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ABSTRACT

OPTICAL PROPERTIES AND LOCAL ATOMIC BONDING
IN

HYDROGENATED AMORPHOUS SILICON-CARBON ALLOY FILMS

By

Deepak K Basa 

Advisor: Professor Frederick W.Smith

Thin films of a-Si^^C^iH alloys have been prepared via 
the rf glov discharge of acetylene and silane and ethylene 
and silane. The optical constants, optical bandgap Eopt 
and the infrared absorption have been determined as 
functions of composition and annealing temperature in order 
to understand the effect of the local silicon, carbon, and 
hydrogen bonding configurations on the optical properties of 
these alloy films.

The films in this alloy series are proposed to be 
macroscopically homogeneous, while having a heterogeneous 
microstructure. A microstructural model, based on four 
components: amorphous polymeric, amorphous graphitic,
amorphous tetrahedral and void, is proposed to model the 
optical response of these fllm3. This microstructural model 
gives a good description of the observed dependences of €, 
and C^on composition and provides a convincing demonstration 
that appearance of the amorphous graphitic component in the



films limits the attainable value of E In this alloyopt
series as the carbon content increases. In addition, the 
model provides strong evidence that complete chemical 
ordering with homogeneous dispersion exists within the 
amorphous tetrahedral component across the entire alloy 
series. Thus we have provided for the first time a new 

experimental approach to the issue of chemical ordering and 
have asserted that the optical constants measurements have 
the potential to be a sensitive probe of film microstructure 
and of chemical ordering.

The annealing study of these films has enabled us to 
understand the changes in the local bonding and the 
structural changes in the network leading to 
crystallization. It has been established that there is a 
change from amorphous to microcrystal1ine and then to 
crystalline phase with increase in the annealing 
temperature. In addition this study enables us to resolve 
conclusively the controversy regarding the assignment of 
various IR modes of a - S i ^ ^ C ^ H  films.

It is also observed that the optical band gap ECpt
correlates well with the hydrogen concentration. Further,
it is established that E , is controlled by the amount ofopt
disorder and that the hydrogen affects E0p^ indirectly 
through its effect on disorder.
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CHAPTER I 
INTRODUCTION

Films of primarily tetraherirally bonded binary 
amorphous semiconductors like hydrogenated silicon-carbon 
alloy films (a-Si. C.:H) continue to be of considerable1 4 X X
current interest both fundamentally in regards to
understanding the effect of the local silicon, carbon, and
hydrogen bonding configurations on film properties^ ^
and also technologically in regard to their applications as

11 1 -rp-type layers in p-i-n a-Si:H photovoltaic devices **
and as potentially useful optical and solar selective

13coatings.
In the process of film growth a numoer of

microstructures are formed which include void, polymeric,
tetrahedral and graphitic components. These microstructures
and their relative abundance in the film determines its

14 15-17electronic and optical properties.
Although a broad outline of the interesting properties

of a-Si^^C^:!! films has been fairly well established, there
has yet to be undertaken a careful study of their optical
constants and the infrared absorption either for the as-
deposited films with varying composition or for films given
subsequent anneals. The study of the variation of the
optical constants with composition is very important to
tailor the properties of the film for specific purpose.
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Further, the optical band gap E which is a very useful
parameter for the characterisation of amorphous
semiconducting films, can be extracted form the energy
dependence of the imaginary part of the dielectric constant

1 8using Tauc’s relation.
The goal of my thesis is to get quantitative 

microstructural information from the measured optical 
properties of amorphous hydrogenated silicon carbon alloy 
films and to investigate if there is any chemical short 
range order (SRO) in the local atomic bonding. In the 
present context, the chemical GRO refers to an enhanced 
probability for the formation of Si-C bonds in the given 
alloy.

Another objective is to study the change in hydrogen 
content and the nature of bonding of Si, C, H, and 0 and to 
investigate the structural changes in the network leading 
to crystallisation from the measured optical properties 
(both IR and visible) with annealing temperature. Clearly, 
the annealing study will help to determine the thermal 
stability of the films which is very important 
technologically for, if the material is to be used in 
devices, it must be stable.

My thesis will present data in two sections, the first 
to include the careful investigation of the optical 
constants for the as-deposited nine alloy films with 
varying compositions ranging from a-C:H to a-Si*-H and the



second segment covers the detailed study of the infrared 

absorption of these alloy films as a function of 
composition and annealing temperature. The following section 
will outline the works that have been done and the work that 
needs to be done for the hydrogenated silicon carbon alloy 
films. In the section on theory I will present the 
parameters- according to current theory, utilised in 
characterizing amorphous semiconductors, as well as 
proposing the microstructural model necessary to model the 
optical response. This section is followed by the 
description of the experimental set up necessary for the 
deposition as well as for the characterization of the 
hydrogenated amorphous silicon carbon films.
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CHAPTER II 

BACKGROUND

A.Difference between crystalline & amorphous semiconductors
The structures of amorphous semiconductors are

developed by the repetition of one or more basic
19molecular units, in a way that cannot be identified

topologically with any known crystal structure or indeed

with any infinite periodic array. The atomic order within a
molecular unit might be similar within small bond angle
distortions in both the crystalline and amorphous phases,
yet quite different within large volumes. This order within
the molecular units is responsible in large part for
establishing the electronic band widths, which explains the
early observation of the similarity of the optical band gaps
of many materials in their amorphous and crystalline 

20phases .
In contrast to the crystalline material, the density of

21states of amorphous material is nowhere zero (see
Fig.2.1), Both the conduction band and the valence band
have tail states and deeper in the gap are the defect- 
related gap states. The tail states are intimately 

associated with the disorder in the non-cry3talline 
structure. The defect-related gap states originate from 
structural and coordination defects (atoms which are not 
bonded according to their normal valency) as well as from
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Impurities.
The tail states as well as the defect-related states 

are localized to a region of a few atoms. The charge 
carriers in these states have zero mobility at low 

temperatures. The carriers in extended band states, in 
contrast, have a finite mobility. The demarcation energies 

Ey and Ec separating extended from localized 3tates thus 
define a mobility gap (see Fig. 2.1).

The optical absorption process can occur between 
extended band states (B-B), between the tail states and 

band states (T-B), and between gap states and band states 
(G-B). The outcome of these transitions is that the 
optical absorption in amorphous semiconductors can be 

separated into three regions as shown in Fig. 2.2. Regions 
A, B, C correspond to the transitions between (G-B), (T-B),
and (B-B), respectively.

In amorphous semiconductors, even at energies well 
separated from band edges, the atomic potential is strong 
enough that even slight distortions in the nearest neighbor 
bond length and bond angle distributions, within otherwise 

identical molecular units, leads to strong electronic 
scattering and a 3hort coherence length of the wave 
functions. Indeed, the coherence length is of the order of 

the lattice spacing and the resulting uncertainty in the 
wave vector k is of the order of the vavevector itself. 

This leads to the breakdown of momentum selection rule in
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the optical transitions. However, the momentum may be 

transferred to the whole lattice of the amorphous material 
rather than to phonons and, therefore, the optical 
transitions in amorphous semiconductors may be termed non- 
direct as opposed to indirect. Here, no phonon absorption 
or emission processes to conserve the energy need to be 
involved. This is perhaps the single most important 

difference between the responses of crystalline and 
amorphous semiconductors.
B.Discussion of the basic properties of the tetrahedrally 

coordinated amorphous semiconductors.
The end points of a-Si, C :H are a-Si:H and a-C:H.X * X X

Both a-Si:H and a-C:H are interesting materials in their own
right. The bonded hydrogen in a-Si:H was a significant

2 2factor in transforming a-Si to a new optoelectronic 
material (a-Si:H). In a-Si:H, the hydrogen (10-20 at%) 
serves to passivate dangling bonds and also to relax the 
strained a-Si network, thereby contributing to the 
attainment of a more ideal tetrahedrally coordinated Si 
network.

In a-C:H, the situation is more complex due to the fact 
that carbon can be bonded in either trigonal (graphitic) or 
tetrahedral (diamondlike) coordination. The hydrogen (30- 50 
at%) in a-C:H also serves an Important role in passivating 
dangling bonds and in promoting tetrahedral coordination 
for the carbon atoms to which it 13 bonded.15 These a-C:H 
films have also been referred to as "diamondlIke” due to
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23their high transparency (optical gap ~ 2.3 eV), high
resistivity, and high hardness. In addition, a-C:H can be 

24doped n- or p- type via the incorporation of phosphorus
or boron atoms, respectively, though not with the same

efficiency as has been obtained for a-Si:H. Thus, a-C:H
films have potential applications as hard, transparent
optical coatings, wear-resistant coatings and also as a
novel semiconducting material.

The outstanding problem for a-C:H has been the
preparation of diamondlike films which are both very hard
and optically transparent. The difficulty in achieving
this important goal has been due to the relatively small
volume fraction (0.10-0.15) of graphitically bonded carbon

15which remain in the film. In order to investigate how
the tetrahedral coordination for carbon in the film
enhances their 'diamondlike * properties, we have chosen to
prepare and characterize the a-Si^^C^iH films.
C. Review of previous research on a-Si. C :H1-x x

The electronic and optical properties of the 
a-Si^^C^iH alloy films reflect the local atomic bonding 

configurations present in the material. An important issue 
for a-Si^_xCx :H films is the nature of the bonding of the 
Si and C atoms in the amorphous tetrahedral component. An 
outstanding question is whether the silicon-carbon 
tetrahedral bonding configurations are completely random or 
whether chemical short range order (SRO) may be present in
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the films. Specifically, complete chemical SRO, which

corresponds to the maximum possible number of Si-C bonds
actually present in the films, with no C-C bonds in Si-
rich films, while in C-rich films no Si-Si bonds would be
present, even though these bonds would be statistically
allowed in a completely disordered or random alloy.

Previous experimental work concerning the existence of
chemical SRO in amorphous silicon-carbon alloys has involved

techniques which can probe the local atomic bonding
i 5„ 2 7configurations. These Includes Raman scattering,"

2 7  4 2  8 2 9infrared absorption, photoelectron spectroscopy, ' '

g
electron diffraction, and electron energy loss
spectroscopy.®

Raman spectra showing C-C bonds in C-deficient
2 5amorphous SIC films have been observed and are

consistent with at least partial random local bonding, ie.
the absence of complete chemical SRO. More recent Raman

2 7and IR absorption results in a-SiC, however, claim to
be consistent with some degree of chemical SRO in as-

deposited films, with phase separation into Sic and either

Si- or C- like clusters developing in the alloys upon
annealing. Photoelectron spectroscopy results (XPS, 

4 26 2dUPS) * * have generally been interpreted in terms of
complete chemical disorder, but may not be inconsistent
with some chemical ordering as long as the chemically-
ordered bonds are homogeneously dispersed through the
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27medium, without phase separation. Very recent electron
a

diffraction and electron energy loss studies on an a- 

SIq 5qCq 32:H film have yielded evidence for chemical
ordering, but cannot distinguish between homogeneous
dispersion and phase separation. Thus there have been 
claims In literature regarding both the absence and 
presence of chemical ordering in a-Si^_xCx :H alloy films 
but the question has not been resolved satisfactorily* In 
the present thesis, we propose a new experimental approach 
to the issue of chemical ordering and resolve the issue 
satisfactorily for our films.

In spite of the attention received by the films oE 
tetrahedra1ly bonded, binary amorphous semiconductors such 
as a-Si^_xCx :H, few investigations of structural changes 
leading to crystallization In these films have been 
reported. It is important to investigate how a binary 
amorphous semiconductor like a-Si^_xCj(:H is crystallized by 
annealing, because if this material is to be used in 
devices, it must be stable. The structure and the local 
bonding configuration of an amorphous solid are not 
determined and fixed by thermodynamic equilibrium 
conditions but can be altered by some means (like 
annealing) which change the energy of the system.

To probe the local atomic bonding configurations 
present in the film, Fourier transform infrared (FTIR) 
spectroscopy is used. The as-deposited a - S l j ^ C ^ H  films
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exhibit four main absorption regions in the range from 400
-1 12 to 4000 cm in the Infrared spectrum (see Fig. 2.3).

a) The absorption band from 2000 to 2300 cm * is due to 
Si-H stretch.
b) The absorption band between 2800 and 3000 cm * Is
ascribed to C-H stretch.

c) The absorption bands from 1200 to 1500 cm * are due to

bending and scissoring modes of CH , CH , Si(CH ), C(CH ).
2 3 3 3

d) The absorption bands from 600-1200 cm * are ascribed to 
Sl-C stretch, Si-0 stretch, S1H0 and (SiHjlp bending and 
Si-H group rocking.

A lot of controversy exists in the assignment of
various infrared modes of a-Si. C.:H films. The Si-H ̂ X X
stretch in a-Si^_xCx :H, peaked near 2085 cm *, is assigned

■>n 21to stretching modeJ ' and or to a shift of Si-H
3 3 2monohydride in a different environment. ' Further there

-1is controversy in the assignment of 650 cm peak. Wieder
3et al have assigned this mode to Si-c stretch but

McKenzie** ha3 assigned this to Si-H group rocking or 
wagging mode. The C-H related modes are observed to peak 
at 2800, 2870, 2915, 2950 cm *. A lot of uncertainty exists
in the assignment of C-H related peaks. The peak near 2915 
cm-*,for example, is assigned to C-H monohydride by Dischler 

et al**a while Tawada et al*^ assigned it to CHj stretch.
3Wieder et al and McKenzie on the other hand assigned C-H 

related peaks to be due to CH^ and CH^ stretch. The
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strongest feature in these spectra occurs between 700- 800
cm 1 . A lot of controversy in the assignment of this mode
exists. The peak in this region (780 cm-*) is assigned to
the Si-CHj rocking or wagging mode by Wieder et al.3

3 4However/ Katayama et al concluded that this peak is
assigned to the Si-C stretching mode, because this peak
could be seen in the sputtered a-Si, C without hydrogen.

3 5Further Borders et al found that for an ion-implanted 

a-Si, C sample the absorption maximum occurred at a
1 ™X

-1 3 3somewhat lower wavenumber (700-725 cm ). McKenzie,
however, assigned Si-C stretching mode to have a wide range
of wavenumbers (700-800 cm *). Thus there exist a lot of
controversy in the assignment of various IR modes of
a-Si. C :H .1 -x x

To resolve these issues we have undertaken a careful 
study of a film of approximately 20*0 C at various annealing 
temperature and of the films varying in composition. 
Further, the study of the change in C-H, Si-H, Si-C, Si-0 
modes of the above films with composition and annealing 
temperature is undertaken to understand the nature of 
hydrogen bonding on the film properties and to investigate 
the structural changes leading to crystallization.
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CHAPTER III 

THEORY
A. Concept of Density of states and band gap.
1. Concept of Density of States

In order to precisely define the basis of the various
optical parameters to be obtained further on, it is
necessary to give the form of the electron density of
states. Fig. 2.1 sketches the density of electron energy
states N(E). Thi3 is essentially the distribution of energy

3 6states of the CFO model that has been proposed by Cohen,
Fritzsche, and Ovshinsky in 1969. Both the conduction band
and the valence bands have tall states, and deeper in the
gap are the defect related gap states. Hence, in contrast

to crystals, N (E ) of amorphous material is nowhere zero.
The tail states are intimately associated with the

disorder in the noncrystalline structure. The valence band
tail states are covalent bonds that are weaker than normal.
This can happen, for instance, when the covalent angle is
bent from its equilibrium value, when the bond is stretched
due to Internal strains, or when some antibonding orbital is
mixed in. That occurs, for instance, when atoms bond
together in odd-numbered rings containing 5,7,9 atoms
(Instead of 6 atoms in the diamond structure). Moreover, it
was found, both theoretically and experimentally, that there
are net static charges on some atoms or group of 

3 7atoms. These net charges produce potential fluctuations
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which remove any sharp features in N(E) . All the above 

mentioned effects produce tall states extending down in 

energy from the (antibonding) conduction band. The 
total number of tall states^ is approximately 10  ̂ of the 
number of states in one band.

The defect related gap states originate from 

structural and coordination defects (atoms which are not 
bonded according to their normal valency) as well as from 
impurities. A typical defect related gap state is a 
dangling bond and it lies near the gap center as it is not 
bonded (and not antibonded). Having one electron only, it 
is easily detectable by measuring the electron magnetic
moment by electron spin resonance (ESR). The number of

21 - 5 - 7defect related gap states varies between 10 to 10 to
the number of states in one band.

The tail states, as well as the defect-related states,
are localized to a region of a few atoms. A charge carrier
occupying them has, therefore, no chance of moving away
(zero mobility) at low temperatures. Carriers in extended
band states, in contrast, have a finite mobility. The
demarcation energies Ey and Ec separating extended from
localized states thus define a mobility gap

Optical absorption processes can occur between extended
band states (8-B), between the tall states and band

states(T-B) and between gap states and band states (G-B).
The strength of optical absorption is given by the
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logarithmic fraction of photons absorbed per cm of the
material. This absorption coefficient JL> is proportional to 
the product of density of those occupied states and the 
density of those unoccupied states. Since the density of 
states N(E) of band, tail and gap states differ so 
drastically, the absorption coefficient shows vide variation 
in its magnitude. These gap state to band state (G-B)

transitions start at the threshhold energy for
photoconductivity. At higher photon energies Hi) , 
transitions between tail states and the band 3tate (T-I3)

occur, and at even higher band to band (B-B) transitions 
takes place. The strongest absorption is caused by B-B 
transitions, G-B absorption is the weakest and changes with 
N(E) of the gap states from sample to sample. The T-B 
absorption region is nearly exponential suggesting that N(E) 
of the tail states falls off exponentially into the gap.

The low absorption coefficients due to (G-B) transition 
are determined by photo-thermal spectroscopic techniques, 
namely photo-thermal deflection spectroscopy or photo 
acoustic spectroscopy. The absorption due to (T-B)
transitions are determined by optical absorption 
spectroscopy and also by photo-thermal deflection 
spectroscopy or photo-acoustic spectroscopy. The absorption 
due to (B-B) transitions are determined by direct optical 
absorption spectroscopy. In this thesis we limit ourselves 
to the absorption due to (B-B) and (T-B) transitions.
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The interaction with light provides a powerful means
for probing the electronic and vibrational structure of a
solid. The optical response function of a solid involves a
pair of spectral functions (two are needed to describe the
amplitude and the phase of the response) which are typically
taken to be the real and imaginary parts of the frequency
dependent dielectric constant. For example, the complex

edielectric constant G(\>) = G,( V ) + iE.C V ), connects E, theI aw
electric field amplitude of an incident light wave of 
frequency V, to P(V) the complex amplitude of the 
polarization wave induced in the solid, by

For the situations in which the liqht is transmitted 
through a sample having transmittance T and reflectance R, 
the optical absorption coe£ficient cJj-r)) may be measured. 
This quantity ) describes the attenuation of the
intensity of the beam for a path length x propagating 
within the sample, and is given by the expression

Unlike the other optical quantities mentioned above, JUi)) is 
not dimensionless but instead has the dimension of 
reciprocal length. and Gl(v ) are related as <£= (2E3J)e* T>C
where c is the velocity of light and n is the . refractive

P ^ )  - ZjFfrC - 0  E(J>) (3.1)

(3.2)

index. thc imaginary part of the dielectric
constant, is a dimensionless measure of absorption. The ^
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spectra, being related directly to the density of states,
provide the most immediate access to these states.
2. Concept of band gap

The sharp rise in the optical absorption at a
characteristic energy suggests the concept <.f an optical
energy gap parameter E * for the crystalline semiconductor.opt
In contrast to crystalline semiconductor, the optical 
absorption edge of an amorphous semiconductor is difficult 
to define experimentally which lead to the ambiguity in the 
definition of optical energy gap parameter. The optical
energy gap parameter E ^ for amorphous semiconducting films 
can be extracted from the energy dependence of ©_ , the

SL

imaginary part of the dielectric constant, in a variety of 
10ways depending on assumptions involving both the energy

dependence of valence and conduction band densities of
states near the band edges and the energy dependences of the
optical matrix element. The assumption as to which optical

38-40matrix element (momentum or dipole) is independent of
energy and whether the density of states for valence and 
conduction band are linear or have square root dependence
with energy leads to three equations.

where B, , B^and B^are constants. Eq. (3.3a) assumes square

S . C e - e ^ jV e 1

€aC£)

(3.3a)

(3.3b)

( 3.3c )
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root densities of states and constant average momentum
matrix element. Eg.(3.3b) assumes linear densities of states
and constant average momentum matrix element. Eg. (3.3c)
assumes square root densities of states and constant dipole
matrix element. However, there is absolutely no theoretical
justification for linear or square root density of states
and also for the assumption regarding the independence of
matrix element (momentum or dipole) with energy.

To do away^with the degree of arbitrariness in the
definition of E0pt/ the optical band gap parameter can be
defined to be that energy where the absorption coefficient 

4 -1equals to 10 cm . Here again the theoretical justification
is nonexistant.

In spite of the arbitrariness in the definition of the
optical band gap, it continues to be a useful concept in the
amorphous semiconductor like the traditional optical band
gap of the crystalline semiconductor. Further, the utility
of the optical band gap lies in understanding the electronic
changes Induced in the semiconductor through either

41structural, thermal disorder, or the microstructural
changes due to alloying composition*^ and annealing.*°'4^
B. Quantum Mechanical model of optical absorption in an 

Amorphous semiconductor

Throughout this chapter, we focus on the imaginary part
of the dielectric constant <yE) . The real part ©,(E) can be
determined by Kramers-Kronig analysis for any theoretical

model for ^ . It is, however, of less experimental
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interest because its spectral variations, unlike that of
is ':?ot directly related to the density of states within the
forbidden gap of the amorphous semiconductor. The
theoretical model for 6^permits us to determine the optical
band gap parameters.

The optical properties of amorphous and crystalline
semiconductors may be deduced almost entirely from the
general one electron expression for the imaginary part of

4 3the dielectric constant

In Eq. C3.4), E is the energy of the incident light wave, 
V is the illuminated volume of the sample and P refers to 
the momentum matrix element between occupied and unoccupied 
states, Eq and refers to the energy of the occupied and 
the unoccupied states. The sum is over the occupied and 
unoccupied single particle (one spin) electronic states, 
which are normalised to unity over the volume V.‘ The factor 
of 2 accounts for spin conservation in transition and the 
spin degeneracy in the occupation.

If we define the occupied state by |v>, a valence band
eigenstate with eigenvalue Ey and unoccupied state by |c>, a
conduction band eigenstate with eigenvalue E , the matrixc
element can then be written as l^c(where FJc"
where V  is the polarization vector of the light wave and P
is the momentum operator. The expression for than
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becomes

€ a«6) = ( :5 ^ 1) CvgO Z j p»,^ ^Cec- e» -e ^ (3.5)

In a crystal, the behavior of 6(E) is set by the
2

requirement of momentum conservation in optical transitions
and by the form of electronic density of states. The first
occurs because the translational symmetry of the crystal
only permits nonzero momentum matrix elements when the wave
vectors of initial and final states of transition are
identical. The second then arises because for such vertical
transitions, the momentum matrix elements vary slowly with

1 9wave vector K.
In the amorphous phase, the structure again determines 

the behavior of the momentum matrix elements which in turn 
specifies the nature of transition between filled and empty 
states. On the whole, the development parallels the 
crystalline case and one obtain a different expression for 
C^E) described by Eq, (3.3) which is dictated by the nature
and the form of matrix element and the type of density of

*  . 10 states.

18First we will focus on the Tauc model, which assumes 
the momentum matrix element to be independent of energy and 
that the density of states for valence and conduction band 
to have square root dependence with energy. This was the 
first successful attempt to describe amorphous materials in 
the framework of crystalline materials and for - introducing
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the concept of band gap in amorphous material. The concept
of band gap in amorphous material contributed substantially
for understanding this class of materials. ^

The Tauc model starts with a 'virtual' crystal into
4 4which positional disorder is introduced. The virtual

crystal has the same nearest and the next-nearest-neighbour 
bonding in the amorphous phase as in the 'real1 crystal of 
the element or compound in question. The virtual crystal 
also has to simulate topological disorder. The average 
features of the virtual crystal, however, are closely 
related to the features of the real crystal.

Following Tauc, we make the following assumptions:
1) The amorphous semiconductor and its virtual crystal can 
be described by valence and conduction bands separated by a 
gap in which there is a very low density of states.
2) The valence (conduction) band wave functions for the 
amorphous semiconductor can be expanded in terms of the 
Bloch waves of the valence (conduction) band of the virtual 
crystal. There is no mixing of valence and conduction band 
wavefunctions due to positional disorder.
3) The optical matrix element, which is independent of 
energy, is modeled to be

C P« W S ~ S  (3.6)
where in Eq. (3.6) the notation kv and k#c indicate Bloch 
wave functions appropriate to the valence and conduction 
bands with momentum ky and kQ. The Kronecker delta symbol
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describes electronic momentum conservation for the ordered 
virtual crystal.

We can derive from Eq. (3.5) under the above assumption
an expression for C^in the virtual crystal which describes a
direct optical transition since both energy and momentum are
conserved. If we add to the above assumptions the
additional one that there is no conservation of electron
momentum in the disordered amorphous semiconductor, we will
derive an expression for which describes an optical

4 5transition in which momentum is not conserved. This can 
be described as a nondirect transition to distinguish the 
absorption edge of the amorphous semiconductor with 
positional disorder from the indirect absorption edge of 
crystalline semiconductors. From Eq, (3.5), we have

£ j C E )  =

If we note that the quantity T* is a projection operator 
which takes a crystalline valence-band Bloch wavefunction 
and transforms it into a crystalline Bloch wave function in 
the conduction band with same electronic momentum, that the 
quantity TT+ is a unit operator for the crystal valence 
band, and that T^T is a unit operator for the crystal
conduction band, we can define a sum rule due to Velicky^®

^ t n c > | l = 2<vlTT*|U> ̂  2 1  - fsl (3.8)
v
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The quantity Nq is the number of single spin states in the
valence (conduction) band. The number of electrons that can
occupy these states is 2N .o

X XIf we replace the quantity |<25|TIC>| by a constant
ithen from the sum rule defined by Eq. (3,8) we get Tp = 3-/N

and the Eq. (3.7) becomes
x

«,*> = ( ^ )  S C i r J z e C E c '  s.- B> (3.9)

The Eq. (3.9) can be written as

W W - V  ,3.io,

where z is a parameter and

2 I s c ^ - 2 ) - v N ctz;
- j > _ S { e v - C 2 - E ) }  = V^CZ-E) (3.11)
y

defines the volume density of single spin states for the 
conduction band and valence band respectively. Again, V is 
the illuminated volume of the sample to which all wave
functions have been normalized. If the density of states are

A  bgiven by 2) * Const ( 2 - E„ ) and Consi C

then from the Eq. (3.10), that describes a nondirect optical 
transition, we get

e V )  = ( ^ j V ( % ( E ,H r +l , 3.12,

Depending upon the density of states to be parabolic (s=l/2 
and p=l/2) or linear (s=l and p=l), we obtain from Eq.(3,12)

e X c e j - B . C E - E o h )1 ( 3 -13)

e'€,CE) = l 3 ' 1 4 )
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where B, and Bzare constants and P are the Gamma Functions.
Thus assuming constant average momentum matrix element 

and assuming square root and linear densities of states we 
reproduce Eqs. (3.3a) and (3.3b) from Eq. (3.12)

From the general relation between momentum operator P
and its conjugate coordinate R, we have
where H is the Hamiltonian of the system. We can rewrite 
Eq. (3.5) in the equivalent form within one electron 
approximation as

€,(£) = ( 2ire > * ( i ) r i f W 1 S<6c-ei,-0 ,3-15’2 v U,C '
where R is the dipole matrix element.

We now assume the dipole matrix element to be 
independent of energy and model it to be

( R 0jc 5 = s ^
Assuming square root dependence of density of state and 
carrying out the same analysis as outlined above, we obtain 
from Eq. (3.15)

^  tf ( % i w i rc3/drcs o CE - ,3.i6)

If we replace the cofficient of (E-E , )* by a constant B.opt 9

then the Eq. (3.16) becomes
G ace) ^ B iC E (3.17)

Thus assuming square root density of states and
constant dipole matrix element we obtain Eq. (3.3c).
C. Expressions for getting n, k, d from R . T, Rd s

The determination of real C, and imaginary parts of 
the dielectric constant of the film involves the knowledge 
of real(n) and imaginary (k) parts of the refractive index
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as they are related by C^n3*—  k* f£=2nk. The real and 
imaginary part of the refractive index and the thickness (d) 
of the film can be extracted from the measured reflectance 
and transmittance of the film. The expressions for 
transmittance and reflectance (both from airland substrate 
side) is given in this section and the procedure for 
determining n, k, d using the expressions for transmittance 
and reflectance along with the measured transmittance and 
reflectance will be described in the next section.

Explict, single expressions for the reflectance and 
transmittance of the system of many films are cumbersome and 
are depressingly complicated. The extraction of parameters 
from the equations involves tedious computation. This 
problem is tackled by using matrix method using Fresnel 
coff icient.

For the derivation of expressions for reflectance from 
film (PL) and substrate (R ) side and the transmittance (T)a 5
as a function of n, k, d and wavelength ^ , the method of 

46Abeles is made use of. The method consists in
establishing the relations between the electric vectors of 
successive layers in terms of Fresnel cofficients. For this 
purpose the films are assumed to be homogeneous, isotropic 
and the case of normal incidence is considered to duplicate 
the experimental situation (see Fig. 3.1).

A *TThe explicit expressions for the reflectance and the 
transmittance of an absorbing film, like our hydrogenated
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amorphous silicon carbon alloy, of n=n-ik( on a “transparent 
substrate of refractive index nA are given below. The film 
as well as the substrate are in contact with air. The 
expressions for the reflectance from the film side (R ), the

Si

transmittance (T) and the reflectance from substrate side
(R_), including the interference effects, are given by s

p  —
* ' (* i/ti
• (wllT  =• i J H TT (3.18)

wnere

r* = iit1* |>vtS

^ 1 3 = £ + +■ (ijs, +

tuis = + Z^r^c, 4-̂ s.J ■+■ Zh,f
- 2WtĈ C,

tmi3 ^ C V i+j N  + K' + frj)*J 3
tt(»i ; p 3 t O j f + f * Ki i Sj J/p

Cmd

*?■

u - an.
' " O+^i J1* **

- - I
(n,+nt1 + K*

l - -an.K,
A " In,*"*)4 **?*

?3 - -1—  t
3



26

n - STTK.JIa,-

b,= * * " > 4

1 a
(J5 exj»(2«,>

cx= COS ( 2 b,5 
*

£, = Si.m<;2bO

D. Effective Medium Approximation (EMA)
The optical properties of the random heterogeneous

composite films are described by a spatially-varying
dielectric constant G(r,v) vhere r is the coordinate vector
and v is the frequency. When the spatial variations of G(r,v)
are much smaller than the wavelength of light, but large
enough to have "bulklike" dielectric properties then the
composite can be characterised by a macroscopic dielectric
constant €(v), The calculation of 0(w) from 6 (r,w) is a
forbidding mathematical problem. The approximate solutions
to the Integral equation from which G(v) are obtained by
neglecting multiple scattering of the electric field by the

4 Bgrains of the components. This approximation is
equivalent to a mean field theory in which the effect of all 
the grains on a given grain is represented by a uniform 
field. Two well-known approximations are the effective 

medium theory49'50 and the Maxwell-Garnett theory.51
In the effective medium theory the components are
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treated in an equivalent manner. Grains of the components
are embedded in an effective medium whose dielectric
constant C  is the same as that of the composite material.
On the other hand, in the Maxwel1-Garnett theory it is
assumed that the grains of one component are embedded in the
matrix of the other component. This theory, unlike the
effective medium theory, treats the two components in an

5 2 5 3asymmetric manner. Recent treatments ' have attempted
to understand their differences more fundamentally in terms
of microstructure of the composite materials. These
investigations showed that the Maxwell Garnett result
follows from a coated sphere (cermet) configuration, where
one component is completely surrounded by another component.
The Bruggemann expression follows from an aggregate model,
where the components are mixed on a random basis.

We choose to use the EMA for hydrogenated silicon
carbon alloy because the scale of the heterogeneity in the
film (i.e the dimensions of the distinct regions
corresponding to the various components) is much smaller
than the wavelength of light In the medium, yet large enough
compared to the lattice constant so that the individual
components have "bulk-like" dielectric properties. Also, it
treats the components on an equal basis. Further, the EMA
has previously been shown to be applicable both to
hydrogenated amorphous carbon film ta-C:H)15 and also to

17Si-SiO, and Si-Si3N4 mixtures. The EMA expression for C,



28

the complex dielectric function of the composite medium, is

6^-C Q  (3.19)

= i
where !>•, and 6; are the volume fraction and complex
dielectric function of component i, respectively.
E. Microstructural Model

To model the dielectric response, a microstructural 
16model is proposed, which assumes the alloy film to be 

macroscopically homogeneous but microscopically
heterogeneous. For this purpose the EMA expression of Eq. 
(3.19) along with the expression
is used, where and are the density of the ith
component and of the composite respectively. The
components of the composite are proposed to be void,
amorphous polymeric, amorphous graphitic and amorphous
tetrahedral, each with its own dielectric response. The
volume fractions of the components are v , v , v and vv ap ag at
respectively.

In order to apply the EMA expressed in Eq. (3.19) to 
our measured £ t and spectra so that the volume fractions
v^ of the proposed components can be obtained, we first need 

spectra of the individual components. For the void
component we have used fi, =1 and £ 1= 0 . For the polymeric 
component, smoothed E, and £a spectra of polyethylene^ with 
a density of 0.92 gm/cm are used. For the amorphous
graphitic component, measured C( and E^spectra for an a-C:H
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film^ annealed at 500°C, with a measured density of 1.47 
3gm/cm , are used. The dielectric response of this annealed

a-C:H film is believed to reflect more accurately the
localized nature of the graphitic TT-like elections than did
the evaporated C film previously used

For the amorphous tetrahedral component, a Si- and C-
5 5centered tetrahedron model has been developed to predict

the optical constants G, and GA of the tetrahedral component
as a function of the Si/C ratio by applying the approach of

* 7Aspnes and Theeten* to the hydrogenated silicon carbon
alloy system. The approach of Aspnes and Theeten, in 
essence, has combined the Si centered tetrahedral model of

e (3Philippa with composite media theory. The predicted G, and 
G^ spectra for the tetrahedral component have been obtained 
by scaling from our G, and G^ data for a-Si:H, and as a
result, the dielectric response of the amorphous tetrahedral 
component can be considered to reflect the contribution of 
approximately 10 at hydrogen. The details of finding G; 
and of the tetrahedral component are given in the
Appendix I
F. Infrared Absorption

There is much interest in finding the microscopic
bonding configurations of hydrogen in the amorphous network
because the bonded hydrogen in a-Si was a significant
factor in transforming a-si to a new optoelectronic

22material a-Si:H. The prime method U3ed to Investigate the
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local bonding configuration has been the infrared 
absorption. The frequency of a fundamental infrared 
absorption mode depends on both the mass of the oscillating 
dipole and the strength of the bond between the atoms 
comprising the dipole. The vavenumber of the oscillator 
depends upon the mass of the atoms.

^ Cc- >  = 3 F c l > c v y ]  <3 -20’

where V is the vavenumber of the oscillator in cm c is
the speed of light, K is the force constant directly related
to bond strength, and h., and are the masses of the
vibrating atoms.

The infrared spectra of a-Si, C :H exhibit rich1 X X
i 2structure" in four main absorption regions in the range 

from 400-4000 cm 1 (described earlier). The number of bonds 
of Si-H, C-H, Si-C, Si-0 are proportional to the intensity 
of the integrated absorption of Si-H, C-H, Si-C, Si-0
stretching modes, respectively. The proportionality constant 
represents the cross section of the above said stretch 
modes. The theory and the procedure of determining the 
cross sections of these modes will be discussed in turn:

1 . C r o s s  s ection ot.Sl-H St r e t c h

The density of Si-H bonds, N_. ..,1s proportional to theS 1 ■""H
integrated intensity of Si-H stretch u ) and is given byj 1 *n

NSl-HaASI5i-H (3.21)
The proportionality constant A„, which is the cross sectionO
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of Si-H stretch, Is determined as follows:
(3.22)

where <V> is the wave number at which Si-H stretch is
peaked and A(V) is the absorbance at wave number v and d is 
the thickness of the film.

c 7 5 9Following Shanks et a 1J and Fang et al the cross
2 0 “ 2section used for Si-H stretch is 1.4x10 cm . The cross 

57 58section ' is determined by measuring hydrogen
concentration and the integrated absorption under Sl-H
stretch peak. The hydrogen concentration of the sample is

5 3measured using the (n,p) reaction. This gives the
absolute hydrogen content of the films which has been
recalculated in terms or a relative hydrogen concentration

using the atomic density of crystalline silicon 
22 - 3(5x10 cm ). The integrated strength of Si-H stretching

band is plotted versus C^. The relationship between
Igi-H and CH is approximated by a straight line and the
proportionality constant, which is the Si-H cross section,

2 0 -  2is calculated to be 1.4x10 cm
2.. Cross section of C-H stretch

The cross section for C-H mode is taken to be (1.35 ±

21 -  20.35)xl0 cm r which is an average of the results of
21 -2 21 -2 591.7x10 cm and 1.0x10 cm given by Nakazawa et al and

Fujlmoto et al60 respectively. The density of C-H bonds
<Nc_h ) is proportional to the integrated intensity of C-H
stretch (I_ ,,) and is given by

NC-h 'ACIC-H (3.23)
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The proportionality constant Ac , which represents the
59cross section for C-H stretch mode, is determined by 

combining the results of the NMR and IR measurement as 
follows. The hydrogen, whose total amount is determined by 
NMR measurement, is assumed to be bonded to either Si or C
in a-Si. C :H, The number of H bonded to Si is estimated

U. X A

using the cross section of Si-H . Thus, the number of H 
bonded to C, N is obtained by subtracting N_, „ from thev n S 1“ H
total amount of H determined by NMR. ^c-H t*lus determined
is plotted against the absorption intensity of the CH^
s t r e t c h i n g  mode. A r o u g h l y  linear r e l a t i o n s h i p  is obtained

between them, and proportionality constant is given as 
21  -  2Ac =1.7xl0 cm by averaging the slopes of lines

connecting data points to the zero point.
3. Cross section of 3 i-c Stretch
The intensity of the integrated absorption of Si-C

stretch I is related to the number of Si-C bonds N_, _a I C Si —c
by the relation.

N31-C=BSI3i-C (3.24)
The proportionality constant Bg represents the cross

section for Si-C stretch mode. However, the proportionality
constant Bg between the number of Si-C bonds and integrated
intensity of IR absorption is determined to be 2 . 1 3 x 1 0 1B

cm"2 which is as follows. N ,*<0
Si-C ~ O  y

fcjr
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C 1
Following Mogab , we write absorbance A(V) "to be

Arm* vr?7r>*] ,3-251
Where < * >  ** + ̂  n V ( 0 » * 0  3

and ^ is the wave number of the incident radiation, <y> is
the wave number at which Si-C stretch is peaked for cubic
SiC crystal, d is the thickness of the film, y  is the
dimensionless damping constant and f is the dimensionless 
parameter reflecting the strength of absorption and is 
related to the static (low frequency) dielectric constant, 
and high frequency dielectric constant as P=(€0~^/4TT . We

set . r r O
j I-1 + c)- w < » > y 4 ^  (3.26)

•J u> - w

neglecting higher order terms in f* we obtain, S J sHT?p<(U>
Using the value of C and carrying out the integration and

:'du) = n
OJ

NJC. „ = ^TT385P<^> (3.27)

3The number of Si-C bonds per cm ^si-c is calculated for
23cubic SiC crystal to be 5.52x10 . Using the value of

F=0.263 and <v>=793cm  ̂ for cubic SiC crystal as given by
Mogab^1 and using the above equation we obtain Bc=2.13x10^®o-2cm

4. Cross section of Si-0_Stretch
The intensity of the integrated absorption of Si-0

stretch Ie, is related to the number of Si-0 bonds N„. « al-U Si-0
by the relation . -  « J W ?  JUj (3.28)

J ui
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where Bq is the cross section for Si-0 stretch mode.
Carrying out the same analysis as we have done for Si-C we
obtain , 3 , ■

N S..O= {3.29}
where p is the dimensionless parameter reflecting the 
strength of absorption for Si-0 stretch and <y> is the wave 
number at which Si-0 stretch is pe&Ued for SiO^ crystal.
The number of Si-0 bonds ^5^-0 *-s calculated to be

22 - 310.62x10 cm for SiQg crystal. Using the value of 
P=0.0533 and <v> = 1072cm  ̂ for as £*-veri ky Spitser^
and using the above equation we obtain Bq=1 .5xl0 ^ c m ~ ^ .
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CHAPTER TV 
EXPERIMENTAL PROCEDURE

A.Experimentul Apparatus

-X. Pescxlptipn Glow Discharge Technique
There are many ways to prepare amorphous films, some of

which are 1) Glow discharge plasma deposition, 2) Reactive
sputtering, and 3) Pyrolytic decomposition of gases which is

known as Chemical Vapour Deposition (CVD). The glow
discharge technique has attracted the most attention in
recent years mainly because (1 ) this technique was used in

2 2the first successful doping experiments on amorphous 
silicon, and (2) the early work suggested that a-Sl:H 
films produced by this technique have better optoelectronic 
properties than films produced by other techniques.

Glow discharge is .a type of electrical discharge where 
an rf or dc electric field is used to generate a weakly- 
ionized plasma. The electron and ion densities in the 
plasma at a typical pressure of 0.1 Torr are of the order of 
1010cm 3 . The electron temperature may be 10 to 100 times 
that of the ions so that the electrons possess sufficient 
energy (1-10 eV) to break molecular bonds to produce ions 
and chemically active neutral species in the ground state 

and the excited state. The reactive species of the gas 

(SiH^) for a-Si and (SiH^, GeH^, C2H4* ^or alloys condense 
on a heated substrate to produce amorphous films still rich 
in hydrogen.
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Discharge-produced amorphous silicon, currently 

referred to as hydrogenated amorphous silicon (a-Si:H), is 
known to contain typically 5 to 40 at %  hydrogen. Discharge 
produced amorphous silicon alloy films contain silicon, 
hydrogen, and alloying elements like carbon or germanium. 
The materials produced by the r£ glow discharge technique 
have certain intrinsic advantages over the other techniques:

1) The materials like a-Si and its alloy produced by glow-
discharge have remarkably good semiconductor qualities like
continuously adjustable band gap, a usable carrier lifetime

and diffusion length , efficient optical transitions, and
the capability of employing either n- or p- type dopants.
This is due to the low density of dangling bonds, passivated
by hydrogen, and the correspondingly low density of

6 3localized states in the gap.
2) The hot electrons in the plasma of glow discharge lower 
the temperature of the reaction compared to conventional 
CVD. This facilitates the use of a lower substrate 
temperature. Use of lover substrate temperature can 
prevent the bonded hydrogen from being thermally emitted 
into the gas phase from the film as encountered in CVD 
technique. This make the density of dangling bonds quite 
low compared to CVD films prepared under similar conditions.
3) The operating frequency of rf qlov discharge is usually 
13.56 MHz. At this high frequency the electrons 
oscillating in the glow space acquire sufficient energy to



37

cause ionizinq collisions which reduces the breakdown 
voltage. Also as the operating frequency increases, the 
minimum operating pressure begins to fall, reaching values 
of loss than 1 mTorr at 13.56 MHz. Another manifestation 

of the same effect is that, for a given pressure, the 
impedance of a discharge decreases with increasing 
frequency, so that one can drive more current through the 
discharge with a given voltage. This makes it possible to 
operate the system at low rf voltages.
4) Uniform films can be deposited on any substrate 
(insulator and conductor) over large areas.
Disadvantages associated with the rf glow discharge 
technique include:

o1) The deposition rates are very low (1 to 10 A/sec). This 
Is acceptable at the laboratory level but for large scale 
applications, high deposition rates are required to achieve 
the high throughput.
2) As a deposition process, the glow discharge technique is 
inferior to reactive sputtering for the following reason. 
By reactively sputtering c-Si in an Ar and H atmosphere, 
hydrogenated amorphous silicon is produced. The two source 
materials Si and H can be uncoupled and independently 
optimized in relation to the role each plays in forming the 
network. This type of control is not possible in glow 
discharge decomposition because the source materials are 
initially chemically bonded In the feed gas.
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2. Description of Glow Discharge Chamber
The samples studied here were prepared using a rf

glow discharge apparatus (see Fig.4.1). The configuration
Is that of a flow through device, i.e. a continuous flow of
reactant gases is passed through the region of discharge
from the top and the pressure is measured by Baratron
capacitance vacuum gauge. It was found previously®^ that
maintainence of such a flow reduced the chances of building
up of the contaminants such as the radicals of the reactive
gases within the reactant gas during a discharge. The
pumping of the discharge chamber is accomplished by two
systems. For preliminary pumpdowns a Veeco VS-9 pumping
station, containing a diffusion and a fore pump, i3 used.
Its two inch air cooled diffusion pump is capable of

- 7achieving final pressures of the order of 10 Torr. 
Pumping during the discharge involving reactive gases, to be 
described later in detail, is accomplished via a separate 
neutralization and disposal system (see Fig.4.5). Use of 
such a system is necessitated by the presence of explosive 
gas like silane.

The plasma reactor for the deposition of the film is a 
parallei-plate system in which the discharge is generated

between two parallel disk copper electrodes, the power 
electrode and unpowered sample electrode (see Fig.4.1). The 
two electrodes are separated by 2 inches, and have diameters 
of 3 inches. The electrodes are shielded from the plasma
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except for their front surfaces by encircling them with the 
grounded plasma shield made up of stainless steel (see 
Fig.4.3). To generate the plasma in this flow through 
device, the rf power (5 to 15 Watt) at 13.56 MHz i3 

capacitively-coupled to the power electrode through an rf 
matching network from model HF-300 rf power supply of eni 
power system, Inc. The 'Heathkit' matching network consists 
of two variable capacitors and a variable inductcr. The 

purpose of this matching network is to increase the power 
dissipation and to reduce reflected power in the discharge.

The potentials6'* that are of importance in an rf glow
discharge are 1) the plasma potential V , 2) the floating
potential 3) and the sheath potential Vt. also called the
d.c potential. The spatial distribution of the average 
potential in a parallel plate rf reactor is shown in 
Fig.4.2. The plasma potential is the potential of the 
glowing part of the discharge and is the most positive
potential anywhere in the reactor. The potential Vp is at
least as large as the first ionization potential of the gas, 
with respect to the grounded electrode in contact with the 
glow discharge, and it is regarded as the reference 

potential of the system. The ground potential is always 
negative with respect to the plasma, and hence the substrate 
surface on the grounded electrode should more or less suffer 

the positive ion bombardment. The potential on the powered 
electrode is also negative with respect to the plasma
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potential. This Is because when an external body (power 

electrode) is Immersed in a plasma, it self biases 

negatively due to the large difference in the ion and 
electron mobilities. When the rf voltage is applied to the 
power electrode, it results in a large electron current 
during one-half of the cycle and a small ion current on the 
other half of the cycle. The large electron current is due 

to the high mobility of the electrons. The negative 
potential so built up repels the electrons and attracts the 
ions and ultimately the external body reaches a dynamic 

equilibrium with the plasma with potential (floating
potential) such that the current due to electrons and ions 
are equal so that the net current is zero. Near the wall of 
the external body there is a boundary layer in which the 
potential increases munotonically from negative value on the 
wall of the external body to unperturbed plasma. This 
potential is the sheath potential. The sheath potential V , 
being equal to on the powered electrode, accelerates
ions that enter the sheath, and the electrode surface is 
bombarded. In the standard parallel-plate electrode plasma 
reactor powered with an rf source, the substrate is placed 
on the grounded electrode to reduce the influence of the ion

bombardment. However, the plasma potential is still 
important to determine the energy of ions impinging onto the 
substrate surface.
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i, Description of. the sample electrode
The sample electrode (see Fig.4.3), consists of a 

heatable copper block with a recessed chr omel-alutne 1 
thermocouple, isolated electrically by a ceramic tube, 
placed just below the sample substrate for temperature 
measurement. This copper block is placed on the substrate 
heater constructed of Macor, a Dow Corning ceramic, with 
heat supplied by the ohmic heating of an ARI heater in the 
form of a spiral, sandwiched between the Macor pieces. 
Macor is well suited to such applications as it is a 
machinable, non-porous insulator that conducts heat and is 
stable upto 1000°C, sufficent for this application. The 
sample substrates are mounted on the grounded, unpowered 
electrode (copper block). The sample substrates are 
polished clear fused quartz for optical constants 
measurement, oxygen free high conductivity (OFHC) copper for 
density and composition measurements, and intrinsic Si for 
infrared studies (resistivity of 2500 ohm cm, polished both 
sides). The dimensions of the sample substrates are 
typically (0.75", 0.5", 0.02"). The substrates are mounted
on the grounded electrode because the powered rf electrode 
is selfbiased and suffers ion bombardment, which may 
deteriorate the film quality. For minimizing such 

bombardment, the applied rf power is kept as low as possible 
(5 to 10 Watt). The whole assembly is shielded from the 
plasma except for their front surfaces by encircling them by
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grounded plasma shields made up of stainless steel.
4. Gas mixing and flow control system

Ga3 mixing and flow control are provided by a gas 
handling system, a schematic of which appears in Fig. 4.4 . 
The system can provide three gases at a time. In the first 
phase of the experiments the gases are argon (99.9%) 
commercial grade acetylene (C-H.,, 96.6% purity, Linde) and

i,

sllane (SiH^, diluted to 10.2% in argon, Linde). In the 
second phase of the experiment the gases are argon (99.9%), 
ethylene (C^H^) and 100 %  silane electronic grade. All 
system components are constructed of materials rated for 
corrosive service. Flow control for the system Is provided 
by an electronic mass flow controller. Provision has also 
been made for the purging of the system with an inert gas 
(Ar) before and after use, as corrosive and reactive 
compounds may be formed. The key fact to realize is that 
the bulk of the gas absorbed on the system walls while 
exposed to the laboratory environment is water vapor. This 
necessitates the provision for the baking of the vacuum 
system to remove the surface contaminants such as water 
vapor.

 flas-neutralization and disposal system

The schematic of gas neutrallzation and disposal system 
is given in Fig. 4.5. The gas neutralization and disposal 
system will be described in two sections. The first section 
corresponds to the initial phase when silane diluted with
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a r g o n  w a s  U 3 e d  a n d  o n l y  a r o t a r y  v a n e  p u m p  w a s  u s e d  f or

pumping the waste gases. The second section corresponds to
final v e r s i o n ,  w h e r e  w e  have U 3 e d  p u r e  silane and h a v e

enhanced the pumping speed by incorporating a Roots pump
(WS150 LH) in conjunction with rotary vane pump (Tr ivac
D8AC) to prepare high quality film. The Roots pump consists
of two identical Impellers that rotate in opposite
direction. The high speed of rotation leads to large
volumetric efficiency. The Root pumps have maximum pumping 

- 2speed in 10 to 1 Torr range and falls off above and below 
this range. Further, an electronically controlled exhaust 
valve was incorporated into the system in the final phase
for precise control of pressure.

Neutralization of the reactive gas like SiH^ during its 
flow through the system is accomplished via both pyrolysis 
at 750°C in a mullite furnace tube as well as by bubbling
the gas throuqh a neutralizing solution. At the very outset
the gases from the reaction chamber are broken down to
smaller radicals by pyrolysis at 750° in a mullite Eurnance
tube. Quartz wool is placed in the path of the gas to
reduce the mean free path of the molecules, and thereby
increasing the probability of neutralization. The gases are 

diluted with nitrogen and passed through a scrubber, 
containing the neutralizing solution like NaOH. In the 
scrubber the bubbles are formed by the nitrogen gas and the 
radicals of the reactive gas like SiH^ are neutralized and
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finally the gases are passed to the hood through the 

mechanical pump (Trivac D8AC). Though pyrolysis should 
completely decompose the gas, the bubbling process serves as 
a backup in the event of oven failure or poverloss, as the 
bubbles would continue to function in either ca3e .

The use of pure silane led to mechanical pump

seizures which led U3 to have a more elaborate 
neutralization and disposal procedure. The seizure may be 
due to particulates within the pump or to formation of tar 
like substances by decomposition of oil. Procedures as 
o u t l i n e d **6 have been followed t o  minimize the occurrence of 
se izures.

Due to large clearance, any oil entering the Roots pump 
exhaust from the mechanical pump can find its way into Roots 
pump inlet by creep. Thus the usual cautions must be
observed to minimize oil backstreaming from the mechanical

6 7pump. This can prevent particulate matter from adhering
to the impellers, and will avoid varnish like deposits on 
the impellers in the presence of explosive gas like silane. 
To prevent oil backstreaming we introduce nitrogen to a 
pressure of 100 to 150 mTorr between the Roots pump and the 
mechanical pump. When the Roots pump is at blank-off, the 

inlet pressure of the Roots pump increases slightly, but the 
oil from the mechanical pump can not enter the exhaust of 
the Roots pump.
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B. Substrate preparation:
Substrates utilized in these experiments are varied 

according to the analysis technique to be applied. The 
quartz substrates (0.75", 0.50", 0.02"), used for optical

measurements, are cleaned by boiling them in Transene for 10 
to 15 minutes, then rinsed in triple distilled, deionized 
water after which they are blown dry with nitrogen gas. The 
silicon substrates, used for infrared measurements, are also 
cleaned in the same manner as the quartz substrate. The 
copper substrates, used for density and composition 
measurements, are cleaned by dipping them in concentrated 
nitric acid diluted with water and then rinsed in triple 
distilled, deionized water and are finally blown dry with 
nitrogen after rinsing.
C. Sample preparation:

Once the substrates are prepared as described in the 
preceding section, they are mounted on the face of the 
sample electrode. The sample electrode is then mounted in 
the deposition system. The fore pump of VS-9 pump station 
is used for rough pump down and then the diffusion pump is 
used to pump down the system (G.D chamber and GHS) . The 
system is pumped down overnight to the final pressure of

-7about 2x10 Torr with liquid nitrogen in cold trap. The 
substrate is heated to the stable desired temperature. The 
system is baked out for about 45 minutes to remove any 
surface contaminant like water vapor.
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The gas mixing system is isolated and the two gases 

like 3ilane diluted with argon and acetylene in the first 

phase and silane and ethylene in the final phase are used 
for making hydrogenated amorphous silicon-carbon alloy 
films. Dy varing the gas ratio, the composition of carbon 
and silicon can be varied to any desired value. To reduce 
the risk of back diffusion of contaminants into the 

cylinder, the valve is first opened and closed, thus 
pressurizing the regulator. This enables the gas to be
drawn to the mixing chamber from the high pressure side of
the regulator with the valve closed.

Prior to the film deposition, the argon discharge is
carried out for about 5 minutes to clean the substrate by
bombardment due to argon ions. After this cleaning, the

- 7system is pumped to approximately 2x10 Torr. Once the 
mixing and the argon discharge are over the next step is to 
run the discharge to deposit the film.

By closing the gate valve, the Veeco VS-9 pump station 
was isolated, and by opening the backing pump, Roots pump 
and the exhaust control valve the gas disposal system was
put into operation. The toggle valve for nitrogen gas to
scrubber was opened. The valve separating the mixing system 

from the discharge chamber was opened. A stable pressure of
0.15 Torr with a flow rate of 1 seem (cubic centimeters per
minute at standard temperature and pressure) in the first 

phase and a stable pressure of 0.075 Torr with a flow rate
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of 20 seem in the final phase, was established. The rf 
power was set to the desired value of 15 Watt in the first 
phase and 5 Watt in the final phase. The discharge was 
turned on and kept on for the desired time, typically 

between few minutes to few hours depending on the 
thickness requirement. These deposition times resulted in 
the films ranging from several hundred angstroms to several 
thousand angstrom thick.

Upon completion of the discharge, the rf power and the 
substrate heater were turned off. The entire contents of 
the gas mixing system were then pumped out via the gas 
disposal system, and the entire system was purged with 
argon. Closing the exhaust control valve, the system was 
then pumped below 10  ̂ Torr, and the gas mixing system was 
sealed off, leaving it under vacuum when not in use. The 
Roots pump and the backing pump were flushed with nitrogen. 
After this, the pumps were turned off and filled with 
nitrogen at atmospheric pressure. When the substrate was 
cooled below 50°C, the gate valve of the GD chamber was 
closed and the GD chamber was filled with nitrogen to 
minimise the adsorption of water vapor on the system walls 
during its exposure to the laboratory environment.
D. Analysis procedure

1. Composition
Film compositions have been determined from Auger 

spectra which were obtained using a Perkin Elmer Corp.
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Electronics Division PHI 600 scanning Auger Microprobe. All

Auger spectra were measured with a primary electron beam

energy of 3KeV, an electron beam of diameter of 400 nm, and
on electron beam current, measured at the sample, of 35nA.
The depth profile of Si, C, and Cu in each film was obtained
by sputtering using a 3KeV Ar ion beam. The vacuum

* 8chamber pressure was 1x10 Torr during sputtering.

For composition measurement the films are deposited on 
a OFHC copper to do away with the problem of charging due to 

an impinging beam of electrons on a non-conductor. This is 
because charging and the instability of the charged surface 
prevent a meaningful Auger spectrum. The atomic fractional 
concentrations, F^ of Si, C, and Cu are calculated using Eq.

H  *1 * • fv -  X./S,) (4-1)

where I is the Auger peak-to-peak intensity after a five- 
point differentiation of data collected in a 20eV electron 
kinetic energy region about the peak energy for each 
element, Is the Auger sensitivity factor for each element 
at 3KeV and n sums over the three elements C, Si and Cu. 
Standard values for the Auger sensitivity factors were

g Qused. After subtracting the baseline atomic fractions of 

Si and C observed in the substrates from the values observed 

in the films, the resulting values, f(Si) and f(C), are 

normalized to their sum to obtain the Si and C fractional 
concentrations.
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2. Density measurement

Film density ( p )  measurements are undertaken using the
flotation method. The films had been removed by dissolving
the OFHC copper substrates in concentrated ferric chloride
solution. For film densities p<1.5 gm/cm^, mixtures of
carbon tetrachloride and ethanol are used, while solutions
of zinc bromide in water are used for higher densities. The
typical uncertainty in the measurement of p is 2 to 4%.

3. Infrared Absorption
The films deposited on intrinsic silicon, with

r e s i s t i v i t y  2500 o h m  cm and p o l i s h e d  o n  b o t h  s i d e s ,  a r e  U 3 e d

for the infrared absorption studies. These are carried out
in Digilab 50 FTIR spectrophotometer in the range 400 to
4000 cm The FTIR spectrum of the intrinsic silicon is
recorded and stored and is subtracted from the FTIR spectrum
of the film on silicon. The FTIR spectra of these films

12show rich structure " (different IR modes) ranging from 400 
to 4000 cm in four absorption regions (described 
previously).

Estimates of the bonded hydrogen contents of the films
are obtained from the integrated absorbances of the carbon-
hydrogen and si1icon-hydrogen infrared stretching modes
using the cross sections described in the previous chapter.

To find the hydrogen atomic concentration for the a-C:H
film, the cross section of C-H stretch used is (1.35 ±

21 - 20.35)xl0 cm . The measured film density is used to
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determine the total hydrogen atomic percentage.
Similarly for the a-Si:H film,the cross section of fli-H

2 0 - 2stretch used Is 1,4x10 cm and the measured density of
silicon film is used to determine the total hydrogen atomic

percentage. For the a-3 i ̂ _x .̂(: H film with 50 ^ carbon
determined by Auger microprobe, the crocs sections of 31-H
and C-H stretch as mentioned above are used. To determine
the total hydrogen atomic percentage, equal density of
carbon and silicon atoms in the film is assumed and the
measured film density is used.
4. O p t i c a l  c o n s t a n t s , m e a s u r e m e n t

For the optical constants measurement the film
deposited on the fused quartz is used. The transmission as
veil as the reflectances from both air (Tl ) and substrate
(R ) sides of the film are measured. These measurements are s
carried out on a Perkin Elmer Lambda 3 spectrophotometer in
the range 2550 A to 8950 A. A specular reflectance
accessory calibrated using NBS SRM 2023 specular reflectance
standard is employed for the determination of R and R .a s

For the determination of the values of n, k and d (film 
thickness) from the measured T,R , R (see Fig. 4.6) we haved S
employed a computer fitting procedure based on the theory47 
as outlined in previous chapter for the exact amplitudes of 
the reflected and transmitted waves in the films, including 

the effects of interference. The fitting procedure used for 
determining the correct film thickness d, and simultaneously
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n and k, is similar to that outlined by Nagendra and 
6 9Thutupalli. We have, however, used the exact expressions

for transmission and reflectance T, R , R , including the3 3
4 7effect of interference as described in the previous 

chapter. This procedure employs the two dimensional Newton- 
Raphson technique for the determination of the set of values 
n and k which, for a given d and wavelength, produce exactly 
two of the measured quantities R , R , and T. The main3 3
advantage of the Newton-Raphson technique is its rapid 
convergence. For a given d and A  , there can exist multiple 
solutions for n and k, and choosing the correct values for 
n, k and d involves an examination of the variation of n and 
k with for given d. When the best thickness d is
employed, smooth, continuous curves for n and k as functions 
of are obtained. As a further check, the values of d 
determined above were used in a previously employed fitting 
procedure*0 which makes use of all three measured quantities 
R , R , and T simultaneously and good agreement has been3 5
obtained for n and k from these two procedures. The typical 
uncertainties in d were from + 2% to t 5^, while for n and k 
they were ± 0.04 and up to ± 0.02, respectively.
5. Optical energy gap

We have used the Tauc relation* 8 e^E)=Bl(E-Eopt)/'d to 
obtain the optical energy gap E t « If we plot E ( e J * v s  E, 
and extrapolate the region of absorption above the optical 

edge (the energy above which strong absorption sets in) back
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to the E axis where E(E) equals zero {see Fig. 4.7), we 
should find E the optical energy gap.
E. Annealing

To study the change in property o£ the film with 
annealing the films are annealed at different annealing 
temperature(T ). To remove the possibility of oxidation,■J
the annealing is done in an oven in argon atmosphere. Argon 
is allowed to flow for one hour and then the samples are put 
in the oven and annealed for one hour at the desired 
temperature ranging from 250 to 1200°C, maintaining the 
flow of argon during and after the annealing till the sample 
cools down to room temperature.



53

CHAPTER V
OPTICAL CONSTANTS, MICROSTRUCTURE, AND CHEMICAL ORDERING

A.Results:

Lu Etlm
The Si and C contents of the films prepared on Cu 

substrates have been determined directly by means of a 
scanning Auger Microprobe (SAM). Depth profiles of Si,C, 
and Cu were obtained throughout the films and into the
substrate for eight of the nine alloy films studied. The
results for the fractional carbon concentrations in these 

a-Silj{Cx :H alloys, x**f (C)/[ £ ( C)+f (Si ) 1, are listed in Table 
5.1, along with the estimated uncertainties. We note that 
for the two Si-rich samples Eor which SAM studies were 
undertaken, with x=0.07 and 0.38, evidence for a buildup of 
carbon at the film-substrate interface was observed from
the depth profile. This carbon enrichment of the film-

substrate interface could also be detected from the optical 
measurement (see below). In addition, excess carbon was 
typically observed on the film surfaces which had been 
exposed to air. Using the optically measured thickness for 
each film and a sputtering time for each film measured from 
the surface to where either the C or Si content has 
decreased to 50% of its average original value, sputtering 

rates for the various a~sii_xcx ;H films have been 
calculated. No definite trend in sputtering rate with 

Increasing C concentration (decreasing Si concentration) is
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observed. The average sputtering rate, excluding the 100%
a-Si:H and a-C;H films, is calculated to be 9.2 A/sec.

Also listed in Table 5.1 are carbon fractional
concentrations, X(EMA), which were determined by means of
the effective medium approximation, in which the film was
considered to be composed of amorphous polymeric, graphitic,
tetrahedral, and void components. Details of how these
values for X(EMA) were obtained will be presented below.
-2̂ . Hydrogen, content and., f i Im_.donni tv

Estimates of the bonded hydrogen contents of some of
these films have been obtained from the integrated
absorbances of the carbon-hydrogen and si1icon-hydrogen
infrared stretching modes. For the a-C:H film prepared from
100% C-H.,, C-H stretching modes were observed between 2800 4. i. n
to 3000 cm *■. Using a cross section for these modes of (1.35

21 -  2+ 0.35)xl0 cm , a hydrogen atomic concentration of (7.4 ± 
22 - 31.9)xl0 cm and hydrogen atomic percent of (54 + 14) at % 

were obtained. The H atomic percentage is based on a 
measured density of 1.36 gm/cm3 for this a-C:H film (see 
below). The ratio of C-H bonds to C atoms in the film, 
IC-H/C), was found to be 7,4xl0^cm 3/6 . 2xl0^2cm~3=l. 2 , In 

addition to the stretching modes, c_Hn bending modes
were observed at 1390 and 1460 cm *.

For a  film prepared from 56% ̂ 2H2 and 44<li siH4'
addition to C~H stretching modes in the range 2800-3000 cm-1
bending and scissoring modes are observed between 1200
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and 1500 cm The silicon-hydrogen stretching mode at 2095
cm  ̂ was observed along with the SiC-H wagging mode nearn
990 cm  ̂ and Si-C stretching mode at 775 cm *. The Si-C 
stretching mode was the dominant absorption feature in the 
spectrum. Integrated absorbances of the C-H and Si-H 
stretching modes [using the cross sections of C-H and Si-H
to be (1.35 + 0.35)xl0^cm ^ and 1.4x10^® cm yielded 3.4

22 3and 1.0x10 hydrogen atoms/cm , respectively in these
bonds, for a total hydrogen atomic percentage of 46 at %.
To determine* the latter we have assumed equal densities of
carbon and silicon atoms in the film and a film density of
1.78 gm/cm^. The [C-fl/C] and [Si-H/Si] ratios for this
films were found to be 1.3 and 0.4 respectively.

For the film prepared from 100% SiH^, Si-H stretch
modes at 2000 and 2090 cm weak bending inodes at 840 and
900 cm and the wagging mode at 640 cm * were observed.
From the stretching modes, a hydrogen concentration of 

°1 -33.5x10** cm was obtained, yielding 7.6 at % hydrogen for
3a measured film density of 2.07 gm/cm . The [Si-H/Si] 

ratio for this film was found to be 0.08.
The detailed and careful investigation of the IR modes

of a-Si1_xCx =H as a function of annealing temperature and
composition will be described in the following chapter.

The measured densities of these films are listed in
Table 5.1. Film density increases smoothly from the value

3 31.36 gm/cm for a-C:H to 2.07 gm/cm for a-Si.H, with the
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most rapid increase in density occurring as the Si 
fractional content increases in the range 0.2 to 0.6.
3 ^  -Optical constants

For the determination of values of n, k, and d (film 
thickness) from the optical measurements, we have employed

g g
the procedure as outlined by Nagendra and Thutupalli, 
which has been described earlier. For several alloy 
concentrations on the Si-rich end of the alloy series 
(where n and k vary appreciably with photon energy), it was 
necessary to deposit films of differing thicknesses so that 
smooth values of n and k could be obtained over the entire 
photon energy range from 1.5 to 4.75 eV. Typical 
uncertainties in d were from ± 2%  to ±  5%, while for n and k 
they were ± 0.04 and ±0.02, respectively.

The previously mentioned carbon enrichment of the film- 
substrate interface was also apparent from these optical 
measurements for the Si-rich films.with C fractions of 0.07, 
0.28 and 0.38. For these films, measured values of Ra
yielded values for n and k which were not consistent with 
those determined from Re for high photon energies (greater 
than 4 eV) . Values of R were instead consistent with lower

w

n and k values for these films at the film-substrate 
interface, which would be the case if the region of the film 
next to the interface had a higher C content than the bulk 
of the film.

Results for n and k for the nine films studied are
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presented in Figs. 5.1 and 5.2 as functions of photon energy 
E. Both n and k show a significant variation with 
concentration, with both increasing from a-C:H to a-Si:H . 
€, and CA as functions of photon energy are shown in Figs. 
5.3 and 5.4 , Our results for k show an initial small
decrease as Si is added to a-C;H, signaling a decrease in 
film absorption. This decrease is also apparent in Fig.5.5 
where the absorption coefficient <£. is presented for all nine 
films as a function of energy.
4 . Optical, band nap

13We have used the Tauc plot of versus E to obtain
the optical energy gap E . , defined by CJE)=B1 (E-E . ? / E^opt' <3 1 opt
for these films. Values for E . and B.,opt 1'
(dimensionless) are listed in Table 5.1. E . increasesopt
from 2.24 eV for a-C:H (x=l) to a value of 2.68 eV for
x=0.68, before decreasing to a value of 1.8 eV for a-Si:H
(x=0). The slope B^, which is inversely proportional to 
the width of the tail state band, first shows a slight 
decrease (1.63 to 1.59) as Si is added to a-C:H before

I
increasing to a value of 5.5 for a-Si:H.

Other workers^'^'^'^ who measure only film absorption

typically employ the Tauc plot in the form (ĉ E) * B *E~Eopt*’
We have used our results for the absorption coefficient
d.=4Hk/a,to test this expression and have found that it gives
essentially the same values for E . as the more correctopt
expression which make3 use of E and which explicitly
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takes into account the energy dependence of the index of 
refraction n. The constant BT in the expression involving^ 
is related to the corresponding constant by B^,=(B,/nhc) 
where n is the average index of refraction in the energy 
region where the Tauc plot is applicable (typically 3 to 5 
eV for carbon-rich samples and 2.5 to 3.5 eV for silicon- 
rich samples). For comparison with the results of other

\JLworkers, our results far obtained from (otE) plot are
also included in Table 5.1. Values for calculated
directly from and n using the above expression are
systematically lower by 20"̂ to 100*« than those listed in
Table 5.1 . Also included in Table 5.1 are values for E n .f0 A
the energy at which the absorption coefficient JL is equal to 
10  ̂ cm ^ .

■_E£fective Medium Approximation

To obtain information concerning the types of bonding 
of carbon/ silicon, and hydrogen atoms in these films from
the measured optical constants,we have used the Bruggemann
effective medium approximation (EMA) for composite

* 4 9heterogeneous media, which is represented mathematically

as (see Eq. 3.19) " T V '  ~ e o
i * ^  + 26 (3.19)

= i
«

vhere © is the complex dielectric function of the composite 
medium and and are the volume fraction and complex 
dielectric function of component i, respectively. The 
rational for applying the Bruggemann effective medium
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approximation to a-Si. C :H alloy series is described inX "X X *

the' Theory section.
For the a-Si, C :H alloy films, we propose that the 1 X X

following components will determine the dielectric response:
amorphous polymeric (a-CH m 2 with volume fractionm
v ), amorphous graphitic (a-C, v 1, amorphous tetrahedral«P 3g
(a~Si:C-H, vat^ an<* void fvv ). We wish to emphasize that 
these a-Si, C :H films, although assumed to be1 X A
heterogeneous on a microscopic level, are nevertheless
macroscopically homogeneous.

In order to apply the EMA expressed by Eq.(3.19) to our
measured E. and ©_ spectra so that the volume fractions v.* 1
of the proposed components can be obtained, we first need
the spectra for the individual components. For the
amorphous polymeric components we use © ( and C based on

54smoothed data for polyethylene with a density of 0.92
3gm/cm . For the amorphous graphitic component we have

15chosen to use the measured C ( and spectra for an a-C:H 
film annealed at 500°C, with a measured density of 1.47 
gm/cm'*.

As there exist no measured spectra for completely
tetrahedrally-coordinated a-Si, C :H, a Si- and C-1 X X

5 5centered tetrahedron model has been developed to
calculate C, and €„ spectra for the a-Si, C :H * * 1-x x
tetrahedral component as a function of its composition. 
This is described in the Appendix(I).
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These £ ( and spectra for the amorphous tetrahedral 
components have been obtained by scaling from our €, and ©  
data for a-Si:H and as a result, the dielectric response of 
the amorphous tetrahedral component can be considered to 
reflect the contribution of approximately 10 at % hydrogen.

An additional aspect of the problem of obtaining 
appropriate 6, and spectra for the amorphous tetrahedral 
components involves the issue of whether or not chemical 
ordering occurs in the bonding between C and Si atoms. The 
cases of no chemical ordering, homogeneous chemical 
ordering, and phase-separated chemical ordering lead to 
significantly different €, and spectra for the amorphous 
tetrahedral component. Our measured © j and spectra
along with the EMA not only determine v^ of various
components but also provide information on whether or not 
the Si and C atoms in the amorphous tetrahedral component 
have a tendency to be chemically ordered.

Our experimental results for © ( and © 4 . along with
the ©* spectra for the proposed components specified as
described above, have been used in Eq. (3.19) for the EMA in
orcier to determine the volume fractions v, (i.e., v . vi ag ap'
va t . vy ) of the four components present in these a ~Sii_xcx :H 
films, as functions of film composition x. A least mean- 
square fitting procedure, which involved minimising not only 
the real and imaginary parts of Eq. (3.19), but also the 
difference between the measured film density (Table 5.1) and
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the calculated film density (equal t o £ { \ U t ), where the EJU
are the densities of the individual components, has been 
employed to obtain the best values for v^ . Thus the 
measured film densities have been crucial in setting 
constraints on the possible v^ of the various components. 
In this fitting procedure, the film stoichiometry x as well 
as the volume fractions v^ of the components have been 
allowed to vary in order to obtain a best fit.

In addition to determining the film stoichiometry x and
the volume fractions v^ , the fitting procedure has also
enabled us to test for the existence or absence of chemical
ordering in the amorphous tetrahedral component for these
a-Si, C :H films. We illustrate the effect of chemical 1 -x x
ordering on 6 tand £, for the film which, according to the 
Auger measurement, contained a carbon fraction of 0.38,
Assuming complete chemical ordering with homogeneous
dispersion in the amorphous tetrahedral component, the best 
fit to the measured €, and was obtained for a carbon
fraction of 0.38 + 0.01, in excellent agreement with the 
Auger result. This fit to the experimental 6, and is
shown in Fig 5.6 and 5.7, along with the best fits to the 
data under the assumptions of complete chemical ordering 
with phase separation and of no chemical ordering. It is 
clear from Figs. 5.6 and 5.7 that complete chemical ordering 
with homogeneous dispersion gives the best fit to the data 
for this sample.



62

The results obtained from the EMA for the volume
fractions of the various components present in these
a-Si^_xCx :H films are listed in Table 5.2 and plotted in Fig
5.8 as functions of film composition. For all the alloy
samples studied, the best possible fits to the data usinq
the EMA favored complete chemical ordering with homogeneous
dispersion over no chemical ordering. Also listed In Table
5.2 are the EMA results for x(EMA), the carbon fraction in
the film which gave the best fit in the EMA, and x ., the
corresponding carbon fraction in the amorphous tetrahedral
component. We note that x is less than :<(EMA) for filmsat
in which a fraction of the carbon atoms are in the amorphous
polymeric and graphitic components.

Beginning with a-C:H (x-1.0), the major component in
the film is found to be the amorphous polymeric one (67%),
with significant amounts of amorphous graphitic (17%) and
amorphous tetrahedral or diamond-like (16%) components also
found to be present. This results are quite consistent vith

1 5previous results obtained for an a-C:H film prepared via a 
dc glow discharge technique, where corresponding percentages 
of 75%, 11% and 14% for these three components were
obtained. As Si is added to the a-C:H film, it can be seen 
from Table 5.2 and Fig. 5.8 that the amorphous polymeric and 
amorphous graphitic components gradually decrease 
essentially to zero at a si fractional content of 0.62 
(xs0.36). At the same time, the amorphous tetrahedral
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component increases, reaching 100% for x=0 (a-Si'.H). These
variations of v , v and v . are observed to beap ag at
essentially linear in the Si content of the films (see Fig
5.8). A void component appears as Si is added, reaching a 
maximum value of 26% for x=0.38 before falling to zero for 
x=0 (a-Si’-H)

The carbon concentrations in the films determined via
EMA, x(EMA) are in very good agreement with the values
obtained from the Auger measurements, with two films
requiring additional comment. An Auger analysis of the
composition of the x(EMA)= 0.28 film was not undertaken, so
that no comparision is possible for this sample. In
addition, the sample for which a carbon fraction of x=0.07
was determined via Auger was prepared under somewhat
different discharge conditions (higher dc bias voltage on
powered electrode) than the sample for which optical
measurements were made and for which x(EMA}=0.16 vras
determined . The carbon content of the amorphous tetrahedral
component, x ., shows the expected decrease from x =1.0 for ar. at
a-C-H to x =0.0 for a-Si:H, see Table 5.2 .

In addition to obtaining the volume fractions v. for 
the various components in the films from the EMA, we can 
also obtain information about the fractional atomic 
concentrations of carbon, hydrogen, and silicon in the films 
by combining the EMA results for the with the bonded 
hydrogen concentrations obtained from the IR measurements.
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For x=0 (a-Sl:H) we found about 8 at % H in the film and
have used this for the hydrogen content of the amorphous
tetrahedral component for all compositions 0 ^ x ^ 1 . For
x=l (a-C:H) we found 54 at% H, which, when attributed to the
amorphous polymeric component (a~CH ) with volume fractionm
of 0.67, is equivalent to a stoichiometry of approximately 
CHg g for this component. For consistency with our
use of the smoothed polyethylene spectrum for the amorphous 
polymeric component, we have chosen instead to use CHg as 
its stoichiometry.

In Fig. 5.9 we show the resulting Si, C and H fractions 
in the films as functions of the Si contenttexcluding 
hydrogen). For x = l, a-C^H, the film is found to have a 
composition corresponding to 54 at % C and 46 at % H, which 
is in reasonable agreement with our IR determination of 
(54±14) at % H. It is clear from Fig 5.9 and our IR results 
that the C- rich films contain three to four times as much 
hydrogen as the Si-rich films. In Fig 5.10 and 5.11 we show 
both the measured 6, and and also the results of the EMA 
for € t and 6^, assuming-complete chemical ordering with 
homogeneous dispersion, for the x=0.68 and x=0.16 samples, 
respectively.
B. Discussion

Film composition is a critical parameter for 
understanding and developing a model' for . the optical 
constants of these hydrogenated amorphous silicon and carbon
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alloy films. The carbon concentrations determined via 
Auger, x, and via the EMA, x(EMA), have been found to be in 
very good agreement with each other, to within + 0 . 0 3  (see 
Table 5.1) thus strengthening the conclusions which we have 
reached basing on the results of our EMA model.

In addition to quantitative agreement on composition, 
the Auger and optical results have also both been found to 
be sensitive to film inhomogeneity in that both gave
evidence fox' an enhancement of the C concentration at the
film-substrate interface in the Si- rich films. This 
initial C buildup may be due to an enhanced initial 
breakdown of disc*iarGe relative to 3iH^.

Hydrogen also plays a crucial role in the properties of
these films, and we have used our IR results along with the
results of the EMA model to determine the atomic fractions
of the three elements present in these films, Si,C and H.
These results, presented in Fig. 5.9 as funtions of Si
content (1-x), indicate that the hydrogen atomic fraction
decreases from about 0.5 for x=l (a~C:H) to about 0.1 for
x=0 (a-S:H). The IR modes observed are consistent with a
considerable amount of the hydrogen in the a-C:H film bonded
in CH3 and CH2 groups. These IR results for the amount of
H bonded and the presence of CH 3 and CHg groups in a-C:H
are consistent with the presence of a significant

15 71amorphous polymeric component, ’ with composition given
approximately by a-CHg. In the a-Si:H film, most of the
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hydrogen is bonded in SiHg groups.
3The observed increase in film density from 1.36 gm/cm

3for a-C:H to 2.07 gm/cm for a-Si:H is consistent with a 
decrease in the volume fraction of the low-density amorphous 
polymeric component and the incorporation vf increasing 
amounts of Si into the higher density amorphous tetrahedral 
component as a-Si:H is approached. Our measured low value

3for the density of a-Si:H, 2.07 relative to 2.33 gm/cm for
crystalline Si, results from the porous nature of the film,
as evidenced by the predominance of dihydride, SiHg. groups
in the film as observed via IR. The use of Ar to dilute the
SiH^ in the glow-discharge deposition of a-Si:H, as we have
employed, is known to result in the production of porous 

72films.
The optical constants n and k, €, and show a

systematic variation with film composition from a-C:H (x=l) 
to a-Si:H (x=0). The index of refraction n is low for a- 
C*.H, 1.7, and increases as the Si concentration increases, 
see Fig. 5.1. This increase in n, which is consistent with

c 1 ̂  7 Qthe observations of previous workers, can be
attributed to the decrease in the average energy gap

n jt
parameter E^, which is related to n via the expression

r fs (5.i)

where w p is the plasma frequency (proportional to the square 
root of the valence electron concentration in the film), and 
A is a constant. According to the Si- and C- centered
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5 5tetrahedron model, decreases from 13.62 to 4.76 eV as x
decreases from 1 to 0 in the a-Si. C :H alloy series (i.e.1-x :t *

from a-C:H to a-SI:H). This decrease in is also9
responsible for the increasing dispersion observed in n as 
the Si content increases from a-C:H to a-Si:H, see Fig. 5.1 

The imaginary part of the index k initially shows a 
small decrease, about 15 % at 4.75 eV, as Si is added to 
a-C:H (see Fig. 5.2). This decrease in absorption results 
from the replacement of strongly absorbing graphitic C-C 
bonds by Si~C bonds which absorb at higher energies. At 
higher Si concentrations, )■; increases again as Si-C bonds 
are replaced by 3i-Si bonds which absorb at lower energies. 
The dependence of £, = n* -k* and £= 2nk on x (see Figs. 5.3 
and 5.4) essentially reflect the previously discussed
dependences of n and k on >:.

Comparisions between the ©, and spectra predicted by 
the microstructural model and the measured spectra are 
presented in Figs. 5.6, 5.7, 5.10, and 5.11. In Figs. 5.6
and 5.7 the measured ©, and ©^spectra for the film with a

Icarbon fraction of 0.38 are compared with three separate 
predictions of the microstructural model, each corresponding 
to a different form of chemical ordering between the

carbon and silicon atoms in the amorphous tetrahedral
component: (1) Complete chemical ordering with homogeneous
dispersion (2 ) complete chemical ordering with phase
separation and (3) no chemical ordering. The latter two
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predictions both yield spectra with peaks in €, and at
energies which are too low by at least 0,5 eV when compared
to the measured € , and This stronger absorption at lower
energies for predictions (2) and (3) can be attributed to
the presence of highly absorbing Si-Si^ tetrahedra in the
amorphous tetrahedral component. In particular, for this
film with a carbon fraction of x =0.365 in the amorphousat*
tetrahedral component (see Table 5.2), the fraction of all
tetrahedra which are Si-Si^ tetrahedra is only 0.021 for
complete chemical ordering with homogeneous dispersion,
0.103 for no chemical ordering and 0.270 for complete

5 5chemical ordering with phase separation. It is clear that 
the measured spectra are quite consistent with the low 
fraction of Si-Si^ tetrahedra as given by complete chemical 
ordering with homogeneous dispersion.

Figures 5.10 and 5.11 show comparisions between the 
measured and for films with carbon fractions of 0.68 
and 0.16, respectively, and the microstructural model 
predictions for the case of complete chemical ordering with 
homogeneous dispersion in the amorphous tetrahedral 
component. For the carbon rich sample with x=0.68, the 
agreement between experiment and microstructural model 
prediction is good for but not as satisfactory for 6̂ ,
The higher C a at low energies of the predicted spectrum as 
compared to that of the measured spectrum is due to the 
amorphous graphitic component in the microstructural model
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with volume fraction v =0,11 for this film (see Table 5.2).ag
Clearly the spectrum we use in the microstructural model
for amorphous graphitic component is too highly absorbing at

15low energies. This was also observed in case of a-C-H 
and remains an area for improvement in the model. In Fig. 
5.11 the measured spectra for and are both seen to be 
in very good agreement with the predictions of the 
microstructural model. The spectra of films with such a low 
carbon content of only 0.16 are not, however, very sensitive 
to the degree or type of chemical ordering present in the 
f i lm.

The addition of Si to a-C:H leads to an initial
increase in E * and from Tables 5.1 and 5.2 and Fig. 5.12 opt
where E . is plotted as a function of the volume fraction opt
of the amorphous graphitic component v , it can be seenag
that the increase in E ^ is associated with a decrease in
v . Also included in Fig. 5.12 are previous results for an ag

15annealed a-C:H film , where it was found that E ^ goes to
zero when v „ reaches a value of 0.75. The increase in Eag opt
as Si is added to a-C:H reaches a maximum value of 2.66 eV 
for a Si fraction of 0.32, in good agreement with the 
results of other workers.*'® ^ o p t  decreases as the
Si concentration increases further. This decrease in E opt
for Si fractions greater than 0.32 starts at the point where 
the amorphous tetrahedral component becomes Si-rich (ie, xat
<0.5; see Table 5.2), and hence, even for the case of
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complete chemical ordering, Si-Si bonds must be present in
the film. Since Si-Si bonds absorb at lower energies than
either Si-C or tetrahedral C-C bonds, their presence in the
films shifts the absorption edge to lower energies, leading
to lower values of E , for a Si fraction greater than 0.32.opt

It is important to note that the observed increase in
. from 2.24 to 2,68 eV as the Si fraction increases from opt

0 to 0.32 is associated with only very small changes in
absorption, i.e. small decreases in k and see Figs. 5.2
and 5.4 . In addition, the film with highest E of 2.68opt
eV actually has higher absorption for all energies in the
measured range, 1.5-4.75 eV, than does the film with Si
fraction of 0.16 which has E =2.38 e V . The higher Eopt “ opt
for a Si fraction of 0.32 clearly results from a sharper
absorption edge rather than from lower overall optical
absorption. We conclude that the increase in E , with Siopt
concentration results not from shifts of the band edges (Ec
or Ev ), but from changes in the regions of the localized
tail states where the energy levels of the localized TT
electrons associated with the amorphous graphitic component 
are* located. These localized tail state bands will become 
narrower as Si is added and v decreases. This picture isD
consistent with the observed increase in the slope
parameters and B,p (see Table 5.1) with increasing Si
concentration.

Eopt tt̂ so increases as.C is added to a-Si:H, which
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can be understood as due to the replacement of weaker Si-Si 
bonds by stronger Si-C bond3 in the amorphous tetrahedral 
component.^ Ultimately, as the C content increases 
further, graphitic C-C bonds appear in the film and Eopt

■Abegins to decrease. The slope parameters B, (from E(GA)
versus EJ and BT tfrom versus El both decrease (see
Table 5.1) as C is added to a-Si:H, signaling increasing

widths for the bands of localised tail states. This
increase in width arises from increased compositional
disorder in the films. Si-C bonds are much shorter (1.88 A.)
than Gi-Si bonds (2.35 A) and so bond angle distortions
will be enhanced in a-Si. C :H as compositional disorder is1 -x x ^
added to the topological disorder already present in 

7 5a-Si:H. It is also to be noted that the low values of
and for a-Si:H result from the predominantly dihydride
(SIH^) bonding for hydrogen in the film.

Additional confirmation for the existence of complete 
chemical ordering with homogeneous dispersion in the films 
comes from the observed experimental variation of Eopt
with carbon fraction x, shown in Fig. 5.13 along with

5 5prediction of the EMA assuming the amorphous tetrahedral 
component to be the only component present in the films.

The observed value of EQp£ up to x=0.4 are in much better
agreement with the predicted values assuming complete
chemical ordering with homogeneous dispersion than with the 
predicted values assuming either phase separation or no
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chemical ordering. Deviations between the model and
experiment begin for x> 0.4, the carbon concentration above
which the amorphous graphitic component begins to appear in
the film (see Table 5.2 and Fig. 5.8). Again, it is the
appearance of this amorphous graphitic component which
limits E . as the carbon fraction x increases in the opt
films.

Our use of the EMA to describe the optical spectra of 
these a-Si1 C •H films has provided useful information on1 A A
the variations of the volume fractions of the four proposed
components (amorphous polymeric, amorphous graphitic,
amorphous tetrahedral, and void) as functions of film
composition. Although clearly an oversimplification for the
structure of these films, our model is a successful first
approximation to the local bonding and has provided, for the
first time, a useful framework for understanding the
properties of this technologically important alloy series.

There exists additional experimental evidence
supporting our use of amorphous polymeric, graphitic, and
tetrahedral components in our microstructural model. IR 

7 6 — 7 0studies including our own results, have indicated that
the majority of the hydrogen in the films is bonded to C, 
as opposed to Si, thus supporting the use of an amorphous 
polymeric component with approximate composition CHg and an 
amorphous tetrahedral component with a much lower H content, 
10 at %, We note here that an additional improvement to our
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model would be to allow the hydrogen content of the

amorphous tetrahedral components to increase as the C
7 9content of this component increases. NMR studies also

point to the existence of two hydrogen containing phases in 
a-Si, C :H alloys: heavily hydrogenated C clusters (the.L A X
amorphous polymeric component) and a weakly hydrogenated
a-Si lattice (the amorphous tetrahedral component).

The microstructural model indicates that a void
component appears in these films from the Si-
rich end as C is added to a-Si:H and also from the C-rich
end as Si is added to a-C:H. The increased compositional 

7 5disorder in the films as a result of alloying leads to
the generation of voids due to the inability of the various 
components to fit together perfectly. The maximum void 
volume fraction of 0.26 occurs for a C fraction of 0.36, 
the composition at which the volume fraction of the 
amorphous polymeric component drops to a very low value 
(0.03). The amorphous polymeric component is thus proposed 

to be effective in helping to relax the amorphous network so 

that the components fit together better, with le33 of a 
tendency for the presence of voids.

Relaxation of the amorphous network by the hydrogen- 
containing amorphous polymeric component can also be 
understood in terms of the average coordination number Z 

for a particular alloy, e.g., a-si^C^H^ Here v+y+z=l and 
the carbon fraction can be written as the sum of tetrahedral
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(y*.) and graphitic (y ) parts, i.e., y=y*. + y • With thist g t g
notation we have Z =4-y^ -3z. Using our results for the
volume fractions (Table 5.2) and atomic fractions (Fig.
5.9), we calculate z =2.4 + 0.2 for a-C:H and z=3.75 + 0.1 for
a-Si:H, with z increasing smoothly between these two
limits as the Si content increases. This result for a-C:H

8 0is very close to the value z=2.45 given by Phillips as
the average coordination number for an alloy in which all
bond-length and bond-angle constraints are satisfied,
thereby reducinq the strain in the alloy.

From our use of microstructural model for the S, and
spectra, we have clear evidence for a strong tendency for
homogeneous chemical ordering of the C and 3i atoms for our
Si-rich samples where the amorphous tetrahedral component is
dominant. The situation on the C-rich side of the alloy
series is complicated by the presence of the amorphous
polymeric and graphitic components. Still, we do see a
tendency toward at least partial chemical ordering both from
our 6, and results. The driving force for chemical
ordering, i.e. , the presence of the maximum possible
number of Si-C bonds in a film, is likely to be lowering of
the free energy. The Si-C bond is more stable than the

8 1average of Si-Si and C-C bonds . In a particular
a-Si, C :H sample, however, the degree of chemical ordering 1 * X X
present will be critically dependent on the deposition 
conditions.
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CHAPTER VI
INFRARED ABSORPTION, STRUCTURAL CHANGE, AND LOCAL ATOMIC BONDING 
A.Results

To understand the change in local bonding and the 
structural changes leading to crystallization, hydrogenated 
amorphous silicon-carbon alloy films a-Si- C :H areX X X
studied as a function of annealing temperature (T ) and as a 
function of composition (x) by means of FTIR and UV-VIS 
spectroscopy.

I. Effect of Annealing Temperature.

-1,-Inflated
The IR spectra of the films exhibit rich structure in

12four main absorption regions .
-1

a. Absorption band from 2000-2300 cm is due to Si-H

stretch.
-1

b. The band from 2800-3000 cm is ascribed to C-H 

stretch.
-1

c. Absorption bands from 1200 to 1500 cm are due to

bending and scissoring modes of CHj, CH3/ SKCH^) and
C(CH3 > .

d. Absorption bands from 600-1200 cm-* are ascribed to

Si-C stretch, Si-0 stretch, SiH2 and (SiH2 )n bending and
Si-H group rocking.
Each absorption region will now be discussed in turn:
a. Absorption band from 2000 to 2300 cm-*

The absorption band from 2000-2300 cm-1 Is due to Si-H
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stretch. Fig 6.1 shows the result for absorbance in the 
region of the Si-H stretch mode for different annealing 

temperature (T ) for an a-Si. c.:H film, with x=0.17. The3  X
deconvoluted Si-H peak positions, widths (FWHM, Full Width
at Half Maximum), and the total area under these peaks are
presented in Table 6.1. The Si-H mode (see Fig. 6.2) is
observed to have a large peak at 2085 cm'1 and a small peak
at 2151 cm 1 for the as-deposited film, T =250°C. Initiallys
(see Table 6.1) the peaks shift only slightly to lower 

wavenumber (2073 cm'1 and 2132 cm-1) for T =350°C and then 
shift to higher wavenumber with subsequent anneal to higher 
temperature. When T is above 350°C another small peak
appears near 2230 cm 1. The normalized area (area/thickness

-A _ 1 O
o f  the film) under the peaks decreases from 7.36x10 cm /A 
for the as-deposited film at Ts=250°C to 9.35x10  ̂ cm-1/A 
for T =550°C. Above T =550°C the Si-H stretch mode can be3 a
barely observed.

The 2085 cm'1 peak30'31 of the a-Si, c :H film can beX X A
assigned either to SiHj stretching modes and or to a shift
of monohydride (SiH) bond stretching frequency in a

3different environment where the Si is bonded to carbon. The 
peaks observed (see Table 6.1) near 2150 cm 1 and 2230 cm'1

o *2are attributed to the situation when one or more oxygen
atoms are attached to SiH or to SiH2 * Using the relation

8 3obtained by Lucovsky , the SIH and SiH^ stretching 

frequencies in a”s*i„xcx :H fil™3 can be represented as
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= I +3M-?ixfM (6.„
1̂1

H.- JC™') ~ ̂ 56 3 +25-4 fxi'Ri)
* ””2 77i

where V is the wavenumber of SiH stretch and X(R.) is the
electronegativity of the attached atom. From the above
equation one can estimate the frequency shift of SiH and
SIH2 due to neighboring atoms Like silicon, carbon and
oxygen (see Appendix III.

The width (FWHM) of the 2035cm 1 peak decreases from 80
to 72 cm 1 for T_^350°C and then increases with subsequent
anneal to higher temperature. No definite trends in the
widths of the 2150 and 2230 cm 1 peaks with T a are observed.
b. Absorption band from 2800 to 30 00 cm-1

_ 1The absorption between 2300-3000 cm is due to the C-H 
stretching mode. Fig. 6.3 represents the results for the 
absorbance for C-H stretch for different T . Thed
deconvoluted peak positions, widths and the areas are 
presented in Table 6.2. The deconvoluted spectrum of the 
as-deposited film (see Fig 6.4) is observed to peak at 2950 
cm 2915 cm 2870 cm and 2300 cm 3 . The peaks at
2950 cm 1 and 2870 cm 1 are assigned to CH^ asymmetric and 
symmetric stretch, respectively. The assignment of these 
modes are in agreement with tfieder et al,3 Tawada et 
al12 and McKenzie33. The peaks at 2915 cm"1 and 2800 cm-1 

are assigned to CHj asymmetric and symmetric stretch,
respectively. The assignment of the 2915 cm*1 peak is in

12good agreement with Tawada et al with the exception of
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the 2S00 cm  ̂ peak which we assign to CH^ symmetric stretch.
-4The normalised area under these peaks decrease from 3.9x10 

cm A for as deposited film at Ts*250°C to 5.4x10 “5 cm’1/*
for T =550°C with increase in T (see Table 6.2). Above
T =550°C the C-H stretch mode can he barely observed. This 
decrease in area is due to the loss of hydrogen. No definite 
trend in . the widths of the peaks as functions of T are 
observed. Thus, it seems that CH, and CH 2 stretching inodes 
are responsible for the absorption in the region from 
2300-3000 cm-1.
c. Absorption bands between 1200-1500 cm 1

The absorption bands between 1200-1500 cm 1 are
ascribed to the bending and scissoring modes of CH2, CH3, 
Si(CH-j) and CfCH^) . The small peak3 appear at 1250 cm \  
1346 cm*1, 1373 cm-1, 1404 cm'1, and 1454 cm-1 (see Fig.2.3) 
These peaks are assigned to Si (CH.,) symmetric bond bending, 
CH3 symmetric bending, -C(CH3)2 symmetric scissors, Si-CH2 
scissoring and CH2 scissoring, respectively. The assignments 
of these modes are in agreement with McKenzie with the
exception of the 1373 cm 1 mode which is assigned to - 
C (CH^ )2 symmetric scissors which is in agreement with Alpert 
et al.®^ The areas under these peaks decrease due to the
removal of hydrogen with increase In T . When T reaches 

450°C, the 1373 cm  ̂ peak which Is due to CH^ symmetric 
scissors disappears. When the annealing temperature is 
Increased further to 550°C, the 1450 cm  ̂ and 1400 cm ^
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peaks disappear and the modes left behind are CH3 
symmetrical bending (1350 cm"1) and Si-CH^ symmetrical
bending (1250 cm 1 ). This Si-CH., symmetrical bending mode 
shifts to higher wavenumber from 1250 cm 1 to 1273 cm 1 as 
the annealing temperature is increased from 450°C to 550°C. 
All of these bending modes disappear when the annealing 
temperature is increased above 650°C. Thus we see that the 
modes in this region are due to bending and scissoring modes 
of CHg and CH^.
d. Absorption bands between 600-1200 cm’1 .

The absorption bands between 600-1200 cm 1 are ascribed 

to Sl-H group rocking or wagging, an<  ̂ *SiH2^n lending,
and Si-C and Si-0 stretch modes. Figs. 6.5a and 6.5b 
represent the results for absorbance for these modes for 
different T . The deconvoluted spectrum (see Fig. 6 .6a) ind

-1 -1this range is observed to peak at 655 cm , 766 cm and
989 cm 1 for the as-deposited film at TS=250°C. The peak
positions and the widths of Si-C and Si-0 modes as a
function of Tg are shown in Figs. 6 .6b and 6 .6c respectively.

The absorption band at 655 cm’1 is assigned to SiH
group rocking or wagging. The peak position, width, and the
area under the peak as functions of T are presented ind
Table 6.3. The normalized area under this mode decreases

- 3 —1 ®from 1.14 x 10 cm /A for the as-deposited film at
T =250°C to 3.21xl0~4 cm_1/& at T =650°C. Above 650°C, i.e. s a
at 800°C, this mode disappears. This clearly agrees with
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the observation that no other-hydrogen related modes are 
present above 650°C.

The absorption band at 766 cm  ̂ is assigned to Si-C 
stretch. The position, width, and the area of this mode 
along with the density of Si-C bonds as functions of Ta are 
presented in Table 6.4. The remarkable features associated 
with this mode are: (see Table 6.4 and Fig 6 .6b)
1) The normalized area under this peak (31-C) increases from

3 1I.22 x 10 cm /%. for the as-deposited film at Ts=250°C to
II.5xl0-3 cm X/A for T =1200°C.3
2) The peak shifts to higher wavenumber with increase in T .’ a
The peak is at 766 cm  ̂ at T>_ = 2jO°C and shifts to 80S cm ^L»
for T =1000°C and then decreases to 798 cm  ̂ for T =1200°C.a 3
3) The peak width increases from 124 cm  ̂ for T =250°C tos
160 cm  ̂ for T =S50°C, decreases to 126 cm"^ for T =800°C,
and keeps decreasing with increase in T .

4) The line shape of this mode appears to be Gaussian up to
Ta *650°C and above this temperature it changes to
Lorentzian. The mathematical expressions for the Gaussian 
and Lorentzian line shape are given as

where <F ■ HWHM/ 7ln2 for the Gaussian and d“ = HWHM for the 

Lorentzian line shape. The peak width corresponds to the 
Full Width at Half Maximum (FWHM) which is twice the Half 
Width at Half Maximum (HWHM), x*is the position at which the
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curve is peaked, and h is the height at x#
Estimates of the density of Si-C bonds in the film as a 

function of annealing temperature (see Table 6.4), have been 
obtained from the Integrated absorbance of the Si-C infrared 
stretching mode. The cross-section of the Si-C 3tretch is

IQ _ 2determined to be 2.13x10“' cm as described earlier (see 
Chapter III)

The absorption band at 989 cm 1 is assigned to Si-0 
stretch. The position, width, and the area of this mode 
along with the density of Si-0 bonds as functions of T arecl
presented in Table 6.5. The notable features associated 
with this mode arc:(see Table 6.5 and Fig. 6 .6c)
1) The normalized area under this peak (Si-O) increases from 
7.08x10  ̂ cm for the a3 -deposited film at Tg=250°C to 
5.22X10-3 cm-1/A for T =1000°C. Above T =1000°C this mode 
d isappears.
2) The peak shifts to higher wavenumber with increases in 
T . The peak is at 989 cm-1 for T =250°C and shifts tocl 3
1070 cm-1 for T =1000°C.d
3) The peak width Increases from 158 cm-1 for T =250°C tos
192 cm for T *650°C, decreases to 148 cm~^ for T =800°C,a a
and keeps decreasing with increase in T .

4) The line shape of this mode appears to be Gaussian up to
T *650°C and above this temperature it changes to <1
Lorentzian.

Estimates of the density of Sl-0 bonds in the film
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as a function of annealing temperature (see Table 6.5), have
been obtained from the Integrated absorbance of the Si-0

infrared stretching mode. The cross-section of the Si-0
19 —2stretch is determined to be 1.5x10 cm which is described 

in chapter III
The change in the line shape of Si-C and Si-0 along

with the variation of the wLdth seems to indicate the change
from amorphous to microcrystalline and then to crystalline
phase with increasing in T .

Other features that are present in this reqion are the
860-890 cm  ̂ bands, assigned to the SiH^ and (SiH_) bending

u z n
30  ̂1modes by Brodsky and Fritzsche"' . These modes disappear

with increasing T . These peaks are very weak and we have
not analyzed them. The normalised area of IR modes as a
function of Tg are shown in Fig. 6.1 . Typical uncertainty
in their area is about ±10* .

2. Optical Constants
For determining the values of n,k and d (film

thickness) from the optical measurements, we have employed
the procedure a3 outlined by Nagendra and Thutupal1i,
which ha3 been described earlier (see chapter IV). Smooth
values of n and k are obtained over the entire photon energy
from 1.5 eV to 4.75 eV. The film thickness d (see Table
6.5a) remains essentially constant upto T ®550°C. The

thickness decreases by about 21% (from the average value of

3275 A for T < 550°C to 2580 A for T =1200°C for the« d
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a-Sil x Cx :H (x=0.17) film used for IR measurements) and 
decreases by about 29% (from the average value of 1221 %  for 
T x< 550°C to 866 A for T =1200°C for the a-Sl. C : H3 3 L X X
(x=0.17) film used for optical constants measurements) upon 
further anneal upto 1200°C. This decrease in film thickness 
is due in part to film densificatIon but may also signal a 
partial volat1 cation of the film at higher T . Typical
uncertainties in d are from ±2% to *5% while for n and k
they are +0,04 and +0.02, respectively. Results for n, k,

and JL are presented in Figs. 6.7, 6 .8, 6.9, 6.10, and
6.11, as functions of photon energy E. The optical
constants show slight variations with annealing temperature. 

3., Hvdroaen content and the optical band gap
Estimates of the bonded hydrogen content of this film, 

as a function of annealing temperature, have been obtained 
from the integrated absorbances of the carbon-hydrogen and 
si1icon-hydrogen infrared stretching modes. The cross
sections of the C-H and Si-H modes used are (1.35 ±

21 -2 20 -20.35)xl0 cm and 1.4x10 cm , respectively as described
earlier (see chapter III). The amount of hydrogen bonded to
C is approximately four times larger than that bonded to Si.
The hydrogen content and the optical band gap as functions
of annealing temperature are presented in Table 6 .6 .

We have used the Tauc relation CiE)=B(E-E .f/E to* opt
obtain the optical energy gap EQpt for the annealed films 
which has been described earlier (see chapter IV). Typical
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uncertainties in EQpt ranges from ±2% to ±4% . Fig. 6.12
shows the results for the E . for different annealingopt
temperature. The value of E  ̂ decreases from 2.35 eV for 
the as-deposited film at T =250°C to 2.1 eV for T =550°C andS 3

22 -3the hydrogen content decreases from 5.27x10 cm for
T =250°C to 7.34xl021 cm-3 for T =550°C (see Table 6 .6 ).S 3
Thus we see a correlation of E  ̂ with hydrogen content
(see Fig.6.13). A similar correlation of E . withopt

8 5hydrogen content is also observed by Beyer et al ' . When 
T =650°C the band gap decreases to 2.0 eV and with further 
increase in the band gap increases and reaches 2.2 eV for 
Ta =1200°C. We also observe an interesting correlation 
between the optical band gap and the inverse of the widths
of Si-C (see Fig. 6.14) and Si-0 (see Fig. 6.15) stretch
bands. The optical band gap Eopt and the inverse of the 
widths of Si-C and Si-0 are given in Table 6.7 .
II. Effect of Composition 

. 1 . Inicared Spectra
The spectra of the films as a function of composition 

exhibit rich structure in four absorption regions, as 
obseryed for annealing.
Each absorption region will now be discussed in turn :
a. Absorption band from 2000-2300 cm-^

The absorption band from 2000-2300cm-3- is due to Si-H
stretch. Fig. 6.16 shows the results for absorbance of Si-H
stretch for different compositions (x). The deconvoluted
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Si-H peak positions, widths, and the areas are shown in Table 
6.8 . The Si-H peak i3 observed to be near 2000 cm-1 tor 
a-Si:H (x-0) film made under same conditions. Addition of 
5% of carbon (x = 0.05) shifts the peak to 2082 cm-*1. Along
with this 2082cm ^ peak two small peaks are observed at 
2006cm 1 and 2132cm 1 (see Table 6 .8 ) and further addition 
of carbon eliminates the 2006cm 1 peak and shifts the 2082 
cm 1 and 2132 cm 1 peaks to higher wavenumber. These modes 
are observed to peak at 2099 cm-1 and at 2184 cm-* for

A — 1 ox=0.38. The normalized area increases from 5.5x10 cm /A
for a-Si : H (x = 0) to 7.1xl0-4 for x=0.05 and

- 4 _ i odecreases ultimately to 5.2x10 cm /A for x=0.38 (see 
Table 6 .8 )

The 2082-2099 cm * peaks1^''*1 of a-Si. C :H films can1 -  x  x

be assigned either to SiHj stretching modes and or to the
shift of SiH monohydride in a different environment^ due to
bonding of the Si to carbon. The observed peaks (see Table
6 .8 ) at 2132, 2150 and 2184 cm * are due to the attachment
of carbon and oxygen to SiH or SiHj- Using the relation

8 3obtained by Lucovsky the shift in the frequency can be
estimated (see AppendixII), The width (FWHM) of the 2082cm-1 
peak increases with increase in the carbon content in the 
film. It increases from 76 cm-1 for x=0.05 to 90 cm-1 for
x=0.38. No definite trend in the width of the oxygen related
peak is observed.
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b. Absorption band front 2300-3000 cm

The absorption between 2800-3000 cm 1 is the C-H
stretching mode. Fig 6.17 shows the result for absorbance
of C-H 3tretch mode for different compositions. The
deconvoluted C-H peak position/ width/ and the area under
the peaks are shown in Table 6.9. The deconvoluted spectra
are observed to peak at 2950 cm 2915cm \  2870cm 1 and
2800cm The peaks at 2950cm 1 and 2870cm 1 are assigned
to CH3 asymmetric and symmetric stretch and the peaks at
2915cm 1 and 2800cm 1 are assigned to CH2 a&ymmetric and
symmetric stretch (described previously). The normalized
area under these peaks increases with the increase in the

- 4 - 1 oc-arbon content of the film from 1.7x10 cm /A for x = 0.05
~ 4 — i oto 4.6x10 cm / h  for x=0.38. No definite trend in the

widths of these peaks as a function of composition is
observed. It seems that CH^ and CH2 stretching modes are
responsible for explaining the region from 2800 cm 1 to 3000 

-1cm
c. Absorption band between 1200- 1500 cm-1.

The absorption bands between 1200-1500cm-1 are ascribed 
to the bending and scissoring modes of CH2, CH3, Si(CH3 ), 
C (CH3 ). The small peaks appear at 1250cm 1346cm-1,
1373cm-1, 1404cm ^ a n d  1454cm-1. These small peaks are
assigned to Si(CH3 ) symmetric bond bending, CH3 symmetric 
bending, C(CH3) symmetric scissors, and Si-CHj scissoring 
and CH2 scissoring, respectively (as described previously)
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Thus we see that the inodes in this region are due to the 

bending and scissoring modes of CH^ and CHj.
d. Absorption between 600-1200 cm-1.

The absorption bands between 600-1200 cm-1 are 

ascribed to Sl-H group rocking or wagging, S^H2 ant  ̂ *S1H2*n 
bending, Sl-C and Si-0 stretch modes. Fig. 6.18 represents 
the result for absorbance for the modes for different 
compositions. The deconvoluted spectra (see Fig.6 .6 ) are 
observed to peak at 655 cm 766 cm and 989 cm 1 for the 
film with composition x=0.17.

The absorption band near 650 cm 1 is assigned to SiH 
group rocking or wagging. The position, width, and the 
area of this peak as functions of composition are presented 
in (Table 6.10). The normalized area under this mode

- 4 - 1 *  -3 _ i ®increases from 9.6x10 cm /A for x = 0 to 1.59x10 cm /A
- 4 — 1 ofor x=0.05 and then decreases ultimately to 8.9x10 cm /A 

for x=0.38. Further, the peak position also shifts to 
higher wavenumber from 649cm-1 to 678cm-1 with increase in 
the carbon content. No definite trend is observed in the 
width of this mode.(see Table 6.10)

The absorption band near 770 cm-1 is assigned to Si-C 
stretch. The peak position, width, and the area of this mode 
along with the density of Si-C bonds as functions of 
composition are presented in Table 6.11. The normalized 
area increases from 3.9xl0~4 cm-1/A to 2.51xl0-3 cm-1/A as x 
Increases from x=0.05 to x=0.38. The peak position shifts
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from 767 cm ** to 785 cm-1 and the width increases from 76

cm * to 150 cm  ̂ as x increases from 0.05 to 0.38 (see Table
6.11). EstLmates of the density of Si-C bond3 in the film
as a function of composition (see Table 6.11), have been
obtained from the integrated absorbance of the infrared
stretching mode. The cross-section of the Si-C stretch is

19 - 2determined to be 2.13x10 cm as described earlier (see 
chapter III).

The absorpt i on band near 9 89 cm  ̂ is ass igned to S i-0 
stretch. The position, width, and the area of this mode 
along with the density of Gi-0 bonds as functions of
composition are presented in Table 6.12. The normalized area

-4 - 1 ?  -3 - 1 ®increases from 2.71x10 cm / A  to 1.96x10 cm /A as x
increases from x=0.05 to x=0.38. The peak position shifts
from 944 cm * to 1003 cm * and the width increases as x
increases from x=0.05 to x=0.38. Estimates of the density
of Si-O bonds in the film as a function of composition (see
Table 6.12), have been obtained from the integrated
absorbance of the Si-O infrared stretching mode. The cross-

1 osection of the Si-0 stretch is determined to be 1.5x10 
-2cm as described earlier (see chapter III). Other 

features which are present in this region are the 860-890 
cm 1 bands, assigned to the S1H2 and CSiH2 )n bending modes
by Brodsky**® and Fritzsche^*. The normalized area of various
IR modes as a function of composition is shown in Fig. 6 .II. 
Typical uncertainty in their area is about ±10% .
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For determining the values o£ n,k, and d from the
optical measurement, we have employed the procedure of
Nagendra and Thutupalli , which has been described earlier.
Smooth values of n and k are obtained over the entire photon
energy range from 1.5 eV to 4.75 eV. Typical uncertainties
in d are from ± 2°* to ±5% , while for n and k they are +0.04
and ±0.02 respectively. Results for n, k, C, , C^and JL are
presented in Figs 6.19, 6.20, 6.21, 6.22, and 6.23 as
functions of photon energy E. The optical constants show
significant variations with composition (x).

3. Hydrogen content and the optical band gap
Estimates of the bonded hydrogen content of the films

as a function of composition have been obtained from the
integrated absorbances of the carbon-hydrogen and silicon-
hydrogen infrared stretching modes. The cross sections of

21 -2C-H and Si-H modes used are (1,35±0.35)xlO cm and
20 -  21.4x10 cm respectively, as described earlier. The

hydrogen content along with the optical band gap as a
function of composition are presented in Table 6.13 .

We have used Tauc^8 relation ty E ) =B,{ E-EQpt f/E* to obtain
the optical energy gap E fc. Fig. 6.24 shows the results
for E„„. for different x. The value of E increases from opt opt
2.1 eV to 2.49 eV and the hydrogen content increases from
2.89xl022cm-3 to 5.75xlQ22cm'3 with increase in x from 0.05

to 0.38, Thus we see a correlation of E with hydrogenopt
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content (see Fig. 6.25). The correlation of E withopt
hydrogen content and with C content is also observed by

8 5Beyer et al. The results of hydrogen content for
different x is shown in Fig. 6.26 .
B. Discussions

I ... S1H S-tretch Vibrations 
There are three effects which result in the variations 

of the frequency of the Sl-H stretch vibrations: 1. The
ligand effect arising from the electronegativity 
difference between silicon and its neighboring atoms 2 . a 
solid state effect caused by the kind of environment or
embedding into a dielectric medium and 3. the mechanical

8 3stress. The first effect has been exploited by Lucovsky in
order to rationalize the shift to higher frequencies of Si-H
stretch mode for SIC^ and SiOx - The second effect has been

32treated by Wagner et al to elaborate the frequency
difference of the stretch mode for SiH^ groups incorporated
in the amorphous network and located at the inner surfaces

3 2associated with voids. Wagner et al suggest that S i ^  
groups only occur on the internal surfaces due to voids. 
S1H groups in turn are found in compact material as well as 
on the inner surfaces associated with voids.

Our experroental results seem to indicate that the shift 
of SiH stretch originate from the change in the force 

constant of SiH bond3 and hence reflect the contribution of 
both ligand and solid state effect (discussed below). There
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are three factors that possibly affect the effective force 
constant and thus give rise to the shift in the SiH peak:

8 31. The presence of more electronegative neighboring atoms
reduces the SiH bond length caused by a transfer of valence
electron on the 31 atom to more electronegative neighboring

atoms. This reduction in the bond length results in the
increase in the effective force constant.

3 22. The solid state effect , i.e. the response of the 
surrounding dielectric medium, reduces the effective force 
constant due to the polarisation of the medium surrounding 
the Si-H dipole.

8 63. Mechanical stress present in the amorphous material
changes the effective force constant (increases for
compressive stress and decreases for tensile stress)

When the a-Si. C :H film with x=0.17 is annealed atI -x x
350°C, the mode shifts only slightly from 2085 cm 1 to 2073
cm 1 (see Table.6.1). This strongly suggests that the
remaining peak at 2073 cm 1 is not due to SiH^ as commonly
believed^' but due to SiH in a different

32environment associated with carbon and silicon. Similar
observation of the shift of this mode to lover vavenumber

8 8with annealing is observed by Lin et al . The commonly 
observed peak of a-Si:H at 2000 cm'1 may be due to the 
stretching mode of an isolated monohydride in an silicon 
environment. This assignment also explains why 2000 cm'1 

peak did not appear while 2085 cm 1 peak shifts to lover



92

vavenumber and decreases. Since one would expect that once a
hydrogen atom leaves SiHj bonds during annealing/ the newly
formed SiH monohydrlde should give rise to its
characteristic peak, which is now at 2073 cm'*, rather than
2000 cm *■. This is because SiH monohydride is in a different
environment which leads to an increase in the force constant
caused by more electronegative neighboring atom like carbon.
Further, if this peak is associated with SiH bonded to
carbon then it ^should shift to higher wave number with
increase in the number of more electronegative neighboring
atom like carbon. This is what we observe experimentally.
With increase in T the number of Si-C bond3 increases , as
evidenced from the increase in the area under this peak, and
the oeak position shifts to 2079 cm 1 for T =450°C and toa
2095 cm-1 for T =550°C.d

Thus we assign 2085 cm 1 peak to SiH monohydride and 
its variation to change in the effective force constant 
caused by the local environment. Initially the local 
environment is due to the inner surfaces associated with 
voids and finally the environment is due to silicon and 
carbon. If the local environment is due to silicon and 
carbon only then we can not explain the decrease in 
frequency from 2085 cm 1 to 2073 cm

When a small amount of carbon x=0.05 is added to a-Si:H 
, the normalized area under the peak (“2000 cm'1 for a-Si;H 
and “2085 cm'1 for a-Sllj(Cx :H) increases from 5.5xl0-^
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— 1 a  — ̂  _ i ocm . /A to 7.1x10 cm /A and decreases ultimately to 
~ 4 - 1 *5.2x10 cm /A for x=0.38 {see Table 6.8 ). This enhancement

in the normalized area of 2082 cm * peak in the presence of
small amount of carbon is due to the promotion of SIH
monohydride located at the inner surfaces associated with

16voids. This agrees with our observation that the addition
of carbon to a-Si:H leads to the formation of void. Further,
at a higher carbon concentration the probability of hydrogen
bonded to si 1icon#decreases whereas the preferential bonding
of hydrogen and silicon with carbon takes place. This
results in the decrease in the normalized area at higher
carbon concentration. The variation of the normalized area
of 2082 cm  ̂ peak with composition is similar to the
variation of the normalized area of 650 cm 1 peak with
composition (discussed later). Thus our observation seems to
indicate that the addition of carbon to a-Si:H leads to the
formation of SiH monohydrides located at the inner surfaces
associated with voids but not to the formation of SiH2 as

4 7commonly believed ' . Further, the presence of a small peak
at 2006 cm * along with the 2082 cm  ̂peak for x=0.05 and
the shifting of the 2082 cm 1 peak to 2099 cm 1 for x=0.38
(see Table 6 .8 ) corroborate our assignment of 2085 cm~* peak 
to SiH monohydride in a different environment.

The variation in the width of 2085 cm SiH peak 
with annealing temperature is ascribed to the role played 
by hydrogen. The hydrogen compensates dangling bonds, thus
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reduces the mid gap state density. Further, hydrogen also 

facilitates a structure with less topological disorder by 
reducing the average coordination number. The over all 
result for the change in the width (FWHM), inverse of which 
is a measure of order, of SiH with T, should take intocl
account both the effects of changing hydrogen concentration
and the explicit temperature effect on the amorphous

8 9network. Following Mackenzie et al, we speculate that up 
to T =350°C the m^jor effect of annealing is the removal of 
the defects associated with the network (healing of the 
network) which more than compensate for any loss of hydrogen 
content. After this process is completed the effect of 
hydroqen content reduction dominates the outcome. For 
T =O50°C the order caused by healing of the network 
outweighs the disorder caused due to the formation of 
dangling bonds due to hydrogen removal. This results in the 
decrease in the width of Si-H peak from 80 cm  ̂ to 72 cm *. 
Above this temperature the disorder increases by the 
formation of dangling bonds due to the loss of hydrogen and 
also due to the increase in the bond angle distortion caused 
by the Si-C bonds as evidenced from the increase in area 
under Si-C stretch, resulting in the increase in the width 
of SiH stretch.

The width of SiH stretch increases systematically from 
7$ cm  ̂ to 90 cm * as the composition x increases from 0.05 
to 0.38 (see Table 6 .8 ). This 13 ascribed to the disorder
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caused by the bond angle distortion (discussed later) due to 
the formation of Sl-C bonds with increase in carbon 
concentrat ion.

The small peak associated with 2150 cm  ̂ is due to
oxygen attached to SiH monohydride. The small oxygen
related modes are formed because oxygen from the 

qcatmosphere diffuses into the film through low density 
region of the film and forms chemical bond3 with Si. With 
increase in T dangling bonds are formed and more than one
oxygen atom is bonded to Si which results in the 2230 cm-^
peak.

The oxygen-related peak is also observed near 2132 cm 1 
for x=0.05 and it shifts to 2184 cm * for x=0.38. This shift 
is due to the increase in the force constant due to carbon 
and oxygen (see Appendix II).

II. CH Stretch Vibrations:
The asymmetric component of the stretching vibration is

30 9 0higher in wavenumber than the symmetric one ' . Thus it
is reasonable (see Table S.2) to attribute the 2950 cm  ̂
and 2870 cm  ̂ peaks to CH^ asymmetric and symmetric stretch 
respectively. This is consistent with the fact that
asymmetric and symmetric stretching modes of CH-j in the gas

91 -1phase , i.e 2970 and 2880 cm , are higher than those
actually measured in the film (discussed later). The 2915
and 2800 cm~* peaks are attributed to -CH2 asymmetric and
symmetric stretch respectively. The reason we assign 2915
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and 2800cm  ̂ to be CH^ related is due to the fact that
asymmetric and symmetric stretching mode of CH^ in the gas

91 -1phase , i.e. 2920 and 2830cm , are higher than those
actually measured in the film. This is because theI,

vibrational frequencies in solid should shift to slightly
lover values due to the increase of the dielectric

8 3constant . It seems that CH^ and CH^ stretching modes are
responsible for explaining the region from 2800 cm  ̂ to 3000
cm When T increases from 2S0°C to 550°C the normalizeda

-  4 -  5 -1 ©  area decreases from 3.9x10 to 5,4x10 cm /A. This
decrease is due to the removal of hydrogen on annealing.

The CH modes are observed to peak at 2800, 2870, 2915,
and 2950 cm  ̂for various compositions and are ascribed to
CH^ and CH^ symmetric and asymmetric modes, respectively
(discussed above).

We have shown^ that a void component appears in
a-Si^^C^iH films and increases as carbon is added to
a-Si:H. The increased compositional disorder in the film as
a result of alloying leads to the generation of voids due.to

16the inability of the various components to fit together
perfectly. The normalized area under C-H stretch increases

- 4  ~ 4 -1 °from 1.7x10 to 4.6x10 cm /A with the increase of x from
0.05 to 0.38.

The increase in the carbon content leads to an increase 
of void and also to the increase of normalized area under 
CHj and CH^ stretch. This tempts one to associate voids
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with CH^ and CH^ stretch. This association seems reasonable
because during the deposition of the film, approximately
50^ of the carbon atoms are introduced into the film in CH3
configuration, as evidenced by 2070 and 2950 cm~* peaks.
With no available bonds to support the subsequent growth, a
microvoid is definitely formed around CH^. The association
of voids with CH^ and C H 2 3tretch gets further confirmation

from the observation that these modes, along with the CH^
and CH2 bending modes, are absent in the highly

92photosensitive a-Si, C :H (x*0.16) films which areA X
compact and have higher density network. Thus we associate
the void with CH^ and CH^ stretch and bending modes present
in the amorphous network.

When T^ is increased, the hydrogen bonded in the
a-Si3_xCx :H network is removed. This results in the
elimination of all the small hydrogen related bending modes
present in the range 1200 to 1500 cm Further, the
variation in composition also led to slight changes in these
modes. The small peaks in this regions are associated with
CH3 and CHj bending and scissoring modes. Absence of these

9 2modes in the highly photosensitive , dense film
led one to speculate that these modes are al3o void-related 
(discussed previously).
III. Modes in the 600-1200 cm-1 Region:

A lot of controversy exists in the assignment of modes 
in the region from 600-1200 cm~*. The assignment of the 650
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cm * mode to SiH group rocking or wagging differs from that
3 3 3of Wleder et al but is in agreement with McKenzie

12 3Tavada et al have not assigned this mode. Wleder et al
have assigned this mode to Sl-C stretch. This is clearly a
wrong conclusion as evidenced by our annealing study (see
Tables 6.3 and 6.10). If this 650 cm * peak is assigned to
Si-C stretch then there is no reason why the normalized
area under this mode should drop with increase in T when
SI and C will h-pve an increased tendency to bond to each
other. Our assignment of this 650 cm  ̂ mode to SiH rocking
or wagging is reasonable because with the removal of the
hydrogen from the amorphous network by annealing to high
temperature, this mode should drop and should vanish
ultimately. This is what we observe experimentally (see
Table 6.3). The normalized area under this peak decreases

- 3 -1 ° - 4from 1.14x10 cm /A for the as-deposited film to 3.21x10
- 1 o ocm /A for T =650 C and then vanishes ultimately, above thiscl

temperature (see Table 6.3)
When a small amount of carbon x=0.05 is added to a-Si:H 

, the normalized area under the 660 cm 1 peak increases 
from 9.6x10 4 cm to 1.59x10 3 cm ^/A and decreases
ultimately to 8.9xl0-4 cm - V i  for x=0.38 (see Table 6.10). 
Thi3 enhancement in the normalized area of the 650 cm-1 
peak in the presence of a small amount of carbon is due to 
the promotion of SiH monohydride located at the inner 
surfaces associated with voids (discussed previously).
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This agrees with our observation^ that the addition of
carbon to a-Si:H leads to the formation of void. It may be
seen that at a higher carbon concentration the probability
of hydrogen bonded to silicon decreases whereas the 
preferential bonding of hydrogen and silicon with carbon 
takes place. This results in the decrease in the normalized
area under 650 cm'^ peak at higher carbon concentrations
(discussed earlier).

A lot of controversy also exists in the assignment of
the 780 cm  ̂ peak. The peak is assigned to the Si-CH^

3rocking or wagging mode by Wieder et al . However,
34Katayama et al concluded that this peak should be

assigned to the Si-C stretching mode, because this peak
could be seen in the sputtered a-SiC without hydrogen.

9 3Fagen showed that the SiC mode is very much broadened
from that of the crystal but centered at the same
frequency, 700 cm *. It should be noted, however, that 
Borders et a l ^  found that for an ion-implanted a-Si, C1 * X X
sample, the absorption maximum for the SiC mode occurred
at a somewhat lower vavenumber 700-725 cm-1. They explained
their result by supposing that the composition may affect
the position of the absorption maximum, since their ion-

33implanted material was silicon-rich. McKenzie , however, 
assigned the Si-C stretching mode to have a range of wave 
numbers (700-800 cm
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The annealing study of the a-Silj(Cx :H film with x=0.17
demonstrates clearly that the 780 cm'1 peak should be
assigned to Si-C stretch, not to Si-CH3 rocking or wagging

3as done by tfieder et al .
If the 780 cm 1 peak is assigned to Si-CH^ rocking or 

wagging, then the area under this peak should drop with
increase in T due to removal of hydrogen and should vanishui
above T =650°C when all the hydrogen is removed from the
network. Hovev#r, the normalised area of this peak

- 3 -1 oincreases with T from 1.22x10 cm /A for the as-3
deposited film to 11.5x10  ̂ cm ^/A for T =1200°C (see Table3
$.4). Thus we can assign the 780 cm  ̂ peak to Si-C
stretch. This assignment is reasonable because when the
film is annealed to higher and higher temperature, more and 
more hydrogen is removed from the film with the breaking of 
Si-H and C-H bonds. Since Si and C have an increased
tendency to bond to each other, more and more Si-C bonds are
formed which leads to an increase in the area under this
peak, (see Table 6.4)

When the sample is annealed stress is removed. Further, 
due to the breaking of the Si-H and C-H bonds with increase 
in T and due to an increased tendency for Si and C to bond 

to each other, more and more electronegative neighboring
atoms (C) are bonded to Si which is reflected in the
increase in the area under Si-C stretch peak (see Table 
6.4). These result in the shift in the peak position to
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higher wavenuraber vith increase in T {discusseda

previously) and it shifts from 766 cm'1 for the as- 
deposited film to 783 cm-1 for T =650°C (see Table 6.4).cl
Thus ve assign the 780 cm 1 peak to the Si-C stretch and
explain its variation. Too much stress along vith the Si
environment in the ion-implanted sample of Borders et al1^
is the reason for the shift of Si-C stretch to lower
vavenumber. Thus our assignment of Si-C stretch is
conclusive and ^it also explains the assignment of 

3 3McKenzie for it to have range of vavenumbers (700-800 
cm 1 ) ,

oSi-C bonds are much shorter (1.B8 A) than Si-Si bonds 
o(2.35 A) so the bond angle distortion in the amorphous 

network is enhanced with the formation of Si-C bonds. An 
increase in T leads to an increase in the number of Si-Ca
bonds (see Table 6.4) which results in an increase in the 
bond angle distortion. This increase in the bond angle 
distortion increases the width (FWHM) from 124 cm”1 for the 
as-deposited film at T =250°C to 160 cm 1 for T =650°C.S 3
Similar observations of increases in the width of the TO
peaks of Raman spectra vith Increase in bond angle

9 4distortion for a-Si:H are reported by Beeman et al
When Tg is increased above 650°C, the following 

remarkable things happen :

1) There is a drop in the width (FWHM) and the width keeps 
decreasing with Increase in T .
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2) The Si-C peak shifts to 796 cm  ̂ for T =800°C, increases 
to 808 cm  ̂ for T =1000°C, and finally decreases to 798 cm 13
for T =1200°C
3) The line shape changes from Gaussian to Lorentzian at 
800 °C and remains Lorentzian with increase in T above 
800 °C
These observations seems to indicate that above T =650°C
i.e. for Ta~800oC there is a change from the amorphous phase
to a microcrystalline phase for the following reasons:

The line shape of the SiC mode can be fitted well with
a Gaussian as opposed to a Lorentzian line shape until
T =650°C. The fit to the Gaussian line shape indicate
a Gaussian distribution of bond lengths and bond angles and
hence of force constants. The distribution of bond lenqths
and bond angles characterizes the amorphous phase. For
T =800°C/ the fit to the line shape changes from Gaussian 3
to Lorentzian, which we propose as indicating the onset of
crystallization, because a symmetrical Lorentzian is

9 5 9 6predicted by Nemanich et al and Richter et al in the
Raman peak for the crystallites of boron nitride.

Further evidence for the onset of a phase change is
that at T =800°C there is a sudden drop in the line width,
indicating increasing order due to the formation of
microcrystallites. This agrees with the calculation that the
TO width of the Raman spectra of Si and Ge for very small
crystallites are substantially less then that of amorphous
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97 osolid . With increase in T until 1000 C, the Sl-C peak
width decreases and also the peak position shifts to higher
vavenumber. This we believe is due to the increase in the
3 ize of the crystallites. A similar observation of peak
shift to higher wave number along with the decrease in the
width with increase in the crystallite size of the TO mode

9 8of polycrystalline Si is reported by Iqbal et al
When annealed to 1200°C the line shape and the

frequency of ^a-Si. C :H film coincides with theJ 1-x x
99crystalline SiC as observed by Spitzer et al (see Fig.

6.27). Thus at T =L20G°C, SiC crystal is formed and again 
the peak shifts to lower wavenumber. This shift to lower 
wavenumber is due to the decrease in the effective force 
constant caused by tensile stress. The thermal expansion 
coefficient of the SiC crystal is greater than that of the 
Si crystal which generates tensile stress100 and this leads 
to the decrease in the force constant and shifting of Si-C 
stretch to lower wavenumber. This observation seems to 
indicate that SiC crystal is formed at 1200°C.

We also observe a similar increase in the Si-C
normalized area, peak position, and the width of Si-C from 
3.9x10  ̂ cm 1/A, 767 cm 1 and 76 cm 1 for x=0.05 to 2.5xl0-'* 
cm 1/X, 785 cm 1 and 150 cm 1 for x=0.38 (see Table 6.11).
The shifting of the peak to the higher wavenumber with 
increase in carbon content is due to the Increase in the 

effective force constant caused by the incorporation of
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more electronegative neighboring atoms like carbon. The 
increase in the area and the vidth vith increase in carbon 
content is ascribed to the increase in the number of Sl-C 
bonds and to the increase in the bond angle distortion, 
respectively (discussed previously).

In addition to the 650 cm 1 and 780 cm 1 peaks another 
strong peak occurs near 1000 cm™1. The peak near 1000 cm-1 
is assigned to Si-0 stretch. Like Si-C stretch, the area 
under the Si-O stretch peak increases vith increase in Ta
(see Table 6.5). In the a-Sl, C :H alloy films, loosely1 X X
bonded hydrogen, incorporated in the inner surfaces of
voids, is present. With increase in T , this loosely
bonded hydrogen escapes and dangling bonds are created.

89Oxygen from the atmosphere diffuses into the film through
the low density region of the film and satisfies some of the
dangling bonds. This is possible because Si can form
polymer-like chains vith oxygen. When the film is annealed
to higher temperature, more and more hydrogen is removed and
in the process more and more dangling bonds are produced.
This results in the incorporation of more and more oxygen
leading to the increase in the number of Si-0 bonds which
results in the increase in the area under this peak.

Like Si-C stretch, the Si-0 peak shifts from 989 cm-1
for the as-deposited film at T =250°C to 1024 cm-1 for
T =650°C and the vidth increases from 158 cm™1 for T =250°C a s
to 192 cm 1 for Ta =650°C (see Table 6.5). The shifting of
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the Sl-0 peak to higher wavenumber is due to the increase in
the effective force constant caused by the reduction in
stress and the incorporation of more electronegative
neighboring atoms like oxygen. The increase in the width of
the Si-0 peak is due to the increase in the bond angle
distortion (described above). When T is Increased abovea
650°C, i.e T -800°C, there is sudden drop in the width of3
the Sl-0 stretch from 192 cm 1 at T =650°C to 148 cm"^ at 
T =800°C and the line shape changes from Gaussian to3
Lorentzian. These observations seem to indicate the
formation of microcrystallites of SiO_. Above T =800°C the2 a
shift of the Si-O stretch to higher wavenumber along with 
the decrease in its width is ascribed to the increase in the 
size of the crystallites.

When T is increased to 1200°C the Si-0 bonds 
disappear from the film. This is because at higher 
temperature (~1200°C) Si react with SiOj forming SiO (Si 
+ Si02 = 2 SiO) which volatizes at that temperature and
results in the elimination of Si-0 stretch.

We also observe a similar increase in the normalized 
area, peak position of the Si-0 vith increase in x, from 
2.71xl0~4 cm"1/!, 944 cm-1 for x=0.05 to 1.96xl0~3 cm"1/!
1003 cm 1 for x=0.30. The width of Si-0 peak Is 188 cm-1 
for x=0.05. Further the Si-0 peak width Increases from 150 
cm-1 to 168 cm 3 as x Increases from 0.15 to 0.38. The 

large value of Sl-O peak width for x=0.05 is possibly due to
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the uncertainty for the peak is very small compared to 649

and 76? cm  ̂ peaks (see Table 6.12). Addition of carbon in
a-Si:H results in the increase in the void, leading to an
increase in the presence of loosely bonded hydrogen
incorporated in the inner surfaces associated with voids.
When this loosely bonded hydrogen escapes and the dangling

8 9b o n d 3  a r e  c r e a t e d ,  o x y g e n  f r o m  t h e  a t m o s p h e r e  is

incorporated into the film and satisfies some of the
dangling bonds. The increase in x leads to an increase in
the void and hence to the loosely bonded hydrogen. This
loosely bonded hydrogen escapes also with time (IR spectra
of the a-Si : H film with x=0.05 was taken immediately
after it is made and that for x=0.38 after few weeks) and
creates dangling bonds and more and more oxygen are
incorporated to satisfy the dangling bonds, resulting in an
increase in the number of Si-0 bonds. The increase in the
Si-0 bonds leads to an increase in the area under this peak.
A similar observation of increase of the area under Si-0

8 9stretch with time is also reported by Mackenzie et al . 
The peak shift to higher wavenumber is due to the increase 
in the effective force constant caused by the incorporation 
of more electronegative neighboring atoms like oxygen. The 
increase in width is ascribed to the increase in the bond 
angle distortion (discussed above).

The optical constants n, k, 6, , 6^, and JL show slight
variations vith annealing temperature. The index of
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refraction is 2.25 for the as-deposited a-Si, C :H filmJ. “ X it
(x=0.17) at T,=250°C and it decreases to 2,15 for T =550°C,S 3
remains essentially constant with subsequent anneal to
higher temperature till T3=1000°C and finally drops
suddenly for T =1200°C (see Fig. 6.7). a

This slight variation in n (decrease of ~ 1 % )  with 
annealing temperature can be explained in the following 
manner. When t̂ ie film is annealed to higher temperature, 
hydrogen leaves and presumably voids are created and these 
voids tend to saturate after the hydrogen is removed from 
the film. A similar observation of the increase of voids and 
subsequent saturation with increase in the annealing 
temperature for the a-C:H films was reported by Smith^. The 
increase of voids via the loss of hydrogen results in the 
decrease in n till T =550°C. When T is Increased further,3 3
as the voids tends to saturate n remains essentially
constant until T =1000°C. When T is increased from 1000 toa a
1200°C there is a sudden decrease of n which we associate
with crystallization because we have clear evidence of
crystallization at 1200°C from IR .studies. A similar
decrease of n on crystallization was observed by Brodsky et
aflOl a-Si:H films. Further, this observation agrees

10 2with the fact that n values at lower energies are larger 
in amorphous than in crystalline phase.

The imaginary part of the index k decreases and the 
peak shifts to higher energy with increase in T (see Fig.a
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6 *8 ). This decrease In k 13 due to the formation of much

stronger Si-C and Si-0 bonds with the removal of hydrogen
with increase in T . This is in agreement with IR studies
for the number of Si-C and Si-0 bonds increases with
increase in T . (see Tables 6.4 and 6.5) a

At lower energies the imaginary part of the index k
shows a small increase till T3=650°C (see Fig.6 .8 ). This
may be due to the presence of some strongly absorbing
Si-Si bonds which are formed with the removal of hydrogen.
With increase in T from 650°C to 1000°C, k at lower
energies decrease (see Fig. 6 .8 ). This is because the weaker
si-3i bonds are broken at hiqh T and are replaced by much
stronger Si-C and Si-0 bonds which absorbs at higher
energies. When T =1200°C again the absorption at lower
energies increases due to the removal of Si-0 bonds as
evidenced from the absence of Si-0 stretch in the IR

2 2spectrum. The dependence of e-n -k and 6=2nk on T (see* a
Figs. 6.9 and 6.10) essentially reflect the previously 
discussed dependence of n and k on T . The absorption 
coefficient at (see Fig.6 .11) as function of T essentially 
reflects the behavior of with T .* a

The optical constants n and k, 6, and and JL show a
significant and systematic variations with film composition 
from x=0.00 (a-Si:H) to x=0.38. The index of refraction 
n is *3.5 for x=0.0 and decreases to -2.0 for x=0.38 

(decrease of -43%) as the c concentration increases, see
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Fig. 6.19. This decrease in n, which is consistent with the 
previous w o r k e r s ^ ' c a n  be attributed to the increase 
In the average energy gap parameter which is related to n 
via the expression as given by the Eq. (5.1). According to 

the 31- and C- centered tetrahedron model"^ E increasesg
from 4.76 to 13.61 eV as x increases from 0 to 1 in the 
a-Si, C :H alloy series. This Increase in E is also"X a <5
responsible for decreasing dispersion observed in n as the C
content increases (see Fig. 6.19)

The imaginary part of the index k decreases with
increase in the C concentration. This is because Si-Si bonds
are replaced by Si-C bonds which absorb at higher energies
(see Fig.6 .20). The dependence of E, and G^on :< (see Figs.
6.21 and 6 .22) essentially reflect the previously discussed
dependences of n and k on x. The JL (see Fig. 6.23)
essentially reflects the behavior of E vith x.

The incorporation of hydrogen leads to an increase in
the optical band gap (E t ) of a-Si:H. This effect has been
widely observed and essentially two models have been

41proposed for its explanation. Cody et al suggest that the
optical band gap is controlled by the amount of disorder and
that hydrogen aEfects the band gap indirectly through its

103effect on disorder. Ley , on the other hand/ relates gap 
widening mainly to the recession of the valence band edge 
due to hydrogenation. The recession is ascribed to the 
replacemant of weaker, strained Si-Sl bonds by stronger Si-H
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bonds. ThL3 replacement moves states from the top o£ the
valence band to energies deep in the band, where they appear

■33 characteristic features depending on the bonding 
10 4configuration. Our data (see Tables 6.6, 6,7) agree

41closely with Cody et al where disorder is due to thermal,
structural and composition effects. Further, we observe a
striking correspondence between phonon order and electronic
order. The phonon order is measured by the inverse of the
vidth of the IR peak of Si-C and Si-0 and the electronic
order is measured by the optical band gap. The optical band

13gap Is determined using Tauc plot.
with increase in T , hydrogen is removed from the 

network (see Table 6 .6) and the number of Si-C and Si-0 
bonds increases (see Table 6.4 and 6.5) and this results in 
the increase in the bond angle distortion. Disorder caused 
by the bond angle distortion results in the increase in the 
width of the Si-C and Si-0 stretch peaks. This disorder also 
result in the decrease in the optical band gap. When 
T =800°C and above, the bond angle distortion decreases
leading to a decrease in the width of Si-C and Si-0 peaks. 
This results Ln order which results in the increase in the 
optical band gap. (see Table 6.7)

Because the width of the Si-c stretch and the Si-0
stretch have been shown to be a measure of disorder, its
inverse provides a convenient measure of phonon order to

which the electronic order via E t, may be compared. The
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linear variation of the inverse of the widths of Si-C (A*&.c)
and of Si-0 (A"*.*,) with E t (see Figs. 6.14 and 6.15)
indicate a direct correspondence between changes in the
vibrational spectra and the electronic spectra of
a-Si1_ Cx :H film. These results also indicate that the
changes in ECpt are structural in origin and are not due to

1 9the void as ha3 been suggested by Connell . Similar
observation of the narrowing of the bond angle distribution

on i n c r e a s i n g  E 0 pt an<  ̂ n a r r o w i n g  of the width of TO mode of
10 5a-Si and a-Ge is reported by Ching et al

The variation of hydrogen content with carbon
fractional content (see Fig. 6.26) seems to indicate that 
it is the carbon content which determines at a given 
substrate temperature the hydrogen concentration for an
amorphous hydrogenated silicon carbon alloy film. This can

rt C
be understood (see Beyer et al ) if we assume that the
films form from rather hydrogen-rich plasma species and that 
the hydrogen content is determined by the degree of
hydrogen elimination during the film growth. As the C-H
binding energy (3.5 eV) is larger than the Si-H binding
energy (3.1 eV), at an elevated temperature mainly hydrogen
bound to carbon will remain in the film. Our data (see
Table 6.13 and Fig. 6.25) seems to demonstrate that carbon 
content determines the hydrogen concentration which in turn 
controls the optical band gap. The predominance of bond- 

breaking hydrogen in a-Si, C :H is in agreement with Cody'sx 34
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model for a widening of the optical band gap due to 
hydrogen-induced strain relief.
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CHAPTER VII
CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH 

The results for the as-deposited hydrogenated amorphous 
silicon carbon alloy f l l m 3  a r e  given below :
1) We have undertaken an experimental determination of the 
optical constants (n, k, G, ,  G^ ) for the entire a-Si1_j(Cx :H 
alloy series, from a-C:H (x=0) to a-Si:H (x=l).
2) We have successfully employed our proposed 
microstructural model based on four components (amorphous 
polymeric, graphitic, tetrahedral, and void) to model the 
measured Gt and spectra. The resulting volume fractions
for these four components show systematic variations with 
film composition and provide a very useful framework for 
understanding the properties of this technologically 
important alloy series. In particular, the use of the EMA 
has provided a convincing demonstration that it is the 
appearance of the amorphous graphitic component which limits 
the optical energy gap EQpt as the carbon content of the 
filrn increases.

3) Our experimental results for C, and Ga are consistent 
with complete homogeneous chemical ordering for the Si-rich 
films, in which every C atom is surrounded by four Si atoms. 
Although the question of chemical ordering is more 
complicated In the C-rich films due to the presence of 
amorphous polymeric and graphitic components, there still 

appears to be a tendency for at least partial chemical



114

ordering. Thus ve have provided for the first time a new 
experimental approach to the issue of chemical ordering in 
binary amorphous semiconducting alloy films.

Having established the result that optical constants 
measurements are a sensitive probe both of film 
microstructure and of chemical ordering in the a-Si, C :HX ”* X X
alloy series, an annealing study has been undertaken to 
study the changes in the local bonding and the structural 

changes in the network leading to crystallization. The 
results of this study are summarized below :

1) It is established that the frequency shift of Si-H 
stretch originates from the change in the force constant of 
Si-H bonds and reflects the contribution of both the ligand 
effect arising from the electronegativity difference between 
the silicon and carbon atom and a solid state effect caused 
by the kind of environment or embedding into a dielectric 
med ium.
2) We have resolved the controversy regarding the 
assignment of various modes of a-Si^_xCjt:H and proved 
conclusively that the 780 cm  ̂ peak must be assigned to Si-C 
stretch. We have also explained the shift of the Si-c peak 
vith annealing temperature. Further, the controversy of the 
assignment of the 650 cm * peak is also resolved. This 
peak is assigned to Si-H group rocking or wagging modes.

3) It is established that there is a change from amorphous 
to microcrystalllne and then to crystalline phase
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with Increase in the annealing temperature.
4) It is demonstrated that silicon carbide crystals can 
be produced from glow discharge deposition of a-Si^_xCx :H 
film with subsequent anneal. This outcome is quite 
Interesting in view of the importance of SiC in high 
temperature electronic devices.
5) We have undertaken an experimental determination of the
optical constants (n, k, 6, , ) of an a-Si^_xCx :H film as
a function of annealing temperatures from 250 to 1200°C. A
correlation of EQpt with hydrogen content is observed. In
particular, the decrease of E correlates well with theopt
decrease in the hydrogen concentration. Further, a striking
correspondence between phonon order and electronic order is
observed. The phonon order is measured by the inverse of
the width like Si-C and Si-0 IR stretch and the electronic
order is measured by E ..opt
6 ) It is established that the optical band gap E , isopt
controlled by the amount of disorder and that hydrogen 
affects the band gap indirectly through its effect on 
disorder.

There still remains a considerable amount of work that 
could be performed to understand this technologically 
important alloy series. The first line of work I believe 
should be the improvment of our model.

Although our mlcrostructural model is the first 

successful attempt to understand local bonding in terms of



116

optical response and has provided a useful framework for 
understanding the properties of this technologically 
important alloy series, our model is clearly an 
oversimplification for the structure of these films. 
Improvements to the model should focus on a better treatment 
of the optical absorption due to the localized TT-like 
electrons associated with the amorphous graphitic component 
and the explicit calculations of the effects of hydrogen 
incorporation on the optical response of the amorphous 
polymeric and tetrahedral components.

Hydrogenated amorphous silicon carbon alloys are 
attractive materials for application in solar cells, 
photoreceptors, and graphic devices, since their optical gap 
can be continuously controlled by changing the alloy 
composition. However, in contrast to a-Si:H, the alloy 
a-Si, C :H prepared from a conventional glow dischargeX A A
decomposition technique is shown to have inferior 
photoelectric properties. It will be profitable to link up 
the photoresponses, such as photoconductivity and 
photoluminesence, of a-Si^^C^iH alloys with the volume 
fractions of the microstructure like void, graphitic, 
lolymeric and tetrahedral components. The procedure of the 
determination of the volume fraction of different 
microstructures is described in detail in this thesis. This 

linkage of microstructure to photoresponse will identify the 
microstructures and the roles they play in the deterioration
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o£ the photoresponse of the material.
It will be highly interesting to identify the 

microstructures that are present in the highly
omphotosensitive a-Si^^C^iH alloys prepared recently fr

9 2glow-discharge plasma using the dilution technique and
to link it with photorespon3e . This might give clues
regarding the modulation of the preparation conditions and 
the techniques for producing highly photosensitive
a-Si, C :H films. The realisation of this will give 
fundamental understanding of this material and open up 
further possibilities for the utilization of this material.

In conclusion, even though we have asserted for the 
first time that optical constants measurements are sensitive 
probes both of film microstructure and of chemical ordering, 
the doors for further improvments, like the linkage of 
microstructure with the photoresponse and the further 
improvement of the model, are wide open. It is quite 
conceivable that a good deal of advance may yet be made in 
the further modification and study of hydrogenated amorphous 
silicon carbon alloys.
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119

Table 6.7 Variations of Optical band gap and inverse of 
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Table 6.10 Variation of peak position, width, and area of
Si-H rocking or wagging with composition for a-Si c :H1 “ X X
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Table 6.11 Variation of peak position, width, and area of
Si-C stretch with composition for a-Si, C :H filmsX X X
Table 6,12 Variation of peak position, width, and area of 
Si-0 stretch with composition for a-Si, C ;H films 
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concentration with composition for a-Si, C :H filmsX *” X X
Table A . I Tetrahedron probabilities P* for s ^ _ xcx
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(defined in text)
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TABLE 5.1
Compositions, densities, and energy gaps of a-Si^_xCx :H films.
f(C2H
1.00

2)
1 .00±0 .02

X^EMA)
1 .00±0 .02

fftg/cm) 
1.36±0.03

EoptteV) 
2.2 4 ±0,04

•
B. '

1.63

f  V*Bjji cmeV)
273

E r ifV>
0 4

2.81
0.91 0 .96±0.03 0.96±0.01 1.36±0.0 3 2.36+0.OS 1.63 272 2.92
0 . 80 0.84+0.06 0.83±0.03 1.45*0.05 2.38*0.0 4 1 .59 268 3 . 00
0.72 0.68+0.05 0 . 68jt0 . 04 1.58±0.02 2.68*0.07 2.34 364 2.93
0.60 0.57±0.08 0 . 54i0.04 1.69*0.02 2.65*0.OS 3 .27 464 2.78
0 .50 0.38±0.06 0.38i0.01 I.36*0.04 2. 49±0.05 3.98 S32 2.60
0 . 35 0.2 3±0.01 1.93*0.03 2.26*0.05 5.65 708 2.25
0.20 0.07±0.06 0.16+0.01 2.00*0.04 2.21*0.05 7.60 859 2.00

0.00 0 .00±0 .02 0.00 2.07*0.09 1.80*0.20 5 . S 700 1.75

a Fraction of in glow discharge.
b Carbon fractional content of film determined from scanning 

Auger microprobe.
c Carbon fractional content of film determined using the 

effective medium approximation (EMA), see text.
d Film density.

e Optical energy-gap parameters determined from e^E)=B/E-E0 f/E» 
f Bt determined from (dtE) =BT ( E-Eopt) •
g EQ4 is the energy at which the absorption coefficient is equal 
to lO^cm
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TABLE 5.2
Results of EMA for volume fractions of film components

X x*iEMA) eVap
AVag ve V*at void

r
at

1.00 1. 0(a-C:H) 0. 67 0.17 0.16 0.00 1.00

0.36 0 .96±0.01 0.68 0 .15 0.17 0.00 0.90
0 . 84 0 . 83±0.38 0.52±0.04 0.12 0.27±0.03 0.09+0.04 0.65
0 .68 0 . 68±0.04 J .31+0.08 0.11 0.4210.04 0.16+0.05 0.48
0 . 57 0 . 54±0.04 0.25+0.10 0.05 0.5210.04 0.18±0.08 0 . 38
0.38 0 .38 + 0.02 0.03±0.03 0 . 00 0.71+0.02 0.26+0.04 0 . 365

0 .28+0.01 0 .00±0 .02 0 . 00 0.80 0.20 0.28
0. 07 0 .1610.01 0 . 00 0.00 0.8510 .02 0.15 + 0.02 0.16
0 . 00 0 . 0 (a-S i :H ) 0.00 0 .00 1.00 0.00 0.00

a Carbon 
Auger m

fractional 
icroprobe.

content of film determined form scanning

b Carbon 
see tex

fractional 
t .

content of film determined using the EMAf

c Volume fraction of amorphous polyme ric component.
<3 Volume fraction of amorphous graphitic component.
e Volume fraction of amorphous tetrahedral component.
f Volume fraction of void comp onent.
g Carbon fractional content of amorphous tetrahedral component.
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TABLE 6.1
Variation of peak position, width, and area of Si-H stretch for 
a-Si^_xCx :H film (x=0.17) with annealing temperature.
T Tt) s' dc(X) Pos it ion(era) WldtM cm*) Area (cm*) Normalizeda Area(cmV&)
250 G 3233 2085 BO 2.12 - 4

2151 98 0 . 26 7.36x10

350 G 3259 2073 72 1.35 5.52X10-4
2132 98 0 . 45

450 G 3292 2079 78 0.69 -42150 82 0.24 2.95x10
2231 58 0.04

550 G 3316 2095 80 0.13
2157 84 0 . 13 9 .35xl0"5
2236 60 0 .05

a Annealing temperature 
b G represents Gaussian line shape, 
c Thickness of the films, 
d Peak position of Si-H stretch, 
e Peak width of Sl-H stretch, 
f Area under Si-H stretch peak 
g Normalized Area is Area/Thickness,
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TABLE 6.2
Variation of Peak position, width, and area of C-H stretch for

Area (c O i / X ) 

3 .9xl0-4

a-S1l-xVH film (x=0.17) with annealing temperature
T*ft) Sld de(3w APos it ion(cm) Width (cm1)

f '
Area(cm)

250 G 2800 82 0 .13
3233 2870 48 0 .46

2915 48 0.35
2950 34 0.31

350 G 2800 86 0.13
3259 2870 54 0 . 48

2915 52 0. 27
2950 38 0.30

450 G 2800 62 0 .04
3292 2870 48 0 . 26

2915 48 0 .12
2950 54 0 .12

550 G 3316

a Annealing temperature, 
b G represents Gaussian line shape, 
c Thickness of the film, 
d Peak position of C-H stretch, 
e Peak width of C-H stretch, 
f Area under C-H stretch, 
g Normalized Area is Area/Thickness.

o . ie

3.6x10

1 .6x10

5.4x10

-4

-5
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TABLE 6 .3
Variation of Peak Position, width, and area of Si 
or wagging modes for a-Si. C :H film (x=0.17) with 
temperature.

tS e ed< A) 4Pos1t ion{cm) eVJ idth (cm ) f -iArea(cm)

250 G 3233 655 96 3 .68
350 G 3259 655 92 2 . 31
450 G 3292 670 100 2 .60
550 G 3316 6 7 5 116 3 . 00
650 G 3212 630 88 1.03
a Annealing temperature, 
b G represents Gaussian line shape, 
c Thickness of the film.

d Peak Position of 3i-H rocking or wagging, 
e Peak width of Si-H recking or wagging, 
f Area under Si-H rocking or wagging mode, 
g Normalized Area is Area/Thickness.

H rocking 
anneali ng

Norma 1i zed 
Area {crii'/X)
1.14xl0'3
8 . 62xl0~4 

7 . 90xl0'4

9 . 04xl0'4 
3.21xl0*4
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TABLE 6.4
Variation of Peak position, width, and area of Si-C stretch for
a-S i ̂ -xCx :H film (x= 0.17) with annealing temperature.
iNt)O £  <f(£> Position(cm') Widttftcm') Areef(cm’) Normalized N* (cm)

Area(cm) 51 C
250 G 3233 766 124 3.93 1 . 22xl0"3 7.78xl021
350 G 3259 768 132 4 .17 1.2 8x10 ~ 3 8.17xl021
450 G 3292 771 130 6.20 1 .88x10 ~3 1 .20xl022
550 G 3316 779 - 148 13 . 4 4.04xl0'3 2.53xl022
650 G 3212 783 160 20.9 6.50xl0_3 224 .07x10
800 L 2980 796 126 26 . 4 8 .86xl0~3 5 . 46x1022
900 L 2855 803 116 27.2 9.53x10 ~ 3 S.82xl022
1000 L 2699 803 104 2 8.1 10.4x10 ~ 3 6.32xl022
1200 L 2580 798 68 29 .6 11.5xl0~3 7 .04xl022
a Annealing temperature.

b G and L represent Gaussian and Lorentzian line shape 
respectively.

c Thickness of the film.

d Peak position of the Sl-C stretch.
e Peak width of the Si-C stretch.
f Area under the Si-C stretch.
g Normalized Area is Area/Thickness
h Density of Sl-C bonds is obtained using Eq. 3.24 (see text).
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TABLE 6.5
Variation of Peak Position, width, and area of Si-0 stretch for
a-Si1-xC:x :H film (x=0.17) with annealing temperature.
T* ft)a SW <f(X) Po3 i 11 on (cm') Widtff(cm') Area (cm1) Normalized 

Area(cn/A) Hsi-o,cif)

250 G 3233 989 158 2.29 7 . 08xl0-4 2.4 6x10 31
350 G 3259 1004 148 3 . 89 1.19xl0~3 4.lOxlO21
450 G 3292 1003 154 6 . 68 2 .03xl0~3 6.98xl021
550 G 3316 1013 168 10 . 2 3 .08xlQ~3 1.OSxlO22
650 G 3212 1024 192 14 . 2 4 .42xl0-3 1.49xl022
800 L 2980 1042 148 14.1 4 . 73xl0~3 1.56xl022
900 L 2855 10 57 132 13.6 4.7 6x10 ~ 3 1.56xl022
1000 L 2699 1070 126 14.1 5 . 22xl0~3 1.6Bxl022
1200 no longer present
a Annealing temperature.
b G and L represent Gaussian and Lorentzian line shape 

respect ively.
c Thickness of the film.
d Peak position of the Si-0 stretch.
e Peak width of the Si-0 stretch.
f Area under the Si-0 stretch peak.
g Normalized Area is Area/Thickness.
h Density of Si-0 bonds is obtained using Eq. 3.28 (see text).
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Table 6.5a

a . i 0 c o
a<°c > d( A) d (A )
250 3233 1251
350 3259 1249
450 3292 1220

550 3316 1165
650 3212 1035
800 2980 963
900 2855 922

1000 2699 886

1200 2580 866

a Annealing temperature
b Corresponds to the thickness of the a-Si.^C :H 

(x=0.17) film used for IR measurements
c Corresponds to the thickness of the a-Si^^C^rH

(x=0.17) film used for optical constants measurements
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TABLE 6.6
Variation of Optical band gap and hydrogen concentration for 
a-Si^_xCx :H film (x=0.17) with annealing temperature.
ft. .T t'C)a EoPt<eV> NC-H{crf) "total* ™ 1
250 2 . 35 1. 13xl022 4.14X1022 5.27xl022
350 2 .27 8 .4 5x1021 3 . 88xl022 2 74 .73x10
450 2  . 2 4.58x10 21 221. 72x10^ 222.18x10
550 2 .1 211 . 52x10^ 5.82xl021 7 . 34xl021
a Annealing temperature

b Optical energy gap parameters determined from £fE)=B((E-E *.?/£?
and the error associated with E . is t 0.05opt

c Density of Si-H bonds is obtained using Eq. 3.21 (see text)
d Density of C-H bonds is obtained using Eq. 3.23 (see text)
e Total hydrogen atomic concentration bonded to silicon and 

carbon.
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TABLE 6.7
Variation of Optical band gap, and inverse of width of Si-C and
Si-0 stretch for a-Si^_xCx :H (x=0.17) with annealing temperature.
T*(t) Eopt(eV) ^Si-C(cm) ^Si-0(cm)
250 2.35 8.1xl0"3 6.3xl0~3
350 2 . 27 7 . 6 x 10 ~ 3 6.8xl0~3
450 2.2 7.7xl0~ 3 6.5xl0~3
550 2.1 6 . 3x10 ~3 6.0xl0“3
550 2.0 6 . 3 x 10 ~ 3 S.2xl0~3
S00 2.1 7 . 9 x10_ 3 6 .8xl0 3

900 2.15 8 . 5 x10-3 7.6 x l 0 3
1000 2.2 9 . 6x10 _ 3 8 . 0 x10”3
1200 2.2 14.7xlO-3
a Annealing temperature.

b Optical energy gap parameters determined from £yE)=B,(E-E h )/E 
and the error associated with E Is i 0.05 °P

c Inverse of width of Si-C stretch, 
d Inverse of width of Si-0 stretch.
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stretch for

Norma 1 i zeci 
Area ( cm1/A )
5. 5x1CT4

7.1x10 "*

8 .0xl0~4 

7 . 4xl0“4

5 . 2xl0~4

from scanning

b G represents Gaussian line shape, 
c Thickness of the film, 
d Peak position of Si-H stretch, 
e Peak width of Si-H stretch.
£ Area under Sl-H stretch, 
g Normalized Area is Area/Thickness.

TABLE 6.8
Variation of Peak position, width, and area of Si-H 
a~Si^_xCx :H film with composition.

ft. fcX s <f(A) JPos it ion(cm) Widtlftcm1) Area (cri?)
0.0 G 13000 2004

2084
2006

102
100

102

6 .25 
0 .90
0 .31

0 . 05 G 3282 2082
2132

76
110

1.96 
0 . 06

0.15 G 2255 2082
2153

30
88

1.69
0.13

0.17 G 3233 2085
2151

80
98

2 . 12 
0 . 26

0.38 G 2135 203 3 
2104

90
74

1 .02 
0.10

a Carbon fractional content of the f i lm determined
Auger microprobe.
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TABLE 6.9
Variation of Peak Position, width, and area of C-H 
a_SiX-xCx :H with composition.
x* SW d(A) Pos ition (cm) Width(cm*) Areâ (cm')

2800 84 0.05
0.05 G 3282 2870 52 0.20

2915 48 0.15
2950 34 0.15

2800 74 0.07
0.15 G 2255 2870 48 0.35

2915 48 0.21
2950 40 0.29
2800 82 0.13

0.17 G 3233 2870 48 0.46
2915 48 0.35
2950 34 0.31
2800 94 0.05

0.38 G 2135 2800 54 0.39
2915 60 0.24
2950 54 0.30

a Carbon fractional content of the film determined 
Auger microprobe.

b G represents Gaussian line shape.
c Thickness of the film.

d Peak position of the C-H stretch.
e Peak width of C-H stretch.

f Area under the C-H stretch peak, 
g Normalized Area is Area/Thickness.

stretch for

4-Normali zed 
Area {cni'/X)

1 .7xl0~4 

-4
4.1x10

3 . 9 x 10 " 4

4 . 6xl0-4 

from scanning
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TABLE 6.10
Variation of peak position, width, and area of Si-H rocking or 
wagging for a-siL x Cx :H with composition
x4 Sh cf(lv) Posit ion (cnif) Widt£(cm) Areofcdn1) Normalized

Area (cm1/ A )
0 .00 G 13000 637 100 12. 53 9.6 0x10
0.05 G 3282 649 96 5 .21 1.59xl0~3
0.15 G 2255 662 110 3.71 1.65x10"3
0.17 G 3233 655 96 3 .68 1. 1 3xl0"3
0. 38 G 2135 678 130 1.90 8 .OxlO-4
a Carbon fractional content of the film determined from 

scanning Auger microprobe.

b G represents Gaussian line shape, 
c Thickness of the film.
d Peak position of Si-H rocking or wagging mode, 
e Peak width of Si-H rocking or uaggir.g mode, 
f Area under Si-H rocking or wagging mode, 
g Normalized Area is Area/Thickness.
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TABLE 6.11
Variation of Peak position, width, and area of Si-C stretch for 
a-Si1_xCjt:H with composition.
x‘ sl AX) Posit ion (cm1) Width(cm*) Are/tcm1) Normalized . (era)

Area {cm1/! ) S1-C
0 . 05 G 3282 767 76 1.28 3 . 9xl0~4 212 .5x10
0 .15 G 2255 778 90 2.19 9.7x10 A 6 .12xl021
0. 17 C 3233 766 124 3.93 1.22xl0-3 7.70xl021
0 . 38 G 2135 785 150 5. 35 2.51xl0~3 1.57x10 2 2
a Carbon fractional content of the film determined from scanning 

Auger microprobe.

b G represents Gaussian line shape.
c Thickness of the film.

d Peak position of the Si-C stretch.
e Peak width of the Sl-C stretch.
f Area under the Si-C stretch.
g Normalized Area is Area/Thickness
h Density of Si-C bonds is obtained using Eq. 3.24 (see text)
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TABLE 6.12
Variation of Peak position, Width, and area of Si-0 3tretch for 
ci“Si^_xCx :H with composition.

A
X

bs de(A) Position(cm) *width(cm) Area*( cm1) tNorma 1ized 
Area(cmV£)

0 . 05 G 3282 944 188 0.89 2.71xl0"4 9-94xl020
0 .15 G 2255 982 150 1.34 5.94xlQ*4 2.08x10 21
0 .17 G 3233 9 8 9 158 2. 29 7.08xl0*4 2 . 44xl021
0.38 G 2135 1003 168 4. L9 1,96xl0'3 6.74xl021
a C a r b o n  f r a c t i o n a l  c o n t e n t  o f  f i l m  d e t e r m i n e d  f r o m  s c a n n i n g  

A u g e r  m i c r o p r o b e .

b G r e p r e s e n t s  G a u s s i a n  l i n e  s h a p e .

c  T h i c k n e s s  o f  t h e  f i l m .

d P e a k  p o s i t i o n  o f  t h e  S i - 0  s t r e t c h .

e  P e a k  w i d t h  o f  t h e  S i - 0  s t r e t c h .

f  A r e a  u n d e r  t h e  S i - 0  s t r e t c h .

g  N o r m a l i z e d  A r e a  i s  A r e a / T h i c k n e s s .

h D e n s  i  t y  o f  S i -  0  b o n d s  i s  o b t a  i n e d  u s i n g  E q .  3 . 2 8  ( s e e  t e x t )
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TABLE 6.13
Variation o£ Optical band gap and hydrogen concentration with
composition for a-Si^ C ;H filmsA A
X* Eopt(eV) n s i -h ( NC-H(ci?) "total
0.00 1.97 8.87xl021 8.87X1021
0 .05 2.1 1.09xl022 1.8OX1022 2 . 89xl022
0 .15 2 . 30 1. 24xl022 4.48xl022 5.7 2x10 2 2
0 .17 2 .35 1 . 12xl022 4.lOxlO22 5.22xl022
0. 38 2.49 8.04xl021 4.94X1022 225.7 5x10
a Carbon fractional content of the film determined from scanning 

Auger microprobe.

b Optical energy gap parameters determined from C(E)=B(E-E 
and the error associated with E is ± 0.05 A op

c Density of Si-H bonds is obtained using Eq. 3.21 (see text)

d Density of C-H bonds is obtained using E q . 3.23 (see text)

e Total hydrogen atomic concentration bonded to silicon and 
carbon
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TABLE Parameters for Si- and C-ccniercd teiraholra (defined in te.ul.

(r> * f'i E h C V,

Tetrahedron •A) 1A ') (A ) (eV) (eV) (eV) Cj c, (A1)

(1) Si-Sii LI 76 1 80‘) 2 035 4 76 0 4.76 1 I 20 0J
12) Si-SijC 1.113 I 910 2.142 J.40 0.34 5.46 0.871 0893 1701
(3) Si-Si-Cj 1.0S9 2016 2 201 6 13 1.78 643 0.740 0.759 14.45
(4) Si-StCj 1.001 2.133 2 261 7 .It 2.S5 7.66 0  621 0.632 11.21
IS) Si-C, 0 942 2.257 2.329 8.26 4 03 9.21 0517 0520 10 30
16) C-Si, 0.942 2.257 2.329 8 26 4 08 9.21 0.517 0.520 10 30
(7) C-5i,C 0.899 2.371 2 387 9 23 321 982 ft 185 0,5)0 881
(81 C-St-C, 0 856 2.492 2 147 1047 2 26 10 71 0414 0 516 7.65
19) C-SiCi 0813 2.623 2 510 11."0 113 11 95 0 398 0483 656
(10) C-C, 0.771 2.762 2 576 13 62 0 1363 0.3-19 0434 561
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FIGURE CAPTION
Fig. 2.1 (a) Schematic d e n s i t y  n f  s t a t e s  i n  a n  a m o r p h o u s

s e m i c o n d u c t o r  w i t h  l o c a l i z e d  s t a t e s  s h o w n  a s  t h e  s h a d e d  

r e g i o n s . ( b )  M o b i l i t y  g a p /  E v  t o  E , , c o r r e s p o n d i n g  t o  

a c c o m p a n y i n g  d e n s i t y  o £ s t a t e s .

F i g . 2 . 2  A b s o r p t i o n  e d g e  o f  a n  a m o r p h o u s  s e m i c o n d u c t o r .

R e g i o n  A ( G - B )  r e p r e s e n t s  a  s h o u l d e r  i n  t h e  o p t i c a l  

a b s o r p t i o n  f o r  < 1  c m \  r e g i o n  B ( T - 3 )  c o r r e s p o n d s  t o  a n
—  1 J _ '*

e x p o n e n t i a l  r e g i o n  f o r  1 cm < A  t  1 0  cm L,  R e g i o n  C ( 3 - B )

-1 -1r e f e r s  t o  a  s l o w l y  v a r y i n g  r e g i m e  r o r  > 1 0  c m " ( s e e  t e x t ) .  

F i g .  2 . 3  I n f r a r e d  s p e c t r u m  o f  a  h y d r o g e n a t e d  a m o r p h o u s

s i l i c o n  c a r b o n  a l l o y  f i l m ,  x = 0 . 5 0

F i d .  3 . 1  D i a g r a m  o f  a n  a m o r p h o u s  f i l m  o n  a s u b s t r a t e .

F i g .  4 ...1 S c h e m a t i c  o f  r £  g l o w  d i s c h a r g e  d e p o s i t i o n  s y s t e m

u s e d  i n  t h e  p r e p a r a t i o n  o f  s a m p l e s  u s e d  i n  t h i s  s t u d y .  

F i g .  4 . 2  S p a t i a l  d i s t r i b u t i o n  o f  p o t e n t i a l s  i n  a n  r f

r e a c t o r .  V , V ^ # a n d  a r e  t h e  p l a s m a  p o t e n t i a l ,  f l o a t i n g

p o t e n t i a l  a n d  s h e a t h  p o t e n t i a l ,  r e s p e c t i v e l y .

F i g . 4.3 D e t a i l e d  d i a g r a m  o f  t h e  s a m p l e  e l e c t r o d e  a s s e m b l y  

u s e d  i n  s a m p l e  p r e p a r a t i o n .

Fig. 4.4 Gas mixing a n d  flow control system.

Fig. 4.5 Gas neutralization and disposal system.
Fig. 4.6 The measured transmittance (T) and the
reflectances from both air (R ) and substrate (R ) side of3 S
an a-Si, C :H (x=0.17) film vs wavelength.X * X X



139

Fig. 4.7 Tauc plot for the determination of the optical
e n e r g y  g a p  p a r a m e t e r  E o p t  f r o m  t h e  e n e r g y  d e p e n d e n c e  o f

for an a-Si. C :H f i l m ,  l - x  x

Fig . 5 . 1  I n d e x  o f  r e f r a c t i o n  n v s  p h o t o n  e n e r g y  f o r

n i n e  a - S i ^  f i l m s .  C a r b o n  c o n t e n t s  a s  l i s t e d  h a v e  b e e n

d e t e r m i n e d  v i a  t h e  EMA ( s e e  t e x t  a n d  T a b l e  5 . 1 )

Fig . 5 . 2  E x t i n c t i o n  c o e f f i c i e n t  k v s  p h o t o n  e n e r g y  f o r

n i n e  a - S i ,  c . ( :H f i l m s .  C a r b o n  c o n t e n t s  a s  l i s t e d  h a v e  b e e n

d e t e r m i n e d  v i a  t h e  EMA ( s e e  t e x t  a n d  T a b l e  5 , 1 )

F i g .  5 . 3  R e a l  p a r t  C, o f  t h e  d i e l e c t r i c  c o n s t a n t  v s  p h o t o n

e n e r g y  f o r  n i n e  a - S i ^  C : H f i l m s .  C a r b o n  c o n t e n t s  a s  l i s t e d  

h a v e  b e e n  d e t e r m i n e d  v i a  t h e  EMA ( s e e  t e x t  a n d  T a b l e  5 . 1 )

F i g . 5 . A I m a g i n a r y  p a r t  C ^ o f  t h e  d i e l e c t r i c  c o n s t a n t  vs
p h o t o n  e n e r g y  f o r  n i n e  a - S i ^ ^ C  :H f i l m s .  C a r b o n  c o n t e n t s  as 
l i s t e d  h a v e  b e e n  d e t e r m i n e d  v i a  t h e  EMA ( s e e  t e x t  a n d  T a b l e  

5 . 1 )

F i g .  5 . 5  A b s o r p t i o n  c o e f f i c i e n t  v s  photon e n e r g y  for
nine a-Si^ C :H films. Carbon contents 1: x = 0.00 ; 2:
x = 0 . 16 3 : x = 0.2 8 ; 4: x = 0.38 ; 5 :  x = 0.54 ; 6 : x = 0.68 ; 7 :

x=O.03 ; 8 : x=0.96 ; 9: x=1.00

Fid. 5.6 6, vs photon energy for a-SiQ 62C0 38:H* Curve
1: experimental points; Curve 2: complete chemical ordering
with homogeneous dispersion; Curve 3: no chemical ordering; 
Curve 4; complete chemical ordering with phase separation. 

Fig. 5.7 vs photon energy for a-SiQ 62CQ 38*.H see Fig.
5.6 for labelling of curves.
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Fig. 5.8 Volume fractions of the various components of
the a-Sl^_xCx :H films as functions of 1-x (Si content). v 
represent amorphous tetrahedral, v represents amorphous 

polymeric, v represents amorphous graphitic, and vv
represents void.

Fig. 5.9 Atomic fractions of the three elements present
in these a-Sl^ c :H films, as function of 1-x (Si content) 
Fig. 5.10 C, and vs photon energy for a-SiQ

Comparison between experiment and theoretical prediction of 
EMA for complete chemical ordering with homogeneous 
d ispersion.
Fia. 5.11 £. and £. vs shoton energy for a-Si_ .. .C_ . . : H' a  J 0.34 0 . 16
Comparison between experiment and fheortical prediction of 
EMA for complete chemical ordering with homogeneous 
dispersion.
Fig. 5.12 Optical energy gap E _ _ vs volume fraction v   opr aq
of amorphous graphitic component for two sets of samples: 
a-Si, C :H (this work) and a-C:H (Ref 15)i X
Fig. 5,13 Optical energy gap ^opt vs carbon fraction x 
both for experiment and theory. Curve 1: prediction for
complete chemical order with homogeneous dispersion; Curve 

2: Complete chemical order with phase separation; Curve 3:
no chemical order.

Fig. 6.1 Absorbance of Si-H stretch V3 vavenumber for an 

as-deposited (TS=250°C) a-Si1_j(C :H film with x=0.17 and 
following anneals at the indicated temperatures.



141

Fig. 6 . 2 Deconvoluted spectrum for the absorbance of Si-H 
stretch vs vavenumber for an as-deposited (T„=250°C)3
a-Si, C :H film, with :<=0.17. Curve 1: experimental points;i ** A X

_ 1Curve 2: corresponds to 2035 cm peak; Curve 3: corresponds
to 2151cm  ̂ peak; Curve 4: corresponds to the fit (see text]
Fig, 5.3 Absorbance of C-H stretch vu vavenumber for an
as-deposited (T ^250°C) a-Si, C :M film, with x-0.17 ands 1 - X X
following anneals at the indicated temperatures.
Fig. 6.4 Deconvoluted spectrum for the absorbance of C-H 

stretch vs vavenumber for an .as-demonited (T -250°C)3
a-Si, C. :H film, with :<-0.17. Curve 1: experimental points;1 " X X
Curve 21 corresponds to 2300 err. 1 peak; Curve 3: corresponds 
to 2370 cm 1 peak; Curve 4: corresponds to 2015 cm-* peak;

_ iCurve St corresponds to 2950 cm * peak; Curve b: corresponds 
to the fit (see text)
Fig. 6 .5a Absorbance of Si-H rocking or wagging, Si-C, and 
Si-0 stretch vs vavenumber for an as-deposited (Ts=250°C) 
a-Si, C :H film, with x=0.17 and following anneals at the ̂ X X
indicated temperatures.

Fig. 6 .5b Absorbance of Si-H rocking or wagging, Si-C, 

and Si-0 stretch vs vavenumber for an a_sii-xcx :H film, with 
x=0.17 and following anneals at the indicated temperatures.
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Fig. 6 .6a Deconvoluted spectrum for the absorbance of Si-H 
rocking or wagging, Si-C, and 3i-0 :tretch v z  vavenumber 
for an as-deposited (Tr,-250°C) a-Si, c :H film with x=0.17.

w  1 * X  A

Curve 1: experimental points; Curve 2: corresponds to Gi-H
-1rocking or wagging ( v 5 5  cm ); Curve 3: corresponds to Gi-C 

stretch ( 795 cm Curve 4: corresponds to Ci-0 stretch
(909 cm ^ ); Curve 5 :  corresponds to the fit (see text).
Fig. 6 .6b The peak positions and the widths of Gi-C
stretch vs annealing temoerature for an a-Si, C :H filmX
with x = 0. 17
Fig. 0 . C- c The peak positions and the widths of Si-0
stretch vs ar.ne■■.■ling temperature for a n  a - S i ,  C :H film

1  - X  X

with :< = C . 17
F i g .  C . "  I n d e x  o f  r e t r a c t i o n  n v s  p h o t o n  e n e r g y  f o r  a n

as-deposited (T =250°C) a-Si, C :H film, with x=0.17 anda a - >: x
following anneals at the indicated temperatures.
Fig. 6.8 Extinction coefficient k vs photon energy for an 
as-deposited (T = 250°C) a-Si, C :H film, with x = 0.17 andS X X X
following anneals at t h e  indicated temperatures.

Flo■ 6.9 Real part 6, of the dielectric constant vs photon 
energy for an as-deposited (T =250°C) a-Si, C :H film, with3 1" X X
x=0.17 and following anneals at the indicated temperatures.
Fig. 6.10 Imaginary part of the dielectric constant vs
photon energy for an as-deposited (T =250°C) a-Si, C :Hs 1 —X X
film with x=0.17 and following anneals at the indicated 
temperatures.
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Fig. 6.11 Absorption coefficient vs photon energy for an 

as-deposited (T_ = 2f.0°C) m -SI. .C :H film, with x=0.17 andu I ^  iS

following anneals at the indicated temperatures.
Fig. 6.12 Optical energy gap EQpt vs annealing temperature 
for an as-deposited (T^-250°C) a-Si^^C :H film, with x-0.17 
Fig. 6.13 Optical energy gap EDpt V3 hydrogen concentration 
for an as-deposited (T.-=2fO°C) a-31- C :H film, with x=0.17fci -L X X
■and following anneals at the indicated temperatures.
Fig. 6.14 Inverse of the width (FWHM) of Si-C stretch (Aj[j

vs optical energy gap Z for an .13-depo3 i ted (T,^250°C)-1 / t  ̂j
a i 1 : H f i l m ,  with x=0.17 a n d  following anneals at
the Indicated t e m p e r a t u r e s  t r e e  t e x t ) .

Fla. 6.15 Inverse of the width (FWHM) of 3 i-O stretch
vs optical energy gap E , for an as-deposited (T =250°C)CpL s
a-3i^_xCx :H film, with x-0 .1? and following anneals at
the indicated temperatures (see text).
Fig. 6 .IS Absorbance of Si-H stretch vs wavenumber for
a-Si^_xCx :H films. Carbon contents as listed have been 
determined via SAM (see text).

Fla. 6.17 Absorbance of c-H stretch vs vavenumber for 
a-Si^_xCx :H films. Carbon contents as listed have been 
determined via SAM (see text).

Fig. 6.18 Absorbance of Si-H rocking or wagging, Si-C,

and Si-0 stretch vs vavenumber for a-Sij^ C :H films. Carbon 
contents as listed have been determined via SAM (see text).
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Fig. 6.19 Index of refraction n vs photon energy for 
a-SL^_xCx '.H films. Carbon content;' as lioted have been
determined via SAM (see text).
Fig. 6.20 Extinction coefficient k vs photon energy for 
a-Si^_xCx :H films. Carbon contents :.j listed have been
determined via SAM {see text;.
Fig. 6.21 Real part G, of the dielectric constant vs photon 
energy for a-Si, films. Carbon contents as listed
have been determined via SAM (see text).
Fig. & . 2 2  Imaginary part £. of the dielectric constant vs 
photon energy for a-Si^_ rw :H films. Carbon contents as 
listed have been determined via SAM (see text).
Fjg. n .2 3 Abs o rpt ion coefficient vs photon energy for
a-Si^ C^rH films. Carbon contents as listed have been
determined via CAM (see text).

Fig. 6.24 Optical energy gap Eopt vs carbon content (x)
for a-Si^^C^iH films. Carbon contents as listed have been 
determined via SAM (see text).

Fig. 6.25 Optical energy gap Eopt vs hydrogen concentration 

for a“Sii_xcx :H films. Carbon contents as listed have 
been determined via SAM (see text).

Fig. 6.26 Hydrogen concentration vs carbon content (x)
for a-Si^_xCx :H films. Carbon contents as listed have been 
determined via SAM {see text).
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Fig. 6.27 a;IR spectra of crystalline SiC as observed in the 
a-3i :H (x=0.17) film annealed at 1200°C b: IR spectra 

of crystalline SiC as shown in Gpitzer (see Ref.99)
Fig. 6.1 The normalized area (area/thickness) of various 

IR modes vs annealing temperature for an a-Si^ x“x*^ film 
with x-0.17 . Curve 1: correspond;- to Si-H stretch; Curve 2: 
corresponds to C-H stretch; Curve 3: corresponds to Si-H
rocking or wagging; Curve 1: corresponds to Si-0 stretch;
Curve 5: corresponds to Si-C stretch (see text)

Fig. 6 .11 The normalised area (area/thickness) of various 

IR modes vs carbon content (:■:) for a-Si.,_ C :H films. Curve4. X X
1; corresponds to :'i-C stretch; Curve 2: corresponds to C-H 
stretch; Curve 3: corresponds to 3 i-H rocking or wagging;
Curve 4: corresponds to 3i-0 stretch; Curve 5: corresponds
to Si-C stretch. Carbon contents as listed have been 
determined via SAM (see text)
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Appendix I 
5 5The tetrahedron model is developed for calculating C t

and CL of amorphous silicon-carbon (a-Si, C ) alloys using
Phillips-Van Vechten- Levine^^ dielectric model, along

17with the scaling procedure of Aspnes and Theeten. This
56type of approach was first discussed by Philipp, who

proposed that the optical response of films based on
silicon, oxygen, and nitrogen was determined by the response
of Si-centered tetrahedra such as Si-Sl^O^ and S i-s i

1 7( 17s 0,4). Aspnes and Theeten further developed this
4 9approach and combined it with the Bruggemann effective

medium approximation (EMA) and scaling of the dielectric 

function to determine 6, and G^for S i ( S iÔ , )K and Si|-){ (S I m ­
mixtures .
I. Tetrahedron model

The model considers Si- and C- centered tetrahedra 
( 1 . e . S i-S and , ij a©/ 4 ) as the fundamental
structural units determining the optical response of the
alloy, films. The dielectric function for the film may be

4 9defined via the Bruggemann EMA, given by the equations,

ifrfe = ° <a .h

where V; and G; are the volume fraction and dielectric 
function, respectively, of the ith component. In this model 

ve use ten components corresponding to ten distinct Si- and 
C- centered tetrahedra present in the films.
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For calculating the complex dielectric function ©
appropriate for the silicon-carbon alloy using the EMA
expressed in E q . (A.l) ve need to know V; and €̂* for the
individual Si- and C- centered tetrahedra. Wb will first
consider the volume fractions which are functions of the
individual tetrahedron volume V/ and tetrahedron
probabilities P; . We will then turn to the C; which will be

i
obtained from our measured € for a-Si:H using a scaling 
procedure whose parameters will be determined using the 
plasma sum rule and the dielectric model of Phillips, Van 
Vechten, and Levine . We note that although hydrogen
atoms have not been explicitly included at this stage in the 
Si- and C- centered tetrahedron model, their presence in 
a-Si, C :H alloy films has been at least indirectly taken 
into account in the model as the C; spectra for individual 
tetrahedra have been scaled from the © spectrum for a-Si;H 
which clearly does reflect the contribution of the 
incorporated hydrogen atoms.

A. Si- and C- centered tetrahedra:
Probabilities and volume fractions.

The probabilities P for the individual Si-Si^^C^ and 
C-Si^.jCjj (*)« 0-4) tetrahedra are functions both of the 
composition parameter x in these a-Si^ alloys and of the
type of chemical ordering present in the films. For the 
case of no chemical ordering i.e. no preferential bonding 
between Si and C atoms, the probability for a particular 
bond in a given tetrahedron is simply proportional to the
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fraction of atoms in the film available to complete that 
bond, i.e., (1-x) for a Si-Si bond in a Si* centered
tetrahedron or for C-Si bond in a C- centered tetrahedron. 
The total probability P for a given .tetrahedron is then 
equal to the product of (1) The probability for starting 
with a Si or C atom at the center of the tetrahedron. (2) 
The probabilities for the individual bonds within the 
tetrahedron. (3) A factor giving the number of possible 
ways of connecting the bonds within the tetrahedron. For 
example, for a Si-Si^ C tetrahedron, the resultant 
probability P = 4x(l-x)^ results from the product of four 
factors : (1-x) for having the Si atom at the center of the

3tetrahedron, (l~x) for having three Si atoms bonded to 
central Si atom, x for having one C atom bonded to the 
central Si atom, and a factor of 4 for the possible ways of 
connecting the three Si and one C atoms to the four bonds 
available in the tetrahedron. The resulting probabilities P{ 
for the ten possible tetrahedra for the case of no chemical 
ordering are listed in Table A.I .

For the cases of complete chemical ordering with 
homogeneous dispersion and with phase separation, the 
tetrahedron probabilities Pj must take into account the fact 
that, in a Si* rich alloy, for example, C atoms will be 
bonded only to Si atoms. To determine the P4* for Si-rich 
alloys, we begin by defining f(Si)=(l-x) and f(C)=x as the 
fractions of Si and C atoms in the film. Also,
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f,(Si)rf (Si)-f {C) = Cl-x)-x = (l-2x)
is the fraction of Si atoms which can bond to a given Si
atom and f(C)=f(C)=x is the fraction fo C atoms which can
bond to a given Si atom. We note that f^Si) i3 reduced
below f(Si)=(l-x) by an amount f(C)=x since a fraction of
f(C) of the Si atoms must have their bonds effectively tied
up by C atoms and thus, as a result of the complete chemical
ordering, are effectively unavailable to bond to other Si

iatoms. Finally,
^(Si)=fl(Si)/Cf1{Si)+fl(C)] = (l-2x)/(l-x)

is the fraction of all atoms which can bond to Si atoms
which are Si atoms. Likewise,

f^C)=f((C)/£f,(Si ) + f,(C)]-x/(l-x)
is the fraction of all atoms which can bond to Si atoms
which are C atoms.

The probability Pi for a Si-Si^C tetrahedron for the
case of complete chemical ordering with homogeneous
dispersion is given by 

3Fi=4f (SiJfjCSiJf^C)

The remaining for Si-rich and C-rich alloys for the case 
of homogeneous dispersion are given in Table A.I.

For the case of complete chemical ordering with phase 
separation, the only possible tetrahedra in a Si-rich alloy 
are Si-Si^, Si-C^, and C-Si^, where the first tetrahedron
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can be thought of as corresponding to a-Si and the remaining 
two as corresponding to a-SiC. The probability for the Si- 
Si^ tetrahedron is given by 

P4=f (Si)f^Si) (l)3

=(,'K)K r ^ T ]  '■<'-2x)
since if a single Si atom is bonded to the central Si atom, 
then all of the three remaining atoms must also be Si atoms 
(i.e. with unit probability). For the Si-C^ tetrahedron, we 
have

P4=f (Si)f.{C)(l)

~ (*->0 £ “ *
for similar reasons, v;hile for C-Si^ tetrahedron, we “have P- 

4=f(C)(l)=x due to the existence of complete chemical 
ordering with phase separation.

The tetrahedron probabilities for the case of no 
chemical ordering, complete chemical ordering with 
homogeneous dispersion, and complete chemical ordering with 
phase separation, respectively, are given in Table A.I.

The contribution of each tetrahedron to the optical 
response of an a-Si^ Cx:H alloy film is determined both by

Iits dielectric function and.its volume fraction V* in the 
film. The individual V; are given by V; , where V; is
the volume associated with the ith tetrahedron. For a 
tetrahedron with all like atoms, e.g., Si-Si^, the volume of 
the tetrahedron is given by vtet=8a/973, where a=d(Si-Si) is

Pthe Si-Si bond length, equal to 2.35 A . However, in
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crystalline Si, In order to account for the entire volume of
the crystal, the volume associated with each Si-Si

tetrahedron is actually V =3 v j-et* This extra factor of 3 is
necessary, for example, in calculating atomite densities.
Similarly, for tetrahedra such as Si-Si^C, we have ~
2aa (af3b)/9/3, where a=d(Si-3i) and b=d(Si-C)= 1.384 A .

Finally, for tetrahedra such as Si-Si2C2 we have v^et =
4a b (a -t-b ) / 3  S 3  , with a=d(Si-3i) and b=d(3l-C). Note that 

od(C-C)=1.542 A. Using these expressions for Vfc ^, and
including the necessary factor of three as discussed above,
the volumes V* associated with each of the ten tetrahedra are
listed in Table A.II.
B. Scaling of € , and

The dielectric response E; of the tetrahedra which are
listed in Table A.I are, in general, not directly available

17from experiment. Aspnes and Theeten have shown, however,

that it is possible to determine = C,+ i €A for each
tetrahedron by scaling from the measured E for amorphous 3i.
The measured £ for amorphous Si will in fact be taken to be
the C,- for the Si-Si^ tetrahedron. This scaling approach
is based on the expression.

€ . ( 6 ) - !  = C lt I X s J C . J U  ->] <A-2>
where E is the photon energy and C(i and Cai are scaling
parameters appropriate to the ith tetrahedron, to be defined 

below using the plasma sum rule and the Phillips-Van 
Vechten-Levine (PVVL)106 dielectric model. The scaled Ex
spectra for the tetrahedra will indirectly include the



208

effect of the hydrogen as we have scaled from our measured £ 
of a-Si:H

17Aspnes and Theeten have indicated that when Eq.(A.2) 
and the plasma sum rule given by

= < A '31
are taken together, then the following relationship between 
the scaling parameters C,£ and C ^ i  can be obtained:

*  [ j n t i J / n f a - s c v O j e i J .  ( A . 4 )

Here n(i) and n(a-Si:H) are the density of bonding electrons 
associated with the ith tetrahedron and with a-Si;H, 
respectively.

The scaling parameter for the energy will now be
shown to be simply related to E , the average energy gapS106-1G8parameter in FVVL dielectric model. We note that the
real part of Eq.(A.2), when evaluated at aero energy, can be 
written as

€ {iC0)-* = C,l C eia-U-.n (A. 5)

By using the expression C,Co5-l = Af-jr^)1* where A is a
® 2 ^ 

constant and fcuJp is the plasma energy ( UJP= l 4 J T Y i e / m  )
Eq.CA.5) can be written in the form ^

A  = Cit (A.6 )
Given that (tifeV)* oC Tnfi) and ( * u)f )z ^  n ( a - Si:m)* Eq.CA.6 )
can be rearranged to yield

c,.s c n ( i v v‘^ a - Si iM0 t V 4 ' S i l H ) ^ 6 » J a  <A*7)
Comparing Eq. (A.7) with equation (A.4), we can see that the
energy scaling parameter is given by

C*r E^Ca-Si.Hl/Eji (A.8)
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C. Dielectric model for the average energy gap parameter Eg
The average energy-gap parameter Eg of the dielectric

model of PVVL does not correspond to any particular energy
gap in the band structure, but rather is an average over all
the bands. As such, E can be calculated'.from the PVVLg
dielectric model using the following relationships which 
have been generalized to and are appropriate for the Si- 
centered tetrahedra listed in Table A.II (using the notation 
Si-Si^^Cjj)

t l -  e J + c 1, , -2-49
(A . 9a)
(A . 9 b )

<r>e ( f y - v ) f CSi-SO/if -t- i)rCSi-C)/4 (A . 9c)
{A . 9 d  )

b c O-oaq N* (A . 9 e )

Ks = (A . 9 f  )

K# = ^3TTin(t)],/3 <A . 9 g )

Here E H and C are the homopolar (covalent) and heteropolar 
(ionic) parts of E . <r> is one half of the average bondo
length between the central (Si) atom and the four other 
atoms in the tetrahedron, with r(Si-Si) = d(Si-Si)/2 = 1.176 
A, r(Si-C) =0.942 A and r(CTC)=3.771 A . In Eq.(A.9d) for 
C, = 4 and Z  ̂ = Zgi or Zc = 4 (as appropriate). The
average <Z^/r^> in Eq.(A.9d) is taken over the four atoms 
surrounding the central (Si) atom in the tetrahedron, with r 
= r(Si-Si) or r(C-C) as appropriate. Finally, is the
average coordination number of the atoms in the crystal
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(equal to 4 for Si^^C^ alloys), a6 is the Bohr radius, and
n(ij is the density of the bonding electrons in the ith
tetrahedron, given by n(i)= 4/Vj , where the are the
volumes associated with the tetrahedra in Table A. II.
Equations (A.9a)-(A.9g) are also appropriate for C-centered
tetrahedra (C-Si^C^, U  = 0-4), when r(Si-Si) and Zgi are
replaced by r(C-C) and Z^, respectively. We note that C,j
and for the Si-C^ and C-Si^ .tetrahedra listed in Table
A.II are identical , indicating that these two tetrahedra
have the same dielectric response, as expected.
II. Tetrahedron model - Predictions

Making use of the values of Cg and Ga; for the
individual tetrahedra listed in Table A.II and measured
dielectric function data for a-Si:H, we have used Eq.(A.2)
to generate scaled spectra for the Si- and C- centered
tetrahedra. The results which v?e have used for € ina-5l:H
the range 1.5 to 4,7 5 eV have been extrapolated down to 0 eV
using the single oscillator expression for see Eq.
(A14) of Ref 109. The £. and £, spectra for a-Si. C :H' * 1-x x
alloys will now be generated by using Ej of the Si- and C- 
cen^ered tetrahedra as the components in the EMA as
expressed by Eq.(A.l). The procedure for obtaining 6, and 
for a given composition x involves (1) choosing which type 
of chemical ordering is to be considered (2) calculate the 
appropriate probabilities I*(x) from Table A.I, (3) 
calculating the volume fractions DJ(x) for each tetrahedron
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according to
Vi<"> = Rf*> Vi / £ f?ooVt* 

where the Vi are the tetrahedron volumes listed in Table A.II
and the sum in the denominator is over all the possible
tetrahedra, Substituting the Ti(x) and the appropriate 6,̂
and from above for the tetrahedra into Eq.(A.l) we obtain
the resulting E, and G^ corresponding to the alloy of
composition x. Using the above procedure as outlined in
this Appendix wi* can calculate £, and for the tetrahedral
components .
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APPENDIX II
Peak positions for Si-H stretch for all bonding 

configurations using Lucovsky’s approach®^
Bonding configuration Frequency (cm-*)

Si-Si3H 2013
Si-Si0CH<- 2054
Si-SiC„H 2095
Si-C3H 2135
Si-SigOH 2103
Si-Si02H 2192
Si-03H 2232
Si-SiCOH 2144
Si-Co0H 2104
Si-C0oH 2233
Si-Si 0H n4-* l* 2339
Si-SiCH2 2119
Si-CgHo 2149
Si-SiOHn 2155
Si-CCH2 2185
Si-0^Ho 2220
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