while ne near the substrate is very low. Dominant ions are

SiH3
+.

(2) A preferable characteristic of a high SiH3 density near the substrate is found. The

density ratio SiH3/SiH2 is determined to be 25 and 100 near the center and substrate,

respectively.
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(3) The densities of higher-order silanes that contribute to dust formation are five to six

orders of magnitude lower than the SiH3 density and have similar spatial profiles, so the

quality of amorphous silicon fabricated with the multi-rod electrodes will be expected to

be high.

(4) The rate constant of SiH3 + SiH3 −−−→ SiH2 + SiH4 affects the SiH3 density.

In Chapter 3, two types ofVHFCCPswere simulated using the PHM. It was found that

the multi-rod electrodes can provide high-quality amorphous silicon with high deposition

rates, while the multi-hollow geometry electrodes generates many dust particles. In

addition, it is for the first time that the characteristics of the triode VHF-CCPs including

higher-order silanes such as Si5H12 were studied by simulations. Physical explanations

about such characteristics will be a future subject.
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Chapter 4

PIC simulation of VHF Ar plasma

4.1 Introduction

There has been a current tendency that a power generator frequency is increased to

obtain high rates of etching. Recently, VHF plasma sources at excitation frequencies of

100-150 MHz have become popular in etching [13, 76]. In fact, when the frequency is

increased, the electron density increases, leading to a high etching rate. However, as is well

known, electromagnetic effects such as standing wave and skin effects [33] arise at high

frequencies, and as a result, the electron density distribution along the discharge electrodes

becomes nonuniform [20]. Overzet and Hopkins [55] observed the off-axis radial peak in

electron density in the Ar plasma even at a frequency of 13.56 MHz, which was explained

by the fluid model simulation [37]. On the other hand, Yamazawa [75] investigated the

effect of harmonics on the electron density and reported a center-peaked electron density

profile that was caused by a nonlinear electron resonance heating. In addition, Sawada et
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al. [59] observed that the electron density in the VHF Ar plasma at a frequency of 60MHz

had a center-peaked profile. Thus, the study of a spatial distribution of VHF Ar CCPs is

an important subject in etching and has been examined by many researchers [8, 59, 76].

The Langmuir probe method is a simple and powerful diagnostic tool in a low temperature

plasma and is mostly used [55] to measure the plasma parameters such as the density and

temperature of electrons. However, there is possibility that a Langmuir probe disturbsVHF

discharges; spatial distributions of the plasma parameters are deformed by introducing the

probe. Therefore, in order to develop a new VHF CCP source for etching, in this thesis the

characteristics of VHFAr plasmas were studied by simulation. As is well known, there are

three kinds of simulation models to examine the behaviors of a low temperature plasma,

that is, fluid model, hybrid model, and particle-in-cell (PIC) model. The fluid model is

useful at high pressures while the PIC model is effective at low pressures. The properties

of CCPs have been extensively investigated using a two-dimensional (2D) hybrid model

[8, 76]. Yang and Kushner [76] explained a shift in the peak electron density toward the

center of the plasma source as the power source frequency increased. Bera et al. [4]

tried to control plasma uniformity using two frequency power sources at a combination

frequency of 60 and 180 MHz and compared with the simulation by a 2D fluid model

including Maxwell equations. They also calculated the electron density profile by a one-

dimensional (1D) PIC simulation, where electromagnetic effects were not considered, and

found that the electron density became maximum at the center with large contribution

of the 180 MHz power source to plasma production and the electron energy distribution
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deviated fromMaxwellian one. Generally, an electron energy distribution function in VHF

plasmas is not Maxwellian at low pressure. In fact, Godyak and Piejak [16] observed that

electrons had a bi-Maxwellian distribution. Thus, it is necessary to incorporate a kinetic

description of electrons and ions in the simulation for understanding self consistently the

plasma characteristics. The best calculation is to use the PIC/Monte Carlo (MC) method

[71] because the fundamental equations can be employed without much approximation. In

this chapter two dimensional (2D) profiles of the plasma parameters are calculated using

a 2D Particle-In-Cell with Monte Carlo Collision Module (PIC-MCCM) of PEGASUS

Software [56], where electromagnetic effects are not included, that is, it is assumed that

electrostatic fields are dominant in the VHF discharge.

4.2 Description of simulation model

The PIC/MC method is based on a kinetic description of charge particle motions in

phase space. Charged particles move in the self-consistent electric field that is obtained

by solving the Poisson equation. The Monte Carlo method is used to calculate collisions

including excitation and ionization. The PIC method has been described in detail by

Birdsall [6], Turner [69], and Verboncoeur [71]. In the PIC-MCCM of PEGASUS Soft-

ware, electrons and ions are modeled as a large number of representative particles that

are referred to as simulated particles (superparticles). A motion of the individual super-

particle is subject to the Newton’s law in the electric field. Various kinds of collisions

are also taken into account using Monte Carlo collision method. Macroscopic quantities
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of the electron and ion densities, mean energy, particle flux are obtained by statistical

calculations using velocities and positions of all the superparticles. Here, it is assumed

that there are two kinds of charged particles in the plasma for saving the computation

time: electrons and Ar+ ions. Fig. (4.1) is a schematic of the CCP source simulated in

this work (380 x 45 mm2), where a Cartesian coordinate is used and a symmetric plane at

the center between two discharge electrodes is assumed. A power source frequency was

100 MHz, where external circuit was not included. The gas used was Ar and the pressure

varied from 20 to 100 mTorr. The initial conditions for superparticles were: the density =

3 × 105 m−3 for electrons (1015 m−3) and ions (1015 m−3).

Figure 4.1: Schematic cross section of the VHF CCP source.
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4.3 Results and discussion

Since a VHF CCP source provides a high electron density plasma with a low electron

temperature, it has been popular for etching. On the other hand, the self-bias voltage

formed on the power electrode that is indispensable for etching is much lower than that at a

power source frequency of 13.56 MHz. Therefore, recently dual-frequency power sources

have been employed for etching. In this study, the simulations at a single power source

frequency was performed as a first step for developing a large-area VHF CCP source. At

first, the time history of the self-bias voltage Vdc at a pressure of 40 mTorr was calcu-

lated. Fig. (4.2) shows that Vdc saturates to – 3.3V that is very low for etching, as expected.
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Figure 4.2: Schematic of the VHF CCP source Time history of the self-bias voltage, Vdc,
on the powered electrode at a pressure of 40 mTorr, where the amplitude is 30 V.

A two-dimensional (2D) map of the plasma parameters was calculated. The results

at 40 mTorr are shown in Fig. (4.3) to (4.5), where the amplitude is 30 V. Fig. (4.3) shows

that the electron density ne amounts to 3.6 × 1016 m−3. Note that ne peaks at x = 75 and

190 mm, that is, the electron density peaks both near the edge of the discharge electrodes

and the chamber center. Bera et al. [5] simulated a VHF-CCP at a frequency of 180 MHz

using the 2D fluid model coupled with Maxwell equations and found the two-peak profile

at a narrow gap of 17.8 mm at a pressure of 100 mTorr. They also reported that as the gap

distance was increased, the electron density profile became to a center-peaked profile. In
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addition, Sawada et al. [59] carried out the experiments on a VHF-CCP at power source

frequencies of 60 and 106 MHz and compared with the simulations taking into account of

Maxwell equations. They pointed out that higher harmonics of a power source frequency

affected the electron density profile. As already described, here the Maxwell equations

are not solved, so it can be concluded that the two-peak profile may be due to other effects.

Figure 4.3: 2D map of the electron density ne at a pressure of 40 mTorr, where the
amplitude is 30 V.

Fig. (4.4) shows that the electron temperature Te also has a peak value at x = 75 and

190mm andTe is around 2 eV. Note thatTe near the discharge electrodes is around 3 eV that

is a little higher than Te at the center. The CCP is produced by electron impact ionization,

so Te near the electrodes becomes higher. In this study, the power source frequency is 100

MHz, so VHF effect will be higher, leading to a low electron temperature. There have
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been many reports on spatial distributions of the electron density of VHF-CCPs, that is,

researchers have mostly focused on the electron density profile. Spatial distributions of

the electron temperature, especially those near the discharge electrodes, are also important

because it is closely related to the sheath formation on the substrate.

Figure 4.4: 2D map of the electron temperature Te at a pressure of 40 mTorr, where the
amplitude is 30 V.

Fig. (4.5) shows that the plasma potential Vs is around 32 V and fairy uniform over

the discharge electrodes. Looking carefully at Vs close to the discharge electrodes, it is not

uniform, and the thickness of the sheath formed on the grounded electrode is not uniform,

suggesting that it will not easy to control energy distribution functions of charged particles

by dual-frequency technology [76].
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Figure 4.5: 2D map of the plasma potential Vs at a pressure of 40 mTorr, where the
amplitude is 30 V.

Energy distribution functions of charged particles play an important role in etching

as well as plasma production. The energy distribution functions of electrons (EEDF) and

ions (IEDF) were calculated at different monitoring positions denoted by Pi. As seen in

Fig. (4.6)(a), electrons have a Maxwellian distribution function in the low energy region.

In fact, it has been confirmed that semi-log plots of the EEDFs fit to a straight line in the

energy region of (0-15) eV and high energetic electrons are truncated, that is, the obtained

EEDF looks a Druyvesteyn-like distribution function [21]. Experimentally, Godyak and

Piejak [16] observed the bi-Maxwellian and Druyvesteyn distribution functions at low and

high pressures, respectively, at a frequency of 13.56 MHz. Abdel-Fattah and Sugai [1]

also measured EEDFs for different power source frequencies ranging from 13.56 to 60

MHz and reported that the EEDFs became a Druyvesteyn distribution function below 30
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MHz and a bi-Maxwellian distribution function above 30 MHz. In this simulation, the

VHF plasma was generated at 40 mTorr at 100 MHz, but the bi-Maxwellian distribution

function was not obtained, so it can be concluded that the effect of stochastic heating [33]

on the plasma generation is negligible small. Fig. (4.6) also indicates that the electron

density is lower and electron temperature is higher at a monitoring position of P1 (inside

the ion sheath) which agrees with the results of Fig. (4.3) and (4.4). On the other hand,

ions were cold except at P1 where ions are accelerated by the sheath potential.
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Figure 4.6: Energy distributions: (a) EEDFs for different monitoring positions at a
pressure of 40 mTorr, where the amplitude is 30 V and (b) the monitoring positions of
electron energy distributions.

As aforementioned, a two-peak profile of the electron density has been found in the

VHF electrostatic discharge by the PIC simulation. As is well known, the PIC simulation is
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more accurate than the fluid model simulation because of fewer assumptions for modeling.

To understand the two-peak profile, it is necessary to examine the parametric dependences

of the 2D map such as the pressure and gap dependences. This will be discussed in future.

4.4 Conclusions

The characteristics of the VHF Ar plasma (100 MHz) were calculated at a pressure

of 40 mTorr using the PIC-MCCM of PEGASUS Software, where it was assumed that the

plasma is produced by electrostatic fields. The following results were found:

(1) The self-bias voltage is as low as a few volts.

(2) The 2D maps of the electron density and electron temperature show that they peak

both near the center and the edge of the discharge electrodes, while the plasma potential

is fairly uniform.

(3) The electron energy distribution function is similar to the Druyvesteyn-like one.

In summary, it is concluded that the above-mentioned results will be useful for designing

a VHF plasma source for large-area etching. The simulation using the dual-frequency

power sources will be a subject of future study.
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Chapter 5

Conclusions

5.1 Conclusions

In Chapter 2 the mechanism of VHF plasma was explained. The function of sim-

ulation tool, plasma hybrid module (PHM) of PEGASUS Software was described. The

fluid equations used in PHM consist of the continuity equation, equation of motions, and

energy balance equation which are described in Appendix 3. The PHM performs the

simulations combining Poisson’s equation module (PEM) to calculate electric fields, the

electron Monte Carlo simulation module (EMCSM) to obtain electron energy distribution

functions, and the drift-diffusion equation module (DDEM). The PEM calculates an elec-

tric field with Poisson’s equation by the semi-implicit method.

In the beginning of Chapter 3 the VHF SiH4/H2 plasma with the multi-hollow ge-

ometry was simulated and the interesting results were found. First, a typical VHF plasma
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of high ne and low Te is produced between two discharge electrodes, anode and rods

electrodes, while ne near the substrate is much lower than that between the discharge elec-

trodes. Second, the rate constant of SiH3 + SiH3 −−−→ SiH2 + SiH4 affects generation of

SiH3 radicals. Third, preferable characteristics of a high SiH3 density and a low electron

temperature near the substrate are found. Many negative ions exist. Fourth, the ratio of

SiH3/SiH2 and SiH3/SiH near the substrate is very high. Last, the Si5H12 density near

the substrate is comparable to the SiH3 density, suggesting dust formation. The above

mentioned results indicate the multi-hollow geometry plasma source may not be suitable

for the fabrication of amorphous silicon. Simulations at higher pressures will be a future

subject. In the second part of the Chapter 3, the triode VHF SiH4 plasma (frequency, 60

MHz) was simulated using a fluid model, where the plasma was produced by multi-rod

(staggered) electrodes. The obtained results are: First, a typical VHF plasma with a high

ne (∼1 × 1016 m−3) and a low Te (∼2 eV) is produced between discharge electrodes, while

ne near the substrate is very low. Dominant ions are SiH3
+. Second, a preferable char-

acteristic of a high SiH3 density near the substrate is found. The density ratio SiH3/SiH2

is determined to be 25 and 100 near the center and substrate, respectively. Third, the

densities of higher-order silanes that contribute to dust formation are five to six orders

of magnitude lower than the SiH3 density and have similar spatial profiles. Fourth, the

rate constant of SiH3 + SiH3 −−−→ SiH2 + SiH4 affects the SiH3 density. Last, the Si5H12

density has a maximum at a certain pressure.
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In Chapter 4 the characteristics of the VHF Ar plasma (100 MHz) at a pressure

of 40 mTorr was studied using the PIC-MCCM of PEGASUS Software, where it was

assumed that the plasma is produced by electrostatic fields. The following results were

found: First, the self-bias voltage is as low as a few volts. Second, The 2D maps of the

electron density and electron temperature show that they peak both near the center and

the edge of the discharge electrodes, while the plasma potential is fairly uniform. Third,

the electron energy distribution function is similar to the Druyvesteyn-like one. It can be

concluded that the above-mentioned results will be useful for designing a VHF plasma

source for large-area etching. The simulation using the dual-frequency power sources will

subject of a future work.

5.2 Outlook of future work

It has been shown that the multi-rod electrodes can provide high quality amorphous

silicon with high deposition rates. Amorphous silicon thin film solar cells have an advan-

tage that they will be suitable in tropical counties, so further development will be needed

for the cost reduction of amorphous silicon thin film solar cells. Recently, the conver-

sion efficiency of crystal silicon solar cells is remarkably increasing by introducing a new

a-Si/c-Si heterojunction structure called HIT (heterojunction with intrinsic thin layer) [65].

The HIT structure features a very thin intrinsic a-Si layer inserted between a doped

a-Si layer and a c-Si substrate. The conversion efficiency of 21.5 %with a size 100 x 3 cm2
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has been achieved. Solar cell industries require higher quality amorphous silicon films for

HIT solar cells. The author believes that obtained simulation results will contribute to an

increase in the conversion efficiency of HIT solar cells.

In addition, SiH4 CCP based deposition such SiNxHy (Hydrogenated silicon nitride)

films are important for the fabrication of ultra/very-large-scale-integrated circuits. There-

fore, the VHF SiH4 plasma using multi-rod electrodes will be useful for designing a VHF

plasma source for the fabrication of semiconductors and will attract more development in

the future.

One of key issues in etching is plasma uniformity and complicated ideas have been

proposed to explain non-uniformity in electron density. This two-dimensional PIC simu-

lation showed that an electrostatic discharge plasma has two peaks on the electron density

profile. In actual etching devices, at least two power sources with different frequencies

have been used, so called dual-frequency technology. Dual-frequency technology might

solve this problem, where the control of an ion energy distribution is very important. In

addition, as discussed by many researchers, the structure of VHF-CCP source, especially

the edge of the plasma source affects uniformity [59], so a study to optimize the VHF-CCP

source for etching will be necessary.
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Appendix 1

Electron impact cross sections for SiH4 gas. Ref. [31]
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Appendix 2

Balanced power feeding schema Ref. [47]
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Appendix 3
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Appendix 4

Simulated silane SiH4 plasma reactions - full overview for use with PEGASUS
Software.

e− + e− −−−→ e− + e−

e− + H −−−→ 2 e− + H+

e− + H2s −−−→ e− + H+ + e−

H− + H −−−→ e− + H2

H− + H+ −−−→ 2 H

e− + H2 −−−→ H2 + e−

e− + H2 −−−→ H2
+ + e− + e−

e− + H2 −−−→ e− + H + HL−alp −−−→ e− + H + H

e− + H2 −−−→ e− + H2
L−bnd −−−→ e− + H2

e− + H2 −−−→ e− + H2
W−bnd −−−→ e− + H2

e− + H2 −−−→ e− + H + H2s

e− + H2 −−−→ e− + H2
J=0−2 −−−→ e− + H2

e− + H2 −−−→ e− + H2
J=1−3 −−−→ e− + H2

e− + H2 −−−→ 2 e− + H + H+

e− + H2 −−−→ H + H + e−

e− + H2 −−−→ H2
v1,v2,v3 + e− −−−→ H2 + e−

e− + H2 −−−→ e− + H2
B1σu −−−→ e− + H2

e− + H2 −−−→ e− + H2
C1πu −−−→ e− + H2

e− + H2 −−−→ e− + H2
b3σu −−−→ e− + H2
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e− + H2 −−−→ H− + H

H2
+ + H2 −−−→ H3

+ + H

H2
+ + H2 −−−→ H+ + H + H2

H− + H2 −−−→ e− + H + H2

H2
+ + H −−−→ H+ + H2

e− + H2
+ −−−→ 2 H

e− + H2
+ −−−→ e− + H+ + H

e− + H2
+ −−−→ H+ + H−

e− + H− −−−→ 2 e− + H

H2
+ + H− −−−→ H2 + H

H3
+ + H− −−−→ H2 + 2 H

e− + H3
+ −−−→ H2 + H

e− + H3
+ −−−→ e− + H+ + 2 H

e− + H3
+ −−−→ 3 H

e− + SiH4 −−−→ SiH4 + e−

e− + SiH4 −−−→ SiH3
+ + H + e− + e−

e− + SiH4 −−−→ SiH3
− + H

e− + SiH4 −−−→ SiH4
v13 + e− −−−→ SiH4 + e−

e− + SiH4 −−−→ SiH4
v24 + e− −−−→ SiH4 + e−

e− + SiH4 −−−→ SiH+ + H2 + H + e− + e−

e− + SiH4 −−−→ SiH3 + H + e−

e− + SiH4 −−−→ SiH2 + 2 H + e−

e− + SiH4 −−−→ SiH + 3 H + e−

e− + SiH4 −−−→ SiH2
+ + 2 H + e− + e−

e− + SiH4 −−−→ Si+ + 2 H2 + e− + e−

e− + Si2H6 −−−→ Si2H4
+ + 2 H + e− + e−

e− + Si2H6 −−−→ SiH3 + SiH2 + H + e−
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SiH2
+ + SiH4 −−−→ SiH3

+ + SiH3

H3
+ + SiH4 −−−→ SiH3

+ + 2 H2

H2
+ + SiH4 −−−→ SiH3

+ + H2 + H

H+ + SiH4 −−−→ SiH3
+ + H2

H + SiH4 −−−→ SiH3 + H2

H + Si2H6 −−−→ Si2H5 + H2

H + Si2H6 −−−→ SiH3 + SiH4

H2 + SiH2 −−−→ SiH4

SiH4 + SiH2 −−−→ Si2H6

Si2H6 + SiH2 −−−→ Si3H8

SiH3 + SiH3 −−−→ SiH4 + SiH2

SiH3
− + SiH2

+ −−−→ SiH3 + SiH2

SiH3
− + Si2H4

+ −−−→ SiH3 + 2 SiH2

H2
+ + SiH3

− −−−→ H2 + SiH3

H2
+ + SiH4 −−−→ Si+ + 3 H2

Si+ + SiH4 −−−→ Si2H2
+ + H2

e− + Si2H2
+ −−−→ 2 Si + H2

Si + H2 −−−→ SiH2

SiH3
− + SiH3

+ −−−→ 2 SiH3

e− + SiH3
+ −−−→ SiH2 + H

SiH3
− + H3

+ −−−→ SiH4 + H2

H+ + SiH3
− −−−→ SiH4

SiH2 + Si3H8 −−−→ Si4H10

Si2H5 + Si2H5 −−−→ Si4H10

Si2H4 + Si2H6 −−−→ Si4H10

Si4H9 −−−→ Si4H10
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SiH + Si4H10 −−−→ Si5H11

SiH2 + Si4H10 −−−→ Si5H12

SiH3 + Si4H10 −−−→ Si5H11 + H2

SiH3
+ + Si4H10 −−−→ Si5H10

+ + H2 + H

SiH2
+ + Si4H10 −−−→ Si5H10

+ + H2

SiH+ + Si4H10 −−−→ Si5H10
+ + H

SiH4 + Si −−−→ SiH2 + SiH2

SiH4 + SiH −−−→ Si2H5

SiH4 + SiH −−−→ Si2H3 + H2

SiH4 + SiH3 −−−→ Si2H5 + H2

SiH4 + Si2H4 −−−→ Si3H8

SiH4 + Si2H5 −−−→ Si2H6 + SiH3

Si2H6 + SiH3 −−−→ SiH4 + Si2H5

Si2H6 + SiH −−−→ Si3H7

SiH3 + H −−−→ SiH2 + H2

SiH3 + SiH2 −−−→ Si2H5

SiH3 + Si2H5 −−−→ Si3H8

SiH2 −−−→ Si2H2

SiH2 + SiH −−−→ Si2H3

SiH2 + H −−−→ SiH + H2

SiH2 −−−→ SiH3

SiH + H2 −−−→ SiH3

Si2H4 + H2 −−−→ Si2H6

Si2H4 + H2 −−−→ SiH4 + SiH2

Si2H3 + H2 −−−→ Si2H5

Si2H2 + H2 −−−→ Si2H4

Si2H2 −−−→ Si2H3
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SiH + Si2H6 −−−→ Si3H7

Si3H7 −−−→ Si3H8

SiH + Si3H8 −−−→ Si4H9

SiH3 + Si3H8 −−−→ Si4H9 + H2

Si5H11 −−−→ Si5H12

SiH3
+ + SiH4 −−−→ Si2H3

+ + 2 H2

SiH3
+ + SiH4 −−−→ Si2H5

+ + H2

SiH3
+ + Si2H6 −−−→ Si2H5

+ + SiH4

SiH3
+ + Si2H6 −−−→ Si3H6

+ + H2 + H

SiH3
+ + Si3H8 −−−→ Si4H8

+ + H2 + H

SiH2
+ + SiH4 −−−→ Si2H2

+ + 2 H2

SiH2
+ + SiH4 −−−→ Si2H4

+ + H2

SiH2
+ + Si2H6 −−−→ Si2H2

+ + SiH4 + H2

SiH2
+ + Si2H6 −−−→ Si2H5

+ + SiH3

SiH2
+ + Si2H6 −−−→ Si3H6

+ + H2

SiH2
+ + Si3H8 −−−→ Si4H8

+ + H2

SiH+ + SiH4 −−−→ Si2H+ + 2 H2

SiH+ + SiH4 −−−→ Si2H3
+ + H2

SiH+ + Si2H6 −−−→ Si2H+ + SiH4 + H2

SiH+ + Si2H6 −−−→ Si2H3
+ + SiH4

SiH+ + Si2H6 −−−→ Si3H6
+ + H

SiH+ + Si3H8 −−−→ Si4H8
+ + H

Si+ + Si2H6 −−−→ Si2H2
+ + SiH4

Si+ + Si2H6 −−−→ Si3H6
+
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Si2H5
+ + SiH4 −−−→ Si3H6

+ + H2 + H

Si2H4
+ + SiH4 −−−→ Si3H6

+ + H2

Si2H3
+ + SiH4 −−−→ Si3H6

+ + H

Si2H2
+ + SiH4 −−−→ Si3H6

+

Si2H2
+ + SiH4 −−−→ Si3H4

+ + H2

Si2H+ + SiH4 −−−→ Si2H2
+ + 2 H2

Si2H5
+ + Si2H6 −−−→ Si3H6

+ + SiH4 + H

Si2H4
+ + Si2H6 −−−→ Si3H6

+ + SiH4

Si2H4
+ + Si2H6 −−−→ Si4H8

+ + H2

Si2H3
+ + Si2H6 −−−→ Si3H6

+ + SiH3

Si2H3
+ + Si2H6 −−−→ Si4H8

+ + H

Si2H2
+ + Si2H6 −−−→ Si3H6

+ + SiH2

Si2H2
+ + Si2H6 −−−→ Si4H8

+

Si2H+ + Si2H6 −−−→ Si3H6
+ + SiH

Si2H+ + Si2H6 −−−→ Si4H8
+

Si3H4
+ + SiH4 −−−→ Si4H6

+ + H2

Si4H6
+ + SiH4 −−−→ Si5H10

+

H2
+ + SiH4 −−−→ SiH+ + 2 H2 + H

H2
+ + SiH4 −−−→ SiH2

+ + 2 H2

H2
+ + SiH4 −−−→ SiH3 + H3

+

e− + SiH+ −−−→ Si + H

e− + Si2H+ −−−→ Si + 2 H

e− + Si3H6
+ −−−→ Si2H4 + SiH2

e− + Si4H8
+ −−−→ Si2H6 + Si2H2

e− + Si5H10
+ −−−→ Si3H8 + Si2H2

e− + SiH2
+ −−−→ SiH + H

SiH2
+ + H2 −−−→ SiH3

+ + H

e− + Si −−−→ Si+ + 2 e−
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