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(57) Abstract: A method and apparatus for the high rate deposition of thin film materials on a stationary or continuous substrate.
The method includes delivery of a preselected precursor intermediate to a deposition chamber and formation of a thin film materi-
al from the intermediate. The intermediate is formed outside of the deposition chamber and includes a metastable species such as a
free radical. The intermediate is preselected to include a metastable species conducive to the formation of a thin film material hav-
ing a low defect concentration. By forming a low defect concentration material, deposition rate is decoupled from material quality
and unprecedented deposition rates are achieved. In one embodiment, the preselected precursor intermediate is SiHs The method
includes combining the preselected intermediate with a carrier gas, preferably in a deactivated state, where the carrier gas directs
the transport of the preselected intermediate to a substrate for deposition of the thin film material.
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HIGH SPEED THIN FILM DEPOSITION VIA PRE-SELECTED INTERMEDIATE

FIELD OF INVENTION

The instant invention relates generally to an apparatus and method for the high rate
deposition of high quality amorphous, nanocrystalline, microcrystalline or polycrystalline
materials. More specifically, the instant invention provides an apparatus and method for
energizing a deposition precursor to form a set of precursor intermediates from which a
subset is selected and directed to a deposition process to form a material having a low
concentration of structural and electronic defects. Most specifically, the instant invention
provides an apparatus and method for isolating and delivering a pre-selected deposition

intermediate to a plasma deposition process.

BACKGROUND OF THE INVENTION

The field of solar energy is currently dominated by solar cells constructed of crystalline
silicon. Crystalline silicon, however, has a number of disadvantages as a solar energy
material. First, preparation of crystalline silicon is normally accomplished through a seed-
assisted Czochralski method. The method entails a high temperature melting process along
with controlled cooling at near-equilibrium conditions and refining to produce a boule of
crystalline silicon. Although high purity crystalline silicon can be achieved and the
Czochralski method is amenable to n- and p-type doping, the method is inherently slow and
energy intensive.

Second, as an indirect gap material, crystalline silicon has a low absorption efficiency. Thick
layers of crystalline silicon are needed to obtain enough absorption of incident sunlight to
achieve reasonable solar conversion efficiencies. The thick layers add to the cost of
crystalline silicon solar panels and lead to a significant increase in weight. The increased
weight necessitates bulky installation mounts and precludes the use of crystalline silicon in a
number of applications.

Amorphous silicon (and hydrogenated or fluorinated forms thercof) is an attractive
alternative to crystalline silicon. Amorphous silicon is a direct gap material with a high
absorption efficiency. As a result, lightweight and efficient solar cells based on thin layers of
amorphous silicon or related materials are possible.
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Current efforts in photovoltaic material manufacturing are directed at increasing the
deposition rate. Higher deposition rates lower the cost of thin film solar cells and lead to a
decrease in the unit cost of electricity obtained from solar energy. As the deposition rate
increases, thin film 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 solar energy materials. Current PECVD processes provide uniform coverage of
large-area substrates with device quality photovoltaic material at a deposition rate of ~1 - 20
Als.

In order to leap beyond the present deposition rates, it is necessary to overcome basic
limitations associated with current PECVD techniques. One problem with PECVD-deposited
photovoltaic materials is the presence of a high concentration of intrinsic defects in the as-
deposited state. The intrinsic defects include structural defects that create electronic states
within the bandgap of the photovoltaic material. The midgap states detract from solar
conversion efficiency because they act as nonradiative recombination centers that deplete the
concentration of free carriers generated by absorbed sunlight. The external current delivered
by a photovoltaic material is reduced accordingly.

One strategy for reducing the concentration of intrinsic defects in amorphous
semiconductors and other photovoltaic materials prepared by conventional PECVD is to
include a defect compensating agent in the plasma. Inclusion of fluorine or high excess
hydrogen in the plasma, for example, leads to a marked improvement in the quality of the
material and the ability to make nanocrystalline phases. The compensating agents passivate
defects, saturate bonds, relieve bond strain and remove non-tetrahedral structural distortions
that occur in as-deposited material. As a result, the concentration of midgap band states is
reduced and higher solar conversion efficiency is achieved.

Although defect compensating agents improve the performance of photovoltaic
materials, it has been necessary to slow the deposition process to realize their benefits.
Compensation or repair of intrinsic defects requires a sufficient time of contact of the
compensating agent with as-deposited photovoltaic material. It is also necessary for the
compensating agents to act throughout the deposition process. When an initial layer of
photovoltaic material is deposited, it includes a certain concentration and distribution of
intrinsic defects. Since the defect compensation process occurs preferentially at the surface,
it is necessary to expose the as-deposited material to the compensating agent before an
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additional thickness of photovoltaic material is deposited. If the deposition continues before
the defects are compensated, the defects become incorporated within the bulk of the material
and are increasingly difficult to remove by subsequent exposure to a defect compensating
agent. As a result, the best quality photovoltaic material is prepared at deposition rates slow
enough to insure that the defect compensating agents fully interact with the as-deposited
material.

A need exists in the art for a method for preparing photovoltaic materials at high
deposition rates without sacrificing the photoexcitation efficiency, carrier collection
efficiency, and other attributes of quality. The low deposition rates needed to achieve high
efficiency photovoltaic materials through conventional PECVD limits the economic

competiveness of photovoltaic materials.

SUMMARY OF THE INVENTION

This invention provides a method and apparatus for the high rate deposition of
amorphous, nanocrystalline, microcrystalline, and polycrystalline materials, including
photovoltaic materials based on semiconductors and semiconductor alloys. Exemplary
materials that can be prepared with the instant invention include the amorphous,
nanocrystalline, microcrystalline, polycrystalline and single-crystalline forms of materials
such as silicon, alloys of silicon, germanium, alloys of germanium, hydrogenated and
fluorinated materials that include silicon or germanium, and combinations thereof.

The invention provides a selective plasma deposition process and apparatus that
focuses on controlling the number and type of precursor intermediates allowed to participate
in the formation of a thin film material. The precursor intermediates are selected to
correspond to those species derived from a precursor gas that are most conducive to the
formation of a high quality material. The selected precursor intermediates are combined with
an inert carrier gas in a deposition process to form a material that has a low concentration of
defects. By pre-selecting favorable precursor intermediates and delivering only those
precursor intermediates to a deposition chamber, the defect concentration of the as-deposited
material is significantly reduced. The need for compensating agents or other reparative
processing steps is thereby minimized or eliminated and high quality photovoltaic materials
can be produced at deposition rates of up to ~400 A/s and perhaps even higher.

In a conventional plasma deposition process, the precursor is introduced as a gas and
energized to form a random and chaotic distribution of intermediate species. The
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intermediate species include ions, ion-radicals and neutral radicals derived from the elements
and fragments of the precursor molecules. The instant method recognizes that within the
distribution of intermediate species, certain species are conducive to the formation of thin
film materials with low defect density and favorable carrier transport, while other species are
detrimental because they promote the formation of structural or electronic defects and impair
the performance characteristics of the as-deposited thin film material.

One embodiment of the invention includes a pre-selection of the preferred deposition
intermediates from a precursor, delivery of only the preferred precursor intermediates to a
plasma reactor, combining the preferred precursor intermediates with a plasma or energized
(deactivated) gas mixture formed from an inert carrier gas, transport of the preferred
precursor intermediates to a substrate, and deposition of a thin film material, such as an
amorphous semiconductor, electronic material, photovoltaic material or computer processing
or memory material, from the preferred precursor intermediates. The defect concentration in
the as-deposited material is reduced by not delivering those intermediate species derived from
a precursor that detract from the quality of the as-deposited material to the deposition process.
The deleterious species are prevented from entering the reactor and interacting with the
carrier gas.

The preferred precursor intermediates may be formed by energizing a precursor to form
a set of intermediates and isolating the preferred intermediates for delivery to the deposition
process. Isolation of the pre-selected preferred intermediate occurs external to the deposition
process and following isolation, the pre-selected preferred intermediate is introduced to a
deposition chamber and transported without significant alteration by a carrier gas to a
substrate for deposition of a thin film material. Alternatively, the preferred precursor
intermediates may be sclectively formed directly from the precursor while minimizing the
formation of detrimental intermediates.

Another embodiment of the invention includes a pre-selection of the preferred
deposition intermediates from a precursor, delivery of the preferred precursor intermediates
to a plasma reactor, combining the preferred precursor intermediates with an inert carrier gas,
forming a plasma from the mixture of the preferred precursor intermediates and inert carrier
gas, transport of the energized preferred precursor intermediates to a substrate, and deposition
of a thin film material, such as an amorphous semiconductor or other photovoltaic material,
from the energized preferred precursor intermediates. The defect concentration in the as-
deposited material is reduced by not delivering those intermediate species derived from a
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precursor that detract from the quality of the as-deposited material to the deposition process.
The preferred precursor intermediate is pre-selected, isolated and delivered in the absence of
deleterious species to the deposition chamber.

Plasma activation of the preferred precursor intermediates in this embodiment produces
a narrower distribution of energized precursor species and biases the distribution toward the
most favorable species for deposition of the thin film material. The preferred precursor
intermediates may be formed by energizing a precursor to form a set of intermediates and
isolating the preferred intermediates for delivery to the deposition process. In one
embodiment, once introduced to the deposition chamber, the pre-selected preferred precursor
intermediate self-organizes into a desirable higher order intermediate or deposition species.
Alternatively, the preferred precursor intermediates may be selectively formed from the
precursor while minimizing the formation of detrimental intermediates.

In a further embodiment, the pre-selected preferred precursor intermediate is
commingled with an unactivated flowing carrier gas and transported to a substrate for
deposition of a thin film material.

Other embodiments of the instant invention include the co-introduction of fluorine with
the pre-selected deposition intermediate. Fluorine assists with the formation of phases having
order or periodicity intermediate between the amorphous and single crystalline states. In one
embodiment, nanocrystalline and microcrystalline phases of silicon or germanium (or alloys
thereof) are formed by introducing a fluorine precursor with a pre-selected precursor
intermediate. Alternatively, a preferred additive species derived from a fluorine precursor
may be combined with a pre-selected precursor intermediate in a plasma deposition process
to form a partially ordered material (such as an intermediate range order material).

In one embodiment, the apparatus includes a plasma activation source for activating an
inert carrier gas or a combination of an inert carrier gas and a pre-selected preferred
deposition intermediate derived from a deposition precursor. Isolation and pre-selection of
the preferred deposition intermediate occurs external to the apparatus. The pre-selected
preferred deposition intermediate may be introduced to the inert carrier gas before or after
plasma activation occurs. If after plasma activation, the pre-selected preferred precursor
intermediate may be combined with the carrier gas in an activated or deactivated state. In
cach instance, the pre-selected preferred deposition intermediate is transported to a substrate

and a thin film material is deposited therefrom.
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By permitting the formation of as-deposited material with a low concentration of
defects, the instant apparatus avoids the need to dedicate process time to the removal or
passivation of intrinsic defects. Deposition rate and quality of the deposited material become
decoupled. As a result, the deposition rate can be increased substantially without
compromising material quality and the unit cost of solar energy is reduced to a level that
becomes less than or equal to the cost of fossil fuels.

The instant invention allows for a tremendous increase in the throughput and film
formation rate in continuous web deposition processes. With the invention, the web speed can
be increased without sacrificing the quality of the thin film layers produced and without
introducing defects that diminish photovoltaic efficiency. The instant invention enables for
the first time a GW manufacturing capacity in a compact facility. The technology can be
applied to single layer devices as well as multilayer devices, including the triple junction

solar cell, that provide bandgap tuning and more efficient collection of the solar spectrum.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a schematic depiction of several species present in a conventional silane plasma.
FIG. 2 is a schematic depiction of a deposition apparatus for the deposition of a thin film
material from a pre-selected precursor intermediate and an energized carrier gas.
FIG. 3 is a schematic depiction of a flow process that provides a pre-selected precursor
intermediate to a deactivated carrier gas to form an enriched deposition medium for
deposition of a thin film material on a substrate.
FIG. 4 is a schematic depiction of a continuous web embodiment according to the principles
of the instant invention.
DETAILED DESCRIPTION OF THE ILLUSTRATED EMBODIMENTS

This invention provides a high deposition rate apparatus for the formation of thin film
materials, including semiconducting, memory, and photovoltaic materials, that have a low
concentration of intrinsic defects in the as-deposited state. The invention recognizes that a
deposition precursor activated in a conventional plasma includes intermediate species that are
both conducive to and detrimental to the formation of high quality photovoltaic materials.
Fig. 1 depicts the distribution of potential precursor intermediates present when the precursor
gas silane (SiH,4) is activated to form a plasma. Silane is commonly used in the formation of
amorphous silicon, modified forms of amorphous silicon, nanocrystalline silicon,
microcrystalline silicon, and polycrystalline silicon. The precursor intermediates present in a
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plasma activated from silane includes a variety of ions, radicals and molecular species. The
radicals may be neutral or charged. Neutral radicals include SiHs, SiH,, SiH, Si, and H. The
species may be in a ground state or an excited state (designated by an asterisk (e.g. SiH' is a
radical in an excited state)). In a conventional plasma process, the relative proportions of the
different precursor intermediates derived from silane depend on deposition parameters such
as the electron temperature, electron density, and residence time. Depending on conditions,
some or all of the species depicted in Fig. 1 may be present in the deposition process. In
general, however, when a deposition precursor is activated to form a conventional plasma, the
plasma includes precursor intermediates that are conducive to the formation of high quality
as-deposited material as well as intermediates that are detrimental to the formation of high
quality as-deposited material. The neutral radical SiHs, for example, is generally believed to
be beneficial in forming high quality materials based on amorphous silicon, while the neutral
radical SiH; is thought to be detrimental.

One of many objectives of the instant invention is to insure the delivery of the most
optimum precursor intermediate to the growth zone of a thin film deposition apparatus. The
instant invention recognizes that certain intermediates available from a precursor are
preferred for the deposition of a thin film material and provides as a deposition strategy an
apparatus and method for delivering one or a few preferred pre-selected precursor
intermediates to the deposition process. The objective is to pre-select and isolate ex situ the
particular intermediates available from a precursor that are most conducive to the formation
of a high quality thin film material and deliver only those intermediates to the deposition
process. Isolation and delivery of the preferred precursor intermediate in the absence of
deleterious precursor intermediates avoids interactions of deleterious intermediates with the
as-deposited material as well as with beneficial precursor intermediates that may serve to
convert the beneficial precursor intermediates to less effective species. As a result, the
population of the beneficial precursor intermediates is maximized and the deposition medium
delivered from outside the deposition chamber to the surface of the growing thin film
material is comprised primarily of beneficial precursor intermediates free of interference
from the detrimental species that are generated in a conventional plasma process.

In one embodiment, one or a few preferred intermediates are formed from a deposition
precursor, isolated, and delivered to a deposition apparatus in the absence of other precursor
intermediates. The preferred intermediate may be formed just prior to deposition or prepared
in advance and stored for delivery to the deposition apparatus. It is generally preferred to
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isolate a single, most optimum precursor intermediate and deliver it to the deposition
apparatus. In one embodiment, the pre-selected precursor intermediates are provided to the
plasma activation region of a deposition apparatus along with a carrier gas and a plasma is
formed. In a preferred embodiment, the carrier gas is unreactive toward the pre-selected
preferred precursor intermediate. The plasma so formed includes the pre-selected precursor
intermediate and the carrier gas in an activated state. As used herein, an activated state is a
plasma state of matter that may include ions, ion-radicals, neutral radicals, and/or neutral
atomic or molecular species as components. The plasma components may include atoms in a
ground or excited electronic state. A precursor intermediate in an activated state may be
referred to herein as an activated precursor intermediate. The plasma of this embodiment
may also include species of the carrier gas in an activated state.

Once formed, the plasma is directed to a substrate for deposition of a thin film material.
The region immediately adjacent the surface of the growing film may be referred to herein as
the growth zone. In one embodiment, the substrate is remote from the plasma activation
region and the state of matter of the species in the growth zone is not a plasma, but rather an
energized deposition medium. As used herein, the deposition medium refers to the collection
of species from which the constituents of the deposited thin film material are drawn. The
deposition medium is adjacent to the surface of the growing thin film and is present within
the growth zone. In addition to species that contribute atoms to the deposited film, the
deposition medium may also include species, such as species derived from the carrier gas,
that are not incorporated into the deposited thin film.

An energized deposition medium is an excited gas phase state of matter that may
include ions, ion-radicals, neutral radicals, and/or neutral atomic or molecular species as
components in a non-activated state. The energized deposition medium includes species that
may be in an excited rotational, vibrational or electronic state. In principle, the same
components that may be present in a plasma may also be present in an energized deposition
medium, but the conditions (temperature, pressure, potential difference etc.) are such that a
plasma cannot be sustained. In the case of a substrate remote from the plasma activation
region, for example, expansion of the plasma as it progresses toward the substrate leads to a
drop in pressure that destabilizes the plasma to form an energized gas phase medium from
which a thin film is deposited. The energized deposition medium of this embodiment may
include energized species derived from the carrier gas as well as energized precursor
intermediates. The energized deposition medium may include a portion of species that are
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unexcited in addition to species that are in an energetically excited state. In one embodiment,
the energized deposition medium consists essentially of neutral species (radicals and/or
molecules).

In another embodiment, the pre-selected precursor intermediates are provided to the
deposition apparatus between the plasma activation region and the substrate. In this
embodiment, a plasma is formed from the inert carrier gas in the plasma activation region of
the deposition apparatus and the plasma is directed toward the substrate. At some point after
the plasma destabilizes to form an energized state of the carrier gas, one or more pre-selected
precursor intermediates are delivered to the deposition apparatus and incorporated into the
energized carrier gas to form an energized deposition medium from which a thin film is
deposited on the substrate. When combined with the energized carrier gas, the pre-selected
preferred precursor intermediate may interact with energized carrier gas species to become
energized. The likelihood of energizing the pre-selected preferred precursor intermediate
depends in part on the degree to which the carrier gas is energized. The more highly
energized the carrier gas, the more likely it is that the pre-selected preferred precursor
intermediate becomes energized. As a general rule, the carrier gas is most energized in the
activated state of a plasma and becomes less energized with increasing distance from the
plasma activation region. Carrier gas species can become less energized due to motion,
collisions, deactivation, deexcitation, photon or ion emission, or other processes that liberate
or transfer energy. In a typical scenario, some fraction of the pre-selected preferred precursor
intermediate is energized and some fraction is not. Embodiments of the instant invention,
however, include energized deposition media in which all or most of the pre-selected
preferred precursor intermediate is energized, energized deposition media in which little or
none of the pre-sclected preferred precursor intermediate is energized, and a continuous
spectrum in between in which various proportions of the pre-selected precursor intermediate
are energized and various proportions of the pre-selected precursor intermediate remain
unenergized.

It is noted that use of a carrier gas represents one embodiment of the instant invention.
Embodiments without a carrier gas in which a pre-selected preferred precursor intermediate is
delivered to a substrate for thin film deposition are also within the scope of the instant
invention. Ifused, the energetic state of the carrier gas can range from activated to
deactivated. The carrier gas may be ionized or non-ionized. The carrier gas may be excited
or unexcited. In one embodiment, the carrier gas consists essentially of neutral molecules
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where the neutral molecules are produced upon relaxation or deactivation of a carrier gas
plasma or the neutral carrier gas molecules are delivered as such to the deposition apparatus
and never activated or ionized during transport to the substrate.

It is important to note that energizing the pre-selected preferred precursor intermediate
need not entail an alteration of the state of charge of the intermediate. A neutral radical
derived from the deposition precursor, for example, may remain a neutral radical when
energized. By way of example, a neutral radical can be energized from a ground electronic
state to an excited electronic state by the energized species of the carrier gas without
undergoing an ionization event. As a result, the energized deposition medium may include
the pre-selected preferred precursor intermediate in a state that is energized or unenergized, in
a state that is ionized or not ionized, and/or in a state that is the same or different from the
state in which it is delivered to the deposition apparatus. In a preferred embodiment, the pre-
selected preferred intermediate is introduced to the deposition apparatus from outside of the
deposition apparatus in a state pre-optimized for thin film deposition on the substrate and
remains in that state, or a state that readily transforms to that state, upon interaction with the
carrier gas and transport to the substrate.

In one embodiment, an initial plasma is formed from a combination of the carrier gas
and only the pre-selected preferred intermediate. By restricting the precursor source to only
the preferred pre-selected precursor intermediates, a plasma more conducive to the formation
of a high quality material is generated in the plasma activation region. The carrier gas is
selected to avoid reactions with the preferred pre-selected precursor intermediate, so the
plasma formed is enriched in activated forms of the preferred precursor intermediate. The
thin film material deposited from this plasma is accordingly of higher quality. By way of
example, a plasma formed from silane as the precursor source (alone or in the presence of a
carrier gas) will differ in the distribution of species from a plasma formed from neutral SiH;
as a precursor source (alone or in the presence of a carrier gas). In one embodiment, the
concentration of SiH; radicals is lower in a plasma formed from neutral SiHj; radicals as the
precursor source than from SiHjy as the precursor source. The initial plasma may serve as the
deposition medium from which a thin film material is deposited or may be transported,
expanded (depressurized) or otherwise deactivated to form a non-plasma energized
deposition medium that is used to form the thin film material.

In another embodiment, an initial plasma is formed from the carrier gas in the
activation region of the apparatus and one or more preferred pre-selected precursor
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intermediates is delivered to the activation region of the deposition apparatus. The pre-
selected precursor intermediate 18 activated in the presence of a pre-existing plasma of the
carrier gas to form a secondary plasma. The secondary plasma may serve as an energized
deposition medium for formation of a thin film material. Alternatively, the secondary plasma
may be transported, expanded (depressurized), or otherwise deactivated to form an energized
deposition medium for the formation of a thin film material. By restricting the precursor
source to only the preferred pre-selected precursor intermediates, a plasma more conducive to
the formation of a high quality material is generated in the plasma activation region. The
carrier gas is selected to avoid reactions with the preferred pre-selected precursor
intermediate, so the plasma formed is enriched in activated forms of the preferred precursor
intermediate. The thin film material deposited from this plasma, or a deactivated energized
deposition medium derived from this plasma, is accordingly of higher quality.

In another embodiment, an initial plasma is formed from the carrier gas in the plasma
activation region, transported from the plasma activation region and deactivated to form an
energized carrier gas. The energized carrier gas may be viewed as an energized pre-
deposition medium. One or more pre-selected preferred precursor intermediates is next
delivered to the energized carrier gas to form an energized deposition medium that is
transported to the substrate. At the substrate, the one or more pre-selected preferred
precursor intermediates exit the energized deposition medium to form a thin film material. In
this embodiment, the pre-selected precursor intermediate is not activated and is simply
commingled with the energized carrier gas. The energized carrier gas may transfer energy to
the pre-selected precursor intermediate to promote it to an energized state. Since the
energized carrier gas is less energized than a carrier gas plasma, the extent to which the pre-
selected precursor intermediate is energized is reduced in this embodiment. Accordingly, the
instant inventor believes that the state of the pre-selected precursor intermediate in the
deposition medium is less energized and more similar to the initial state of the pre-selected
precursor intermediate at the time of delivery to the deposition apparatus. Since the pre-
selected precursor intermediate is less energized, the likelihood of a transformation of the
state of the pre-selected precursor intermediate due to self-interactions or self-reactions is
also reduced. The net result is delivery of the pre-selected precursor intermediate to the
deposition surface in a more pure and less altered state. In one embodiment, the deactivated

carrier gas may be completely neutral and non-ionized.
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By way of example, in one embodiment the neutral radical SiHj is the preferred pre-
selected precursor intermediate derived from the precursor silane. If SiHjs is delivered to a
deposition apparatus and becomes activated (if injected into the plasma activation region) or
energized (through energy transfer from excited or energized carrier gas species), the
possibility arises that bond breakage may occur to transform SiH; to SiH; + H, SiH + 2H, or
Si+ 3H. Alternatively, SiH; may combine with itself in a proton transfer reaction to form
SiH4 + SiH; or may combine with H to form SiH, + 2H. In these instances, the preferred
SiH; precursor intermediate 18 transformed to the potentially undesirable silylene (SiH;)
radical. Such interactions increase the presence of undesirable species in the deposition
medium and increase the likelihood of forming defects in the as-deposited material.

By controlling the energetic state of the pre-selected preferred precursor intermediate,
the likelihood of self-induced transformations of preferred precursor intermediates to less
preferred or undesirable precursor intermediates is reduced and the deposition medium can be
enriched in the pre-selected preferred precursor in the state intended when delivered to the
deposition apparatus. As indicated hereinabove, one way to control the energetic state of the
pre-selected precursor intermediate is to introduce it into the carrier gas after the carrier gas
has exited the plasma activation region and deactivated to become an energized carrier gas.
The energy of the deactivated carrier gas is highest as it exits the plasma activation region
and decreases as it is transported in the direction of the substrate. By controlling the point of
delivery to the energized carrier gas, the energetic state of the pre-selected preferred
precursor intermediate can be controlled. In this embodiment, the pre-selected preferred
precursor intermediate may be delivered to the deactivated carrier gas at any point between
the outer boundary of the plasma activation region (the point of deactivation) and a position
immediately adjacent to the substrate. A spectrum of collective energy states is available for
the deactivated carrier gas and the pre-selected precursor intermediate can be introduced to
interact with a particular energetic state of the deactivated carrier gas to control the influence
of the deactivated carrier gas on the energetic state pre-selected precursor intermediate.
Similar considerations apply when the neutral radical GeH; or other species are delivered as
the preferred pre-selected precursor.

In a preferred embodiment, the encrgetic state of the deactivated carrier gas is
insufficient to induce bond scission of the pre-selected precursor intermediate. Although the
deactivated carrier gas remains energized in this embodiment, it possesses insufficient energy
in its interactions with the pre-selected precursor intermediate to cleave a bond. In a further
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embodiment, the deactivated carrier gas possesses insufficient energy in its interactions with
the pre-selected precursor intermediate to ionize it or change its state of charge. Instead, the
energy transferred from the deactivated carrier gas to the pre-selected precursor intermediate
affects the kinetic, rotational, vibrational and/or electronic energy state of the pre-selected
precursor intermediate.

One effect of the deactivated carrier gas is to impart kinetic energy of motion to the
pre-selected precursor intermediate. As described more fully hereinbelow, the deactivated
carrier gas traverses a path from the plasma activation region to the substrate. The pre-
selected precursor intermediate becomes entrained in the flowing deactivated carrier gas and
is directed to the substrate for deposition. By controlling the energy and nature of interaction
between the deactivated carrier gas and the pre-selected precursor intermediate, bond scission
and ionization are avoided and the pre-selected precursor intermediate is delivered to the
substrate in its intended state. In a preferred embodiment, the intended state of the pre-
selected precursor intermediate 18 the state in which the pre-selected precursor intermediate is
delivered to the deposition apparatus from a position outside of the deposition apparatus. The
deactivated carrier gas is preferably moving at high velocity primarily along an axis
extending from the plasma activation region to the substrate. Such trajectory insures efficient
transport of the pre-selected precursor intermediate to the substrate and away from the walls
or other parts of the deposition apparatus. A high velocity deactivated carrier gas also
inhibits interactions of the pre-selected preferred precursor intermediate with itself.

As noted, the deactivated carrier gas may also influence the rotational, vibrational, or
electronic state of the pre-selected precursor intermediate. A neutral radical R, for example,
may be energized to an excited form R’ through transfer of energy from the deactivated
carrier gas. The mechanism of energy transfer may be through collisions, radiative transfer,
or non-radiative transfer of one or more species of the deactivated carrier gas with the pre-
selected precursor intermediate. Radiative transfer includes emission of a photon from one or
more species of the pre-selected precursor intermediate and absorption by the pre-selected
precursor intermediate. Non-radiative energy transfer includes transfer of energy from an
excited electronic state of one or more species in the deactivated carrier gas to the pre-
selected precursor intermediate. The species of the deactivated carrier gas return to a lower
electronic state and the energy of relaxation promotes the pre-selected precursor intermediate
to a higher electronic state. Non-radiative energy transfer occurs preferentially through a
dipole-dipole mechanism.
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In a further embodiment of the instant invention, the pre-selected preferred precursor
intermediate 1s mixed or commingled with a carrier gas and transported to a substrate for
deposition of a thin film material. In this embodiment, neither the carrier gas nor the pre-
selected preferred precursor intermediate is activated. Instead, the pre-selected precursor
intermediate is simply delivered to the deposition apparatus and commingled with a flowing
carrier gas within the deposition apparatus or mixed with carrier gas before delivery to the
deposition apparatus. The carrier gas remains in an unexcited, unionized state and entrains
the pre-selected precursor intermediate through velocity of motion.

The instant invention entails identification, pre-selection and isolation of a preferred
precursor intermediate followed by delivery of that intermediate to a plasma deposition
apparatus. As used herein, an intermediate is or includes a metastable species derived from a
neutral, atomic or molecular precursor. In a preferred embodiment, the precursor is a gas and
the intermediate is a neutral radical derived from the gas. The neutral radical may be formed
through bond cleavage or abstraction of one or more atoms from the precursor. Addition of
energy (electromagnetic, optical, thermal, magnetic, or electrical) to a thermodynamically
stable precursor may transform the precursor to an excited state that relaxes or decomposes
through bond breakage or liberation of atomic or molecular fragments. In contrast to prior art
plasma deposition processes, the precursor intermediate is formed outside of the deposition
apparatus and is provided as the precursor source to a plasma reactor. Instead of delivering a
thermodynamically stable precursor gas (e.g. SiH4) to a plasma deposition system and
generating a random distribution of metastable intermediates during the plasma reaction, a
preferred metastable intermediate (e.g. neutral SiH; radicals) is directly provided as a
feedstock or source material to the reactor. Formation of the preferred precursor intermediate
occurs ex situ in the instant invention as opposed to in situ as occurs in the prior art. In one
preferred embodiment, the pre-selected precursor intermediate is delivered to the plasma
deposition system in a relatively pure form or in combination with inert species.

In another preferred embodiment, the pre-selected precursor intermediate is delivered
to the plasma deposition system along with a fluorine additive. Fluorine may be provided in
the form of molecular F,, neutral F radical, a compound containing F, or an intermediate
derived from a compound containing F. Compounds containing F include SiFyHa .« (SiFs4,
SiFsH, SiF,H,;, SiFH3) and GeFyH4 (GeF4, GeFs;H, GeF,;H,, GeFH3). The fluorine additive
may also be a neutral radical derived from a compound containing F. Exemplary neutral
radicals include SiF,H,, or GeF,H,,, where n=2 or 3 and x is at least 1. Fluorinated
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additives that include Si or Ge may also be used as source materials for silicon and
germanium-containing thin film materials. The radical SiF,, for example, may serve as a
preferred precursor intermediate for the deposition of a silicon-containing material as well as
a fluorine additive. As noted hereinabove, S.R. Ovshinsky discovered the beneficial effects
of including fluorine in the plasma deposition of thin film materials. Fluorine promotes the
regular coordination of silicon, germanium and other constituents of thin film materials, acts
to passivate dangling bonds and other defects, and in appropriate quantities, acts to promote
the formation of nanocrystalline, intermediate range order, or microcrystalline phases of
silicon and germanium.

An embodiment of the instant invention provides deposition of a thin film material
from a neutral radical as the pre-selected preferred precursor intermediate and a fluorine
additive. The neutral radical and the fluorine additive may be introduced together or
separately to the deposition process. SiHj and a fluorine additive (e.g. F; or F), for example,
may be introduced to a deactivated carrier gas to form a fluorinated thin film material of
amorphous silicon, nanocrystalline silicon, intermediate range order silicon, microcrystalline
silicon, a composite material comprising amorphous silicon and microcrystalline silicon, a
composite material comprising amorphous silicon and nanocrystalline silicon, or a composite
material comprising amorphous silicon, microcrystalline silicon and nanocrystalline silicon as
well as forms of the foregoing that include intermediate range order silicon. Corresponding
germanium-containing materials may be formed from GeHs and a fluorine additive.
Corresponding silicon-germanium alloy materials may also be formed from SiHz, GeHs and a
fluorine additive.

Since formation of an amorphous silicon material from SiHj; as a preferred pre-selected
precursor intermediate provides a material with a low intrinsic defect concentration, the
fluorine additive is expected to be particularly effective at passivating the residual level of
defects that do form and higher deposition rates result. Relatively low concentrations of
fluorine additive may suffice for defect passivation. Similarly, the more regular structure of
as-deposited amorphous silicon formed from SiH; is more conducive to the formation of
nanocrystalline or microcrystalline silicon. The high concentration of defects in conventional
plasma-deposited amorphous silicon inhibits the transformation of amorphous silicon to a
more ordered nanocrystalline, intermediate range order, or microcrystalline state. The
presence of a high concentration of undesirable species in a conventional plasma also inhibits
direct formation of nanocrystalline, intermediate range order, or microcrystalline phases on
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the substrate surface. The effectiveness of fluorine as an agent for promoting the formation
of microcrystalline, intermediate range order, and nanocrystalline phases of silicon,
germanium, or silicon-germanium alloys is enhanced by the instant invention through a
combination of higher quality (low defect concentration and more regular bonding) as-
deposited material and the avoidance of deleterious species in the deposition medium through
pre-selection of the preferred deposition species outside of the deposition apparatus as
opposed to the in situ formation of the preferred deposition species that is accompanied by
the production of deleterious species.

In a further embodiment, the pre-selected precursor intermediate may be diluted with a
hydrogen additive during deposition. The hydrogen additive is preferably H, or H (neutral H
radical). As indicated hereinabove, hydrogen is expected to provide benefits similar to
fluorine insofar as material quality and control of phase of silicon, germanium, and silicon-
germanium alloys formed in a plasma process. As noted for fluorine additives, relatively low
concentrations of hydrogen are effective to provide defect passivation, bond saturation, and
phase control.

Various methods for forming a preferred precursor intermediate ex situ are available.
The methods will be the subject of a companion patent and generally involve selective
excitation of a precursor gas over a narrow range of energies corresponding to the energy
required for bond scission. In the case of SiH4, for example, selective excitation with an
energy of about 8.75 ¢V suffices to cleave an Si-H bond to form SiH; + H. The SiH; product
can then be separated from the proton (H) byproduct and delivered as the source material to a
plasma reactor. The SiH; is an embodiment of a pre-selected precursor intermediate. As
described hereinabove, the SiHsz can be delivered to an activated or deactivated carrier gas
and transported to a substrate for thin film deposition. By tailoring the energy to a particular
bond scission reaction and avoiding excess energy, the excitation process selectively forms
the preferred precursor intermediate and avoids formation of higher order, more energetic
intermediates (such as SiH,, which requires sufficient energy to cleave two bonds instead of
one).

In an alternative embodiment, a preferred precursor intermediate or preferred fluorine
or hydrogen additive may be formed ex situ as a product of a chemical process. A necutral
fluorine radical, for example, can be prepared by combining F, with an electropositive

clement (e.g. an alkali or alkaline earth metal). The neutral fluorine radical may subsequently
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abstract a hydrogen from silane to form SiHi. The intermediates SiF, and SiHF can be
formed, for example, from a reaction of silane (SiH4) with fluorine gas (F;).

The invention provides an apparatus and method for forming thin film materials from a
pre-selected preferred precursor intermediate. The pre-selected precursor intermediate is
selected according to its tendency to provide a high quality photovoltaic material and
introduced to a deposition apparatus in the absence of deleterious species. In one
embodiment, the preferred species for photovoltaic material deposition are neutral radicals
and the instant invention provides a method and apparatus for delivery of pre-selected neutral
radicals to an inert carrier gas in a deposition process. While not wishing to be bound by
theory, ions and ion-radicals are generally believed to be detrimental to the quality of thin
film materials, including amorphous silicon and other photovoltaic materials. By virtue of
their charge, ions and ion-radicals tend to undergo high energy collisions with a deposited
layer of a thin film material. The high energy collisions tend to create defects in a thin film
material during deposition by breaking bonds (such as Si-H bonds), ¢jecting atoms or clusters,
or inducing non-tetrahedral structural distortions.

Ions and ion-radicals also have high sticking coefficients and are more likely to remain
on the surface of as-deposited material at the point of impact, even if the bonding
configuration at the point of impact is structurally or coordinatively non-optimal. Neutral
radicals, in contrast, impinge the surface of as-deposited material with lower energy, cause
less damage, and create fewer defects. The sticking coefficient of neutrals is also lower than
that of ions or ion-radicals, which means that neutrals that initially incorporate in a non-
optimal bonding configuration have a lower activation to surface mobility and are more likely
to migrate on the surface to encounter an optimal, energetically preferred bonding site during
processing. The concentration of intrinsic defects is lowered accordingly.

Thin film materials that can be prepared according to the method and apparatus of the
instant invention include amorphous silicon; fluorinated amorphous silicon; hydrogenated
amorphous silicon; amorphous germanium; hydrogenated amorphous germanium, fluorinated
amorphous germanium; amorphous silicon-germanium alloys as well as hydrogenated and
fluorinated forms thereof; nanocrystalline, microcrystalline, intermediate range order, and
polycrystalline forms of silicon, germanium, silicon-germanium alloys as well as
hydrogenated and fluorinated forms thereof; composite materials that combine one or more of

the amorphous, nanocrystalline, microcrystalline, intermediate range order, or polycrystalline
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forms of the foregoing; and n-type or p-type variations of the foregoing achieved by doping
with, for example, column III (e.g. B, Al, Ga, In) or column V (e.g. P, As, Sb) elements.

In one embodiment, the method of the instant application includes the following
general steps: (1) provision of a carrier gas (e.g. one or more of He, Ne, Ar, Kr, Xe, H;) at
high or transonic velocity to a plasma activation region within a deposition apparatus; (2)
forming a plasma from the carrier gas in the plasma activation region; (3) delivery of the
carrier gas plasma to an interaction region by creating a pressure differential between the
plasma activation region and the interaction region to direct the activated species of the
carrier gas plasma to the interaction region and to maintain adequate velocity of motion to
provide the activated species of the carrier gas to the interaction region without significant
decay or transformation; (4) pre-selection and isolation of one or more preferred
intermediates derived from a precursor gas at a point external to the deposition apparatus; (5)
supplying the pre-selected precursor intermediate to the deposition apparatus; (6)
commingling the pre-selected precursor intermediate with the carrier gas at the interaction
region; and (7) entrainment and transport of the pre-selected precursor intermediate by the
carrier gas to a substrate for high rate deposition of a high quality thin film material. The
deposition medium provided to the substrate is enriched in the pre-selected preferred
precursor intermediate relative to a conventional process in which the precursor gas is either
activated in the plasma activation region or introduced to a deactivated carrier gas. In a
preferred embodiment, the interaction zone is located outside of the plasma activation region
so that the carrier gas plasma has deactivated to form an energized (ionized or non-ionized)
medium at the time of commingling with the pre-selected precursor intermediate.

Fig. 3 depicts the general steps of one embodiment of the instant invention. The basic steps
of this embodiment include: (1) providing a carrier gas at transonic velocity (preferably at
conditions near the minimum of the modified Paschen curve) to a plasma activation region of
a deposition apparatus; (2) initiating a plasma from the carrier gas to form an activated carrier
gas; (3) transport of the activated carrier gas toward a substrate and deactivation of the carrier
gas to form a pre-deposition medium; (4) delivering one or more pre-selected precursor
intermediates to an interaction region of the deposition apparatus; (5) commingling of the
pre-selected precursor intermediate and deactivated carrier gas at the interaction region to
form a deposition medium; and (6) directing the deposition medium to a substrate and

forming a thin film material thereon.
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Fig. 3 further depicts the optional upstream processes of selecting a precursor gas,
reacting or exciting the precursor gas to generate one or more intermediate species external to
the deposition apparatus, and selecting and isolating a preferred precursor intermediate. In an
alternative embodiment, the pre-selected precursor intermediate is commingled with the
carrier gas in the activated state.

A schematic depiction of an illustrative apparatus and method in accordance with an
embodiment of the instant invention is shown in Fig. 2. Fig. 2 depicts a perspective view,
partially cut-away, of a deposition apparatus 10 that is adapted to generate a plasma plume
from a carrier gas and contact it with a pre-selected precursor intermediate according to one
embodiment of the instant invention. The apparatus 10 includes an evacuable enclosure 12
with a pivotally mounted front face 14 which functions as a door for loading and removing
substrates from the interior of the enclosure. The inner periphery of the door 14 is equipped
with one or more vacuum seal rings (not shown) and one or more latches, such as 16 and 18,
that are adapted to compress the seal rings for assuring airtight closure of the enclosure 12.
The evacuated enclosure 12 further includes a pump-out port 20 in the bottom wall 12¢
thereof adapted for connection to a vacuum pump 22 which is employed to: (1) exhaust
depleted reaction products and (2) to maintain the interior of enclosure 12 at an appropriate
sub-atmospheric background pressure. As will be explained in greater detail hercinbelow, the
background pressure is carefully selected to initiate and sustain the high rate deposition
process occurring within the interior of the enclosure.

The apparatus 10 further includes at least a first clongated conduit 24 of diameter d,
where d is preferably between about 0.5 to 3.0 cm, that extends through a side wall 12a into
the interior of evacuated enclosure 12. First conduit 24 includes a distal end portion 24a
having an aperture 26 formed therein. First conduit 24 and aperture 26 are adapted to,
respectively, transmit and introduce a carrier gas from a source (not shown) into the interior
of evacuated enclosure 12 to a plasma activation region adapted to create activated species
from the carrier gas.

In one embodiment, first conduit 24 is adapted to introduce a carrier gas.
Representative carrier gases include hydrogen (H;, neon (Ne), helium (He), argon (Ar),
krypton (Kr), xenon (X¢), or combinations thercof. In a preferred embodiment, the carrier
gas is chemically inert with respect to the pre-selected precursor intermediate. Optionally,

the carrier gas may also include one or more diluent, treatment (e.g. hydrogenation or
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fluorination), or dopant (including n-type or p-type) gases, including, but not limited to, O,
NH;, N;, NHs, PH;, PH;, SFg, BFs, B:Hg, BHs, SiF4, F;, GeF4, and combinations thereof.

Regardless of the composition of the carrier gas, aperture 26 formed at distal end 24a of
first conduit 24 must be capable of delivering the carrier gas at a preferred flow rate. The
flow rate 18 selected to provide a sufficient pressure of the carrier gas at aperture 26 for
initiating the plasma activation of the carrier gas at a power-pressure-aperture size regime
which is at or near the minimum of the modified Paschen curve.

First conduit 24 may further include means for constricting the flow path of the carrier
gas to create a "choke-condition" in first conduit 24 adjacent to aperture 26 so as to provide a
localized high pressure of the carrier gas. As used herein, the term "choke condition" refers to
the condition that occurs when the speed of the carrier gas passing through aperture 26 of first
conduit 24 reaches transonic speed. The choke condition generally is that condition that
occurs in compressible gas or fluid flow when, for a conduit of a uniform size, the speed of
the gas passing through said conduit reaches transonic velocity. At the choke condition, a
rise in the mass flow rate of the carrier gas results in an increase in pressure rather than
velocity. Operation in choke mode permits control over the pressure of the carrier gas and
provides the degree of freedom in operating conditions needed to establish a condition at or
near the minimum of the Paschen curve. The localized high pressure established at aperture
26 creates a zone of sufficient pressure of the carrier gas as it exits aperture 26 to enable
initiation of a plasma. In an alternative embodiment, the pressure at or near aperture 26 may
be controlled by employing a solenoid valve within first conduit 24, where the solenoid valve
may be selectively constricted or relaxed to regulate the flow rate and pressure of the carrier
gas as it passes through aperture 26.

Note that the activated species of the carrier gas form a plume of pressure isobars
adjacent to aperture 26 of first conduit 24. The plume defines a plasma activation region 34
in which conditions permit plasma initiation and formation of activated species that include
ions, ion-radicals and neutral radicals in conventional proportions. The boundaries of the
plume of activated species 34 are governed by the pressure differential that exists between the
gas flowing through the interior of first conduit 24 adjacent to aperture 26 and the
background pressure of enclosure 12. As should be apparent, material that is sputtered or
ablated from the surface of first conduit 24 would degrade the quality of the activated species
in plume 34 by providing undesirable impurities or other deleterious species that could be
delivered to the deposition surface and incorporated into the as-deposited amorphous
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semiconductor. Thus, a protective overcoat is preferably fabricated over the surface of first
conduit 24. The protective overcoat is preferably formed from a material that is resistant to a
high temperature plasma environment; or alternatively, from a material that would be
relatively benign when incorporated into the as-deposited film. In one embodiment, graphite
or carbon 1s employed as the material from which the protective overcoat is fabricated.

Deposition apparatus 10 further includes microwave applicator 28 that is adapted to
deliver electromagnetic energy at a microwave frequency (e.g. 2.45 GHz) to the energy
transferring gas flowing through first conduit 24. While applicator 28 is depicted as a radiant
microwave applicator in Fig. 2, the applicator may be selected to deliver any type of energy,
including DC energy, microwave energy, radiofrequency (rf) energy, low frequency AC
energy, or other electromagnetic energy (e.g. in the form of a high intensity pulsed laser). A
plasma in accordance with the instant invention may be formed from electromagnetic energy
over the frequency range from 0 Hz to 5 GHz. Since microwave energy can effectively
provide a large-volume plasma that contains a high density of activated species, applicator 28
is preferably formed as a microwave applicator. Preferably, applicator 28 is a radiant
microwave applicator (as opposed to slow-wave applicator) adapted to transmit at least 1.0
kilowatt of microwave power and preferably 5 kilowatts or more of microwave power at a
frequency of 2.45 GHz.

As indicated in Fig. 2, applicator 28 is an elongated, hollow, generally rectangular
waveguide structure adapted to transmit microwave energy from a magnetron (not shown) to
the energy transferring gas introduced into enclosure 12 from first conduit 24. Applicator 28
may be formed from a material such as nickel or nickel-plated copper. Applicator 28 enters
enclosure 12 through a microwave transmissive window 29, which window is vacuum sealed
to a bottom face 12¢ of enclosure 12. This type of vacuum sealed window 29 is fully
disclosed and well known in the art. Applicator 28 is seated upon the upper, interior plate
29a of window 29.

In order to couple the microwave energy to the carrier gas, first conduit 24 extends
through an aperture 30 formed in the side face 32 of applicator 28 to deliver the carrier gas.
Aperture 30 is adapted to direct first conduit 24 and the carrier gas carried to plasma
activation region 34 formed adjacent to aperture 26 of first conduit 24 so that the plume of
activated species extends from the interior of applicator 28.

Applicator 28 further includes cut-away section 36 formed in face 35 opposite face 32
in which aperture 30 is formed. Cut-away section 36 has a diameter larger than the diameter
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of aperture 30 and preferably at least about 2 inches so as to provide for the expansion and
movement of pressure isobars of plume 34 of activated species through and from applicator
28 while avoiding interaction of the activated species with the walls of applicator 28 to
prevent both incorporation of the material of construction of applicator 28 into the plume 34
as it exits applicator 28 and deterioration of applicator 28. It should therefore be understood
that the applicator cut-away section 36 is adapted to provide a means of directed escape for
the activated species of the carrier gas from within applicator 28. Applicator 28 further
includes a closed end plate 40 to prevent the escape of unused microwave energy into the
interior of evacuated enclosure 12. Considerations relevant to establishing the size of cut-
away section 36 include: (1) recognition that the smaller the opening is made in face 35, the
greater the amount of material etched from face 35, but the better the microwave energy is
confined within applicator 28 and prevented from leaking into enclosure 12, while (2) the
larger the opening is made in face 35, the lesser the amount of material etched from face 35,
but the more the microwave energy leaks into enclosure 12. Cutaway section 36 may further
include a microwave absorptive or reflective screen or other means adapted to prevent the
microwave energy from escaping applicator 28 and entering enclosure 12. This becomes
particularly significant as the pressure differential between the background pressure and the
pressure of the carrier gas in first conduit 24 is reduced to approach the aforementioned factor
of at least 5.

Deposition apparatus 10 further includes at least one remotely located, generally planar
substrate 50 operatively disposed within enclosure 12 to provide a surface for the deposition
of a thin film material. Planar substrate 50 is spaced at a distance from plasma activation
region 34 sufficient to prevent the depositing thin film material from direct exposure to the
clectrons present in plasma activation region 34. Electrons in plasma activation region 34
have high energy and inflict severe damage on the thin film material as it deposits.

Apparatus 10 may further optionally include means 52 adapted to heat and or apply an
clectrical or magnetic bias to substrate 50. It is to be understood, however, that the use of
heat or a bias is not required to practice the invention disclosed herein. In a preferred
embodiment, substrate 50 is operatively disposed so as to be substantially aligned with first
conduit 24 so that a flux of the activated species generated in the activation region 34 can be
directed thereat for deposition thereupon.

Deposition apparatus 10 is also equipped with means for introducing a pre-selected
precursor intermediate into enclosure 12. In the embodiment shown in Fig. 2, deposition
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apparatus 10 is equipped with a second elongated, hollow conduit 60 having at least one
aperture 62 formed at the distal end 60a thereof. Aperture 60a of second conduit 60 extends
through top wall 12b of enclosure 12 into the interior thereof so that aperture 62 terminates in
close proximity to substrate 50. Second conduit 60 is adapted to deliver a flow of a pre-
selected precursor intermediate from a source (not shown) into an interaction region 65 which
is created adjacent to substrate 50. Interaction region 65 is disposed between substrate 50 and
plasma activation region 34 and in the embodiment of Fig. 2, generally represents the region
in which the deactivated carrier gas interacts with the pre-selected precursor intermediate
exiting aperture 62 of second conduit 60. Interaction region 65 is disposed adjacent to
substrate 50 and the medium formed by the interaction of the deactivated carrier gas and the
pre-selected precursor intermediate constitutes a deposition medium from a thin film material
is deposited on substrate 50.

As described hereinabove, the pre-selected precursor intermediate introduced via
conduit 60 is typically a neutral radical derived from a silicon or germanium precursor gas.
Representative silicon or germanium precursor gases from which the pre-selected precursor
intermediate may be formed include SiHy, SioHg, SiF4, GeHy, Ge,Hg, and GeF4. As indicated
hereinabove, the pre-selected precursor intermediate may be introduced alone or in
combination with a fluorine additive, a hydrogen additive, or an intermediate species derived
from a fluorine additive or hydrogen additive. Representative fluorine or hydrogen additives
include SiF., GeF4, SiF4<Hy, GeFsxHy, F2, and H,. The pre-selected precursor intermediate
may also be introduced in combination with a dopant precursor or intermediate derived from
a dopant precursor to provide a thin film material having n-type or p-type characteristics.
Dopant-containing gases include CH4, C;Hg, BH3, B,Hg, PH3, BF3, and SF. The pre-selected
precursor intermediate may also be accompanied by an inert diluent gas. The flow rate of the
pre-selected precursor intermediate is typically at least about 10 sccm and normally between
about 10 and 200 sccm.

As noted, the pre-selected precursor intermediate is introduced by second conduit 60
into interaction region 65. Interaction region 65 is disposed in the path of travel of the
deactivated species of the carrier gas that exit plasma activation region 34 and are directed
toward substrate 50. In interaction region 65, the deactivated carrier gas collides or otherwise
interacts with the one or more pre-selected precursor intermediates introduced via conduit 60.
As described hereinabove, the interaction of a neutral precursor intermediate with the
deactivated carrier gas may energize the neutral precursor intermediate. By controlling the
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energetic state of the deactivated carrier gas or the point of interaction of the deactivated
carrier gas with the pre-selected intermediate, ionization or other modification of the pre-
selected intermediate can be avoided so that the primary effect of the deactivated carrier gas
is to provide momentum to the pre-selected intermediate to efficiently transfer it to the
substrate for thin film deposition.

Interaction region 65 is preferably disposed at the necessary distance from substrate 50
to insure that the pre-selected precursor intermediate introduced to interaction region 65 will
deposit uniformly over the entire surface of substrate 50 without undergoing significant
modifications or other interactions with itself. Multiple collisions or interactions of or
between the preferred pre-selected precursor intermediate increase the likelihood of
transforming the pre-selected precursor intermediate to an ion, ion-radical, or other undesired
or less desirable species.

It should also be noted that as the pressure changes from the activation region to the
collision region, so does the mean-free-path length of the species of the deactivated carrier
gas and pre-selected precursor intermediate. The mean-free path increases as the pressure
decreases in the direction from activation region 34 to interaction region 65 to substrate 50
such that a plasma can be sustained in plasma activation region 34, but not in interaction
region 65 or the region adjacent to substrate 50. In one embodiment, the background
pressure to which enclosure 12 is evacuated provides for a mean-free path of approximately
1-15 ¢m for neutral free radical species of the carrier gas or precursor intermediate at
interaction region 65. Therefore, by spacing the substrate a distance of 1-15 cm from the
interaction region in one embodiment, the entire surface thereof will be covered with a
uniform thin film of material and the likelihood of collisions or interactions of a neutral
radical pre-selected precursor intermediate with itself or species of the deactivated carrier gas
is minimized. By adjusting the background pressure and temperature of the deposition
apparatus, the mean free path may be adjusted from about 1 mm to about 5 m.

As indicated hereinabove, it is desirable to form the carrier gas plasma at conditions at
or near the minimum of the modified Paschen curve. In one embodiment, this objective is
achieved by maintaining a pressure differential of at least a factor of five between the
pressure at distal end 24a (or aperture 26) of first conduit 24 and the background pressure that
exists within enclosure 12. Generally the background pressure of enclosure 12 is less than
about 50 torr and preferably between 0.01 mtorr to 10 mtorr. In one range of background
pressure of enclosure 12, the pressure proximate distal end 24a or aperture 26 of first conduit
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24 is at or below 30 torr. The flow rate of the carrier gas in first conduit 24 also influences
the pressure differential and may be kept in the range between 100 — 2000 sccm. As is
known to those of skill in the art, the pressure within any given isobar decreases with
increasing distance away from distal end 24a or aperture 26 of first conduit 24. Therefore, at
any given power, the slope of the Paschen curve will provide a pressure-determined boundary
of the activation region.

In addition to stationary substrates, the methods and principles of the instant invention
further extend to mobile, continuous web depositions as well as to deposition processes that
require multiple deposition chambers. In these embodiments, a web of substrate material
may be continuously advanced through a succession of one or more operatively
interconnected, environmentally protected deposition chambers, where each chamber is
dedicated to the deposition of a specific layer of semiconductor alloy material onto the web
or onto a previously deposited layer situated on the web. By making multiple passes through
the succession of deposition chambers, or by providing an additional array of deposition
chambers, multiple stacked cells of various configurations may be obtained and the benefits
arising from the instant invention of supplying a pre-selected precursor intermediate may be
achieved for multiple compositions within a multilayer device. Different chambers of a
deposition apparatus, for example, may be provided with different pre-selected precursor
intermediates to form an electronic device having multiple layers differing in composition.

An important photovoltaic device, for example, is the triple junction solar cell, which
includes a series of three stacked n-i-p devices with graded bandgaps on a common substrate.
The graded bandgap structure provides more efficient collection of the solar spectrum. In
making an n-i-p photovoltaic device, a first chamber is dedicated to the deposition of a layer
of an n-type semiconductor material, a second chamber is dedicated to the deposition of a
layer of substantially intrinsic (i-type) amorphous semiconductor material, and a third
chamber is dedicated to the deposition of a layer of a p-type semiconductor material. The
process can be repeated by extending the web to six additional chambers to form a second
and third n-i-p structure on the web. Bandgap grading is achieved by modifying the
composition of the intrinsic (i-type) layer. Bandgap grading may also be achieved through
alloying of silicon or nitrogen with nitrogen. In one embodiment, the highest bandgap in the
triple junction cell results from incorporation of amorphous silicon as the intrinsic layer in
one of the n-i-p structures. Alloying of silicon with germanium to make amorphous silicon-
germanium alloys leads to a reduction in bandgap. In one embodiment, the second and third
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n-i-p structures of a triple junction cell include intrinsic layers comprising SiGe alloys having
differing proportions of silicon and germanium. Multiple precursor gases may be delivered
simultaneously to the instant deposition apparatus to form alloys. Bandgap modification may
also be achieved through control of the microstructure of the intrinsic layer. Polycrystalline
silicon, for example, has a different bandgap than amorphous silicon and multilayer stacks of
various structural phases may be formed with the instant continuous web apparatus.
Nanocrystalline silicon can provide bandgaps above the bandgap of crystalline silicon and
below the bandgap of amorphous silicon that have direct character or that permit relaxation of
selection rules. As indicated above, inclusion of fluorine in the deposition process promotes
the formation of nanocrystalline, intermediate range order, and microcrystalline phases. In
addition to triple junction devices, tandem devices are achievable with the instant invention.

Another important multilayer structure is the p-n junction. As indicated hereinabove, in
conventional amorphous silicon or conventional hydrogenated amorphous silicon, the hole
mobility is too low to permit efficient operation of a p-n junction. The low hole mobility is a
consequence of a high defect density that rapidly traps photogenerated carriers before they
can be withdrawn as external current. To compensate for carrier trapping, an i-layer is often
included in the structure. With the material prepared by the instant invention, the defect
concentration is greatly reduced and efficient p-n junctions can be formed from silicon,
germanium, and silicon-germanium alloys. Alternatively, p-i-n structure can be formed in
which the i-layer thickness necessary for efficient charge separation is much smaller that is
required for current devices.

In one embodiment, the deposition apparatus includes a first chamber for depositing a
silicon-containing thin film material and a second chamber for depositing a germanium-
containing thin film material. In the first chamber, SiHs is introduced as the pre-selected
precursor intermediate and in the second chamber, GeHs is introduced as the pre-selected
precursor intermediate. Fither or both chambers may further include provision of a hydrogen
or fluorine additive.

The instant invention allows for a tremendous increase in the throughput and film
formation rate in continuous web deposition processes. With the invention, the web speed can
be increased without sacrificing the quality of the deposited thin film layers by minimizing
intrinsic defects through the delivery of a neutral-enriched pre-selected preferred precursor
intermediate as a source material to a deposition process. The instant invention permits an
expansion of the current manufacturing capacity to the gigawatts regime through a substantial
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increase in deposition rate from the current state of the art. Deposition rates exceeding 400
Ass may be achieved using the principles of the present invention. In one embodiment,
deposition rates of 20 — 50 A/s are achieved. In another embodiment, deposition rates of 50 —
150 A/s are achieved. In still another embodiment, deposition rates of 150 — 400 AJs are
achieved. It is important to note that these deposition rates can be achieved without
significantly impairing the quality of the deposited thin film material. By forming a thin film
material according to the principles of the instant invention, the formation of defects is
inhibited and the deposition rate becomes decoupled from the quality of the material. By pre-
selecting a preferred precursor intermediate and delivering that intermediate to the deposition
process in the absence of detrimental species, defects are avoided and the need to reduce the
deposition rate or to incorporate time-consuming ancillary defect remediation steps in the
process is climinated. The material quality and characteristics such as photovoltaic efficiency
become and remain optimal over a wide range of deposition rates.

Fig. 4 depicts a continuous web deposition apparatus consistent with the embodiment
shown in Fig. 3. The deposition apparatus 10 includes mobile, continuous web substrate 50
that is dispensed by payoff roller 75, enters and exits enclosure 12 through gas gates 80, and
is picked up by take up roller 85. Continuous substrate 50 may be formed from steel, a
plastic (¢.g. Mylar or Kapton), or other durable material. As substrate 50 passes into and out
of deposition apparatus 10, a thin film material may be deposited thereon according to the
principles described hereinabove. The carrier gas enters conduit 24. A plasma of the carrier
gas 1s formed in plasma activation region 34 and interacts with a pre-selected precursor
intermediate in collision region 65 to form a deposition medium in region 72. A thin film
material is formed on web substrate 50 as it passes through enclosure 12. A plurality of
enclosures of the type 12 may be connected in series for the continuous formation of multi-

layered devices.
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CLAIMS

We claim:
1. A method of forming a thin film material comprising:
providing a deposition chamber,
delivering a first intermediate to said deposition chamber, said first intermediate including
a first metastable species, said first intermediate being formed outside of said deposition
chamber; and
forming a first thin film material in said deposition chamber, said thin film material
including an element provided by said first metastable species.
2. The method of claim 1, wherein said first metastable species comprises a neutral radical.
3. The method of claim 1, wherein said first metastable species comprises silicon.
4. The method of claim 3, wherein said first metastable species includes SiHs.
6. The method of claim 1, wherein said first metastable species comprises germanium.

7. The method of claim 3, wherein said first metastable species includes SiFs.

8. The method of claim 1, wherein said first intermediate includes only one metastable

species.

9. The method of claim 1, wherein said first intermediate includes only two metastable

species.

10. The method of claim 1, wherein said first intermediate further comprises a diluent gas.

11. The method of claim 10, wherein said diluent gas comprises hydrogen.

12. The method of claim 1, wherein said first thin film material includes an amorphous region.
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13. The method of claim 12, wherein said first thin film material further includes a

nanocrystalline region.

14. The method of claim 12, wherein said amorphous region comprises silicon.

15. The method of claim 14, wherein said amorphous region further comprises hydrogen.

16. The method of claim 14, wherein said amorphous region further comprises germanium.

17. The method of claim 13, wherein said nanocrystalline region comprises silicon.

18. The method of claim 1, further comprising delivering a hydrogen additive to said

deposition chamber.

19. The method of claim 18, wherein said first thin film material comprises hydrogen, said

hydrogen being provided by said hydrogen additive.
20. The method of claim 19, wherein said first thin film material comprises hydrogenated
amorphous silicon, hydrogenated nanocrystalline silicon, or hydrogenated microcrystalline

silicon.

21. The method of claim 1, further comprising delivering a fluorine additive to said

deposition chamber.

22. The method of claim 21, wherein said fluorine additive is selected from the group

consisting of Fy, HF, SiFyHs (x =1 —4) and GeFyHyx (x =1 —4).

23. The method of claim 21, wherein said first thin film material comprises fluorine, said

fluorine being provided by said fluorine additive.

24 The method of claim 23, wherein said first thin film material comprises fluorinated

amorphous silicon, fluorinated nanocrystalline silicon, or fluorinated microcrystalline silicon.
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25. The method of claim 1, further comprising delivering a carrier gas to said deposition

chamber.

26. The method of claim 25, wherein said carrier gas is delivered at a transonic velocity to

said deposition chamber.

27. The method of claim 25, further comprising combining said carrier gas with said first
intermediate, the momentum of said carrier gas directing said first intermediate to a substrate
disposed in said deposition chamber, said first thin film material being formed on said

substrate.

28. The method of claim 25, further comprising forming a plasma from said carrier gas, said
plasma being formed in a plasma activation region of said deposition chamber, said plasma

activation region including means for generating a plasma.

29. The method of claim 28, further comprising directing said carrier gas plasma to a
substrate disposed in said deposition chamber, said substrate being positioned outside of said
plasma activation region, said carrier gas exiting said plasma activation region and

deactivating during said directing step.

30. The method of claim 29, further comprising combining said first intermediate with said

deactivated carrier gas.

31. The method of claim 1, wherein said deposition chamber includes a substrate, said first

thin film material being formed on said substrate.

32. The method of claim 31, wherein said substrate is in motion during said formation of said

first thin film material.

33. The method of claim 1, further comprising delivering a doping precursor to said

deposition chamber, said doping precursor providing a dopant to said first thin film material.
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34. The method of claim 33, wherein said doping precursor comprises boron, phosphorous,

gallium, indium, or antimony.

35. The method of claim 1, wherein the defect concentration of said first thin film material is

less than 5 x 10'¢ ¢cm™.

36. The method of claim 35, wherein the deposition rate of said first thin film material is

greater than or equal to 100 Ass.

37. The method of claim 1, wherein the defect concentration of said first thin film material is

less than 1 x 10'¢ ecm™.

38. The method of claim 37, wherein the deposition rate of said first thin film material is

greater than or equal to 100 Ass.

39. The method of claim 1, further comprising forming a second thin film material over said

first thin film material.

40. The method of claim 39, wherein said first thin film material is n-type and said second

thin-film material is p-type.
41. The method of claim 39, wherein said first and second thin film materials comprise Si.

42. The method of claim 39, wherein said first thin film material comprises an amorphous

phase and said second thin film material comprises a nanocrystalline phase.
43. The method of claim 39, wherein said second thin film material is formed from a second

intermediate, said second intermediate including a second metastable species, said second

intermediate being formed outside of said deposition chamber.
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