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Abstract

This thesis describes the roles of radicals in silicon chemical vapor deposition
(CVD) using excited species generated in photo-CVD and plasma-enhanced
CVD (PE-CVD). The thesis consists of 6 chapters.

In chapter 1, as an introduction, historical overview is described for under-
standing known facts concerning the radical kinetics in the silicon CVD.

In chapter 2, photo-CVD of a-Si:H thin films is presented, because photo-
excited processes utilize only neutral radicals without charged ions and elec-
trons, and they construct simple system in comparison to PE-CVD. Therefore,
radical kinetics can be predicted only by solving rate equations for known re-
actions, and complex plasma physics is not required. In this chapter, before
performing modeling and simulating photo-CVD system, it is presented that
high quality a-Si:H films are obtained by using Xe resonance lamp (wavelength
147 nm) as a vacuum ultraviolet light source and SipHg as a source gas.

In chapter 3, the modeling and simulation are carried out for the purpose of
understanding the reason why the combination of SisHg + 147 nm can prepare
such high quality a-Si:H films. For comparison, the other combinations of SiH,
+ 147 nm and SioHg + 147 nm are also investigated. From the gas-phase and
surface reaction simulations, it is shown that film quality is improved by sup-
pressing contribution of biradicals such as SiHy and SisHy4, and by promoting
contribution of monoradicals such as SiH; and SisHs.

In chapter 4, the gas-phase reaction model constructed in the previous
chapter is improved to be able to handle realistic PE-CVD of a-Si:H by using
a local field approximation method. The density of SiH, radicals is measured
by using an intra-cavity laser absorption spectroscopy for verifying gas-phase
simulation results. On the basis of detailed analysis of the gas-phase simula-
tion, the cause of increase in SiH, radical density with diluting source gas SiH,
or SigHg by rare gases such as He, Ar and Xe is explained in terms of increase
in dissociation degree of the source gas. Surface reaction simulation method

is also improved to be able to handle surface migration of adsorbed precursors



by using a Monte-Carlo method. From the simulation, higher hydrogen con-
centration and formation of Si-Hs bonds in the films deposited under higher
SiHs radical composition are explained in terms of reduction of cross-linking
reaction frequency due to surface roughness caused by higher sticking prob-
ability of SiH, radicals. The predicted growth schemes for different radical
compositions show good agreement to the experimental results observed by
using n situ ellipsometry.

In chapter 5, radical kinetics in poly-Si PE-CVD using SiF,, SiH4 and Hs is
investigated using both of in situ monitoring of the CVD process and its sim-
ulation. On the basis of the results obtained from the process monitoring and
simulation, it is shown that major deposition precursor, crystalline-growth-
promoting precursor and crystalline-nucleation-promoting precursor is SiHsj,
F and H radicals, respectively.

In chapter 6, the present work is summarized and future aspects are pre-

sented.
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Chapter 1

Introduction

Plasma enhanced chemical vapor deposition (PE-CVD) method can prepare
silicon thin films in the form of amorphous (a-Si), microcrystalline (uc-Si) and
polycrystalline (poly-Si). It should be noted that these films can be prepared,
in comparison to conventional epitaxial growth, at lower temperature and on
non-crystalline substrates available in larger size. This technique, therefore,
now forms the basis for so-called ‘Giant Microelectronics’ consisting of large-
area devices such as solar cells, linear sensors, thin film transistors and xe-
rography. Deposition mechanisms of the films, however, have not been fully
understood yet, even though research activity for them has been proceeding for
two decades. This situation is mainly due to complex physics and chemistry
in the plasma and on growing film surface. This thesis describes some results
for understanding the plasma process for the deposition of silicon thin films on
the basis of in situ gas-phase and surface diagnostics and reaction simulation.
In this chapter, I present briefly historical overview of the research activity on
silicon thin film deposition with the PE-CVD and related preparation meth-
ods, and explain the objectives and scope of this work. Finally I describe the

constitution of this thesis.

1.1 PE-CVD of silicon thin films

The origin of recent development on PE-CVD of silicon thin films as an elec-
tronic material can be traced back to several important discoveries in the
history of amorphous silicon technology.

The first one was preparation of hydrogenated amorphous silicon (a-Si:H)
by Spear and Le Comber in 1975 [1,2]. They discovered that glow-discharge
decomposition of SiH, could make amorphous silicon thin films to either n- or

p-type by substitutional doping from gas phase, while evaporated or sputtered
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Fig. 1.1: Schematic representation of the structure of non-hydrogenated amorphous silicon

and hydrogenated amorphous silicon, and their energy band diagram.

films in early work could not make due to a large density (10'%-10%° cm™3)
of dangling bonds and corresponding mid-gap states [3]. The dopability of
PE-CVD films was found to be associated with the fact that the films contain
8-20 at.% hydrogen which terminates dangling bonds to reduce their density
(<10'%cm™3) and modifies whole structure [4] as shown in Fig.1.1.

The second one was preparation of hydrogenated microcrystalline silicon
(uc-Si:H) by Matsuda et al. in 1980. They discovered that the PE-CVD could
prepare the films containing crystalline phase at low substrate temperature
of 200°C from highly H,-diluted SiH, discharge [5]. The puc-Si films were
composed of small crystalline grain with an average size of 30-200A embedded
in an amorphous matrix, and the dangling bonds surrounding the grain were
terminated with hydrogen [6] as shown in Fig.1.2. They also clarified that the
highly conductive fluorinated films (a-Si:H:F'), which Ovshinsky and Madan
had prepared from SiH4 and SiFy [7,8], had the same film structure.

The third one was by Shibata et al. in 1987 [9,10], concerning preparation
of polycrystalline silicon (poly-Si) which was characterized by a somewhat
larger average grain size of typically 400-1000A. They discovered that the
polycrystalline silicon could be prepared at low temperature of 300°C through
the reactions of SiF, with H radicals supplied from microwave discharge of Hs,
and even epitaxial growth could be achieved on <100> oriented crystalline
silicon substrates. They termed this method as Hydrogen-Radical-Enhanced
CVD (HR-CVD). In 1991, Mohri et al. demonstrated the preparation of poly-
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Fig. 1.2: Schematic representation of the structure of hydrogenated microcrystalline amor-

phous silicon.

Si at the same temperature by a conventional glow-discharge PE-CVD method
using SiH,/SiF4/H, gas mixture [11]. Although, in 1979, Morin and Morel
had demonstrated the possibility of preparing poly-Si by SiF,/SiHs RF glow
discharge at substrate temperature of higher than 450°C [12], it was clearly
the work of the Shimizu’s group [9,10] that triggered the development of low

temperature poly-Si growth from fluorinated precursors.

1.2 Diagnostics

1.2.1 Gas-phase process

Physical properties of plasma-deposited silicon thin films are sensitively influ-
enced by discharge conditions such as pressure, gas flow rate, power and so on.
Since numerous variants of plasma reactors are widely used, the deposition
conditions must be optimized for the respective system. The material proper-
ties are, even now, empirically controlled by finding a good combination of the
deposition parameters. Therefore, in situ observations of chemical species in
gas phase was attempted for obtaining satisfactory reproducibility of the film
properties and for more general understanding of the plasma chemistry.

The ionic and neutral species in the plasma can be investigated by means of
mass spectrometry (MS), which has been applied to SiH, plasma for the first
time by Drévillon et al. [13], Haller [14] and Turban et al. [15] in 1980. The
common conclusion drawn from the MS was that the most dominant ions was
SiH3 and its density was 10® — 10° ecm™3 which was close to electron density.
Although they could not observe neutral free radicals directly, Turban et al.

concluded that such radicals must be responsible for film deposition, since the
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ion flux was one to two orders of magnitude low to explain the deposition
rate. This was confirmed by Matsuda et al. [16]. They measured a relative
density of ionic species and neutral species in the realistic plasma condition
of a-Si:H deposition using the MS under the ionizer-on and -off operations,
and the density of ionic species was estimated to be lower by three or four
orders of magnitude than the neutral species. Most of the researchers after
that, therefore, fixed their eyes on the neutral species.

Kampas and Griffith [17], Hamasaki et al. [18], and Matsuda et al. [19] ap-
plied optical emission spectroscopy (OES) to the diagnostics of neutral species
for the first time in 1980. However, this technique can detect only the light-
emitting excited species, such as Si*, SiH*, H* and Hj. At that time, many
researchers correlated the emission intensity of these species to the film de-
position rate and properties. However, the density of Si* and SiH* of excited

3 using their

states in the steady-state plasma was estimated to be 10°-107 cm™
optical transition probabilities [19]. These values were also lower by five or six
orders of magnitude than the density (10'? cm™3) of species required for ex-
plaining the observed deposition rate of a-Si:H. Due to this fact, researchers’
eyes were turned upon neutral radicals in their ground states.

Detection of the ground-state species by means of spectroscopic methods
requires excitation of the species from outside the plasma. Schmitt et al. [20]
applied a laser induced fluorescence spectroscopy (LIFS) for the measurement
of these species in 1984, and Matsumi et al. [21] revealed in 1986 that the
density of Si and SiH was too low to explain the total deposition rate of a-Si:H
within conventional deposition conditions. Consequently, it was speculated
that the main precursors for the film deposition were likely to be neutral SiH,
and SiHjs.

Hata et al. [22] applied a coherent anti-Stokes Raman Spectroscopy (CARS)
for the detection of such neutral species in 1986. Although they could detect
high-density (10 cm™) species such as SiHy, Hy and SisHg, they could not
detect SiHy and SiHj. Yamada et al. [23] had reported detection of SiHy and
SiHj3 using an infrared laser absorption spectroscopy (IRLAS), and Itabashi et
al. [24] in the same group applied this technique to realistic PE-CVD in 1988.
They measured the density of SiHz to be in the order of 10'? cm™3 which
could explain the deposition rate. Regarding SiH,, however, they could not

3

determine its density and only the upper limit of 5 x 10 cm=3 was estimated,

because its density was lower than the detection limit of the IRLAS. The
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absolute density of SiHy has been determined for the first time by Tachibana
et al. using an intracavity laser absorption spectroscopy (ICLAS) which is
described in this thesis, and it has been apparent to be in the order of 10°
cm ™3 [25].

1.2.2 Surface process

The surface, at which deposited film structure is finally determined, is the most
important part of the deposition process. Diagnostics for the surface, however,
was not so sophisticated as in the case of gas-phase diagnostics. Most of the
conventional surface analysis techniques require ultra high vacuum (UHV) con-
dition, as in Auger electron spectroscopy, X-ray photoelectron spectroscopy,
reflection high energy electron diffraction and so on. These electron probes are
generally incompatible with the reactive environment of the PE-CVD. A more
promising approach is use of the optical probes, such as infrared reflection
absorption spectroscopy (IR-RAS), ellipsometry and so on.

Application of ellipsometric analysis to in situ monitoring of thin film
growth was proposed in 1980 by Theeten et al. [28,29]. They applied a con-
ventional rotating analyzer ellipsometry (RAE) to the vapor phase growth of
GaAs, and demonstrated the observation of nucleation and growth sequences
during the process. Drévillon applied this technique to in situ observation of
a-Si:H deposition process by means of a fast polarization modulated ellipsom-
etry (PME) in 1982 [30], and revealed that similar phenomena of nucleation
and microstructural evolution were observed also in the a-Si:H deposition pro-
cess [31]. Collins et al. demonstrated that the phenomena observed by the
fast PME could be observed by using relatively slower conventional RAE [32],
and expanded applicability of this technique toward growth of uc-Si [33].

Although ellipsometry is fast and reveals microstructural evolution and
composition of the growing film, it does not contain any information concerning
chemical bonds. In order to fully understand and improve film properties,
we must obtain information concerning chemical reactions occurring on the
growing film surface in addition to its microstructure. Before Wadayama et al
applied an IR-RAS to in situ observation of the surface in 1988 [34], Matsuda
et al. empirically proposed reaction mechanisms on the growing film surface
by means of so-called radical-separation method in 1986 [35]. They confined
plasma in a limited region above a substrate by placing a mesh electrode above

it, and changed flux density of impinging radicals by changing the distance
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from the bottom of the plasma region and the substrate. At the moment, the
most dominant radical was believed to be SiHj, and they constructed their
model as the reaction of SiH3 with the surface. From the observation of the
square raw in the SiHj flux density dependence of the deposition rate, they

deduced following bimolecular reactions for the film deposition,

Si-H + SiH; — Si- + SiH, (1.1)

Under the condition of elevated temperature, excess hydrogen was considered

to desorb out through, for example, following reactions,

Si-SiH; + Si-SiH; —  Si-SiH,-SiH,-Si + H, (1.3)
Si-SiH; — Si-SiH + H, (1.4)

Although in situ IR-RAS observation of the species such as SiH,,(n=1-3) was
performed by Wadayama et al. [34], its infrared absorption was caused by Si-H,,
not only at the top surface but also in the bulk film. In 1990, Toyoshima et al.
successfully distinguished absorptions of top surface and bulk region [36,37].
They revealed that hydrogen bonding configuration of the growing film surface
changes with substrate temperature, and the temperature higher than 400°C
was accompanied with hydrogen desorption from the top surface. This obser-
vation became the most important one for supporting surface reaction models
deduced by Matsuda et al. These reports triggered development of numeri-
cal modeling and simulation of surface reactions aiming at the prediction of

structural properties of deposited films.

1.3 Modeling and simulation

In principle, PE-CVD of silicon thin films can be divided to three sequential

processes.

(a) Primary process: The electron collisions which produce the reactive species
such as ions and radicals according to the collision cross section, namely,

electron impact dissociation,

(b) Gas-phase process: The gas-phase reactions which these species undergo
during diffusion and drift to the surfaces, namely, secondary reactions

and mass transport,
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(c) Surface process: the surface reactions involved in film growth, namely, thin

film deposition.

If these processes were connected sequentially, the modeling of PE-CVD would
be rather easy. In reality, however, these are not. For example, source gas
density changes with its electron impact dissociation and secondary reactions,
the species produced through these processes also collide with electrons, and
this process changes electron energy distribution. Therefore, research on the
modeling and numerical simulation started almost simultaneously with the gas

phase diagnostics in order to explain measured results or to predict them.

1.3.1 Primary process

Although quantitatively dominant species have already been known to be neu-
tral radicals, there exist important species of ions and electrons which sus-
tain plasma itself. Electrons in the plasma play an important role at the
primary process of electron impact dissociation and ionization of parent gas
molecules [38]. The rate constant of the dissociation and ionization is de-
termined by electron impact cross sections, which have been measured and
compiled as a function of electron energy by many workers [39]. Electron en-
ergy is basically determined by the acceleration in the electric field and/or
magnetic field in the plasma. This can be predicted by solving Boltzmann
transport equation or Monte Carlo simulation [40-42]. The electric field, how-
ever, is determined by the density distribution of electrons themselves and the
ions produced by the electrons.

As can be understood from above consideration, the parameters concerning
electrons, ions and field are not determined straight forward, but recursively.
In order to predict these parameters in the plasma, therefore, we must per-
form numerical simulation by iterating solution of rate equations until stable
solution is obtained. Recent progress of computational power has enabled us
to perform the simulation within a reasonable time. My major interest is not
details of the plasma structure, but density and flux of the neutral radicals.
In this thesis, therefore, I used the most simple model known as a local field
approximation proposed by Boeuf [43]. This model is not so powerful to de-
scribe the details of the plasma, but is enough to estimate the electric field and
density and energy distribution of electrons which is important parameters to

calculate primary reaction rate constant.
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1.3.2 Secondary process

The first attempt for the modeling was made by Turban et al. in 1979 [44]. In
their model, however, the primary processes were simplified into an electron-
molecule reaction to produce only neutral radicals, which are treated as one
active species. The dissociation rates were calculated with a semi-empirical
rate constant independent on electron energy.

In order to perform totally self consistent simulation, data sets of electron
collision cross section for SiH, were required at first. A set of cross sections of
SiH, was obtained by Kline in 1982 [45] and Garscadden et al. in 1983 [46].

In 1982, Turban et al. determined cross section to produce ionized species
of SiH, (n=0-3) [47], in which production of SiH3 and SiH3 showed the highest
cross section value. In the same year, Perrin et al. determined total dissoci-
ation cross section [48], but each cross section value to produce SiH,,(n=0-3)
was not measured, and it was deduced by using the branching ratio on the
basis of results on the ionization cross section.

In 1984, Tachibana presented a quasi-steady-state plasma chemistry model
and its simulation for RF discharge in SiH, [49]. He obtained electron impact
rate constants by convolving a semi-empirical electron distribution function
with reported cross sections. Although the neutral chemistry and ion-molecule
reactions in his model were treated in a self-consistent manner, the electron
density was an input parameter whose value was based on experimental elec-
trical probe measurements. He concluded that SiHj is the most abundant gas
phase radical.

In 1988, Kushner presented a totally self-consistent model for the PE-CVD
of a-Si:H in RF glow discharge in SiH4/Ar mixture [50]. He obtained spatio-
temporal dependence of electron impact rate constants by using a Monte Carlo
simulation with a set of cross section data. By this method, he could treat
the plasma chemistry with no assumptions concerning parameters such as the
electron distribution function, dissociation rate, reactor geometry or reaction

chain.

1.3.3 Final process

After the quantitatively dominant species were revealed to be neutral radical
species of SiH, and SiHj3, several models for describing surface reactions were

proposed. In the early years, surface reactions were believed to be similar to
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those for thermal CVD, in which dominant radical was SiHy and it contributed
to the film deposition. In 1981, Kampas et al. proposed following reaction

scheme for film formation [51],

Si—H(S) + Sng(g) — Si—Sng(S), (1.5)
Si—Hg(s) + Si—H(S) — Si—SiHQ(S) + Ho, (16)

on the basis of well known insertion reaction,
SiH4(g) + Sng(g) — SiQHG(g). (17)

However, SiH, was known to be highly reactive. In 1979, Perkins et al. had
already suggested that such reactive radical cannot reach substrate surface
through the crowd of parent source gas [52]. Brodsky et al. in 1980 [53] and
Knights in 1981 [54] demonstrated a-Si:H deposition through the reaction of
SiH, and atomic hydrogen, which was known to produce SiHj selectively as
follows,

SiH, + H — SiHy + H,. (1.8)

In 1983, Robertson et al. finally revealed the most abundant radical reaching
substrate was SiHs from the results of threshold ionization mass spectroscopy
[55].

Based on the above reports and simplified description of the surface reac-
tions proposed by Matsuda et al., Gleason et al., in 1987, performed Monte
Carlo simulation of the surface reactions in order to predict hydrogen content
and the density of the deposited films [56]. Almost the same time, Kushner
also performed more sophisticated surface reaction simulation although his
model was phenomenological one [57]. McCaughy and He have improved their
model by changing from the phenomenological one to Monte Carlo simulation,
and revealed that contribution of high sticking probability species results in
rough surface [58]. However, they did not give any experimental proofs of the

predicted results. This will be presented in this thesis.

1.4 Scope of the thesis

Despite the huge number of research works concerning PE-CVD of silicon
thin films, roles of each radicals impinging onto growing film surface are still
not so clear that film properties can be predicted numerically. In order to

clarify the roles of radicals on the film growth, it is required to investigate
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correlation between film properties and gas-phase neutral radical composition.
Realistic PE-CVD, however, is accompanied with the effect of ions in addition
to neutral radicals although ion density is lower than radical density, and it
may disturb pure radical effects. In this work, therefore, prototype of the
model of gas-phase reactions is developed for the photo-CVD in which ions
are not produced. After the verification of the applicability of the model, it is
modified to the form which can handle PE-CVD.

Regarding the deposition of pc-Si and poly-Si, the deposition conditions are
fairly different from typical a-Si:H deposition conditions, and hydrogen radical
and fluorine containing radicals contribute to the appearance of crystalline
phase in addition to SiH3 which contribute to the deposition of a-Si:H. Roles
of these radicals are not so understood than SiHs in the deposition of a-Si:H.
In this work, therefore, I have investigated the effects of hydrogen radicals
and fluorine containing radicals by using in situ ellipsometry and gas-phase

reaction simulation technique.

1.5 Constitution of the thesis

In chapter 2, it is demonstrated that high quality a-Si:H films are prepared by
the photo-CVD method in which SiosHg and 147 nm are used as the combination
of a source gas and excitation wavelength instead of conventional SioHg and
185 nm from a Hg lamp. In chapter 3, the properties of the films prepared with
SisHg + 147 nm are compared to those with the other combinations of SiH, +
147 nm and SioHg + 185 nm, and effects of excitation wavelengths and source
gases on the film properties are discussed with the aid of a numerical simulation
of gas-phase and surface reactions. In chapter 4, the model developed in
chapter 3 is modified to be applicable to PE-CVD of a-Si:H, and its results are
compared to experimental results of in situ radical measurements. Improved
surface reaction model is also presented, in which effect of surface roughness
has been considered in the model, and compared to real time monitoring of
surface conditions with the aid of in situ ellipsometry. In chapter 5, these
techniques are expanded to the preparation of pc-Si and poly-Si deposition
using SiF, in addition to SiH,, and roles of several radicals on the appearance
of crystallized phase are discussed. In chapter 6, conclusions of this work are

summarized.
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Chapter 2

Photochemical vapor deposition of
a-Si:H using SioHg and 147 nm
excitation

2.1 Introduction

Since photochemical vapor deposition (photo-CVD) methods have been imple-
mented for the deposition of silicon related materials for the first time [1-4],
their major efforts have been to minimize damage due to high temperature
in thermal CVD and/or high-energy particles in plasma enhanced CVD (PE-
CVD). Concerning a-Si:H deposition, many kinds of photo-CVD methods have
been examined for obtaining higher quality films than PE-CVD films from
these view points [5-7]. The photo-CVD methods have another advantage that
the films are prepared in pure radical chemistry without accelerated ions which
interfere especially surface reactions through their bombardment on growing
film surface. This fact enable us modeling and simulation of film deposition
process by simply solving rate equations.

In this chapter, prior to the modeling and simulation of photo-CVD process,
it is described that high quality a-Si:H films can be easily prepared by the
photo-CVD method in which SioHg and 147 nm is used as a source gas and
an excitation wavelength, respectively. A mechanism of the high-quality film
deposition is described in the next chapter with the aid of gas-phase and surface
reaction simulations by making the most of the advantage of the pure-radical-
chemistry nature of photo-CVD processes. Since the combination of SisHg +
147 nm has lead to high quality films, substitutional doping to n- and p-type

is also demonstrated for device applications.

15
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2.2 Film preparation

2.2.1 Source gases, wavelengths and windows

Commercially available silicon containing gases are SiHy, SisHg and SizHs.
Figure 2.1 shows photo absorption cross section spectra of these gases [8,9].

Although SizHg shows the highest absorption cross section, it costs too
much in contrast to the other gases. SiH, is the most utilized gas for the silicon
thin film deposition processes, but it does not have enough photo absorption
cross section. Therefore, SioHg is used as a main source gas in the photo-
CVD presented in this thesis. In order to excite SioHg molecules, excitation
wavelength must be less than 190 nm, which can be realized by using gas
discharge lamps such as Ar (106.7 nm), Hey (121.5 nm), Hy (121.6 nm), Kr
(123.6 nm) and Xe (147.0 nm), Dy (161 nm) or Hg (184.9 nm) as indicated in
the same figure [10].

Most researchers have used combination of SigHg and Hg lamp (185 nm),
because the Hg lamp is commercially available. However, its deposition rate is
fairly low (0.6-1.5 nm/min) [6,11] because of quite low photo absorption cross
section of SisHg at 185 nm as shown in Fig.2.1. Higher deposition rate of 330
nm/min can be obtained by increasing photon numbers as in the case of ArF
(195 nm) excimer laser photo-CVD [12]. However, obtained film quality is not
very good due to too much hydrogen concentration in the films [12]. There-
fore, effective decomposition of source-gas molecules by shorter-wavelength
light (higher-energy photons) is expected to lead to high deposition rate with
keeping high quality.

Although He, Hy or Kr seem to be the best choice, there are no window
materials that have reasonable transmittance with realistic thickness as shown
in Fig.2.2 [13]. In this work, therefore, a combination of Xe resonance lamp and
MgFy window is used for film deposition. The source gas used this chapter
is SisHg, because absorption cross section of SiHy is fairly low for realizing

reasonable deposition rate.

2.2.2 Film preparation procedure

Figure 2.3 shows the photo-CVD apparatus, in which a low-pressure discharge
of Xe gas generated by microwave (2.45 GHz) is used for a VUV light source

[14]. A quartz tube (30 mm diameter) is inserted into a rectangular waveguide
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Fig. 2.3: Schematic representation of the photo-CVD apparatus, which consists of two parts
of a deposition chamber and a VUV (wavelength 147 nm) light source driven by
microwave excitation of Xe gas. The VUV light is fed into deposition chamber
through the hole (aperture 24 mm diameter) on which an MgFs window (3 mm

thick, 35 mm diameter) is mounted.

normally to the H plane. Pressure in the quartz tube are kept constant at 0.1
Torr by controlling the flow rate of Xe and the conductance of the evacuation
line of the rotary pump. The typical emission spectrum of the Xe lamp is
shown in Fig.2.4 for a pressure of 0.1 Torr and an input power of 100 W. A
window made of MgFy (3 mm thick, 35 mm diameter) is used between the
reaction chamber and the lamp. Effective aperture diameter for feeding the
VUV light is 24 mm. Distance between the window and substrate is 40 mm.
Although the window is blown with Ny at a flow rate of 250 cc/min to prevent
the deposition of films on it, it is cleaned with the 5-1 etchant (HNO3:HF=1:5)
after each run.

Corning 7059 glass substrates are used for optical (UV and visible region)
and electrical characterization of deposited films. Polished crystalline silicon
wafers with hi