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ABSTRACT

The optical and electronic prop;erties of a-SiNx:H alloy films fabricated by rf
glow-discharge in SiH 4 NHy have been measured for 0 = x < 0.6. The optical gap
is about 1.65 eV and is practically independent of x for 0.1 = x = 04, but it
increases rapidly with increasing x for 0 < x < 0.1 and x > 04. The dark conduc-
tivity, the photoconductivity, and the ratio of the photoconductivity to dark conduc-
tivity are enhanced by nitrogen incorporation when appropriate nitrogen content is
used. It is observed that the activation energy for extended-siate electron conduc-
tion is unaffected by N content for x =< 0.4, indicating that nitrogen does not act as a
donor. The electron mobility in extended states is improved by as much as a factor

of 10 by N incorporation. There is a rapid conversion from the tetrahedral network

toa Si3N 4 network as x increases above approximately 0.4,

Both amorphous and microcrystalline hydrogenated silicon films have been
fabricated by microwave plasma processing in a silane-hydrogen gas mixture, in
which the plasma can be made to exhibit electron cyclotron resonance (ECR). X-ray
diffraction measurements and spectroscopic ellipsometry over the range of 2.0 eV to
3.5 eV indicate that the optical gap decreases from 1.70 eV to 1.40 eV as the struc-
ture changes from an amorphous network into a microcrystalline-amorphous mixture.
The amorphous to microcrystalline transition is clearly indicated by the spectra of

the refractive index n, and the imaginary part of the dielectric constant €,.



For ellipsometric data analysis, a multilayer optical model has been developed.
The dielectric response of each layer is calculated as a function of the amorphous,
crystallite, and void volume fractions through an effective medium approxifnation.
Effects of bond length dilation, bond angle distortion and void content on the
dielectric response are considered within the Penn-Phillips model of amorphous sem-
iconductors. Ellipsometric and X-ray diffraction data indicate that the transition
from amorphous to microcrystalline structure is accompanied by a reduction in
material density and a significant increase in the surface roughness overlayer. X-ray
diffraction measurements estimate a higher volume fraction of crystallites as com-

pared to that obtained from optical data.

The optical, electronic and structural properties of a-Si:H films deposited by
ECR microwave plasmas have been studied as functions of substrate bias. Films
deposited on quartz and stainless steel substrates ;vith their surfaces normal to the dc
magnetic field d-is_piay good optical and electronic properties. For moderate negative
bias, the films deposited on stainless steel substrates consistently exhibited higher
density and better optical and electronic properties compared to films deposited on
quartz substrates. These properties are explained in terms of ion bombardment of
the growing films and they are correlated with Langmuir probe plasma studies. Ion

bombardment of the growing films plays an important role in film quality.
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CHAPTER 1

INTRODUCTION

Amorphous materials may be simply defined as materials without long range
order of atoms as is the case for crystalline materials. These materials are generally
formed by the undercooling of a liquid or the condensation of a vapour onto a cold
substrate. This will result in the formation of structural "defects” which disturbs the
periodicity of the atomic arrangement. Materials having semiconducting properties
are wvsually referred to as “non-crystalline semiconductors” or "amorphous semicon-
ductors”. The classification of materials into metals, semiconductors, and insulators
is based on band theory[1.1,1.2], v.:he starting point_of which is a periodic arrangement
of atoms in a crystalline structure. This theory has obviously been very successful in
predicting the electrical and optical properties of crystalline solids. However, many
solids are not crystalline, but are amorphous. A solid of amorphous structure gen-
erally exhibits similar electrical and optical properties to those of the same soiid of
crystalline structure, suggesting that the band theory of solids can be applied to
amorphous material with some modifications. The theory of crystalline solids is now
being further developed to apply to the more general class of solids, that is, amor-

phous or non-crystaliine solids.

From a purely scientific point of view, there is much insight into the physics of

solids to be gained from the study of amorphous materials. Also, these materials



have the potential for a wide range of applications. They exhibit a wide range of
properties allowed by the relaxation of the constraints associated with long range
order. Materials composed of exactly the same elements can have coxﬁpletely
different structural and optoelectronic properties, depending on their fabrication
processes, and optical and thermal histories. In Chapter 2 it will be shown that the
optical and electronic properties of amorphous silicon films can be changed by heat

treatment, suggesting that these materials have many quasi-stable configurations.

Since it is directly related to many properties of crystalline and amorphous
materials, let us consider the electronic structure of these solids. The conventional
approach to the understanding of the electronic structure of crystalline solids is to
require that the one-electron potential energy exhibit the periodicity of the lattice.
Calculations are generally made‘involving a small number of atoms in a single primi-
tive cell from which the entire crystal can be éeneréted. All electronic states are
"extended” throﬁghout the solid, and therefore, all electronic and optical properties
can be interpreted in terms of a band theory. The distribution of the density of
states takes the form of alternating regions of energy where states are allowed called
"bands”, separated from regions where no states are allowed, called "gaps”. For cry-
stalline silicon, the width of the valence band and conduction band is of the crder of
43 eV, and they are separated by a gap of about 1.2 eV. The sharp structure in the
density of states distribution of crystalline solids is as a coasequence of the long
range order of the lattice. The properties of amorphous solids, being similar to their
crystalline counterpart, suggests that the déhsity of states distribution in amorphous

solids should be of similar form to that for the crystalline case, with some "minor”



pertubations. In fact, it is believed that the density of states distribution is more
strongly associated with the local atomic environment rather than long range

order[1.3,14].

By considering the rlocal atomic environment, the effects of disorder, for exam-
ple bond length dilation, can be studied. Either bond stretching or bond bending
can introduce “localized” states into the energy gap. With increasing disorder, the
density of states distribution loses its sharp structure at the band edges and is
replaced with band tails, that is, a gradual decrease of the density of states with
some states occurring in the forbidden region or band gap. These states, rather than
being extended, now behave as "localized” states in which the electrons occupying
these states are confined spatially. The valence and conduction band tails may be so
extensive that they intersect at :ﬁidgap, as shown in Fig. 1.1. This is the CFO model
proposed by Chohen, Fritzche, and 0vshinsky[.1.5]. 'f‘wo critical energies for which
carrier mobility increases sharply, are now defined as the band edges, and their
separation as the "mobility gap”. Some normally filled valence band states have ener-
gies in excess of normally empty conduction band states, resulting in a repopulation
to restore equilibrium. Most other models for the density of states distribution in

amorphous semiconductors are similar to the CFO model.

Localized states in the gap can also arise from impurities or defects, in addition
to states due to the overlap of band tails. The magnitude of the density of states at
the Fermi level g (£ ), is an important parameter, and is dependent on the details of

the material processing. If g(E;) is smaﬂ, these states have little effect on the



electronic properties of the material, and E s can be easily modulated by, for exam-
ple, doping or charge induction. For larger values of g(E, ), there is an increasing
tendency to pin the Fermi level, thereby making it difficult to observe any ‘doping
effects or observe a field effect (large change in conductivity due to induction of
excess charge). Perhaps the most important type of defect in amorphous material is

the so-called “dangling bond”, which yields localized states in the gap.

In crystalline silicon, each Si atom has four nearest neighbours. The Si atoms
are said to be four-fold coordinated, each atom forming four covalent bonds with its
nearest neighbours, thereby satisfying its valence requirements. An under coordi-
nated atom is considered a defect center, the simplest of which is the three-fold
coordinated Si atom, and is referred to as a "dangling bond”. Dangling bonds, pre-
valent in amorphous material, are of extreme importance since g(Ef) is directly
related to the electronic properties. The reductio-n of-the localized gap states due to
dangling bonds and resultant improvement in electronic properties was the main
impetus in the current wave of activity in the characterization of amorphous silicon.

We shall come back to this point later.

At this time then, the most popular model for the density of states distribution
in amorphous silicon is the Davis-Mott Model[1.5] or some variation of it. This is
shown in Fig. 1.1(b), where localized states near band edges or band tails do not
overlap and localized states near the midgap are due mainly to dangling bonds.

Present thinking is that overlapping tails do not exist in amorphous semiconductors.



The classification of electronic states by k-vector (wave vector) is without mean-

ing in amorphous semiconductors since lattice periodicity does not exist[1.5,1.6].

However, it is still appropriate to examine the state density and their localized or

extended character as a function of energy. Several theoretical calculations or

models exist.

&)

(2)

“Tight-binding models*{1.7]. This approach employs the tight binding approxi-
mation in which the electronic wavefunctions are linear combinations of atomic
orbitals. Schrodinger’s equation is then solved for the one-electron energy lev-
els. Although this method is crude, it emphasizes the short range order and
hence is applicable to amoerphous materials. The approach concentrates on the
effect of topological disorder (no long range order) but neglects quantitative
disorder corresponding to a spread in the bond angles and next-nearest-

neighbour interactions.

”Crystalliné polymorphs”[1.8]. In this approach the density of states is approxi-
mated by extrapolating from or averaging over the density of states calculated
for various actual or hypothetical crystailine forms, all satisfying chemical
valence requirements. Various atomic structural arrangements considered
include the wurtzite configuration, the body centered cubic configuration, and
the simple tetragonal configuration, the local disorder increasing through this

series.



(3) "Cluster models"{1.9]. Multiple scattering theory is applied to clusters of up to
the order of 50 atoms, for several configurations corresponding to those known
or guessed to exist in amorphous materials. The final density of sfates is
obtained by averaging over the different types of clusters. Periodic boundary

conditions may be applied to the clusters.

(4) "Penn-Phillips approximation”[1.10,1.11]. In this model the macroscopic optical
properties such as the dielectric constants are used to establish a small number
of basic parameters, such as an average energy gap. This general model may be
used to correlate various parameters in a self consistent manner. In Chapter 4
we will use this model to investigate the effects of void content, bond streiching
and bond bending on the dielectric constant for amorphous and microcrystalline

silicon films.

All these models predict that the sharp structure' in the density of states distri-
bution in the conduction and valence bands disappears because of lack of long range
order. Also, these calculated results suggest the existence of a pseudogap between
large conduction and valence band state densities, with states near the band edges
assuming an increasingly localized character as their energy penetrates deeper into
the otherwise érystaliine band gap. These results can be well described in the CFO
or Mott-Davis model of the density of states distribution. The existence of good
short range order suggests that the simplest structural defects perturb the network
equally at all locations and therefore give spatially localized states in a narrow band

of encrgies of the pseudogap.



The structure of the amorphous material determines the density of states distri-
bution which in turn determines the optical properties of the material. The optical
properties usually deduced from the ‘band theory calculations for comparisc;n with
experiment are related to the imaginary part of the dielectric constant €;. In
Chapters 3 to 5, we shall discuss the relation between structural and optical proper-
tics of silicon films based on the Penn-Phillips Model. The imaginary part of the

dielectric constant is given by
€y(E) = const. - J(E)M (E)/E? , (1.1)

where J(E) is the joint density of states for optical transitions at energy E, and
M (E) is an average matrix element for transitions between valence and conduction
band states. The quantity M (E )/E2, the average dipole matrix element, is essen-
tially an average probability for optical transitiéns between initial and final states.
Joannopoulos et al.[1.4] have concluded from calculations of €,(E), J(E), and
M (E) for several silicon polymorphs that the shape of €, is mainly determined by
the matrix element M (E). For all tetrahedrally bonded amorphous solids, ¢, as a
function of energy has the same form as M (E), since the forms of J (£ )/E? and

M (E) are similar in all these cases.

To make comparisons between optical absorption edges for various amorphous
Si films, we usually use the optical bandgap E pi» which is defined on the basis of a

parabolic absorption edge following the well known emperical relation[1.6]

o = const. - (hv — E,, 2, (1.2)



where a is the absorption coefficient and hv is the photon energy. A rough
justification of Eqn{1.2) is as follows[1.6]. In an amorphous solid, since k is no
longer a good quantum number due to lack of long range order, all pairs o;f states
(filled at energy E , and empty at energy E + hv) can be assumed to participate in
optical transitions. By assuming constant matrix elements over a small range of ener-

gies near the absorption edge, Eqn(1.1) becomes
ex(hv) = const. « [ n,(E)n.(E +hv)dE (13)

where n,(E) and n.(E) are the density of states of the valence and conduction
bands, respectively. Assuming parabolic bands at the band edges, n, « (E, — E)U2

andn, < (E — E_ )1/2 as in crystalline material, gives
€% (hv — E, )7, (1.4)

where £, =E  — E,,and E_, and E, are the conduction and valence band edges,

respectively. Since

2arey
o = ) (1.5)
A

where the refractive index n, and the wavelength A, are approximately constant in
the narrow spectral range near the absorption edge, Eqn{1.2) follows. The optical
gap is one of many parameters generally used to characterize amorphous semiconduc-

tor films.



There are many techniques for fabricating amorphous material in thin film form
which by far is the most common form of an amorphous solid. These techniques
include electron beam or thermal evaporation[1.12], dc and rf (radio-freq-uency)
sputtering[1.13], chemical vapour deposition[1.14], and the widely used glow-discharge

techniques[1.15-1.17].

Amorphous films may be prepared by evaporation of an existing bulk material
by either electron beam or resistive heating. For high purity silicon films, electron
beam evaporation is preferred, due to the reactivity of silicon with most resistive
heating sources[1.18]. Sputtering is process in which material is removed predom-
inantly in atomic form by bombardment of energetic ionic particles which are formed
in a glow discharge and gain energy from an accelerating electric field. When an ion
impacts the target, ejection of on'e atom from the target may occur. Condensation of

these atoms on any exposed substrate then forms a thin film.

The thin film deposition based on thermal decomposition of a gas mixture is
generally termed chemical vapour deposition (CVD). CVD can also be accomplished
by glow discharge decomposition, or plasma assisted CVD, however, it is common
practice to refer to CVD in the restricted sense of thermally assisted CVD. Typical
process temperétures are in the range of 900° - 1100°C which is sufficient to dissoci-

ate the gas mixture with the resultant condensation forming a thin solid film.

The broad class of plasma assisted or plasma enhanced CVD includes dc glow

discharge, rf glow discharge, and the relatively new technique, microwave (MW)

glow discharge[1.19]. In Chapter 3 we shall discuss the properties of silicon films
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deposited from a MW plasma which can be made to undergo electron cyclotron reso-
nance, The properties of the films prepared in such a novel way are inherently

different from those prepared by other methods.

Each method of deposition has its own inherent problems. Film growth rates
on the order of 1 A/s are typical for the deposition of silicon films via glow
discharge. While this rate appears to be sufficient for thin film device applications,
recent progress in device applications such as photovoltiac cells and electrophotogra-
phy demands further increase in the deposition rate if the required film thicknesses
are to be achieved in an acceptable time length. The so called Stacbler-Wronski
effect, that is the degradation of film properties by prolonged optical exposure, also
presents problems in amorphous structure based devices. A correlation between pho-
tocreated defects and incorporation or penetration of oxygen contaminants has been
reported[1.20]). In glow discharge systems, diffic-ulity oBviousiy exists in incorporating
materials whichrare not directly available in a gaseous form. Sputtering is widely
believed to be an unsuitable technology for surface-sensitive devices due to the ion
and electron bombardment of the film during fabrication. Effects of ion bombard-
ment on film properties have been studied and will be discussed in Chapter 6. It
should be noted that some ion bombardment is required to produce "good” quality
amorphous silicon films. CVD is limited by the high process temperatures required.
Lower temperatures are required if, for example amorphous silicon is to be depo-
sited, since silicon undergoes an amorphous to crystalline transition at approximately

600°C.
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Amorphous silicon, a-8i, can be considered as the most technologically impor-
tant amorphous semiconductor today. The electrical and optical properties of a-Si
films are strongly influenced by both the method of preparation and the con\ditions
during their fabrication. Many, if not all, of the properties of a-Si are directly
related to the presence of bonded hydrogen. Reduction of the density of localized
states near midgap was possible by alloying silicon and hydrogen (a-Si:H). Hydrogen
"reédily’ satisfies the valence requirements of an otherwise three-fold coordinated Si
atom, or dangling bond, thereby reducing g (Ef ). It then became possible to success-
fully dope a-Si:H n- or p-type[1.21], and the importance of hydrogen was finally real-
ized. Discharge-grown a-Si films may contain up to an estimated concentration of 50
atomic percent of hydrogen[1.22]. Apart from its ability to reduce dangling bonds,
the influence of hydrogen on the optical and electronic properties has been the sub-
ject of extensive study[1.23-125). The more imﬁortaht factors affecting discharge-
grown films appéar to be, the type of discharge and the substrate temperature during
deposition[1.26], which play decisive roles in determining the optical and optoelec-
tronic properties. Photoconductivity studies on dc and rf glow discharge films indi-
cate that the kinetics of the discharge used is an important parameter in deterimining
film properties. Glow discharge films[1.27,1.28] are characterized by high resistivity,
good photoconductive properties, and a high optical bandgap, all properties being

dependent on controllable experimental conditions.

Amorphous Si films produced by evaporation or sputtering methods in the

absence of hydrogen{1.29,1.30] are charactéﬂzed by low resistivity for as-prepared



-12-

films, a low optical bandgap, and poor photoconductivity. The poor properties of
these films have been attributed to a high density of localized states due to the
absence of hydrogen. The properties of these films, however, can be impréved by
sputtering the films in Ar/H, gas mixtures[1.31,132]. Films fabricated in this manner
have properties similar to those of glow discharge-grown films. Chittick et al.[1.16]
were the first to clearly demonstrate the beneficial effects of hydrogen incorporation

in amorphous silicon films,

Possible applications of amorphous materials, and in particular hydrogenated
amorphous silicon, a-Si:H, and its alloys, includes solar cells, strain gauges, optical
waveguides, electroluminescent devices, thin film transistors, CCD arrays and switch-
ing devices. However, to date, only solar cells are commercially available. While
many possible applications are béing developed through a-Si:H technology, the use of
silicon based alloys has served to enhance certéin p'roperties for a particular dev-
ice[1.18]. In Chapter 2, we shall discuss the basic optoeléctronic properties of amor-
phous silicon nitrogen alloy films, one of the more extensively studied silicon based
alloys. In addition to the importance of amorphous Si3N4 in VLSI applications,
silicon-nitrogen alloy films have the potential for use as photoreceptors for electro-
photography or as photodetectors. This is as a result of high photo- to dark-
conductivity ratios attainable. Fine control of the optical bandgap and optoelec-
tronic properties of silicon based amorphous materials will give a greater flexibility in
the design of spectral sensitivity in thin film photovoltaic cells and imaging pickup

devices.
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Fig. 1.1 The CFO Model, (a), and the Davis-Mott Model, (b}, proposed for the density
of states in amorphous semiconductors. (a) Overlapping conduction and
valence band tails. (b) Non-overlapping band tails but with a band of dcfect

levels near midgap. Localized states are shown shaded.



CHAPTER 2

OPTICAL AND ELECTRONIC PROPERTIES OF AMORPHOUS

SiNx:H ALLOY FILMS

It is well known that hydrogenated amorphous silicon has a low density of gap
states because the hydrogen atoms act as effective dangling-bond terminators. Nitro-
Fen atoms can also be incorporated into the tetrahedral network of silicon as readily
as hydrogen atoms, and naturally one would expect that nitrogen atoms may also act
as effective dangling-bond terminators. Several investigators[2.1-2.10] have investi-
gated this possibility and reported that the properties of nitrogen-incorporated a-
SiNx films prepared by radio-frequency (rf) glow d'ischarge in SEI-I4-N’2-]E{2 or in
SiH4-(NH3 or Nz)-Ar gas mixtures depend upon the composition and the deposition
parameters. They are also sensitive to doping impurities such as phosphorus or
boron in a manner similar to the behaviour of hydrogenated amorphous silicon. In
addition, the SiNx:H films are highly photosensitive and thus have a potential appli-
cation for opto-electronic devices. The purpose of this chapter is to describe the
effects of the i;lcorporation of nitrogen into amorphous hydrogenated silicon films in

regards to the opto-electronic properties of these films.



-19 -

2.1 Experimiental Methods and Characterization

The a-SiNx:H films were fabricated by rf glow discharge in SiH 4~No-H, gas mix-
turcs and deposited on glass substrates. The substrate temperature during de;;osition
was 250°C, the chamber pressure was 1 - 2.5 Torr, and the rf power density, defined
as the rf power absorbed per unit target electrode area was from 0.1 to 1 Wecm 2.

The film thicknesses were in the range 0.8-15 pm. The details of the deposition

parameters were reported earlier[2.1,2.2].

The refractive index n, and the extinction coefficient k, were measured over the
photon energy range of 0.5 - 3.5 eV using spectrally resolved ellipsometric technigues
reported previously[2.11]. For the electrical measurements, a gap-cell configuration
with aluminum electrodes was adopted, the electrode width being 2.0 mm and the
scparation between electrodes Being 25 mm. The photoconductivity was measured
using a phase-sensitive detection technique; optical ill;jmination from the monochro-
mator was cho;;ped mechanically and a reference signal was provided to a lock-in
amplifier to increase the signal-to-noise ratio. The dark conductivity was measured

using a Keithley 602 electrometer.

The concentrations of nitrogen and hydrogen in the a-SiNx:H films were
estimated from the IR absorption data. The films exhibited clearly the IR absorption

bands with three peaks at 2100, 840, and 640 cm'l. The two absorption bands at 2100

L are related to the vibrational mode of the Si-H bonds, and the absorp-

1

and 640 cm”
tion band at 840 cm - to the vibration mode of the Si-N bonds. The hydrogen con-

centration was estimated from the following equation:
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[si-H]=cCf —"ffﬁdrr , (2.1)

where a(r) is the absorption coefficient of the film at the wavenumber 7 and C is a

constant. The values of C used for the estimation were 1.4 X 1020 and 1.6 X 1019

2 based on the absorption intensities for the absorption bands at 2100 and 640

cm’
cs—n"l, respectively; they were assumed to be independent of the composition x[2.12].
According to Shanks et al.[2.13], the 640-cm™! band provides a truer scale for the H

1

content than the 2100-cm™~ band, the results being presented here were based on the

1

640-cm™" band. The concentration in terms of the atomic percentage was calculated

on the basis of the atomic density of crystalline Si, which is 5 X 1022 cm'g. The

1 band) was estimated using the same method. The

nitrogen concentration (840-cm’
data obtained from Si wafers implanted with nitrogen were used as a calibration for

the estimation of the nitrogen content in our a-SiNx:H films. These measurements

were confirmed by Auger electron spectroscopy (AES).

The composition x, which is the atomic percentage ratio of N:Si in the a—SiNx:H
films, increases with the increasing molar ratio of N, to SiH, in the reaction Sin{-
N,-H, gas phase as shown in Fig. 2.1. The addition of a small amount of ByH, to
the gas mixture does not change the nitrogen content in these films, but the increase
in nitrogen content appears to cause a slight decrease in hydrogen content, at least
for films with a high nitrogen content. In all the a-SiN_:H films under investigation,
the hydrogen content decreases from 14 to 8% as the nitrogen content x increases

from 0.1 to 0.6. The data in Fig. 2.1 were the average values of two to four measure-

ments for each point.
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2.2 Uiscussion of Optical Measarements

The dependence of n and a upon photon energy is shown in Figs. 2.2 and 2.3
where the NZISiH 4 mole fraction in t‘he gas phase was the experimental parz;meter.
For convenience the conversion to N/Si, as given in Fig. 2.1, has been made in Figs.
2.2 and 2.3. The absorption coefficient o can be related to the extinction coefficient

k by
a =47k /N . (2.2)
For parabolic bands the optical energy gap E,pe can be related to a by
«hv =B(hv — E,, }* , (23)

where B is a constant. The valﬁe of o as a function of exciting photon energy for
various compositions is shown in Fig. 2.3. The piot of (ah v)”‘2 as a function of hv
fits Eqn(2.3) weﬂ in the regions near the mobility edges of the bands as shown in Fig.
24, indicating that these regions are reasonably parabolic. The extrapolation of the
parabolic portion to the zero absorption axis yields £,p. The value of E,,, as a
function of x is shown in Fig. 2.5. E,, is about 165 eV and remains practically
independent of x for 0.1 < x < 0.4, but it increases with increasing x for x < 0.1 and
x > 04. A plot of the refractive index n at photon energy hAv = 0.5 eV is presented
in Fig. 2.6. We observe that for nitrogen content well above that required for the
increase in E . of Fig. 2.5, n approaches the value for amorphous silicon nitride

(Si3N4) {2.15]. The interpretation of the co‘hductivity data in the next section also



icads to the conclusion that for the highest NZISin ratios during fabrication, the
filmy becomes S§3N4, which is an excellent insulator. These results indicate that the
behaviour of nitrogen atoms in a-SiinH films is similar to that of hydrogen at‘oms in
a-Si:H films for x below a threshold concentration of about 0.4. It should be noted
that £, is about 1.55 eV for x = 0. The slightly low value of E,, may be associated
with the measuring technique used to determine E ... It has been our experience
that ellipsometric results have consistently yielded lower values for Eop (~10%) as
compared with values obtained from spectrophotometry. Since ellipsometry is more
of a surface measurement as compared with spectrophotometry, this difference in
Eop, may be due to desorption of atomic hydrogen and/or adsorption of other con-
taminants on the film surface. Comparisons are made in a relative manner and as
such this discrepancy represents no major difficulty. As compared with spectropho-
tometry, it is our experience that the relative erro;' bet'ween data points is smaller for
ellipsometric meésurements.

' In Eqn(23), the parameter B is also a useful diagnostic of the material, since it
is inversely proportional to the extent AE of the tail states at the conduction and

valence band edges. It has been shown that[2.16]
B = wly(n,CAEYT |

where o is the minimum metallic conductivity, ny is the long wavelength refractive
index, and C is the velocity of light. The parameter B obtained from optical data is

shown in Fig. 2.7. These results indicate that the extent of the tail states in a-SiN_:H
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films increases with N content x. Figs. 2.3 and 2.7 indicate that the incorporation of
iitrogen atoms increase the density of shallow localized states. This is further sup-
ported by the observation of an increasing time constant associated with the pho-

teresponse in the long wavelength region as x increases.

2.3 PMsewssion of Electrical Measurements

Fig. 2.8 shows the dependence of the dark conductivity o, and photoconduc-
tivity o ,; on x. Below the threshold concentration of x = 0.4, o, increases with x.
Above this threshold, a rapid increase in E,, ocurrs and films tend to become SigN,

as mentioned earlier. The films are of good electronic grade as evidenced by the

15 1at?\=

ratio of o, /o4 of about 10% for a photon flux of 5X10 photons-cm'z-s'
632.8 nm. The ratio of photocdnductivity to darkconductivity is weakly dependent
on nitrogen content, though both O,y and (}’d> ciepeﬁd strongly on both boron and
phosphorus doping[2.2]. Based on the dependence of conductivity with boron and
phosphorus doping, the undoped a—SiNx:H films are n-type with the Fermi level
located about 0.65 eV below the electron-mobility edge (shown later in this chapter).
Boron doping tends to change the films from n-type to p-type, thus an optimal
amount of boron doping may make the films completely compensated with the Fermi
level located at the middle of the mobility gap where o, becomes a minimum.
Under this condition the ratio of T pi /o4 can reach a value of 106{2.2]. This pro-

perty of boron-doped a-SiNx:H films is particularly interesting because they can be

used for opto-electronic devices.
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The temperature dependence of thz dark conductivity (Fig. 2.9) may be under-
stcod on the basis of earlier treatments of a-Si:H thin films[2.17], with some
modifications to take into account the effects of nitrogen incorporation. We describe

the dark conductivity by

E, E, Cs
o4 = UICXP(_E) + azexp(~——k;1-;) + U3exp(~—-;?/; , (2.4)

where the first term is due to conduction in extended states. This is known, on the
basis of dependence on B and P doping, to be electron conduction in these undoped

films[2.2). Thus we have
E,=E,  —Ef , (2.5)

where E_ is the mobility edge in the conduction .band of the a-SiNX:H films and E;
is the energy of the Fermi level in darkness. Following Nagels[2.17], we have also

that
015 € Wy Nc eXP(T/k) s (2.6}

where g is thre mobility in the extended states, N, is their effective density (taken
at £.), and 'y is the temperature coefficient of the energy gap and k is Boltzmann’s
constant.

The second term in Eqn(2.4) represents electron transport in the band tails
below E_, and the third term is due to variable-range hopping conduction at the

Fermi level. The latter process may be further interpreted using the model of
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Mott[2.18] by writing

____1_8__)_\_3___)1/4

where A is the decéy rate of the localized wave functions, and N (£, ) is the density

of localized states at the Fermi level.

it should be noted that o in Eqn(2.4) can also be expressed in an analytical
form containing A and N (E; ), in which case it varies as (N (ES)/T Y2 In general,
however, this leads to unrealistic values for these quantities; several earlier workers
have attributed this to an uncertainty in the appropriate expression for o 4{2.19,2.20].
Even with this uncertainty, however, o5 is expected to increase approximately as
N (£, )12,

Based on the dependence of o, upon T in the high temperature range, we
have found that E, — Ef = 062 - 0.65 eV, independent of nitrogen content, pro-
vided that it does not exceed the threshold concentration N/Si = 0.4 discussed
above. Fig. 2.10 shows that oy increases by a factor of = 10, as the nitrogen content

x increases from 0 to approximately 0.3, then decreases with further increases in x.

Equation (2.6) implies the assumption that electron transport is dominant over
hole transport for the undoped material, an assumption which has been verified for
the same material by introducing dopants[2.2]. If we further assume that N_ is not
greatly affected by the nitrogen content x for the small values of x during which o

increases, we may interpret Fig. 2.10 as an increased mobility by the same factor of
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= 10 due to the nitrogen incorporation. The constancy of N, is consistent with the
independence of the refractive index with composition shown in Fig. 2.6. Finally,
the increase in o4 is very much larger than any effects arising from an uncertainty in

the activation energies E 4, as is evident from the high-temperature region in Fig. 2.9.

In the intermediate temperature range, we have attempted to obtain o, and E,
in Eyn(2.4) from the experimental data. Once we remove the contributions from the
first term in Eqn(2.4), which represents extended-state conduction, the current which
remains is well described by the exp(—C,/T 1M) dependence of the third term. In
other words, the contributions from the second term in Eqn(2.4), which represents
band tail conduction, are too small to be resolved in the dark conductivity data. We
therefore assume that the transport is dominated by extended-state conduction at

high temperature and hopping at the Fermi level at lower temperatures.

Fig. 2.11 shows the conductivity in the low temperature region, plotted to bring
out the correspondence with the third term in Eqn(2.4). Since there is a T /2
dependence in 3[2.18], we expect a linear relation between log(oT %) and

T o/T )% in this region. On the basis of these results, and adopting a value for A of
0 gt pling

7

107 em™? (a 10 A radius for the localized wave functions), we obtain, using Eqn(2.7),

an estimation of the density of states at the Fermi level of N (£;) = 1.1x 1017 em”

3 -1

eV . Furthermore N (Ef ) appears to increase very modestly with N concentration.
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2.4 ¥ffects of Annealing

Unlike crystalline materials, amorphous materials have many different elcc-
tronic structures, each of which may‘have its own minimum equilibrium potential
energy. This may -be why the properties of amorphous semiconductor films are
dependent on the deposition parameters, thermal and optical history. In fact, all
amorphous semiconductor films exhibit a strong annealing effect. By annealing the
film samples (fabricated at the substrate temperature of 250°C) at 450°C for 10
minutes and then allowing them to cool down slowly to room temperature, the
values of n, a, and o, are changed, implying that the films under this condition
have settled into another quasi-stable structure. Some typical results are shown in
Fig. 2.12. Both a and o, have increased after annealing. This is probably due to
hydrogen being driven off and éome unsatisfied dangling bonds are being restored.
A reduction of hydrogen content would result'iﬁ a decrease in E,p and hence an
increase in a. In addition to the reduction of hydrogen, a possibility exists that the
nitrogen content of the films is also being reduced by annealing. Fig. 2.8 shows that
for x > 0.3 a reduction in nitrogen content would increase o 4. Also if nitrogen is
driven off, a would increase as shown in Fig. 2.4. Regarding the decrease of n with
annealing, Fig. 2.2 indicates that for x < 0.64 a reduction in nitrogen would increase
n, contrary to what is observed after annealing. This leads us to believe that the
amount of nitrogen being driven off after annealing is negligible. This implies that
the dominant factor for the increase in o and o, is hydrogen evolution. It is also

-

possible that the elevated temperatures may also play a role in enhancing the
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formation of a Si3I‘~I4 network, resulting in a reduction in n. Fig. 2.2 shows that as
composition x increases, n decreases and approaches that of Si3N4. Anncaling

effects in a-SiNx:H films have also been reported by other investigators[2.21].

2.5 Ceaclusiens
On the basis of the optical and electrical measurements of undoped amorphous

SiI;Ix:H films presented in this chapter and the above discussion we may conclude, at

least for films prepared by radio-frequency glow-discharge in a SiH 4-N2~H2 ambient,

that:

(1) Nitrogen does not act as a donor impurity since the activation energy for
extended state conduction is unchanged for 0 < x < 04. The optical gap,
approximately 1.65 eV, is aléo approximately constant in this range of x.

(2) The electron mobility for conduction in the extended states may be improved by
nitrogen incorporation.

(3) The density of states at the Fermi energy (in the upper part of the bandgap) is
approximately independent of nitrogen content, at least for x = 0.3.

(4) The extent of the tail states increases with the degree of nitrogen incorporation,
but conduction in these states provides at most a minor contribution to the total

current.
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(5) There is a precipitous conversion from the tetrahedral structure to Si3N 4 above
x = 0.4. Below this nitrogen content we may regard a-SiNx:H as a material simi-

lar to a-Si:H with the differences outlined above.
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Chapter 3

AMORPHOUS AND MICROCRYSTALLINE SILICON FILMS FROM MICROWAVE

PLASMAS: OPTICAL PROPERTIES AND THEIR RELATION TO STRUCTURE

Considerable interest has arisen in hydrogenated microcrystalline silicon (pc-
Si:H) due to its high electrical conductivity and mobility, high doping efficiency and
lower optical absorption as compared to hydrogenated amorphous silicon. Various
workers have reported on the electrical, optical and structural properties of pc-Si:H
[3.1-3.14]. The preparation techniques of thin films of pc-Si:H include chemical tran-
sport[3.2] and reactive sputtering in a hydrogen atmosphere[3.3,3.4]. In addition,
Saito et al. [3.5] have reported #c-Si:H prepared by rf sputtering in various atmo-
spheres, achieving high deposition rates in Kr and Aa; ambients. Nishida et al.[3.6}
have reported high conductivity and a wide band gap (2.2 eV) for pc-Si:F:H depo-
sited by photo-CVD.

The role of hydrogen[3.7,3.8], the growth kinetics[3.9,3.10], and the effects of
doping[3.6,3.10,3.11] on pc-Si:H have also been reported. Phosphorus-doped pc-Si:H
has been propésed as a suitable material for a window layer for solar cell applica-
tions due to its low absorption but also its desirable refractive index, which results in

reduced reflection of sunlight{3.11].

We report the first results of the refractive index n, and of the imaginary part

of the dielectric constant €,, for pc-Si:H films deposited by microwave glow
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discharge. The material prepared in this system consists of microcrystallites of sili-
con embedded in an amorphous matrix, and our samples span the range from pure
amorphous silicon to high volume fraction microcrystalline silicon[3.15,3.36}. The
optical data are correlated with structural data, in particular with the volume frac-
tion of crystallites and their grain sizes as determined from X-ray diffraction meas-
urements. We believe that these results are among the first investigations of the

correlation between optical parameters (n and €,) and structural data in materials of

this kind.

3.1 Experimentsl Details

The a-Si:H and pc-Si:H films were fabricated with a microwave plasma system
described earlier[3.15,3.16,330]. Briefly, the system consists of a stainless steel
waveguide in which the microwave plasma may bé confined by an external axial mag-
netic field. This system can operate at microwave power levels as low as 1 Watt.
Microwave power is generated by a magnetron operating in a continuous mode, at a
frequency of 2.45 GHz. Substrates can be placed with their surfaces either parallel
or normal to the magnetic field vector (the axis of the waveguide). The magnetic
field provided by two external coils is on the order of 1000 Guass. A field of 875
Guass at 245 GHz establishes electron cyclotron resonance (ECR) enabling power
levels and chamber pressure to be substantially reduced while still maintaining a
stable plasma. The chamber is terminated by a mesh, sufficiently fine to represent a

short circuit to the microwave power, but at the same time sufficiently coarse to
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allow for visual observation of the plasma, or for optical emission spectrometry
(OES). Gas composition is set and measured by mass flowmeters. An Inficon 200
quadrupole mass spectrometer is used to monitor the gas composition and its aissoci-
ation. The plasma is also monitored by real time OES which indicates an absence of

oxygen or other contaminants. The deposition system is shown in Fig. 3.1.

Plasma discharge was produced in SiH 4(2%)-H2(98%) gas mixtures and films
were deposited on quartz substrates, with a substrate temperature of 150°C. Sub-
strate surfaces were placed parallel to the axial magnetic field. The total chamber
pressure and absorbed microwave power were 0.03-0.10 Torr and 1-10 Watt, respec-

tively. Films were fabricated at magnetic fields levels near the ECR condition.

The refractive index n, and the extinction coefficient k, were measured over the
photon energy range 2.0 - 35 .eV using spectrglly resolved ellipsometry[3.17,3.18].
Dark conductivity was measured in a coplanar gap coﬁﬁguration at fields of ~ 600 V
cm'l, which was in the ohmic region for all films. Film thickness was measured by a
Sloan thickness profiler, with sample thicknesses ranging from = 0.5 to 3.0 pm.
Analysis of X-ray diffraction data, employing Cu-Ka (40 KeV, 20 mA) radiation,
allowed the calculation of a relative volume fraction of crystallites rf , and the crys-
tallite grain size. The crystallite size was determined from the full width at half-

maximum (FWHM) of the (111) diffraction peak, using Scherrer’s formula[3.19] with

a shape factor of 0.89.
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3.2 Results and Discassion

X-ray diffraction was measured in the range of scattering angles 20 = 20 - 60°,
with diffraction peaks corresponding to the (111), (220) and (311) planes. being
observed for pc-SitH films. Fig. 3.2 shows a few typical X-ray diffraction patterns for
various microcrystalline films, whereas films exhibiting no structure in the diffraction
patiern were considered to be amorphous. The diffraction peaks at 26 = 28.5° show

that the crystallite size in the (111) orientation is = 200 - 300 A for all films.

The ratio of peak to background intensities (P/B) of the (111) diffraction peak
was chosen to characterize the degree of microcrystallinity, where (P/B) - 1 = 0,
implies no crystalline structure and hence represents an amorphous film. The volume
fraction of microcrystallites is estimated from diffraction lines before and after
annealing. Complete thermal cx;ystallization of the films, irrespective of any void
density, was assumed after heat treatment at 1000°C for 3 hours. The volume frac-
tion is then given as the ratio of (P/B) - 1 before and after thermal crystallization.
We will, however, interpret this ratio as a relative volume fraction, rfv, since there
exists much contention as to the proper method of evaluating an absolute volume
fraction, fv’ and the effects of void density are not completely well understood. The
quantity rfv, might more properly be interpreted as the ratio of volume of crystallites
Vc’ to the volume of crystallites and amorphous material VC + Va {since annealing
may not remove voids) though rfV may be a good approximation to fv. In a network
completely lacking voids, rfv would of course be equal to f, [rfv = VC/(VC—FVa), f, =

VCI(VC—}- Va+vvoid)]' Also, even after thermal crystallization, (P/B) - 1 showed a
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thickness dependence. This dependence is probably due to the quartz substrate, as
the films were not thick enough to eliminate diffraction from the substrates. The
thinner the film, the more the quartz profile was revealed, which would rﬁisc the
background intensity above the purely amorphous intensity. This effect would there-
fore cause an underestimation of f,, while significant void density causes overestima-
tion.

Figures 3.3-3.5 show the correlation between the optical properties and rfv. The

absorption coefficient «, is related to the extinction coefficient k by
o =d4nk fa . (3.1)

The optical absorption coefficient (Fig. 3.3) for pc-Si:H for photon energies above =
2 eV is below that of a-Si:H, wfth the reverse holding true for hv = 2 eV. Similar
results have been observed for rf giow discharge ﬁims{3.20]. The relatively large
absorption of pc-Si:H above 2 eV can primarily be attributed to the presence of the
amorphous phase in the film{3.20]. As the films become more microcrystalline, o

decreases.

The imaginary part of the dielectric constant €,, and the refractive index n, are

shown in Figs. ‘3.4 and 3.5, where €, is given by
€, = 2nk . (3.2)

The corresponding crystalline spectra of €,{3.21] and n[3.22] are inciuded in Figs. 3.4

and 35 for comparison. As the film changes from an amorphous to a
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microcrystalline structure, one observes the development of the shoulder in €, at
approximately 3.4 eV, characteristic of crystalline silicon. The €, spectrum associ-
ated with an amorphous network exhibits a relatively broad peak at = 3.25 e‘V with
tlic lack of a shoulder. Characteristic of the amorphous spectrum is the loss of the
fine structure of the crystalline spectrum, which is related to the singularities of the
band structure. The low energy tail of the €, spectrum is suppressed as rfv increases
initially. As rf  further increases, the development of the shoulder near 3.4 eV
occurs, and a peak appears to be forming at an energy above the initial 3.25 eV peak
position. As rfv increases, €, at = 3.25 eV initially decreases, and finally reaches a
minimum. Subsequent increases in rfv past this minimum results in an increase in €,
to = 15 at 3.5 eV, Similar behaviour has been observed following a crystaliine to

amorphous transition induced by' ion bombardment in GaAs[3.23].

Similar overall behaviour occurs also in the n spe.ctra, as shown in Fig. 3.5. The
refractive index spectrum for an amorphous film has a broad maxirnum near 2.5 eV.
As a transition is made to microcrystalline structure, the refractive index at 2 eV, n,,
decreases and the peak at 2.5 eV disappears. A further increase in rf, results in a
peak re-appearing, but shifted to a higher energy at 3.25 eV. A subsequent increase

in n_ as a function of rf_is illustrated in Fig. 3.6.

The low energy refractive index is given approximately by[3.24-3.26]

4mN, e 22

2
.mE,

n? -1

(33)

b
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where N, is the density of valence band electrons per unit volume, which is related
to the material density, m is the electron mass, h is Planck’s constant, and Eg
represents an average separation between valence and conduction bands, and is a
micasure of the covalent bond strength. The behaviour of n, and €; at 3.5 eV may be
explained in terms of material density. If the film density becomes highly deficient
due to initial crystallization, one would expect n to decrease (Eqn(3.3)). Since these
results pertain to material fabricated at a very low substrate temperature (156°C) and
bipgh deposition rates (= 10 A/s), one expects €, to be suppressed due to low material
density[3.31]. Other mechanisms which may be acting to reduce n, are a reduction
of dangling bond density (leading to decreased polarizability), and increased co-
ordination. With the decrease of o, a higher average separation between bonding
and antibonding states may be inferred from Eqn(3.3). This increase in separation
could arise from a decreased bond Iength[é.Z’?],. and increased co-ordination
number{3.28], or removal of bond angle distortions. Paul et al.[3.29] have deduced
that in amorphous germanium, the second of these factors is dominant. One may
then reasonable expect that with increasing microcrystallinity, the decrease in n,
should be attributed to an increasingly four-fold co-ordinated struciure. Similarly,

increased material density, as the material tends to become fully co-ordinated, can

explain the increase in n, and €; at 3.5 eV, after the initiai decrease.
The optical spectra of the film with rf, = 007 illustrates the effectiveness of
the n spectrum in indicating microcrystallinity. From the shape of the €, spectrum in

Fig. 3.4, on can deduce that this film is amorphous since its spectrum is very similar
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to the amorphous ¢, spectrum. However, the n spectrum remains distinguished from
those of amorphous films. We observe no peak at 2.5 eV, associated with an amor-
phous structure, but rather n is approximately constant between 2 to 3 e\}. The
refractive index spectrum is an excellent indicator of the onset of microcrystallinity,
exhibiting modifications prior to its appearance in the €, spectrum. Also note film A
in Fig. 35, This film was in close proximity to a pc-Si:H film during deposition. We
expect that this film is at the onset of microcrystallinity. The n-spectrum indicates

this, even though X-ray diffraction shows it to be amorphous.

For amorphous films a peak in n occurs at 2.5 eV, while for microcrystaliine
films, n is relatively constant on 2 <hv < 3 eV for rf, = 0.25 as indicated in Fig.
3.5. Table 3.1 shows the effect of various grain sizes on the n spectra. To quantify
the behaviour of n on 2 <hv< ‘3 eV we consider n at 2.5 eV, np (2.5 eV being the
peak position for an amorphous spectrum) and n at 2 EV, n . The change np -0 is
given for varioué microcrystallite grain sizes ((111) orientation) and for rf, = 025 It
can be seen that the n spectrum is sensitive to grain sizes as small as 10 - 20 A and

can be used to detect microcrystallinity in fine grain films.

The optical properties for films of 10 - 20 A microcrystallite grain size, are simi-
lar to those for films of 100 - 300 A grain size. Upon crystallization, the n spectrurm

loses its peak at 2.5 eV and €, decreases. The absorption is weaker compared to

amorphous films for kv =< 2 eV, reversing at higher photon energies.

For parabolic bands, the optical energy gap E,, , can be related to « by

ahv =B(E - E,, ) , (3.4)
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where B is a constant. The plot of (ah v)lf2 versus kv, extrapolated to the zero
absorption axis, yields Eop_,. The optical gap versus rf is given in Fig. 37. The
decsease of E,,, from = 170 - 1.40 , implies the change of Si:H from an amorphous
to a microcrystalline structure. The values of E,, versus room temperature dark
conductivity o4, is given in Fig.3.8. As expected, o, increases as E,, decreases.
Wihen o4 exceeds approximately 108 (ohm-cm)'l, crystallization of the specimens
has occured, as confirmed by X-ray diffraction measurements. This corresponds to a

value of E,,, ~ 15 eV. Dark conductivity of pc-Si:H is as high as three orders of

opt

magnitude above that of a-Si:H.

3.3 Conclusions

X-ray diffraction measurements alone do not provide acceptable structural data,
especially when very thin films are involved. This wili also be the case for stratified
structures such as solar cells. Furthermore, the intensities of X-ray diffraction lines
may show a thickness dependence making structural determinations more difficult
and less reliable. The use of spectroscopic ellipsometry in determining n and €, pro-
vides an additional and/or alternative technique for determining structural properties
of pc-Si:H films. The n and €, spectra can provide structural information for films
of crystallite size as small as 10-20 A and of volume fractions of crystallites too small
to be detected by X-ray measurements. Ellipsometry also may be preferred to X-ray
diffraction measurements when the surface area available is small, or when spatial

.\v

profiles are desired.
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Detailed analysis of the ellipsometry data indicates the following behaviour: As
volume fraction of crystallites initially increases, the n spectrum loses its peak at 2.5
eV, characteristic of a-Si:H. An apprbximatefy constant value of n between 2 and 3
eV indicates weakly microcrystalline films. Films with increasingly higher volume
fraction crystallites, show a peak forming in n at 3.5 eV. The €, spectrum is initially
suppressed in the low energy tail, after which a shoulder appears near 325 eV as the
volume fraction of crystallites increases. The peak in €, is concomitantly shifted to
higher energies. The optical gap E,, , decreases from 1.70 to 1.40 eV as an amor-

phous film takes on a = 100% volume fraction of crystallites.
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Table 3.1 Recfractive index parameter (np - nG) versus crystallite grain size (8) for pe-

Si:H films with relative volume fraction of crystallites (rfv) = 0.25.

rfy §(A)  np—ng
0 — 0.20

<0.25 10-20 0.02
0.23 100 0.01
0.07 163 0.02




Chapter 4

A MULTILAYER OPTICAL MODEL

Here a model is developed to correlate optical and structural properties of
amorphous and microcrystalline silicon films. We refer specifically to silicon films
although the model is not limited to silicon films alone. In the first section of this
chapter, films are modelled as multilayer structures of various compositions in order
to relate optical data, or more specifically spectrally resolved ellipsometry (SE), to
volume fractions of voids, amorphous, and crystalline phases. In the model, the
dielectric functions of the constituents of the films, that is a-Si:H, c-Si:H and void
phases, are termed the refcrence‘dieiectric functic_ms. Any real film (a-Si:H, -Si:H, or
c-Si:H) can then'be modelled by a combination of these reference dielectric functions
through an effective medium approximation, thus obtaining the respective volume

fraction of each phase.

The next section of this chapter deals with the effects of void content, bond
length dilation, and bond angle variation and a more self consistent approach is
developed within the Penn-Phillips Model for amorphous semiconductors. In an a-
Si:H film with significant void content, we would expect that the dielectric response
of the a-Si:H phase would not be the same as that for fully developed and well coor-
dinated a-Si:H. We take the original dielectric response of the "good quality” a-Si:H,

here after referred to simply as a-Si:H, and modify it to take into account defects,
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such as void content and excessive bond angle distortion and bond length dilation.
The dielectric response of this “defective” a-Si:H phase, here after referred to as a-
Si:H", is then used as the reference dielectric function for the amorphous Si p};ase in
the optical model calculations. In Chap. 5 it will be demonstrated that optical, den-
sity, and X-ray diffraction measurements can all be incorporated within this model
on a self consistent basis to extract structural information from optical measurements

for amorphous and microcrystalline thin films.

4.1 Complex Reflectance Ratio and an Effective Medium Approximation

The SE data can be analyzed on the basis of multilayer structures and an
effective medium approximation. This approach was first applied by Aspnes et
al.[4.1] for a-Si:H deposited by CVD. The SE data is represented by the set of points
(p;sE;), i = 1,2..N where the reflectance rati-o—p,- = R, /R, = tany;[exp(iA)}], is
obtained using trhe conventional experimentally determined ellipsometric angles A
and {. Each film can be modelled as a multilayer film, with constituent layers of
various compositions and thicknesses. The object then is to find the variables
x,,v =1.2,.n representing the optical system, with values which minimize the

error between the experimental and calculated reflectance ratio. This error is
2 X i 2
3 =3 1pf? — pf M xyxq,x,,E )17, (4.1)

where the vector X = (x,x5,..X,) represents the real variables we wish to obtain,

for example, the volume fractions of a-Si, c-Si, void, etc.
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The dielectric functions for each layer are determined by the Bruggeman
effective medium approximation which is expressed as[4.2]

€, — €

% €; € +2 (4-2)

where f; is the volume fraction of each of the components i, and €; are the com-
plex dielectric functions of that component. For Si:H films, the layers can consist of
various fractions of a-Si:H, c-Si, and voids. Solving Eqn.(4.2) for e gives the dielec-
tric function of each individual layer. After the dielectric functions of the individual
layers are known, the reflectivity of the entire stratified structure can be calculated
from the Fresnel coefficients given in terms of the dielectric functions of the layers.
We take the case of a four phase model as an illustrative calculation. The reflection
coefficients for a four phase model (phases 0,1,2, and. 3, phase 0 being the ambient)

are given by[4.3,4.4]
p=R,/R; (43a)

-2 -j2 ~j2
R = (ron + rige /™Y + (roirig + e P ppe I (4.30)
(1 +rorpe ™) + (ryg + roe 7P e 2

B; = 2w(d; /AN, cosd; (4.3c)
cosd; = (1 — (Ngsingy/N; D)% | (4.3d)

where N; and d; are the complex refractive index and thickness of the individual
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layers i, respectively, &, is the angle of incidence, and A is the wavelength of light.
Eqn .(4.3) applies to both p and s polarizations by simply attaching the subscript p or
s to R and to the individual Fresnel coefficients. The Fresnel reflection coef‘ficients
are given by

I Njcosdn,- —N,-cosd)j
Yo Njcosd; + N;cosd;

(4.4a)

I N;cosd; — N cosd;
Ve Nicosd; + Njcosd;

: (4.4b)

where N; is calculated through the effective medium approximation. Extension to
any number of layers is easily accomplished by matrix multiplication of 2 x 2 matrices

representing successive interfaces and layers of the stratified structure[4.4].

Based on linear regression analysis[4.5] the unbiased estimator of the standard

deviation is given by
6 =8/VN —p —1 , (4.5)

where p is the number of free variables. Defining a matrix M where

N
m,, =% Re
pv
;2 dx, dx,

_@,o_gp_] | “6)
E =E,

is an element of matrix A where A = M'l. The correlations ¢ between the

Ay JTes

variables x , and x,, and the 90% confidence limits 8x, of x, are then given by

B
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Cuy = ay, /\/awaW (4.7a)
éx, =t & Va,, , . (4.7b)

where ¢ is the 90% value of a student t-distribution.

The 90% confidence limits for the fit to the data are required to ensure that the
models are not overparameterized. Too many parameters, or correlated parameters,
result in drastic weakening of the confidence limits, therefore one must provide a
check against adding parameters indiscriminately. If any Cuy = *1 the matrix M
becomes singular and the elements of A become large, leading to very large
confidence limits. The unbiased estimator of the standard deviation along with the

confidence limits are used to determine the suitability of a particular model.

4.2 Dielectric Response of a "Defective” a-Si:H Matrix

Here we obtain a model to represent the dielectric spectra of the a-Si:H phase
which may contain a large concentration of voids and excessive bond angle distortion
and bond length dilation. Fig. 4.1 shows the dielectric response of a-Si:H, a-Ge:H,
and a-Si3N 4 which indicates that the dielectric response of many tetrahedrally based
amorphous sui)stances are similar[4.6], and that the dielectric response of such

materials is essentially that of the tetrahedral bond. We can therefore model the

dielectric response of the a-Si:H phase by scaling the original dielectric response as

€ =c e5(c, E) , (4.8)
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where €; and €, are the imaginary part of the dielectric constant for a-Si:H and a-
Si:l17, respectively. We now miust calculate the amplitude and energy scaling parame-
ters, ¢, and c,. ‘

The energy scaling i)arameter should be related to the average-gap parameter or
Penn gap E, where within the Penn-Phillips model the peak location of the €, spec-
trum gives E,. The Penn gap is simply the "average” energy separation between the
conduction band and valence band and is a measure of the bond strength. We calcu-

late ¢, such that consistency is maintained with E, that is, ¢, is given by
c. =E /E," , (4.9)

where E,” is the Penn gap of the a-Si:H" phase. The relation of E, to the bond

length, r, has been discussed by Van Vetchen[4.7] who showed that
E,~r7b (4.10)

where for Si, b = 2.48. We may also include the effects of a change in average coor-
dination number, Z. Phillips[4.8] has shown that a reduction in Z decreases E,, or

more specifically
E, ~2Z? . (4.11)

We can thus express the Penn gaps as

E [ —b .z 2
-8 __tr Ll =

- = -1 fp =€ (4.12)
Eg r yA
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where the factor f g is included to account for the variations of bond angles, and r~
and Z ~ refer to a-Si:H".

The relation between bond stren‘gth and the bond angle has been discﬁssed by
Pauling[4.9]. The angular part of the wave functions of a hybridized s-p tetrahedral

orbital in the bond direction is

L + 'écoseb ) (4.13)

$(8,) = >t

where the bond energy is proportional to 1 |2, Eqn(4.13) has a maximum for 0, =
0. This is one tetrahedral bond, the others then forming at angles rotated through
109°28’ in order to maximize the bond strength; all bonds having identical wave func-
tions except for the rotation. If we assume that in a-Si:H, bonds are undistorted and

that a-Si:H" acquires 10° bond distortion or deviation, then
1$(10°) 12 = 391 = 0.977 14(0°)12 ,

or the maximum effect of bond variation is only = 2.3%. We may then take f5 = 1
by noting that a-Si:H may have less bond angle deviation than the a-Si:H" phase, but

obviously not as small as 0°,

We can calculate the reduction in Z due to the presence of voids as follows.
Assume as a first approximation, a lower density material is formed by the removal
of n-atom clusters from an original high density a-Si {(small H content) network
without change of the remaining atomic network. This will then reduce Z by leav-

ing some Si atoms in the remaining network with fewer Si neighbours. We further
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assume that bonding requirements of all n atoms in each cluster removed are fully
satisfied. Some atoms in each cluster can bond with other atoms in the same cluster,
however a fraction of the bonds of thé n atoms are external to the cluster. This frac-
tion will of course depend on the size and shape of the removed cluster. We can cal-

culate the reduction in'Z due to the decrease in density, p. We define a parameter

S as

_dinz _ AZ/zZ
f = e = Al (4.14)

From a total of T Si atoms, consider removing a fraction F, where F < 0.5, of
l-atom clusters, or monovacancies. The change in density, Ap/p, is simply F.
Assuming in the original a-Si phase, each Si atom has 4 Si nearest neighbours, the

-total number of bonds N 7 is now
N~ =4T — 4FT — 4AFT . (4.15)

N7 is calculated by subtracting from the total number of bonds in the original
matrix, N = 4T, the contribution to N from the lost atoms, 4F7T, and the net loss
of 1 bond for the 4 atoms surrounding the monovacancy or 4 bonds per atom lost.
The third teru.a in Eqn(4.15) represents the number of bonds external to the cluster,

N, . The new coordination number Z “is now simply

Z’=w=4_jF_’ (4.]6)
T — FT 1-F

which gives
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_AZ/jZ _ 4F

11
Ao/p 1-F 4 F

f =~ 1+F , (4.17)

Consider removing atoms or clusters which are in n-atom chains, then
N =41 —4rT — (24 42) | (4.18)
n

where for each chain there are 2n+2 external bonds which are lost. For this case

AZ 1+ s F
n
= 4.19
Z 2 1-F ’ (4.19)
which gives
1
1+ =
f=— L 1+F) - (4.20)

We can now generalize this approach to some arbitrary size of cluster removed
and estimate the maximum reduction of Z by assuming that the a-Si matrix is that of
the Bethe Lattice (BL) as shown in Fig. 42. The BL is an infinite non-periodic fully
connected system of atoms, where every atom is bonded in the same configuration.
It is an ideal mathematical model of an infinite random network. In this case, no
rings of Si atoms are formed and all bonds on the periphery of a removed cluster are
external to the cluster and as such reduce Z of the resulting network. If the cluster

is of the form of the BL, the number of atpms per cluster, n, is

s—1
n=1+4% 3% , (4.21)
p=0
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where s is the number of shells in the cluster (see Fig. 4.2). If no rings exist in the
original a-Si network, as assumed in the BL model, the number of external bonds per

cluster is
343y =43

where there are 4(35'1) atoms in the outer shell. Removing a fraction F of atoms of

clusters, each with s shells, we have

s
Z =4 - 43_1 lfF , (4.22)
1+ 42 ¥
p=0
which gives
N 35 o )
f = ——— (HF)=f (1+F) . (4.23)
1+43 3
p=0

As s becomes large, we lose 2 bonds to the remaining network per atom removed.

To estimate the minimum effect on Z (least reduction) we consider the exact
tetrahedral structure of c-Si and suppose the voids to be formed by removing cubes
of atoms (ie, minimize the surface area and hence the number of external bonds for
a given void volume) of dimension L, where L is an integer number of lattice con-
stants, (L=ma). For m=1, we have the unit cell as shown in Fig. 43(a). The
tetrahedral structure is that of two interpenetrating face-centered cubic Bravais lat-

tices, displaced along the body diagonal of the cubic cell by one quarter the length of
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the diagenal. It can be regarded as a face-centered cubic lattice with two point basis
0 and (a/4)( £ + ¥ + £ ). Fig. 4.3(a) gives the view along the Z direction, with views
along £ and § being identical. If we cut the lattice as indicated in Fig. 4.3(3)}(ie, we
always cut just on the outside of the cube to minimize the number of external bonds
per atom removed) and remove the cube, the number of external bonds is 36 with a
total of 18 atoms removed, that is, 8 corner atoms X 3 bonds/corner atom plus 6
face-centered atoms X 2 bonds/face-centered atom.

Voids can be created by removing cubic clusters of dimension L=ma. Fig. 4.3(b)
shows a view of a cube for m=2, where the atoms having bonds that are always inter-
nal to the cube are now not shown. As m increases, some of the bonds which were
previously external become internal to the cluster. The number of atoms on the sur-
face of one face of the cube minus those on the perimeter or edges {m atoms per

edge x 4 edges) of the face is
(m+1)? +m? - dm
therefore the total number of surface atoms is

T, = 6[(m+1)> + m? = 4m] + 2(4m) + 4(m—1) = 2(6m? + 1) .

cube

Referring back to Fig. 43(b), the number of external bonds per cube, N3¢, is 2 x

T, + 1 bond per atom at the cube corners, or

N cube — 4(6m2 + 1) '-ZI"\S = 12(2?12 + ]) . (4.24)

exi



We now calculate the number of atoms per cube of size L. For a cube of

dimension ma, the total number of atoms per cube, 7°%¢ (m), is
T (m) = (m+1)* + 3m?(m +1) + 4m>® = 8m> + 6m? + 3m +1 . (425)
Then as before, we remove a fraction F atoms in cubes of size L=ma, which gives

_ NZm) R

Z =4 , 426
Tcube(m) 1-F ( )
and
Ncube
f o= L Nea™m) (14F) = f o (14F) . (427)

4 Tcube (m)

Fig. 4.4 shows the variation of f , with void size for the case of a cluster
removed from a BL and a cube removed from a tetrahedral structure. The void size
is roughly calculated as 2sr with r = 2.35 A (bond length for ¢-Si) for the BL case
and ma, where a = 543 A (lattice constant for c¢-Si), for the cube case. It can be
seen that for voids = 25 A, we may take f j = 030 - 0.25. Using Eqn (4.14), we can

then rewrite Eqn (4.12) as
—b 2f
r
[

where b = 2.5,
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The parameter ¢, can be determined from the sum rule for the effective

nuiber of electrons participating in optical transitions[4.10]

E E

K . .
Repp = _—2ﬂ2e T [ Eex(E)dE" ) j; E e,(ENdE ", (4.29)

where N, is the number of Si atoms per unit volume, m, is the effective electron

mass, and % is the reduced Planck’s constant. For a-Si:H” we have

E E
p X , . K ¢ ’ )
Mepp = % - [ Ec,e)(c,E)dE " = - —“;f E'e,(EYdE" .  (430)
a 0 a [P
From Eqn(4.29) and Eqn(4.30), we have
" nss” N7
cq = —H— —t g2 (431)

R Ngo

Finally, we must determine the scaling of the real part of the diclectric con-
stant, €;. Here we can make use of the well known Kramers-Kronig dispersion rela-

tion[4.10]

® wew)dw’

gqlw)=1+= f — (432)

o' - o
where P denotes the Cauchy principal of the integral. Obviously, if we scale €, in
energy, we must also scale €; by the same factor ¢, [ ie., €;(E) ~ €;(c,E) ] to

maintain consistency with Eqn{4.32). To determine €;” uniquely, we can calculate €;”
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from the sum rule obtained from Eqn{4.32) when @ - 0 or

2 % €(w’)
0)—-1=— ",
€,(0) ﬂ{ o
or in terms of energy E
2 ¢ ©E)
O-1=-=j- dE~
€1(0) ﬂ_!; K

Therefore we can write

€(0) - 1= %jj g =, %E = dE
This gives with Eqn(4.34)
€(0) = 1+ c,[es(0) — 1]
Since €, must also be scaled in energy, we have

€ () =1+ c,le{c,E) - 1] .

- (433)

(4.34)

(4.35)

(4.36)

(437)

We can now calculate the dielectric response of the a-Si:H” network in terms of the

a-Si:H dielectric response.
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4.3 Concluding Remarks

The basic procedure to extract the volume fractions of the a-Si, ¢-Si, and void
phases in a silicon film has been outlined in section 4.1. We can incorporate ;econd
order effects, such -as bond length dilation, to obtain a more self consistent model.
X-ray diffraction measurements can be used to substantiate the parameters r ", Z ~,
and p and volume fraction of crystallites, and hence these measurements can also be
useful within this model. This point will be discussed further in Chapter 5 where we

will apply the model to the experimental results presented in Chapter 3.

In summary, Eqn(4.1) allows us to extract the film properties of interest, for
example, the volume fraction of the a-Si phase in a microcrystalline silicon film. The
variable p f"l is calculated via Eqn{4.3) and Eqn(4.4). The reference dielectric con-
stant of any phase can be obtaix;ed from data available in literature, and hence the
dielectric response of a composite layer is c;alculat.ed from Eqn(42) for use in
Eqn{4.3) and Eq>n(4.4).

An improvement to the model can be acheived as outlined in section 4.2. The
reference dielectic constant of the a-Si:H phase can be used in Eqn(4.8) and
Eqn(4.37) to calculate a new dielectric response due to the effects of voids, bond
length diiation; and bond angle distortions. This dielectric response is then used in

Eqn(4.2) to calculate the dielectric response of a composite layer.
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{4.12]), and a-Si;N, (after [4.13]).



..87_

Fig. 4.2 A cluster of the form of the Bethe Lattice. Shells 1 and 2 are indicated.

Shell 2 has 12 atoms and 36 bonds are external to the cluster.
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View of a tetragonal lattice along the [001] direction. Views along the {100]
and [010] directions are identical duc to the symmetry of the lattice. A void
in the lattice can be created by removing a cube or a unit ccll as indicated by
the dashed linc in {a). A larger void of dimension L=ma, or m3 stacked unit
cells, as shown in (b). In {(a), shaded atoms have no bonds that are cxternal

to the void crecated by cutting along the dashed line. These atoms arc omitted

in (b} for clarity.
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The parameter f o defined in Eqn(4.23) for voids formed by removing clusters
from a Bethe Lattice (BL) and removing cubcs from a tetragonal lattice.
Void size is calculated as 2sr for the BL case and ma, where m is an integer,
for the cube case. The bond length, r, and latticc constant, a, for Si arc
taken as 235 A and 543 A, respectively. The parameter s, is the number of

shells for the BL cluster.



CHAPTER 5§

COMPARISON BETWEEN EXPERIMENT AND MULTILAYER OPTICAL MODELS

In this chapter, we apply the multilayer optical modelling technique described
in Chapter 4 to the microwave glow-discharge grown a-Si:H and pc-Si:H films
described in Chapter 3. The correlation between the optical and structural proper-
ties is facilitated by modelling the films as multilayer structures of various composi-
tions within an effective medium approximation to extract volume fractions of voids,
amorphous, and microcrystalline phases. These results are then compared with X-ray

diffraction data.

For convenience we reproduce Figs. 3.1, 3.3, and 3.4 as Figs. 5.1, 5.2, and 53
here. Fig. 5.1 shows the X-ray diffraction patterns for the pc-Si:H films, with the
diffraction peak corresponding to the (111) plane being observed at 20 = 28.5°. As
discussed in Chapter 3, the volume fraction of microcrystallites is estimated from
diffraction lines before and after thermal crystallization of the films. Fig. 5.2 shows
the imaginary part of the dielectric constant spectra, €5, as a function of photon
energy. As the film changes from an amorphous to a microcrystalline structure, the
low energy tail of the €, spectrum is suppressed, the development of the shoulder
near 34 eV occurs, and a peak appears to form at an energy above the initial 325
peak position. Similar behavior occurs in g!ae n spectra, as shown in Fig. 53. The

refractive index spectrum for the amorphous film has a broad maximum near 2.5 eV.
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As a transition to microcrystalline structure occurs, the refractive index at 2 eV
decreases and the peak at 2.5 eV disappears. A further increase in rf, results in a

peak reappearing, but shifted to a higher energy at 325 eV.
5.1 First-Order Approximation

5.1.1 Application of Multilayer Optical Medels to Silicon Films

We now attempt to model the silicon films as described earlier, where we will at
present neglect second order effects described in section 4.2. The data of Aspnes
and Studna[5.1] are used for the reference dielectric function of c¢-Si, while that of
Bagley et al[5.2] was used for dense a-Si:H. This data is chosen since it represents
the apparent limiting value of the maximum in the €, spectrum (e2 = 29) and hence
should be most representative of dense bulk a-éi:H. ' The films are modeled in one
and two layer niodels, each layer consisting of volume fractions of amorphous silicon,
crystalline silicon and voids. Table 5.1 shows the best fit of a one layer model (includ-
ing confidence limits) for films A to D. It can be seen that the films are amorphous
as calculated from optical data. Adding another parameter to the bulk layer, or
more specifically a possibility of ¢-Si in the bulk, does not improve &. In fact &
increases, hence the addition of this parameter is not justified. In addition, for this
case, the best fit to the experimental data occurs for zero volume fraction of ¢-Si. In
light of these two factors, films A to D may be considered amorphous. The results of
two parameter bulk layer models for ﬁlms; E and F are also given in Table 51. In

this a three parameter bulk layer model is justified. An improvement in & is
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observed without drastic increases in the confidence limits of the parameters, hence
this model is justified. These films therefore consist of mixed phases of a-Si and c¢-Si.
From the one layer model we see that the X-ray diffraction analysis has ‘overes-
timated the volume fraction of crystallites as shown in Table 52. Only films E and F
can be modelled with a non-zero volume fraction of microcrystallites. For film E, we
have rf"r = 042 and rfv' = (.20, where rfv’ is the relative volume fraction as deter-
mined by the optical model[ie, rfv' = 0.10/(0.10+0.41) for film E]. For film F, we

have r’x'V = (.77 whereas rfv’ = 0.42.

Progressing to a two layer model for films A to D provides a better fit to the
experimental data. The error or & has been reduced without drastic increases in the
confidence limits as shown in Table 5.3, in justification of the two layer model. In
general, the films can be described as a low density material, film A containing
approximately 20% voids. From the model calcﬁlatiohs, film A has an 80 A surface
roughness layer-. The transition to microcrystallinity is accompanied by an increase
in the surface roughness or transition layer thickness to about 150 to 225 A. Going
to a two layer model for films E and F gives no significant improvement in &, hence
these films represent a relatively sharp interface with the ambient and have consider-
ably less surface roughness. The transition to pc-Si:H is manifested as a loss of the
peak in n at 25 eV due to the increase in surface roughness. Figures 5.4 and 5.5
shows how well the model fits the experimental or pseudo-optical constants for films

A and C.
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In the IR absorption spectrum of glow discharge pc-Si films, the main absorp-

1 Fig. 56 shows the IR

tion band for the SiH stretching mode is near 2000 cm’
absorption spectra for film A, that representative of films B to E, and film F The
absorption at 20“90,{:03'1' has been attributed to SiH, and/or SiH4 groups[53]. From
Fig. 5.6 it can be seen that in film A, rf, = 0 and most of the hydrogen is bonded as
Si-H. The IR spectra representative of films B to E, which are slightly microcrystal-
line, indicates a substantial amount of hydrogen bonded as Si-Hz. Film F with i, =
0.77 also has a significant amount of hydrogen bonded as Si-H2 but relatively less
than that of films B to E. The initial transition to microcrystallinity is accompanied
by an increase in the amount of bonded hydrogen, much of which is bonded as Si-
H2' As the material becomes more microcrystalline the amount of hydrogen bonded
as Si-H2 and Si-H, may reach a'limiting value which is lower than that during the
initial transition. The large concentration of h)}drog'en induces an increase in the
microstructure and void content, in addition to modifying the dielectric function of

the bulk material itself.

The energy levels of hydrogen bonded as Si-H or Si-H2 in a-Si are more than 4
eV below Ev[5.4]. With respect to the dielectric function we would thus expect that,
at least up to = 6 eV, the presence of hydrogen behaves as a void fraction. Micro-
crystallinity is known to be accompanied by hydrogen bonded as (Si-Hz) o around the
crystallite regions[5.5,5.6]. Therefore the void content may be thought of as the

volume fraction of void and that of (Sin) n in the material,
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The density of film F was determined by floating a small fragment of the sample
removed from the substrate in a mixture of zinc bromide and water, the density of
the solution being varied by the addition of appropriate amounts of solute. Ti]e den-
sity of film F was found to be = 2 g/cms,corresponding to a void fraction of = 15%
bascd on a value of 2.33 g/cm3 for dense a-Si. The difference between this value and
the model calculation which is of = 30%, is due to the effect of the dielectric func-
tion of Sin. In view of the definition of the dielectric function as the dipole
moment per unit volume, we are in essence measuring the density of polarizable
species or Si-Si bonds in silicon films. Since, as discussed previously, Si-H bonds
tend to simulate the dielectric function of voids, we can suppose that the residual
15% void volume fraction is actually due to the effect of the Si-H bonds. Of the 85%
solid matrix in film F, 15% behaves as a void matrix. Assuming both Si-Si and Si-H

bonds occupy essentially the same volume, N, /N' = 0.15/085 = 0.18, N;; and N being

the number of Si-H and total number of bonds (8i-H and Si-Si), respectively.

For a total of T Si and H atoms, the number of Si-H bonds, Ny, is simply

PyT , where Py is the atomic fraction of H atoms. The total number of bonds N is

therefore
N = (P, T - PHT)—Z:;— + P;,TZ—;I— +PuyT (5.1a)
or
N = %—PST + —;—PHT , (5.1b)
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where Pg is the atomic fraction of Si atoms. In these equations we have assumed
that Py < Pg, that all the Si atoms have coordination number Z, and that all
hydrogen is bonded as Si-H. If all hydrogen forms dihydrides ($H2), we obtain the

same result for N, or éxplicitiy

PyT 7z  PyT 7 2

N=(PsT""

which reduces to Eqn.(5.1b). Thus we have

N 2P
1 = ud (52)
N ZPg + Py
With Pg = 1 — Py solving for the atomic fraction of hydrogen gives,
Z(Ny/N
Ny /N) (53)

Pu = 3T @y m)

If Z =4, or the Si atoms are four-fold coordinated, and Ny /N =0.18, we then

obtain Py = 028, or 28 at.% hydrogen in film F.

5.1.2 Discussion

Although oxygen is readily adsorbed on c¢-Si, in general, oxygen is not adsorbed
onto a-Si:H to any significant extent. The reactivity of c-Si is mainly due to unsa-
turated surface states (dangling bonds) which are available to form Si-O bonds. In
a-Si:H these states are already saturated with hydrogen. However, the degree of oxi-

dation of a-Si:H may depend significantly on preparation conditions. Oxidation can
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depend on how H is bonded (polyhydride vs. monohydride) and in fact O can be
bonded as Si-H-O in which oxygen is not bonded directly to silicon[S5.7]. Material
deposited at low substrate temperature, particularly that with columnar morp‘hology,
can in some instances undergo surface (internal or external) oxidation leading to
significant oxygen concentrations[5.6,5.8]. Irrespective of the fact that the oxidation
rate of a-Si:H may be minimal even for less than ideal a-Si:H, we consider the possi-

bility of a non-zero volume fraction of silicon oxide in our films.

We consider SiO2 in the surface layer only, since no $i-O vibrational modes
were observed in the IR absorption spectra and hence we do not expect any
significant content of SiO2 in the bulk. Allowing the surface layer to contain SiO2
in addition to a-Si,c-Si and voids does not improve ¢ significantly. In those cases
where & did improve, however !slightly, the confidence limits of the model parame-
ters became large. An SiO2 layer in addition to.the surface and bulk layers (ie. a 4
phase model) also does not improve &. There is no evidence for significant amounts
of SiO2 in these films even though they may possess significant columnar morphol-
ogy. We do note, however, that the presence of SiO2 may be difficult to detect in
our case since our optical measurements are limited to below 35 eV. Also we have

not investigated the possibility of nonstoichiometric oxides.

The correlation of the film properties with deposition parameters has been dis-
cussed previously[5.9-5.11]. Although the relationship between film propertics and
deposition parameters is difficult to interpret, we find that in general the degree of

microcrystallinity can be controlled by suitable adjustment of deposition parameters.
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At magnetic fields above electron cyclotron resonance (ECR) and low absorbed
power (= 1 W), films are amorphous. At fields below ECR, films tend to be micro-
crystalline. Results from deposition of Si by chemical transport indicate thz;t stable
nuclei for microcrystalline growth are likely when plasma conditions are such that a
chemical equilibrium is approached at the plasma-solid interface, Sin(g) - Si(s) +
xH(plasma) [5.12,5.13]. Hydrogen dilution of the Sin/H2 gas mixture (enhancing the
reverse reaction and thereby reducing the deposition rate) to approach equilibrium
would promote microcrystalline formation. Osaka et al.[5.14] have found that micro-
crystalline films produced by RF plasma are indeed associated with lower deposition
rates as compared to a-Si:H films. However, we observed the opposite trend, films

being microcrystalline at higher deposition rates as compared to amorphous films.

Considering the IR absorpfion data shown in Fig. 5.6, we have previously stated

that films B to E have the largest concentration of—H bonded as Sin. Although

1

there is some contention to the assignment of the absorption at 2090 cm™, we have

interpreted this absorption band as due to SiHZ. The occurrence of the absorption
doublet at 840 cm"1 and 940 <:m'1 is often taken as confirmation of the SiH2 stretch-
ing mode at 2090 ctn'1 and is employed here. Fig. 5.6 shows that films B to E have

1 .
absorption band. More pronounced columnar mor-

1

the most pronounced 840 cm”
phology has been linked to increases in absorption in the 840 cm™ ~ band[5.8], there-
fore columnar morphology is most prevalent in films at the onset of microcrystalliza-
tion due to the initial nucleation of crystallites. This is consistent with optical model

calculations where these films have the lowest density. Large H concentrations in

films of low rf, may act as a hindrance to the coalescence of initially nucleated
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crystallites leading to increased columnar morphology. This can be envisioned if sur-
face bonds on the periphery of these crystalline growth sites are quickly satisfied by
H. Films of increasing volume fraction of crystallites (specifically E and F) pi‘esent a
sharper interface with the ambient, as indicated by model calculations, due to a
lower degree of columnar structure associated with a lower H content, and material
densification associated with a more fully developed network. Perhaps there are
optimum concentrations of H and SiH species at the film surface for microcrystallite
growth. An excessive increase in H radical concentration via hydrogen dilution (in
an attempt to fabricate wc-Si:H) or adjustment of other deposition parameters may
result in an increase in the surface reaction SiH + H - Sin. This then creates
phase boundaries and hinders proper development or coalescence of the growth net-
work. The conditions of growth for films E and F may be near this optimum point.
However, the mechanisms controlling hydrogen incorporation into our films as

related to deposition parameters have not yet been firmly established.

The density of film F was determined to be approximately 2 g/cm?’. Films B to
E may be of lower density, although not as low as optical model calculations since
these films contain more H which tends to behave as voids. Most a-Si:H films have
densities in the range 1.90 to 233 g/cms, although some films have been reported
with densities as low as 1.40 g/cm3[5.15,5.16].

Low density material and the relatively thick surface roughness or transition

layer of films B to D may not be surprising in view of high H content, columnar

growth, and large crystallite grain size. H;rdrogen has been known to induce film
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microstructure. As H content increases from 0 to 20 at. %, the density of sputtered

3 to 2 g/em’[5.17] although glow

a-Si:H films decreases from approximately 2.3 g/cm
discharge a-Si:H films may not show this reduction. Leadbetter et al.[5.18] ha;fe sug-
gested that the intercolumnar spaces are in fact empty, that is, true voids. Crystallite
grain sizes in these films have been determined to be of the order of 200 A from the
full width at half-maximum of the (111) diffraction peak using Scherrer’s for-
mula[5.19].

Film A may contain a void density of 20% as given in Table 5.3. As the films
initially become microcrystalline, an increase in hydrogen content and hydrogen
bonded as Si-H,Z induces an increase in void content and also reduces the dielectric
function. This results in the reduction of n and €,5. As the material microcrystallin-

ity further increases, the amount of hydrogen bonded as Si-H2 may be reduced and

this, together with material densification, results in the increase in n and €.

Mishima et‘al.{5.20] have reported a volume fraction of crystallites of about 0.65
associated with a room temperature dark conductivity ogr, of 10'4 (ohm-cm)'1 for
RF glow discharge produced pc-Si:H films. Spear et al [5.21] have reported a limiting
value of o g = 1072 (ehm-cm)'1 for pc-Si:H as compared to opp = 10°8 (ohm-cm)'1
for a-Si:H RF glow discharge films. For films A to F we obtain opp = 10'6(ohm-
cm)'l. This suggests that rfv = 0.77 for film F is an overestimation. From optical
data we have rfv' = 0.42 which is in better agreement with previous reports when

O pr is considered.



- 100 -

Films E and F can be described in a one layer model, giving a good fit between
experimental and calculated ‘results. Why then is & for film F significantly larger
than & obtained for film A? The reason is illustrated in Fig. 5.7, where the model
calculations show good agreement with experimental data except near 34 eV. The
agreement on 2 to 34 eV is sacrificed if the model parameters are adjusted to
improve the fit at 3.4 eV. Model calculations show that the inclusion of a surface
layer for films E and F will shift the dielectric spectra to lower energy. Since the
experimental spectra are not red shifted with respect to the one layer model calcula-
tions, addition of a surface layer in the optical model would not be expected to
improve G, as was the case. The model predicts well the experimental data for both
films E and F; it is this particular region near 3.4 eV which accounts for the larger &.
Lack of observation in the expérimental dielectric spectra of this sharper feature at
34 eV present in the model calculation may be a result of an inability of the
effective medium approximation used in predicting the dielectric response of the
crystallites embedded in the amorphous matrix. Even though the crystallites are not
particularly small (= 200 A), the electronic structure of the crystallites may not
maintain bulk crystalline identity. This difficulty would then result in an underesti-
mation of the volume fraction of crystallites. It appears that the true rf , is bounded

above and below by values obtained from X-ray and optical data, respectively.

Generally, films produced on substrates at approximately 250°C and hydrogen

1 and 630 cm'l.

contents of <15 at. % are dominated by IR bands at 2000 cm’
Features near 830 to 940 cm™! and a shift in the bond-stretching frequency to higher

wavenumber occur together and appear in films with higher bonded H
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concentrations and in films depositied on substrates held at lower tempera-
tures[5.8,5.22,5.23]. These features are observed in the IR spectra of our films and
also, considering the deposition temperature (150°C), it is not unlikely that‘ film F
may contain up to 28 at. % H as estimated. If as is the usual case, about 5 to 10 at.%
H is bonded in the amorphous and microcrystalline phases comprising the columns,
18 to 23 at.% H would be bonded in polyhydride configurations around the columns.
"Film deposition in highly hydrogen diluted gas mixtures to promote microcrystallite
formation may enhance the surface reaction SiH + H - SiI—I2 as mentioned previ-

ously. This would then explain the existence of significant SiH2 in pc-Si.

Calculation of the H concentration from the integrated intensity of the Si-H

1 using the standard method of Shanks et al.[5.24] yields 6

wagging band at 630 cm”
at.% for film F. This severe underestimation is to be expected, as the presence of
large concentrations of Si-H2 oscillators in uc-Si:ﬂ have been found to contribute lit-
tle to the wagging mode[5.25], due presumably to a very small oscillator strength.

Thus IR absorption is not presently a reliable indicator of the total H content of pc-

Si:H films, a conclusion shared by other researchers[5.25].

5.1.3 Conclusions

The transition from amorphous to microcrystalline Si:H is accompanied by a
change in the refractive index spectra, specifically the loss of the peak in n near 2.5
eV. This is a result of an increase in surface roughness or in transition layer thick-

ness accompanied by an increase in hydrogen bonded as SiH, and a reduction in
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material density. After this transition, the films may be thought of as having a rela-
tively sharp interface with the ambient which nevertheless exhibits a low density.
The low values of €; can not be accounted for by a single thin overlayer but ;nust be
* due to low density bulk layers. The degfee of microcrystallinity of the films appear
to be between the values obtained from X-ray diffraction measurements and optical
model calculations.

Non-destructive depth profiling can be achieved by spectrally resolved ellip-
sometry due to the variation of penetration depth of the incident light with
wavelength. In addition to information on degree of crystallization in microcrystal-
line films, we can characterize oxide overlayers and surface microroughness. We
conclude that spectrally resolved ellipsometry combined with X-ray diffraction meas-
urements provide powerful pheﬁomenoiogicai information to optical models of mixed

phase thin films.
5.2 Effects of Voids, Bond Length Dilation, and Bond Angle Variation

5.2.1 Application of Multilayer Optical Models to Silicon Films

We now consider the effects the pertubations described in section 4.2 have on
the optical model calculations. Let us consider film F as discussed in section 5.1,
where we have measured p/p” = 1/0.85, or F = 0.15. Assume f ; = 0.25 from Fig.
44, fp = 1,and r/r” = 1/1.01, the dilation estimated from the position of the (111)

peak obtained from X-ray diffraction measu>rements[5.26]. These values in Eqn(4.28)
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give ¢, = 1.126. The value of ¢, is calculated according to Eqn(4.31), where we
assume N, /N, = (r"/r)~> and that Rerr =n.¢ . The effective number of electrons
is assumed to be unchanged since removal of a cluster in creating a void stiil leaves
the electron occupying the resultant internal surface dangling bond as a participant
in optical transitions. We then calculate ¢, = 1231. Using these scaling parameters

we now calculate € of a-Si:H" according to Eqn(4.8) and Eqn(4.37).

Table 54 shows the results of a one layer model calculation, outlined in
Chapter 4, using the calculated dielectric constant of a-Si:H” as a reference for the
amorphous Si matrix. The effect of a more self consistent approach in modelling the
pe-Si:H films is that rfv‘, the relative volume fraction of crystallites, has increased
and this may be a more accurate estimation of the true rfv, at least for film F. It
should be noted in Table 5.4 that we have used the same scaling parameters, as calcu-
lated from the density measurement of film F, for all the films. Ideally, we would
calculate the scéling parameters for each film individually from their respective den-

sities. Unfortunately, only density data for film F was available.

5.2.2 Discuassion

For film F we have used F = 0.15 and f o = 0.25; this then gives Z ~ = 3.82 if the
original a-Si:H phase had Z = 4. For sputtered a-Si:H, Z is reduced from = 39 for
high density material to Z = 33 for an = 15% density deficit[5.27]. For rf glow
discharge a-Si:H, Z varies from 3.9 to 3.6 for density deficits of 0 to 5%{5.27]. Using

-

a value of fp = 1 is not unreasonable in view of the fact that annealing studies of
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a-Si:H show on the order of only = 7% reduction in bond angle variation after tem-
perature treatment. Effects of hydrogen concentration have not been considered,
where high H content could reduce Z. In calculating ¢, we included only thé effect
of density reduction. If high H content reduces Z further, E, ” shifts still further to
low energy and ¢, increases. However, if most H is bonded on the outside of the

pc-Si columns, Z will not be decreased significantly.

In calculating the effects of voids, we have obviously neglected the fact that
once an atom cluster is removed there can be bond rearrangement of the resulting
network. The effect of void content on reduction of Z would then be overes-
timated. However, we have chosen f ; to be in the mid-ground between the two pos-
sible extremes shown in Fig. 44. The scaling of the original a-Si:H dielectric func-
tion has not included any broadening in the €, spectrum. A mathematical formula-
tion to include some broadening due to “increased ﬁisorder” should provide even
better information on structural aspects of a-Si:H and pc-Si:H films through optical

measurements.

5.2.3 Conclusions

With low H content a-Si:H and pc-Si:H films such that effects of H content on
optical data are minimal, we can obtain self consistency in void content estimated
from optical model calculations and density measurements. This will then give us
more accurate estimates of the correct scaling parameters ¢, and ¢, Also we can

~

require self consistency with X-ray diffraction and scattering measurements. X-ray



- 105 -

small angle scattering measurements can be used to substantiate density estimates. In
addition, integration of the radial distribution function obtained from X-ray
diffraction, would give us values of tlie coordination number. This in turn p‘rovides
us with a means of determining void sizes and size distributions. By making optical,
density, and X-ray diffraction data completely self consistent, we can obtain good
estinates of volume fractions of the a-Si:H, pc-Si:H, and void phases in addition to

information on void size distribution.
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Fig. 5.1 X-ray diffraction profiles for wc-Si:H films. A measure of the relative volume

fraction of crystallites rf , is indicated.
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Tahle 5.0. The model paramcters and confidence llmlts of the hest €{t two and
three parameter ogne layer models for varfous a-5{:H films. The parameter
rf_ls the relative volume fraction of crystallites and G {s a measure of
the fi{t between model and experimental results.

film rfv - bulk layer Q bulk layer Q
’ {two parameter) {three parameter)
A 0 0.73 ¢ 0.01 a-Si 0.73 + 0.04 a-Si
0.27 + 0.01 wvoid 0.0322 0.0 % 0.04 e-5Si 6.0328
0.27 + 0.08 void
B 0 0.60 ¢+ 0.01 a-Si 0.60 + 0.04 a~Si
0.40 % 0.01 void 0.0365 0.0 + 0.04 c-S4 0.0371
0.40 + 0.08 void °
C 0.07 0.57 + 0.02 a-S51 0.57 + 0.07 a-S{
0.43 £ 0.02 void 0.0679 0.0 £ 0.07 c-S5% 0.0691
0.43 + 0.14 void
D 0.23 0.47 £ 0.01 a-Si 0.47 + 0.04 a-Si
0.53 + 0.01 void 0.0435 0.0 £ 0,04 -S4 0.0442
0.53 £ 0.08 void
0.52 £ 0.03 ¢-S1 0.111
0.48 £ 0.03 wvoid 0.41 + 0.02 a-Si
E 0.42 0.10 + 0.03 c-S1 0.0272
0.51 £ 0.01 a-Si 0.0360 0.49 + 0.05 void
0.49 & 0.01 vold
0.72 & 0.03 -S54 0.0765
0.28 £ 0.03 void 0.39 + 0.03 a-S{
F 0.77 0.30 + 0.03 -S4 0.0257
0.68 ¢+ 0.02 a-St 0.0607 0.31 + 0.06 void
0.32 + 0.02 void
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Tahle 52. Comparison between the relative volume fractlon of crystallites as
calculated by x-ray diffraction measurements (rf,) and optical modelling
(rf '} for varfous a-Si:H and pc:Si:H films.

film rfv rfv'
A 0 o
B o 0
C 0.07 0
D 0.23 0
E 0.42 0.20

F 0.77 0.42
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Tahle 5.3, The model parameters and confldence limits of the hest fi{t two

layer models for various a-S{:H and pc-S{:H films.

The parameter rf

is the

relative volume fraction of crystallites, § Is a measure of the fit between
model and experimental results, and disthe thickness of the 5urfage layer.

bulk layer

surface layer

a>

film cf

v
A 0
B 0
C 0.07
D 0.23

I+ 1+

1+ 1+

I+ I+

RNE

0.01
0.01

0.01
0.01

0.01
0.01

a-Si
void

a—-Si
void

a—-Si
vold

a-Si
void

(=2 =]

0.0101

0.0195

0.0123

0.0115




Table 5.4 The model parameters and confidence limits of the best fit two and three
parameter one layer models for various a-Si:H and p.c-Si:H films. The param-
eter r'f‘.r is the rclative volume fraction of crystallites and & is a measure of
the fit between model and experimental results. For comparison, results for
rfv from Table 5.2 are given in the last column.

2 paraaeter ~ 3 paraester A , unscaked
fila rf, bulk layer o bulk layer a  rfy rf,
0.510.01 a-Si
0.49+40.01 void  0.0339  0,4910.02 a-Gi
oW 0.20£0.02 c-5i  0.0331 0 0
0.59£0.01 c-5i 0.31£0.04 void
0.4110.01 void  0.195
0.4240.01 a-Si
0.58£0.01 void  0.0303  0.3910.0f a-Si
D023 0.0410.02 c-5i  0.0249  0.09 0
0.48£0.01 ¢-Si 0.5740,03 void
0.5240.01 void 0,163
0.45£0.01 a-§i _
0.53£0.01 veid  0.0909  0.28:£0.02 a-5i
E 042 0.20£0.03 c-5i  0.039% 0.42 0.20
0.52¢0.01 ¢-Si 0.5240.03 void
0.4810.01 void  0.111
0.5940.01 a-§i
0.41£0,01 void 0,127 0.3040.03 a-5i
Foon 0.36£0,03 c~-51  0.0342 0.55 0.42

0.7240.01 c-5i 0.34+0.06 void
0.28£6.01 void  0.0743
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Chapter 6

EFFECTS OF SUBSTRATE BIAS ON STRUCTURE AND PROPERTIES OF

a-Si:H FILMS DEPOSITED BY MICROWAVE PLASMAS’

Microwave plasmas (MW) have been demonstrated to be viable alternatives for
the deposition of a-Si:H and wpc-Si:H films[6.1-6.3). The high deposition rates
obtained are due to the more complete dissociation of the gas mixture as a result of
the more energetic plasma. Electron cyclotron resonance (ECR) MW plasmas allow
for the reduction of power requirements, of the order of watts, and also allow a

reduced operating pressure { approximately 10'3 torr).

Although the correlation of optical and structural properties with deposition
conditions has not been fully characterized, it is well known that high quality a-Si:H
films are generally prepared at low discharge power densities[6.4] and high substrate
temperature. The low power requirements of ECR MW plasmas is thus an attractive
feature. The effect of ion bombardment during film growth appears to be an impor-
tant factor influencing film properties[6.5,6.6]. The effects of ion bombardment on
a-Si:tH  films | deposited by rf glow discharge[6.7,6.8] and mulitipole dc
discharge{6.9,6.10] have been reported, where the ion flux and ion energy can be con-
trolled by suitable adjustment of substrate bias and chamber pressure. Ion bombard-
ment in dc discharge grown films promotes densification and homogeneous growth,

while these effects are weaker in rf discharge produced films. In this Chapter,
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experimental results of the effects of substrate bias on the optical and structural pro-

perties of a-Si:H films deposited from an ECR MW plasma are presented.

6.1 Experimental Detalls

Deposition of a-Si:H occurred in a stainless steel waveguide chamber as
described in Chapter 3. Stainless steel and quartz substrates were mounted on a
thermostatically controlled table maintained at 250°C and biased from -300 to +100
V, with their surfaces normal to the dc magnetic field. The plasma was kept at a
fixed distance from the table, approximately 10 cm, by the magnetic field peak (=875
Guass) position. Films were deposited from a SiH 4(10%)-H2(90%) gas mixture at a
chamber pressure of 10'3 torr with 4 Watt absorbed microwave power. The plasma

was monitored by OES and mass spectroscopy as described previously.

Langmuir probe measurements of a H, plasma runder the conditions used for
deposition, were used to determine plasma parameters. Film growth was monitored
“in situ” by laser interferometry and final film thickness is determined from laser
interferometry combined with ellipsometric measurement at the He-Ne laser
wavelength. Thickness measurement was further supported by mechanical thickness
profiler measurement and near infrared spectrophotometry. Film thickness ranged
from 15 to 2 microns. Samples were characterized over the photon energy range 2 to
3.5 eV using spectrally resolved ellipsometry (SE). X-ray diffraction data was

obtained employing Cu-Ka {40 KeV, 20 mA) radiation on 20° < 20 < 60°.
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¢.2 Results and Discussion

The refractive index, n, and the imaginary part of the dielectric constant, €,, as
functions of photon energy are shown in Fig. 6.1 and Fig. 6.2 for films deposited on
stainless steel substrates biased at various voltages. The n and €, spectra of films
deposited with substrate bias, V,, = -100 V, show no significant differences as com-
pared to V,, = -100 V. The n spectrum has a limiting peak value of = 5 and the ¢,
-spectrum has a limiting peak value of = 28, indicative of high density a-Si:H films as
discussed previously. The position of the €, peak does not appear to be significantly
affected by V,, indicating little or no effect of bias on surface roughness[6.11]. Both
the n and €, spectra are enhanced by increasing negative bias over the spectral range
from 2.0 to 3.5 eV. All films deposited were determined to be amorphous based on

X-ray diffraction measurements,

Fig. 6.3 sho_ws the maximum value of the €, spectra, €, ..., as a function of sub-
strate bias for films deposited on stainless steel and quartz substrates. As suggested
in previous chapters, increases in €5 .. can be mainly related to increased film den-
sity. Drevillon et al.[6.9] have shown that in a dc discharge deposition system, the

mean ion energy is given by
Eion = e(Vp = V) (6.1)

where VP is the plasma potential. The ion energy remains quasi-mono-energetic on
the range 0 < V, < -200 V for pressures =< 5 mtorr. At higher pressures, of 30-100

mtorr typical of rf discharge systems, considerable broadening of the ion energy
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distribution occurs due to increased collisions of the ions with neutrals while
accelerating; finally reaching the substrate at a relatively low energy. Since our films
are deposited at 1 mTorr, we expect the ion energy is quasi-mono-energeﬁc and
given by Eqn(6.1) in the case of stainless steel or conducting substrates. In contrast,
insulating quartz substrates become negatively self biased with respect to the plasma
reactor walls. In this case the ion energy should be determined by the difference
between this floating potential Vs, and the plasma potential. Langmuir probe meas-
urements are summarized in Fig. 6.4, where measurements were carried out on a H2
plasma with all other deposition conditions remaining unchanged. The SiH4-H2
(90%,10%) plasma is not significantly different from the H, plasma, as indicated by
probe data at V;, = -150 V. The quantity V, — V; should show the variation of the
incident ion energy with substrate bias for the case of the films deposited on quartz
substrates. The quantity V, — V, in Fig. 64, gi;.'es the variation of the ion energy

with V,, for the metallic substrates.

We see that ion bombardment during film growth results in film densification.
For stainless steel substrates, €; ,,, increases on the range V, = 0 V to -100 V,
thereafter remaining constant. For the case of films deposited on insulating sub-
strates, the same behaviour is observed, that is €7 max iNcreases with increasing £, ,
where now E; . should vary as V, = V¢. An enhancement of the surface mobility
of the reactive ion species due to an increase of ion bombardment energy may be

responsible for the increase in density. For positive substrate bias, substantial

numbers of electrons are drawn from the plasma. To maintain charge neutrality
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within the plasma, ions are driven to ground potential, resulting in ion bombardment
of the deposition chamber walls. As a consquence, films produced with positive V,
are contaminated with residual material from the chamber wall and are of poér qual-
ity. Fig. 6.3 and Fig. 6.4 indicate that high density a-Si:H films can be produced if

E., = 100 eV.

Infared absorption measurements indicate that films deposited with V, < -100
V contain = 6 at.% H. Films exhibit no absorption peak due to Si-H2 bonds at 2090

1. All H is incorporated

cm'1 or any absorption due to Si-O bonds near 1000 cm”
solely in a mono-atomic, singly bonded form. This is consistent with high density
material as discussed in Chapter 5. Application of the optical modelling technique
described in Chapter 4 gives 15% void content for V;, = 0 V and decreasing to 0%
for V, < -100 V. Lack of ion.bombardment during film growth can result in very
low density films and significant H bonded as Si-ﬁz. This is the case for films grown
on substrates pﬁrailel to the magnetic field,where the field confines the ions and
shields the growing film surface from ion bombardment. As we have seen in Chapter
S5, films fabricated in this manner were of low density and contained significant
amounts of H bonded as Si-H2. We see now that these properties can be attributed
to the lack of ion bombardment during film growth. The scouring action of ionic

species on the film surface during growth[6.12] may be responsible for elimination of

H bonded as Si-Hz.

Fig. 6.5 shows the variation of the optical gap E ., with substrate bias for

metallic substrates. The optical gap initially increases strongly with negative
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substrate bias or E;,,. Below V, = -100 V or E,,, = 100 eV, the optical gap is not
affected by further increases in E;,,. A larger E ¢ is associated with increased den-
sity as is seen by comparing Figs. 6.3 and 6.4 where E,, increases with inéreasing
€max- Similar variation of E,, is found for a-Si:H films deposited on quartz sub-

strates. As E;,, increases, film density increases together with E,,, .

The deposition rate r;, as a function of substrate bias is given in Fig. 6.6. As
E,;,, increases initially, r; increases afterwhich a reduction to a value of = 3.3 A/s at
V, = -300 V occurs for films deposited on metallic substrates. The increase in r, at
low E;,, may be explained by an increased surface reaction rate if this reaction is
energy activated. Further increases of E;,, would reduce the deposition rate due to
etching of the growing film surface[6.9]. The deposition rate is weakly dependent on
Vy, varying between = 3.6 to‘ 2.25 Als, the maximum ry corresponding to the
minimum E;, of = 100 eV, required for high densit'y films. For films deposited in
quartz, the deposition rate is unaffected by V,, remaining constant at = 225 A/s.
Over this bias range E;,, does not vary strongly with V; as shown in Fig. 6.4, and
since ry is weakly dependent on E;,,, r; is approximately constant. Antoine et

al.[6.7] have reported deposition rates of 0.5 - 0.9 A/s for -150 V < V, < 0 V, with

rg =09 A/satV, =0V, for a-Si:H films fabricated by rf glow discharge.

As discussed in Chapter 2, the B-parameter defined by
ahv =B(hv — E,, )* | (6.2)

is inversely proportional to the width of the tail states and reflects the steepness of
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the density of states rise at the band edges. Therefore, this value is related to the
quality of a-Si:H films. Fig. 6.7 shows the B-parameter as a function of V, for a-Si:H
films deposited on metallic substrates., The B-parameter behaves in the same ﬁanner
as E,,, increasing for low ion energies. The extent of the tail states at the band

edges decreases with ion energy up to the threshold energy of 100 eV.

Figure 6.8 illustrates the ratio of photoconductivity to dark conductivity,
O on /o 4,and o4 as functions of the substrate bias for both stainless steel and quartz
substrates. For films deposited under negative substrate bias typical values of o ; are
seen to be on the order of 107 (c~hm-cm)'1 which is comparable to high quality rf
glow-discharge films. As anticipated, films deposited under positive substrate bias
with poor optical properties also displayed poor electrical properties. The photocon-

ductivity was measured at a wavelength of 6328 A with a photon flux of 1015

2

photons-s'l-cnf . In a similar manner the films with good optical properties also

displayed photoconductivities typical of good quality films.

High density and good optical and electronic grade films with mono-atomic H
can be produced at low substrate temperature with some ion bombardment in ECR
MW plasmas. Above E;,, = 100 eV, film properties are not strongly dependent on

E

fon *
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6.3 Conclusiens

Some ion bombardment during film growth is favourable due to enhanced film
density and reduction of dihydrides.‘ In addition, the deposition rate is increased
slightly with increases of E;,,. An enhanced surface mobility of the reactive ion
species and an energy activated surface reaction at the growing film surface can
explain the increases in density and deposition rate, respectively. Film surface
roughness does not appear to be dependent on E,,, as evidenced by the constancy of
the €; peak position with V. Increased film density is accompanied by an increase in
the optical gap, from 1.55 eV to 1.80 eV, with increased ion bombardment. The tail-
ing of the density of states at the band edges is reduced by a small degree of ion

bombardment. The ratio of photo- to dark-conductivity is on the order of 105 and is

enhanced by moderate ion bombardment.

Fabrication of high density good quality a-Si:H films can be acheived by suitable
adjustment of deposition parameters to attain some ion bombardment of the film sur-
face during growth. A moderate amount of bombardment increased the deposition
rate, the density, and the optical and electronic quality of the films. Film
densification of approximately 15% can be acheived by ion bombardment. The
optimum ion energy reguired, appears to be approximately 100 eV in MW plasmas

operating at 1 mTorr.
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Fig. 6.1 The refractive index, n, as a function of photon energy for a-Si:H films depo-

sited on stainless stcel substrates. “The substrate bias voltage, V , is indicated.



-133-

W' 38
H -
£ 163
€
a
g 5 -58 ¥
0
U
v
Lo
E 20]
H
o
H av
H
a

15
H
Z
B
b
0

18,
H
g
€
[
o
£ S0
¢
Z
H
g
g
£
@ i

1 2 3 4
PHOTOH EMERGY (el)
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The B-parameter defined by ahv = B(hv — E ot )? as a function of sub-
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CHAPTER 7

CONCLUDING REMARKS

For undoped a-SiNx:H for 0 = x < 0.6, the activation energy for extended-state
electron conduction as well as the optical gap are unaffected by N content for x <
04. The electron mobility in extended states is improved by as much as a factor of
10 by the N incorporation. There is a rapid conversion from the tetrahedral network

to a Si3N 4 network as x increases above = 04,

Optical measurements over the range of 2.0 < kv < 35 eV of both amorphous
and microcrystalline hydrogenat.ed silicon indicates that the optical gap decreases
from 1.70 eV to 1.40 eV as the structure changes from an amorphous network into a
microcrystalline-amorphous mixture. The amorphous to microcrystalline transition is
clearly indicated by the spectra of the refractive index n, and the imaginary part of
the dielectric constant €;. Modelling these films as multilayer structures shows that
the transition from amorphous to microcrystalline films is accompanied by a reduc-
tion in material density and a significant increase in the surface roughness overlayer.
X-ray diffraction measurements estimate a higher volume fraction of crystallites as
compared to that obtained from optical data. The measurement of the € spectra pro-
vide an alternative technique fo x-ray diffraction in the investigation of amorphous

and microcrystalline structure, and may be particularly useful for thin films.
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For fabrication of hydrogenated silicon in microwave plasmas, some ion bom-
bardment during film growth is favourable due to the resultant enhancement of the
film density and the reduction of dihydrides. A moderate amount of ion bo;nbard-
ment also tends to increase the deposition rate and to improve the optical and elec-
tronic quality of these films. The optimum ion energy required appears to be

approximately 100 eV in microwave plasmas operating at 1 mTorr.



