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METHODS AND APPARATUS FOR DEPOSITING
A MICROCRYSTALLINE SILICON FILM FOR
PHOTOVOLTAIC DEVICE

BACKGROUND OF THE DISCLOSURE

Field of the Invention

[0001] The present invention relates to methods and apparatus for

depositing microcrystalline silicon film for photovoltaic devices.

Description of the Background Art

[0002] Photovoltaic devices (PV) or solar cells are devices which convert
sunlight into direct current (DC) electrical power. PV or solar cells typically
have one or more p-n junctions. Each junction comprises two different regions
within a semiconductor material where one side is denoted as the p-type region
and the other as the n-type region. When the p-n junction of the PV cell is
exposed to sunlight (consisting of energy from photons), the sunlight is directly
converted to electricity through the PV effect. PV solar cells generate a specific
amount of electric power and cells are tiled into modules sized to deliver the
desired amount of system power. PV modules are created by connecting a
number of PV solar cells and are then joined into panels with specific frames
and connectors.

[0003] Microcrystalline silicon film (pc-Si) is one type of film being used to
form PV devices. However, a production worthy apparatus and process has yet
to be developed to be able to provide PV devices at low cost. For example,
insufficient crystallinity of the silicon film may cause incomplete formation and
fraction of the film, thereby reducing the conversion efficiency in a PV solar cell.
Additionally, conventional deposition processes of microcrystalline silicon film
(uc-Si), have slow deposition rates, which disadvantageously reduce
manufacturing throughput and increase production costs.

[0004] Therefore, there is a need for an improved method for depositing a

microcrystalline silicon film.
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SUMMARY OF THE INVENTION

[0005] The present invention provides methods for depositing a

microcrystalline silicon layer with improved deposition rate greater than about
20 nm per minute suitable for use in a PV solar cell. The microcrystalline silicon
film is deposited with improved deposition rate and good film qualities. In one
embodiment, the method includes providing a substrate having a surface area
greater than 1 square meters in a process chamber, flowing a gas mixture
including a silane-based gas and H, gas into the process chamber, maintaining
a plasma formed from the gas mixture in the process chamber, and depositing a
microcrystalline silicon film on the substrate at a deposition rate greater than
about 20 nm per minute, wherein the microcrystalliine silicon film has a
crystallized volume between about 20‘ percent to about 80 percent.

[0006] In another embodiment, the method for depositing a microcrystalline
silicon film includes providing a substrate having a surface area greater than
about 1 square meters in a process chamber, flowing a gas mixture including a
silane-based gas and H, gas into the process chamber, wherein the silane
based gas at a flow rate at least about 0.2 sim/m? and H, gas at a flow rate at
least about 10 sim/m?, controlling the substrate temperature at a range between
about 100 degrees Celsius to about 400 degrees Celsius, maintaining the
process pressure at a range greater than about 3 Torr, applying a RF power
density at least about 100 mWatts/cm, to form a plasma from the gas mixture,
and depositing a microcrystalline silicon film on the substrate at a deposition
rate greater than about 20 nm per minute, wherein the microcrystalline silicon
film has a crystallized volume between about 20 percent to about 80 percent
and a hydrogen content between about 0.1 atomic percentage and about 20
atomic percentage.

[0007] In yet another embodiment, the method for manufacturing a silicon
based photoelectric converter includes providing a substrate in a process
chamber, forming a photoelectric converter on the substrate. The photoelectric
converter comprises depositing a p-type semiconductor layer on the substrate,
depositing an i-type semiconductor layer by a microcrystalline silicon film on the
substrate at a deposition rate greater than about 20 nm per minute by a CVD

process, wherein the microcrystalline silicon film has a crystallized volume
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between about 20 percent to about 80 percent, and depositing a n-type
semiconductor layer on the microcrystalline silicon film.

[0008] In still another embodiment, the method of manufacturing a silicon
based photoelectric conventer includes providing a substrate on a substrate
support assembly disposed in a process chamber, flowing a gas mixture
including a silane-based gas and H, gas through a gas distribution plate into the
process chamber, wherein the gas distribution plate comprises a diffuser having
a curvature surface, maintaining a spacing between the substrate support
assembly and the gas distribution plate, maintaining a plasma formed from the
gas mixture in the process chamber, and depositing a microcrystalline silicon
film on the substrate at a deposition rate greater than about 20 nm per minute,
wherein the microcrystalline silicon film has a crystallized volume between
about 20 percent to about 80 percent.

[0009] In still another embodiment, the method of manufacturing a silicon
based photoelectric converter includes providing a substrate on a substrate
support assembly disposed in a process chamber, wherein the substrate
support assembly includes cooling channels embedded therein, forming a
photoelectric converter on the substrate by depositing a microcrystalline silicon
film as an iype semiconductor layer disposed between a p-type
semiconductor layer and a n-type semiconductor layer, wherein the
microcrystalline silicon film is deposited by a gas mixture supplied from a

diffuser having a curvature surface.

BRIEF DESCRIPTION OF THE DRAWINGS

[oo10] So that the manner in which the above recited features of the present

invention are attained and can be understood in detail, a more particular
description of the invention, briefly summarized above, may be had by
reference to the embodiments thereof which are illustrated in the appended
drawings.

[0011] Figure 1 depicts a schematic cross-sectional view of one embodiment

of a process chamber in accordance with the invention;
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[0012] Figure 2 depicts an exemplary cross sectional view of a crystalline
silicon-based thin film PV solar cell in accordance with one embodiment of the
present invention;

[0013] Figure 3 depicts an exemplary cross sectional view of a tandem type
PV solar cell 300 in accordance with one embodiment of the present invention;
[0014] Figure 4 depicts an exemplary cross sectional view of a triple junction
PV solar cell in accordance with one embodiment of the present invention;

[0015] Figure 5A is a cross sectional view of a diffuser having a concave
horizontal profile; and

[0016] Figure 5B is a cross sectional view of a diffuser having a convex
horizontal profile.

[0017] To facilitate understanding, identical reference numerals have been
used, where possible, to designate identical elements that are common to the
figures. It is contemplated that elements and features of one embodiment may
be beneficially incorporated in other embodiments without further recitation.
[0018] It is to be noted, however, that the appended drawings illustrate only
exemplary embodiments of this invention and are therefore not to be considered
limiting of its scope, for the invention may admit to other equally effective

embodiments.

DETAILED DESCRIPTION

[0019] The present invention provides methods for depositing a

microcrystalline silicon layer. Certain embodiments of the present invention
provides a microcrystalline deposition process with improved deposition rate
greater than about 20 nm per minute suitable for use in a PV solar cell. In
certain embodiment, the microcrystalline silicon film layer has a crystallized
volume between about 20 percent to about 80 percent. In certain embodiments,
the microcrystalline silicon film has a hydrogen content between about 0.1
atomic percentage and about 20 atomic percentage. In certain embodiment, the
microcrystalline silicon film has a crystal orientation plane (220) parallel to the
surface of the film and an intensity ratio of the (111) diffraction peak relative to
the (220) diffraction peak in X-ray diffraction between about 2 and about 0.1. In

certain embodiments, the process for depositing the microcrystalline silicon
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layer utilizes a plasma formed from a gas mixture that includes a silane-based
gas and H, gas.

[0020] Figure 1 is a schematic cross-sectional view of one embodiment of a
plasma enhanced chemical vapor deposition system 100 in which the invention
may be practiced. One suitable plasma enhanced chemical vapor deposition
(PECVD) system is available from AKT, Inc., a subsidiary of Applied Materials,
Inc., Santa Clara, California. It is contemplated that other plasma processing
chambers, including those from other manufactures, may be utilized to practice
the present invention.

[0021] The system 100 generally includes a processing chamber body 102
having walls 110 and a bottom 111 that partially define a process volume 180.
The process volume 180 is typically accessed through a port and/or a valve 106
to facilitate movement of a substrate 140, such as a solar cell glass substrate,
stainless steel substrate, or plastic substrate, semiconductor substrate, or other
suitable substrate, into and out of the processing chamber body 102. The
chamber 100 supports a lid assembly 118 surrounding a gas inlet manifold 114
that consists of a cover plate 116, a first plate 128 and a second plate 120. In
one embodiment, the first plate 128 is a backing plate, and the second plate
120 is a gas distribution plate, for example, a diffuser. A vacuum pump 129 is
disposed on the bottom of the chamber body 102 to maintain the chamber 100
at a desired pressure range. Optionally, the walls 110 of the chamber 102 may
be protected by covering with a liner 138, such as a ceramic material, anodizing
or other protective coating to prevent damage during processing.

[0022] The diffuser 120 may have a substantial planar surface adapted to
provide a plurality of orifices 122 for a process gas or gasses from a gas source
105 coupled to the chamber body 102. The diffuser 120 is positioned above the
substrate 140 and suspended vertically by a diffuser gravitational support 115.
In one embodiment, the diffuser 120 is supported from an upper lip 155 of the
lid assembly 118 by a flexible suspension 157. The flexible suspension 157 is
disclosed in detail by U.S. Patent No. 6,477,980, which issued November 12,
2002 with the title “Flexibly Suspended Gas Distribution Manifold for A Plasma
Chamber”. The flexible suspension 157 is adapted to support the diffuser 120

from its edges to allow expansion and contraction of the diffuser 120.
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[0023] In one embodiment, the flexible suspension 157 may have different
configuration utilized to facilitate the expansion and contraction of the diffuser
120. In another embodiment, the flexible suspension 157 may be used with the
diffuser gravitational support 115 to facilitate the curvature of the diffuser 120.
For example, the diffuser 120 may have a concave surface contracted by the
diffuser gravitational support 115 and/or flexible suspension 157, as shown in
Figure 5A. Alternatively, the diffuser 120 may have a convex surface expanded
by the diffuser gravitational support 115 and/or flexible suspension 157, as
shown in Figure 5B. The surface configuration of the diffuser 120 is disclosed in
detail by U.S. Patent Publication No. 2006/0,060,138, filed September 20, 2004
by Keller et al, title “Diffuser Gravity Support.”

[0024] In the embodiment depicted in Figure 5A, the diffuser 120 has a
concave surface 502 having gradual changing distances between the curvature
surface 502 and the flat surface 504, thereby creating different process spacing
in the processing volume 180 to the substrate 140. The gradual transition of the
narrow spacing region above the edge of the substrate 140 to the slightly wider
spacing region above the center of the substrate 140 allows the substrate 140
being processing with different spacing. In another embodiment, the diffuser
120 may be configured to have planar surface, or convex surface, as shown in
Figure 5B, to facilitate different process conditions. The spacing between the
diffuser surface 132 and the substrate surface, as shown in Figure 1, is selected
and adjusted to enable the deposition process to be optimized over a wide
range of deposition conditions, while maintaining uniformity of film deposition. In
one embodiment, the spacing is controlled about 100 mils or larger, such as
between about 400 mils to about 1600 mils, such as betwéen about 400 mils
and about 1200 mils during processing.

[0025] The diffuser gravitational support 115 may supply a process gas to a
gas blocks 117 mounted on the support 115. The gas block 117 is in
communication with the diffuser 120 via a longitudinal bore 119, within the
support 115, and supplies a process gas to the plurality of passages 122 within
the diffuser 120. In one embodiment, one or more process- gasses travel
through the gas block 117, through the longitudinal bore 119, through angied

bores 119a, and are deposited in a large plenum 121 created between backing
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plate 128 and diffuser 120, and a small plenum 123 within the diffuser 120.
Subsequently, the one or more process gasses travel from the large plenum
121 and the small plenum 123 through the plurality of orifices 122 within the
diffuser 120 to create the processing volume 180 below the diffuser 120. In
operation, the substrate 140 is raised to the processing volume 180 and the
plasma generated from a plasma source 124 excites gas or gases to deposit
films on the substrate 140.

[0026] The plurality of orifices 122 may have different configurations to facilitate
different gas flow in the processing volume 180. In one embodiment, the orifices
122 may have flare openings having a diameter ranging between about 0.01
inch and about 1.0 inch, such as between about 0.01 inch and about 0.5 inch.
The dimension and density of the flare openings of the orifices 122 may be
varied across the surface of the diffuser 120. In one embodiment, dimension
and densities of the orifices 122 located in the inner (e.g., center) region of the
diffuser 120 may be higher than the orifices 122 located in the outer (e.g., edge)
region. Examples of orifice configurations and a diffuser that may be used in the
chamber 100 are described in commonly assigned U.S. Patent Publication No.
2005/0,251,990, filed July 12, 2004, by Choi et al., United States Patent No.
6,722,827, filed August 8, 2001 by Keller et al.; United States Patent No.
6,477,980, issued November 12, 2002 to White et al; United States Patent
Application Serial No. 11/173,210, filed July 1, 2005 by Choi et al; 10/337,483,
filed January 7, 2003 by Blonigan et al.; Publication No. 2005/0,255,257, filed
December 22, 2004 by Choi et al.; and Publication No. 2005/0,183,827, filed
February 24, 2004 by White et al.

[0027] A substrate support assembly 112 is generally disposed on the
bottom of the chamber body 102. The support assembly 112 is grounded such
that RF power, supplied by the plasma source 124, supplied to the diffuser 120
may excite gases, source compounds, and/or precursors present in the process
volume 180 as stated above. The RF power from the plasma source 124 is
generally selected commensurate with the size of the substrate 140 to drive the
chemical vapor deposition process.

[0028] In one embodiment, a RF power is applied to the diffuser 120 to

generate an electric field in the process volume 180. For example, a power
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density of about 100 mWatts/cm? or greater during film depositing. The plasma
source 124 and matching network (not shown) create and/or sustain a plasma
of the process gases in the process volume 180. Various frequencies of the RF
and VHF power may be used to deposit the silicon film. In one embodiment, a
RF and VHF power at a range between about 0.3 MHz and about 200 MHz,
such as about 13.56 MHz, or about 40 MHz, may be used. In another
embodiment, a RF power of about 13.56 MHz and a low frequency RF power of
about 350 KHz may be used. In yet another embodiment, a VHF power of about
27 MHz up to about 200 MHz may be utilized to deposit fiims with high
deposition rate.

[0029] The substrate support assembly 112 has a lower side 126 and an
upper side 108 adapted to support the substrate 140. A stem 142 is coupled to
the lower side 126 of the substrate support assembly 112 and connected to a lift
system (not shown) for moving the support assembly 112 between an elevated
processing position and a lowered substrate transfer position. The stem 142
provides a conduit for coupling electrical and thermocouple leads to the
substrate support assembly 112.

[0030] The substrate support assembly 112 includes a conductive body 194
having the upper side 108 for supporting the substrate 140 to dispose thereon.
The conductive body 194 may be made of a metal or metal alloy material. In
one embodiment, the conductive body 194 is made of aluminum. However,
other suitable materials can also be used. The substrate support assembly 112
is temperature controlled to maintain a predetermined temperature range during
substrate processing. In one embodiment, the substrate support assembly 112
includes one or more electrodes and/or heating elements 198 utilized to control
the temperature of the substrate support assembly 112 during processing. The
heating elements 198 controllably heat the substrate support assembly 112 and
the substrate 140 positioned thereon to a determined temperature range, e.g., a
set point temperature of about 100 degrees Celsius or higher. In an exemplary
embodiment, the heating elements 198 may include an inner heating element
embedded in the center portion of the substrate support assembly 112 and an
outer heating element embedded in the edge portion of the substrate support

assembly 112. As the outer edge of the substrate 140 may have a temperature
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lower than the center portion of the substrate 140 contributed by the plasma
distribution, the outer heating element is configured to maintain a temperature
slightly higher than the temperature of the inner heating element, such as higher
than 20 degrees Celsius, thereby maintaining the uniform temperature across
the substrate 140. It is contemplated that the temperature configuration of the
inner and outer heating element may be varied based on process requirement.
[0031] In another embodiment, the substrate support assembly 112 may
further include one ore more cooling channels 196 embedded within the
conductive body 194. The one or more cooling channels 196 are configured to
maintain temperature variation in the processing volume 180 within a
predetermined temperature range during processing, a temperature variation
less than 20 degrees Celsius. The cooling channels 196 may be fabricated from
metals or metal alloys which provide desired thermal conductivity. In one
embodiment, the cooling channels 196 are made of a stainless steel material.
[0032] In 'one embodiment, the temperature of the substrate support
assembly 112 that includes the heating elements 198 and cooling channels 196
embedded therein may control the substrate 140 disposed thereon processed
at a desired range that allow substrates with low melt point, such as alkaline
glasses, plastic and metal, to be ulilized in the present invention. In one
embodiment, the heating elements 198 and the cooling channels 196 may
maintain a temperature about 100 degrees Celsius or higher, such as between
about 150 degrees Celsius to about 550 degrees Celsius.

[0033] Figure 2 depicts an exemplary cross sectional view of a crystalline
silicon-based thin film PV solar cell 200 in accordance with one embodiment of
the present invention. The crystalline silicon-based thin film PV solar cell 200
includes a substrate 140. The substrate 140 may be thin sheet of metal, plastic,
organic material, silicon, glass, quartz, or polymer, among others suitable
materials. The substrate 140 may have a surface area greater than about 1
square meters, such as greater than about 2 square meters. An optional
dielectric layer (not shown) may be disposed between the substrate 140 and a
transmitting conducting oxide (TCO) layer 202. In one embodiment, the optional
dielectric layer may be a SION or silicon oxide (SiO,) layer. The transmitting

conducting oxide (TCO) layer 202 may include, but not limited to, at least one
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oxide layer selected from a group consisting of tin oxide (SnQO,), indium tin oxide
(ITO), zinc oxide (ZnO), or the combination thereof. The TCO layer 202 may be
deposited by a CVD process, a PVD process, or other suitable deposition
process.

[0034] A photoelectric conversion unit 214 is formed on the TCO layer 202.
The photoelectric conversion unit 214 includes a p-type semiconductor layer
204, a n-type semiconductor layer 208, and an intrinsic type (i-type)
semiconductor layer 206 as a photoelectric conversion layer. The p-type and n-
type semiconductor layers 204, 208 may be silicon based materials doped by
an element selected either from gfoup Il or V. A group Il element doped silicon
film is referred to as a p-type silicon film, while a group V element doped silicon
film is referred to as a n-type silicon film. In one embodiment, the n-type
semiconductor layer 208 may be a phosphorus doped silicon film and the p-type
semiconductor layer 204 may be a boron doped silicon film. The doped silicon
film includes an amorphous silicon film (a-Si), a polycrystalline film (poly-Si),
and a microcrystalline film (uc-Si) with a thickness between around 5 nm and
about 50 nm. Alternatively, the doped element in semiconductor layer 204, 208
may be selected to meet device requirements of the PV solar cell 200. The n-
type and p-type semiconductor layers 208, 204 may be deposited by a CVD
process or other suitable deposition process.

[0035] The i-type semiconductor layer 206 is a non-doped type silicon based
film. The i-type semiconductor layer 206 may be deposited under process
condition controlled to provide film properties having improved photoelectric
conversion efficiency. In one embodiment, the i-type semiconductor layer 206
includes i-type polyscrystalline silicon (poly-Si), or i-type microcrystalline silicon
film (uc-Si). The i-type crystalline silicon-based film 206 may be deposited in the
processing chamber 102 or other suitable processing chambers.

[0036] In the embodiment depicted in Figure 2, the i-type semiconductor
layer 206 is a microcrystalline silicon film (pc-Si) having a crystallized volume
between about 20 percent and about 80 percent, for example, greater than
about 50 percent. The substrate temperature during the deposition process is
maintained at a predetermined range. In one embodiment, the substrate

temperature is maintained at less than about 400 degrees Celsius so as to
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allow the substrates with low melt point, such as alkaline glasses, plastic and
metal, to be utilized in the present invention. In another embodiment, the
substrate temperature in the process chamber is maintained at a range
between about 100 degrees Celsius to about 400 degrees Celsius. In yet
another embodiment, the substrate temperature is maintained at a range about
150 degrees Celsius to about 400 degrees Celsius, such as 200 degrees
Celsius.

[0037] During processing, a gas mixture is flowed into the process chamber
102 and used to form a RF plasma and deposit the i-type pc-Si film 206. In one
embodiment, the gas mixture includes a silane-based gas and a hydrogen gas
(Ho). Suitable examples of the silane-based gas include, but not limited to,
mono-silane (SiH4), di-silane(Si;Hg), silicon tetrafluoride (SiFy), silicon
tetrachloride(SiCly), and dichlorsilane (SiH,Cl,), and the like. The gas ratio of
the silane-based gas and H, gas is maintained to control reaction behavior of
the gas mixture, thereby allowing a desired proportion of the crystallization, e.g.,
between about 20 percent and about 80 percent, of the formed silicon film. In
one embodiment, the silane-based gas is SiHs. The SiH; gas may be supplied
at a flow rate at least about 0.2 sim/m? and the H, gas may be supplied at a flow
rate at least about 10 sim/m® The gas mixture may have a H, gas flow
controlled greater than SiH4 gas flow. Alternatively, the gas mixture of SiH4 gas
and H, gas may be supplied at a ratio of SiH, to H, of between about 1:20 and
about 1:200, such as between about 1:80 and about 1:120, for example, about
1:100. Additionally, the process pressure is maintained at between about 1 Torr
to about 100 Torr, for example, about 3 Torr to about 20 Torr, such as greater
than 3 Torr.

[0038] Alternatively, one or more inert gases may be included with the gas
mixture provided to the process chamber 102. The inert gas may include, but
not limited to, noble gas, such as Ar, He, Xe, and the like. The inert gas may be
supplied to the processing chamber 102 at a flow ratio of inert gas to H, gas of
between about 1:10 and about 2:1.

[0039] A RF power is applied to maintain the plasma during deposition. In
one embodiment, the RF power density may be supplied at least about 100

mWatt/cm? to obtain a deposition rate greater than 20 nm per minute. The RF
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power is provided between about 100 kHz and about 100 MHz, such as about
350 kHz or about 13.56 MHz. Alternatively, a VHF power may be utilized to
provide a frequency up to between about 27MHz and about 200 MHz. In
embodiments where a high deposition rate is required, the RF power density
may be applied at a high power density greater than 300 mWatt/cm? to obtain a
deposition rate greater than 60 nm per minute, such as 100 nm per minute.
[0040] The spacing of the substrate to the gas distribution plate assembly
118 may be controlled in accordance with the substrate dimension. In one
embodiment, the processing spacing for a substrate greater than 1 square
meters is controlled between about 400 mils and about 1200 mils, for example,
between about 400 mils and about 800 mils, such as 500 mils.

[0041] To facilitate the deposition film quality of i-type pc-Si layer 206, a thin
layer prior to the i-type pc-Si film 206 deposition may be deposited and utilized
as a seed layer to provide better contact adhesion and interfacial qualities
between the p-type semiconductor layers 204 and the i-type uc-Si film 206 for
high quality and high fraction of microcrystalline phase formation. In one
embodiment, the seed layer may be deposited at a relatively low deposition
rate, such as less than 20 nm per minute, having a thickness between about 20
A and about 500A, such as between about 50 A and about 300A. The low
deposition rate of the seed layer may be controlled by a gas mixture having a
ratio of silane-based gas to H, between about 1:100 and about 1:20000, such
as between 1:200 and 1:1000, for example 1:500 with other process
parameters substantially similar as the i-type pc-Si layer 206 deposition. In
another embodiment, the i-type pc-Si film 206 deposition may include a two
step deposition process having a first step depositing the seed layer and a
second step depositing the bulk i-type pc-Si layer 206. The first step seed layer
deposition process has a relatively lower deposition rate, such as less than 10
nm per minute, controlled by a gas mixture having a ratio of silane-based gas to
H, between about 1:100 and about 1:2000, such as between 1:200 and 1:1000,
for example 1:500. The second step bulk i-type pc-Si layer 206 has a deposition
rate greater than 20 nm per minute as stated above to facilitate manufacture
throughout and cost. In yet another embodiment, the second step of bulk i-type

uc-Si layer 206 is grown by gradual change of H, gas ratio used to dilute the
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gas mixture, rending the deposited a desired graded film. For example, the
gradual change of Hy gas ratio for gas mixture dilution may be varied between
about 1:200 and about 1: 20 during the seed layer deposition period, thereby
rending the process starting from supplying a gas mixture with a relatively
higher H, dilution gas ratio to a gas mixture with relatively a lower H; dilution
gas ratio. As such, the fraction of microcrystalline phase may be controlled
within a desired thickness of pc-Si layer 206. The gradual change of H, dilution
gas ratio may be achieved by controlled digital mode or analog mode of H., gas
flow. In still another embodiment, the first step of seed layer may be deposited
as a portion of the p-type semiconductor layers 204.

[0042] The process gas mixture, process temperature, and RF power
described above provide an i-type silicon film 206 having an advantageous
crystalline structure. For example, small grained pc-Si film, e.g., about 20-30
nm, may be obtained while processing at a temperate of between about 150
degrees Celsius and about 350 degrees Celsius. Large grained poly-Si film,
e.g., greater than about 100 nm, may be obtained while processing at a
temperate of between about 350 degrees Celsius and about 600 degrees
Celsius. Accordingly, as the RF power is selected at a relative high range to
facilitate the deposition rate of the uc-Si film, a predetermined flow ratio of the
gas mixture is utilized to deposit the pc-Si film having a desired crystalline and
film property, thereby facilitating the PV solar cell working at desired
photoelectric conversion efficiency.

[0043] In one embodiment, the deposited i-type pc-Si film 206 is a
hydrogenated pc-Si film having a hydrogen content between about 0.1 atomic
percentage and about 20 atomic percentage, for example between about 1
atomic percentage and about 10 atomic percentage, such as less than 10
atomic percentage. The grains of the deposited i-type uc-Si film 206 have a
crystal orientation plane (220) parallel to the surface of the film and the intensity
ratio of the (111) diffraction peak relative to the (220) diffraction peak in X-ray
diffraction is between about 2 and about 0.1, for example, about iess than 1.0.
Additionally, the deposited i-type pc-Si film 206 may have a thickness between
about 500 nm and about 10 um, for example, about 1000 nm and about 5000

nm.
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[0044] Referring back to Figure 2, after the photoelectric conversion unit 214
is formed on the TCO layer 202, a backside electrode 216 is disposed on the
photoelectric conversion unit 214. In one embodiment, the backside electrode
216 may be formed by a stacked film that includes a transmitting conducting
oxide (TCO) layer 210 and a conductive layer 212. The conductive layer 212
may include, but not limited to, a metal layer selected from a group consisting of
Ti, Cr, Al, Ag, Au, Cu, Pt, or an alloy of the combination thereof. The
transmitting conducting oxide (TCO) layer 210 may be fabricated from a
material similar as the TCO layer 202 formed on the substrate. Suitable
transmitting conducting oxide (TCO) layer 210 include, but not limited to, tin
oxide (SnQOy), indium tin oxide (ITO), zinc oxide (ZnO), or the combination
thereof. The metal layer 212 and TCO layer 210 may be deposited by a CVD
process, a PVD process, or other suitable deposition process.

[0045] In operation, incident light 222 provided by the environment, e.g,
sunlight or other photons, is supplied to the PV solar cell 200. The photoelectric
conversion unit 214 in the PV solar cell 200 absorbs the light energy and
converts the light energy into electrical energy by the operation of the p-i-n
junctions formed in the photoelectric conversion unit 214, thereby generating
electricity or energy. Alternatively, the PV solar cell 200 may be fabricated or
deposited in a reversed order. For example, the substrate 140 may be disposed
over backside electrode 216.

[o046] Figure 3 depicts an exemplary cross sectional view of a tandem type
PV solar cell 300 in accordance with another embodiment of the present
invention. Tandem type PV solar cell 300 has a similar structure of the PV solar
cell 200 including a TCO layer 302 formed on a sheet 140 and a first
photoelectric conversion unit 322 formed on the TCO layer 302, as described
above in Figure 2. In one embodiment, the i-type semiconductor layer 306 in the
first photoelectric conversion unit 322 is deposited as an amorphous Si film.
Alternatively, the i-type semiconductor layer 306 in the first photoelectric
conversion unit 322 may be deposited as a poly-Si or an puc-Si film. An optional
interfacial layer 310 may be formed between the first photoelectric conversion
unit 322 and a second photoelectric conversion unit 324. The optional interfacial

layer 310 may be a TCO layer as the TCO layer 302 formed on the substrate
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140. The combination of the first underlying conversion unit 322 and the second
photoelectric conversion unit 324 increases the photoelectric conversion
efficiency. The second photoelectric conversion unit 324 may be an pc-Si based
photoelectric conversion wunit 324 having an pc-Si film as the i-type
semiconductor layer 314 sandwiched between a p-type semiconductor layer
312 and a n-type semiconductor layer 316. Alternatively, the i-type
semiconductor layer 314 in the second photoelectric conversion unit 324 may
be manufactured as the pc-Si film 206 utilized in the photoelectric conversion
unit 214 of single junction PV solar cell 200 as described in Figure 2.
Alternatively, the p-type semiconductor layer 312 may be uc-Si layer.

[0047] A backside electrode 326 is disposed on the second photoelectric
conversion unit 324. The backside electrode 326 may be similar to backside
electrode 216 as described in Figure 2. The backside electrode 326 may
comprise a conductive layer 320 formed on a TCO layer 318. The materials of
the conductive layer 320 and the TCO layer 318 may be similar to the
conductive layer 212 and TCO layer 210 as described in Figure 2.

[0048] In operation, incident light 328 provided by the environment is
supplied to the PV solar cell 300. The photoelectric conversion unit 322, 324 in
the PV solar cell 300 absorbs the light energy and converts the light energy into
electrical energy by operation of the p-i-n junctions formed in the photoelectric
conversion unit 324, 322, thereby generating electricity or energy. Alternatively,
the PV solar cell 300 may be fabricated or deposited in a reversed order. For
example, the substrate 140 may be disposed over the backside electrode 326.
[0049] Alternatively, a third overlying photoelectric conversion unit 410 may
be formed on the second photoelectric conversion unit 324, as shown in Figure
4. An optional interfacial layer 402 may be disposed between the second
photoelectric conversion unit 324 and the third photoelectric conversion unit
410. The optional interfacial layer 402 may be a TCO layer 402 as the TCO
layers of 310, 302 as described in Figure 3. The third photoelectric conversion
unit 410 may be substantially similar as the second photoelectric conversion
unit 324 having an i-type semiconductor layer 406 disposed between a p-type
semiconductor layer 404 and a n-type layer 408. The third photoelectric

conversion unit 410 may be a pc-Si-type photoelectric conversion unit having an
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i-type semiconductor layer 406 formed by an uc-Si film. Alternatively, the i-type
semiconductor layer 406 may be formed by a poly-Si or an amorphous silicon
layer. Alternatively, the p-type semiconductor layer 312 may be pc-Si layer. It
should be noted that one or more photoelectric conversion units may optionally
deposited on the third photoelectric conversion unit utilized to promote
photoelectric conversion efficiency.

[0050] Thus, improved methods for depositing an pc-Si film are provided.
The method advantageously increases the deposition rate and film quality of the
pc-Si film utilized in a PV solar cell, thereby increasing the photoelectric
conversion efficiency and device performance of the PV solar cell as compared
to conventional methods.

[0051] While the foregoing is directed to embodiments of the present
invention, other and further embodiments of the invention may be devised
without departing from the basic scope thereof, and the scope thereof is

determined by the claims that follow.
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What is claimed is:

1. A method of depositing a microcrystalline silicon film layer, comprising:

providing a substrate having a surface area greater than about 1 square
meters in a process chamber;

flowing a gas mixture including a silane-based gas and H, gas into the
process chamber;

maintaining a plasma formed from the gas mixture in the process
chamber; and

depositing a microcrystalline silicon film on the substrate at a deposition
rate greater than about 20 nm per minute, wherein the microcrystalline silicon

film has a crystallized volume between about 20 percent to about 80 percent.

2. The method of claim 1, wherein the microcrystalline silicon film further
comprises a hydrogen content between about 0.1 atomic percentage and about

20 atomic percentage.

3. The method of claim 1, wherein the step of flowing the gas mixture,

further comprising:
flowing the silane-based gas at a flow rate at least about 0.2 sim/m?; and

flowing H, gas at a flow rate between at least about 10 slm/m?2.

4. The method of claim 1, wherein the step of flowing the gas mixture,
further comprising:
flowing the silane-based gas and H, gas at a ratio between about 1:20

and about 1:200.

5. The method of claim 3, wherein the H, gas supplied in the gas mixture is

varied during deposition.

6. The method of claim 3, wherein the H, gas supplied in the gas mixture is

supplied from a relatively high H, gas ratio to a relatively low H, gas ratio.
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7. The method of claim 1, wherein the silane-based gas is selected from a
group consisting of mono-silane (SiH4), di-silane(SioHg), silicon tetrafluoride
(SiFy), silicon tetrachloride(SiCls), and dichlorsilane (SiH.Cly).

8. The method of claim 1, wherein the step of flowing the gas mixture,

further comprising:
maintaining the process pressure at a range greater than about 3 Torr;

and
controlling the substrate temperature between about 100 degrees

Celsius to about 400 degrees Celsius.

9. The method of claim 1, further comprising:

applying a RF power density at least about 100 mWatts/cm?.

10.  The method of claim 1, wherein the microcrystalline silicon film has
intensity ratio of the (111) diffraction peak relative to the (220) diffraction peak in

X-ray diffraction is between about 2 and about 0.1.

11.  The method of claim 1, wherein the step of flowing the gas mixture,
further comprising:
maintaining a processing spacing of the process chamber at a range

between about 400 mils and about 1200 mils.

12. The method of claim 8, wherein the step of controlling the substrate
temperature further comprises:

cooling the substrate temperature during processing.

13.  The method of claim 1, wherein the step of depositing the
microcrystalline silicon film, further comprising:

depositing a microcrystalline silicon seed layer at a deposition rate less
than about 20 nm per minute on the substrate prior to the microcrystalline

silicon film deposition.
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14.  The method of claim 13, wherein the microcrystalline silicon seed layer

has a thickness between about 50 A and 300 A.

15.  The method of claim 14, wherein the step of depositing the
microcrystalline silicon seed-layer, further comprising:

supplying a gas mixture having a ratio of silane-based gas to H, between
about 1:100 and about 1:1000.

16. A method of manufacturing a silicon-based photoelectric converter,
comprising:
providing a substrate in a process chamber;
forming a photoelectric converter on the substrate, wherein the
photoelectric converter comprises:
depositing a p-type semiconductor layer on the substrate;
depositing an i—type semiconductor layer by a microcrystalline
silicon film on the substrate at a deposition rate greater than about 20 nm per
minute by a CVD process, wherein the microcrystalline silicon film has a
crystallized volume between about 20 percent to about 80 percent; and
depositing a n-type semiconductor layer on the microcrystalline

silicon film.

17.  The method of claim 16, further comprising:
forming at least an underlying photoelectric converter on the substrate

prior to forming the photoelectric converter, wherein the underlying photoelectric
converter comprises:

depositing a p-type semiconductor layer;

depositing an i—type semiconductor layer by an silicon film on p-
type semiconductor layer by a CVD process; and

depositing a n-type semiconductor layer on the i-type

semiconductor layer.

18. The method of claim 16, wherein the step of depositing the i—type

semiconductor layer, further comprising:
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flowing a gas mixture including a silane-based gas and H, gas into the

process chamber.

19.  The method of claim 18, wherein the silane-based gas is flowed at a flow

rate at least about 0.2 slm/m? and H, gas at a flow rate at least about 10 slm/m?.

20. The method of claim 18, wherein the H, gas supplied in the gas mixture
is varied from a relatively high H, gas ratio to a relatively low H, gas ratio during

deposition.

21.  The method of claim 16, wherein the microcrystalline silicon film is a
hydrogenated silicon film having a hydrogen content between about 0.1 atomic

percentage and about 20 atomic percentage.

22. The method of claim 21, wherein the i-type semiconductor in the
underlying photoelectric converter is silicon material selecting from a group
consisting of an amorphous silicon film, a microcrystalline silicon, and a

polysilicon film.

23.  The method of claim 16, further comprising:
depositing at least an overlying photoelectric converter on the

photoelectric converter on the substrate, wherein the overlying photoelectric
converter comprises:

depositing a p-type semiconductor layer;

depositing an i—type semiconductor layer by an silicon film on p-
type semiconductor layer by a CVD process; and

depositing a n-type semiconductor layer on the i-type

semiconductor layer.

24. The method of claim 23, wherein the i-type semiconductor in the
overlying photoelectric converter is silicon material selecting from a group
consisting of an amorphous silicon film, a microcrystalline silicon, and a

polysilicon film.
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25.  The method of claim 16, wherein the p-type semiconductor and n-type
semiconductor is formed by a silicon material selecting from a group consisting
of an amorphous silicon film, a microcrystalline silicon, and a polysilicon film;
and wherein the silicon material has a thickness between about 5 nm and about
50 nm.
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