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ABSTRACT 

A spectroscopic study of electron cyclotron-resonance (ECR) plasma was conducted 

to correlate amorphous and microcrystalline Si film growth rate with plasma properties. 

Optical emission spectroscopy (OES), mass spectroscopy (MS), and Langmuir probe were 

used to perform plasma analysis. We found that the addition of hydrogen into a helium-

silane plasma, immediately reduces the amount of SiHx (x = 0-3) radicals and ions as well as 

the film growth rate. The decrease in growth rate was shown to be linear with the decrease in 

SiH emission count. Adding hydrogen increases the etch rate by H ions and reduces the 

formation of the radical responsible for growth. Surprisingly, we found that the 

concentration of SiH3 is comparable to or lower than the concentration of SiH. This 

observation raises a question about how well the standard silicon growth model fits the data 

from ERC systems. In this work we also shows that radical and ion formation increases 

linearly with microwave power. On the other hand, the increase in chamber pressure reduces 

ion formation. Emission intensity ratio, Ha to H2, decreases with pressure. This means that 

at low pressure more H ions are available for etching, thus promoting the growth of a 

microcrystalline film. 
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CHAPTER 1. INTRODUCTION 

It has been known for over a century that an electrical discharge in gasses promotes 

chemical reactions [l]. However, only during the last couple of decades has plasma 

deposition become an important technique in the chemical industry. The rapid improvement 

in plasma technology was promoted by the material requirements in microelectronics, optics 

and solar energy research. 

There are various types of discharges present today. Among those are glow (DC) 

discharge, RF discharge, magnetron discharge, and microwave discharge. In magnetron 

discharge, the plasma is initiated by a DC or RF source. The magnetic field is used to cause 

the paths of the electrons to form a closed loop. This increases the electron confinement and 

produces a higher plasma density. A similar idea is applied in the electron cyclotron-

resonance chemical vapor deposition (ECR-CVD) system used in this work. In the ECR-

CVD system, the plasma is generated by a microwave power source. The microwave energy 

is then coupled with the resonant frequency of the electron gas in the presence of a static 

magnetic field. 

The use of an ECR discharge is important in low-temperature and low-pressure 

plasma processing. Some of the advantages of using an ECR plasma include 

1. ability to control plasma potential; 

2. ability to produce high density of excited species; 

3. ability to operate at low pressure; 

4. ability to have an enhanced growth rate at low temperature; 

5. minimum substrate damage from ion bombardment; and 

6. ability to utilize a low-cost microwave power supply. 
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The drawbacks of the ECR system include 

1. the use of magnetic field which makes it more difficult to control; and 

2. the difficulty to scale up due to the complexity of the system. 

1.1 Amorphous Silicon 

Hydrogenated amorphous silicon has attracted the interest of many researchers due to 

its potential application in various devices. a-Si:H has been used in transistors, flat panel 

displays [2], detector [3], solar cells [4-6] and many other electrical and optical devices. 

The a-Si:H solar cell is one of the promising candidates for clean energy source. One of the 

challenges to enable this solar energy device to compete with other alternative energy 

sources is to reduce the production cost. Much of the current a-Si:H solar cell research is 

aimed at the reduction of production costs and improvement of the cell efficiency and 

stability [5]. One way of reducing the production costs can be achieved by increasing the 

deposition rate. 

Silane or silane-containing discharges has been used to produce a-Si:H solar cells. 

Much research has been conducted to study the growth mechanism of a-Si:H. Understanding 

the growth mechanism is essential for a growth rate study. Growth models have been 

developed to determine the radical species responsible for growth. It is believed that the silyl 

radical, SiH3, is responsible for both growth and creation of growth sites [7]. 

1.2 Objective of Study 

While an ECR plasma has been successfully used to grow high quality a-Si:H [ 4,8], 

little has been known on the relationship between growth rates and fundamental plasma 
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properties. The objective of this research is to investigate the properties of ECR discharge 

using in-situ OES and MS, to develop a correlation between a:Si-H film growth rate and 

plasma properties and to determine which radicals play a role in the growth of a:Si-H. OES, 

MS and Langmuir probe measurements were conducted to collect emission intensity, ion 

concentration and electron energy data on various plasma conditions. a-Si:H films, grown in 

a He-H2-Si~ plasma, were then used to study the growth rate. We wish to show that is 

possible to control the growth rate by monitoring the plasma properties. 
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CHAPTER2. ECRCVD 

2.1 Fundamentals of Plasma 

A plasma is a partially ionized gas. Because of the light given off by the plasma, it is 

often called "glow discharge". Within the plasma there is a balance between positive and 

negative charges in macroscopic volume and time. Therefore a plasma is usually considered 

to be quasineutral. 

Plasma can be categorized into two large groups: nonequilibrium (nonisothermal or 

"cold") and equilibrium (isothermal or " thermal") plasmas. Nonequilibrium plasmas are 

generated at low pressure (0.5-500 mTorr) by applying a static or radio frequency field. In a 

nonequilibrium plasma, the free electrons have high energies (1-10 eV). However, neutrals 

and ions have low energies (a few hundredths of eV) because of their large mass. Due to the 

difference in their energy, electrons have a high temperature (50,000K) while neutrals and 

ions have low temperature (SOOK). Under nonequilibrium conditions, the initiation reaction 

occurs by collisions with the "hot" electrons, which results in a lower processing temperature 

compared to conventional processing using similar chemistry. On the other hand, in a 

thermal plasma, all species have the same temperature due to the shorter mean free path and 

higher collision frequency [9]. 

To better understand plasma, let us consider a simple discharge chamber. Figure 2.1 

illustrates a typical DC chamber. The chamber is evacuated and filled with discharge gas. 

Then a DC potential is applied across the electrodes (cathode and anode). The cathode is 

positively charged and the anode is negatively charged. This potential1ifference causes an 

electric field going from cathode to anode. The free electrons in the discharge are accelerated 

by the electric field toward the cathode. Because of the small mass of the electron, it will be 
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affected the most. Therefore, electrons will absorb the majority of the energy from this field. 

Subsequently, the energetic electrons will collide with gas atoms. This collision results in 

momentum transfer, ionization, excitation or dissociation, depending on the energy of 

electron. During ionization, an electron collides with an atom or molecule, producing an ion 

and two electrons. These two electrons can collide with other atoms or molecules to produce 

more ions and electrons. The density of ions and electrons increases as a result of the above 

chain reaction. Finally, "breakdown" will occur when the degree of ionization exceeds a 

certain threshold value. 

Cathode Glow Discharge 

e·~-----------._. 
--------------. He 

ionization collision/ ~ 

ion bombardment \ e· 
--+------- He+ e· 

l 
Sputtering --------

m ~ m* 
\ 

\ 
\ 

\ 

<ll 

Anode 

l 
Cathode Dark Space Anode Dark Space 

Figure 2.1. Schematic of DC Glow Discharge. 

While the electrons are produced as a result of an ionization reaction, the electrons are 

also lost rapidly through electron-ion and electron-wall recombination. The plasma is held in 

continuously by counterbalancing the creation and the loss rates of electrons. As shown in 
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Fig. 2.1, the ion bombardment at the cathode causes the ejection of cathode atoms and 

electrons from the cathode surface. These electrons are called secondary electrons and are 

needed to maintain the discharge [10], and [11]. 

Between the quasineutral (ni = Ile) plasma and the wall, there is a thin positively 

charged layer called a sheath. To understand why the sheath exists, let us consider plasma 

that is confined between two grounded walls. Within the plasma, the net charge density is 

zero. Thus the electric potential and electric field are also zero. Due to its smaller mass, the 

thermal velocity of electrons is at least 100 times the thermal velocity of ion. The fast-moving 

electrons are rapidly lost to the wall, resulting in the net positive ion sheath near each wall. 

Within the sheath, ni>>11e, leading to a net positive charge density. The resulting potential 

profile is shown in Fig 2.2. The potential difference between the plasma and the wall is often 

called the "plasma potential" [12]. 

Ile= ni = Ilo I 
I -----------o...::_-· ------------.. ------

11e= ni 

Plasma Presheath Sheath 

- -----------------r-------

n 

v 

Figure 2.2. Plasma Sheaths: (a) densities, and (b) potential profile [12]. 

x 

x 
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2.2 ECR Discharges 

An ECR Plasma source was first used for a spacecraft propulsion application in the 

early 1960s. Plasma electrons are created at high magnetic field and are accelerated along 

the field lines towards the exhaust by the magnetic gradient force. The ECR source was used 

due to its high plasma density and low-pressure capability [ 13]. 

For semiconductor applications, the ECR discharge is attractive due to the high 

plasma density, low plasma potential, low deposition pressure and low deposition 

temperature. The ECR discharge is used for etching and depositing thin layer of oxides and 

metals. 

In this section, we will review the basics of ECR discharges and then discuss the 

ECR system used for this research. 

Q 

ECR Layers 

Figure 2.3. Microwave discharge of volume VL [14]. 
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Figure 2.3 shows a diagram of a microwave discharge that occupies a finite volume, 

V L, and is bounded by the container wall. Although a plasma is considered to be neutral on 

the whole, the discharge of volume V L consists of electrons, ions and neutral gases. A time 

and spatially varying microwave field E(r)eirot is responsible for maintaining the discharge. 

As the electric field penetrates the discharge, a spatially varying magnetic field is also 

impressed on the discharge. The Lorentz force causes electrons in the discharge area to 

spiral around the static magnetic field lines. The Lorentz force is given by 

ft= q(rxB) (2.1) 

and the radius of the spiral is given by 

(2.2) 

Figure 2.4 illustrates the electron motion in static magnetic field at zero electric field and at 

E = Eo eirot under resonance the condition. 

(a) 

Front View 
ECR Coupling--• (B Aeld oul or Page) 

(b) 

Figure 2.4. Electron motion in static magnetic field under (a) zero electric field, and (b) resonance 
condition [ 14]. 
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When the rotation frequency, roe, matches the microwave frequency, ro, the resonance 

condition is met. The magnetic field lines (the solid-curved lines in Fig. 2.3) show the area 

where ro =roe [14]. The rotation (cyclotron) frequency can be derived from equation 2.1 

[15]. Assuming that B = B0 • z, the cyclotron frequency is 

qB m=- (2.3) 
me 

where B is the magnetic field intensity in tesla, and me is the mass of an electron. 

The resonance condition can be met by tuning the magnetic field so that the free 

electrons are rotating in phase with the electric field of the incoming microwaves. The 

linearly polarized incoming microwaves can be broken up into two circularly polarized 

waves: the right-hand circular polarized wave (RCP), and the left-hand circular polarized 

wave (LCP). Equation 2.4 shows the general form of the linearly polarized wave. The first 

term represents RCP and the second represents LCP. 

(2.4) 

At resonance, the RCP is in phase with the electrons, while the LCP is rotating in the 

opposite direction. However, when the plasma reaches some critical density, Ncr, the LCP is 

no longer able to propagate. Therefore RCP is the one that accelerates the free electrons and 

it is also responsible for the dissociation and ionization of gas molecule [15]. 

The critical density is given by 

(2.5) 

For 2.45 GHz microwaves used in this research, the critical density is 7.5 x 1010 cm"3 [15]. 
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2.3 Description of Reactor 

The ECR System used for this research is shown in Fig. 2.5. It consists of a 

microwave generator, a plasma chamber, two magnets, a process chamber and a vacuum 

system. The plasma chamber is made of a stainless steel tube and it is surrounded by two 

copper wire wound magnets. These magnets are controlled by two separate power supplies. 

A restricting orifice separates the process chamber from the plasma chamber. A substrate 

holder, substrate heater and a gate valve are parts of the process chamber. The vacuum 

system consists of a roughing pump, a turbo pump and a roots pump. 

Substrate 
Holder 

D 
Ion Gauge 

Gate 
Valve 

Heater 

Turbo Pump 

Process 
Gas Inlet 

Magnets 

Roughing 
Pump 

Roots Pump 

Three-Stub 
Tuner 

Plasma Gas 
Inlets 

Figure 2.5. Schematic of the ERC system. 

Microwave 
Source 
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Microwaves are introduced to the chamber through a waveguide, three-stub tuner and 

quartz window. The microwave frequency is 2.45 GHz, which is commonly used in most 

ECR systems. The three-stub tuner is used to match the impedance between the waveguide, 

and the plasma. The two magnets are arranged in Helmholtz-coil configuration, which gives 

a uniform magnetic field in the z direction (the same direction as the microwaves propagate). 

A DC power is used to supply current to the magnets. The position of magnets with respect 

to other system elements is shown in Fig. 2.6. 

0 

t 
Sample 
Holder 

Restricting 
Orifice 

• 
I 
I 

5 10 15 
Distance from sample (cm) 

20 25 

t 
Quartz 
Window 

Figure 2.6. Position of magnets with respect to other system elements. 

The substrate is mounted on the substrate holder and is held by the stainless steel 

mask. The substrate holder is made of inconel to allow high temperature operation. Heat is 

provided by the heating elements that are fitted inside the sample holder. The heater 

temperature is controlled by a Watlow temperature controller. Flowing water is used to cool 

the chamber wall. Plasma gases are introduced from the rear of the chamber, while the 

process gases are introduced close to the substrate. Gas flows are set by unit instrument 
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mass-flow controller. The process chamber pressure is controlled by a manual gate valve. A 

roughing pump is used to pump down the chamber from atmospheric pressure. Then the 

chamber is brought to vacuum by using a Pfeiffer turbo molecular pump. A rootes pump is 

connected to the outlet of the turbo pump to increase the flow rate. The exhaust gas is then 

diluted with nitrogen before being release into the duct. 

2.4 Process Parameters 

As stated earlier, the purpose of this experiment is to characterize plasma based on 

plasma parameters and to correlate it to the growth rate of amorphous silicon. To minimize 

variation among substrates, all substrates used were cleaned using identical cleaning 

procedure. Corning 7059 glass substrates were bought from the manufacturer and were 

cleaned before being loaded into the chamber. The samples were triple rinsed in DI water to 

remove large particles. Then they received a supersonic bath for 15 minutes. Finally, the 

samples were triple rinsed again in DI water before they were immersed in methanol until 

they were loaded. 

Process parameters that can be varied during the deposition include gas selection and 

dilution, chamber pressure, substrate temperature, microwave power, and magnet profiles. 

Magnet profiles can be varied by tuning the three-stub tuner and changing the magnet 

currents. However, to increase the reproducibility of the plasma conditions, the magnet 

currents and the three-stub tuner have been optimized to give minimum reflected microwave 

power. They have been set so that the reflected power is less than 10 percent of the incident 

power. Small variations of these magnet currents and tuner settings will drastically change 

the plasma conditions. 
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The microwave power can be varied to control electron and ion energy in the plasma. 

Higher microwave power gives higher kinetic energies, which result in higher reaction rates 

to produce more radicals. Substrate temperature affects the diffusion and mobility of the 

atoms or molecules. Higher temperature provides more energy for the deposited atoms or 

molecules to diffuse and to seekout the preferred bonds. This results in higher crystallinity of 

films. Chamber pressure can be adjusted to control the particle density levels in the chamber. 

Chamber pressure can also be used to determine the mean free path of a particle or molecule. 

Mean free path is defined as the average distance that the particle can travel before it collides 

with another particle. Assuming ideal gas conditions, the mean free path is given by 

A= RT 
..fimJ2nP 

(2.6) 

where R is Reynold's number, Tis temperature, Pis chamber pressure, Vis chamber volume 

and dis the particle's diameter. As pressure increases, the mean free path decreases and the 

growth rate decreases. Finally, gas selection and dilution will determine the types and 

compositions of ion and radicals produced. The concentration of ions and radicals in the 

plasma will affect the growth rate and alter the composition of the deposited film. 

2.5 Plasma Chemistry 

Growth chemistry in a plasma chamber is a complex process since several chemical 

reactions can occur at the same time. More and more species are generated over a period of 

time. To better understand the growth chemistry, we must look at the dissociation 

mechanism of the process gas. Figure 2. 7 shows an oversimplified graphical representation 
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of plasma generation and particle interactions. It shows dissociation, ionization and 

recombination reactions between electrons, molecules, and ions. 

-
Process Gas Plasma Gas 

I 2e-
Inlet 

SiH/.--- SiH4 H ~ t ~e-,/ I~ ~H, 
2e w 

~ ........ e -
H2 • SiH4 .... e -

SiH+ --? /He' -_i/ 
He 

~HHe~/ lll, / 
e -

SiH3+ 

Substrate 

Figure 2.7. Illustration of plasma generation and chemical reactions in the process chamber. 

Table 2.1. Electron impact reactions 

(El) e· + H2 -+ e· + 2H 
(E2) e· + H2 -+ 2e- + H + W 
(E3) e· + H -+ 2e- + W 
(E4) e· + H2 -+ 2e- + H/ 
(ES) e· + H/ -+ e· + H+ + H 
(E6) e·+H/ -+H+H* 
(E7) e· +He -+ 2e· +He+ 
(ES) e·+He -+e-+He* 
(E9) e· + Si~ -+ SiH3 + H + e· 
(EIO) e· + SiH4 -+ SiH2 + H2 + e· 
(Ell) e·+si~-+ SiH+H2+H+e· 
(E12) e· +Si~ -+ Si+ 2H2 + e· 
(E13) e·+si~-+ SiH*+H2+H+e· 
(E14) e· +Si~ -+ SiH+ + H2+ H + 2e-
(EIS) e· + SiH3 -+ SiH2 + H + e· 

I 
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Table 2.2. Gas phase reactions 

(GI) Hi+H+ - H++2H 
(G2) Hi+H+ - Hi++H 
(G3) H+ + 2H2 - H3+ +Hi 
(G4) H1++H2 - H3++H 
(GS) H + H1 - e- + H + H/ 
(G6) He+H2 - HeH++H 
(G7) He++H2 - He+H/ 
(G8) He+ + H2 + - He + H + H+ 
(G9) He+H2 - He+H+H* 
(GIO) H++He - H+He+ 
(G11) H+He - H+He++e-
(GI2) Hew+ H1 - H/ +He 
(G 13) SiH4 + H - SiH3 + Hi 
(Gl4) Si~+ SiH - ShHs 
(GI S) SiH4 + SiH2 - ShH6 
(GI 6) SiH3 + SiH3 - ShH6 
(GI 7) SiH2+ + Si~ - SiH3 + SiH3 + 
(GI8) SiH2 + H1 - Si~ 
(GI9) Si~+ H+ - SiH/ + H2 
(G20) Si~+ He+ - SiH3+ +He+ H 

Table 2.3. Surface reactions 

H+s-H.s 
SiH3 + s - SiH3.s 
SiH2 + s - SiH2.s 
SiH + s - SiH.s 
Si+ s - Si.s 
s.H + SiH3 - Si~ +s 
s.H+H -H2+s 

15 

(SI) 
(S2) 
(S3) 
(S4) 
(SS) 
(S6) 
(S7) 
(S8) 
(S9) 
(SIO) 

SiH3.s I + SiH2.s2 - SiH2.s 1 + SiH3.s2 
SiH3.sI + s2 - SiH3.s2 +sI 
H.s I + H.s2 - H1 + s I + s2 

(chamber wall recombination) 
(SiH3 adsorption) 
(SiH2 adsorption) 
(SiH adsorption) 
(Si adsorption) 
(H-abstraction by SiH3) 
(H-abstraction by H atom) 
(H diffusion) 
(SiH3 diffusion) 
(recombination of adjacent 
hydrogen atoms) 

Table 2.1 lists various electron impact reactions of helium, hydrogen and silane. 

Table 2.2 provides a partial list of gas phase reactions between molecules, ions and radicals. 

It gives a general idea of possible reaction mechanisms. Finally, Table 2.3 shows surface 
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reactions such as adsorption, diffusion and desorption. The "*" symbols in Tables 2.1 and 

2.2 denote an excited state. 

As can be seen from Table 2.2, the gas phase reactions can be very complex. 

However, it has been widely accepted that the 8iH3 radical is the primary precursor for film 

grown under CVD-like conditions. Experimental [ 16], [ 17] and numerical [ 18] studies have 

shown that 8iH3 radicals are the most preferable monomer radical in glow and RF discharges. 

Although SiH3 can be produced by reactions E9, G 13, G 17, G 19, G20 and other second order 

reactions, the dominant mechanisms are G 13 and G 19. 8ilane decomposition by the 

hydrogen radical selectively produces 8iH3, while plasma decomposition of silane generates 

all variety of radicals [19]. Gallagher [7] showed that in silane glow discharges, film growth 

from 8iH2 and 8iH4 radicals gave poor a-8i-H quality. This agrees with what Kawase et al. 

found [19]. According to Kawase et al., polymerized radicals that contribute to the film 

growth were originally formed by the insertion of 8iH2 radicals into silane [ 19]. It is well 

known that polymerized radicals produce non-uniform films with low quality. 

Using SiH3 as the primary precursor for the film formation, a simple model of gas 

phase incorporation into an a:Si-H film is shown in Fig. 2.8. Figure 2.8(a) shows that the 

reaction begins with the creation of dangling bond via H-abstraction (reaction S6). Then the 

dangling bond diffuses to find a lower energy site (Fig. 2.8(b ), reaction 88). A silyl radical is 

preferentially adsorbed at the high point on the film surface (Fig. 2.8( c ), reaction 82). 

Finally, the new adsorbed radical diffuses to the nearest dangling bond (Fig. 2.8(d), reaction 

S9). Deposition and etching can also occur between the radical species and chamber wall. 

S 1 represents the recombination of the radical species with the chamber wall, while S6 

represents chamber wall etching by radical species. 
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(c) 

Figure 2.8. Incorporation of gas phase radical into a:SiH4 film. 
(a) Dangling bond creation. (b) Dangling bond diffusion. (c) Radical adsorption. (d) Surface 

diffusion of the adsorbed species [7] 
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CHAPTER 3. CHARACTERIZATION TECHNIQUES 

3.1 Optical Emission Spectroscopy 

For this research, optical emission spectroscopy (OES) is used to measure spectra 

emitted by the plasma. The arrangement of the OES system used in this experiment is shown 

in Fig. 3 .1 a. This OES system consists of a photon counter, a monochromator, and a 

controller (computer). The photon counter used is the Acton Research Corporation (ARC) 

PD-4 73-1. It consists of a photomultiplier tube detector, high voltage power supply, 

amplifier, discriminator, and TTL logic level converter. It has a spectral response from 185 

to 850 nm with typical dark count of 80 cps, but tested to have 44.9 cps. A schematic 

diagram of the photon counter is shown in Fig. 3.lb. 

Photon --+ 
Counter 

Computer 

Photomultiplier 

High Voltage 
Power Supply 

Control 
Box 

Diverter Windows 

ECRChamber 

----t--- Triple Grating Turret 

Monochromator 

(a) 

Pulse Amplifier Comparator 

Output 

Pulse Shaper 

I 
(b) 

Figure 3.1. (a) OES system diagram and (b) PD-743-1 Photon Counter Diagram [20]. 
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The monochromator is an ARC spectraPro-300i with a 1200 g/mm grating, 300 mm 

focal length, f/4 aperture ratio and 0 to 1400 nm scan length. The entrance and exit slits are 

adjustable from 10 µm to 3 mm wide. The control box is an ARC NCL electronic interface 

and is connected to a computer through an RS232 port. The ARC SpectraPro 

Monochromator Software was installed to allow PC control of the monochromator using the 

SpectraDrive Scan Controller. 

This OES System was used to measure plasma densities by detecting the intensity of 

light emitted by the plasma. As we know from physics and chemistry, every element has a 

unique number of electrons. Each electron occupies a certain orbit or shell. Each shell 

represents the potential energy of the electrons within it. The allowed radius of orbits is 

different for every element. Therefore electrons from different elements have different 

energies. This fact is used to distinguish elements based on their optical spectra. 

A higher energy level is represented by a larger shell radius. When an electron 

absorbs energy from light, it can be raised to the higher energy level. On the other hand, an 

electron can move to lower energy level by giving off a photon (emitting light). The energy 

of the emitted photon is equal to the difference in energy of the two levels. This energy is 

unique for every element. 

In a plasma, the interaction between atoms and molecules can cause an electron to be 

raised or excited to a higher level. This excitation results in an opening at the lower energy 

level. When an electron from a higher energy level moves to fill the opening, it emits a 

photon which is characteristic of that particular transition. The emitted photon travels 

through the monochrometer and is detected by the photon counter. The energy of the photon 

is calculated based on the wavelength of the detected photon. 
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Figure 3.2 illustrates atomic transition between two energy levels (e.g. between 

energy level 1 and level 2). The probability of each transition illustrated in Fig. 3.2 can be 

expressed in the form of Einstein's coefficient B12 for absorption, A21 for spontaneous 

emission, and B21 for stimulated emission [21]. The intensity of spontaneous emission is 

given by 

(3.1) 

Under thermal equilibrium, the number of atoms in the excited state, Nj, follows the 

Boltzmann distribution 

g [-(E -E0 )] N = N - 1 exp ----'1'---
1 o go kT 

(3.2) 

where No is the total number of atoms present (No = L Nj), Ej is the energy of level j, and gj 

is the degeneracy ofthelh state. Substituting 3.2 into 3.1 gives 

(3.3) 

At equilibrium, the ratio of stimulated emission to spontaneous emission is given by 

(3.4) 

Therefore, the intensity of stimulated emission is 

(3.5) 

Equations 3.3 and 3.5 show that the intensity of the emitted photon is proportional to the 

number of atoms present in the system. The number of atoms and ions present in the system 
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changes as the plasma parameter changes. The relative change of the ions present in the 

system can be determined by the change in the OES signal. 

0 E2 0 E2 0 E2 
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Figure 3.2. (a) Absorption, (b) Spontaneous emission, and (c) Stimulated emission. 

3.2 Mass Spectrometry 

Mass spectrometry (MS) is used to measure the partial pressure of ions present in the 

plasma. The schematic diagram of the mass spectrometer used for this research is shown in 

Fig. 3.3. The system consists of a closed ion source (CIS) analyzer, an electronic control unit 

(ECU) box, a heater jacket, a vacuum system, and a computer system. The CIS system used 

is a Stanford Research System (SRS) CIS200, capable of detecting ions mass up to 200 amu. 

The CIS is enclosed in a Conflat tee as shown in Fig. 3.4(a). The CIS probe is mounted to 

the back port. The front port is connected to the plasma chamber through a gate valve, and 

the bottom port is connected to the vacuum system. The ECU connects directly to the 

probe's feedthru-flange through its front panel. A computer system is connected to the rear 

panel of the ECU by an RS232 connector. The ECU has a built in power module for AC 

operation. This eliminates the need for an external DC power supply. The vacuum system 

used consists of a turbomolecular pump and a diaphragm pump. With the above vacuum 



www.manaraa.com

22 

system, the CIS can operate up to 10·5 mbar. At higher pressure, the response time becomes 

non-linear so that a pressure reduction system placed between the plasma chamber and the 

CIS analyzer is needed. 

Computer Electronic 
Control 

Unit Quadropole Filter 

-
---

'-"' 
Gate 

Turbo Valve 
Pump 

Roughing 
,____-+Pump 

ECRChamber 

Figure 3.3. Schematic of the MS system. 

The bakeout of the CIS probe is needed after the installation of the probe in the 

vacuum chamber and after any long exposure to open air. The bakeout accelerates the 

outgassing rates of molecules (especially H20) from the walls. A bakeout also helps clean 

the probe from deposits. The presence of deposits increases the contribution of the 

quadrupole sensor to the background signal. An electrostatic charge present on the 

contaminated surface effects the probe sensitivity and resolution. Therefore, when 

background contamination is present or when the performance of the CIS degraded, a probe 

bakeout is also necessary. 
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The CIS analyzer consists of three major parts: the closed ionizer, the quadrupole 

mass filter and the ion detector. Figure 3.4(b) shows the schematic of the CIS analyzer. The 

ionizer used is called the closed ion source (CIS). Electrons from the heated filament collide 

with gas molecules to produce positive ions. The ions then travel through the mass-filter 

where they are separated based on their mass to charge ratio [22]. In this research, the 

filament is turned off to allow detection of plasma ions only. By turning off the filament, we 

eliminate the contribution of ions produced by electron bombardment in the ionizer. 
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Figure 3.4. CIS analyzer [22]. 
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The quadrupole mass filter is comprised of four electrically conducting cylindrical 

rods. The rods are held in quadrature and parallel to each other by alumina spacers. The 

rods are arranged to minimize the distortion of the electrodynamic quadrupole field. The 

electric field within the rods is created by applying a combination of radio frequency (RF) 

and direct current (DC) voltages to each pair of the rods as shown in Fig. 3.5. The applied 

RF frequency is 2.7648 MHz. Positive ions travel through the filter along the z-axis and 

oscillate in the X and Y directions due to the quadrupole fields. The RF and DC voltages are 

set to some values that will allow only ions of interest to have stable trajectories. Only those 

ions will be transmitted to the other end of quadrupole. By varying the DC and RF voltages, 

different mass-to-charge ratio ions are transmitted at a time. The ECU automatically varies 

the RF and DC voltages to the necessary values to scan the entire mass spectrum. 

RF+DC 

RF-DC 

Figure 3.5. Schematic of quadrupole mass filter. 
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The ions that are successfully transmitted to the end of quadrupole filter enter the ion 

detector. The detector is shielded from the quadrupole field by a grounded exit plate. The 

detector used is a stainless steel Faraday cup (FC) located along the Z-axis at the end of the 

quadrupole. The ions enter the detector, strike the metal wall and extract electrons from the 

metal. An electrical current is created as a result of this process. The current is transmitted 

through an RS232 cable to the computer system. The partial pressure of ions is calculated by 

multiplying the current with the nominal sensitivity of the CIS analyzer. The sensitivity of 

the analyzer used in this experiment is in the order of 10·6 A/Torr. The FC detector's 

efficiency is the same for all ions regardless of their mass. 

3.3 Langmuir Probe 

A Langmuir probe is also used in this experiment to support the data obtained from 

both MS and OES. A diagram of the Langmuir probe is shown in Fig. 3.6. The probe tip is 

placed inside the plasma chamber, in the close proximity to the substrate. The probe is 

connected to the DC power supply with a coaxial cable through a feedthru flange. A current 

meter is placed between the probe and the DC power. 

By grounding the chamber wall and applying voltage to the probe, a potential 

between the probe and the wall is developed inside the chamber. Depending on the voltage 

applied, electrons from the plasma will be attracted or repelled from the probe tip. Langmuir 

probe theory is developed based on the assumption that the probe does not disrupt the 

plasma. It also assumes that all the electrons and ions that enter the plasma sheath are 

collected by the probe [15]. The sheath is a non-neutral region between plasma and wall or 

between plasma and foreign object inserted into the plasma. 
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Figure 3.6. Schematic of the Langmuir probe system. 

Plasma 

An example of the Langmuir probe data is shown in Fig. 3.7. As shown in Fig. 3.7, 

the 1-V curve generated from the Langmuir probe data consists of three regions: ionic region, 

transition region and electronic region. When large negative bias is applied to the probe, 

electrons are repelled and ions are collected on the probe. This is called the ionic region 

(region 1 ). In this region, the collected current is due to the thermal motion of ions. On the 

other hand, when large positive bias is applied, the electrons are attracted and ions are 

repelled from the probe. The collected current in this electronic region (region 3) is due to 

the thermal motion of electrons. A transition region (region 2) exists in between the ionic 

and electronic regions. 

The voltage where the current goes to zero is called the floating potential while the 

point where the probe is at the same potential as the plasma is called the plasma potential. At 

plasma potential, the current collected by the probe is due to the thermal motion. Because 
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the thermal velocity of electrons is much higher than the thermal velocity of ions, the current 

collected by the probe is mainly due to electrons. 

Current vs. Applied Voltage 
for 20 seem Helium Plasma at 25 mTorr and 100 W 
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Figure 3.7. Langmuir probe 1-V data. 

3.4 UV NIS/NIR Photospectroscopy 

To correlate the plasma condition with film growth rate, amorphous silicon films are 

grown on glass substrate. The film thickness is measured using a Perkin-Elmer dual beam 

spectrophotometer. The film is mounted perpendicular to the incoming light beam. As the 

monochromatic beam passes through the sample, part of the light will be reflected and part of 

it will be transmitted. The interaction between the reflected and transmitted light in the film 

will cause destructive or constructive interference that occurs when 

2 . B m..t tsm =-
n 

(3.6) 
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where t is the film thickness, 8 is the incident angle, A. is the wavelength, m is an integer and 

n is index of refraction. The thickness of the film can be calculated from the wavelengths of 

two adjacent peaks or valleys: 

(3.7) 

where A.1 and A.2 are the wavelengths of the adjacent peaks, and n is the index of refraction 

halfway between A.1 and A.2. For the calculation, we will assume n to be constant. Therefore it 

is important to use A.1 and A.2 from the region where the variation on n is small. For this 

experiment, the interference peaks use to determine film thickness are in the range of 1500 to 

2500nm. 

The Perkin-Elmer spectrophotometer is also used to measure the absorption 

coefficient. Since absorption occurs when the energy of the incident photon is higher than 

the bandgap of the material, the plot of absorption coefficient versus energy can be used to 

determine the optical bandgap of the film. Absorption and transmission are defined as 

A(A.)) = log10(-
1-) T(l) 

T(l) = [1-R(A.)]2 exp[-a(l)t] 

where A(A.) is the absorption, T(A.) is the transmission and R(A.) is the reflection. 

Substituting equation 3.9 into equation 3.8 and solving for a.(A.) gives 

a(l) = 2.303A(l)-ln[(l-R(A.)t2 ] 

t 

The absorption coefficient can then be calculated by measuring A(A.) and R(A. ). The 

relationship between the optical bandgap and the absorption coefficient is given by 

(3.8) 

(3.9) 

(3.10) 
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(3.11) 

where Bis a proportionality constant and Eg is the Tauc gap [23]. Figure 3.8 shows an 

example of a plot of (a. . Eph) 112 versus Eph· By extrapolating the linear portion of the graph 

down to the x-axis, we can determine the Tauc gap. 

The bandgap can also be estimated using the E04 method (Fig. 3.9). The energy when 

the absorption coefficient is equal to 104 is the E04• 
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Figure 3 .8. Plot of (a. . Eph) 112 versus Eph for a:Si film. 
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Figure 3.9. Absorption coefficient versus energy plot for a: Si film. 
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3.5 Photosensitivity 

Before electrical measurements are taken, chromium is evaporated on the sample 

through a mask. The results are two coplanar contacts with L/W ratio of 20. On top of the 

Cr contacts, silver paint is applied to reduce contact resistance and thus provides good 

contact with the metal probe. 

Mask 

L 

Figure 3 .10. Mask used to evaporate Cr contacts on the film. 

After the metal contacts are formed, the film is now ready for conductivity 

measurement. The sample is placed in a light-tight box with a fan directed to the sample to 

keep it cool during illumination. One-sun light source is used to illuminate the sample. 

During illumination, the absorbed photons excite carriers to the band edges, creating photo 

current. In this experiment, the photo current is measured 30 seconds after the sample is 

illuminated. The lamp is then turned off and the box is closed. The dark current is measured 

an hour later, after most of the light induced carriers have recombined. 

The photo and dark conductivities are calculated using the following equation: 

W lph,d a =---
ph,d L Vt (3.12) 
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where V is the applied voltage, t is the film thickness , I is the photo or dark current and W /L 

is the width to length ratio of the metal contacts. The photosensitivity is calculated by taking 

the ratio of the photo to dark conductivity. Photosensitivity is a measure of how well the film 

can collect the photogenerated carriers. Photons are absorbed more efficiently in amorphous 

material than in crystalline material. More carriers are generated in amorphous films, 

therefore the photosensitivity of amorphous film is larger that that of crystalline film. 
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CHAPTER 4. RESULTS 

4.1 OES and Mass Spectrometry 

OES and mass spectrometry give useful information on how plasma parameters 

affected the plasma. A change in plasma parameters changes the composition or energy of 

the ions and atoms in the plasma. In this section we will take a close look on how power, 

pressure, gas dilution and substrate bias affect the plasma. This information will then be 

used in the next section to establish a relationship between plasma conditions and film 

growth rate. 

For the OES study, the presence of hydrogen molecules, hydrogen atoms, helium, 

silicon, and silyl are detected by their emission spectra at 612.2 nm (H2), 656.3 nm(Ha), 

388.8 nm (He), 288.2 nm (Si), and 414.2 nm (SiH) respectively. The Table of Spectral Lines 

of Neutral and Ionized Atoms [24] and The Identification of Molecular Spectra [25] were 

extensively used for peak identification. 

The OES scan increment was set to 0.02 nm to provide better resolution for the peak 

of interest. The small scan increment is also necessary to obtain the exact peak location and 

intensity. Figure 4.1 shows a comparison between OES scan with 0.2 nm and 0.02 nm 

increments. The scan with 0.2 nm increment gives a false peak at 319 nm. The actual peak 

at 318.9 nm is seen from the scan withO .02nm increment. 

For the mass spectrometer, peaks at 2 and 3 amu are used to identify H2 and H2/H 

ions (Fig. 4.2), peak at 4 amu is used to identify He ions and peaks at 28, 29, and 31 amu are 

used to identify Si, SiH, and SiH3 ions. At the beginning of a scan, the applied DC potential 

is small (or zero) resulting in a weak electric field along the quadrupole filter. This weak 

electric field allows unstable ion trajectories to be transmitted through the filter, producing an 
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output signal called "zero blast". Due to the zero blast condition, the SRS CIS system used 

for this experiment has been set to zero to prevent zero DC voltage. This means that any 

peak below 1.5 amu can not be properly detected [15]. Therefore, the peak at 3 amu is used 

to identify H ions. 
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Figure 4.1. Comparison between OES scans with 0.2 and 0.02 nm scan increments. 
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Figure 4.2. An example of mass spectroscopy scan for hydrogen plasma. 
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4.1.1 Power Effect 

OES, MS and Langmuir probe measurements have been taken to evaluate the effect 

of incident microwave power to the plasma. The OES and MS measurements were collected 

simultaneously for 20:2:2 helium-hydrogen-silane plasma at 5 mTorr. Figure 4.3 shows OES 

counts as a function of power. It shows that the emission intensity increases as the power 

increased. At higher power, more energetic electrons are produced. The interaction between 

the highly energetic electrons and the atoms or molecules produces more excited species and 

thus increases the probability for stimulated emission. This results in higher emission 

intensity. 

20:2:2 He:H2:SiH4 Plasma at 5 mTorr 
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Figure 4.3. OES counts as a function of incident microwave power. 

As shown in Figure 4.4, the Langmuir probe measurements support the results from 

the OES measuremenst. The increase in the incident power results in an increased electron 

temperature, Te· The increase in Te indicates that higher energy electrons are generated. 

This agrees with previous findings [15] , [26]. The highly energetic electrons produce not 
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only more excited species, but also more radicals and ions. Figure 4.5 shows that the ratio of 

H atoms to H2 molecules increases with power. In addition, the MS data indicates an 

increase in He2+, H2+and H21II'" ions, when the microwave power is increased from 50 W to 

200 W (Fig. 4.6). Increasing the power from 200 W to 250 W did not further increase the 
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Figure 4.4. Langmuir data showing the effect of power on electron temperature. 
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Figure 4.5. The effect of power on ratio of H atoms to H2 molecules. 
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detected concentration of He2+, H2 + and H2/H+ ions. For comparison, MS scans were also 

collected for 20:2 helium-hydrogen plasma at 5 mTorr. The results, plotted in Fig. 4.7, agree 

with the data shown in Fig. 4.6. The detected ions increase exponentially when the 

microwave power is varied from 50 W to 200 W. Increasing the power from 200 W to 250 

W does not change the ions concentration. 
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Figure 4.6. He2+ and/or H2 (2 amu) and H2/H+ (3 amu) ions in He-H2-SiH4 plasma as a function of 
power. 
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Figure 4.7. He2+ and/or H/ (2 amu) and H2/H+ (3 amu) ions in He-H2 plasma as a function of power. 
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4.1.2 Pressure Effect 

The effect of pressure on the plasma was studied using OES, MS and the Langmuir 

probe. The variation of OES counts with pressure for a He-H2-SiH4 plasma at 150 Wis 

shown in Fig. 4.8. In general, the OES counts decrease as the pressure increases. This can 

be explained by the decrease in the electron temperature measured by the Langmuir probe, 

shown in Fig. 4.9. When the pressure increases, the mean free path decreases, causing less 

energetic collisions. As mentioned earlier, only collisions with a certain amount of energy 

transferred can result in photon emission. The less energetic collisions will not have high 

enough energy to emit a photon and thus can not be detected by the OES system. 
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Figure 4.8. OES counts as a function of pressure for He-Hi-SiH4 plasma at 150 W. 

Figure 4.8 shows that both of helium and hydrogen atoms counts decrease as the 

pressure increases. However for H1 molecules, the EOS count increase for pressure between 

3 to 7 mTorr and decreases for pressure above 7 mTorr. At low pressure the dissociation of 

H2 molecules to H atoms is more effective, resulting in high Ha I H1 count ratios. Figure 4.10 
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shows that the ratio of H alpha to H2 molecules decreases as the pressure increases. This 

implies that the dissociation rate of H2 molecules to H atoms is higher at low pressure. 
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Figure 4.9. Electron Temperature as a function of chamber pressure. 
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Figure 4.10. Ratio of H alpha to H2 molecule counts for He-HrSiH4 plasma at 150 W. 
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An increase in pressure also decreases the electron concentration in the plasma, as 

shown in Fig. 4.11. This result has been noted before [15]. The decrease in electron 

concentration decreases the collision probability between electron and molecules and thus 

decreases the concentration of ion formed. Figure 4.12 shows the relationship between the 

ion concentration and the pressure. 
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Figure 4.11. Electron density as a function of pressure for H2 plasma. 
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Figure 4.12. H2 + (2 amu) and H2/H+ (3 amu) ions in H2 plasma as a function of pressure. 
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4.1.3 Dilution Effect 

The effect of adding silane to a helium plasma is shown in Fig. 4.13. The experiment 

was conducted by adding small amount of silane to a helium plasma while maintaining a 

constant chamber pressure. As shown in Fig. 4.13, at 0% silane the OES counts for Ha and 

H2 molecules are very low. Adding 1 to 4 seem silane to a 20 seem helium plasma results in 

the increase in Si (288.2nm), Ha (656.3 nm) and H2 (612.2 nm) counts. As expected, the 

helium count decrease as the fraction of SiHi to He inlet flow increases. As the silane 

dilution increases, the amount of helium present in the chamber decreases and thus decreases 

the decomposition rate of silane by helium atoms/ions. The ratio of Ha to H2 decreases from 

2.16 to 1.90 as the silane dilution increases from 5% to 20 % (shown in Fig. 4.14). 

OES and MS studies were also conducted to investigate the effect of adding hydrogen 

to a helium-silane plasma. The plot of OES counts versus H2 I (He+Silii) dilution ratio is 

shown in Fig. 4.15. The OES signals due to excited H2 (612 nm) and Ha (656.3 nm) ions 
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Figure 4.13. EOS counts versus SiH4/He dilution ratio. 
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H to H2 Counts Ratio as a Function of SiH4/He for 
Helium-Silane Plasma at 5 mTorr & 150 W 
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Figure 4.14. Ha to H2 counts ratio as a function of SiHi/He dilution ratio. 

increase as has been expected. Figure 4.15 also shows that hydrogen dilution reduces the 

OES counts for He (388.8 run), Si (288.2 run) and SiH (414.2 run). The decrease in SiH 

signals indicates that the addition of hydrogen reduces the formation of radical responsible 

for growth. Figure 4.16 shows that the concentrations of st (28 amu) and SiH+ (29 amu) 
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Figure 4.15. OES counts as a function of H2/(He+SiHi) dilution ratio. 
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ions decrease as the hydrogen dilution ratio increases. In addition, hydrogen atom to 

hydrogen molecule count ratios also decrease with an increase in hydrogen dilution ratio 

(shown in Fig. 4.17). The correlation between the Ha!H2 counts ratio and film growth rate 

will be discussed in section 4.2. 
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Figure 4.16. Partial pressure of Si+, SiH+, SiH2+ and SiH/ ions as a function of H2/(He+SiH4) ratio. 
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Figure 4.17. Ha to H2 molecule ratio as a function of H2/(He+Si~) dilution ratio. 
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4.1.4 Bias Effect 

To study the effect of substrate bias, an in-line mass spectrometer was used to detect 

the ion density in the plasma. A grounded screen was placed in front of the substrate to 

minimize the effect of bias on the rest of the plasma. The change in partial pressure of ions 

as a function of bias is shown in Fig. 4.18. The result is the opposite of what would have 

been predicted. The ion flux increases with substrate bias. This might be due to the increase 

in plasma potential with bias as was observed for a system without a grounded screen (Fig. 

4.19). A similar result was observed before [26]. The increase in ion flux with bias indicates 

that the geometry of the ground planes in the plasma changes, even with the presence of a 

grounded screen. The mass spectroscopy result for a system without a grounded plane is 

shown in Fig. 4.20. Comparing Fig. 4.18 to Fig. 4.20, we found that both systems, with and 

without grounded plane, show similar results. 
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Figure 4.18. Partial pressure of ions versus substrate bias for He-Hi-SiH4 plasma with a 
grounded screen. 
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Plasma Potential as a Function of Substrate Bias 
for H2 Plasma at 10 mTorr and 100 W 
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Figure 4.19. Plasma potential as a function of substrate bias. 
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Figure 4.20. Partial pressure of ions versus substrate bias for He-Hi-SiH4 plasma without a 
grounded screen. 

OES was also used to study the effect of substrate bias on the plasma. The study was 

conducted on the system without a grounded screen. A typical emission intensity versus bias 

plot is shown in Fig. 4.21. This plot shows a very interesting result. Unlike the ion flux, the 

emission intensity does not change much with substrate bias. This can be explained using the 
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plasma potential versus bias plot. As shown in Fig. 4.19, the plasma potential increases with 

bias. However, the difference between the plasma potential and substrate bias is almost 

unchanged. This potential difference is the one seen by the atoms or molecules. Therefore, 

changing the substrate bias alone does not change the emission intensity. A similar result 

was also observed for a system with a grounded screen (Fig. 4.22). 
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Figure 4.21. Emission intensity versus bias for a system with no grounded screen. 
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Figure 4.22. Emission intensity versus bias for a system with a grounded screen. 
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4.2 Film Growth 

To determine the effect of plasma parameters on the film growth rate, a series of a-

silicon films were grown on glass substrates. The deposition conditions of the samples are 

listed in Table 4.1. All samples were grown at 350°C and 15 mTorr. The microwave power 

was kept constant at 75 W. The helium and silane flow rates were maintained at 20 and 4 

seem respectively, while the hydrogen flow rate was varied from 0 to 20 seem. 

The electrical and optical properties of the grown films are listed in Table 4.2. The 

film thickness decreases from 1.316 to 0.85 µm as the H2 flow rate increases from 0 to 20 

seem. The Tauc gap and E04 are similar for all samples, suggesting that the bandgap remains 

unchanged. The photosensitivity is in the order of 105 to 106, indicating an amorphous film. 

Table 4.1. Deposition conditions of the a:Si films. 

Sample# Power(W) Pressure He H2 SiH4 Growth Time 
(mT) (seem) (seem) (seem) (min) 

3/857 75 15 20 0 4 60 
3/862 75 15 20 0.8 4 60 
3/863 75 15 20 1.4 4 60 
3/858 75 15 20 2 4 60 
3/859 75 15 20 5 4 60 
3/860 75 15 20 10 4 60 
3/861 75 15 20 20 4 60 

Table 4.2. Film characteristics. 

Sample# Growth Etauc E04 (eV) Light Conductivity Dark Conductivity Photo 
Rate (A/s) (eV) (Siem) (Siem) Sensitivity 

3/857 3.656 1.82 1.98 4.71E-06 6.99E-12 6.74E+05 
3/862 3.562 1.82 1.97 1.03E-05 4.21 E-11 2.44E+05 
3/863 3.423 1.83 1.98 9.25E-06 3.08E-11 3.00E+05 
3/858 3.291 1.83 1.97 2.78E-05 1.80E-10 1.55E+05 
3/859 3.169 1.82 1.97 1.67E-05 4.56E-11 3.65E+05 
3/860 2.676 1.82 1.97 1.87E-05 2.78E-11 6.72E+05 
3/861 2.362 1.83 1.97 1.06E-05 1.91E-11 5.56E+05 
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Figure 4.23 shows the effect of hydrogen dilution on growth rate. As the hydrogen 

flow increases from 0 to 20 seem, the growth rate decreases from 3.66 to 2.36 A/sec. The 

decrease in growth rate is due to the decrease in the concentration of radicals responsible for 

growth. In section 4.1.3 we have shown that H2 dilution decreases both SiH emission signal 

(Fig. 4.15) and SiH ion concentration (Fig. 4.16). The correlation between growth rate and 

SiH emission intensity is shown in Fig. 4.25. The growth rate increases as SiH counts 

increases. This means that the growth rate depends on the decomposition of silane into its 

radicals (e.g. SiH3, SiH2, SiH and Si). It does not necessarily mean that SiH is the dominant 

radical responsible for growth. It only implies that the dominant radical is produced at a rate 

proportional to the rate of production of SiH. Previous work by Gallagher [7, 16] showed that 

SiH3 was the dominant radical in glow discharge. Further study needs to be done to find out 

if SiH3 is the dominant radical in ERC system. Figure 4.25 shows the correlation between 

growth rate and H/H2 emission intensity ratio. The increase of growth rate with H/H2 ratio 

Growth Rate vs H2/(He+SiH4) inlet flow ratio for 
HeH2SiH4 Plasma at 75 W 
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Figure 4.23. Growth rate as a function of H2 I (He+Si~) inlet flow ratio. 
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indicates that growth rate depends on the formation of H ions. At low HIH2 ratio, a small 

increase in H ion concentration increases the growth rate. Further increase in H ion 

concentration increases the sample etch rate and thus slows the growth rate down. 

Growth Rate vs OES Count for HeH2SiH4 Plasma 
at 15 mTorr and 75 W 
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Figure 4.24. Growth rate versus SiH emission intensity. 
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Figure 4.25. Growth rate versus H(656.3) I H2(612.2) counts ratio. 
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CHAPTER 5. CONCLUSIONS 

The first part of this research focused on plasma characterization using Langmuir 

probe, optical emission spectroscopy (OES), and in-line mass spectrometry (MS). The effect 

of microwave power, chamber pressure, gas dilution, and substrate bias on ECR plasma 

composition was investigated by taking OES and MS measurements simultaneously. 

Langmuir probe data were used to support the OES and MS findings. 

As predicted, the increase in the incident microwave power increases the atomic and 

molecular emission intensity as well as the ion concentration. This can be explained by the 

increase in electron temperature. As the electron temperature increases, more energetic 

collisions are produced and more excited radicals and ions are generated. Similar results 

were seen by DeBoer [7] and deFreese [19]. As power increases, Ha!H2 counts ratio also 

increases. This result indicates that H atom plays a role in growth chemistry. 

An increase in pressure reduces the emission counts, ion concentrations and electron 

temperature. When the pressure increases, the mean free path decreases. The decrease in 

mean free path produces less energetic collisions and thus creating fewer ions and radicals. 

The increase in pressure also reduces Ha!H2 counts ratio. This means that the decrease in 

pressure produces more H ions/radicals and thus promoting the growth of microcrystalline 

films. 

In this work, we investigated both silane and hydrogen dilution effects. Adding 

silane into helium plasma increases both Si and H emission intensity. As expected, the 

helium count is inversely proportional to the Sil!i concentration. Interestingly, the addition 

of hydrogen reduces the emission intensity for both Si and SiH. Assuming that the radical 

responsible for growth is produced at a rate proportional to the rate of formation of SiH, then 
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the decrease in SiH signal indicates that the addition of hydrogen also reduces the formation 

of radicals responsible for growth. 

For the substrate bias study, a grounded screen was placed in front of the substrate to 

minimize the effect of the bias on the geometry of the ground plane. The result from this 

study was very surprising. We found that the ion flux increases with substrate bias. This is 

due to the increase in plasma potential with bias, as was observed before for a system without 

a grounded screen [19]. This result suggests that the plasma potential still increases, even 

with the presence of a grounded screen. Unlike the ion flux, the emission intensity does not 

change much with substrate bias. As bias increases, the plasma potential also increases. 

However, the difference in plasma potential and the applied bias is almost unchanged. This 

potential difference is the one seen by the atoms. Therefore changing substrate bias does not 

change the emission intensity. 

The second part of this research was dedicated to correlate the spectroscopy results to 

the film growth rate. To do this, a series of amorphous silicon films was grown at different 

hydrogen dilution ratios. The results show that the film growth rate decreases as the 

hydrogen dilution increases. The decrease in growth rate was found to be linearly dependent 

on the SiH counts. This implies that the growth rate depends on the decomposition rate of 

silane into its radicals. This also suggests that the dominant radical responsible for growth is 

produced at the rate proportional to the rate of formation of SiH. 

In conclusion, we have demonstrated that we can use OES and MS to obtain 

information about plasma composition that can .be used to monitor film growth rate. We 

have shown that adding a small amount of hydrogen to helium-silane plasma reduces radical 

formation and thus decreases the growth rate. Subsequent increase in hydrogen dilution 
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further increases the etching of the films, thereby decreasing the growth rate even more. 

Surprisingly we found that all three ions SiH, SiH2 and SiH3 play a major role in growth. 

SiH concentration can even be higher that SiH3 concentration as shown in figure 5 .1. This 

contradicts the standard growth model for growth [7]. 
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Figure 5.1. SiH, SiH2 and SiH3 ion densities as a function of power. 

The work on He-H2-SiRi plasma needs to be continued to determine the dominant 

radical responsible for growth in the ECR plasma. An ion-beam mass spectrometer can be 

used to do a compositional analysis of plasma. The details of this measurement technique 

can be found in a paper by Sz. Katai [27]. Moreover, to better understand the role of 

hydrogen in the plasma, the loss kinetics of hydrogen can be investigated using a method 

similar to the one reported by S. Takashima [28]. The OES and MS measurement can also 

be used to correlate plasma composition with growth rate for different types of film, such as 

silicon germanium and germanium carbide. 
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