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(57) ABSTRACT

Embodiments of the mmvention provide a system for heat
treating a substrate which includes a first processing chamber
having a first processing region coupled with a precursor
source assembly configured to deliver a silicon containing gas
to an upper surface of a substrate disposed within the first
processing region in order to form an amorphous silicon film
on the upper surface. The system further includes a substrate
support having a heating element configured to heat the sub-
strate to a temperature suificient to crystallize the amorphous
silicon film by solid phase crystallization and to create a
temperature gradient 1n which a temperature at the lower
surface of the substrate 1s greater than a temperature at the
upper surface of the amorphous silicon film and the tempera-

ture gradient 1s within a range from about 2° C. to about 10°
C.
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DIRECTIONAL SOLID PHASE
CRYSTALLIZATION OF THIN AMORPHOUS
SILICON FOR SOLAR CELL APPLICATIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a divisional application of U.S.
Ser. No. 12/507,761 (APPM/012161), filed Jul. 22, 2009, and
1ssued as U.S. Pat. No. 7,981,778, which claims benefit of
U.S. Ser. No. 61/082,812 (APPM/012161L), filed Jul. 22,
2008, and U.S. Ser. No. 61/097,793 (APPM/012161L.02),
filed Sep. 17, 2008, which are all herein incorporated by
reference 1n their entirety.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] Embodiments of the invention generally relate to the
fabrication of silicon solar cells and, more particularly, to a
method of converting a layer of amorphous silicon deposited
on a sheet of crystalline silicon to crystalline silicon by solid
phase epitaxy.

[0004] 2. Description of the Related Art

[0005] Solar cells are photovoltaic (PV) devices that con-
vert sunlight directly into electrical power. Solar cells typi-
cally have one or more p-n junctions. Each junction com-
prises two different regions within a semiconductor material
where one side 1s denoted as the p-type region and the other as
the n-type region. When the p-n junction of a solar cell 1s
exposed to sunlight (consisting of energy from photons), the
sunlight 1s directly converted to electricity through the PV
elfect. Solar cells generate a specific amount of electric power
and are tiled mnto modules sized to deliver the desired amount
of system power. Solar modules are joined 1nto panels with
specific frames and connectors.

[0006] Typically, the p-n junction of a solar cell 1s formed
by diffusing an n-type dopant, such as phosphorous, into the
surface ol a p-type silicon sheet, waler, or substrate. One
example of performing phosphorous diffusion includes coat-
ing phosphosilicate glass (PSG) compounds onto the surface
of a silicon substrate and carrying out diffusion/annealing
inside a furnace. Another example of diffusing a phosphorous
dopant into a silicon substrate includes bubbling nitrogen gas
through liquid phosphorous oxychloride (POCI,) sources,
which are injected 1nto an enclosed quartz tube 1n a furnace
loaded with batch-type quartz boats containing silicon sub-
strates.

[0007] When the aforementioned processes are used to
form the p-n junction of solar cells in silicon substrates,
additional processing steps including etching of PSG 1s
required. In addition, the silicon substrates, on which the
diffusion occurs, are usually stacked vertically 1n the quartz
boats for msertion into the furnace. Such handling of the
substrates inevitably results in breakage of some of the silicon
substrates because the substrates are relatively thin, such as
0.3 mm thick or less.

[0008] Although phosphorous diffusion of the phospho-
rous-doped, n-type silicon material for solar junction forma-
tion may be created by the furnace type diffusion/annealing,
processes discussed above, these processes require perform-
ing complex gaseous diffusion processes that require many
additional pre-cleaning, post-cleaning, etching, and stripping
steps. For example, a layer of PSG may remain on the surface
of the substrate after formation of the n-type material. This
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PSG layer must be removed by wet chemical etching in
diluted hydrofluoric acid solutions.

[0009] Additionally, prior art techniques use separate
equipment for the phosphorous diffusion and the deposition
of dielectric layers for passivation of the surface of the sub-
strate. The use of such prior art p-n junction formation and
surface passivation techniques for solar cell fabrication 1s
expensive and can result in a defective mterface between the
dielectric passivation layer and the doped substrate, leading to
a high surface recombination velocity for the minority charge
carriers.

[0010] Moreover, using gaseous diffusion/annealing pro-
cesses 1n a furnace, as previously described, typically results
in the doping of both sides of the silicon substrate. This
requires removing or otherwise 1solating the doped front side
of the substrate from the doped back side of the substrate 1n
order to make the solar cell functional.

[0011] Therefore a need exists for a method for forming a
p-njunction at a desired depth 1n a crystalline silicon substrate
to provide a structure for the formation of a solar cell which
climinates many of the pre-cleaning, post-cleaning, etching,
and stripping steps present in the prior art, thereby providing
a more economical, efficient solar cell fabrication.

SUMMARY OF THE INVENTION

[0012] Embodiments of the invention may provide a
method of heat treating a crystalline silicon substrate, com-
prising depositing an amorphous silicon film on a first surface
of the crystalline silicon substrate, wherein the first surface of
the crystalline silicon substrate 1s generally opposite to a
second surface, and heating the crystalline silicon substrate
and the amorphous silicon film to a temperature that 1s suifi-
cient to crystallize the amorphous silicon film, wherein the
heating creates a temperature gradient between the second
surface and the first surface.

[0013] Embodiments of the invention may further provide a
method of heat treating a crystalline silicon substrate to form
a p-n junction, comprising depositing an amorphous silicon
film on a first surface of the crystalline silicon substrate,
wherein the first surface of the crystalline silicon substrate 1s
generally opposite to second surface, depositing a dielectric
layer over the amorphous silicon film, and heating the crys-
talline silicon substrate and the amorphous silicon film to a
temperature that 1s suificient to crystallize the amorphous
silicon f1lm, wherein the heating creates a temperature gradi-
ent between the second surface and the first surface so that a
temperature of the first surface 1s higher than a temperature of
a point within the amorphous silicon film that 1s a distance
from the first surface.

[0014] Embodiments of the invention may further provide a
system for heat treating a substrate, comprising a first pro-
cessing chamber having a first processing region and precur-
sor source assembly, wherein the precursor source assembly
1s configured to deliver a silicon contaiming gas to a first
surface of a substrate disposed 1n the first processing region to
form an amorphous silicon film on the first surface, and a
substrate support having a substrate supporting surface and a
heating element that 1s positioned adjacent to the substrate
supporting surface, wherein the substrate supporting surface
1s adapted to support the second surface of a substrate, and the
heating element 1s configured to heat the substrate to a tem-
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perature that 1s suflicient to crystallize an amorphous silicon
f1lm disposed on the first surface.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] So that the manner 1n which the above recited fea-
tures of the invention can be understood i1n detail, a more
particular description of the mnvention, briefly summarized
above, may be had by reference to embodiments, some of
which are illustrated in the appended drawings. It 1s to be
noted, however, that the appended drawings illustrate only
typical embodiments of this invention and are therefore not to
be considered limiting of its scope, for the invention may
admuit to other equally effective embodiments.

[0016] FIG. 1 depicts a process tlow diagram 1llustrating
one embodiment of a method of the invention.

[0017] FIG.21saschematic, cross-sectional representation
ol a plasma-enhanced chemical vapor deposition (PECVD)
chamber, which may be used 1n carrying out deposition pro-
cesses according to certain embodiments of the mnvention.

[0018] FIG. 3 1s a schematic, cross-sectional view of a
chamber for heating the second surfaces of the silicon sub-
strates 1llustrated m FIG. 2.

[0019] FIG. 4 1s a schematic, cross-sectional view of a
crystalline silicon substrate with a solid phase epitaxial film
generated from a doped amorphous silicon structure thereon
with a dielectric capping layer deposited thereover fabricated
according to one embodiment of the invention.

[0020] To facilitate understanding, identical reference
numerals have been used, where possible, to designate 1den-
tical elements that are common to the figures. It 1s contem-
plated that elements and features of one embodiment may be
beneficially incorporated in other embodiments without fur-
ther recitation.

DETAILED DESCRIPTION

[0021] Embodiments of the invention provide a method for
converting an amorphous silicon layer deposited onto a crys-
talline silicon substrate into crystalline silicon having the
same grain structure and crystal orientation as the underlying
crystalline silicon substrate upon which the amorphous sili-
con was 1nitially deposited. In one embodiment, since the
crystallization process 1s generally performed at a tempera-
ture below the melting point of the amorphous silicon layer,
the process of causing the amorphous silicon layer to crystal-
lize to match the crystalline silicon substrate’s crystal struc-
ture 1s sometimes referred to herein as solid phase epitaxy.
Additional embodiments of the invention provide depositing,
a dielectric passivation layer onto the amorphous silicon layer
prior to the conversion. In one embodiment, the amorphous
silicon layer 1s doped with doping maternial of the opposite
conductivity type from the underlying crystalline silicon sub-
strate to provide a p-n junction when the amorphous silicon
layer has been converted to crystalline silicon. For example, 1f
the crystalline silicon substrate 1s p-type silicon material, the
deposited amorphous silicon layer 1s doped with an n-type
dopant, such as phosphorous, to provide an n-type emitter
layer on the surface of the crystalline silicon substrate. Simi-
larly, 11 the crystalline silicon substrate 1s n-type silicon mate-
rial, the amorphous silicon layer 1s doped with a p-type
dopant, such as boron, so that after solid phase epitaxy and
boron diffusion into the substrate, an n-p junction 1s created in
the resulting structure.
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[0022] Inone embodiment, the conversion of the deposited
amorphous silicon layer 1s accomplished by generating a
temperature gradient across the silicon substrate having the
amorphous silicon layer deposited thereon, as will be dis-
cussed below. In one embodiment, a temperature gradient 1s
formed so that the temperature of the deposited amorphous
silicon layer at the substrate surface 1s higher than the tem-
perature of the amorphous silicon layer a distance 1n a direc-
tion substantially normal, or perpendicular, to the substrate
surface. The temperature gradient 1s provided at a tempera-
ture and for a time period that 1s sufficient to crystallize the
amorphous material such that, as 1t crystallizes, 1t assumes the
same grain structure and crystal orientation as that of the
underlying crystalline silicon substrate. Moreover the tem-
perature gradient 1s provided at a temperature and for a time
period sulficient to provide the desired p-n junction depth and
dopant profile.

[0023] Itis believed that the processes described herein are
superior to convention thermal processing schemes, such as
uniform heating of substrate (e.g., heating from all sides) or
heating from the top (e.g., amorphous silicon) side, 1n which
case the crystal structure of the crystalline silicon substrate
will not be replicated due to the crystallization and growth of
multi-grained silicon starting from the top surface and/or
regions within the deposited film. It has been found that when
heat 1s delivered to the amorphous silicon side of a crystalline
s1licon substrate, the amorphous silicon layer crystallizes into
a polysilicon layer (e.g., silicon with multiple grains) starts
from the top surface. The polysilicon structure then propa-
gates mto the thickness of the film, which interferes with any
crystallization that 1s emanating from the amorphous-silicon/
single-crystal-substrate interface.

[0024] FIG. 1 depicts a process tlow diagram illustrating
one embodiment of a method 100 of the mvention. At step
110, a crystalline silicon substrate 1s placed into a vacuum
deposition chamber. The substrate may be formed of single
crystalline silicon or multi-crystalline silicon depending on
the particular application of the product to be produced. In
one embodiment, the substrate 1s a monocrystalline substrate
(e.g., S1<100> or S1<<111>). The vacuum deposition chamber
may be a stand-alone chamber or part of a multi-chamber
processing system.

[0025] Atstep 120, a mixture of precursors 1s delivered into
the vacuum deposition chamber. In one embodiment, the
mixture of precursors includes silicon-containing com-
pounds. The silicon-containing compounds may include
silane (SiH,), disilane (S1,H,), tetratluorosilane (SiF,), or
other silicon-containing compounds useful for depositing a
layer of amorphous silicon directly onto a surface of the
crystalline silicon substrate. In one embodiment, the silicon-
containing compound 1s delivered at a flow rate of about 10
sccm or higher depending on the size of the crystalline silicon
substrate and vapor deposition chamber. In one embodiment,
the silicon-containing compound 1s delivered at a tflow rate
between about 50 sccm and about 500 sccm.

[0026] In one embodiment of the invention, the crystalline
silicon substrate 1s p-type, and an n-type precursor 1s deliv-
ered to the vapor deposition chamber along with the silicon-
containing compounds. In one embodiment, the n-type pre-
cursor 1s a phosphorous-containing compound such as
phosphine (PH,). In one embodiment, the phosphorous-con-
taining compound 1s delivered at a concentration of 0.5% 1n
hydrogen at a flow rate of about 30 sccm or higher. In one
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embodiment, the phosphorous-containing compound 1is
delivered at a tlow rate between about 150 sccm and about

1500 sccm.

[0027] In an alternate embodiment, the crystalline silicon
substrate 1s n-type, and a p-type precursor 1s delivered to the
vapor deposition chamber along with the silicon-containing,
compounds. In one embodiment, the p-type precursor 1s a
boron containing compound.

[0028] Inoneembodiment, the mixture of precursors deliv-
ered to the deposition chamber includes a hydrogen-contain-
ing compound such as hydrogen gas (H,). In one embodi-
ment, the hydrogen-containing compound 1s delivered at a
flow rate of about 100 sccm or higher. In one embodiment, the
hydrogen-containing compound 1s delivered at a flow rate of
about 1,000 sccm or higher. In one embodiment, the mixture
of precursors delivered to the deposition chamber includes
silane, hydrogen gas, and phosphine.

[0029] At step 130, a doped amorphous silicon film 1is
deposited on a first surface of the crystalline silicon substrate
from the gas mixture in step 120. In one embodiment, the
doped amorphous silicon film 1s deposited at a film thickness
from about 100 A to about 1,000 A. In one embodiment, the
crystalline silicon substrate 1s p-type, and the amorphous
silicon film 1s n-doped. In one embodiment, a phosphorous-
doped amorphous silicon film 1s deposited on the first surface
of the crystalline silicon substrate from the gas mixture 1n step
120. In an alternate embodiment, the crystalline silicon sub-
strate 1s n-type, and the amorphous silicon film 1s p-doped.

[0030] Optionally, at step 140, a dielectric capping layer
with desired anti-reflection and diffusion barrier properties 1s
deposited over the doped amorphous silicon layer. In one
embodiment, the dielectric capping layer 1s deposited a film
thickness of about 900 A. In one embodiment, a layer of
s1licon nitride (SiN) 1s deposited by the same or a different
vacuum deposition chamber. In one embodiment, a silicon
nitride layer 1s deposited from a mixture of silicon-containing,
gas and one or more nitrogen containing gases. Silicon-con-
taining gases may include silane, disilane, tetratluorosilane,
or the like. The one or more nitrogen-containing gases may
include ammonia (NH,), nitrous oxide (N,O), mitric oxide
(NO), nitrogen gas (N, ), combinations thereof, or derivatives
thereol. The one or more nitrogen-contaiming gas can be
delivered at a flow rate of about 5 sccm or higher. Hydrogen-
containing gases, such as hydrogen gas, may also be included
for depositing the dielectric capping layer to improve film
surface properties.

[0031] Atstep 150, heat is applied to a second surface of the
crystalline silicon substrate, which 1s on the opposite side of
the substrate from the side on which the doped amorphous
silicon layer was deposited. The heat may be applied 1n any
manner such that the application of heat 1s controlled and
limited to being supplied to the second surface of the sub-
strate. In one embodiment, heat 1s applied to the second
surface of the substrate in a rapid thermal processing (R1P)
chamber. In one example, heat 1s applied to the second surface
of the crystalline silicon substrate at a suitable temperature,
such as between about 750° C. and about 1,200° C., and over
a suitable period of time, such as between about 5 seconds and
about 30 seconds, across the silicon substrate to form the
desired depth of the p-n junction and the desired dopant

profile. In one embodiment, the RTP chamber 1s a VANTAGE
RADIANCE™ Plus RTP chamber, which 1s available from
Applied Matenials Inc. of Santa Clara, Calif. However, 1t 1s
contemplated that other processing chambers such as a rapid
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thermal annealing (RTA) chamber, an annealing chamber, a
tube furnace or belt furnace chamber may also be used to
practice the mvention.

[0032] In one embodiment, a temperature of about 1,000°
C. 1s applied to the second side of the substrate for a period of
approximately 30 seconds. In one embodiment, a temperature
of about 1,000° C. 1s applied to the second side of the sub-
strate for a period of approximately 120 seconds. In one
embodiment, a temperature of about 950° C. 1s applied to the
second side of the substrate for a period of approximately 120
seconds.

[0033] In one embodiment, the heating step 1s performed
such that a temperature gradient 1s created between the sec-
ond surface and the first surface of the crystalline silicon
substrate, so that a temperature of an interface between the
doped amorphous silicon film and the crystalline silicon sub-
strate 1s higher than a temperature of a point 1n the doped
amorphous silicon film that 1s distance from the interface
between the doped amorphous silicon film and the crystalline
silicon substrate. In one embodiment, the application of the
temperature gradient for the short time period is suilicient to
cause the amorphous silicon to crystallize starting at the inter-
tace with the crystalline silicon substrate and continuing out-
wards to the outer surface of the doped amorphous silicon
layer. Thus, directional solid phase crystallization takes
place. As this crystallization occurs, the doped amorphous
s1licon assumes the same grain structure as that of the under-
lying crystalline silicon substrate.

[0034] Additionally, 1n one embodiment, the application of
the temperature gradient for a controlled time period causes
the dopant to diffuse mto the original crystalline substrate,
resulting 1n a desired dopant profile with a higher concentra-
tion of dopant remaiming at the junction with the dielectric
surface and a lower concentration of dopant at the p-n junc-
tion, which 1s advantageous since having lower doping profile
near the p-n junction 1s important for optimizing the minority
carrier lifetime in the vicinity of the p-n junction.

[0035] In one embodiment, the amorphous silicon 1s phos-
phorous-doped (n-type) and the crystalline silicon substrate 1s
p-type. In this embodiment, a p-n junction 1s formed as a
result of epitaxial conversion of the deposited amorphous
silicon material. In one embodiment, the depth of the p-n
junction 1s controlled by altering the level of doping 1n the
deposited amorphous silicon layer since the doping atoms
diffuse into the p-type substrate during the directional solid
phase crystallization. In one embodiment, the depth of the p-n
junction 1s controlled by controlling the thickness of doped
amorphous silicon layer, the annealing temperature, and/or
the annealing time.

[0036] FIG. 21saschematic, cross-sectional representation
of a plasma-enhanced chemical vapor deposition (PECVD)
chamber 200, which may be used 1n carrying out deposition
processes according to certain embodiments of the invention.
In one embodiment, the chamber 200 includes a plurality of
walls enclosing a processing area 240. The processing area
240 may be evacuated by a vacuum pump 222 as known in the
art. A support 224 upon which a plurality of crystalline silicon
substrates 226, 228, and 230 may be placed 1s disposed 1n the
processing area. As shown in FIG. 2, the substrates 226, 228,
and 230 are positioned horizontally on the support 224. Thus,
only the first surfaces 244,246, 248 are exposed to the process
arca 240. The support 224 1s provided with one or more
heating element 224A that are embedded therein and con-
nected to an electrical power source 232 to heat the substrates
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226, 228, 230 to a temperature required for PECVD within
the chamber 200. In one embodiment, the heating element
224A 1s a resistive heating element, or a tungsten halogen
lamp, which provides sulficient energy to thermally process
the substrate, for example, heating the substrates 226, 228,
230 deposited on the support 224 to a desired temperature. As
will be discussed below, in one embodiment, the heating 1s
accomplished by applying heat at a suitable temperature for a
suitable period of time to form a temperature gradient across
the silicon substrates 226, 228, 230 from one side where the
heating element 1s located to the other side on which the
amorphous silicon film 1s deposited. A precursor supply
source 234 1s connected to a conduit 236 for conveying the
appropriate compounds to a showerhead 238. The shower-
head 238 distributes the precursor compounds throughout the
processing area 240 of the chamber 200. The precursor com-
pounds may be energized into plasma within the processing
area 240 by the application of RF power to the showerhead
238 from a power source 242. Typically, the support 224 1s
clectrically grounded. The plasma produces 1ons within the

process area 240 then cause an amorphous silicon film to be
deposited upon the first surfaces 244, 246, 248 the substrates
226, 228, 230. For a more detailed 1llustration and explana-
tion of one embodiment of a PECVD usetul for carrying out
embodiments of the invention, reference 1s made to U.S. Pub.
No.2006/0060138 A1, now U.S. Pat. No. 7,429,410, which 1s
incorporated 1n 1ts entirety herein. It 1s also contemplated that
other processing chambers, such as a high-density plasma
CVD tool, hot wire chemical vapor deposition (HWCVD)
chambers or atomic layer deposition (ALD) chambers, may
also be used to practice the invention. In one embodiment, the

chamber 200 1s an AKT® series PECVD chamber available
from Applied Matenals, Inc., located 1n Santa Clara, Calif.

[0037] In one embodiment, plasma deposition within the
chamber 200 continues for a period of time suflicient to
deposit a layer of doped amorphous silicon on the substrate
surfaces 244, 246, 248. In one embodiment, the layer of
doped amorphous silicon 1s deposited at a film thickness from
about 100 A to about 1,000 A. In one embodiment, the layer
of amorphous silicon 1s heavily doped with phosphorous. In
one embodiment, the layer of amorphous silicon 1s doped
with phosphorous to a concentration of about 1.5x10°
atoms/cm”.

[0038] Inoneembodiment, after the doped amorphous sili-
con 1s deposited, a dielectric layer 1s deposited thereover 1n
the same chamber 200 or 1n a different but similarly config-
ured chamber. In one embodiment, the dielectric layer 1s a
s1licon nitride layer deposited at a film thickness of about 900
A. In one embodiment, a single layer of silicon nitride is
deposited onto the doped amorphous silicon layer. In one
embodiment, multiple layers of silicon mitride are deposited
onto the doped amorphous silicon layer. In the embodiment
where the dielectric layer 1s multiple layers of silicon nitride
structure, the dielectric layer can be deposited with the high
dopant concentration containing layer being adjacent or next
to the doped amorphous silicon layer, while the majority of
the SiN film has a dopant concentration that offers the best
anti-reflection properties. In one embodiment, the dielectric
layer deposited on the amorphous silicon layer has dopant
concentration that 1s greater than one or more of the dielectric
layers deposited thereon. In another embodiment, the dielec-
tric layer deposited on the amorphous silicon layer has dopant
concentration that 1s greater than all of the dielectric layers
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deposited thereon. In one embodiment, the dielectric layer 1s
a dielectric capping layer 270, which 1s discussed below.

[0039] FIG. 3 1s a schematic, cross-sectional view of a

chamber 300 for heating the second surfaces 250, 252, 254 of

the silicon substrates 226, 228, 230 illustrated in FIG. 2. In
one embodiment, the chamber 300 1s a rapid thermal process-
ing (RTP) chamber within which the application of the heat 1s
controlled. In FIG. 3 only a single substrate 226 1s shown for
clarity. In one embodiment, the crystalline substrate 226 has
a doped amorphous silicon layer 260 deposited thereover. In
one embodiment, the doped amorphous silicon layer 260 has
a dielectric capping layer 270 deposited thereover.

[0040] Inoneembodiment, the dielectric capping layer 270
1s a silicon oxide layer (810, ), silicon nitride (S1N) or silicon
oxynitride (S10N) layer that 1s primarily formed on the doped
amorphous silicon layer 260 of a silicon contaiming substrate.
In another embodiment, the dielectric capping layer 270 1s a
silicon oxide layer formed on the amorphous silicon layer
260. In one example, the dielectric capping layer 270 forma-
tion process 1s performed at a temperature greater than about
800° C., and creates a thermal gradient in the amorphous
s1licon layer 260. The silicon oxide containing dielectric cap-
ping layer 270 may be formed using a conventional thermal
oxidation process, such a furnace annealing process, a rapid
thermal oxidation process, an atmospheric pressure or low
pressure CVD process, a plasma enhanced CVD process, a
PVD process, hot wire CVD or applied using a sprayed-on,
spin-on, roll-on, screen printed, or other similar type of depo-
sition process. In one embodiment, the dielectric capping
layer 270 formation process comprises providing a nitrogen
(N,) rich and/or an oxygen (O,) containing gas ifrom a gas
source 1nto the processing region of a processing chamber to
oxidize and consume at least a portion of the amorphous
silicon layer 260. In one embodiment, the gas source 1s con-
tamned within the precursor supply source 234, which 1s
described above. In one embodiment, the process of deposit-
ing an amorphous silicon layer 260 on a crystalline substrate,
the formation of the dielectric capping layer 270 over the
amorphous silicon layer 260 and process of crystallizing the
amorphous silicon layer are all performed 1n a single process-
ing chamber (e.g., chamber 300). In one embodiment, the
dielectric capping layer 270 formation process 1s performed
in a separate processing chamber that 1s similarly configured
as the chamber 300 shown in FIG. 3. In one configuration, a
first processing chamber, which 1s configured to form an
amorphous silicon layer on a substrate, 1s transierrably
coupled to a second processing chamber, which 1s adapted to
form the dielectric capping layer over the formed amorphous
s1licon layer, by use of a robotic device (e.g., SCARA robot).
In one embodiment, the first and second processing chambers
are each connected to a central transfer chamber (not shown)
that has a robotic device (not shown) and pump (not shown)
that are used 1n combination to transier one or more substrates
between the first and second processing chambers 1n an inert
gas containing and/or vacuum pressure environment. In
another embodiment, a processing system (not shown) com-
prises a {irst processing chamber that 1s configured to deposit
amorphous silicon layer 260 on a crystalline substrate, a
second processing chamber that 1s configured to form the
dielectric capping layer 270 over the amorphous silicon layer
260 and a third processing chambers that 1s configured to
perform a crystallization process (e.g., step 150), where each
of the processing chambers are connected to a central transter
chamber (not shown) that has a robotic device (not shown)
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and pump (not shown) that are used 1n combination to transfer
one or more substrates between the first, second and third
processing chambers 1n an 1inert gas containing and/or
vacuum pressure environment. An example of a central trans-
fer chamber and processing system that may be adapted to
perform one or more of the processes and/or accept one or
more of the processing chambers described herein 1s further
disclosed in the commonly assigned 1ssued U.S. Pat. Nos.

5,186,718 and 6,440,261, which are both incorporated by
reference herein in their entirety.

[0041] In one embodiment, one or more heating elements
355A are located under the second surfaces of the silicon
substrates 226, 228, 230, providing heat 355 to the second
surface of the silicon substrates 226, 228, 230 that 1s opposite
to the first surface, such as second substrate surfaces 250, 252,
254 1llustrated 1n FIG. 2. In one embodiment, the heating
clements 355A are connected to a lamp controller 3558 that
1s used to control desired heating parameters during the pro-
cess. In one embodiment, the heating element 355A 1s a IR
heating lamp, or a tungsten halogen lamp which provides

suificient energy to thermally process the substrate. In one
example, the heating element 355 A 1s configured to heat the
second surface of the crystalline silicon substrates 226, 228,
230, which 1s on the opposite side of the substrate from the
side on which the doped amorphous silicon layer 1s deposited,
thereby creating a temperature gradient across the silicon
substrates 226, 228, 230, that 1s, from the second surface
where the heating element 1s located to the first surface of the
substrate on which the amorphous silicon film 1s deposited. In
one embodiment, the heat 355 1s applied to the second surface
250 of the silicon substrate 226 at a temperature of about 750°
C. to about 1,200° C. for a time period of about 5 seconds to
about 30 seconds. In one embodiment of the invention, the
heat 355 1s applied to the second substrate surface 250 at a
temperature ol about 1,000° C. for a period of about 30
seconds. In one embodiment, the heat 335 1s applied to the
second substrate surface 250 at a temperature of about 930°
C. for a time period of about 120 seconds. In one embodi-
ment, the heat 355 1s applied to the second substrate surface
250 at a temperature of about 1,000° C. for a time period of
about 120 seconds.

[0042] It should be noted that the first surface of the sub-

strate described herein 1s referring to the surface of the sub-
strate that has the amorphous silicon film deposited thereon,
such as first surfaces 244, 246, 248 shown 1n FIG. 2. In one
embodiment, the second surface of the substrate 1s a surface
of the substrate that 1s generally parallel and opposite to the
first surface of the substrate. In addition, the heating element
355A (FIG. 3) or 224A (FIG. 2) 1s generally used to create a
temperature gradient between the first surface and the second
surface of the substrate, such that a temperature of an inter-
face between the doped amorphous silicon film and the crys-
talline silicon substrate 1s higher than a temperature of a point
in the doped amorphous silicon film that 1s distance from the
interface between the amorphous silicon film and the crystal-
line silicon substrate.

[0043] In one embodiment, the application of heat 355 to
the second surface 250 of the substrate 226 creates a tempera-
ture gradient between the second surface 250 of the substrate
226 and a first surface 264 of the doped amorphous silicon
layer deposited thereover. In one embodiment, the tempera-
ture gradient 1s between about 2° C. and 10° C. In one
example, the temperature gradient 1s about 5° C.
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[0044] In one embodiment, the application of heat 355 at a
high temperature for a short time period of causes the amor-
phous silicon layer 260 to crystallize commencing at the first
surface 244 of the substrate 226 and progressing upwardly to
the first surface 264 of the amorphous silicon layer 260. As
this directional crystallization occurs, the atoms of silicon
which were amorphous assume the grain structure of the
crystalline silicon substrate 226.

[0045] In one embodiment, the application of heat 355 at a
high temperature for a short time period causes the dopant
concentration to remain high at the first surface 264 of the
amorphous silicon layer 260 and diffuse mto the original
crystalline substrate 226, establishing a p-n junction at a
desired depth 1n the substrate 226.

[0046] FIG. 4 1s a schematic, cross-sectional view of a
crystalline silicon substrate 470 with a solid phase epitaxial
film generated from a doped amorphous silicon film 472
thereon with a dielectric capping layer 490 deposited there-
over fabricated according to one embodiment of the mven-
tion. As previously described, the resulting crystalline struc-
ture has a consistent grain structure throughout. For instance,
if an original silicon substrate 470 1s a single crystal substrate,
then the epitaxially-grown, converted amorphous silicon film
4’72 1s a single crystal material having the same grain structure
as that of the original substrate 470.

[0047] During the directional solid phase crystallization of
phosphorous-doped amorphous silicon, phosphorous atoms
diffuse nto the p-type substrate 470. Thus, 11 the amorphous
silicon {ilm, as deposited, extends from a first surface 476 of
the amorphous silicon film to a first surface 478 of the silicon
substrate 470, then upon conversion of the amorphous silicon
material, the phosphorous atoms diffuse into the substrate
4’70 to a depth 474 to form a p-n junction. Thereby a region
480, which 1s a heavily doped n-type region, 1s provided on
the p-type single crystal substrate 470.

Example 1

[0048] In one example, a 100 A thick amorphous silicon
film was deposited via plasma enhanced chemical vapor
deposition onto a crystalline silicon substrate with a phospho-
rous doping concentration of 1.5x10%" atoms/cm”. A 900 A
thick silicon nitride film was then deposited over the phos-
phorous doped amorphous silicon film 1n the same chamber.
The resulting structure was annealed via RTP at 950° C. for
120 seconds 1n a nitrogen environment. The phosphorous
concentration in contact with the silicon nitride layer
remained heavily doped. The phosphorous 1in contact with the
crystalline substrate diffused into the substrate resulting in a
p-n junction depth of 900 A. The resulting structure had a
dopant profile with a high concentration of dopant collected
at the interface between the silicon, nitride layer and the
s1licon layer decreasing to a lower concentration of dopant at
the p-n junction.

Example 2

[0049] In another example, a 100 A thick amorphous sili-
con {1lm was deposited via plasma enhanced chemical vapor
deposition onto a crystalline silicon substrate with a phospho-
rous doping concentration of 1.5x10*! atoms/cm’. A 900 A
thick silicon nitride film was then deposited over the phos-
phorous doped amorphous silicon film 1n the same chamber.
The resulting structure was annealed via RTP at 1,000° C. for
120 seconds 1n a nitrogen environment. The phosphorous
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concentration in contact with the silicon nitride layer
remained heavily doped. The phosphorous 1n contact with the
crystalline substrate diffused into the substrate resulting in a
p-n junction depth of 1,350 A. The resulting structure had a
dopant profile with a high concentration of dopant collected
at the interface between the silicon nitride layer and the sili-
con layer decreasing to a lower concentration of dopant at the
p-n junction.

[0050] Although the invention has been described 1n accor-
dance with certain embodiments and examples, the invention
1s not meant to be limited thereto. For instance, the PECVD
process described herein can be carried out using other
chemical vapor deposition (CVD) chambers, adjusting the
gas flows, pressure, plasma density, and the temperature so as
to obtain high quality amorphous films at practical deposition
rates. Additionally, embodiments of the mvention may be
carried out via hot wire chemical vapor deposition
(HWCVD), low pressure chemical vapor deposition
(LPCVD), or physical vapor deposition (PVD). Furthermore,
embodiments of the invention include scaling up or scaling
down any of the process parameters or variables as described
herein according to the number of substrates being utilized,
chamber conditions, chamber sizes, and the like.

[0051] Additionally, the directional heating technique
described herein 1s not limited to rapid thermal processing.
Other methods of subjecting a substrate to a temperature
gradient may be used as well.

[0052] While the foregoing is directed to embodiments of
the invention, other and further embodiments of the invention
may be devised without departing from the basic scope
thereol, and the scope thereof 1s determined by the claims that
follow.

1. A system for heat treating a substrate, comprising:

a {irst processing chamber having a first processing region
coupled with a first precursor source assembly, wherein
the first precursor source assembly 1s coupled with a
source of a silicon precursor gas and a source of a phos-
phorus precursor gas and 1s positioned to deliver the
s1licon precursor gas and the phosphorus precursor gas
to a substrate supporting surface of a substrate support
within the first processing region;

a second processing chamber having a second processing,
region coupled with a second precursor source assem-
bly, wherein the second precursor source assembly 1s
coupled with a source of an oxygen precursor gas and 1s
positioned to deliver the oxygen precursor gas to a sub-
strate supporting surface of a substrate support within
the second processing region; and

a third processing chamber having a third processing
region and configured to form a temperature gradient
across a crystalline silicon substrate and an amorphous
silicon film disposed on the crystalline silicon substrate
during a solid phase crystallization process within the
third processing region, wherein the temperature gradi-
ent has a temperature at a lower surface of the crystalline
s1licon substrate greater than a temperature at an upper
surface of the amorphous silicon film and the tempera-
ture gradient 1s within a range from about 2° C. to about
10° C.

2. The system of claim 1, further comprising;:

a central transfer chamber coupled with the first processing,
chamber, the second processing chamber, and the third
processing chamber; and
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a robotic device disposed within the central transier cham-
ber.

3. The system of claim 1, wherein the first precursor source
assembly 1s positioned to deliver the silicon precursor gas and
the phosphorus precursor gas to an upper surface of a crys-
talline silicon substrate disposed on the substrate supporting
surface of the substrate support within the first processing
region.

4. The system of claim 3, wherein the second precursor
source assembly 1s positioned to deliver the oxygen precursor
gas to an upper surface of an amorphous silicon film disposed
on the crystalline silicon substrate disposed within the second
processing region.

5. A system for heat treating a substrate, comprising:

a first processing chamber having a {irst processing region
coupled with a precursor source assembly, wherein the
precursor source assembly 1s configured to deliver a
s1licon containing gas to an upper surface of a crystalline
silicon substrate disposed within the first processing
region to form an amorphous silicon film on the upper
surface; and

a substrate support having a substrate supporting surface
and a heating element positioned adjacent to the sub-
strate supporting surface, wherein the substrate support-
ing surface 1s configured to support alower surface of the
crystalline silicon substrate and the heating element 1s
configured to heat the crystalline silicon substrate to a
temperature suilicient to crystallize the amorphous sili-
con {ilm by solid phase crystallization and to create a
temperature gradient 1n which a temperature at the lower
surface of the crystalline silicon substrate 1s greater than
a temperature at the upper surface of the amorphous
silicon film and the temperature gradient 1s within a
range from about 2° C. to about 10° C.

6. The system of claim 5, wherein the substrate support 1s
positioned to heat the crystalline silicon substrate disposed
within the first processing region and the temperature gradi-
ent 1s about 5° C.

7. The system of claim 5, wherein the heating element 1s
coniigured to heat the lower surface of the crystalline silicon
substrate to a temperature within a range from about 750° C.
and about 1,200° C. for a time period within a range from
about 5 seconds to about 30 seconds.

8. The system of claim 3, wherein the precursor source
assembly 1s further configured to deliver a phosphorus con-
taining gas to the upper surface of a crystalline silicon sub-
strate disposed within the first processing region.

9. The system of claim 5, further comprising a second
processing chamber having a second processing region,
wherein the substrate support 1s positioned to heat the crys-
talline silicon substrate disposed within the second process-
Ing region.

10. The system of claim 5, further comprising a second
processing chamber having a second processing region
coupled with an oxygen source, wherein the oxygen source 1s
configured to deliver an oxygen containing gas to the crystal-
line silicon substrate disposed within the second processing
region.

11. The system of claim 10, further comprising a central

transier chamber coupled between the first processing cham-
ber and the second processing chamber.

12. The system of claim 11, further comprising a robotic
device disposed within the central transfer chamber.
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13. The system of claim 10, further comprising a third
processing chamber having a third processing region and
containing the substrate support positioned to heat the crys-
talline silicon substrate disposed within the third processing,
region.

14. The system of claim 10, further comprising a third
processing chamber having a third processing region and a
robotic device transterrably coupled with the first processing,
chamber, the second processing chamber, and the third pro-
cessing chamber.

15. The system of claim 10, further comprising a third
processing chamber having a third processing region and a
central transfer chamber coupled with the first processing
chamber, the second processing chamber, and the third pro-
cessing chamber

16. The system of claim 5, further comprising;:

a second processing chamber having a second processing,
region coupled with an oxygen source, wherein the oxy-
gen source 1s adapted to deliver an oxygen containing
gas to the upper surface of the crystalline silicon sub-
strate disposed within the second processing region;

a third processing chamber having a third processing
region and the heating element 1s positioned to heat the
crystalline silicon substrate disposed within the third
processing region; and

a robotic device transierrably coupled with the first, sec-
ond, and third processing chambers.

17. A system for heat treating a substrate, comprising:

a {irst processing chamber having a first processing region
coupled with a precursor source assembly, wherein the
precursor source assembly 1s configured to deliver a
silicon containing gas to a upper surface of a substrate
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disposed within the first processing region to form an
amorphous silicon film on the upper surface; and

a substrate support having a substrate supporting surface
and a heating element positioned adjacent to the sub-
strate supporting surface, wherein the substrate support-
ing surtace 1s configured to support the lower surface of
a substrate, and the heating element 1s configured to heat
the substrate to a temperature suificient to crystallize the
amorphous silicon film disposed on the upper surface.

18. The system of claim 17, wherein the substrate support
1s positioned to heat a substrate disposed within the first
processing region.

19. The system of claim 17, further comprising a second
processing chamber having a second processing region and
the substrate support, wherein the heating element 1s posi-
tioned to heat a substrate disposed within the second process-
ing region, and the first and second processing chambers are
transierrably coupled by a robotic device.

20. The system of claim 17, further comprising;

a second processing chamber having a second processing,
region coupled with an oxygen source, wherein the oxy-
gen source 1s adapted to deliver an oxygen containing,
gas to a surface of a substrate disposed within the second
processing region;

a third processing chamber comprising a third processing,
region and the heating element i1s positioned to heat a
substrate disposed within the third processing region;
and

a robotic device transierrably coupled with the first, sec-
ond, and third processing chambers.
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