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ABSTRACT

The prominant features in the obtical properties of
semiconductors due to the long range order and hence are
sensitive to disorder. In order to gain information about
the nature of disorder in hydrogenated amorphous silicon |
a-Si:H ) and hydrogenated and fiuorinaied amorphous sili-
con ( a-Si:F:H ) the Ramun scuttering, optical and modu
lated optical ( Electrolyte Electroreflectance, EER
spectra of {(a) high temperature thermally anneaied ( HTA ;
a-Si:H(B), as well us unannealed a Si:H(B) and a Si.H(P),
{b) heavily doped n-type a-Si:F:H with microcrystalline
\pcj structure and (c) lightly doped a Si:F:H were stu-
died.. Comparison had been made with the optical features
of crysfalline silicon ( ¢-Si ). EER studies of ion-
damaged, laser-annealed Si were also performed.

In the Raman spectra of (a) HTA-a-Si:H(B) and ")
a-S8i:F:H alloys with uc--structure we have observed Raman
frequencies intermediate between these of the =amorphous
phase ( 480 cm'l) and the crysta;line phase ( 522 cm~! ).
The ‘'results for Si:FEH have been interpreted in terms of
the pnc structure and the related relaxation of the q-
vector restrictions. However, the structure for the HTA-
a-Si:H are somewhat more compiex since there is also a

Fano-shift due to the high doping .ievel.
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For the modulatcd optical spectra we have obtained
energy features at 3.4 eV and 4.5 eV (which ure re.ated to
the opticul transitions for ¢-8i) in HTA-a--Si:H, heavily
doped n-type Si:F:H allqys. ( pc structure ) as well as
ion-demaged, laser-annealed Si. The EER spectra of HTA-
a-Si:H showed features very similar to the ion-damaged,
laser-annealed Si. No EER spectra was observed in unan-
nealed Si:H(B) und lightly doped n-type Si:F:H specimens.

The reflectivity and the imaginary part of thé
dielectric function, e€x4wW), of (a) high temperature un-
nealed, a8 well as unannealed, a-Si:H(B) and (b) n-type
Si:F:H alloys with uc structure héve been investigated in
the energy range t - 10 eV. Unannealed Si:H(B) showed the
featureless single bump spectra which is characteristics
of amorphous Si. However, we have found that the HTA-a
Sizn(ﬁ) and highly doped n-type Si:F:H samples exhibited
well-defined structures associated with those of c-Si. The
electron number per single Si-atom contributing the opti-
cal transi?ion is calculated from a .Kramers-Kronig

analysis.
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CHAPTER 1 I1LTRUDUCT1ON

A crystullinc semiconductor hus a periodic atomic
structure and hence exhibits a long range order (LRO).
The mucroscopic physical properiies of such a materiai
have been interpreted by the quantum theory of solids.
This theory of solids wus developed on the basis of the
iong range perioicity in order to simplify the calcula-
tion of physical quantities. Amorphous semiconductors,
us opposed to crystalline materialis, hauve an arrange--
ment of a2toms without periodicity. Without the sym-
metries resulting from periodicity, therefore, it is
more difficuit to caiculate their physical properties
using the one electron quantum theory of solids. Ioffe
und Regel ! have siated the empirical rule that amor-
phous materials wili retain their semiconducting pro-
perties in spite of the destruction of long range ord-
er, — if the non-crystulline phuse conserves the short
runge order present in the semiconducting crystal.
Thus, it 1is of considerable importance to study this
subject in order to understand the physical properties
of amorphous semiconduc:ors.

From the structural point of view a crystalline
semiconductor is an ordercd system whereas the amor
phous sce¢miconductor is a disordered one. Futhermore,

since the theoreticul understending of disordered sys-
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tems is still not well developed, it is important to
study the physical properties of amorphous semiconduc-

tor from u fundamental point of view. Raman scattering

is 4 sensitive tool to measure the vibrational stutes

of semiconductors from order to disorder. Opticul as
well as modulaied optical spectroscopies are sensitive
probes to study the electronic states of semiconduc-
tors. Therefore, in order to gain information about
the nature of disorder Ramun scattering, optical and
modulated optical experiment have been used to investi-
gate specimens of disordered Si alioy (Si:H and Si:P:H)
systems. Amorphous silicon was chosen because the cry-
stalline (ordered) state of this material has been ex-
tensively studied and is quite well understood. Thus we
can readily make a comparison of amorphous and crystal-
line properties. And also from the technological stand-
point, amorphous silicon is & semiconductor of consid-
erable current interest2-4.

1n amorphous silicon (a-Si), the continuous ran-
dom network model > ( CRN ) has been widely accepted.
An ideul CRN and a more realisiic structure which in-
cludes extrinsic disorder due to structural defects
{such as : dangling bonds, microvoid, etc.), have Ddeen
studied © for many years. The structural defects
depend heavily upon the mzthods uand the conditions of

preparation (snch «s Vacuum evaporation or spuitering,



the pressure of the working chamber, the temperature of
the substrate, introduction of hydrogen? and,/ or
fluorine 8 |, etc.).

One of the most important subjects in the
develiopment of semiconductor physics and electronic
devices is doping 7 : adding a small concentration of
impurities to crystalline silicon, thereby controlling
the electricai conductivity. It has been shown ’
that the electronic properties of a-Si and amorphous
germanium (a-Ge) prepared by plasma glow discharge
decomposition {(GDD) could be controiled over u remark-
ably wide range by substitutional doping introduced in
the gas phuase. Thin film spccimens have been prepared
by decomposing the mixture of silane gas { SiH, ) and
(a) diborune | B,Hg) for p-type doping, and (b) phos-
phine ( PH, ) or arsine ( AsH, ) for n-type doping.
Since hydrogen is incorporated into the CRN, its pres-
ence can greatly influence the structurzl and electron-
ic properties of the deposited material. The addition
of hydrogen ? to passivate the defects (terminate the
dangling bonds) allows the a-Si fiim to be doped suc-
cessfully. A hydrogenated amorphous silicon ( a-Si:H )
film prepated by plusma glow discharge decomposition of
silane gas changes its properties dratically at tem-
perature above 350 °cC, due to the effusion of

hydrogen 10-11 Therefore, it is importunt to find a new



dangling bond terminator which does not effuse at such
low temperatures. Fluorine (F) is such a candidate, be-
cause its binding energy with Si is higher than that of
H by as much as 60%. Also there is evidence that the
presence of F in a-Si will reduce the number of elec-
tronically active defect state (traps) in the gapa'lz.
Ovshinsky!2 and Madan et al.l3 have found a new
a-Si material which contains both hydrogen and
fluorine. This hydrogenated and fluorinated amorphous
silicon (a-Si:F:H) film is prepared by plasma glow
discharge decomposition of siiicon tetrafluorine (SiFa)
gas mixed with H, . The a-Si:F:H film has silicon and
fluorine as its major structural components. This new
alloy has overcome a number of proboemsl2 associated
with a-Si and a-Si:H. Other types of a-Si alloy ma-
terials such as purely fluorinated amorphous silicon
(a-Si:F) have also been studied by Matsumura et a1 14-16,
It has been demonstrated by Matsumura et alJ? that the
conductivity can be controlled by doping with boron or
phosphorus. They have investigated the structure of a-
Si:F with transmission electron microscope - (TEM), in-
frared absorption (IR), Rutherford backscattering meas-
ureménts and structural changes in this material due to
chemical etching. Their results suggested that a-Si:F
allby‘consists of many pure a-Si grains of about 40 Z

in size, and that the enlargement of the grain size is



a key factor to improve the properties of a-Si:F such
as photoconductivity. They have also examined Si:F vi-
brations in a-Si:F and a-Si:F:H alioys2*182! | 1t ig
important to futher study the naturé of the bonding in
this new alloy which appears to differ from the bonding
of the other a-Si compounds.

Within the past two years several groupsl?,22-26
have reported the observation of the microcrystalline {
Mc ) phase in thin films of the Si:H and Si:F;H alloy
systems. They have prepared their samples under vari-
ous conditions. The particle size of the ac~-Si “"parti-
cle" are 20 A - 100 A. The preparation of thin fiims of
microcrystalline Si(pc-5i) and Ge (nc-Ge) via chemical
transport in u hydrogen plasma wus reported in 1968 by

17 -and jc-Si alioys have also been

Vepr&k and Mar&cek
produced by deposition from silane diiuted to a few
mole ¥ by hydrogen in a discharge operating at a high
power level?Z During the past years, pc-Si has re-
ceived considerable attention because of its possibie
application such as contact interlayers in solar cell

23-25, It has been found that during the deposition of
silicon. from Si/H,‘in 4 low pressure discharge plasma,
the decisive paraﬁeter controlling the formation of ei-
ther an amorphous or crystalline phase is the departure
of the system.from chemical equilibrium. In +the case

of fluorinated a-Si, the presence of high concentraticn



- 6 -
of P- or As-doping, results in pc-structure26 .

It is of considerable intérest to investigate the
¢lectronic and vibrational properiies of (a) high tem-
perature annealed Si:H(B) as well as unannealed a-
Si:H(B) and a-Si:H(P), ib) highly doped a-Si:F:H wiih
microcrystaliine structure, (c) lightly doped a--Si:F:H
alioy systems. In order to obtain information about
the vibrational states of specimens, we have investi-
gated these modes using Raman scattering spectiroscopy.
Optical and modudated optical spectroscopies are two of
the several sensitive tools used to study the evolution
of the electronic states from order to disorder of sil-
icon alloys. In order to understand the electironic
properéies of a-8i, pc-Si and c-Si alloy systems we
have measured the optical reflectance and EER spectra
of these specimens.

The first order Raman active spectrum provides a
fast and convenient method of determiniﬁg whether‘a
s8ilicon film is crystalline, microcrystalline or amor-
ppous. Because the interaction requires the conserva-
tiog.of momentﬁm in ¢-8i, fhe first order Raman active
mode.inVOIVes only the zone center (@=0) optical phonon

1 which gives rise to a single spectral

at W= 522 cm”
line with a full width at half maximun ( FWHM ) of
about 4 cm-! at room temperature. But in a-Si the pho--

~non momentum is not a good quantum number due to the
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luck of transiational symmetry. Therefore, this Raman
spectra’ exhibits broad peaks, the most prominent one
being around 480 cm~! which reflects the phonon density
of states of the transverse optiéal ( TO ) modes at the
zone boundary. It has been shown by i1qbal et al,l3
that polycrystalline films with a measured grain size

of the order of 100 A have Raman.frequencies of 520 ciil

and a 1linewidth ~7 crn-l . We have observed a micro-

‘crystalline phase of silicon in heavy As- or p-doped

. Tanaka et al.?? also reported observing u
pmc-phase in highly P-doped Si:F:H alloy. Hamasaki et
al.ao have produced crystallization in P-doped a-Si:H
by applying high radio frequency (RF) power during .the
crystal formation process. It is important to point out
that the occurance bf"pc-Si is desirable for solar
~cell contacts27-28 pecause of higher electrical conduc-
tivity and lower optical absorption.

We have also measured the first order- Raman ac-
tive spectra of high temperature annealed boron dopéd
a-S5i:H specimens. We found that Raman frequencies of
. these samples are‘ around 517 cm‘l but that the Raman
linewidth is narrower thun the highly P- or As- doped
a-Si:F:H alloys. Therefore, the high temperature an-
nealing improves the crystaliine structure of silicon.

There are two known mechanisms which result in a down

shift of the frequency of the zone center optical pho--
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non : (a) finite particle size and (b) Fano shift due
to the interactidh of a continum, i.e. free carriers,
with the phonons3! . In the highly P- or As-doped a-
Si:F:H samples that exhibited mc structure only a smelil
fraction of +the dopants are substitutional, and have
the down shift is mainly due to finite size effects.
However, for the high +temperaturc annealed case, a
higher fraction of the dopants are substitutional, the
down shift of Raman frequency associated with c¢-Si is a
Fano shift due to the high doping leveldl .

In order to understand the electronic states of
Si:H and Si:F;H alloy we have utilized optical and
modulated ( electroreflectance ) techniques. Since the
optical properties are affected by the LRO of the ma-
terial they are quite sensitive to disorder. The most
useful modulation technique has proven32 to be elec-
troreflectance ( ER ) or electroabsorption { EA ). Both
of these methods provide the sharpest structures since
they are related to the third-order derivative of the
unperturbed optical dielectric functions32-35 . Okamoto
e% al.36 have reporﬁed energy features in the elec-
troreflectance spec¥ra— of a-Si:H near the fundamental
optical edge (1.8 eV). Freeman et al.3?7 have also re-
ported ER spectra possessing only one distinct peak
(1.8 eV) in sfuttered a-Si:H. Nonomura et a1.38 have

studied the ER spectra of 2-8Si:H which is made by RF
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Plasma deposition from silane ( SiHg4 ) diiuted with hy-
drogen to 10 %. The energy feature of ER spectra at 2
eV. The energy featurcs above 2 eV in EER spectra were
first found by Tsu et al.27. These féatures above 2 eV
(i.e. 3.4 eV and 4.5 eV) in the EER spectru of heavily
P~ or As-doped Si:F:H alloys are associated with the
crystallinity of Si. We will show how the optical and
modulated optical properties of semiconductors are sen-
sitive to the degree of crystallinity.

We have characterized several Si:H and Si:F.H al-
loy systems using the EER modulation technique. We have
seen the 3.4 eV and 4.5 eV energy features, which can
be associated with optical structure of c-Si3*=3% | in
the EER spectra for (a) heuvily P- or As-doped Si:F:H
alloys with pc structure and (b)'high temperature ther-
mally annealed boron doped Si:H alloys. All of +these
samples also exhibited a down shift of Raman frequency
from the 522 cm’lpeak of.c-Si. Therefore Wwe conclude
that these peaks at 3.4 eV and 4.5 eV originate from
the crystalline-like structure of these alloy systems.
Ve have also meaqured ‘the EER spectra for an ion-
déﬁééed silicon wafér that has been laser-annealed with
different power dénsities. We found that the EER spec-
tra of thermally annealed Si:H(B) are very similar to

the specira of the ion-damaged, laser-anncaled Si sam-

ples.
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In order to gain more information about the elec-
tronic properties of these HTA-a-Si:H(B) and uc-Si:F:H
materials we measured the reflectivity of these sample
using a very high precision rotating light-pipe reflec-
tometer (RLPR)39-41 | fThe complex dielectric function
of a solid is related to its electronic band structure.
One method of determining the dielectric function con-
sists of measuring the reflectance at near normal in-
cidence over a sufficiently large range of photon ener-
gies and wusing a Kramers-Kronig (K.K.) analysis. Two
optical constants n and k ( or el(w) and ez(w) ) can be
determined from the K.K. anzlysis. The imaginary part
of the dielectric function ezuo) is sensitive to struc-
tural order. .

We have carried ‘out the measurement of the re-
flectuance spectra for several As- or P-doped Si:F:H al-
loys and the thermally annealed, B-doped Si:H alloys.
The results of refiectance spectra and imaginary purt
of dielectric function for all measured specimens
showed that the samples of heavily P- or As-doped
Si:F:H alloy have formed a amc structure of Si and the
sample of thermally annealed B-doped Si-:H alloys
showed a« high degree of crystallinity (large Jpc struc-
ture). The thermal anneaiing improves the degree of
crystaliinity. The unanncaled a-Si:H(B) shows a single

bump for éi«o)' characieristic of a-Si.
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The change of the short range order has a shift
the joint density of states. 1t should also alter the
optical transition matrix elements. HMost 1likely these
changes are responsible for the large variation of the
height of the 61“0) peak. We applied the sum rule to
the ei(a)) spectra to calculate the effective number n
(E) of electrons per Si atom which have been exicted at

g8iven energy E. The expression for the sum rule is

written in the following formula:
m E ] ] ’
n (E)-_____/ E'E€,(E )QE'

eff 26717 ?N /) 2

where m is the rest mass of electron, e is the charge
of electron and N is the density of Si crystal.

The major differences and similarities in the
structure of amorphous and crystaliine Si are dicussed
in chapter II. We were interested in some of the elec-
tronic and vidrational properties of a-Si al.ioys.
Therefore, we described some of the problems and new
development of a-Si semiconductors in recent years. The
last section of this chapter is concerned with major
aspects of electronic and vibrational states in the
presence of microcrystalline structure of silicon. Ve
also included a description of properties of electronic
conduction of a-Si semiconductors in this chapter.

In chapter III, section 1 give the characteris-



‘.

tics we describe the sample prepartion metnod and of
the specimen. A general description of the theory of

Ruman scattering is given in section 2. The experimen-—
tal setup and details about Raman scattering spectros-
copy, results and interpretation are also given in this

section. Section 3 gives a general description of

electroreflectance (EER) theory, the EER experimental

set up, the EER experimental results and data interpre-
tation. Optical reflectance studies including theory,

experimental technique, results and data interpretation

ure described in the last section of chapter III.
In chapter IV we summarize all of the results of
the optical, modulated optical and Raman scattering
studies. We discuss all of the results which have been
obtuined by these three experimental techniques. The

conclusions of this investigation are aiso given in

chapter 1IV.



CLHAPTER Il AMCRPHQUS SiLICON SEMICOWDUCTORS

4 an

During the last few years interest in the funda-

mental and applied aspects of amorphous semiconductors
has grown rapidly. This chapter is a brief synopsis of

the consenus of thought on the nature of the salient

properties of amorphous silicon (a-Si) semiconductors.
Ve give & brief historical survey of the work and the
present interest in the a-Si semiconductors. W¥We would
especially 1like to concenirate on the description of
the recent experimental results and explanations in mi-
crocrystalline silicon ( mc-Si) alloys. Theoretica.
considerations and important background information on
4-Si and puc-Si  alloy systems, especially their elec-
tronic, and vibrational properties are presented.

A crystal is defined a8 a substance consisting of
atoms arranged in a paitern that repeats periodically
in three dimensions. Amorphous semiconductors in gen-
eral do not have a definite arrangement aof periodic
structure. Howover there is a definite short range

order(SRO). The short range order is characterized by
the nearest neighbor atoms.

| In crystalline material the electronic states can
be described by Bloch functions. Because amorphous sem-
iconductors lack a periodic structure the -eliectron
states cannot be described by Bloch states. It is dif-

ficult to caiculate the electronic states of amorphous
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solids from first principle becuuse of the lack of cry-
stalline periodicity. However, for those amorphous ma-

terials with the same short-range order a8 in a

corresponding crystal, the one electron density of

states of +the former can be estimated from the latter
by the introduction of a non-k-conserving perturbation.
This perturbation destroys both the validity of k as a

800d quantum number and the concepts of a Brillouin

zone. In addition, it removes the Van Hove singulari-
ties from the density of states and, most important of
all, it renders Bloch's theorem invalid.

Application of a non-k-conserving perturbation to
the periodic potential of a crystalline semiconductor
clearly will shift states from the valence and conduc-
tion bYands into the forbidden gap, thus creating band
tails. There have also been many theoretical studies of
the electronic structure of a-Si and a-Ge, including a
study of the band structure of the normal crystalline
phase under the influence of specific kinds of disord -

er. Some of the investigators, Ziman42 , Kramer and

Treusch 43 y Cohen et al.aa and Joannopoulos et al43
were among the first attempting to theoretically calcu-
late the density of states. Later on, Singhﬁ6, Tanaka
and Tsu47 have determined the various kinds of specific

disorder on the band structure of Si. They considered

small distortions, including extensions and contrac-
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tions of bond lengths, various bond angle changes, and
dihedral angle vuriations from the normal crystalline
phuse of Si. The modei which they used wuas a realistic

tight-binding Hamiltonian including third nearest

neighbor interactions decribing the electronic states

of amorphous Si. A number of modeis such as the struc
tural, compositional, cellular, quantitative, and topo-

logical have been investigated. The model of purely to-

pological disorder, as represented by the Hamiltonian

used by Weaire and Thorpeas-ﬂ%esults in a description
of the behavior of bands and band gaps in tetrahedrally
bonded semiconductor silicon. A Hamiitionian
representing pure compositional disorder that is sug-
gested by Anderson3! provides the key for the under-
stunding of electron localization in a disordered sys-—
tem. These ideulized models are used as a skeletal

basis for understanding the electronic properties of

a-8i semiconductors.
Joffe and Regell have stated the empirical rule

thet amorphous semiconductors retains its semiconduci-
ing properties in spite of the destruction of the LRO
if the non-crystalline phase conserves the SRO present
in the related semiconducting crysial. The short range
order was characterized by the number of atoms in, and
the radius of, the first coordination sphere.

The most generally accepted structural model for
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a-Si is the continuous random network ( CRN ) due to
Polk ° . A schematic of CRN modei is shown in
Fig.(Z.l)sz . According to this model, a-Si consists of
an infinite, non-periodic three dimensional array of
interlinked atoms. The SRO ubout each atom results from
the same chemical bond as in c¢-Si. The structure of
this covalently-bonded a-Si has the following principal

feutures: (1) each atom has equal coordination; (2)

bond anglie deviation is ailowed ; \3) there are no dan-

gling bonds; (4) the bond ungle is minimized. The ran-
dom character of the network resuits from a statistical
distribution of dihedral angle and bond angle. The
dihedral angle is the relative orientation of triads of

bonds emanating from two neaurest neighbors and has been

discussed by Mott and Davis 533 ., The CRN model

represents an ideal structure for a-Si which is free of
voids, impurities, dangling bonds, and other defects.
It is of considerably importance to wunderstand
the gap states in a-Si. In crystalline matierials each
electron can be described by a Bloch wave function.
Mott and Davis 53 have shown, however that it is not
necessary to use this particular function aithough the
Schrodinger solution must exist. Thercefore, a common
concept which can be carried over from c¢-Si to a-Si is
the density of states ( DOS ). The DOS can be deter-

mined experimentally by soft x-ruy emission and a2bsorp-
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tion, x-ray photo-electron emission, UV spectroscopysa
=58 etc. Generally speaking, the DOS in a-Si does not

differ greatly from that of c-Si except that the fine

features may be smeared out3? , and some localized

states may appear in the energy gap in a-Si. One of

the effects of disorder on the electron states in the

gap of amorphous semiconductors was given by Gubanov6°,

who suggested that the conduction and valence band

into the gap and that in the tails the
1

edges tailed
states were localized in space. Later, Cohen et al.6
introduced the Cohen-Fritzsche-Ovshinsky \ CFO ) model
in which the tails were considered to be sufficiently
extended that they overlapped near the center of the
gap. They assumed that the tail states extend across
the gap in a structureless distribution. This general
8radual decrease in the number of localized states des-
troys the sharpness of the conduction and valence band
edges. The overlap of the cnduction and valence band
tails 1leads to an appreciable DOS in the middle of the
8ap. One consequence of the band overlap is that there
are states in the valence band, ordinarily filled,
which have higher energies than states in the conduc-
tion bapd that are ordinarily unfiiled. A redistridbu-
tion of the electrons must tuke place, forming fililed
states in the conduction band tail which are negatively

charged, and empty stzties in the valence band which are
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positively charged. Thus, self-compensation pins the
Fermi level close to the middle of the gap. However,
one of the major objections against the CFO model had

to do with the observed high transparency of the amor-

phous chalcogenides below a well-defined absorption

edge. Therefore Davis and Mott53 proposed that tails of
localized states should be rather narrow and should ex-
tend only a few tenths of an electron volt into the
forbidden gap. They also suggested the existence of a
band of compensated levels near the middle of the gap,
originating from defects in the random network, such as
voids, vacancies, and dangling bonds. This model is
called the Davis-Mott modei®3. The band at mid-gap may
be split into donor states and acceptor states, which
would also pin the Fermi level. This is called the
modified Davis-Mott model . The density of states is
illustrated for the CFO model in Fig.(2;2a), for the
Davis-Mott model in Fig.(2.2b), and for the modified
Davis-Mott model in Fig.(2.2c). Fig.(2.2d) illustrate
the DOS for a real glass with defects. In each of the
figures, the states are localized for E ,< E < E_and
extened elsewhere. In Fig.(2.2b) for energies above E,
and below E, the electron wave functions extend
throughout the material so that these states, denoted

by E, are extcnded states. The states between E, and

E, (shown shuded in the figure) are 1oczlized states.



These marked T between E, and E, and between E, and
Egare thought to arise because of the lack of LRO and
are called tail states. The states denoted by D arise
from defects in the material and the density of these
depends critically on the method used to prepare the
amorphous film. Mott>3 also suggested that at the

transition from loculized states to extended states the
mobility should increase by several orders of magni-
tude, producing a mobility edge. The interval between
the energies E. and E, acts as a pseudogap and is de-
fined as the mobility gap. in recent years experimental
evidence has shown62 that various localized gap states
exist which are located at well-defined energies in the
na-

gap. These states are associated with defects, the

ture of which is not always known. For most of the

amorphous semiconductors prepared by fast deposition
from the vapor phase, there will be appreciable densi-
ties of different types of structural defects, some of
vhich may be examined by electron spin resonance ( ESR
)62 ]
The Dundee group63 were stimulated by the new
concepts and ideas that had been introduced by Mott and
others and the initial aim of their work in 1968 was to
provide some reasonably conclusive experimental tests

of the proposed models and transport mechanisms. After

investigating evaporated, sputtered and glow discharge
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films of u-Si, they concluded at the early slage of the
work that the plasma giow discharge decomposition tech-
nique wus the most promising approach for their pur-
pose. It led to material in which the basic properties
of the amorphous phase werc not obscured by the pres-
ence of high density of states. For this reason, since
1969, some of the investigators concentrated their ef-
forts on the development of the plasma glow discharge
decomposition method for the preparation of a-Si thin

films.

The first electron drift mobility results on glow
discharge a-Si were published by Spear and Le Comber64
in 1970. From the temperature dependence of the drift
mobility and conductivity they came to the conclusion

that above about 250 °K electrons propagate in the ex-

tended states with mobility between 1 and 10 cm 2yl

Sec”!. Below that temperature, phonon assisted hopping
through localized states near the bottom of the band
tail begins to predominate and eventually, with de-
creasing temperature, the conduction path moves towards
the Fermi level. This interpretations, which supported
some of Mott's basic ideas, appears to have stood the
test of time.

Although band tails can have very significant ef-
fects on the electronic properties of amorphous sem-

iconductors and the breaskdown of the selection rule can
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seriously modify the opticul properties, the presence
of disorder has much more profound consequence for
transport. Since Bloch states in crystalline materials
extend through the crystal, free carriers are scattered
only by deviations from periodicity. in the absence of
long range order, it is possible that valence and con-
duction electronic states are localized in the vicinity
of a particular atom.

Cohen et at.®! assumed the existence of band tails
and mobility edges for amorphous silicon, thus yield-
ing a finite density of states at the Fermi energy, g(E
). They also assumed that all atoms locally satisfied
their chemical valence requirementis, thus precluding
the existance of sharp bumps within the mobility gap,
as occurs in doped crystalline semiconductions Their
model provides a useful structure for the analysis of
transport and optical date.

Extensive band tails should be an evident in or-
dinary optical absorption experiments. In crystalline
semiconductors, the material is essentially transparent
to 1light of frequency below that of energy gap, and
optical-absorption coefficients rapidly increase with
photon frequencies above the gap. It might be expected
that if there exist band tail states, the optical-
absorption coefficient should begin to increase with

photon frequencies well below the mobility gap, and
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this increase should not be as shurp as in the case of
the corresponding crystalline semiconductor gap.
Experimental information on gap state distribu-
tion was evidently of considerable importance. Spear et
al.65 developed a field effect technique for this pur-
pose. They carried out a fairiy detailed study of the
optical and photoconductive properties of &low
discharge a-Si. The most striking feature brought out
by the early field effect work was the remarkly low
overall density of states that could be achieved in
glow discharge a-Si deposited at substrate temperature
around 250 oC. Density of states g(E) in the center of
the gap appeared to be at least two orders of magnitude
lower than in evaporated or sputtered a-Si. The failure
of doping on these materials is due to a large density
of s8tates in the energy gap. In 1975 Le Comber and
Spear63-685howed the electronic properties of a-Si could
be controlled by substitutional doping in a systematic
way over a remarkably wide range. The possibility of
substitutional doping has removed one of the main limi-
tations and opened up an exciting new field for funda-
mental and applied developments. The information on
the nature and structure of the defects in tetrahedral-
ly coordinated amorphous materials obtained by Brodsky
and his colleageu562 , Paul's group66, Stuke and his

collaborators 7 . Brodsky et al.6% nad suggested that



one of the reasons for the promising properties of glow

discharge a-Si might be the incorporation of hydrogen
which serves to saturate danging bonds during growth.
The most important development in this direction was
reported by the work of Lewis et 11.% at Harvard in
1974 on influence of the hydrogen atom of sputtered a-
Ge films. In 1976 Paul and his colleagues were able to
show 9 that the addition of hydrogen to the Argon
sputtering gas has a drastic effect on the electronic
properties of the sputtered a-Si thin films. The hy-
drogenated amorphous silicon ( a-Si:H ) materials can
now be doped with reasonable efficiency by the addition
of phosphine, arsine or diborane and this result has
contributed to the present applied interest in a-Si
semiconductors. The role of hydrogen in amorphous sem-
iconductors has stimulated a great deal of experimental
work. Various methods of incorporating hydrogen in a-

Si have been exumined.

It is pertinent at this point of our discussion
to present a short account of deposition techniques.

Essentially five techniques have been used to date,
such as (a) plasma glow discharge deposition, (b) RF
sputtering, (c) ion implantation, (d) thermal diffusion
hydrogenated process and (e) chemical vapor deposition
(CVD) for the preparation of doped a-8i semiconductors.

However, the glow dischurge technique has received a
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considerable amount of attention in recent years since
it was used in the first successful doping experiments
on a-Si and a-Ge by Spear and Le Comber65 in 1975.
Thin film specimens of a-S5Si or a-Ge were formed by
decomposing the corresponding hydrides silane (Siﬂa )
or germane (GeH, ) in a radio frequency field, The
povwer level is small, typically a few watts, and fre-
quencies between 1 and 100 MHz have been tried. The
electronic properties of deposited specimens are criti-
cally dependent on a number of varriables such as the
temperature of the substrate during deposition, flow
rates and partial pressure of mixed gases, power level
of RF, the bias on specimens and other surfaces, doping
type and level, etc. Doping from the gas phase can be
achieved by adding phosphine (PH,) or diborane (BZH6 )
to the siiune. The room temperature conductivity of
a-Si prepared in this way is shown in PFig.(2.3) as a
function of gas composition65. On the right-hand side
this is the ratio of the number of phosphine to the
number of silane molecules in the guas mixture, whereas
on the left the corresponding diborane to éilane ratio
is shown. 1In the center of the graph, the conductivi-
ties of 1078 to 1092 co? are representative of un-
doped glow discharge specimens. The results demonstrate
clearly that 6RT can be controliled over some ten oredrs

of magnitude, from 10712 to 10741 ep! , with both n- und
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p-type doping, as the Fermi level is moved over approx-

imately 1.2 eV.

In this paragraph we summarize the electronic co-
ductivity is described by the electron transport theory
of solids. The electron density, n(E), at a particular
energy can Dbe expressed53 in terms of the density of
states, g(E), at that energy and the Fermi-Dirac dis-

tribution function, f(E)

R(E) = G(E)£(E) —----omoommmmee (2.1)

and

f(E) = [l + exp(IE-EI_.)/KB‘I']-l --(2.2)

in which Ep is the Fermi energy. 1f the kinetic ener-
gies 'of electron 1is restricted to be more than a few
KgT away from Ep ,then we can used Boltzmann distribu-
tion function to describe the occupancy of states, so
that n(E) becomes

n(E) = g(E)exp [-(E-Ep)/KyT] --=(2.3)

In a material with mobilities of the order 1-10 cm=2
JVSec, the mean free path becomes comparable with lat-
tice constant — the Boltzmann equation is no 1longer
suited to deécribed the transport proeprties of the
electron. The concept of Anderson locayization has
often played a key role in the interpretation of tran-

sport phenomena for amorphous semiconductors. The
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valence and conduction bands are considered to have the
schematic form shown in Fig.(2.2), with mobility edges
separating extended and 1localized states, the latter
making no contribution to the conductivity & at T=0°K.
The localization of elections by disorder has been stu-

51, However, the general expression

‘died by Arderson
for the conductivity53 is the Kubo-Greenwood formula,
from which the Boltzmann equation can be derived in the
limit of long mean free pauth. When the states involved
in the conductivity ure several KgT above the Fermi en-

ergy, the Kubo-Greenwood formula takes the form
6 = fep(E)n(E)dE ~----oommmiooomooaoo (2.4)

where pn(E) is the mobility gap- The contribution to
the conductivity from the electron at any particular

energyvis &iven by:
6(E) = en(E)n(E)----=cmmmmmcmccee o (2.5)

6(E) = en(E)g(E)exp (-(E-Eg) /KgT] -=-=(2.6)

A similar expression can be written for the hole con-
tribution. We shall restrict the discuséion to elec-
tron case. In a pure crystal, g(E) is zero within the
energy gap so that 6(E) will aléo be zero in this ener-
& - In the amorphous case g(E) is finite throughout the
whole energy range so that we can expect contributions

to the conductivity from each of these energies. From



- 27 -

Eq..2.6, it 1is clear that the details of the mobility
in the various cecnergy ranges is as important as the
density of states and the occupancy of thosc states in
determining the magnitude of conductivity.

The traunsport properties of amorphous semiconduc-
tors are dominated by carries within KgT of the energy
at fthe mobility gap. Thus, the localized siates in the
band tails near the mobility gap and trapping from the
deeper states present a substantial influence to elec-
tronic conduction process in amorphous semiconductors.

Near the'hobility edge, the conventional expres-
sion for semiconduction transport may stiil be applica-
ble, i.e.

- 6 = Nce peexp (~(E¢-Ep) /KgT) + Nye upexp(-(Ep-Ey)/KgT)

——————emee- (2.7

where Nc and Nv are the effective densities of states
in the conduction and valence bands, p, and p, are the
electron and hole mobilities beyond the mobility edges,
and Ec and Ev are the positions of the conduction and
yalence band ﬁobilty edges, respectively} Eq.(2.7)
would yield a log6: vs. T~! plot that is either a sin-
8le straight line or t;b intersecting straight 1lines.
On the other hand, a diffuse mobility edge should yieid
a concave upward curve on a plot of logs vs. 1 ,

reflecting the fact that at lower temperature the con-
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ductivity is dominated by relatively iow mobiiity car-
riers much closer to the Fermi energy.

If the suggestion of Cohen et al.6! that a
finite g(Ep ) exists is correct, the Fermi energy would
then appear to be pinned in the sense that conductivituy
would be quite insensitive to substitution doping or to
the injection of excess carriers. In addition, the
redistribution of electrons which should leave rela-
tively high-energy valence-band states above EF should
create relatively large densities of unpaired eiectron
spins these would be expected to be observable in elec-
tron spin resonance (ESR) experiments and a Curie term
in the magnetic suscep?ibility.

Mott’® has pointed out that for a sufficiently
large g(EF ) phonbn—assisted hopping among localized
states near EF might well predominates band-like con-
tribution beyond +the mobility edges at sufficient low
temperatures. He further suggested that at very 1low
temperatures, when very few energtic phonons are
present, such hopping conduction would invoive hopping
beyond nearest neighbors.  Mott showed that for this

mechanism of v the

conductivity varies as
. 1/4 :
6 = Goexp(~(Tg/T) /™) oo (2.8)

where &  and T, are constants. When Eq(2.8) is valid,
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a logqG vs. p-! plot 1is concave upward, but a logs
vs. T'llaplot should be linear.

The possibility of variable-range hopping actual-
ly somewhat muddles the test for the existance of sharp
mobility edges. A linear plot of log6s vs. r-1 could
indicate either band-like conduction beyond a sharp mo-
bility edge or phonon-assisted localized states. Al-
-1

ternatively, a concave upward log vs. T plot could

reflect either the absence of a sharp mobility edge or
the predominance of variable-range hopping conduction.
Measurements of fieid effect and eiectron spin
resonance (ESR) have g8iven some evidence ® for the
presence of unsaturated dangling bonds. However, it has
recently Dbeen noted that the ESR signal may also have
contribution from defect states in the case of a-Si
films prepared by ion-damaged c-Si or by sputtering
deposition. Many properties of a-Si are not intrinsic
to the material, but are due to structural defects, be-
cause many defect states exist 1inside the gap. For
this reason one could not control the electrical pro-
perties of a-Si by doping with impurities. First of
all we need to reduce the large numbers of defects
which arise during the film preparation. Fortunately

64,65 have found that a-Si films prepared

Spear et al.
by the decomposition of silane gas wusing a glow

discharge piasma had reduced the densities of dangling
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bonds to undetectable levels (< 1016/cm3 ). For these
filhs we can proceed to change the electrical proper-
ties by controlling the concentration of extrinsic
dopants.

Contrblling the extrinsic dopants changes the
optical as well as electrical properties of a-Si films.
For example, photoluminescence, AC conductivity and ESR
are affected. 1In GDD-a-Si:H films no ESR signal has
been observed and normal activated DC conduction is
found. Similar properties have been observed in materi-
als which are prepared by sputtering in an Ar/H atmos-
phere. The main effects of the hydrogen incorporated
into the film is to saturate most of the dangling
bonds. Street et al.’! have demonstrated that in un-
doped a-Si:H specimens prepared under varying deposi-
tion conditions, the photoluminescence intensity is
correlated with the spin density. It has been deduced
that non-radiative recombination occurs by tunneling to
defect states with nonzero spin. Bombardment of a-Si:H
samples by either high energy electrons or He ions in-
troduces structurul defects that quench the band edge
luminescence. Annealing of bombarded a-8i films removes
the structural defects , as shown by the reduced ESR
aignal and enhanced luminescence intensity. Generally
amorphous semiconductors will exhibit, in a certain

frequency range, AC conductivity which is dependent on



frequency w and is given approximately by 6,. =A w?,

where s<153.

Recently a new type of amorphous alloy based on
a-Si:F:H has been produced by Ovshinsky et al. 812 this
new a~Si:F:H alloy is highly photoconductive and
possesses a rather 1low DOS in the upper half of the
band gap compared with a-Si:H. Madan et al. have
shown that for a gas ratio ( SiF :H ) < 10 the resut-
ing alioy has a low DOS and exhibits high conductivity.
They also found that, as the ratio of SiF to H de-
creases down to 10, the predominant transport mechanism
changes from a variable-range hopping type conduction
to a well-defined activated process mechanism. in their
new a-Si:F:H materials the DOS g(E) decreases rapidly
with decreasing gas ratio. The peak in g(E) which is
observed in the a-Si:F:H alloy is absent in these new
a-8i:F:H alloys. The DOS for this new material in the
upper half of +the band gap is lower than in a-Si:H.
Amorphous semiconductors ordinarily have a very 1large
density of localized states which act as traps, leading
to low values for the drift mobility and low recombina-
tion times for the free carries. Spear and Le Comber 65
have reported that a-Si:H films produced from silane
gas by RF glow discharge and deposited on a heated sub-
strate have a much reduced D0OS; at the Fermi 1level it

is only ~ 107 ca3ev? . Becuuse of the low DOS, a-



Si:H films can be fabricated successfully, and n- or
p-type semiconductors doped with phosphorus (or arsenic
) or boron, respectively, have been succeedfully pro-
duced.

During the last two years, a microcrystalline (
mc) phase of Si (particle size ~20 A - 60 R) has been
found in Si:F:H alloys“—za . The possibility of con-
trolluble puc deposition is of great interest from both
a basic and applied point of view. it would permit an
extension of fundamental studies of electronic proper-
ties of semiconductors just beyond the amorphous phase
as a function of structural ordering. i1t also has con-
siderable applied interest because of possible applica-
tion of uc-Si as contact interlayers in solar cell.
The preparation of uc-Si thin films via chemical tran-
sport (CT) in a hydrogen plasma was reported in 1968 by
Veprek and Mareckzz. Recently pnc-Si has been produced
by deposition from silane diluted to a few mole % by
hydrogen gas in a glow discharge operating at high RF
power level. It 1is also known that the presence of a
high concentration of dopants, such as phosphorus and
arsenic, can cause crystallization due to a catalytic
effect on the formation of nuclei with the diamond lat-
tice. Veprek and Mareck have investigated the a-Si and
pc-Si alloys produced in a SiH4 discharge plasma under

a vuriety of conditions. The low limit for the crystal-
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lite size is 30 & for stress- free pmc-Si .

Spear et al.% have investigated the electronic
properties of GDD-uc-Si films by conductivity, Hall ef-
fect, and field effect measurements as a function of
crystallite éize and phosphorus doping ratio. Normally
the Hall coefficient of a-Si films has an anomalous
sign ( i.e. positive in n-type a-Si films and negative
in p-type films) . But the Hall coefficient in GDD-pc-
- 8i 1is negative in n-type materials, which would be ex-
pected in c-8Si. They found that the sign of +the Hall
coefficient behaved normally down to a crystallite size
of about 20 A. They also suggested that the 1large in-
crease in conductivity over that in a-Si was almost
entirely caused by an increased carrier density result-
ing from delocalized electron tail states. The infor-
mation that limit for the crystallite size of the or-
dered regions in this material is around 20 A .

Richter et al.59 have used electron photoemission
spectroscopy ( EPS ) to study the transition from a-Si
to puc-Si. Their Si:H films were prepared 5y chemical
transport 1in a hydrogen plasma or by sputtering in a H
/Ar gas mixture. Their investigation showed that the
first order Raman active spectra were a superposition
of the spectra for the a-Si and c¢-Si phases. Uchida et
al.72 also investigated the electronic and optical

propertics of p-doped GDDjpc—Si films for a variety of



deposition conditions. They found that the electrical
conductivity of films increased from 2 x 10“2(Il-cm)-lto
8 (Il—cm)'las the discharge power during deposition was
increased. The GDD-mc-S8Si films changed correspondingly
in structure from the a-Si phase into a c¢-Si phase
with increasing conductivity. Even very thin (100 3)
p-doped Si:H films could still have a microcrystalline
structure. Tsu et al.28 also observed a microcrystal-
line structure of Si in heavily doped n-type (P or As)
a-Si:F:H alloys. Because of the lovwer absorption coef-
ficient at short wavelengths and the higher conductivi-
ty, this p-doped mc-Si film shows promise as a good ma-
terial for the contact layer in solar cells.

First order Raman scattering provides a con-
venient +tool for determining whether a silicon film is
crystalline, muc or amorphous. The a-Si film exhibits
a broad feature at~480 cm™! (width ~80 cm™? ) which as-
sociated with the density of states of phonon at the
zone boundaries. The c-Si exhibits a single sharp line
of Raman feature at 522 cm-! (linewidth ~4 cm™!) which
agssociated to optical phonons at the zone center. in
pc-Si films prepared by chemical transport or by laser
annealing of a-Si, the sharp line at 522 cm™! is broad-
ed and shifts to 1lower with. decreasing crystallite
gize. These effects can be explained by finite parti-

cle size?8 In an "infinitely large" crystal of 8Si,
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the first order Raman active spectrum is due to the
symmetry allowed optical phonon at H a2 0. The optical
modes for a finite crystal will be lower in frequency
thun those for an "infinite" crystal. 1In a-phase ma-
terials the q selection rule breaks down. The first
order Raman intensity consists of phonon modes of the
entire optical and acoustical branches, since 3 is no
longer conserved. Raman spectrum exhibits a broad
spectral feature at ~.480 cn~! of which is due to the
amorphous component, and the sharp Raman spectral
feature at ~522 cm'l is due to the crystalline com-
ponent. In pc-8i, Raman spectrum presents a down shift
of Raman frequency associated with c-Si and broadening
Raman linewidth due to finite size effect. It would be
even more interesting the fundamental physical
proeprties of the a-Si:F:H alloy, this material shows
improvement in many of problem areas of a-Si:H.

The electronic states of semiconductors can be
studied by optical and modulated optical spectros-
copies. Optical reflectance spectroscopy provides in-
formation from the long range order (crystalline state)
to short range order (amorphous states). The imaginary
part €,(w ) of the dielectric function can be obtained
from the optical reflectance spectra using Kramers-
Kronig analysis. The GZUO) function can be related to

optical transitions. Modulated perturbation gives rise
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to sharp, differential-iike spectrum of the optical
features in the energy regions, where optical excita-
tion process occur. The detailed general description of
optical and modulated optical spectroscopies will given

in Chapter IIIl.



CHAPTER 111 EXPERIMENTS

In this chapter we describe the different opticau
experiments which inciude Raman scattering spectros-
copy, oPtical and modulated optical measurcments used
in <this investigation. The chapter is divided into
four main sections.

In Sec..3.1 we describe the method and procedures
used in the preparation of a-Si.F:H alloys which we
have studied. In Sec. 3.2 we discuss the appropriate
theory, techniques and results of Ramun scattering
measurements. Similarly, in Sec.3.3% and 3.4 we discuss
theory, techniques and results of electrolyte elec-
troreflectance and optical reflectivity experiments

respectively.

3.1 CHARACTERISTICS OF SAMPLES

The plasma glow discharge decomposition technique
for preparing the a-Si:H alloy has proven to be a very
good process to prepare specimens exhibiting a marked
reduction of structural defects. There are two dif-
ferent types of reactors’3 : the capacitor type and the
inductor type. The inductor glow discharge decomposi-
tion system was used by Chittick ’® et al. in 1969. 1In
this type system the plasma glow discharge is powered
by an external RF coil. Frequencies in the range 0.5 to

13.9 MHz are¢ used. This type of glow discharge system



has two distinct advantages, it provides a wuniform a--
Si:H films over a large aurea, and it has a fast deposi-
tion rate. However, the most popular technique for
depositing u-Si:H 1is that ultilizing an RF capacitive
discharge system with the substrate located on one of
the electrodes. Generui.y a negative bias of 100 - 300
V is applied with a RF of 13.56 MHz. Biasing the sub-
strate negutively appears to reduce defect densities at
high RF powers. This also has the capability of produc-
ing a wuniform a-Si alloy over large areas. In some
electrodeless discharge systems the RF power is sup-
plied by external capacitor plate. Flowing silane (SiH,
) in a DC cathodic plasmu glow discharge is wused to
produce a relatively uniform thin film of a-Si:H alloy.
Most of the samples in this work were prepared at
Energy Conversion Devices (ECD) Inc. in Michigan. Most
of the a-Si:F:H samples studied were made by the capa-
citive discharge method using an RF power of 30 watt to
decompose a gas mixtire of SiF;:H, of 5:1. Normally the
sample substraite electrode was biased at approximately
-100 V. A gas flow rate around 0.05 liter/min at 0.5
torr was normally used. The n-type doping in the sample
was accomplished by the introduction of P83 or AsH3
gus. The specimens of B-doped alloy were prepared using
a mixture of SiH,:H, and B2H6 gas. The temperature of

the substrate was maintauined at . 300°C during the



deposition of the thin film. The substrates used were
7059 Corning glass, Quariz, c-Si as well as stainless
steel. Some glass substrates were coated with a Sn0,
film to give a good electrical contact. The high tem-
perature thermally anneaied a-Si:H(B) samples were an-
nealed about 10 min. at different annealing tempera-
tures. HMany films of a-Si:F:H of varying thickness
were used for experiments. The room temperature electr-
ical conductivity of the Si:F:H samples have been meas-
ured.

Detailed information about P- or B-doped a-Si:H
alloys is listed in Table I. The characteristics of the
n-type ( P or As ) a-Si:F:H alloys are listed in Tablie
II. The characteristics of the high temperature ther-
mally annealed (HTA) a-Si:H(B) samples are listed in
Table III. PFor comparison, we have also made EER meas-
urements on ion-damaged, laser—-annealed Si samples. A
silicon wafer, (100), was bombarded with 100 KeV Si ion
(total dosage of 101% jons/cm2 ) and subsequently an-
nealed with 15 nanosecond pulses of a frequency doubled
Nd:YAG laser at energy densities ranging from 0.1 to
0.75 J/cm? 7{ The characteristics of ion-damaged,

laser annealed Si samples ure listed in Table IV.

3.2 RAMAN SCATTERING SPECTROSCOPY

In this section we describe the general theory
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\Sec.%.2.1) and experimental techniques of Raman spcc-
troscopy (Sec.3.2.2) foilowed by discussion of our ex-
perimental results (Sec.3.2.3) and the interpretation

of these results (Sec.%.2.4).

3.2.1 General description of Raman scattering

Raman scattering is the ineiastic scattering of
photons by a crystal. Photons of energy, iy, are in-
cident on a crystal and scattered to give photons up or
down shipted by ~ 100 to ~ 1000 cm™} from the incident
laser line in <first order Ramuan scattering. These
shifts are due to the creation or annihilation of pho-
nons (excitation or de-excitation of the crystal 1lat-
tice vibrations). First order (one phonon) Raman
scattering occurs at the frequencies of the phonons
whose wave vectors are equal to the wavevectors
transfer in the experiment. The stoke process 1is the
one in which the 1light quanta 1lose energy in the
scattering (phonon creation), and the anti-stokes pro-
cess the one in which energy is gained by the iighi
(phonon annihilation). The phonon wave vectors can have
any value within the first Briilouin zone¢, the maximum
being of order w/d, where d is the 1lattice constant.
This maximum is typicaliy of the order 3x108 cm'l. In-
cident l1ight with a frequency of 20,000 cm"l (~ 5000 Z)

has a wave vector inside the crystaily of order 2x10°
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cm ! \Wave vector = 2 T Xx refractive index X
wavenunber). For scattering of the light through 7/2,
wave vector consarvation requires the wave vector of
the pnonon created or destroyed to be 2x2x10° ca ! .
This is smuzi. compured to TI/d, und hence for crysta-
line cutwriais, conservation of momentum dictates only
optical phonons at 3:30 give rise to 18t order Raman
scattering. In addition, symmetry condition on the
range of polarizubility place further restrictions on
Ramun active lattice vibrational modes.

on the other hand, in a -materials, q is no
longer an applicable quantum number; hence both optic
and acoustic phonon at the zone boundries contribute to
first order Raman scattering.

Specifically, the Raman scattering frequency may

be respresented by the equations,

B, = Ay * AW, ---m-mmooommoooe- (3.2.1)

-
wheretﬂi, k; are the frequency and wave vector of in-
. -
cident photon. wg, kg are the frequency and wave vector

of the scattered photon:cdp,'a' refer to the frequency

and the wave vector of the absorbed or emitted phonons

in the scattering process. The positive sign is due to

the phonon absorption (anti-stoke line, and the nega-
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tive sign is due to the phonon emission (sto«< iine) in
the scattering process.

The diugram for the first order Ruaman process is
shown in Fig.(3.2.1)’® . The initial stute, with photon i
shown at the left-hand side of the diagram, and the fi-
nali state, with photon Wg and phonon W, shown on the
right. Since momenta are conserved at each veriex, the
presence of crystallinity limits the runge of 3 to the
region of the zone center (3530).

In order to caiculate the intensity of the Raman
scattering, following Born aad Bradurn 77 , B8emi-
classical radiation theory, the intensity of the scat-
tered 1ight |is obta%ned by calculating the eleciric
moﬁent'ﬁ set up in the crystal by the eiectric vector R,
exp( -cwt )] of the incident light. If the polariza-

bility tensor associated with the electrons in the cry-

stal is och-then

Mp = %;,Q“EJ --------------------- (3.2.3)

The scattered light is produced by re-radiation of en-
ergy by the 080111ating dipolz moment M The intensity
of 'scattered light is proportional to lMl and inversly
proportional to the fourth power of the wavelengh of
the scattered light76 . Because of thé existence of the
electron-lattice interaction Hel , the electronic

eigenvalues and wave functions in a diatomic 1lattice



depend on the relative displucement ampliiude T of the
two sub-lattices, and the electronic polarizability’

I3 I3 -’
tensor can be expanded in a power series in r:

- /(0) .
Lps Lol + ~Z°(/c,nrp * }’)T_V'L/f-»vrnru + 0(r)
-------- (3.2.4)
where
f6uu ( arp )r-o and OLPO‘:IJV ( arluar: )I'O

The term linear in'? gives rise to the first order Ra-
man scattering, the quadrutic term gives rise to the
second-order Raman scattering, and so on. The Born and
Bradburn method’’ has been applied to the first order
Raman-scattering in diamond by Smith’8. The square of
the relative displacement amplitude caused by a single

optical phonon in diamond is given by

2y =« B o 3.2.5
<D e, ‘ )

where (J, is the optical phonon frequency.

Raman scattering is a sensitive probe of the vi-
brational modes of the solid. For most Raman measure-
méﬁfs, the energy of thé photons involved is a few eV.
The wave vector of the photon is negligib.e compared to
the maximum phonon wave vector in the first Brillouin
zone. In aﬂ ideal crystalline solid, the momentum in

the interaction is conserved. Therefore the momentum of
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the phonon 3 involved is nearly zero and it is situated
at the center of the Brillouin zone. The dispersion of
phonon for c¢-Si is shown in Fig.(%.2.2a). There ure
six branches in the dispersion spectrum of the phonon
having two atoms per unit cell consisting of three
modes for the optical branch and three for the acoustic
branch. The conservation law represented by Eq.(3.2.1)
and Eq.(3.2.2) dictates a single Raman line near'g ~O0.

However, since phonon states are not denumerated
by momentum, the above mentioned conservation law has
no meaning, resulting in the appearance of the whole
phonon branch rather than a particular value of . .t
has been shown’? that the Raman spectrum for an amor-
phous material may be closely corelated with the phonon
density of states with its crystalline-counterpart. Ra-
man data give essentiully the phonon DOS. Fig.(3.2.2b)
shows a schematic form of the Raman spectra of an a-Si
and c-Si.

The first order Raman uctive scattering is one of
the best tools to study materials which are ordered or
disordered. Within the past few years several groups
have reported that the Raman frequencies have an inter-
mediate value between disorder (~480 cm”! ) and order (~
522 cm! ) in Si:H 3% or si:F:H2%?8 alloys. They al-
ways involve a shift of the 522 em~! line towards lower

energy that is accompanied by a broadening. Tsu et al?l
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have observed downshift of to 7 cm-l ( to 515 cm-! ) on
ion-damaged, laser-annealed Si. Morhange et al.8 aiso
obtained a similar results in the Raman spectrum of
ion-damaged, 1laser-annealed Si. The Raman linewidth
was~8 cn~! . Tsu et a1.26°28 have ailso reported Raman
frequencies that cover the range from 476 cm~! to 520
cen~! on n-type a-Si:F:H alloys. Again the linewidth in-
creases with decreasing phonon energy. Iqbal et al?2
reported that polycrystalline films with a measured
grain size of the order of 100 X has the Raman frequen-

1 and Raman width of 6 cm-1 .

cy 517 cm”

Richter et al.®’ provided a detailed model which
was based on a relaxation in the a-vector selection
rule for the excitation of the Raman active optical
phonon. Tsu et al.28 have used the particle size ef-
fect to interpret pc-8i. The downshift and the
broadening of the Raman peak for heavily P- or As-doped
a-Si:F:H can be interpreted by the finite size effects
of the microcrystalline structure of Si. The size of
microcrystallite ("particle size") can be calculated
from the measured Raman frequency and Raman linewidth
in Ramun scattering. Tsu et al. also reported?’ two
component phase (a-phase and uc-phase) in heavily P-
doped Si:F:H alioys (P ~1%). Two component for uc-
Si:F:H alloys is shown in Fig.(3.2.2c).

Tsu et ul.28 also reported thut the downshift of
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Raman frequency to ~ 517 c¢cm~! associated with c-Si and
the broadening linewidth around 16 cm™! . The Raman
linewidth of HTA-a:Si:H(B) sample is narrowver than the
heavily doped n-type a-Si:F:H alloys. They interpreted

by Fano-shift due to the interaction of a continum,

i.e., free carriers, with the phonons.

3.2.2 Experimental set up and details of Raman
scattering
The functional block diagram of Raman scattering
set up is shown in Fig.(3.2.3). The backscattering
geometry was used for ull the measurement. The excita-
ti;n light source is a 6 watt Argon ion laser. The 4880
i laser line is used in this measurement. The laser
light is reflected off two mirrors and passes through
one interference filter (I1.F.), one pinhole collimator
and is focused by a cyiindrical lens onto the sample.
The purpose of the c¢ylindrical focusing 1lens is to
avoid heating of the sample by focusing the light to a
narrow line instead of a point. Typically the laser was
used at a power level of about 0.5 watt so as to avoid
annealing or damaging the +thin film specimens. The
scattering 1light from the sample is collected by a
spherical focusing lens onto the entrance slit of dou-
ble grating monochromator Spex model 1401/14018. (The

entrance slit, the sccond and the exit slit are normal-
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ly setv at 200 pm corresponding to a spectral slit width

of 1 cm™! ). We obtauined u Ruman line width of 4 cm”

for c¢-Si with this resolution of the monochrouator.
The silt width was changed to 1000 um (corresponds to a
resolution of § cn~l) for the a-Si samples because the
spectra feutures are much broader than for c-Si.

Light leaving the final exit slit of the spec-
trometer is focused onto the cathode of a cooled pho-
tomultiplier tube (Product for Research, 1Inc. model
9498-31). The output signal of the photomultiplier tube
is processed by a photon counting electronic system.
The analog output signal of the photon counting system

is connected to a strip chart recorder.

3.2.3 Experimental results of Raman scattering spec-
trum
We have carried out the Raman scattering experi-
ment for the following samples:(a) unannealed B- or P-
doped a-Si:H, (b) high temperature thermally annealed
a-Si:H(B), (c) lightly doped n-type P or As) a-Si:F:H,
and (d) heavily doped n-type (P or As) a-Si:F:H alloys.
The experimental results of Raman scattering and the
characteristics of all samples are summarized in Figs.
(3.2.4), (3.2.5), (%.2.6). and Tables I, TI, IIl1, we
also listed the Raman peuk and linewidth for the ion-

A

damauged, 1laser-annealed silicon 1in Table 1IV. This

1
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table was reported by Tsu et al.’” and includes charac-

teractization by transmission electron microscope
(TEM), Channeling and Raman, etc.

In Fig. (3.2.4) we display the typical Raman
spectra of the following samples: (a) unannealed a-
Si:H, (b) undoped a—Si:F:H. (c) heavily As-doped a-
Si:F:H (NOVA-101 and NOVA-10%) samples. The Raman fre-
quency for a-Si:H samples have a broad peak at.rv 480
cm™! » Wwhich is associated with the amorphous phase of
silicon. Later we will explain why the Raman frequency
in ua-Si:H is at ~ 480 cm~l with linewidth ~ 80 - 100
cm-1.

For intrinsic and lightly P- or As-doped a-Si:F:H
alloys, the Raman frequency is around 480 cm~! with the
Raman width between 75 cm~! to 80 cm~!. The structure
of this alloy is also in an amorphous phase.

Heavily P~ or As-doped a-Si:F:H alloys present a
Raman frequency which have an intermediate range
between 480 cm~! (a-Si) and 522 cm-1l (c-Si).

Fig.(%.2.5) shows that the Raman frequency for
these heavily As-doped a-Si:F:H alioys have shifted to
higher energy position with narrower linewidth than a-
Si. The spectral shape of the Raman spectrum for these
alloy systems is asymmetric. Among many possible
mechanisms for the asymmetry, imhomogenity and the

presence of a two phase system, i.e. microcrystalline
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and amorphous, plays important roles.

Pig. (3.2.6) shows the Raman spectrum for a high
temperature thermally annealed a-Si:H(B) sample (44B in
Table III). This spectrum exhits a Raman peak at ~ 517
cm~! with 1linewidth 17 cm~! and a small shoulder at
495 cm (It is displyed in the 1insert). This small
shoulder may be due to laser line.

In Table I we summarize the Raman features (Raman
frequency and 1linewidth) of a number of unannealed a-
Si:H samples. These samples were doped with either
. phorphous or Dboron. The results of Raman scattering

for the a-Si:H(B) and a-Si:H(P) alloys listed in this

tabie show that the Raman peuks occur at around 455 cm”

to 486 cm~! with linewidth around 71 cm™! - 86 cm-l.
The Raman features for lightly or heavily doped
n-type a-Si:F:H alloys are summarized in Table II. All
heavily P-- or As-doped a-Si:F:H alloys show the Raman
peaks between ~ 508 cm~! and ~ 520 cm-l with linewidth
40 co! - 20 cm~! whereas the lightly doped n-type or
undoped a-Si:F:H has the Raman peak at ~, 480 cn~l with

linewidth ~ 80 en”t.

Table 1III shows the Raman features of HTA-
a:Si:H(B) alloys, the Raman peak of all samples éhift
down to a narrow region of 516 - 517 em! » and the

linewidth decreases considerably to around ~ 18 to 14

cm'l.

1
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Table IV lists the reported results?’3 of electron
emission microscope (TEH), Channeiing, Raman scatter-
ing, our mesurements of EER experiments and the charac-

teristics of ion-damaged, laser-annealed Si.

3.2.4 Interpretation of Raman scattering spectrum

Let us try to understand the Raman spectra of a-
Si first. Typically,the structure related to the TO
phonon DOS at the zone boundaries has a broad peak at~
480 cm~! with linewidth ~ 80 cm™l. In comparison, c-Si
has a narrow peak at 522 cm~! with linewidth ~ 4 el
at room temperature.

The broadening and down shift of the Raman peak
in a-8i relative to c-Si can be attributed to its high-
ly disordered states. In c-Si, the dispersion curves of
phonons consists of the optic (TO, LO) and acoustic
(TA, LA) branches, [see Fig.(3.3.2a))88% . The opti-
cal phonons (TO, LO) near the zone center contribute to
a sharp Raman peak ( ~~ 522 cm-l) and narrow linéwidth
(Aw~4 cm-1l) in c-Si. On the other hand, for a-Si, be-
cause it is a disordered material, the relaxation of '3
q 28

vector (finite crystallite size) can be applie

In general, the highest DOS occurs near the
zqne—boundary. The DOS of TO0 and TA phonons at-the
gone boundaries usually represénts the most prominant

features in the Raman spectrum of a-Si [see



Fig.(3.2.2b)) . In a-Si the TO-peaks are down shifted
to 480 cm~! as contrasted to 522 em~) for c-Si. In ad-
dition the peaks are considerable broadened. The
schematic drawing of Fig.(3.2.2b) illustrates these
results can occur.

Because of the reciprocal relation between parti-
cle s8ize and wave vector, finite size can give rise to
a value for the 3 vector between'azo and 35’2, where qB,
is a wave vector of phonon at the Brillouin zone boun-
daries. For a particle of size X we have a fixed value
of aq which is determined by ,Q-aqu’ﬁ- For the "par-
ticle" size, {, heaving a value abiut 40 A-60 A (ve
have called this microcrystalline, pc), the correspond-
ing 71' is of the order of aqx2T/.42 . From the phonon
dispersion relation, we have obtained the frequency
corresponding to aq. Therefore, we found a downshift
of the Raman frequency and broadening of the linewidth
associated with c-8i for a uc-Si specimen. The broaden-
ing of the 1linewidth is due to the particle size ef-
fect. Fig.(3.2.2b) also illustrates the broadening ef-
fect. The Raman features (Raman frequency and width)
are related to the size of crystallite of Si. The ex-
perimental results of Raman scattering for heavily
doped n-type a-Si:F:H are intrepreted by this size ef-
fect.

In Fig.(3.2.2c) we show typical Ruman feuatures of
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pc-Si:F:H alloys. 1t has a major peak of Raman frequen-
cy at around 519.5 cn”! and shoulder peak at around 480
cm~l . The 519.5 cn~! Raman peak is due to micrystalline
structure of Si and 480 cm-! Raman peak is due to amor-
phous structure. This sample is a heavily P-doped (1 %)
a-Si:F:H alloy. We have interpreted our result by the
presence of a two phased material ( muec- and a- phase)z8
. We deconvoluted the Raman spectrum of this sample
into two components ( pmc- and a- component). ;PC
denotes the total area of the uc-phase and I, denotes
the total area of the a- phase. The ratio of § ( = I,c
/I, ) equals 0.29.

An ideal crystal behaves as. a "particle" which
has an infinite size (i.e. f»00). From Fourier's
transformations of T space and a space we have a rela-
tionship between dimension of "particle" size £ and
wave vector AT;', 1.e.f. A_t;::; 2W. Therefore, for a given/t
’ Aa’ is uniquely determined. We obtained a relationship
between particle size £ and down shift of Raman fre-
quency (W), i.e. f ~1/(&-»), from the phonon disper-
8in relation obtained by neutron scattering?yﬂa . The
symbol (J. denotes the Raman frequency of c-Si. This re-
lationship 1is 1illustrated by the dashed 1line in
Fig.(%.2.7). Heavily doped n-type ( P or As ) a-Si:F:H

alloys show the Raman peak in the range 508 - 520 cm™!

with 1linewidth in the range 48 - 20 cm~! .  The Raman
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peak position and width for a number of these samples
are 1listed in Table II. The experimentally determined
value of Raman frequency vs, linewidth fall very nicely
on the dashed curve. We therefore conclude that the
particle size of this kind of alloy is in the 20-50 A&
range. Consequently, those experiments show that
heuvily doped a-Si:F:H alloys have a microcrystalline

structure.

On the other hand, HTA-a-Si:H(B) alloys displayed

a Raman peak at ~. 517 cm™} with linewidth ~18 cm!

@ee Table IIIJ . From Fig.(3.2.7) we find that Raman
frequency linewidth of the HTA-a-Si:H(B) sample does
not fall on either of the curve. The Raman features of
the HTA-a:Si:H(B) alloys can be explained by Fano shift®
. Fano shift is due to jnteraction of a continum, free

carriers, with phonons86 .

3.3 ELECTROLYTE ELECTROREFLECTANCE EXPERIMENT
We give a general description of modulation spec-
troscopy and electrolyte electroreflectance (EER) tech-
nique in the <first section. In Sec. (3.3.2) we
describe the details of the experimental method and ap-
paratus. The experimental results and interpretation
are described in Sec. (3.%.%) and Sec. (3.3.4), respec-

tively.

3.%.1 Electrolyte electroreflectance technique
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In modulation spectroscopy some parameter of the
sample being measured 1is varied so as to produce a
change in the optical reflectance or transmittance of
the s8o0lid. The optical properties may be modified
directly by applying a periodic external perturbation
such as electric or magnetic field, temperature, uniax-
ial stress, etc. or a repetitive internal modulation

such as wavelength modulation32733 |

The periodic variation of the measurement parame-
ters gives rise to sharp, differential-like spectra in
the region of photoﬂ.energies where optical excitation
processes occur. Futhermore, modulation spectroscopy
also suppresses uninteresting background effects and
emphasizes relevent optical features. In this section
we describe the electric field modulated reflectivity
spectroscopy using the electrolyte technique (EER).

As with all external modulation techniques, the
perturbation (electric field,g) changes the dielectric
properties of the unperturbed solids. These changes are
described in terms of a change , a€(W), of the complex
dielectric function, € (W ). The fundamental quantity
which describes the optical fesponse of the material is
the complex dielectric function € (W) = el(w) +[ez(w).

In this section we assume that (a) this dielec-
tric function is uniformly changed by the modulation by

amounts Aél and 6&,and  (b) that both € and &€ ure
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scalar quantities. The reflecting surface occurs at
the di‘scontinuous interface between two different, but
homogeneous media (substrate - ambient). The Frenel re-

fliection equation for near-normal incident light is

R = I(n-na)/(n+na)|2 ------------------- (3.3.1)
R (3.3.2)

where n, is the real refractive index of the ambient.

It can be shown 32 that:

= Ro(2n_2€/n(€- €) -—--mmrmmmm—tmmeeeo (3.3.3)

'A_l_(_

R
= Re ((4-iB)2€]) ~--mmmmmmm o (3.3.4)
- L(€],€7,€,)8€ + B(€1,€,,6,)86 ---(3.3.5)

where « and 3 are the Seraphin coefficients. The
Seraphin coefficients have a characteristic photon en-
ergy dependence for most semiconductors.

The quantity Aékg) is obtained by adding a per-
turbatién term, H', to the Hamiltonian, H,, of the un-
perturbation crystal, and e\Ic_’) can be calculated ap-
proximately by first-order perturbation theory. In con-.
trast to other forn;'s of modulation spectroscopy, the
perturbation term e?? for the electric field is not
lattice periodic. Tt represents a net force that ac-
celerates the electron, and it therefore completely

destroys the translational invariance of the Hamiitoni-



an in the field direction. Although this appears to be
a trivial property of the field perturbation, it is in
fact the central reason for the complexity of ER
theory. It also accounts for the remarkable fact that
EER spectra for low fields depends on the third deriva-
tive of the unperturbed dielectric function, in con-
trast to modulation where lattice periodicity is re-
taines and first derivatives are observed.

The fundamental importance of translational in-
variance in determining dielectric properties, in gen-
eral, and in determining the gross features of modula-
tion specrtra in particular, can be seen from a simple

physical model. Consider first a free electron for

which the Hamiltonian, H = ?Z/Zm, is invariant to any
translation, and therefore the electron momentun, 3Ehf

» 1is rigorously conserved. The first order optical
transition is not allowed due to the conservation of
momentum and energy. Therefore, the sum of allowed
transitions for any finite photon energy is identically

zero for the free electron.

If the electron is in a crystal, the Hamiltonian,
H = 32/2m + V(T), where V(?) is invariant only to the
class of translations that takes the crystal into it-
self. Consequently, momentum conservation is aiso weak-
ened, and the momentum ﬁg is now a good quantum number

_.)
only within a vector, Kn , of the reciprocal lattice.



The free electron energy parabola breaks up into energy
bands. Optical absorption is now possible in first ord-
er by ultizing a reciprocal lattice vector to obtain
momentum conservation. For a three dimensional funda-
mental absorption edge, the imaginary part of the
dielectric function assumes the weli-known square root
threshold form. If the crystal is now perturbed, its
Hamiltonian, H = B2/2m + V(®) + H' will generally have
known symmetry depending on the form of H'. If periodi-
city is retained, the momentum is still a good quantum
number to within a reciprocal lattice vector. Optical
transitions remain vertical as shown in Fig.(3.3.1a)
. Consequently, the dominant changes appear directly as
small shifts in energy gaps or amplitude of momentum
matrix elements. Since these shifts are generally small
on the scale of energy gaps, the perturbation induced
changes in e2ao) are of first order and are approxi-
mately <first derivative lineshape, as shown schemati-
cally in this figures.

If the perturbation is an electric field, H' =e§$
'? than the translational invariance is lost. The elec-
tron uaccelerates, and momentum is no 1longer a good
quantum number in the field direction. Consequently,
the one electron Bloch functions of the unperturbed
crystal Dbecome mixed. This is equivalent to spreading

the formerly sharp verticual trunslations over a finite



range of initial and final momentum, as shown in
Pig.(3.3.1b). If the fieid is not too large, the mixing
will be restricted to those wavefunctions near the ori-
ginally vertical allowed transition. This will smear
out structure in the unperturbed dielectric function,
yielding a more complicated difference spectrum having
change in sign. The difference can be approximated oniy
by higher derivatives of the unperturbed dielectric
function. These effects are illustrated in Fig.
(3.3.1b). The two zero crossing in this figure are
characteristic of the third derivative.

Recently, Aspnes:M has found that low values of
electric field give invariant lineshapes, determined by
the internal parameters of the crystal, and amplitudes
that scale quadratically with applied field. Low field
ER spectra are obtained only in the range of externally
applied <fields where both intraband and interband
mechanisms can be treated adequately by first order
perturbation theory. Perturbation theory implies the
existence of two energies per mechanism: the charac-
teristic energy of the perturbation, and a charateris-
tic energy of the system. The perturbation and system
- energies for the interband mechanism in EER are e¢ a,
and E;. The term e £ u, is the potential drop across the
unit éell, a, is the lattice constant and Eg is the en-

ergy separation between the pair of bands wunder con-
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sideration. Cleariy, perturbation theory applies here
whenever e£ a, << Eg . Perturbation theory will also
apply to the intraband mechanism whenever |[HSLK< [ .
The energy4&ﬂ,is the characteristic energy obtained in
the quantum mechanical solution of a particle of mass pn,
hich is accelerated in a uniform field of force, ez
and [ is the broadening paramerer. The energy HJfL can be

expressed as

an - (%ﬁ,ﬁz)l” --------------------- (3.3.6)
- (2@ V2, @) /8 VP oo (3.3.7)

whéreﬂp,.is the interband reduced muss of the electron
in bands ¢ and v evauated in the field direction, and Ecv
62) is the interband energy at k. Therefore, it |is
possible to determine interband energies , lifetime
broadening and interband reduced masses from ER specrta
without thé necessity of complicated analysis.

The appl;cation of an electric field tilts the
bands in a solid so the electron can tunnel through the
bands, with an expdnentially decfeasing transition pro-
bability below the interband energy. Whiie an exponen-
tial lower energy tail is characteristic of all ER
spectra, the oscillations on the higher energy side —
the Franz-Keldysh csciilations—— are not evident until

intermediate [ields are reached.
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We now describe the theory associated with the
low and the intermediate fielid cases of electroreflec-
tance. Analytical expression are calculated in these
two limits. In both these case the band structure of
the solid remains unchanged due to the perturbed elec-
tric field. The high fieid case is defined as one in
which the band structure gets modified and there are
stark shifts and changes in selection rules. We shuall
not deal with this case.

The low field limit is found to apply for |HhN| <
/3, where HASL is the characteristic energy which is
defined in Eqs.(%.3.6) and (3.3.7), and [T is the
broadening parameter. The Franz-Keldysh (intermedate
field) case occur whenlhsZ|x T . In both cases the
band structure is unchanged.

Experimentally, the determination of the low
field 1limit is simple, since the following two condi-
tions apply : the linewidth should not change, and the
amplitude of the signal should scale linearly with the
applied voltage (quadratically with field). If these
low field spectra are obtained in a fully depleted
space charge region, the spectra are independent of DC
bias. , modulation waveform or field imhomogenity ef-

fects.

The derivation for the expression for A&(g.w) is

described in the literature 33 . By means of a standard



time dependent perturbation approach it is possibie to
describe ER spectra to be nearly proportional to the
third derivative of the unperturbed dielectric func-
tion. This perturbation approach is usad to calcula;e
the dominant resonant term in the third order nonlinear
optical susceptibility caused by a uniform electric
field. A one electron approximation is used.

The Bloch function satisfies the time dependent

Schrodinger equution:

Hoqpnke"‘wn-lzt - i'ﬁs%(fkn?e”zwnit) ---------- (3.3.8)

n
=)}

where'H° is the unperturbed Hamiltonian and En:
W3 is the energy of the state ¢ _pir). The spatially
uniform field is described by a time dependent pertur-

bation term

Hl = ez.?eqt --_-------------- ------------ (3.3.9)

and the photon field by the terms
Hy + H_ = e -T(e-tult + el t ) ——oommune (3.3.10)

where Ei.l =fids, Eand -E’l are amplitude vectors of
the electric fields involved; ' is the (positive) "
turn on " parameter that enable the evolution of the
oﬁ} electron wavefunctions to be calculated with the

unperturbed crystal at t = —po. The theory wuses the

scalar potential guage and the dipoie approximation.
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The time dependent wavefunction )P-»\?,t),

describing the evolution of ¢ o e ¢@Ouitis defined by

Hylni{(.ﬂr',t) = (HO + B + H 4+ H-)‘y'n-l:(?'t)---(3'3'll)

= bns% ¢ 2(Tyt) —ommmmmmmmmeme- (3.3.12)
- -l ot ——
:illﬂﬁ(?,t) Prge  “nk" - (3.3.13)

. -’ -
The wavefunctlon")bnk ir,t) is evaluated as a power
series expansion in the perturbation terms by .a Green's

function technique to third order. The dielectric ten-

-—
sor éij can be caiculated from the polarization P =
{3;} according to
D, = 61353 i&j + 4P, -(3.3.14)

where

-v BR@IE >

Chqosing terms of the proper time dependence, i.e. H+
Ae-ikkt, and only terms that have a dominant contribu-
tion to the polarization term due to the perturbation,
J; » the change %n the dielectric constant due to the

electric field may be calculated to be

. 352 2. P 14 3
ae., @, 08 - - M2 - EFey) 1gy (4%.Eev]
w2v "k E_, E.y
+ ametn? 5 (2 Pc—l(“ Vi £ E-Fe. v)]  --(3.3.15)
2v k Ecv ECV Tt
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where

The Eq.(3.3.15) gives the dominant second and third
order field induced correction to the dielectric func-
tion, varying linearly and quadratically pespectively,
with DC field E?. If the crystal has inversion symmetry
(;:v ;322) or if i;v does not depend on 'g, which is
usually the case , even in the absence of inversion
symmetry , the second order term vanishes. The third
order. term may be simplified by noting that 1/Cdcv(?)
depends more strongly on-l: then either _l;’cv \1?) or E
(-l?). ~Again, since the range of the resonant
denominator &), is of the order of T , the nonresonant
denominator €., may be replaced by Q) , introducing
-

errors of order U /ARG only. The sum over k may be re-

placed by integrals to simplify to

. 3 .
L cvVv ) “wi i [E+ — Ecv(z){.] ""’-(3.3.16)
where - 2 2:212.3..12
Q = 4mlelle-Pey|® o ____ .3.
Gm — (3.3.17)
3 2
@ = S (2 Vg (R) mmmmmmeeo (3.3.18)

22,2
= e"g M Buy  cmmmmmoeeee (3.3.19)
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The linear dielectric constunt is (for a photon field

-‘: ‘\).',‘t

of time dependence e )y

€y W) = ',ﬂ?,’[fdy': o 1

cv
-
If fif2 is linearly independent of k in a given energy
range,
1
de ,(E,r, ) = m(ﬂn%)’(szecv(z,r)] —---(3.3.21)
Thus the third order correction is closely related to

the third derivative of the unperturbed dielectric

function. We also note that the relative change in re-

flectivity
ac '
2R R, ( c_°")~ A (3.3.22)

R
i.e. the amplitude of the observed electroreflectance
signal is proportional to the square of the applied
electric field, and 1is 1linear in voltage Y by
Poisson's.'equation in the space charge region. The
first Briliouin zone for a face centered cubic crystal
and the high symmetry points and lines are labeled in
Fig.(3.3.2). In theireduced zone schene, the optical
transitvion will appear as a vertical line in an energy
band structure diagram as indicated 'schematically in
Fig.(3.3.3)°" .

The EER spectrum of ¢-Si is shown 88 in

Fig.(3.3.4). . It displays +two very sharp energy
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features at about 3.4 eV and 4.5 eV can be associated
with band structure of ¢-Si. The 3.4 energy peak
corresponds to E; and E; optical transitions of ¢-Si
(L3:v - L, .and r'25:v- ['l's’c optical transitions [see
Fig.(3.3.})] . The 4.5 eV energy peak corresponds to
the E, transition of c-Si (Zz’v—za'émd xa.v- Xl’c tran-

sition). Pig.(3.7.4) also shows more fine structure in

the 4.5 eV energy peak.

3.%.2 EER experimental method and setup

In this section we describe in detail the experi-
mental apparatus and method in EER spectroscopy. In
these modulated optical studies we have used the elec-
tric field modulation technique via electrolyte. This
electric field -modulation is a transverse surface
Schottky barrier type 32 | the modulating voltage is ap-
plied between the sample, whose surface is in contact
with the electrolyte, and a counter platinum electrode,
The electrolyte is a 0.001 M KC1 solutions. The sample
was covered with micro-stop. A small area is exposed to
the monochromatic incident light. The electrical con-
tact on the sample was made by silver paint. The
schematic drawing of experimental apparatus for EER
system is shown in Fig.(3.3.5).

The iight from the 150 watt Xenon arc 1lamp pass

through the monochromutor (GCA model EU 700-56) and the
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filter. Normally the exit slit is focused onto the sam-
Ple by means of a sphericual focusing mirror. The sample
wus immersed in an electrolyte that is contained in a
fuseg quartz cell which has an optically high quality
front window. The modulated voltage (a square wave with
a frequency of 200 Hz) is applied between the sample
and the Pt electrode by means of a function generator
(HP model 33113), which also provides a reference sig-
nal to the lock-in amplifier (PAR model 5204 or Ithaca
model 3913). The reference light is collected by the
photomultiplier tube (PMT S-1 or S-20).
The reflected light collected by the PMT contains
two signals: a DC part, I, R and a modulated AC part, 1,
aR, which varies with the modulated frequency f; . The
symboli I, denotes the intensity of incident light, R
denotes the reflectivity of sample. R is the variation
of reflectivity. It is desirable to eliminate the com-
mon factor I, in order to obtain the modulated spectrum
aR/R. The DC output I, R of the PMT is applied to a
mechanical servo amplifier (or an electronic servo am-
plifier) which adjusts the high voitage on the PMT in
order to keep the DC output, I, R, constant. The AC
¢omponent of the output signal, I,sR, is detected by
vthe lock-in amplifier. The output signal of the lock-in
amplifier is proportional to aR/R, ithe relative change

in reflectance. The output signal from the lock-in am-

.
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plifier is connected to a chart recorder.

The above normalization procedure is important
since it not only yieids the most useful experimental
quantity oR/R but also automatically corrects for any
fluctuations in the reflected intensity due to (a)
changes in the incident light intensity (a common prob-
lem in high pressure arcs) or (b) variations on the
surfuce of the sample. Thus in normalized modulated
spectr;, it is not necessary to collect the entire re-
flected light intensity from the sample since the com-
mon factor T, is eliminated.

For the visible and near ultraviolet 1light re-
gions of <the s8spectrum the light source is a 150 watt
Xenon arc lamp. For the infrared regions of the spec-
trum the 1light source is a 7% watt tungstan lamp. We
used a S-20 PMT for the wavelength region from 2000 to
8000 ﬁ, and S-1 PMT for wavelength in the region 8000
to 12000 A.

5.3.3 Experimental results of EER
We show a summary of EER measurement for intrin-
sic , 1lightly or heavily P- or As-doped a-Si:F:H al-
loys in Table V. HTA-a-Si:H (B) alloy results are list-
ed in Table VI. The EER reaults for laser-annealed Si
have been inciuded in Table IV, where the detailed

specifications of these alloys are also displayed.
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We found that there are no EER features in 50 ppm
B-doped HTA-a-Si:H(44B) and intrinsic or lightly doped
Si:F:H(P) ulloys. The otheer materials we have studied
are heuvily doped n-type (P or As) a~Si:F:H, HTA-a-
Si:H(B) alloys ( NOVA-51A and NOVA-51B ) and ion-
damaged, laser-annealed Si samples whose latter materi-
als exhibited EER features.

Let us look at the details of the EER features of
heavily doped n-type (P or As) a-Si:F:H alloys.
Fig.(3.3.6) to Pig. (3.3.10) show the EER features of
alloys such as SPIN-137, SPIN-138, GLAD 35AB, GLAD 358B,
FN6#6, FN10#3, FN13#4, FN1442, NOVA-101, NOVA-102,
NOVA-103, NOVA-190 NOVA-191. EER spectra for all heavi-
ly doped n-type (P or As) a-Si:F:H alloys show two en-
ergy features at 3.4 eV and 4.5 eV, which can be asso-
ciated with the optical transitions of c¢-Si [:see

87-8
Fig.(3.3.4)) 8.

These features are insensitive to the doping ele-
ment, as can be seen from Fig.(3.3.8) and Fig.(3.3.9).
In Fig.(3.3.8) shows that there is very little shift in
the peak positions for the As-doped sample NOVA-190 and
P-doped sample GLAD 35AB, and GLAD 35B. This is futher
confirmed in Fig. (3.3.11), which again shows the EER
features of the P-doped samples SPIN-138 and the As-
doped sample NOVA-190 to be very similar. Figure

(3.3.6), which shows the EER features for the P-doped
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a-Si:F:H alloys, SPIN-137 and SPIN-138 are very simi-
lar, although SPIN-137 has twice the doping concentra-
tion of SPIN-138.

We display the detail EER feature of HTA-a-
Si:H(B) alloys (NOVA-51A and NOVA-51B) in Fig.(3.3.12).
The samples are similar in all repects except that
NOVA-51A is annealed at 900 °C whereas NOVA-51B is an-
nealed at 1000 °C. The EER features are vey similar,
except NOVA-51 has considerably narrower peak at 5.4 eV
and 4.5 eV, and the peak values shift closer to ¢-Si
values. The comparison of EER sbectra for HTA-a-
Si:H(B) and yc-Si:F:H(P) are shown in Fig.(3.3.1%). Ve
found that there are no signals in sample 44B.

Por comparison, we ulso performed EER measure-
ments for ion-damaged, annealed Si with different luser
energy densities. The detailed charateristics of these
samples are listed in Table IV. Fig.(3.3.14) shows that
the EER features of two of these samples annealed with
enefgy density 0.1 (x4) J/cm2 and 0.5 J/cw? . The sym-
bol x4 in the parathesis denote laser annealed on the
sample four times with power densities 0.1 J/cm2 .
First of all, it has narrower peaks at 3.4 eV and 4.5
eV, and the peak values have lower energies. Secondly,
it has more structure in the 4.5 peak. This shows that
ion-damaged, Si annealed at high energy density has

more crystallinity than those with lower energy densi-
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ty. The comparison of EER spectra for the samples
HTA-a-Si:H(B) and ion-damaged, laser-anneaied Si with

laser power density 0.5 J/cm? is shown in Fig.(3.%.15).

3.3.4 Interpretations of EER spectra
Let us now interpret the EER results in terms of
the band structure 87 of the crystalline silicon. c-Si
has sharp peaks at 3.4 eV and 4.5 eV [see Fig.(3.3.4ﬂ
. The 3.4 eV peak is produced by E; transitions pri-

marily (from L - Ll c) along with a small contribu-
, .

3:v
(] . s . . ;
tion from E, tran81t10nr;5}v —1’15“:) [Flg-(3-3-3)] .
The 4.5 eV peuk corresponds to the E transition from
X ana 2 XL Fig.(3.3.3). This feature is
xl.lv l,c ZZ’V 3,C ( 8 (3 3 3)1
washed out in going from crystalline to amorphous ma-

terials 39 . Thus it is to be associated with long
range order.

Unannealed Si:H(B), intrinsic or lightly P-doped
a-Si:F:H samples show no EER features {(Table IV, V).
Because it is a amorphous phase rather than amc- phase
or c- phase.

However, all heavily P- or As-doped a-Si:F:H al-
loys show very similar EER features at both 3.4 eV and
4.5 eV [see Fig.(3.3.6) - (3.3.10)] . In the EER spec-
tra of c¢-Si sharp structure has been reported in the
vicinity of 3.4 eV and 4.5 €V. Therefore, the peaks

at these energies in Fig.(3.3.6) - Fig.(3.3.10), even



through they are broader, can be associated with ¢-Si,
i.e. they originate from the puc-Si sections of the
Si:F:H materials.

High temperature thermally annealed (HTA) a-
Si:H(B) samples showed EER features at 3.4 eV and 4.5
eV. In Pig.(3.3.12) showed the EER spectra of NOVA-51A
and NOVA-51B samples. Both samples are HTA-a-Si:H(B)
alloys but NOVA-51B is annealed at higher temperature
than NOVA-51A. The EER features of NOVA-51B is sharper
than NOVA-51A. It also has more fine structure at 4.5
eV for NOVA-51B samples. However, the EER spectra of
HTA-a-Si:H(B) and heavily P~ or As-doped &-Si:F:H al-
loys are different [ see Fig.(3.3.13)] . The 3.4 eV
feature of HTA-a-Si:H(B) is sharper than the
corresponding peak of highly P-doped a-Si:F:H (for ex-
ample GLAD >5AB). In addition, the 4.5 eV feature for
sample NOVA-51A in PFig.(2.3.13) is begining to show
some structure similar to that of c-Si.

The peaks in this figure (for sample NOVA-51A)
below about 2.5 eV are clearly due to interference ef-

fects.

Fig.(3.3.15) shows the EER features for ion-
damaged, laser-annealed Si with energy density 0.5 J/cm2
is much sharper than HTA-a-Si:H(B) and heavily P- or
As-doped samples. The 4.5 eV pezk of the ion-damaged,

luser--anneualed Si also has better fine structure than
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HTA-a-Si:H(B).

3.4 OPTiCAL PROPERTIES OF SI:H AND SI:F:H ALLOYS

The optical properties of c-Si have been studied
in detail by several authors8-91. The optical reflec-
tance spectra of a-Si and a-Si:H alloy have also been
investigated by several groupssg'gl‘ . Jan et al.gs have
investigated the optical properties of HTA-a-Si:H(B)
alloys as well as unanneaied a-Si:H(B) and heavily
doped n-type a-Si:F:H alloys systems. During the past
year puc-5i has received a considerable amount of at-
tention. It has been reported that uc-Si fiims can be
prepared by a number of different conditions in Si:H
and Si:F:H alloys“'28 . Therefore it is quite interest-
ing from bYoth a basic and an applied point of view to
investigate the optical properties of a-Si:H(B), HTA-
a-Si:H(B) and pmc-Si:F:H alloys which are prepared by
plasma glow discharge decomposition method and under
various controllable pc-deposition parameters. In this
section we will study the opticlal properties of the
pc-Si:P:H and HTA-a-Si:H(B) as well as unannealed a-
Si:H(B) alloy systems.

In the first section we will describe the general
review of optical properties of semiconductors. 1In sec-
tion (3.4.2) we describe a rotating light pipe reflec-

tometer which we have used to measure the reflectance
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specira of our samples.

Section (§.4.3) explains the methods to get the
optical constants from experimentally mezsurable quan-
tities such as reflectivity using Kramers-«£ronig (K.K.)
- analysis. The experimental results of the optical in-
vestigation for the Si:H and Si:F:H alloys wili be
presented in section (3.4.4). The last part of this
section will interpret the experimental results of opt-

ical studies of Si:H and Si:F:H alloy systems.

3.4.1 General description of optical properties stu-
dies
The linear optical behavior of a solid ( non-
magnetic ) is determined by the X and @ dependent
dielectric tensor GE(?,O)), which relates the Fourier
transforms in time and space of the electric displace-

ment and the electric field.

Biw) = W) -E(R,W) (3.4.1)
., -
DIK,w) ~ ek T-9t) ——=(3.4.2)

The dielectric tensor is related to the cénductivity

o Y S
tensor ¢ by the relationship € =1+ ‘-_ATY___Q’

. In general
o e

the components of 6 and € are complex numbers. Thermo-

dynamics requires that these tensor be symmetric in the

absence of an external DC magnetic field. Thus the nine
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P > -
components of € (or & ) are not ail independent. «
can be assumed éhual to zero in the dieleciric function
because the wavelsngth of the incident photon is much
larger than any characteristics atomic dimensions (lat-
tice constants). We only consider the frequency depen-
dence of the dielectric constants. We aiso assume that
the medium is isotropic. Then the dielectric tensor is

2

—)
reduced to a scalar. The relationship between D and E
- -
can be written as D =€E.
We obtain the wave equation from iMaxwell's equa-

tion, eliminating the magnetic fieid. Thus

'... 2 * '
2 € 22E . 4TE 2°E o
V- FIT T et (3.4.3)

The frequency-dependent complex dielectric function can

be expressed as

EW) = EW) +LEW) - —mme(3.4.4)

where €;, €, are real and imaginary parts of the
dielectric constant. Let us define the complex refrac-
tive index N;EE . The real and imaginary parts of N are

related to él and 62 by

]

n2 - k2 = & : (3.4.5)

2nk = €3 - (3.4.6)

where H=n+tk and n is called the index of refraction
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¥ is calied the extinction coefficient. A plane wave
soiution of Eq.(3.4.27,) has the form

. o : '
E = Egem¢W(t- g X)e” T % - (3.4.7)

where the absorption coefficient ol is related to k¥ by

A = -M: or ol = Lo S (3.&.8)

[ MNe

where A, is the wavelength of the incident 1light in
vaccum.

For normal incident light in vacuum, the refiec-
tance of an opaque sample is

- (n-l)2 + k2

R
(n+1)2 + k2

-- (3.4.9)

The generalization of these for non-normal 1incidence
may be found in the literature?® .

In the above equations, the quantities R can Dbe
measured. We obtain the real and imaginary parts of
the dielectric constants ( €, ,€&> ) using a K.K.
analysis. The .experimental technigue most frequently
employed is to measure R over as wide a frequency range
as possible and use K.K. analaysis to obtain two opti-

cal constants n, k or él’ez . The K.K. analysis be

described in the next section.

3.4.2 Optical constants and Kramers-Kronig analysis

The lincar response of a non-nmagnetic solid
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i.e. ‘p;1) with isotropic or cuﬁic symmetry to incident
electromagnetic radiution can be described in terms of
two optical constauts. We only have two optical con-
stunts for non-magnetic materials. These two optical
constants (el,ez) or in, k) ure related by the disper-
sion relations. These two pairs of constants also are

related as foliliows

EW) = W) +i6W) = (n@W) +ik@))Z --(3.4.10)

Let R be the reflectivity at normal incidence of a
so0lid of sufficient thickness so that there is negligi-
ble reflection from the rear surface of the solid, then
R can be expressed in terms of n and k as following

R = (n-—ns)2 +x2

(3.4.11)
(u-nﬁj2 + kz .

generally, the solid is either in air or in a vaccum
where ng =1. ng, is the index refraction of the sur-
rounding media.

Iﬁ the above equation, n and k are used to relate
the experimentally measurable quantities, but it is ac-
tually the imaginary part of the dielectric constant,
ézﬂu), that comes out most directly from the derivation
of the optical properties of the solid from 1its band
structure. The relationship between the real and ima-

ginary part of the dielectric constant in the following

form we know ags the Krumers-®Kronig relations which al-
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low dispersion znd absorption to be related. They are
derived by means of the theory of complex variabie and
application of the causality principle which says that

no response can occurp until the fieid is applied.

€ 2,[Wal) 3.4.12)
1 W) =1 +."!; YR dw (3.4.
€W) = 29 —e-l(i"l %‘Z cemee=(3.4.13)

w'2- kf

where P means the Cauchy principal value of the in-
tegral. G, is the conductivity as & —> 0. Since experi-
mentally we are measuring reflectivity R, it is more
useful to express tbe dispersion relation between r,

the magnitude of R, and the phase angle §(W):

r = R(Wexp(t OW)] --(3.4.14)
ow) = D p[ (o) = 1RED] o5 (3.4.15)
o we - w

where r is a complex reflection coefficient and @(Cv)
is the phase angle. The two optical constants n and k
can be obtained from R(& ) and ©@(G) by the follow-

ing relations

1 -R
W) = 3.10.16)

n) 1 + R - 2{Rcos@ : ( .
and

2JRsinf_ - (3.4.17)
1 + R - 2JRcos@

kW) =

If the reflectivity spectrum R((W ) 1is measured over
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the entire spectral region, then from Eq.(2.4.15), §(W)
can be calculated for all the spectral range. Once
the value of @(W) is obtained, two optical constantis
n, k can be calculated by Eqs.(3.4.16) and 3.4.17).
This method which is used to calculate the opticai con-
stants is called K.K. analysis.
The numerical analysis of the K.K. felation is
obtained by the integration of +the Eq.(3.4.15) and
several assumptions. Eq.(3.4.15) can be rewrftten as

the following:
0w = - ILLInR(w) ———[1 ]dw' ---(3.4.18)

If we integrate the above equation by parts, then we
obtain

: 1 ’ a)
W) = - E[I“R(wn"lﬁ'—"

o 2”[ -(in R(w)ln, :),jdw

— (3.4.19)

R is me;sured only in a limited range of energies from
1.2 to 9.5 eV. In order to get the reflectivity R(E) at
lower energy ( <1.2 eV) and higher energy (above 9.5
eV), the followiné extrapolation methods were used in
this analysis. In the case of a semiconductor, the re-

flectivity for photon energy E; below the-fundamental

band gap E, (because k=0 dndéh =0) is
(n -l)2
(n + l)2

R = ftor Ei < Eg ----------- (3."-20)




<
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For the extrapolation R(E) at the higher energy region
the following formula is used:

R(E) wxl(%)r -------------------------- (3.4.21)

where El is the upper energy limit of the measuremens,
and R; is the reficctivity at energy El y ~N our case
the measured highest energy is 9.5 eV, that is El =9.5
eV. The parameter § is varied 1in order w0 obtuin
vaiues of n and k such that kX 0 for E; < Eg .

For K.K. &naiysis Eqs.(3.4.15), (3.4.16, and
\3.4:17) werc ~used. The integrali in EqQ.(3.4.15) was
evaizafed at each descrete photon energy, Ei’ for which
the measured reflectivity value, R(Ei), was available.
The integral was approximated by maultipiying the aver-
age value of the integrand between each adjacent pair
of energies by the difference o E between the energies,
and then summing the results (using the trapezoidal
rule). ,l |

Above the energy E; , where the reflectivity data
were not availgble, the reflectance spectrum was aprox-
imated by R1 \El /E}.. The integration of the phase in-
tegral from Eltocxi was

Ey+
L 1 RE) o BV ry 1 Ey2ntl (3.4.22)
2 “UR(E})  E,-E n

This sum was compute to 50 terms in the program. The
value of Y was vuried from 0.0 to 5.0. We chose the

value of ¥ such that x20 (or ST 0) for E; < Eg
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The microscopic expression for the diagonal com-
ponent of € (W) for a direct interband transition fronm
an initial occupied valence state v to a final unoccu-
pied conduction state ¢ in atomic unit ( e=f=m=1 ) may

be calculated to be
4

| (R dsgdw AL
€5y -1+%1 | 13 cotky . Lt Stew
33 n2 Ay Jsev w2 - [Vp Wl 2m)|Vew |

where W, =W, -W,, ds., is the element of surfuce area

on the constant energy surface described by s , at CJCV=CJ

'

) F”cv is the oscillator strength

. ov _ 24 [BIw [Py e>
1] W

cv

(3.4.24)

w};ere PJ is the j-component of the momentum _P’ In most
case, the oscillator strength is usually a smooth func-
tion of -1?, and this is borne out by several calcula-
tions. For cubic materials €(w) becomes a scalar, and Fj?"
may be r'eplaced by )

FSV = 1 SF cv 2 l(cl?(v)lz (3.4.25)

373 3 3 wcv . o
We assume that Fis independent of Tc) Therefore, the
imaginary part of the dielectric constant 62(60) may be

written as

21[2 1 dsc.y
€,03) = T ch[ (3.4.26)
9 .
2 )
= o FC&V r\d (wcv =) + smooth background



where Nd is the joint density of states.

A

Maxima appéar in ézuo) when w0 conditions are
satisfied. The first is that the energy of the excit-
ing radiation be the difference in energy beiween the
two Dbands, i.e.&%v= coc-cov . The second condition

comes from the joint density of states Nd . The proba-

bility of traunsition will be maximum when

VP, (&) = 0 —- ——- -(3.4.28)

VEE. (B -'Vgt‘-:v(ﬁ) or VRE (R®)-E ) = 0 -——- (3.4.29)
. .. .-
These two conditions imply that either the 8lopes of
~the two Dbands are botﬁ zero, or that they are equal.
The first case occurs at high symmetry points such as
7, X, L and related transitions exist, for example the
E: transition occurs at [ for several diamond and
zincblende (DZB) type semiconductors such as Si or Ge.
The second case usually occurs along a high symmetry
direction such as A and leads to, for example, the Ej
sét of transitions in the DZB semiconductors see
fig.\3.3.3) . Point in k space where Eq.(3.4.30) is
fﬁifilled are calle& critica} points or Van Hove singu-
larities. At such points, where interband transitions
take place, there is a energy peak in‘éé\&».
The reél part of the dielectric constant e;“xo)

goes through a shurp maximum at (J ==a46 The real part
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of dielectric constznt equals the static dielectric
constant at iow frequenciazs, i.e. él (W )= él {0)aSw—
0. As the frequency increses und we approach W=(0J_,,
w.th Q)(&%V,GHQCJ ) increases rapidly both due to the
gradient ternm andCin- > 2 in the denominator. Atcv=6dcv
, the magnitude of G1(&J ) is in principie infinize,
provided that F x0. Just above the iransition ,cuzv—aﬂ
is negative, but large due to the gradient term. As we
move away from wcv’ the magnitude of él( ¢V ;) .drops and
goes positive aguin, as we approach the next critical
point.

In principle one never sees an infinitely sharp
line because of 1line are broadening effects due to
lifetime effects,impurities, etc.. This broadening is
included phenomenoliogically by'inserting a decay factorl”
in €,W) so that

- WCV
F dSevdiby __ (3.4.30)

-aedf [
€20) l_ * nzﬁév Scv wc.?,-(w+£l")2 |Vz (A)cvl

-

Critical points may be described and classified by cer-

tain typical lineshape.

3.4.3 Optical reflectance experiment

In this part we describe the meuasurement of re-
flectance spectra to investigate the optical properties
of Si:H and Si:F:H aliloys. The optical refiectance

spectrun of Si:¥ and Si1:F:d «llioys Were neusured =3



near-normal incidence, by a rotating light pipe reflec-
tometer over an energy range of 1.2 eV to 9.5 eV.

The detuils about the rotating light pipe reflec-
tometer apparatus are found in the literature . The
schematic functional block diagram of the rotating
light pipe reflectometer (RLPR) apparatus is shown in
Fig.(3.4.1). The light source in the visible light and
near infrared 1light is a 150 watt Xenon arc lamp. The
monochromator and predisperser used are GCA model 218
and model 608/218, respectivily. Two blaze wavelength
of diffraction grating (1500 A and 5000 A) are used in
this reflectometer.The number of grooves of the dif-
fraction grating are 1200 grooves/mm  and 600
grooves/mm, respectively. We wused the diffraction
grating of blaze waveliength 1500 A for wultraviolet
light and 5000 R for infrared light as well as visible
light. The S-20 photomultiplier tube (PMT) 1is used
over the energy range of 1.5eV to 5.5 eV and an S-1 PMT
is used for energy range lower than 1.5 eV. The 1light
source used for the energy range between 3.2 eV to 9.5
eV was a hydrogen arc lamp. In this energy range the
rotating 1light pipe (supersil #1 fused quartz) was
coated with the phosphor (using Sodium Saiicylate phos-
phors ) and S-20 PMT was used. The rotating light pipe
was mounted inside the working chamber. The chamber was

pumped down to 4x10_6 torr for vacuum ultraviolet



~ 84 -

(VUV) spectra. The ubsolute accuracy of reflectivity R
in the reflectunce speccrum is around 2% but the rela-

tive accuracy of R is around 0.3%.

3.4.4 Experimental results of reflectance spectros-
copy

In this section we will discuss the results of
the optical reflectance measurement of Si:H and Si:F:H
alloys which were carried out by a high precision ro-
tating 1light pipe reflectometer at room temperature.
The reflectance spectra of alli the Si:H and Si:F:H
specimens and calculated imaginary part of the dielec-
tric function is presented in this section. The chac-
teristics of all measured Si:H and Si:F:H specimens are
. summaried in Table VII. The structure of those alloys
which were investigated by Raman scattering, EER modu-
lation and optical techniques are shown in the next to
the 1last column of this table. The interpretation of
this optical investigation is presented in the next
section.

We have measured the reflectance spectrum over an
energy range of 1.2 eV to 9.5 eV of the incident photon
for the c¢-Si, heavily doped n-type (P or As) a-Si:F:H
alloys, HTA-a-Si:H(B) and unannealed a-Si:H(B) a.loys.
In order to check the measuring systeﬁ of the reflec-

tometer intruments and the computer programs of
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Krumers-Kronig analysis we have performed the experi-
ment using a sample of ¢-Si. The results are shown in
Fig.(3.4.2) and Fig.(3.4.3). The insert in the upper-
right hand corner of the imaginary part of dielectric
function spectrum (Fig.(3.4.3)] displays an expanded
plot in the range 6.5 - 8.0 eV. The reflectance spec-
trum and dielectric functions (real and imaginary
parts) of the c-Si agree closely with Philip's results®]
The reflectance spectrum and €, spectrum are showh in
the following figures: The results for a-Si:F:H allioys
are displayed in Figs.(3.4.4) and (3.4.5). For HTA-a-
Si:H(B) alloys the curves are displayed in Figs.(3.4.6)
to (3.4.9). For comparison, the reflectance and &
spectra of c-8i are included in all the above mentioned
figures. The n-type specimens were: (a) one heavily
As-doped (NOVA-191) und (b) two P-doped (SPIN-137 and
SPIN-138) Si:F:H alloys which had microcrystalline
structure as determined by EER and Raman scattering .
All of these sampies were unannealed Si:F:H alioys.
However, they show the properties of microcrystalline
structure in optical investigation. The reflectance
spectra of these specimens are shown in Fig.(3.4.4).
They have energy peaks at 3.4 eV, 4.4 eV and 5.5 eV in
the reflectance spectrum. The imaginary part of dielec-
tric function €, of these specimens ‘are shown in

Fig.(%.4.5). From the figure it is clear that heavily
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doped n-type P or As) Si:F:H alilioy presents neither
amorphous phase nor singie crystalline phase but rather

a microcrystalline phase.

The reflectance and €, spectra of samples 44A and
44B are shown in Fig.(3.4.6) - (3.4.7). The rcflectivi-
ty spectrum of 44A | see PFig. 3.4.6 ) is a typical of

that reported for amorphous silicon prepared by either

glow discharge’»98-100 evaporationgl-gz’98-10?«‘ chemical va-
por deposition94 . The curve consists of a rather

broad,featureless bump with its peak ut 4 eV. The Raman
spectra of sample 44A is also typical of amorphous sil-
icon ( see Table VII ).

The effects of high temperature annealing are
clearly evident in the reflectivity of sample 44B.
These HTA-effects are also displayed in the reflectivi-
ty of samples NOVA-51A and NOVA-51B ( Fig. 3.4.8 ;. Theé}
spectrum of samples NOVA-51A and NOVA-51B is shown in
Fig.(3.4.9). Structures similar to c-Si, i.e. E;, B, E
' E; » E}' ure now clearly discernable. Even though
these structure are c.early seen, the reflectance above
3 eV is significant lower than in c-Si. Unlike the ob-
servations in HTA-a-Si:H\B) alloys, a study of tempera-
ture annealing [ 350°C ) of glow discharge Si revealed
no structure in the reflectivity { or &, ) curves % .
In the region above ~ 3 eV the Si:h material has a re-

flectivity 1lower than ¢ -Si. Hence the HTA-a-Si:H(B)
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samples are neither completely crystalline nor com-
pletely amorphous. An interpretation of the observa-

tions foliows in the next section.

3.4.5 Interpretation of optical reflectance spectra

.

(a) c-Si

For c¢c-Si it has been shown the main contribution
to the 3,4 eV peak comes from transitions between the
upper valence band along ihe A -axis to the first con-
duction band (denote El) with a small contribution from
r'25:v- r’ls’ctransitions (denote E, ), wher¢ v and c is
vaulence and conduction bands, respectivelylm- The E,
feature is somewhat more complex. It is due to transi-
tions from an extended region of the Brillouin zone in-
cluding the X point (X4,y - X},c) and 2_ regions (X ;v
- 3sc }01. The E; feature is associated with transi-
tions from the upper valence band along the A -axis to
the second conduction band. The E: features displayed
in the insert of PFig.(%.4.5) has never before been
resolved in the reflectivity spectrum of Si and based
on band-structure calculations can be identified with
r;s:v - r;s’c transitions!V!. fThe €, spectra of c-Si is
quite similar to others of the diamond and zincblende

type-materizls (DZB) although in some of the other ma-

102
terials of this family E; and El' are spin-orbit split
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(b) unannealed a-Si:H(B) alloys
The €, spectra of sample 44A is similar to that

¥-93, 94 193
observed for various types of a-Si as well as other

tetrahedrully bonded amorphous semiconductors10?2 .| 1¢
exhibits a single-bump, asymmetric spectral shape. All
the features reiated to the long range order, e.g. E, ,
etc. are absent. The energy of the peak in the amor-
phous €2 curve generally is close to that of the E,
feature of the crystalline material . The relationship
is discussed in Refs.(98-100,103), It is a consequence of
the fact that E; is due transition along A . Such
amorphous curves can nov be derived from the
corresponding crystalline ones simply by smecaring out

the sharp structures (e.g. E,, etc.) associated with

the long range order.

{c) Hegavily doped n-type ( P or As ) alloys

The €, spectra fof heavily doped n-type (P or As)
a-Si:F:H samples, as well a8 c¢-8i, are plotted in
Fig.(3.4.5). All heavily doped n-type samples have
structure associated with the E, and E| features of c-
Si. The energy position of Ei for the glow-discharge
samples is somewhat higher than that of c-Si. In addi-
tion to thesé peaks, sample SPIﬁ-137 also haus a small
‘peak  in the vicinity of the E,(small contribution from

11]
E; ) structure. It does not display an E, feature in
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smples SPIN-13%; and SPIN-178 (see insert). Below ~ 3
eV these three samples have an €, larger than c-Si with

that of sample of SPiIN-137 being greater than that of

samples SPIN-138.

\d) HTA-a-Si:H(B) alloys

The effects of the HTA-a-Si:H{(B) alloys 44B,
NOVA-51A and NOVA-51B) can be seen in the ez spectra of
these samples (see Fig.3.4.7 and Fig.3.4.9). The sample
44B exhibits a sharp peak at E; ( small contribution
from E: ), E; and E: associated with c¢-Si structure.
The Ez peuk in 62 spectra is not as clear and sharp as
in ¢ Si. The energy'of the E, feature in sample 44B
7.2 eV) 1is also lower than that of c-Si (7.6 eV). The
samples of NOVA-51A and NOVA-51B clearly have spectal
features corresponding to c-8Si. i1n particular NOVA-51B
has a well defined E, peak. The energy of the E;'
featurc (see insert) for sample NOVA-51A (~ 7 eV) is
somewhat lower than that of c-Si (~ 7.6 eV). One of the
main differences between the 62 of the annealed samples
and c-Si is the lack of a sharp El (small contribution
from E. ) feature in the former materials. Note that
below ~ 3 eV (a) The NOVA-51A and NOVA-51B samples have
a large Ez than ¢-Si and (b) NOVA-51A has a higher ab-

sorption in relation to NOVA-51B.

(e) caicuiation of Ner
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In order to understand the alternations of the
optical matrix elements due to the change of the short
runge order, we consider the effective number n_.. (E)
of electrons per Si atom which have been excited at a
8iven energy E (or A0 ). The caliculated results are
ploted in Fig.(3.4.10). The curve 1 - 8 in this figure
corresponds to the sample 44A, 44B, NOVA-51A, NOVA-51B,
NOVA-190, SPIN-138, SPIN-137 and c-Si.

For a-Si (cure 1) it showed the high vaiue of N ee
below 4 eV und the low vaiue above 4 eV comparing the
other samples except the sample 44B (curve 2) as photon

energy above 6 eV.
The curves 2 - 4 are the HTA-a--Si:H(B) sample dbut

curve 1 is the unannealed a-Si:H(B). The effects of
the high temperature annealing increase the effective
number of electrons n_.. per Si atom contirbuting to
the optical transitions above the gap ~3 eV. It also
reduces the value of n ¢, below the gap ~3 eV. From
the EER and Raman scattering experiments, it improve
the crystallinity of Si rather than produce a microcry-
stalline structure. Curve 5 is a heavily As-doped a-
Si:F:H alloy. The curves 6 - 7 are heavily P-doped a-
Si:F:H alloys. The value of n .. above the gap ~4.5
ev is higher than HTA-a-Si:H(B) samples ( except NOVA-
51B, curve 4 ). The n¢¢ Value of heavily doped n-type

{ P or As ) below the gap ~ 3.4 eV is lower than unan-
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nealed a-Si:H(B) alloys and higher than c¢-8i. The
slight downshift of the Raman peaks of heavily doped
n-type a-Si:F:H alloys compared to c-Si is probably due
to structural effects rather than the Fano—shiftza.
This interpretation is consistent with 1linewidth con-
siderations. *

In c-Si (curve 8) n . rises steepiy above the
g8ap near 3 eV and saturates outside the range ploted
here between 16 and 20 eV at a value of 4 corrgsponding
to the 4 valence electron of silicon. The total matrix
element between the valence states and the lowest con-

duction bands therefore must be close to unity. The n

of the curve 4, 6 und 7 above 6 eV is higher than c-Si.



CHAPTER VI DISCUSSION AND CONCLUSIONS

In this chupter we would like to summarize the
results of the optical,modulated optical and Raman
scattering studies in a-Si:H and a-Si:F:H alloys sys-
tems. We have investigated the nature of order of a-Si
materials. These materials are divided into three
categories of (a) HTA-a-Si:H(B) alloys as well as unan-
nealed a-Si:H(B) and a-Si:H(P), (b) heavily doped n-
type (P or As) a-Si:F:H alloys with microcrystalline
structure and (c) lightly doped n-type (P or As) a-
Si:FP:H alloys. This investigation provide the informa-
tion about degree of disorder for Si alloy systems.

Por the undoped or lightly doped n-type (P or As)
a-8i:F:H alloys show no E (small contribution from E
) feature in EER spectra and a broad peak at ~~480 cno
with linewidth~80 cm~! . These kind of samples present
a amorphous phase.

We have carried out the experiment of Raman
scattering for unannealed a-Si:H(B) and a-Si:H(P) al-

loys. These samples show a typical Raman features of

amorphous silicon materials ( ~ 480 cm ' and ~ 80 cm

). We also performed the measurement of the reflectance
spectra for one unannealed a-Si::H(B) samples (44A).
The €, spectra feature of this sample exhitbits a sin-

gle bump, characteristicc of the amorphous materials.

=1

1
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Both of experimental results show that these specimens

have a disordering structure.

We huave performed the meusurement of Raman
scattering, EER and optical reflectance for heavily
doped n-type (P or As) u-Si:F:H alloys. The downshift
of the Raman peaks of this sumples associated with c-Si
is probably due to structure effects?8 rather thaun the
Fano-shift3! . This interpretation is consistent with
lineﬁidth consideration. The 3.4 eV and 4.5 eV peaks of
EER spectral feature for heavily doped n-type (P or As)
a-Si:F:H look being a.very similar spectral shape. The
features in +the spectra for the heavily doped n-type
a-Si:F:H samples indicate that the degree of crystalli-
gzation is not as good as for the HTA-a-Si:H(B) samples.
The EER results are consistent with the reflectivity
measurement concerning the lower degre of crystalliza-
tion of sumples heavily doped n-type P or As) a-Si:F:H
alloys in relation to samples HTA-a-Si:H(B).

We did not carry out a systematic studies for the
heévily doped n-type (P or As) a-Si:F:H samples in the
measurement of reflectance spéctra. We only measured
the reflectance spectra for three heavily doped n-type
(P or As) &a-Si:F:H samples (SPIN-137, SPIN-128 and
NOVA-191). It is difficult to analyze the &, spectra
for different doping types. However, two heavily P-

doped a-Si:F:H samples with different doping concentra-
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tion (SPIN-137, 110 ppm; SPIN-138, 55 ppm) have been
measured the reflectance spectra. The €, spectra showed
that the sample SPIN-137 has au somethat better crystal-
linity than the sample SPiN-1378 even the absorption
below 3 eV for the former material is higher than the
latter sample. This may be related to the higher de-
gree of doping level %3 . Therefore, the heavily
doped n-type (P or As) a-Si:F:H will form a microcry-
stalline structure of silicon. Three experimental
techniques showed that the results are consistent.

The general similarity in €, spectra between the
HTA-a-Si:H(B) alloys and c-Si (see Fig.7.4.9) is indi-
cative of the crystallinity. For example, both samples
NOVA-51A and NOVA-51B exhibit the E,, E, und even E.
features (for sample NOVA-51A E is observed at about 7
eV). The experimental results of optical study plus our
measurements of the EER spectra of these samples indi-
cates that HTA (900-1100 °C) is sufficient to obtain a
high degree of structural order.

The main difference between samples NOVA-51A,
NOVA-51B and c¢-Si is the E, (small contribution from E;
) feature which is greatly depressed in the former ma-
terials. This effect is probably related to the pres-
ence of a large number of free carriers. Aspnes has
also noted a depression of the 3.4 eV structure rela-

tive to E; in heavily doped Si . Evidence for the
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presence of these free carriers may be deduced from the
downshift of the Raman peak of these samples from 522
em~l  (c-Si) to the values listed in Table VII. This
difference can be accounted for the interaction of the
phonons with free carriers, i.e. the Fano-shift31 . We
rule out structure effects, 1i.e. microcrystallinityzs’
31 ag the origin of the downshift since samples NOVA-51A
and NOVA-51B exhibits such a high degree of crystallin-
ity and Dbecause of the narrow linewidth of the Raman
pesk in relation to its Raman frequency2® .

In conclusion, our studies show that the use of
optical, modulated optical and Raman scattering pro-
vides us to gain informafion about the nature of
disorder. In particular, we may discern the difference

between structure disorder abnd that induced by a ran-

dom distribution of heavily doping.



Table I :

unannealed a-Si:H samples.

in the Raman Feature Column is the linewidth in em-!l.
is 7059 Corning glass.

: Summary of characteristics and Raman spectrum features of a number of
The number listed in the square brackets

Glass material

A Doping Sample Substrate
Sample Type Concentration Thickness Material Raman Feature (cm-l)
(ppm) (um)

P:si-20a(a) P 5 x 1073 (b) 2 NiCr 455
P:si-18a(2) P 1 x 10-3 (v) 2.7 NiCr 475
P:51-19a(a) P 1 x 1073 (®) 1.3 NiCr 470
sun 901,902(¢) | p 1000 486  (86)
Pe 285(C) P 3 x 1072 (b) 0.3 glass «80 [71)
aap (©) B 50 480 [81)
63 (© B 500 «80  [80)
B:5i-13c(a) B 1 x 1074 (e) 2 NiCr 475

1764 (@) Intrinsic 2 NiCr 479
176C(a) Intrinsic 2 NiCr 475 [75]

(a) Sample supplied by Prof. H. Fritzsche.
(b) Quantity is (x] gas / SiH,)

(¢) Sample supplied by ECD.

gas.
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Table II : Summary of characteristics and Raman spectrum features

of a number of

n-type (P or As) a-S1:F:H samples. The number listed in square brackets

in the Raman Feature

resistivity is that measured in the light,
The glass subtrate material is 7059 Corning glass.

i.e. not

Column is the linewidth in cm-l,

The listed

dark resistivity.

Doping Sample Resistivity | Substrate Raman

Sample type |concent.(ppm)jthickness (um) (N-em)=l | material Feature(cnfl)
GLAD 57B Intrinsic 0.2 10-% c-Si 478
.—E:XB—ESB Intrinsic 0.58 10-3 glass(Cr) | 478 96
GLAD 62A 1000 0.05 13 ‘glass 480 85
GLAD 84A 2 0.5 2 x 1074 | sn0,/glass| 480 85
SUN 860,861 1000 glass 482 14
NOVA-101 As glass s08(a)
NOVA-103 As 512(2)
NOVA-190 As 20 0.4 3 c-51 517(2) 48
NOVA-191 As | 500 0.4 glass 516(®) 30
SPIN-138 55 0.25 glass(Mo) | 520(2) 23
SPIN-137 110 0.25 glass(Mo) | 520€3) 20
SUN 1354 500 0.3 glass s16(3) 42

(a) Not yet examined for small shoulder at 495 cm-l.

(b) Snows two-phase behavior-small but well-resolved peak at 480 em~1,




Table III : Summary of characteristics and Raman spectrum features of a number of high
temperature thermally annealed (HTA) a-Si:H(B) samples. The number 1listed

in the square brackets in the Raman Feature Column in the linewidth in em-l.
Glass subtrate material is 7059 Corning glass.

Doping
Sample Type | Concentration (ppm) | Anneal. Temp.(’C) Raman Feature
46 B 50 1000 s16.6(2) (18]
443 B 50 1100 517(3)  (14)
NOVA-S1A | B 500 900 si7@ [17.5)
NOVA-51B | B 500 1000 s16t2)  [15.5]

(a) Small shoulder at 495 em~l,

—86.—



Table IV : Summary of characterization by TEM, Channeling, Raman spectrum features and

the characteristics of

samples (Ref. 75).

100 keV S1 ion-damaged,

laser-annealed

silicon

!

EER Features

Laser energy TEM Channeling Raman Peak Ey E,
density(J/cm?) (em-1) (3.4ev) | (4.5ev)
<0.1 amorphous amorphous very bread peak NO
465
0.1 polycrystalline & | almost no channeling | broad, small yes yes
amorphous 513
0.15 more poly., less 102 - 20% 520 yes yes
amorphous channeling peak width =10
single crystal
0.35 defect & 90% 522 yes yes
dislocation channeling peak width =6
.0.5 defect free pefect 522 yes yes
single crystal channeling peak width=5S
0.75 defect free pefect 522 yes yes
single crystal channeling peak width=4

_66_



Table V : Summary of EER (Electrolyte Electroreflectance) features

and characteristics
of n-type (P or As) a-51i:F:H samples.

Doping Sample Mod. EER Features
Sample type |concent. | Thickness Resisti!}ty Substrate |Freq. AC Ey, Eg | Ey

: (ppm) ( um) (L -cm™) (Hz) (volt) (3.4ev) |(4.5ev)

GLAD 578 Intrinsic 0.2 1074 P -5t 220 20 No EER
GLAD 86A | P | 2 0.5 2x10~% sn0,/glass | 220 | 20 No EER

Ix10 #5 P 2% 10% | Class 36 70 No EER

i NOVA-101 As 0.1 4x1073 Glass+Moly.] 220 5 | yes yes

: NOVA-102 As 0.05 4 _ Glass+Moly.| 220 S yes yes

m:m-a“ As 0.2 25 Glass _‘3_2'0 5 yes | yes
39&190___ __As 20 0.4 k] C-Si 36 1 ;;_s . yes -
NOVA-191 As | 500 0.4 Glass 220 10 yes | yes

SPIN-138 | P 55 0.25 Glass(Mo) | 220 8 “yes | ves
| spIn-137 P 110 0.25 | class@o) | 220 3  yes | yes
GLAD 35AB P 0.3 0.3 10 Cc-S1 220 0.4 ) yes yes ?
| GLAD 35B P 0.15 0.15 10 5n0,/glass | 220 0.4 ves | yes
|76 16 P 2 20 | Glass__ | 36 | 20 | yes | yes__

REREILUINN I S P 107t | Glass 1 |70 yes | yes
T R s eI N o i

Lo 13 P 2% 4x1072 Stain. St. | 36 P yes | yes

- ont -




Table VI

+ Summary of Raman spectrum and EER features of a number of high temperature
thermally annealed as well as unannealed Si:H(B) samples.
in the square brackets in the Raman Feature Column in the linewidth in em~L.
Glass substrate material is 7059 Corning glass.

The n

umber listed

Doping Annealing Raman Feature EER Feature
Sample type concentration temperature (cm'l) E; & E' E;
-]

(ppm) ("0 peak | linewidth (3.6ev? (4.5ev)
44A B 50 unannealed 480 80 No No
44B B 50 1000 s17(a) | 14 No No
NOVA-51A B 500 900 si7€a)| 17,5 Yes Yes
NOVA-51B B 500 1000 si6@) | 15,5 Yes Yes

(a) Small shoulder at 495 cm~}
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Table VII : Summary of EER and Raman spectrum features of a number of (heavily doped
n-type) a-Si:F:H, high temperature thermally annealed as well as unannealed
a-S1:H(B) and c-Si samples.

Doping Annealing Substrate Raman
Samples type | concent. (ppm) temp. (°C) material EER Structures peak(cm-1)

t-S1 Si Bulk Yes Crystalline 522
NOVA-191 | S1:F:H As 500 Unannealed c-Si Yes Microcrystalline 516
SPIN-138 | S1:F:H P 50 Unannealed Glass(Mo) | Yes Microcrystalline 520
—é§;§;137 S1:F:H P 110 Unannealed | Glass(Mo) Yes Microcrystalline 520
LGA S{i:H B 50 Unannealed Gla;s No Amorphous 480
"*zz;"’““gzj;‘“* B 50 1000 "-Class Yes improve crystallinity 5i7
NOVA-51A |S1i:H B 500 1000 ;I;ss Yes. Improve crystallinity 517
NOVA-51B | Si:H B 500 900 Glass i Yes .;;prove crystallinity 516

- 0t -



AMORPHOUS SOLID WITH
STRUCTURAL DEFECTS

AMORPHOUS SOLID
(IDEAL CRN)

(CRN) model.

)

52

Fig.(2.1) Schematic drawing
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Fig.(

2.2) Drawing of density of states (DOS) versus energy
of amorphous semiconductors. (Ref. 53)

(2.2a) Density of states of Cohen-Fritzsche-
Ovshinsky (CFO) model.

(2.2b) Density of states of Davis-Mott model.

(2.2c) Density of states of modified Davis-
Mott model.

(2.2d) Density of states for a real glass

with defect states.



Fig.(2.3)
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of the gaseous impurity ratio. For the right-
hand curve, this is the number of phosphine
to silane molecules in the gas mixture used
for specimen preparations. On the left it is
the corresponding diborane to silane ratio.
The centre refer to undoped specimens.

(Ref. 63)
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Fig.(3.2.1) The schematics of the elementary Raman scattering

process.
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Fig.(3.2.2b) Schematic Raman
scattering spectra
for a-Si, muc-Si,

silicon. c-51.
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&
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'E ,i1c: microcrystalline
: a: amorphous
-E nc-Si:F:H (P~1%)
Sl Sr=0.29 (F#¢/14)
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2 T
Fig.(3.2.2¢) ¥ (Ref.27)

foy wc-Si:F:H alloys.
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Fig.(3.2.3) Schematic functional block diagram of Raman
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Ranman spectra of a-Si:H and pc-Si:F:H alloys.




-~ 110 -

.UNITS)

RAMAN INTENSITY (ARS

400

1 1 .
450 500 550
RAMAN SHIFT (cm™)

Fig.(3.2.5) Experimental Raman scattering spectra for the

specimen a-Si:H, a-Si:F:H and a-S1:F:H(As).

(Ref. 27)
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Fig.(3.2.6)

Raman spectra of high temperature thermally annealed
a-Si:H(B) sample. HTA-a-Si:H(B) sample with 50 ppm
Boron is annealed at temperature 1100 °C about 10
min.. Peak position is at 517 cm‘l. Details of the
spectra in the region between 480 - 500 cm'l, which
shows a small shoulder around 495 em~l, is displayed
in the insert.
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Fig.(3.2.7) Raman width and particle size (dashed)
versus Raman frequency for pc-Si
(including a-Si). (Ref.28)
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Fig.(3.3.1a) A schematic diagram of the change in
the imaginary part of the dielectric

‘function expected for first-derivative
modulation process.

electric field

(b)

Fig.(3.3.1b) A schematic diagram of the change in
the imaginary part of the dielectric

function expected for electric field
modulation. (Ref. 34)
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Fig.(3.3.2) First Brillouin zone for a face centered cubic
crystal. The high symmetry lines and points
are labeled.
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F1g.(3.3.3) Band structure of crystalline silicon.

(Ref. 87)
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Fig. (3 3 4) Typical EER (Electrolyte Electroreflectance)
spectrum of n-type c-Si. (Ref. 88)
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Fig.(3.3.6) EER spect'rum. of different concertration of P-doped pc-S1:F:H alloys.
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Fig.(3.3.7) EER spectra of heavily P-doped uc-Si:F:H alloys which was deposited
on stainless steel or glass substrate. (Ref. 28)
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Fig.(3.3.8) EER spectra of P-doped uc-Si:F:H and As-doped
ue=S1i:F:H alloys. (Ref. 27)
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Fig.(3.3.13) Comparision of EER spectra of HTA-a-Si:H(B) and pc-S1:F:H(P) samples.
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Fig.(3.3.14) E®R spectra of ion demaged (100 Kev Si), laser
annealed Si with different enerpgy density,
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Fig.(3.3.15) Comparison of EER spectra of ion-damaged, laser-annealed Si
with laser energy density 0.5 J/cm? and HTA-a-Si:H(B) samples.
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Fig.(3.4.2) The reflectance spectra of c~Si from 1 eV to 10 eV using

rotating light pipe reflectometer at near normal incidence.
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TIMPLICIT COMPLEX*16(F~06)
UIREHSIOG UC30N)Y aFEFF(300)4Y1(200)
JIMEISTIDY F(’On)cu(100).Tux(zl).p(so;.y1(3go'.
1 THAC300)+Ce3(300), OK(30U0D)ALF(300)44(300),
2 TRANSI3CC) yE£0(3UND) JET(2N0)
TH=5.5E~-1
900 HREAC(S5+55%+£::0=999) IS
§55 FORMAT(IS)
ARITE(64.82) 1S
‘82 rORMAT(//1Xs4HIRS= +I5)
' NSP=!1541
ALF(2)=0.0
£0(1)=0.0
ET(1)=0,0
0OK(1)=0,0
ON(1)=0,0
TRAMS(1)=0,0
DO 2 I=1.N5
READ(S+5) F(I)«R(])
S FORMATIFS.3¢FS5.3)
11=]-1
3 COMTINUE
7 IMAX=R(IL1)
EMAYX=E(I1)
12=11-1
WRITC(6+60) (E(I)I=1«ND)
80 FORMAT(// ¢20(2X +FT7.44¢3X))
WRITE(6¢80) (ROI)+I=14ND5)
10 P(1)=1
00 250 1=2.40
200 P(I)=PLI=-1)+,.6
PMAX=P(3)
14=1
13=0
14 IF (P(I3) EQ. PMaX) GO TO 4S5
13=1I3+1
NWRITE (6+15) P(I3)
15 FORMAT(1H1 511 P = + 1PELS. 4777
WRITE (6+¢16)
16 FORMAT(1IH «¢11H WAVELEMGTH2X+6HENERGY 11X
1 12HREFLECTIVITY +4X +SHALPHAEX+1HNe8BX11HK
2 BXeTHTHETA «3Xe1lhTe10Xe2HEQsAX42FET//)
N0 42 U=2.12
U0 21 I=1,11
IF (E(1).EQG.C(J)) GO TO 17
XO=F(I)"
IF(A3S(XD-1.) .GT, 1E-10) GO TO 70
XLD=XD-1.
60 TOo 72
70 xLD=ALOG(XD)
72 COI'TINUE
XE=R(J)
IF(ABS(XE-1.) «GT., 1E~1J) GO TC 71



"
73

17

90
92

91
93

19
21
23

25

27

29
31

61
65

62
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ALE=KZ-1,

50 T 73
ALE=ALOLG(VME ) .

COV'TI 1L

K= XL 2=-XLE
XEJI=ZE(J)*»«2-C(])ss2
XCC=Rw/sxXEJT

YI(I =xcc

a0 TO 19

XIr=R(I-11
IF(A4S(X]Iir=1.) .6T. 1Z-10) GC T9 90
XIMLs=x1t1~-1,

60 T2 92

KIMLG=ALOG (X1t
CONTIr:UE

XIP=R(I+1)
IF(ARSIXIF~1.) -GTe. 1E-10) GC TO 91
XIPLG=XIP=-1,

GO T0O 93
XIPLG=ALOG(XIP)
COKTINVUE

YJIIMZE(U)222-E(]-1)%22

YJIP=E(J) 2 %2=-F(]+1)%%2

XJ=R{(J)

AJI=SALOG (X J) .
YY=0,52({XTPLG=XJJ)/ZYJIIN+(XIFLG=-XJJI/YJIIP)
YI(I)=YY '
21=YIt(J) .

IF(I €. Y1) GO TO 23

CONTIIIUE

V0 2S5 1I=1,85
YICI)=(YICII+YI( (141 «(ECT+1)=F(T))%,5
IF(I .EQ. I2) GO TO 27

COMTINUE

THA(J)=O ’
YI(J=1)=2Z21*(E(J)-El(JI-1))
YI(JU)I=2Z21x(FE(U+1)=-E£(J))

GO 29 I=1.12
THACS)ISTHA (DI +YI (D) «E(J)/3.14159
IF(I.£EQ. 1I2) GO TO 31

CONTIsVUE

Y=AES(EMAAX-C(J))

AXZE () /P AX . '
IF(A3SIXX~1.) «GT, 1lE£-14) GO TC €1
XLG=XX-1 .

GO TO 65

XLG=ALOG(XX)

YY=ABS((EMAX+E(JIDI/Y)

TIF(ABS(YY~1.) oGT, LE=-1U) GO TC €2

G0 TO 64
YHG=ALIG(YY)



(2N s NeNeKel

64 COMTIMUEL
THAC(JISTHALJ)I 4 (D, 159158 ) XLGYYNVG
2=0.0

32 DO 33 I=1.50

2=2+4+1.0

EEC=E(J)/FMAX

THAMDI =THALID)I+(P(I13)*((2,0%2-1.0)%%(~2))x
1CEC»*(2*1-1))/3.14159

23 CONTINLUE

D€)== (1.0=R(III/ (1. 04R{EN=2,0¢SCRT(R(U) )=
1CCS(TRALU)))

CK(J)IZ (2., 0*SART(R(J)I*SIH(THA(J) ) I/ (1.0+
10 €)Y =2.0»SART(R(J)I«COSITRA(UI ))

42 COMTIMUE

44 50 46 J=2.1i5

WeJ1=1,23946/E(J)

ALF(U)=4,n+3,314159+0F (W)WY

UEJ)I=ATAN (2. 020K (U /70 (JI*0ON{J)I+(OK(JI)
19K (J))V=1,0))

TRANSIJ)I=(( (1, 0~-R(J))I**2)4(4,02R(J)*SIN(V(J)) =
1SIN(U(UII DY) *EXPL-ALF(J)*TH)/
2(1.,0-NR(UI2R(JISXEXP(=2.08ALF(J)*TF))

EOCJUI=0N(J)2*2=-UK(J)3*2

eT(JI=2201.(J) 20K (J)

WRITE(GE¢25) WII)vE(JIeRIUIeALFCJ) e 00t JU) s OK(J) o
1THA(J) « TRANS(J) «CGU) ELY)

3% FOFRMAT(1H +1P10E10.2)

4¢ CONTINUE '
THIS PARTS ARC CALCULATIMG THE EFFECTIVE DENSITY
OF ELECTRONS NEFF(E) COMTRIBUTING TO ABSORPTION
BELOW ENERGY E.
THE RESULTS OF NEFF(E) FUST MULTIPY THE ORDER
OF OF MAGHITUDE ( TEN OF 20 ). :
CONST = 4.6195
D0 30C J=2.I2
SUM=0,0
00 400 I=24J
OE=E(I)=E(T-1)
XFHE=E(T)*ET(1)*DE
SUM=SUF+XFIE

400 COITILUE

XFLEFF (J)=SUAXCO.IST
YLUJ)=XFREFF(J)

200 CONLTINUE

VRITE (64500) ((XFREFF(J)ed=1412))

500 FORFMAT(1H41IP10L10.,2)

CALL MPLOUT ( Y14lele'iSeeloel)d
50 T0 14
45 14=]14+1

a%c STOF

cur



N EN N

22
20
23

25
21
30

4
33

32
37
35

36
41

40

93
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SUSPFOUTINE (FPLOT(A«TOMS IMAXN «JVYAX«YMIN.DY)
GIFMENSION A (1) IB(12)eINUT(101)4TISYR(11)
DATA ISYR/1H141H241H391HU ¢ 1HS e 1HE 9 1HT e 1HA e 1HY1HA(1HY/
CATA IBLALITOT+IMSYR/1E o lH. 02NN/ ’
1XRC=10N

amIN=ACL)

A*PX=AC1)

Jl1=0

{0 1 J=140%hY

LO S I=14+1"AX

Il1=1+01

MELIDPPRENLE I XYY

Al'Th=A(TI)

IFC(ACTILI)=AMAY.) Se5e8

- AMAYZA(TL)

cernTINnNLE
J1=Jl1+10F5
XRAIG=AVAX =AKMIN
DX=XRAMG/ (IXRG~1)
IFILX=1,E-27)300,300,22
XsCaL=1,
IF(XSCAL~CX) 23¢21+20
XSCAL=XSCAL*0.1
IF(OX=-XSCLL)I20421,21
xSCAL=XSCAL*10,
JIFIDX=XSCAL)25421,23
XSCAL=XSCAL=*0,1
XSCAL=XSCAL»*D.1
I=0X/>SCAL+0.,5
DX=I+XSCAL
IF(AMINSANAX) 20430431
aAM=0.

I=1

DXx10=DX%10.
IF(AM=ArIIN) 32432,33
AVM=AM-DX10

I=I+1C

GO TO 34
Ali=O,

IF(AN=ACAY) 35:36035
A=ANISDX10

I=1+10

GO TO 27

IF(1-101) 494.40.41
CX=DX+¥YSC4LL
GO Y0 20

IXkG1=X

IRX=0
T=AV/0X

IF(T) ©20.90,92
I4{1)=T=",%

Go T1C 63



92
31

82
51

s

5t

55
56

60
93
94
95
14
13

9111
100

70

1922

8l

142

142
134
141
145
1E1
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IECL1)=T+0,",
GC T0 ot
I=ArMIn/02=-0.5
Av=1vX
1F(AL=A1.]1) S04504+51
AVPZAM-TX
w0 TO 52
I=(ANLZ=r¥ ) /0OX+1,¢
IXRG1=(1=-2)/71C+10+11
IF(IXKRH1-101) SH L5454
LY=NX4LSCIL
GO T0 51
LIF( ARS(LF/Z0N ) =000 894" 456
IFEX=A; 8 (3. 040.D2CX) /70X
Ic(1)=0
T=YVIn/NY
JF(T193,953:%4
1*=T-0.5
G0 T0 9%
1Y=7+C.5
IRY=0
T=OA4GLaXSCAL
IFLIY=TCUIL1341354104
IRY=1Y
1Y=0
CRITC(6eS111)
WHRITE(GCIR0) JTEXeToIRY LY
FOFMAT(1H1)
FORIFAT(/IY W' RELATIVE 2HIC GF
X*SCALE CF Y=-AXIS 1S *+F12.4,
Y Ze1Y *RELATIVE 7t R0 OF
Y*SCALE ©F Y=AX1IS IS '+E12.,47/)
Je=1
DO 706 I=11+IXRG1.10 -
JR=JR+2
18(JR)I=ILIJR=-11+10
URITEL64202)(IB(I)eT=10UKR)
FORMAT(IH +I13410710)
JPlz (U *AX=2)/10%x10+11
J1=0
30 80 J=1.V"1
U0 81 I=3,.141t0G1
I0UT(I)=1¥1 aK
Icr=10
iIF(JU=2)13031424165
1CH=5
GO TO 145
IF(J-J*141)11494 4152141
IF(J=J/'0»101=1)1=541+¢1eills
IC! =1
") 191 izl Yl o ICH
1cuTel)y=7T1 0T

X=~AXIS IS

Y-pAXIS IS

' e 15:20X«

'215¢20%
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1F(J=g/nat=1) 15241534132
153 I0UT(2)=10AT
I0UY(1XPC1=1)=1007
152 1F(J=Jrax) 15541584155
156 D0 160 [=1,I%MAX
I11=J1+4]
INS(A(T1)Y=-AN)Y/DX+1,5
IFCIOUT(IMN)=IBLAR) 1lule26241KF]
161 IF(IOUT(IGI=-TOCT) 1534132417
153 TOUT(10L)=TISYS

60 TO 160
162 ITOUT(IDI=ISYR(T)
16 CGHTIv LD

169 1F(IC~=1) 317G+1714170

171 VEITE(E«IO3) IV (IOUITIK) e K=1e1IXIRGY)
1Y=1Y+10
GO TO a0

170 VRITE(2+104)(IDUT(K) s K=14INXRE1)

80 J1=J1+41IDKS
WRITE(6«102)(IB(T)eI=14UR)

3ni RETURY

103 FOLvAT(I1: 911101X4,131A1)

104 FOREAT(I1t +12Xe10141)

300 WRITE(C «105) UX
GC T0 301

105 FORPFAT(Y DX=94E£12,4+5Xe*ALL CURVES ARE STRAIGHT LILES®)
RETURY
chD



