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PLASMA DEPOSITION OF AMORPHOUS 
SEMICONDUCTORS AT MICROWAVE 

FREQUENCIES 

FIELD OF INVENTION 

[0001] The invention establishes a neW realm of plasma 
chemistry and physics that enables the deposition of unique 
atomically-engineered multi-element compositions for pho 
tovoltaic applications that free the World from its dependence 
on fossil fuels. More particularly, this invention solves the 
problem of depositing silicon-containing semiconductors at 
high deposition rates to achieve highly ef?cient photovoltaic 
materials With a loW density of states that exhibit no Staebler 
Wronski degradation. Most particularly, this invention relates 
to plasma deposition of amorphous, nanocrystalline, micro 
crystalline, polycrystalline or single crystalline semiconduc 
tors at microWave frequencies from multiple source gases, 
one of Which includes ?uorine, in a process that avoids unde 
sirable coatings on microWave WindoWs. 

BACKGROUND OF THE INVENTION 

[0002] Concern over the depletion and environmental 
impact of fossil fuels has stimulated strong interest in the 
development of alternative energy sources. Signi?cant invest 
ments in areas such as batteries, fuel cells, hydrogen produc 
tion and storage, biomass, Wind poWer, algae, and solar 
energy have been made as society seeks to develop neW Ways 
of creating and storing energy in an economically-competi 
tive and environmentally-benign fashion. The ultimate obj ec 
tive is to minimiZe society’s reliance on fossil fuels and to 
avoid production of greenhouse gases. 
[0003] A number of experts have concluded that to avoid 
the serious consequences of global Warming, it is necessary to 
maintain CO2 at levels of 350 ppm or less. To meet this target, 
based on current projections of World energy usage, the World 
Will need 17 TW of carbon-free energy by the year 2050 and 
33 TW by the year 2100. The estimated contribution of vari 
ous carbon-free sources toWard the year 2050 goal are sum 
mariZed beloW: 

Projected Energy 
Source Supply (TW) 

Wind 2-4 
Tidal 2 
Hydro 1.6 
Bio?iels 5-7 
Geothermal 2-4 
Solar 600 

Based on the expected supply of energy from the available 
carbon-free sources, solar energy is clearly the most viable 
solution for reducing greenhouse emissions and alleviating 
the effects of global climate change. (See J. Esch, “Keeping 
the Energy Debate Clean HoW Do We Supply the World’s 
Energy Needs?”, IEEE Proc. 98(1), 39-41 (2010).) 
[0004] Amorphous semiconductors are attractive materials 
for solar energy applications. Among the amorphous semi 
conductors, amorphous silicon is knoWn to be a particularly 
promising solar energy material. Unlike crystalline silicon, 
amorphous silicon is a direct gap material that has strong 
absorption over much of the solar spectrum. The strong 
absorption means that high ef?ciency solar cells can be 
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formed from thin layers of amorphous silicon. As a result, 
solar panels based on amorphous silicon (or chemically 
modi?ed or structurally-modi?ed forms of amorphous sili 
con, including composite forms of amorphous silicon that 
include nanocrystalline phases) are lightWeight, ?exible, and 
readily adapted to ?eld use in a variety of installation envi 
ronments. 

[0005] S. R. Ovshinsky has long recognized the advantages 
of amorphous silicon and related materials as the active layer 
of solar cells and has been instrumental through his inven 
tions and developments in advancing automated and continu 
ous manufacturing techniques for producing solar and pho 
tovoltaic devices based on amorphous semiconductors or 
combinations of amorphous semiconductors With nanocrys 
talline, microcrystalline, polycrystalline or single crystalline 
semiconductors. Representative discoveries of S. R. Ovshin 
sky in the ?eld of amorphous semiconductors and photovol 
taic materials include US. Pat. Nos. 4,400,409 (describing a 
continuous manufacturing process for making thin ?lm pho 
tovoltaic ?lms and devices); 4,410,588 (describing an appa 
ratus for the continuous manufacturing of thin ?lm photovol 
taic solar cells); 4,438,723 (describing an apparatus having 
multiple deposition chambers for the continuous manufactur 
ing of multilayer photovoltaic devices); 4,217,374 (describ 
ing suitability of amorphous silicon and related materials as 
the active material in several semiconducting devices); 4,226, 
898 (demonstration of solar cells having multiple layers, 
including n- and p-doped); 5,103,284 (deposition of nanoc 
rystalline silicon and demonstration of advantages thereof); 
and 5,324,553 (microWave deposition of thin ?lm photovol 
taic materials). 
[0006] Current efforts in thin ?lm photovoltaic material 
manufacturing are directed at increasing the deposition rate 
Without impairing photovoltaic ef?ciency and, in the case of 
silicon-containing materials, Without exacerbating Staebler 
Wronski degradation. Higher deposition rates loWer the cost 
of thin ?lm solar cells and can lead to a dramatic decrease in 
the unit cost of electricity obtained from solar energy. As the 
deposition rate increases, thin ?lm photovoltaic materials 
become increasingly competitive With fossil fuels as a source 
of energy. Presently, PECVD (plasma-enhanced chemical 
vapor deposition) is the most cost-effective method for the 
commercial-scale manufacturing of amorphous silicon and 
related amorphous semiconductor photovoltaic materials. 
Current PECVD processes provide uniform coverage of 
large-area substrates With device quality photovoltaic mate 
rial at deposition rates of ~1-5 A/ s. This deposition rate, 
hoWever, is insuf?cient to achieve cost parity With fossil fuels. 
[0007] In order to enhance the economic competitiveness 
of plasma deposition processes, it is desirable to increase the 
deposition rate. To effectively compete With fossil fuels, it is 
believed that deposition rates of 100 A/ s or higher are needed. 
The deposition rate of prevailing plasma deposition tech 
niques is limited by the high concentration of intrinsic defects 
that develops in amorphous solar materials as the deposition 
rate is increased. The intrinsic defects include structural 
defects such as dangling bonds, strained bonds, unpassivated 
surface states, non-tetrahedral bonding distortions, coordina 
tively unsaturated atoms (e. g. tWo- or three-fold coordinated 
silicon or germanium). The structural defects create elec 
tronic states in the bandgap and near the band edges of amor 
phous semiconductors. The electronic states detract from 
solar conversion e?iciency by (1) promoting nonradiative 
recombination processes that deplete the concentration of 
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free carriers generated by absorbed sunlight and (2) reducing 
hole mobility. Intrinsic defects also contribute to degradation 
of the solar conversion e?iciency of amorphous silicon and 
related materials through the Staebler-Wronski effect, an 
effect that leads to a 15-30% reduction in photovoltaic e?i 
ciency With use over time. 

[0008] S. R. Ovshinsky has demonstrated that the concen 
tration of intrinsic defects formed in a plasma-deposited 
material depends on the distribution of species present in the 
plasma. A plasma is a complex state of matter that includes 
ions, ion-radicals, neutral radicals and molecules in multiple 
energetic states. In particular, S. R. Ovshinsky has shoWn that 
certain charged species can be detrimental to the quality of 
as-deposited amorphous semiconductors under conditions in 
Which they promote the creation of defects. Uncontrolled 
charged species tend to strike the deposition surface With high 
kinetic energy and damage a groWing thin ?lm material 
through bond cleavage. Bond cleavage creates dangling 
bonds and promotes the formation of locally strained coordi 
nation environments that may contribute to electronic defect 
states. S. R. Ovshinsky has shoWn that neutral species in a 
plasma, in contrast, frequently promote more uniform bond 
ing and lead to loWer defect concentrations in as-deposited 
material. S. R. Ovshinsky has ultimately shoWed that the 
proper balance of charged and neutral species is essential to 
maximizing deposition rate and minimizing defects. He has 
further demonstrated that the optimal identity, concentration, 
and charge of species in a plasma environment varies With 
plasma conditions and can be constructively in?uenced 
through chemical modi?cation With agents such as ?uorine. 
[0009] To minimize the concentration of intrinsic defects, 
current plasma deposition processes are performed at loW 
deposition rates. By sloWing the deposition process, the 
intrinsic defects that form in the as-deposited product mate 
rial have the opportunity to equilibrate to energetically-fa 
vored states that have more regular bonding con?gurations. 
As a result, the concentration of intrinsic defects is reduced. 
Unfortunately, the reduced deposition rate impairs the eco 
nomic competitiveness of the process and prevents cost parity 
With fossil fuels. 

[0010] In US. patent application Ser. Nos. 12/199,656; 
12/209,699; and 12/429,637; S. R. Ovshinsky describedtech 
niques for minimizing the deleterious effect of uncontrolled 
charged plasma species on the defect concentration. The 
patent applications describe techniques for maximizing the 
presence of neutral species and controlling the presence and 
activity of charged species at the deposition surface through 
preferential formation of neutral species in the plasma acti 
vation process, magnetic con?nement to regulate charged 
species, and/or separation of undesirable charged species to 
form a charge-controlled deposition medium. Through utili 
zation of a charge-controlled deposition medium, high qual 
ity amorphous or other silicon-containing semiconductors 
can be formed at high deposition rates in a plasma deposition 
process. 
[0011] Another strategy for increasing the deposition rate 
of plasma-based processes is to increase the plasma fre 
quency. Conventional plasma deposition processes are typi 
cally completed at radiofrequencies (e. g. 13.56 MHz). As the 
plasma frequency is increased, the source gases used in 
plasma deposition are activated more e?iciently, more com 
pletely, and to higher energy states. Plasma excitation at 
microWave frequencies (e. g. 2.45 GHz), for example, leads to 
higher dissociation rates of source gases, generates higher 
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?uxes of ions and neutrals, and creates a higher proportion of 
plasma species (ions, neutrals) suf?ciently energetic to par 
ticipate in the deposition process. The high dissociation rates 
and higher excitation energies associated With microWave 
plasmas improve process e?iciency by providing much 
higher utilization of source gases than radiofrequency plas 
mas. The high ?uxes and energies of ions and neutrals pro 
duced by microWave plasmas lead to signi?cantly higher thin 
?lm deposition rates than radiofrequency plasmas. 
[0012] In addition to dissociation of a higher fraction of 
source gases, the high deposition rate accompanying micro 
Wave deposition of thin ?lm precursors is also a consequence 
of the enhanced reactivity of deposition intermediates. 
Enhanced reactivity of deposition intermediates results from 
the higher energy of activation available from microWave 
excitation. MicroWave excitation produces deposition inter 
mediates With higher internal energy by activating deposition 
precursors to higher energy electronic and vibrational excited 
states. The higher internal energy makes the deposition inter 
mediates less stable and more conducive to the structural 
rearrangements and reactions on the deposition surface 
needed to form a thin ?lm material. 

[0013] Although enhanced reactivity of deposition precur 
sors is bene?cial from the standpoint of deposition rate, it 
oftentimes leads to unintended side effects. A common prob 
lem in microWave deposition is the tendency of reactive depo 
sition intermediates to form thin ?lms aWay from the sub 
strate. Thin ?lm coatings, for example, may develop on the 
interior Walls of the deposition chamber and may serve as a 
source of contamination for subsequent depositions. 
[0014] Since the deposition chamber is normally operated 
under vacuum or With a controlled atmosphere, it has a lim 
ited volume and receives precursors, background gases, and 
energy from external sources. Materials are generally deliv 
ered by conduits through valves that pierce the boundaries of 
the chamber. Electrical energy (such as the bias betWeen 
electrodes needed to initiate a plasma or the resistive dissipa 
tion used to heat a substrate) is typically supplied by Wires 
that connect an external poWer source through the boundaries 
of the chamber to internal components. The formation of thin 
?lm coatings on the openings or actuators of internal valves, 
or on internal components such as electrodes or Wires, may 
alter deposition conditions, impair the uniformity of deposi 
tion or prevent deposition altogether. 
[0015] Unintended thin ?lm coatings are particularly prob 
lematic When they form on the WindoWs of a deposition 
chamber through Which the electromagnetic energy used to 
activate a plasma from deposition precursors is transmitted. 
In microWave deposition, for example, the microWave gen 
erator is normally located remote from the deposition cham 
ber. The generator produces microWaves and transmits them 
along a microWave Waveguide to the deposition chamber or a 
doWnstream applicator, Where the microWaves pass through a 
WindoW to energize deposition intermediates or activate 
deposition precursors to form reactive species used to form a 
thin ?lm material. To maximize the microWave energy 
coupled to the deposition intermediates or precursors, it is 
necessary to insure that the WindoW is highly transparent to 
microWave frequencies. If the reactive species generated by 
the microWaves deposit the thin ?lm material on the WindoW 
and the thin ?lm material absorbs microWaves, the transpar 
ency of the WindoW decreases. 

[0016] Decreased transparency of the WindoW leads to tWo 
detrimental effects. First, any decrease in transparency leads 
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to a reduction in the microwave energy coupled to the depo 
sition intermediates or precursors. Reduced microwave cou 
pling means that the deposition species are less dissociated, 
less energetic, less reactive, and as a result, the deposition rate 
decreases. Second, continued exposure of a microwave-ab 
sorptive thin ?lm on the window to microwave radiation leads 
to localized heating of the thin ?lm material that can cause 
thermal stresses and potentially catastrophic failure of the 
window. 
[0017] The detrimental consequences of thin ?lm coatings 
on microwave transmission windows do not arise if the coat 
ing is transparent to microwave radiation. Most dielectrics 
(including quartz, sapphire, diamond, boron carbide, SiO2, 
and Si3N4) are highly transparent to microwave radiation and 
may be formed safely at high deposition rates in a microwave 
plasma process. Coatings made from lower bandgap materi 
als (including metals and most semiconductors), however, are 
much less transparent to microwave radiation and present 
much more serious concerns over safety and process consis 
tency. Many desirable photovoltaic materials, including 
amorphous silicon and silicon-germanium, absorb micro 
wave radiation and are dif?cult to manufacture in a micro 
wave plasma process because the high reactivity conditions 
present in a microwave plasma promotes the formation of 
undesirable coatings on the windows used to transmit micro 
wave radiation to the deposition environment. Accordingly, 
there is a need for a process that permits microwave deposi 
tion of semiconducting photovoltaic materials. 

SUMMARY OF THE INVENTION 

[0018] The amount of energy absorbed by the Earth’s atmo 
sphere, oceans and land masses in one hour is more than the 
amount of energy used by people on Earth in one year. This 
fact reveals that solar energy is the ultimate solution to elimi 
nating mankind’s dependence on fossil fuels. Implementation 
of solar energy on a scale su?icient to meaningfully reduce 
fossil fuel consumption has been hindered, however, by eco 
nomics and concerns about cost. Dr. Steven Chu, winner of a 
Nobel Prize in physics and presently the Secretary of Energy, 
summed up the problem in a New York Times article that 
appeared on Feb. 12, 2009, by stating that a revolution in 
science and technology would be needed if the world is to 
reduce its dependence on fossil fuels and curb the emissions 
of carbon dioxide and other heat-trapping gases linked to 
global warming. Dr. Chu also stated that a ?ve-fold improve 
ment in solar technology was needed to adequately address 
global warming and reduce the world’s dependence on fossil 
fuels. This invention can be summarized most simply as pro 
viding the revolution and improvement in solar technology 
that Dr. Chu referred to. 
[0019] With the invention, the unit cost of solar energy is at 
or below the cost of fossil fuels. As a result, widespread 
implementation of the instant invention will allow mankind to 
reduce its dependence on fossil fuels and serves the higher 
goal of democratizing energy by enabling all countries, 
regardless of natural resources, to become self-su?icient in 
energy. Concerns over the scarcity of fossil fuels, con?icts 
over sources of fossil fuel will be eliminated, and national and 
worldwide security will be enhanced. 
[0020] The invention is predicated on a fundamental 
advance in plasma chemistry and physics that allows for a 
tremendous increase in the throughput and deposition rate of 
photovoltaic materials containing Group IV elements (e. g. Si, 
Ge, Sn) in a continuous manufacturing process. The funda 
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mental advance in plasma chemistry and physics enables a 
unique atomic engineering of multi-element compositions 
that affords a method of controlling and forming thin ?lm 
photovoltaic materials in the presence of a microwave 
plasma. With the invention, the deposition rate of thin ?lm 
photovoltaic materials based on silicon can be dramatically 
increased for the ?rst time without introducing the defects, 
the density of states and Staebler-Wronski degradation that 
have heretofore diminished photovoltaic ef?ciency and frus 
trated efforts to achieve cost parity with fossil fuels. 
[0021] The invention enables for the ?rst time a gigawatt or 
more of manufacturing capacity in a single machine of a size 
that ?ts within an ordinary manufacturing plant. Because of 
this invention, it will no longer be necessary to run multiple 
manufacturing processes in multiple locations inparallel or to 
build multiple machines in series to realize output on the 
gigawatt scale. The tremendous cost reduction afforded by 
this invention will motivate the development of new indus 
tries that will provide high-valued jobs that stimulate the 
economy and promote the educational system. 
[0022] The foregoing bene?ts of the instant invention are 
more particularly realized in the exemplary embodiments 
now summarized: 

[0023] This invention provides a method and apparatus for 
the microwave deposition of atomically-engineered, multi 
element, silicon-containing photovoltaic materials with 
unique chemical bonding and structural con?gurations, 
resulting in new physics. The invention provides the high 
deposition rate advantage associated with microwave depo 
sition, while avoiding or minimizing the problems of (l) 
forming unintended coatings in the deposition chamber or on 
the windows used to transmit microwave radiation; (2) creat 
ing electronic defect states in the bandgap that detract from 
photovoltaic ef?ciency; and (3) degradation of photovoltaic 
ef?ciency over time upon continuous exposure of the material 
to incident radiation during operation due to the Staebler 
Wronski effect. 

[0024] The silicon-containing photovoltaic material pro 
vided by the instant invention is a thin ?lm material that can 
be formed at high speeds without compromising the quality 
of the material. The invention solves the heretofore insur 
mountable problem of realizing the bene?t of high rate depo 
sition from microwave plasma excitation without creating a 
high concentration of structural or electronic defects that 
produce a high density of states in the bandgap. The thin ?lm 
material of the instant invention features new bonding rela 
tionships that provide a low concentration of defects, a low 
density of states, a dense, non-porous structure, and little or 
no Staebler-Wronski degradation. The instant invention con 
stitutes the advent of a new regime of deposition conditions 
that exploits fundamentally new physics and chemistry to 
achieve superior performance of photovoltaic materials based 
on silicon (and other fourfold coordinate elements) in an 
ultrafast deposition process. Silicon-based materials avail 
able from the instant invention include materials that have an 
amorphous, nanocrystalline, microcrystalline, polycrystal 
line, or single crystalline structure as well as materials that 
combine two or more of such structures. 

[0025] This invention reduces or eliminates the Staebler 
Wronski effect by using ?uorine in a microwave plasma to 
engineer the deposition environment to insure formation of 
silicon-containing photovoltaic materials with improved 
bonding and unique structural con?gurations. Fluorine is 
active not only in the plasma, but also within and on the 
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surface of the product material. The bene?cial effect of ?uo 
rine enables the deposition of silicon-containing photovoltaic 
materials With a loW density of states and essentially no 
Staebler-Wronski degradation at heretofore unattainable 
rates. 

[0026] The apparatus generally includes a microwave gen 
erator, microwave Waveguide, microWave applicator, and 
deposition chamber. The microWave generator produces 
microWaves and launches them doWn the Waveguide toWard 
the applicator. The applicator couples the microWaves to 
deposition species ?oWing through one or more conduits that 
pass through the applicator. The conduits are formed from a 
material that transmits microWave radiation to permit cou 
pling of microWave energy to the deposition species. The 
deposition species may be neutral precursors in a ground or 
excited energetic state, ioniZed precursors, free radicals 
formed from a neutral precursor, or constituents of a plasma. 
Coupling of microWave energy to the deposition species ener 
giZes them to promote reactivity and increase deposition rate. 
The energiZed deposition species exit the one or more con 
duits, enter the deposition chamber, and form a thin ?lm 
material on a substrate. The process may further include the 
introduction of one or more supplemental material streams to 
the deposition chamber that have not been subj ected to micro 
Wave excitation. The supplemental material streams may 
combine With the energiZed species exiting the one or more 
conduits to provide a deposition medium from Which a thin 
?lm material is formed. 

[0027] The thin ?lm material is generally a semiconductor 
or amorphous semiconductor material. The thin ?lm material 
typically includes silicon and/or germanium and may be an 
intrinsic semiconductor or a semiconductor doped n-type or 
p-type. Embodiments include silicon, germanium, and alloys 
of silicon and germanium in amorphous, nanocrystalline, 
microcrystalline and/ or polycrystalline forms. The materials 
also include hydrogenated and/ or ?uorinated variants. 

[0028] Deposition species include silane, ?uorosilanes, 
germane, ?uorogermanes, and mixtures thereof. Deposition 
species may also include treatment gases that passivate or 
modify the surface of the thin ?lm material. Treatment gases 
may or may not provide elements that are incorporated into 
the thin ?lm material. Treatment gases include hydrogen, 
hydrogen ?uoride, ?uorine, and noble gases. Carrier gases 
such as argon, neon or helium may also be combined With one 
or more deposition species or treatment gases in a conduit of 
the applicator. 
[0029] The presence of ?uorine in the microWave deposi 
tion environment (Whether from a deposition precursor, treat 
ment gas, or supplemental material stream) is believed to 
facilitate neW structural organiZations of the multiple ele 
ments present in the environment at or adjacent to the depo 
sition surface. The neW structural organiZations are a neW 
form of atomic engineering that enables the high speed for 
mation of silicon-containing photovoltaic materials in a 
bonding con?guration that avoids defects, improves photo 
voltaic e?iciency, and prevents Staebler-Wronski degrada 
tion. The effective amount of ?uorine incorporated into the 
product ?lm ranges from 0.1% up to the etching threshold of 
?uorine. The etching threshold of ?uorine corresponds to the 
concentration of ?uorine at Which detrimental etching of the 
product ?lm begins. The etching threshold of ?uorine 
depends on the characteristics of the deposition environment, 
including the concentration of hydrogen. In one embodiment, 
the etching threshold of ?uorine is about 7%. 

Feb. 16, 2012 

[0030] The conduits of the microWave applicator are trans 
parent to microWave radiation and are formed from a dielec 
tric material, such as an oxide or nitride. Representative 
dielectric materials include SiO2, quartz, A1203, sapphire, 
transition metal oxides, silicon nitride, and aluminum nitride. 
[0031] In one embodiment, the applicator includes tWo or 
more conduits, each of Which carries a different deposition 
species. The conduits may be physically separated or one 
conduit may be concentric With or otherWise housed Within 
another. The conduits may be oriented in a direction aligned 
or non-aligned With the direction of microWave propagation 
in the applicator. In one embodiment, the conduits are ori 
ented perpendicular to the direction of microWave propaga 
tion. 
[0032] One or more deposition species and/or carrier gases 
enter each of the conduits of the applicator and are energiZed 
by microWave radiation. In one embodiment, the deposition 
species or carrier gases in each of tWo or more conduits are 
energiZed With a common source of microWave radiation. In 
another embodiment, separate sources of microWave radia 
tion are used to energiZe deposition species or carrier gases in 
tWo or more conduits. The energiZed deposition species and/ 
or carrier gases exit the conduits and enter a deposition cham 
ber. In the deposition chamber, the energiZed deposition spe 
cies are directed to a substrate and a thin ?lm material is 
formed. The substrate may be stationary or mobile. In one 
embodiment, the substrate is a continuous Web. 
[0033] The deposition chamber may further include one or 
more injection ports for delivering supplemental material 
streams to the substrate. The supplemental material streams 
may include precursors, intermediates, treatment gases, 
background gases or carrier gases. The supplemental material 
streams may combine With the energiZed deposition medium 
entering the chamber in the vicinity of the substrate and may 
participate in the deposition process by reacting or interacting 
With the energiZed deposition medium to in?uence the com 
position or characteristics of the deposited thin ?lm material. 
[0034] The deposition chamber may also include a supple 
mental energiZing source to prevent or sloW relaxation or 
decay of the energiZed species entering the deposition cham 
ber from one or more conduits of the microWave applicator. 
The supplemental energy source can also be used to activate 
species in the deposition chamber to form intermediate spe 
cies through bond cleavage. The presence of ?uorine, for 
example, can be increased by activating SiF4 to cleave an 
SiiF bond to liberate ?uorine. In one embodiment, the 
supplemental energy source is an electromagnetic source that 
includes an antenna array. The antenna array may generate or 
sustain an electromagnetic ?eld and may further provide 
phase control. In one embodiment, the electromagnetic ?eld 
is a microWave ?eld. 

[0035] The deposition chamber is further equipped With 
means to meter, monitor, modulate and calibrate the presence 
and distribution of species in the groWth ambient. This capa 
bility permits ?ne control over the ratios of the multiple 
elements in deposition environment to insure optimum con 
ditions for high speed deposition. The relative amounts of 
?uorine and hydrogen are particularly important to the suc 
cess of the invention. It is desirable to maximiZe the concen 
tration of ?uorine in the product ?lm, but the presence of too 
much ?uorine in the groWth ambient promotes an undesirable 
etching effect that increases the porosity of the product ?lm. 
The presence of hydrogen in the product ?lm can aid in 
passivating defects, but too much hydrogen promotes the 






















