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The optical, electrical and structural properties of a-Si:H

films deposited by ECR microwave plasma CVD have been studied as

functions of substrate bias and orientation with respect to the magnetic

field. Films deposited on stainless steel substrates with their surfaces

normal to the dc magnetic field exhibited good optical and electrical

properties whilst films deposited on glass substrates with their surfaces

parallel to the magnetic field exhibited poor optical and electrical

properties. For moderate negative table bias, both films deposited on

stainless steel and glass substrates exhibited higher density and better

optical and electrical properties. These properties are explained in

terms of ion bombardment and electron flow on the growing films.
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In the past 15 years, amorphous semiconductors have been

extensively studied, both experimentally and theoretically. Research in

this field is rapidly growing and has become one of the most active

areas in condensed-matter physics. This growing interest can be

understood, since the unique properties of these new semiconductors,

together with state-of-the-art technologies in large area thin films,

open many possibilities for opto-electronic device applications. Of the

amorphous semiconductors, hydrogenated amorphous silicon (a-Si:H)

is certainly the most important, since it was the first amorphous

semiconductor which could be doped n-type or p-type, where

hydrogen seems to play an important role in making this type of
doping possible. Also, hydrogenated amorphous silicon is a direct

band gap material and can absorb light energy greafer than - 1.7 eY

efficiently. As a result, it thus absorbs in a film - 0.5 ¡rm thick as

much sunlight as does crystalline silicon (an indirect band gap

material) in a 50 pm thick sample. As a consequence, this material

has been widely applied to semiconductor devices, such as

photovoltaics devices, particularly solar cells, photosensitive devices,

thin film transistors and charge-coupled devices.

Of all the fabrication techniques, radio-frequency plasma

chemical vapor deposition method has become the most promising and

preferred technique to fabricate these a-Si:H films with sufficiently

good characteristics for those semiconductor devices. However, this

fabrication technique suffers several problems. For example, it is not

easy to realize a high deposition rate and it may also suffer

CF{APTER N
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contamination problems if the powered electrodes are immersed in the

plasma. Further, since substrates are located in the plasma regions, it
is thus considered that plasma damage due to high energy charged

particles would occur.

In order to eliminate all these problems, âû electron

cyclotron resonance (ECR) microwave plasma chemical vapor

deposition (CVD) method has been used to fabricate a-Si:H films. As

this method uses microwave power and satisfies the ECR condition,

the plasma is electrodeless and well-confined. This plasma can absorb

power efficiently and dissociate gases effectively. It is thus considered

that this microwave plasma techniques may be superior to other

plasma techniques.

It is well known that the charged particles, as well as the

radicals, play an important role in a-Si:H film formation. Although the

contribution of the charged particles is not yet well understood, it is
believed that the enhancement of ion flow by a negative bias is

advantageous for the improvement of a-Si:H film characteristics.

The intent of this thesis is to investigate the bias effects on

a-Si:H films fabricated by ECR microwave plasma. Through this

study, it is hoped that a better understanding of the profound effects

by the charged particles during film growth can be obtained.

This thesis primarily comprises (i) fundamental studies of
structural, optical and electrical properties of a-Si:H films, (ii)
characterization of a-Si:H thin films fabricated in ECR microwave

plasma system, with emphasis on the effects of substrate bias. Chapter

two reviews the fundamental properties of amorphous silicon.

Chapter three presents overviews on plasma kinetics, ECR

microwave plasma system, and the characterization techniques used in

this thesis. Chapter four deals with the main subject of this thesis,

a



which is an experimental investigation on the effects of substrate bias

on the a-Si:H thin films. Finally, chapter five summarizes the results

of this work and presents the overall conclusions.
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REVMW ON T'FXE PR.OPERTTES OF' HVÐR.OGEN.&T'EÐ

AN/TORPX{OUS SM.TCON

2"1 nntroductio¡l

In this chapter, we shall review some of the basic properties

of hydrogenated amorphous silicon (a-Si:H), with emphasis on the

structural, optical and electronic properties.

In general, the constituent atoms of an amorphous material

are not arranged in a periodic fashion, which means that the

long-range order is absent. However, due to a limited number of

bonding configurations available to the individual atoms, the

short-range order is still present in the neighbourhood of each atom.

Without periodicity, that is, lack of the long-range order, the Bloch

theorem is no longer applicable and the electron state cannot be

described by well-defined k (wavevector) values. Therefore, the

momentum selection rule for optical transitions is relaxed, resulting in

more contribution to the absolption spectra. However, allowed bands

and energy gaps still occur because the density of states (DOS) is

controlled most strongly by the local electron bonding configurations,

that is, the short range order. Since there is an electronic DOS, the

occupancy of these states must still be described by the F'ermi-Dirac

distribution, f(E ).
In an ideal crystalline semiconductor, the density of states

has a form of sharp structure, where bands of extended states are

separated by a forbidden energy gap as shown in Figure 2.1(a). It is
considered that the density of states distribution in amorphous

semiconductor should be of similar form to that of the crystalline

counterpart, with some modification. Of the electrical models for

-4
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amorphous semiconductor, the Cohen-Fritzsche-Ovshinsky (CFO)

model is one of the important models that is presently in use. This

model, as shown in Figure 2.1(b), consists of tail states extended

across the forbidden gap in a structureless distribution. These tails of
localized states may overlap and pin the Fermi level near the midgap.

Two critical energies for which carrier mobility increases sharply, are

now defined as the band edges, and the separation as the "mobility

gap" lL.Ll. This model is considered to be relevant to amorphous

silicon. However, the most popular electronic model for the density of

states distribution is the Davis-Mott model. It was proposed on the

basis of experimental results. As shown in Figure Z.L(c), localized

states from conduction and valence bands extend only a few tenths of
an electron-volt into the forbidden gap. The localized states near the

midgap are due mainly to dangling bonds.

In the following sections, we shall confine ourselves to the

discussion on hydrogenated amorphous silicon. The amorphous

semiconductor draws the greatest attention of scientists and

technologists at the present time.

2"2 Stnuctural Fnoperties

In general, a tetrahedrally bonded random network of group

IV atoms relieves its large internal strain by leaving some of its atoms

three-fold or five-fold coordinated, resulting in dangling bonded

atoms, or floating bonded atoms, which may segregate on internal

surfaces of voids. Relative to crystalline silicon, the amorphous films

can have a density deficit of ISVo to 40Vo lZ.Zl.The unbonded sp3

orbitals contain only one electron and hence can be detected by

electron spin resonance (ESR). In amorphous silicon (a-Si), the

abundance of dangling Si bond states in the gap makes it insensitive to

-5
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Figure 2.1 Density of states models: (a) an ideal crystalline
semiconductor, (b) the CFO model shows the
overlapping conduction and valence band tails, (c)
the Davis-Mott model shows the non-overlapping
band tails but with a band defect level near midgap.
Localized states are shown shaded.
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doping and "electronically messy". In hydrogenated amorphous silicon

(a-Si:H) the gap is relatively free of states and is described as

"electronically clean". As a consequence, this material can be doped

and shows many of the desirable semiconductor properties.

2"2"î Compositional F{eterogeneity

In a-Si:H, hydrogen is considered to have removed most of
the gap states because a silicon dangling bond prefers to bond to a
hydrogen atom. However, there are still a number of localized states

extending as tails from the conduction and valence band into the gap.

These are believed to originate from dihedral angle variations and

from odd-numbered silicon rings in the amorphous network 12.3).

These states would strongly affect the transport properties but not the

recombination lifetime of excess charge carriers.

On the basis of proton nuclear magnetic resonance (NMR)

studies 12.4,2.51, glow discharge a-Si:H films appear to contain

two-phase compositional heterogeneities where (1) the hydrogen is

randomly dispersed, diluted and bonded as monohydride, and (2) ttre
hydrogen is clustered and either bonded as monohydride or

polyhydride. The average separation of protons, that is, the

dipole-dipole interaction, affects the width of NMR signal which

allows the distinction of the two phases as a broad and a narrow-line

component, as shown in Figure 2.2. In general, all glow-discharge

a-Si:H films prepared under different conditions have been reported to

exhibit these two components.

-7
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NMR line shapes of a-Si:H film (left hand side) and

the same film after annealing at 400oC (right hand

side). Top curves are experimental data, and bottom
curves show deconvolution of data into broad and

narrow components.(After ref . 2.4)
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provide a continuous network which is free of structural

inhomogeneity and yield the device qualities of the a-Si:H film.
However, Knights et al. 12.6,2.71have discovered a columnar growth

morphology in a-Si:H film grown under a variety of glow discharge

conditions. The columns of 100-300 Å lateral dimensions grow

vertically from the substrate. Further, columnar growth becomes

more pronounced when SiH4 is diluted with inert gases of larger

molecular weight. Films having gross structural inhomogeneity

usually exhibit low luminescence and poor photoconductivity. On the

other hand, films having device quality show no discernible

microstructure. However, it has been suggested 12.6,2.71 that the

apparent homogeneity can be attributed to the reduction of the visible

definition of the interstitial regions. The deposition conditions would

not change the growth pattern significantly. Instead, they affect the

coalescence of the columns and the amount of the second phase in the

intercolumnar space.

Since NMR studies reveal that all films contain two phases

having different hydrogen concentrations. The high hydrogen content

phase contains all the polyhydride species and some monohydride

whilst the dilute phase contains only monohydride. Reimer et al. [2.8]

have suggested that the dilute phase represents the bulk regions of the

grains making up the film, whereas the highly dense phase fills the

intergrain spaces.

Films having pronounced columnar growth structure are

usually 20-40 Vo less dense than crystalline Si and are naturally quite

porous. Therefore, they are unstable upon exposure to atmosphere,

leading to post-deposition contamination effects.
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2"3 Optical Froperties

The optical properties of amorphous silicon are determined

by its electronic band structure. Since the dielectric function depends

sensitively on the electronic band structure of the material, therefore

studies of the dielectric function, particularly the imaginary part, ez,

are very useful in determining the optical properties of a material.

2"3"X, ûpticaX Fnoperties trVell Above the Absorption Edge

Assuming parabolic bands, the optical gap E oo, is defined by

lz.el

- 10-

where ø is the absorption coefficient and hv is the photon energy. kt
an amo{phous material, since Æ is no longer a good quantum number

due to lack of long range order, all pairs of states (between filled at

energy E, and empty at energy E + hv) can be assumed to participate

in optical transitions [2.10]. By assuming constant matrix elements

over a small range of energies near the absorption edge, the imaginary

part of the dielectric constant can be written

ahy = B( hv - Eor, )'

where nr(E) and nr(E) are the density of states of the valence and

conduction bands, respectively. Assuming parabolic bands at the band

edges, nr(E) a (8, - Elrz and n, u(E - Er)t'' as in crystalline

material, erbecomes €,za (hv - Eoo)'where Eoo, = Er- Eu, and Erand

er(hv) = const. I n"@) n, (E + hv) dE

E v are the conduction and valence band edges, respectively.

Therefore, the absorption coefficient a (hv ) is also given by

(1)

(2)



where n is the refractive index, and ), is the wavelength. Figure 2.3

shows the imaginary part of the dielectric constant for different

amorphous Si films and crystalline silicon. The sharp features in the

spectrum for crystalline silicon, which are related to the band

structure, are missing for all the amorphous silicons. Nevertheless, the

overall width and shape of the spectrum are about the same. Also, the

spectra of different amorphous films depend critically on preparation

conditions. The erpeak of the glow discharge a-Si:H occurs at a higher

energy and reaches a much larger value than the a-Si films without

hydrogen content. These results suggest that the bonding in the

amorphous network has been considerably altered by hydrogen. The

shift of er(max) to a lower photon energy in both evaporated and CVD

materials suggests a greater incidence of weak bonds, that is, the

silicon tetrahedra are distorted l2.lI). However, it is not possible to

come to a conclusion about altered transition matrix elements from the

variable peak heights without more knowledge about the relative mass

densities of the films.

2.3"2 Optícan ,A.bsorption Edge

In general, the optical absorption curve a(hv) of amorphous

semiconductors consists of three parts 12.91:

(1) At high energies, and a> 104 cffi-1, where the absorption

coefficient is described by Eqn. (1). Here, B contains an average

matrix element, constant with energy, and the joint density of states

for the conduction and valence bands. Since the crystal momentum

selection rule is broken by the disorder, therefore the value of B is
much greater than that in the crystal. It is this fact that makes these

- 11-
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Figure 2.3 Spectrum of the imaginary part of the dielectric
constant, er,for (1) crystalline Si, (2) glow discharge

a-Si:H, (3) CVD a-Si, and (4) evaporated a-Si. (After
ref .2.11)
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materials viable candidates for thin film solar cells.

(2) At intermediate energies, (102 < a < 104 cm-l), by an

exponential variation of awith hv .

V/ith a slope parameter E, which is typically between 0.05 and 0.08

eV. This has been variously attributed to exponential tails of states to

the valence and conduction bands, or to photon-assisted tunneling in

the presence of potential fluctuation.

(3) At the lowest photon energies and absorption

coefficients, by an absorption which is quite variable and is commonly

related to defect and impurity states. Figure 2.4 shows a typical edge

for glow discharge a-Si:H film. The energy gap Eopt is defined as the

intercept of the (ahv )1t2vs. hv curve in region (1). Further, the

"intrinsic" part of an edge occurs for u > 104, and u = 1,04 makes the

demarcation line between "intrinsic" edge and a defect dominated

edge. The optical gap Eop,of glow discharge a-Si:H films fall between

1.6 and 1.85 eV which is considerably higher than ttrat of sputtered or

evaporated films 12.12,2.\31. This is mainly due to the substantial

hydrogen content in a-Si:H films, since Si-H bonds are stronger than

Si-Si bonds.

2"4 Electnican Fnopenties

In this section, we review the dark and photo-conductivity

phenomena of hydrogenated amorphous silicon based on the

Davis-Mott 12.11 model of amorphous semiconductors.

- 13-
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2"4"1, Dark Conductío¡l

Based on the Davis-Mott model, we describe the dark

conductivity by

Gd= arexp(-Erl kT) + orexp(-Erl kT) + orexp(-C/ Tt'o) (5)

The first term on the right side of the equation is the

extended state conduction which occurs for electrons above the

conduction band edge or holes below the valence band edge in a

mafìner that analogous to that in crystalline materials. At high

temperature, extended state conduction is dominant and the typical

values of the pre-factot, c1,lies between 103 and 10amho/cm while

the activation energy, Ep lies between 0.65 - 0.95 eV.

The second term of the equation refers to hopping

conduction in the band tails where 62 is equal to eN r, where { is the

effective density of states in the conduction band and ¡t is the hopping

mobility. Ercan also be written as E, - -(E¡- Ep + w,) where wris

the hopping activation energy and Eo is an arbitrary energy within

the range of tail states. However, this kind of band tail conduction will
not be dominant if the density of defect states at the Fermi level is high

and, therefore, is rarely observed.

The third contribution of dark conductivity in amorphous

semiconductors is the variable range hopping in a band of defect states

at rhe Fermi-level. Cris equal to [18 L3l kN(Ef)]I/awhere 2is the

decay rate of the localized wave functions, and N(Ef) is the density of

localized states at the Fermi-leveI. o, contains ¿ 7-1t2 dependence,

therefore at low temperature where variable range hopping

- 15-



conduction is dominant, a plot of In(ooTl't ) ,t. 1 ¡flø will be linear.

2"4"2 Fhotoconduction

Photoconductivity is defined as the excess conductivity

produced by optical excitation. If we only consider the dominant

electron flow, the photoconductivity of a hydrogenated amorphous

silicon film is given by lzJal.

6ph= qcltr,

- t6-

where ø is the recombination lifetime, ¡.r is the

electron charge and

6, - qF(l - R)tI - exp(-ad)l t d

is the electron-hole generation rate. F(I - rR) is the incident photon

flux correct for surface reflection, 4 is the quantum efficiency, cr is

absorption coefficient, and d is the semiconductor thickness.

Typical values of photoconductivity for a-Si:H films are

between l0-7 - 10-3 mho/cm. Compared to those of dark conductivity

which are between 10-11 - l0-l mho/cm, the high 6o¡/aaratio is very

useful for photosensitive device applications.

(6)

electron mobility, q is

(1)
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MTCR.OWAVE PT,ASMA SYSTEM AND

CHAR.AC TER.IZATTON TECHNXQUES

3"1 Intnoduction

In this chapter, we shall present a brief outline of the

fabrication techniques for preparing hydrogenated amorphous silicon

and the plasma growth kinetics. We shall then briefly describe the

novel microwave plasma system developed in our Materials and

Devices Research Laboratory at the University of Manitoba, where the

a-Si:H thin films under investigation being presented in this thesis

were fabricated. Finally, the details of the main characterization

techniques used in this thesis are given.

There are many techniques to prepare a-Si:H thin films

which by far is the most common available form. These techniques

include evaporation, reactive sputtering, chemical vapor deposition

(CVD), and the most widely used glow discharge techniques.

Evaporation of silicon without hydrogen can produce high

purity amorphous silicon films, but in this case subsequent

hydrogenation by exposuring the films to atomic hydrogen is needed

t3.11. Reactive sputtering is a well-developed industrial process

capable of fast deposition 13.2l.In this technique, a solid silicon target

is bombarded by ions, usually argon, and sputtered Si atoms are then

condensed onto the substrate. A controlled amount of hydrogen added

to the sputtering gas is atomized and reacts with the sputtered Si, thus

facilitating the incorporation of atomic hydrogen to the silicon films.

In chemical vapor decomposition, silane is decomposed at 450oC and

the amorphous films are then deposited. This technique suffers from

-18-
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small hydrogen content and low deposition rate. 'When disilane instead

of silane is employed, the deposition rate is much enhanced and can

proceed at much lower temperatures, therefore reducing the amount

of hydrogen evolved [3.3]. To enhance incorporation of hydrogen,

homogeneous CVD (HomoCVD) has been developed, where the

substrate is cooled by nitrogen. This technique produces amorphous

silicon films containing a high concentration of hydrogen and a low

concentration of dangling bonds 13.41. Probably the most popular

technique for fabricating a-Si:H is the glow discharge of silane, also

referred to as the plasma enhanced chemical vapor decomposition

(PECVD). In this process an electric field (dc, ac, rf, microwave) is

used to produce a plasma which contains ions and reactive species. In

this technique the radicals condense on a heated substrate (typically

about 100-400oC) to form an amorphous silicon film. Hydrogenated

amorphous silicon deposited by this technique is found to have good

structural, chemical and electronic properties but they aÍe very

dependent on the deposition conditions.

3.2 Kinetics of Flasma Ðeposition of a-Si:H Films
Hydrogenated amorphous silicon (a-Si:H) prepared by rf and

dc glow discharge of silane has been extensively studied for the

purpose of its widely applications. However, the growth kinetics or the

deposition mechanisms are still not well understood and remain as

open questions. Mass spectrometry and optical emission spectrometry

studies are now beginning to give some answer to these questions. In

this section, we describe briefly the rf and dc glow discharge of silane

deposition processes. Since microwave plasma techniques are still in
research stage, therefore, it is hoped that through comparative studies

-19-



of rf and dc glow discharge depositions, we may get some insight into

the ECR microwave plasma deposition processes.

Plasma deposition primarily consists of three main processes,

which are, (i) plasma excitation and decomposition which produce the

reaction species, (ii) gas reaction of these species while diffusing or

drifting to the substrate, (iii) surface reactions including compiling

and reemission at the substrate surface. It is beyond the scope of this

thesis to discuss in detail a growth model of a-Si:H, we shall confine

ourselves to describe only the first two main processes of the plasma

deposition processes.

In general, a glow discharge is initiated and maintained by

inelastic collisions between electrons and molecules. As the molecules

are excited, they become unstable and may be decomposed, ionized or

both. The rates of these reactions are given by [3.5]

-20 -

where nris tlrre electron concentration, k, is the rate constant for the

reaction, and [X] is the concentration of X. The rate constant is given

by

þ. - ( 2 t m, )1'2 Init2 ¡¡nS o,(E) dE (z)

where mris the electron mass, f(E) is the normahzed electron energy

distribution and oi(E) is the cross section for the reaction which is a

function of energy. Although the electron energy distribution may not

be Maxwellian, it is always assumed to be so for simplicity.

The primary decomposition reactions are the most important

reactions for the properties of the deposited films, since they are

known to produce both ions and neutral radicals which are responsible

r.=nk.txlI e t. (1)



for the film growth. Since enthalpies of all the ions and neutral

radicals are known, it is possible to calculate the energy required to

produce them t3.6l.Table 3.1 lists all the major reactions including

electron-impact dissociations and ionizations. Another important

reaction should also be considered, that is the dissociation of H, which

is a product of the deposition process and is always used as diluent of

silane;

Hr* 
"-

Further, reactions similar to (b), (d), (e) and (g)[see Table 3.1], in

-21 -

which 2H is produced instead of H, would require 99 Kcal/mol or

more energy for each H, dissociated. From the table it is clear that the

species formed by electron impact decomposition of silane are SiHn

(n=0-3), H, Hr. and SiHn+ (n-2,3). Other positive ions, Si+, SiH+ and

SiH4+ ion are either scarce or unstable, therefore they are not

observed in mass spectrometric studies. The mean electron

temperature, T", of silane plasma has been measured to be 0.5 - 5.0 eV

(11.5 - 115 KcaVmol) 13.71. Thus, ionization process, such as (a) and

(b) in Table 3.1 would arise from the high energy tail of rhe electron

distribution. It has been observed that SiHr+ and SiHr+ are the most

abundant ions in low pressure dc discharge (< 5 mTorr) [3.g,3.9]. On

the other hand, the relatively large number of low energy electrons in

the distribution may prove that reactions (Ð and (g) are the most

important processes which result in large quantities of SiH, and SiH,

13.91. All these species arising from the primary processes are very
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TABLE 3.I

Plesun Deco¡taposITIoN

I. Priman' Processes

a. e- + SiH4 ---*SiHi + H * 2e-
b. --- SiHl * H, * 2e-
c. -'SiHz * 2H * e-
d. -'SiH*Hr*H*e
e. ---* Si * 2H, * e-
L ---*SiH¡*H*e-
g. ___-+ SiH, * H, * e-

2. Secondan' reactions
l. SiHi + SiH4 * M - Si2Hi + M
2. SiHí + SiHo * Si,Hi * Ht
i. SiHl + SiHo * SiHi + SiH j
1. SiH, * SiH.----' Si,H6
-i. SiHì + SiH3 * Si,H6
ó. H+SiHo*SiHrH,
7. SiHr + SiH¡ * SiH, * SiHo
8. SiHr + SiH., * SiHrSiH + H2
9. SiH, + SiH. .- SiHrSiH * H,
l0 SiH,SiH. * 'SiHrSiH:SiHr'
ll. SiHrSiH + SiH. * SirHs
ll SiH + SiH. -* SiHrsiH,
l-1. Si + SiLl. * SiHrsiH

Reaction

ReecrroNs (After ref. 3.6)

Â H (kcal mol-r)

284
263
t55
l3r
97

90

56

-2.9
-l

-49
-14
-17
-36

+il
-62
-45
-34



reactive and will undergo

substrate.

Part2 of Table 3.1

the most likely reactions of

(3), show the fates of SiHr+ and SiH3+ ions generated in the discharge.

It has been suggested that SiHr+ is the precursor of the large ionic

clusters, SimHn+ (m=2-5), as commonly observed in the plasma [3.10].

The dominant loss process of SiH3+ is mainly upon wall (substrate)

recombination to the SiH3 radical t3.111. It is worth noting that

reaction (3) shows SiHr+ to be a source of both SiHr+ and SiHr. This

explains why SiHr+ is dominant in the plasma even though SiHz+ is the

main product of the ionization of silane 13.7,3.81. Reactions (4)

through (9) show the gas-phase reactions of SiH, and SiH, , which

-23 -

further reactions before reaching the

lists all the secondary reactions which are

the primary fragments. Reactions (1) to

lead to the formation of disilane and the silylene ( SiH,SiH) fragments.

Silylene radicals are important in their ability to introduce polysilane

segments, (SiH2)n, into the growing film and therefore have been

hypothesized as the major deposition species on the basis of SiHo and

Si2H6 plasma growth l3.IZl. The rest of the reactions are based on

energetic consideration alone, and there is little known about these

reactions.

Figure 3.1 summarizes the various fates of all the primary

reactive species and their corresponding reactions. At this time, the

growth mechanism of a-Si:H films is still regarded as an open

question. Based on an evaporation deposition model, Knights t3.131
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has proposed that the growth of a-Si:H films may be due to SiH, and

SiH2. It was then thought that SiHz may be a precursor to the

formation of a-Si:H films with a subsequent hydrogen elimination and

cross-linking [3.14]. However, Longeway [3.15, 3.16] has proposed

that SiH' in fact, is the a-Si:H film precursor in silane discharge. He

has demonstrated on the ground that the introduction of nitric oxide,

NO, which is a known SiH3 scavenger to the discharge, has led to a

total suppression of the formation of a-Si:H films. He has therefore

suggested that SiH, is an important intermediate that binds to dangling

bonds at the surface of the film before losing its hydrogen. Further,

recent experiments by Gallagher 13.L7l also show that SiH, dominates

neutral radical deposition by producing at least 98Vo of the Si deposit

for typical deposition conditions (> 100 mTon at240oC).

The initial processes of plasma deposition and the a-Si:H

film precursors are understood to some degree of certainty, though

the surface reactions are still unclear. These surface reactions mainly

consist of the reaction of various species, which probably depends on

their stricking coefficients or reaction probabilities with the surface,

also on the dehydrogenation and crosslinking steps.

3.3 ß,{icnowave Flasrna Systerns

The development of the microwave plasma system was

originated by Mejia et al. 13.18-3.201 for the fabrication of a-Si:H thin

films. The underlying motivations were to explore alternate deposition

systems and to exploit their inherent advantages. Initially, the first

system was a coaxial line-type system with plasma acting as a center
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conductor l3.2Ll. This system suffered several inherent limitations,

which included sputtering of the quartz discharge tube, high sustaining

microwave power, incorporation of oxygen into the growing film, and

radiation into the surrounding environment. A second system was then

developed which primarily consisted of a copper WR-284 waveguide

chamber, wherein the microwave plasma was confined by an external

magnetic field. The waveguide was short-circuited by a copper mesh

in order to prevent any microwave power from radiating to the

surroundings. Microwave power needed to sustain the plasma was

dramatically reduced to about 10 W. F'ilms fabricated in this system

were comparable to rf glow discharge films, with the exception that

they suffered some copper contamination. However, this system

configuration had proved itseH to be a promising and viable system.

In order to avoid any of the copper contamination, a new

system was constructed in stainless steel with configuration similar to

the copper system. This new system has been used for fabricating

amorphous thin films and for the magnetic field confinement reactive

ion etching. Figure 3.2 shows the overall system configuration. This

system primarily consists of a short-circuited stainless steel

rectangular waveguide chamber of dimensions equivalent to a WR-284

waveguide, which is 45 cm in length. Microwave at 2.45 GHz is

generated by a magnetron operating in a continuous mode and

propagates to the chamber through a rectangular waveguide in the

TEro mode. Two external water-cooled magnetic field coils, capable

of providing magnetic fields up to 1 KGauss, ate atÍanged axially to

the chamber. In this configuration, the plasma can be confined and

controlled in order to prevent its contact with the walls of the

waveguide chamber, thus reducing any impurity incorporation of the

-26 -
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growing films. Futher, conditions of electron cyclotron resonance

(ECR) can be achieved when the magnetic field strength reaches to

875 Gauss. This can be easily accomplished by increasing the coil

current to = 22.5 A. ECR is a resonant condition at which the natural

oscillation of an electron moving in a magnetic field corresponds to

the electric field oscillation of the microwave excitation. As a

consequence, plasmas under ECR conditions are found to be more

stable and uniform; the system can be operated at microwave absorbed

power as low as 1 W.

The vacuum system consists of an oil diffusion pump for

evacuation of the chamber to a base pressure better than 10-6 Torr, a

cold trap and a rotary pump for evacuation of gas mixture during

deposition. The deposition pressure depends upon the flow rate of the

gases introduced into the chamber. The typical pressure of operation

ranges from 10-1 to 10-a Torr. The chamber and all gas lines can be

baked to 200oC. This processing system is also equipped with a

Langmuir probe, an optical emission spectrometer (OES) and a mass

spectrometer in order to optimize the processing conditions, since the

compositions of excited molecules and the interactions among reactive

species in the plasma are of fundamental importance during a-Si:H thin

film deposition to the film properties.

The system has undergone cycles of modifications and

improvements for studies of plasma, amorphous and dielectic thin film
deposition. Currently, a single coil is employed to give a better

confinement and controllability of the plasma. A thermostatically

controlled table has been installed above the diffusion pump port,

which allows substrate surfaces to be held perpendicular to the dc

magnetic field lines, so that the effects of charged particles impinging
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on the growing film can be studied. A modified waveguide chamber is

shown in Figure 3.3.

3"4 Characterization Techniques

In this section, we describe briefly the main characterization

techniques used in this investigation. These techniques have been

employed 13.18-3.221 for measuring and analyzing the structural,

optical and electrical properties of a-Si:H and pc-Si:H thin films.

3 "4 "L Stnuctunal Fropenties

Structure and morphology are probably the most

fundamental properties of thin films characterization. The motivations

for performing these measurements in our studies are basically to

determine whether or not the films are amorphous and to examine

their structure and composition.

Diffraction of X-rays by a crystal can be regarded as a

scattering phenomenon by successive planes of atoms within the

crystal. The scattered X-rays will reinforce in certain directions and

cancel in others. The directions of the reinforcement are given by

Bragg's law, i.e., nA, - 2dsin?, where n is the order of the

corresponding reflection, Â is the X-ray wavelength, d is the spacing

between the crystal planes, and 0 is the scattering angle. In amorphous

materials, the atoms are not arranged in a periodic fashion due to the

absence of lattic periodicity and thus the rays arising from the

scattering by these atoms will have a random phase relationship to one

another. Therefore, the Bragg's law cannot be satisfied, which implies

that sharp peaks will not be observed in an X-ray diffraction pattern.

However, âs a result of short range order or some degree of

29
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microcrystallinity inside the film, broad peaks are usually observed.

Using X-ray diffraction method for structure determination is simple

and straightforward, it has been employed to study the structure of the

evaporated a-Si as well as glow discharge a-Si:H. Information on

crystallite grain size, micro-strain, and volume fraction of the material

can be directly obtained through the studies of diffraction line shapes

13.22,3.231.

In our X-ray diffraction analysis, we employed a Phillips

X-ray diffractometer with Cu-Kc (40 keV, 20 mA) radiation. The

incident beam had a divergent slit of one degree and was attenuated by

a nickel filter to prevent Compton scattering of the white X-radiation

by suppressing wavelengths less than that of Cu-Kc.

In order to examine the morphology of a film, a scanning

electron microscopy (SEM) is commonly employed due to its special

advantages of large depth of focus and high resolution. The

magnification normally varies from about 20 to 100,000X, and

samples require little or no sample preparation. In general, the SEM is

capable of providing sufficient information regarding the homogeneity

of the material, i.e., the growth structure. An ISI Mini-SEM was

employed to study the homogeneity of the fracture surface and the

cross section of the a-Si:H thin films.

The IR absolption spectra of the a-Si:H films were measured

using a Nicolet FTIR spectrophotometer. For this measurement

crystalline silicon wafers were used as the substrate because they are

transparent in the infrared frequency range. IR absorption occurs

when the frequency of the incident infrared radiation is in resonance

with a vibrational mode of one of the bonding configurations. By

measuring the characteristic frequency, the identity of molecular
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species can be determined. Thus, the IR absorption spectrum provides

a unique fingerprint of the material, from which composition and

structure of the material can be obtained. In particuilar, the frequency

at which an absorption band occurs determines which elements are

present and how they are bonded, while the height of the peak is

directly proportional to the concentration of the adsorbing species in

the material. Table 3.2 lists the types of the most common vibrational

modes for a-Si:H and their frequencies.

TabLe 3.2

Vibrational Modes of SiH" (x=1-3)

-32-

Group

SiH

siH2

(siH2)n

siH3

Stretching

2000

2094

Wavenumber (cm-l)

2090-2100 890,845

In addition to the types of Si-H bonds, the total hydrogren

content is significantly related to films properties. The hydrogen

concentration can be estimated from the following equation :

Bending Rocking or V/agging

2140

880

tsi-Hl -AIta(o)/aldot (1)

Where u( ro) is the absorption coefficient of the film ar the

905, 860

630

630

630

630



oscillating frequency ø andA is 1.6x101e cm-Z based on the

absorption intensity for the absorption band at 640 cm-t ¡3.241. The

concentration in terms of the atomic density is calculated on the

basis of the atomic density of crystalline Si, which is 5x1022 cm-3.

3"4"2 Optical Froperties

A Cary 14 spectrophotometer was employed to measure

the optical transmission spectrum of the a-Si:H films over the

wavelength range from 0.5 to 2.6 ¡tm. From the transmission

spectrum we can determine the absorption coefficient, optical gap,

and the product of refractive index (n) and sample thickness (d).

The incident light radiation would transverse the sample several

times causing interference fringes to occur in the transparent region

where absorption is negligibly small, provided the sample thickness

is uniform. This interference fringes would result in maxima and

minima of the total transmitted light intensity. The product of n and

d can then be determined on the basis of the condition for the

occurrence of such extremum value of the total transmitted light
intensity 13.25,3.261. For two successive interference maxima, the

wavelengths for maxima satisfy

aa
-JJ-

(ll2) ú", = 2nd

and those for minima satisfy

(112)(m+I)Lz=2nd

where m is an even integer. However, we cannot obtain either n or

d directly from these equations alone. Using the thickness measured

(2)

(3)



with the Sloan stylus instrument, one is able to estimate the

refractive index and these values are further confirmed by those

from ellipsometric measurements.

Ellipsometry has been demonstrated to be a powerful

technique for measuring the optical constants and the thickness of

the thin films 13.26,3.271. For the null ellipsometry, the principle

used is to measure the polaization of incident polarized light before

and after its reflection from the surface of the film. Two indirectly

measurable ellipsometric angles, Vl aîd / which represent the

amplitude ratio and phase difference between the reflectances for

the two linearly polarized states, are obtained from the analyzer and

the polarizer, respectively. These two angles are related to the

physical property of the thin film by the relation :
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where p is the complex reflectance ratio, T, and T, are the complex

reflectances for light polarized parallel (p) artd perpendicular (s) to

the plane of incidence respectively. The quantity, p, is determined

by the nature of the specular interface which, in our study, is

assumed to be a perfect dielectric discontinuity between two

homogeneous media, namely the ambient (air) and the film itself.

Then the complex refractive index n* of the film can be solved in

terms of p and the incident angle, Qo,

n,*lno* - sinQo[ 1+( t-plL+p )2 tan2ç51/2 (5)

where n * is the refractive index of air.
o

Since the complex refractive index n* is defined as

P - ( fot Yr) = tanUl exP(iA) (4)



n*=n-jk (6)

where n is the refractive index and k is the extinction coefficient,

we can obtain the complex dielectric constant, t*, defined as

#=Et-jsz
by the relation * = n*2. Thus, we immediately obtain

1=n2-Ê
and

-35-

E2 = 2nk (9)

Also, the absorption coefficient a, can be related to the extinction

coefficient k by

All the optical constants were measured over the photon energy

range 2.0 to 3.5 eV, using spectrally-resolved ellipsometry. The

Gaertner model LLlg ellipsometer used for this measurement

consists of a Babinet-Soleil model L135 compensator, a

Bausch-Lomb grating monochromater, a Xenon light source, and a

mica quarter-wave plate. Measurement error is within 57o.

3.4.3 Electnical Fnopenties

General information about the electrical properties can be

obtained through the measurement of the dark conductivity and the

photoconductivity. The interpretations of the results are not

unambiquous. In this study, temperature dependence of the dark and

the photo-conductivities have been measured for all the a-Si:H films

in the temperature range of 295oK to 380oK. The measurements

were carried out in a cryogenic vacuum unit at a pressure of about

a - 4rckl)"

(7)

(8)

(10)



0.1 Torr. Coplanar gap cells with aluminum electrodes formed by

vacuum evaporation through a metal mask were employed. For

these measurements, a dc voltage of 100 V was applied between the

electrodes and the electric field was = 700 Vcm-l, which was in the

ohmic region for all films. The current was measured by a Keithley

610C electrometer operating in the fast mode. The

photoconductivity was measured at a wavelength of 6328 Ä. with a

photon flux of 1015 photon.s-1.cm-2. Activation energies for all films

were determined from a plot of conductivity against 1000/T.

Experimental error is less than 5Vo. The quality or the merit of the

films is usually determined by the photoconductive ratio, that is, the

ratio of the photoconductivity to the dark conductivity.
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ÐFF-'ECTS TF'S{JtsSTR.ATE BI.4.S TN T'HE PRÛPER.TNES

OF a-Si:F{ F''ILMS F''AERICAT'ED BY ECR PLASMA CVÐ

4.L IntnoductÍon
Hydrogenated amorphous silicon (a-Si:H) thin films have

been extensively studied in the past 15 years and commercially

employed for many device applications. In radio-frequency (rf) glow

discharge of silane gas, it is difficult to obtain good quality of a-Si:H

films at a high deposition rate. In general, good quality films are

obtained at high substrate temperature and low rf power. Some new

techniques for the fabrication of a-Si:H have been attempted, however

they are basically modifications of those conventional deposition

methods as mentioned earlier in Chapter III. Among these new

fabrication techniques, microwave plasma deposition techniques have

been demonstrated to be promising alternatives for the deposition of

a-Si:H films 14.l-4.6). Microwave plasma has been shown to yield high

deposition rates [4.7] which are due to the high rates of dissociation as

well as ionization of the silane gâS, in particular under ECR

conditions. Plasma in ECR absorbs microwave power efficiently and

results in a more complete gas dissociation since electrons are always

accelerated by the microwave electric field for the whole period,

resulting in an enhancement of energy transfer. Thus, the plasma

maintenance power, operating pressure, and gas temperature can be

reduced.

Good quality a-Si:H and pc-Si:H fitms by microwave plasmas

under different deposition conditions have been reported t4.81.

However, the deposition conditions which determine the effects of
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radicals and the charged particles bombardment on the growing films

have not yet been well understood. It has been shown that the

bombardment of charged particles, both ions and electrons, on the

growing film is an important factor in determining film properties

14.9,4.10). The effects of ion bombardment on a-Si:H films deposited

by rf glow discharge l4.ll,4.l2l and multipole dc discharge

14.13-4.L51 have been reported. The ion bombardment improves

homogeneous growth and film densification. Recently, the effects of a

dc bias on films deposited by microwave ECR plasma have been

reported 14.16l. Again, the ion bombardment induced by the bias

improves the properties of the films. In this chapter we shall present

some experimental results on the structural, optical, and electrical

properties of a-Si:H films deposited with their surfaces parallel to the

magnetic fields in the plasma reactor (waveguide chamber).

Comparisons are also made to films deposited on the table with their

surfaces normal to the magnetic fields inside the same plasma reactor

under a downstream condition.

-40-

4.2 Expenirnental Ðetails

The films were deposited in a ECR microwave plasma CVD

system as described earlier in chapter three. Stainless steel and quartz

substrates (table samples) were mounted on a thermostatically

controlled table which was positioned above the diffusion pump pofi,

with their surfaces normal to the dc magnetic field. Glass substrates

(floor samples) were placed on the wall of the waveguide chamber

with their surfaces parallel to the magnetic field and perpendicular to

the electric field, as shown in Figure 4.1. The table was maintained at

a constant potential ranging from -300 to 0 V during deposition. The
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plasma was maintained at a fixed distance (= 10 cm) from the table

surface and located between the table and floor samples by adjusting

the magnetic field peak position of a single coil. The microwave

power was supplied to the chamber through a rectangular waveguide

in the TEro mode at the opposite end of the chamber. The chamber

was baked at 2000C and evacuated by a diffusion pump with a cold

trap held at liquid nitrogen temperature for 2 hours prior to film
deposition. The background pressure of the chamber was better than

10-6 Torr. During deposition the chamber temperature was lowered to

1600C. The plasma was monitored by an optical emission spectrometer

and a quadrapole mass spectrometer. A Langmuir probe was also used

to determine the plasma parameters as functions of the deposition

conditions. Gas flow was controlled with mass flow controllers and

chamber pressure was monitored with a capacitance manometer. Film
growth was monitored with arl in situ laser interferometer.
Deposition conditions are summarized on Table 4.1.

-42-



Background pressure

Gas composition

Gas total flow rate

Pressure

Microwave frequency

Microwave power absorbed

Magnetic field peak

Magnetic field strength
at sample surface

Substrate temperature for
Table samples

Substrate temperature for
Floor samples

Substrates for Table samples

Substrates for Floor samples

Tabke 4.L Deposition Parameters
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= 10-6 Torr

l07o SiHo, 90Vo H,

22 sccm

10-3 Torr

2.45 GHz

4V/
= 875 Gauss

= 275 Gauss

The a-Si:H films were characterized with X-ray diffraction,

scanning electron microscopy (SEM), Fourier transform infrared

spectrophotometry G'TIR), visible and IR spectrophotometry, spectrally

resolved ellipsometr¡l, temperature-dependent conductivity and

photoconductivity. The results are presented and discussed below.

2500c

1600c

Stainless steel, c-Si, Quartz

Glass
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R.esunts and Ðiscussíons

4.3.X- Fihn Thickness and X-ray Ðiffnaction

The thickness of the films were measured with a Sloan Dektak

mechanical stylus instrument and was confirmed with ellipsometric and

near infrared spectrophotometric measurements. The thickness of the

a-Si:H films varied from 2.0 to 4.0 ¡rm. All samples deposited were

assessed to be amorphous by X-ray diffraction measurements. Figure

4.2 shows a typical X-ray diffraction pattern of the deposited a-Si:H

films. The figure indicates that the structure is amorphous. The broad

peak at 2Q = 260 may be attributed to the short range ordering of the

physical structure of the a-Si:H film.

4 "3 "2 Ptrasma Fanametens

SiH4-H2 plasma, were used to estimate the electron and ion flux energies

during film depositions. Figure 4.3 shows the probe I-V characteristics

obtained by a planar Langmuir probe located near the table. The

floating potential, v.p can be directly obtained from the figure. It is

defined as the voltage where the collected current equals zeto, that is,

the ion current exactly balances the electron current. This is the voltage

which would be assumed by any insulated object inserted into the

plasma. Another important plasma parameter is the plasma potential,

Vo, which is the self bias assumed by the plasma in order to keep itself

quasi-neutral. V o can be found from the location of the "knee" where

the onset of electron current saturation starts. Since our aim of this

Langmuir probe measurements in uHzplasma, as well as in a
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research is to study the ion bombardment effects, it is assumed that the

mean ion energy impinging on the film surface depends upon the

difference between the plasma potential V o, and the applied substrate

potential V u. It has been shown l4.I4l that the mean ion energy in a

multipole dc discharge system is given by
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where e is the electronic charge. This is the case for the table samples

in which a dc bias is applied. The q.uartz substrates on the table and

glass substrates on the floor are insulating materials and are therefore

expected to be negatively self-biased with respect to the plasma reactor

walls for a negative potential applied to the table. If they maintain at a

floating potential, V, thre mean ion energy should then be

E. = e(V -V, )ton , p D'

Langmuir probe measurements are shown in Figure 4.4, which

illustrates the variation in the incident ion energy, Eior, as the table is

biased from -300 to 0 V dc in a Hzplasma. It is assumed that similar

trends would be observed in a SiHo-H, plasma . It can be seen that

there is little variation in Eron for the insulating substrates, but E,on

increases with negative table bias for the conducting substrates..

4"3"3. Ileposition R.afe and iVlonphology

The deposition rafe, ro, for all different samples deposited

depends on substrate bias as shown in Figure 4.5. For the stainless

steel substrates, the deposition staie increases initially from 2.25 Ãlsec

E. = e(V -V")ron , p .r'

(1)

(2)
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atzero bias with an increasing negative bias up to 3.6 Å/sec at Vt=

-100 V, and thereafter decreases slightly to 3.3 Å/sec for further

increase in negative Vr. This increase in ro at low Ero, (= 100 eV)

could be attributed to the ion bombardment which may increase the

surface reaction rate if this reaction is energy activated 14.16). Also,

the flux of the ions can directly determine the growth kinetics.

Assuming that the ions are singly charged and their sticking

probability is nearly unity l4.L7l, the number of silicon atoms

deposited per ion has been estimated to be l-2 in a multipole dc

reactor (below 4 mTorr). As a reasonable conjecture, the increased

deposition rate could be simply explained by the enhanced transport of

ions. Further increases of Erorwould reduce the deposition rate due to

etching of the growing film surface 14.141. F'or the quartz substrates

mounted on the same table, the deposition rate is about 23 Ä,lsec,

nearly independent of the subsbrate bias Vu as expected.

The deposition rate for the floor samples is 5.25 Å/r". atvb

= 0 V and decreases abruptly to an almost constantvalue of 3.4 Å/r..

with an increasing negative table bias. AtVu= 0 V, the deposition rate

of the floor samples is comparatively higher than that of the table

samples. This can be due to the position of the substrates. Since the

floor samples were placed near the gas inlets where the dissociation of

SiH4 was high and away from the vacuum pump, resulting in a higher

deposition rate. As the table is negatively biased, more ions are

directed to the table, thus enhancing the deposition rate. Due to the

collective behaviour of plasma, substantial amount of electrons are

also drawn from the plasma region to the chamber wall to maintain
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charge neutrality, this induced electron flow could decrease the

dissociation rate of SiHo and/or enhance the adatom surface mobility

due to heat transfer to the growing surface of the floor samples

thereby reducing its deposition rate 14.181. Here, the term "adatom

surface mobility" comes from the condensation process of a film
growth model. In such process, incident atoms transfer kinetic energy

to the lattice and become loosely bonded "adatoms". These adatoms

then diffuse over the surface, exchanging energy with the lattice and

other absorbed species, until they become trapped in the lattice sites.

Thus, the incorporated atoms can readjust themselves to the favourable

positions within the lattice by bulk diffusion process 14.19).

On the other hand, the reduction of the deposition rate could

be attributed more or less to the ion bombardment. It is known that

ions are more difficult to confine by the magnetic field due to their

large mass. Thus, it is possible that some energetic ions, induced by

the negative table bias, may run away from the fringe magnetic field

lines through sequent collisions. Some of the ions may migrate, or

even bombard, to the growing surface of the floor samples, which in

turn can cause atomic rearrangement and structural relaxation. This

could lead to a better coalescence of the nuclei on the growing film,

which would decrease the density deficient overlayer thickness, thus

reducing the deposition rate. It has been reported 14.\21 that the

deposition rate reduces from r¿= 0.9 to 0.4 Å/r.r as the substrate bias

varies from v b = 0 to -150 v, for a-si:H films fabricated by .f glow

discharge.

Samples mounted on the table exhibited smooth fracture

surface and no columnar structure, indicating no structural
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inhomogeneity and good quality of a-Si:H films. While the floor

samples consistently exhibited columnar growth structure; such

structural inhomogeneity may be associated with low density and poor

photoconductivity. Figure 4.6 shows the scanning electron micrograph

of the fracture surface of a floor sample deposited aT zero table bias

Vø= 0 V, and high deposition rate of 5.25 Å/rc.. It shows a prominent

columnar morphology with columns of 50-170 nm in diameters

growing vertically from the substrate.

In conventional rf glow discharge system, this columnar

growth morphology can be suppressed by suitable deposition

conditions, such as, low deposition rates ( < 2 Å/r.r ), higher SiH4

concentration and larger negative biases of the substrate with respect

to the plasma potential 14.L9,4.21,4.22). Since an a-Si:H film is
considered to be composed of a grain-like (GL) region and a

grain-boundary like (GBL) region 14.231, we can recognize the GL

region as in the column and the GBL region as in the intercolumn. It
is tempting to speculate that the ion bombardment on the table sample

could enhance the smoothing of the fracture surface and thus suppress

the columnar growth structure, that is, an increase in the GL region

and a decrease in the GBL region l4.l9l. This enhancement would in

turn lead to a better film quality with a high density and

photoconductivity. For the floor samples, on the other hand, we

speculate that either the induced electron flow or the "runaway" ions

by the negative table bias would also suppress, to some extent, the

GBL region and cause a slight increase in the film's density. This will
be seen from the increase of refractive index and photoconductivity in

the following sections.

Infrared absorption measurements of the films deposited on

-52-



-53-

Figure 4.6 Scanning electron micrograph of the fracture surface
of a-Si:H film (floor sample) deposited at a table bias
Vn= 0, illustrating the columnar structure.
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the table with negative bias show a single peak at 2000 cm- 1

corresponding to the Si-H stretching modes. Figure 4.7 shows the IR

absorption spectrum for a table sample deposited with negative table

bias, Va = -100 V. Absorptions near 2100 cm-l and 1050 cm-l have not

been observed indicating ttre absence of Si=Hz and Si-O bonds. All H is

incorporated solely in a mono-atomic, singly bonded form. The total

bonded hydrogen content has been estimated to be about 6 at.Vo. These

properties are usually displayed by high density and good quality of
a-Si:H films. The floor samples consistently exhibiting columnar

structure and low density, as mentioned earlier, are expected to have

hydrogen incorporated in both Si-H and Si=H, bond configurations as

reported in previous studies [4.8]. This can be attributed mainly to the

lack of ion bombardment during film growth. Since the scouring

action of ionic species on the film surface during growth seems

responsible for elimination of H bonded as Si=Hz 14.221. Furthermore,

these samples are unstable upon exposure to atmosphere. The

interstitial regions between the columns can be penetrated by active

atmospheric impurities, such as CO, N2, Oz, leading to

post-deposition contamination effects. Thus, the electronic properties

are expected to be poor since the interstitial regions are correlated

with electronically active defects 14.2L,4.241 .

4"3 "4 Optical Froperties
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The results of refractive index, n, for the floor samples and

table samples as a function of photon energy are shown in Figure

and Figure 4.9. For both samples, a broad peak occurs at = 2.5 eY

the

4.8
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The refractive index, n, as a function of photon
energy for a-Si:H films deposited on stainless steel
substrates, i.e ., table samples, for various table bias
V¿,. (From ref .4.32)



in all the refractive index spectrum as is usually observed for
amorphous silicon films. The n spectrum of both table and floor

samples films deposited with table bias, V b < -100 V shows no

significant differences as compared toVu = -100 V. The /¿ spectmm of

the floor samples, prepared at table biasVu = -100 V, has a limiting

peak value of = 3, while the corresponding peak value of the table

samples is = 5. This indicates that the table samples have a higher

density since n depends on the density of the valence electrons, as

given in References 4.33 , 4.34.It is noted that lhe n spectra for both

samples are enhanced by increasing negative table bias.

Figures 4.10 and 4.LI show the imaginary part of the

dielectric constant, Êr, as a function of photon energy for the floor

samples and the table samples, respectively. Each of these e, spectra

can be characterizedby its maximum of value, E2 *o*, and its position.

The relatively low value of the maximum of e, = 8 for the floor

samples can be related to the low density of the material. On the other

hand, the high value of e, max = 28 of the table samples corresponds to

high density a-Si:H films. The position of th" t2^o*, for both samples,

does not appear to be significantly affected by the table bias Vr. This

implies that the surface roughness of all samples is not affected by the

table bias 14.26, 4.271.

Figure 4.12 sltows the maximum value of the e, spectra,

t2møx, as a function of substrate bias for all deposited samples. It is

noted that the table samples consistently demonstrate a higher value of
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function of photon energy for a-Si:H films deposited
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€2*o, as compared to the floor samples. These results can be explained

as follows. Firstly, the higher value of €z*o*with a higher substrate

temperature is usually observed in a-Si:H films prepared from glow

discharge 14.261. Secondly, the ion bombardment during film growth

is the main parameter controlling the film structural homogeneity,

that is, the ion bombardment results in the film densification

14.14,4.151. Since the floor samples were hetd with their surfaces

parallel to the fringing magnetic field line, ion bombardment was not

expected during film growth because of the magnetic screening effect,

resulting in a density deficient and inhomogeneous growth in the

material. Moreover, the results illustrated in Figure 4.12 show that

€2*o*of the table samples, both stainless steel and quartz substrates,

increase on the range V b = 0 to -100 V, then decrease slightly at

higher values of V r. This can be inferred that moderate energy ion

bombardment, follows Eqn. (1)-(2), induces a very efficient heating

on the substrate which in turn enhances the surface mobility of the

reactive ion species, thus resulting in an increase in density of the

material.

For the floor samples ion bombardment was not expected

to occur. However, the "runaway" ions which migrate down to the

floor substrates could still be responsible for the increase of €z*o*by

increasing the density of the film through a weak momentum transfer.

On the other hand, the increase of E2*o* could also be attributed to

the electron flow to the floor substrates since the floor substrates were

always negatively self biased with respect to the plasma chamber wall
and electrons would have a much higher mobility ihan ions at 1
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mTorr. Also, the electron arriving at the floor substrates is enhanced

due to the collective behaviour of the piasma as the table is negatively

biased. Thus, it is possible that the effect of electron flow may cause

the surface heating and in turn enhance adatom surface mobility,

leading to a slight improvement in density of the films.

Assuming parabolic bands, the optical gap Eoo, it defined by

14.ze)

-63 -

where a is absorption coefficient and hv is photon energy. Figure

4.13 shows the absorption coefficient of the floor sample as a function

of table bias. The absorption coefficient is slightly enhanced by

negative table bias. Figure 4.14 shows the optical gaps Eoo, of the

table samples and the floor samples as a function of table bias. The

optical gap of the stainless steel table samples initially increases with

negative substrate bias up to V u = -100 V, thereafter remaining

unaffected. The same tendency is also observed for the floor samples.

The variation of the optical gaps seems to have the same

manner ãs E2*o*, as shown in Figure 4.12, that is Eor, increases with

increasin E t2*o*. This implies that E or, is also associated with the

density of the film. The Eop¡ of the floor samples are relatively low

due to low density and less amount of hydrogen content, since a large

E or, is associated with the amount of hydrogen. This is probably

caused by lack of ion bombardment (H+, SinH-+) during film growth.

The parameter B in Eqn. (3) has been used as a

characterization parameter for amorphous materials 14.291. This value

ahv = B( hv - Eor, )' (3)
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is inversely proportional to the width of the tail states and reflects the

steepness of the state density rise at the conduction band edge t4.301.

Therefore, this parameter is related to the quality of a-Si:H films

14.291. Figure 4.15 shows the dependence of B-parameter on the

substrate bias for both samples. The B -parameter has the same

tendency ut Eoo,, with maximum value occurring atVb= -100 V.

This implies that the extent of the tail states at the edges decreases with

ion energy up to 100 eV for film deposited on stainless steel substrates

on the table. On the other hand, the induced electron flow by the

moderate negative bias also suppresses the extent of the tail states at

the conduction band edge, resulting in a better quality material.

4.3"5 Electrican Fnoperties

Figure 4.L6 shows the dark conductivity and

photoconductivity, at room temperature, as function of the table bias

for the floor samples. For films deposited under negative table bias the

dark conductivity is on the order of 10-e (O-1.cm-1). In the high

temperature range, the transport is dominated by extended state

conduction with activation energies ranging from 0.65 to 0.9 eV as the

table is negatively biased from 0 to -300 V. The variarion of the

activation energy seems to have the same manner as the optical gap

and €2*o*. Since the films exhibit columnar morphology, the

photoconductivity is only on the order of 10-7 (f2-1.cm-l) under

negative table bias. However, the film deposited at aVu= -100 V has a

high photoconductivity of 1.5x19-0 1ç-t.cm-i). The increase of

photoconductivity could be attributed to the decrease of the gap state

density due to the increase of the Si-H content and/or the increase of
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GL regions, since both the optical gap and the refractive index

increase with the negative table bias.

The dark conductivity and the ratio of photoconductivity to

dark conductivity as functions of the table bias for both floor samples

and table samples are shown in F'igures 4.L7 and 4.18, respectively.

The floor samples increase from one order to two order of magnitude

in the conductivity ratio, indicating an improvement in film quality

with negative table bias. On the other hand, the table samples display

high photoconductivities typical of good quality films.

In general, films with good optical properties also exhibit
good electronic properties. Figure 4.19 shows the correlation between

photoconductivity and B-parameter of the Tauc's plot. It is clear that

films with large value of B also display large value of
photoconductivities. This correlation is not yet well understood since

B is mainly related to the tail states, while photoconductivity is

related to the gap states. However, this observed correlation may

suggest that the origins of the tail states and gap states are related to

each other.

At this point we have demonstrated that high density, good

optical and electrical properties of a-Si:H films can be produced with

some ion bombardment in ECR microwave plasma, as is the case of
the table samples. We have also shown, from the observed structural,

optical and electrical properties of the floor samples, that negative

table bias potential can cause significant changes in the plasma as well

as film's quality. However, it is difficult at this stage to differentiate

the relative roles and the existences of electron flow or "runaway"

ions in the growth of the fiim because of insufficient experimental

results. Moustakas [4.31] has reported the dependence of the substrate
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self-bias voltage on the gas pressure for rf sputtered a-Si:H films in

Hr-Ar mixtures. He has obtained negative self-bias potentials at low

pressures ( ( 15 mTorr ) and small argon contents. He has proposed

that the negative self-bias are due to electron bombardment which

enhances the adatom surface mobility through surface heating,

resulting in structural and compositional homogeneous films. It has

also been reported t4.181 that the adatom mobility could lead to a

better coalescence in the columnar structure. In our case we speculate

that the improved properties of the floor samples due to table bias

could be attributed to the electron flow on the growing films.

4 "4 Conclusions

In conclusion, this study has demonstrated that some ion

bombardment during film growth is responsible for film densification

and reduction of dihydrides. It has also demonstrated that films

deposited with a low substrate temperature and lack of ion

bombardment exhibit low density, columnar growth morphology, and

poor optical and electrical properties. However, we can conclude that

some electrons arriving at the substrates can have a favourable effect

on the film's structure and properties, as is the case of the floor
samples. It is believed that this electron flow is responsible for

enhancing the coalescence of the island structure and leading to a

better film quality.
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An overview on the structural, optical and electrical

properties of a-Si:H thin films has been presented. Effects of substrates

bias on the properties of a-Si:H thin films fabricated by ECR

microwave plasma CVD have been studied. On the basis of the

experimental results, the following conclusions are drawn.

For the table samples with conducting substrates and with

their surfaces normal to the dc magnetic field during fabrication, some

ion bombardment on the growing film is responsible for the

densification of the films and the reduction of dihydrides. A moderate

amount of ions arriving on the film surface also tends to increase the

deposition rate and to improve both the optical and the electrical

properties of the films.

For the floor samples with insulating substrates and with

their surfaces parallel to the magnetic field during fabrication, some

electron flow to the growing films has a favourable effect on the

structural homogeneity because it enhances adatom surface mobility

through surface heating. This electron flow is also responsible for the

improvement of both the optical and the electrical properties of the

films.

Both table and floor samples exhibit a higher density and a

better quality when the substrate is biased with - 100 V during

fabrication.

Since our conclusions are based on a limited amount of

experimental results, further studies aÍe necessary in order to

understand the relative roles of ions and electrons during film growth.
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Extensive studies on plasma chemistry as well as plasma physics are

very imporiani for the further development of the ECR microwave

plasma fabrication techniques.
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