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Embodiments of the invention as recited in the claims relate to 
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INSTRUMENT PURPOSE RESULT 

X Crystalline Structure (111) or (220) 
Grain Size 100-200A 

Crystalline fraction (fo) 
FT-IR Hydrogen Content 3-11% 

Ph/D conductivity Photosensitivity ~4x105 (0.5um) 
UV/VIS Optical Band Gap 

Electron Spin Resonance Defect Density 1.2x10" 
(ESR) 

Hall measurement Mobility (1.37) 
Carrier Density (6.7E15) 

SIMS Olevel in a film 
DR (layer) High Dep Rate 333-700A/min 

FIG. 8 
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MCROCRYSTALLINE SILICON 
DEPOSITION FOR THIN FILMI SOLAR 

APPLICATIONS 

BACKGROUND OF THE INVENTION 

0001 1. Field of the Invention 
0002 Embodiments of the present invention generally 
relate to Solar cells and methods and apparatuses for forming 
the same. More particularly, embodiments of the present 
invention relate to thin film multi-junction solar cells and 
methods and apparatuses for forming the same. 
0003 2. Description of the Related Art 
0004 Crystalline silicon solar cells and thin film solar 
cells are two types of solarcells. Crystalline siliconsolar cells 
typically use either mono-crystalline Substrates (i.e., single 
crystal Substrates of pure silicon) or a multi-crystalline silicon 
Substrates (i.e., poly-crystalline or polysilicon). Additional 
film layers are deposited onto the silicon substrates to 
improve light capture, form the electrical circuits, and protect 
the devices. Thin-film solar cells use thin layers of materials 
deposited on Suitable Substrates to form one or more p-i-n 
junctions. Suitable Substrates include glass, metal, and poly 
mer Substrates. 
0005 Microcrystalline silicon film (LC-Si) is one type of 
film being used to form solar cells. Conventional deposition 
processes of microcrystalline silicon films have slow deposi 
tion rates, which disadvantageously reduce manufacturing 
throughput and increase production costs. 
0006. Therefore, there is a need for an improved method 
for depositing microcrystalline silicon films. 

SUMMARY OF THE INVENTION 

0007 Embodiments of the invention as recited in the 
claims relate to thin film multi-junction Solar cells and meth 
ods and apparatuses for forming the same. In one embodi 
ment a method of forming a thin film multi-junction Solar cell 
over a Substrate is provided. The method comprises position 
ing a substrate in a reaction Zone, providing a gas mixture to 
the reaction Zone, wherein the gas mixture comprises a silicon 
containing compound and hydrogen gas (H), forming a first 
region of an intrinsic type microcrystalline silicon layer on 
the Substrate at a first deposition rate, forming a second region 
of the intrinsic type microcrystalline silicon layer on the 
Substrate at a second deposition rate higher than the first 
deposition rate, and forming a third region of the intrinsic 
type microcrystalline silicon layer on the Substrate at a third 
deposition rate lower than the second deposition rate. 
0008. In another embodiment a method of forming a thin 
film multi-junction solar cell over a substrate is provided. The 
method comprises forming a first p-i-njunction and forming 
a second p-i-n junction over the first p-i-n junction. The first 
p-i-n junction is formed by forming a p-type amorphous 
silicon layer, forming an intrinsic type amorphous silicon 
layer over the p-type amorphous silicon layer, and forming a 
first n-type silicon layer over the intrinsic type amorphous 
silicon layer. The second p-i-njunction is formed by forming 
a p-type microcrystalline silicon layer, forming an intrinsic 
type microcrystalline silicon layer over the p-type microcrys 
talline silicon layer, and forming a second n-type silicon layer 
over the intrinsic type microcrystalline silicon layer. The 
intrinsic type microcrystalline silicon layer is formed by 
forming a first region of the intrinsic type microcrystalline 
silicon layer at a first deposition rate, forming a second region 
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of the intrinsic type microcrystalline silicon layer at a second 
deposition rate higher than the first deposition rate, and form 
ing a third region of the intrinsic type microcrystalline silicon 
layer at a third deposition rate lower than the second deposi 
tion rate. In certain embodiments the first n-type silicon layer 
is an n-type amorphous/microcrystalline silicon layer. In cer 
tain embodiments, the first n-type silicon layer is a microc 
rystalline silicon layer. In certain embodiments, the second 
n-type silicon layer is either an amorphous silicon layer or a 
microcrystalline silicon layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0009. So that the manner in which the above recited fea 
tures of the present invention can be understood in detail, a 
more particular description of the invention, briefly Summa 
rized above, may be had by reference to embodiments, some 
of which are illustrated in the appended drawings. It is 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 
admit to other equally effective embodiments. 
0010 FIG. 1 is a schematic diagram of a microcrystalline 
silicon based thin film solar cell oriented toward the light or 
Solar radiation; 
0011 FIG. 2 is a flow chart illustrating the processing 
steps for forming an intrinsic microcrystalline silicon layer 
according to one embodiment of the invention; 
0012 FIG. 3 is a schematic diagram of a multi-junction 
solar cell oriented toward the light or solar radiation; 
0013 FIG. 4 is a schematic diagram of the multi-junction 
solar cell of FIG. 3 further comprising a seed layer; 
0014 FIG. 5 is a schematic diagram of the multi-junction 
solar cell of FIG. 3 further comprising a seed layer and an 
amorphous silicon barrier layer; 
0015 FIG. 6 is a schematic cross-section view of one 
embodiment of a plasma enhanced chemical vapor deposition 
(PECVD) chamber in which one or more solar films of a solar 
cell may be deposited; 
0016 FIG. 7 is a top schematic view of one embodiment of 
a process system having a plurality of process chambers; and 
0017 FIG. 8 depicts properties of an intrinsic microcrys 
talline silicon layer deposited according to one embodiment 
of the invention. 
0018 To facilitate understanding, identical reference 
numerals have been used, wherever possible, to designate 
identical elements that are common to the figures. It is con 
templated that elements and/or process steps of one embodi 
ment may be beneficially incorporated in other embodiments 
without additional recitation. 

DETAILED DESCRIPTION 

0019 Embodiments of the invention as recited in the 
claims relate to thin film multi-junction Solar cells and meth 
ods and apparatuses for forming the same. Thin film Solar 
cells generally comprise one or more p-i-n junctions. The 
p-i-njunction generally comprises a p-doped silicon layer or 
p-type layer and an n-doped silicon layer or n-type layer with 
an intrinsic layer sandwiched in between the p-type layer and 
the n-type layer. The intrinsic layer generally comprises an 
undoped semiconductor layer. In certain embodiments the 
intrinsic layer comprises a microcrystalline silicon layer 
which is between about 10,000 A and 30,000 A thick. Using 
current methods, a microcrystalline silicon layer of this size 
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takes about one hour to deposit. However, using the methods 
in the present disclosure, the deposition time for an intrinsic 
type microcrystalline silicon layer may be reduced by up to 
20-30 minutes without significantly damaging the underlying 
layers. 
0020. Although discussed with reference to specific solar 
cell structures, it should be understood that the present 
method for depositing intrinsic type microcrystalline silicon 
layers may be used for depositing other structures such as the 
structures disclosed in U.S. patent application Ser. No. 
1 1/671,988, filed Feb. 6, 2007, entitled MULTI-JUNCTION 
SOLAR CELLS AND METHODS AND APPARATUSES 
FOR FORMING THE SAME, to Choi et al., U.S. patent 
application Ser. No. 1 1/624,677, filed Jan. 18, 2007, entitled 
MULTI-JUNCTION SOLAR CELLS AND METHODS 
AND APPARATUSES FOR FORMING THE SAME, to 
Choi et al., and U.S. patent application Ser. No. 1 1/426,127. 
filed Jun. 23, 2006, entitled METHODS AND APPARATUS 
FOR DEPOSITING A MICROCRYSTALLINE SILICON 
FILM FOR PHOTOVOLTAIC DEVICES, to Choi et al., all 
of which are herein incorporated by reference in their entirety 
to the extent that they do not conflict with the present disclo 
SU 

0021 FIG. 1 is a schematic diagram of a microcrystalline 
silicon based thin film solar cell oriented toward the light or 
solar radiation. The solar cell 100 comprises an intrinsic type 
microcrystalline silicon layer 124 formed using the methods 
described herein. Solar cell 100 comprises a substrate 102, 
such as a glass substrate, polymer substrate, metal substrate, 
or other suitable substrate with thin films formed thereover. 
The solar cell 100 further comprises a first transparent con 
ducting oxide (TCO) layer 110 formed over the substrate 102, 
a p-i-n junction 120 formed over the first TCO layer 110, a 
second TCO layer 140 formed over the p-i-n junction 120, 
and a metal back layer 150 formed over the second TCO layer 
140. To improve light scattering, the substrate and/or one or 
more of thin films formed thereover may be optionally tex 
tured by wet, plasma, ion, and/or mechanical processes. For 
example, in the embodiment shown in FIG. 1, the first TCO 
layer 110 may be textured and the subsequent thin films 
deposited thereover will generally follow the topography of 
the surface below it. 

0022. The first TCO layer 110 and the second TCO layer 
140 may each comprise tin oxide, Zinc oxide, indium tin 
oxide, cadmium stannate, combinations thereof, or other Suit 
able materials. It is understood that the TCO materials may 
also include additional dopants and components. For 
example, Zinc oxide may further include dopants, such as 
aluminum, gallium, boron, and other suitable dopants. Zinc 
oxide preferably comprises 5 atomic 96 or less of dopants, and 
more preferably comprises 2.5 atomic 96 or less aluminum. 
0023 The p-i-n junction 120 may comprise a p-type 
microcrystalline silicon layer 122, an intrinsic type microc 
rystalline silicon layer 124 formed over the p-type microc 
rystalline silicon layer 122, and an n-type silicon layer 126 
formed over the intrinsic type microcrystalline silicon layer 
124. In certain embodiments, the p-type microcrystalline sili 
con layer 122 may be formed to a thickness between about 
100 A and about 400A. In certain embodiments, the intrinsic 
type microcrystalline silicon layer 124 may be formed to a 
thickness between about 10,000 A and about 30,000 A, for 
example between about 16,000 A and about 20,000 A. In 
certain embodiments, the n-type silicon layer 126 may be 
formed to a thickness between about 100 A and about 500 A. 
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In certain embodiments, the n-type silicon layer 126 is either 
an n-type amorphous silicon layer oran n-type microcrystal 
line silicon layer. 
0024. The metal back layer 150 may include, but is not 
limited to a material selected from the group consisting of Al, 
Ag, Ti, Cr, Au, Cu, Pt, alloys thereof, or combinations thereof. 
Other processes may be performed to form the solar cell 100, 
Such a laser scribing processes. Other films, materials, Sub 
strates, and/or packaging may be provided over metal back 
layer 150 to complete the solar cell. The solar cells may be 
interconnected to form modules, which in turn can be con 
nected to form arrays. 
0025 FIG. 2 is a flow chart 200 illustrating the processing 
steps according to one embodiment of the invention that may 
be used to deposit an intrinsic type microcrystalline silicon 
layer. At step 210, a Substrate is positioned in a reaction Zone. 
At step 220, a gas mixture comprising a silicon containing gas 
and hydrogen gas is supplied to the reaction Zone. At step 230, 
a first region of the intrinsic type microcrystalline silicon 
layer is formed on the substrate at a first deposition rate. At 
step 240, a second region of the intrinsic type microcrystal 
line silicon layer is formed on the Substrate at a second depo 
sition rate greater than the first deposition rate. At step 250, a 
third region of the intrinsic type microcrystalline silicon layer 
is formed on the substrate at a third deposition rate lower than 
the second deposition rate. 
0026. At step 210, a substrate 102 is positioned in a reac 
tion Zone. The Substrate may comprise a glass Substrate, 
polymer Substrate, metal substrate, or other suitable substrate 
with thin films formed thereover. In certain instances, the 
substrate 102 may be provided by the glass manufacturers 
with the first TCO layer 110 already provided. A p-type 
microcrystalline silicon layer 122 may also be formed on the 
substrate 102. 

0027. At step 220, a gas mixture comprising a silicon 
containing gas and hydrogen gas is Supplied to the reaction 
Zone. Suitable silicon based gases include, but are not limited 
to silane (SiH), disilane (SiH), silicon tetrafluoride (SiF), 
silicon tetrachloride (SiCla), dichlorosilane (SiHCl), and 
combinations thereof. In certain embodiments, inert gases 
Such as argon and helium may also be Supplied to the reaction 
Zone. In certain embodiments, inert gases such as argon and 
helium may be supplied to the reaction Zone in lieu of helium. 
0028. At step 230, a first region of the intrinsic type micro 
crystalline silicon layer 124 is formed on the substrate 102 at 
a first deposition rate. The first region of the intrinsic type 
microcrystalline silicon layer is between about 0 and about 
500 A thick, such as between about 50 A and about 400 A 
thick, for example between about 200 A and about 300 A 
thick. The first region may be deposited at a low deposition 
rate between about 100 A/minute and 350 A/minute, for 
example, between about 150 A/minute and about 300 
A/minute. The first region of the intrinsic type microcrystal 
line silicon layer 124 functions as a buffer layer for the pre 
viously deposited p-type microcrystalline silicon layer 122. 
The first region, which is deposited at a low deposition rate, 
protects the PI interface during the high RF power deposition 
which occurs in step 240. It has been found that deposition of 
the i-type microcrystalline silicon layer directly on the p-type 
layer using a high deposition rate (e.g. >400A/minute) dam 
ages the underlying p-type layer. The first region may be 
formed by providing a silicon containing gas at a flow rate 
between about 1000 sccm and about 3000 sccm, for example, 
about 1500 sccm, hydrogen gas at a flow rate between about 
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100,000 sccm and about 300,000 sccm, for example, about 
150,000 sccm, and supplying an RF power between about 0.2 
Watts/cm and about 0.6 Watts/cm, for example, about 0.45 
Watts/cm. 
0029. At step 240, a second region of the i-type microc 
rystalline silicon layer is formed on the substrate 102 at a 
second deposition rate greater than the first deposition rate. 
The second region of the intrinsic type microcrystalline sili 
con layer is between about 10,000 A and about 30,000 A 
thick, preferably between about 16,000 and about 20,000 A 
thick. The second region may be deposited at a deposition rate 
greater than about 400A/minute, for example, between about 
400A/minute and about 1500A/minute or between about 500 
A/minute and about 600 A/minute. The presence of the first 
region which functions as a buffer layer allows for the second 
region to be deposited using a higher RF power and a higher 
deposition rate. The second region may be formed by provid 
ing a silicon containing gas at a flow rate between about 1,000 
sccm and about 6,000 sccm, for example, about 3,000 sccm, 
hydrogen gas at a flow rate between about 200,000 sccm and 
about 600,000 sccm, for example, about 300,000 sccm, and 
RF power between 0.6 Watts/cm and about 1.3 Watts/cm, 
for example, about 0.9 Watts/cm. 
0030. At step 250, a third region of the intrinsic type 
microcrystalline silicon layer 124 is formed on the substrate 
at a third deposition rate lower than the second deposition 
rate. The third region of the intrinsic type microcrystalline 
silicon layer 124 is between about 0 and about 500 A thick, 
such as between about 50 A and about 400 A thick, for 
example between about 200 A and about 300 A thick. The 
third region may be deposited at a deposition rate between 
about 100 A/minute and 350 A/minute, for example, between 
about 150 A/minute and about 300 A/minute. The third 
region functions as a passivation layer for the previously 
deposited second region of the intrinsic type microcrystalline 
silicon layer 124. The second region which is deposited at a 
high deposition rate is composed of large microcrystalline 
silicon crystals which form an uneven Surface. Deposition of 
the n-type silicon layer 126 directly onto the uneven surface 
of the second region would yield an uneven n-type silicon 
layer 126 thus making uniform deposition of Subsequent lay 
ers very difficult. Thus deposition of the third region of the 
intrinsic type microcrystalline silicon layer at a low deposi 
tion rate yields an intrinsic type microcrystalline layer with a 
more even Surface making uniform deposition of Subsequent 
layers possible. The third region may be formed by providing 
silane gas at a flow rate between about 1,000 sccm and about 
3,000 sccm, for example about 1500 sccm, hydrogen gas at a 
flow rate between about 100,000 sccm and about 300,000 
sccm, for example about 150,000 sccm, and RF power 
between 0.2 Watts/cm and about 0.6 Watts/cm, for example 
about 0.45 Watts/cm. One embodiment of the intrinsic 
microcrystalline silicon layer has the following properties set 
forth in FIG. 8. 

0031 FIG. 3 is a schematic diagram of a multi-junction 
solar cell oriented toward the light or solar radiation. The 
solar cell 300 comprises an intrinsic type microcrystalline 
silicon layer (i-type Luc-Silayer) 334 formed using the meth 
ods described herein. Solar cell 300 comprises a substrate 
302. Such as a glass Substrate, polymer Substrate, metal Sub 
strate, or other suitable substrate with thin films formed there 
over. The solar cell 300 further comprises a first transparent 
conducting oxide (TCO) layer 310 formed over the substrate 
302, a first p-i-njunction 320 formed over the first TCO layer 
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310, a second p-i-n junction 330 formed over the first p-i-n 
junction320, a second TCO layer 340 formed over the second 
p-i-njunction330, and a metal back layer 350 formed over the 
second TCO layer 340. To improve light scattering by reduc 
ing light reflection, the Substrate and/or one or more of thin 
films formed thereover may be optionally textured by wet, 
plasma, ion, and/or mechanical processes. 
0032. The first TCO layer 310 and the second TCO layer 
340 may each comprise tin oxide, Zinc oxide, indium tin 
oxide, cadmium stannate, combinations thereof, or other Suit 
able materials. It is understood that the TCO materials may 
also include additional dopants and components. For 
example, Zinc oxide may further include dopants, such as 
aluminum, gallium, boron, and other Suitable dopants. Zinc 
oxide preferably comprises 5 atomic 96 or less of dopants, and 
more preferably comprises 2.5 atomic 96 or less aluminum. In 
certain instances, the substrate 302 may be provided by the 
glass manufacturers with the first TCO layer 310 already 
provided. 
0033. The first p-i-n junction 320 may comprise a p-type 
amorphous silicon layer 322, an intrinsic type amorphous 
silicon layer 324 formed over the p-type amorphous silicon 
layer 322, and a first n-type silicon layer 326 formed over the 
intrinsic type amorphous silicon layer324. In certain embodi 
ments, the p-type amorphous silicon layer322 may beformed 
to a thickness between about 60 A and about 300A. In certain 
embodiments, the intrinsic type amorphous silicon layer 324 
may be formed to a thickness between about 1,500 A and 
about 3,500 A. In certain embodiments, the first n-typesilicon 
layer 326 may beformed to a thickness between about 100 A 
and about 400 A. In certain embodiments, the first n-type 
silicon layer 326 is a dual layer structure comprising n-type 
amorphous silicon and n-type microcrystalline silicon with 
the n-type amorphous silicon deposited on the intrinsic type 
amorphous silicon layer 324. In certain embodiments, the 
first n-type silicon layer 326 comprises microcrystalline sili 
CO 

0034. The second p-i-n junction 330 may comprise a 
p-type microcrystalline silicon layer 332, an intrinsic type 
microcrystalline silicon layer 334 formed over the p-type 
microcrystalline silicon layer332, and a second n-type silicon 
layer 336 formed over the intrinsic type microcrystalline sili 
con layer 334, wherein the second n-type silicon layer is 
either microcrystalline silicon or amorphous silicon. In cer 
tain embodiments, the p-type microcrystalline silicon layer 
332 may be formed to a thickness between about 100 A and 
about 400 A. In certain embodiments, the intrinsic type 
microcrystalline silicon layer 334 may be formed using the 
methods described herein to a thickness between about 
10,000 A and about 30,000 A, for example, between about 
16,000 A and about 20,000 A. In certain embodiments, the 
second n-type silicon layer 336 may be formed to a thickness 
between about 100 A and about 500 A. In certain embodi 
ments, the second n-type silicon layer 336 is an amorphous 
silicon layer. In certain embodiments, the second n-type sili 
con layer 336 is a microcrystalline silicon layer. 
0035. The metal back layer 350 may include, but is not 
limited to a material selected from the group consisting of Al, 
Ag, Ti, Cr, Au, Cu, Pt, alloys thereof, or combinations thereof. 
Other processes may be performed to form the solar cell 300, 
Such as a laser scribing processes. Other films, materials, 
Substrates, and/or packaging may be provided over metal 
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back layer 350 to complete the solar cell. The solar cells may 
be interconnected to form modules, which in turn can be 
connected to form arrays. 
0036 Solar radiation is absorbed by the intrinsic layers of 
the p-i-njunctions 320,330 and is converted to electron-holes 
pairs. The electric field created between the p-type layer and 
the n-type layer that stretches across the intrinsic layer causes 
electrons to flow toward the n-type layers and holes to flow 
toward the p-type layers creating current. The first p-i-njunc 
tion 320 comprises an intrinsic type amorphous silicon layer 
324 and the second p-i-n junction 330 comprises an intrinsic 
type microcrystalline silicon layer 334 because amorphous 
silicon and microcrystalline silicon absorb different wave 
lengths of solar radiation. Therefore, the solar cell 300 is more 
efficient since it captures a larger portion of the Solar radiation 
spectrum. The intrinsic layer of amorphous silicon and the 
intrinsic layer of microcrystalline are stacked in Such a way 
that Solar radiation first strikes the intrinsic type amorphous 
silicon layer 324 and then strikes the intrinsic type microc 
rystalline silicon layer 334 since amorphous silicon has a 
larger bandgap than microcrystalline silicon. Solar radiation 
not absorbed by the first p-i-njunction320 continues onto the 
second p-i-n junction 330. 
0037. In one aspect, the solar cell 300 does not need to 

utilize a metal tunnel layer between the first p-i-njunction320 
and the second p-i-n junction 330. The first n-type silicon 
layer 326 of the first p-i-n junction 320 and the p-type micro 
crystalline silicon layer 332 has sufficient conductivity to 
provide a tunnel junction to allow electrons to flow from the 
first p-i-n junction 320 to the second p-i-n junction 330. 
0038 FIG. 4 is a schematic diagram of the multi-junction 
solar cell of FIG. 3 further comprising a seed layer 360 
formed between the p-type microcrystalline silicon layer 332 
and the intrinsic type microcrystalline silicon layer 334. In 
certain embodiments the seed layer 360 may be formed to a 
thickness between about 20 A and about 500 A, such as 
between about 50 A and about 300 A, for example, between 
about 100 A and about 200A. It is believed that the seed layer 
360 helps provide better contact adhesion and interfacial 
qualities between the p-type microcrystalline layer and the 
intrinsic type microcrystalline silicon layer 334. 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 1:20,000, such as between 1:200 and 
1:1,500, for example 1:1,000 with other process parameters 
substantially similar to the i-type Luc-Silayer 334 deposition. 
In another embodiment, the i-type luc-Silayer 334 deposition 
may include a four step deposition process having a first step 
depositing the seed layer and a second, third, and fourth step 
as described herein for depositing the bulk i-type luc-Silayer 
334. The first step seed layer deposition process has a rela 
tively lower deposition rate, such as less than 100 A/minute, 
controlled by a gas mixture having a ratio of silane-based gas 
to H between about 1:100 and about 1:2,000, such as 
between 1:200 and 1:1,500, for example 1:1,000. 
0039 FIG. 5 is a schematic diagram of the multi-junction 
solar cell of FIG. 3 further comprising an amorphous silicon 
barrier layer 370 formed between the p-type microcrystalline 
silicon layer 332 and the seed layer 360. In certain embodi 
ments the amorphous silicon barrier layer 370 may beformed 
to a thickness between about 20 A and about 100 A, such as 
between about 30 A and about 90 A. It is believed that the 
amorphous silicon barrier layer 370 acts as a dopant diffusion 
barrier layer thus preventing contamination of the intrinsic 
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type microcrystalline silicon layer 334 with dopants such as 
boron. Although depicted with the seed layer 360, it should be 
understood that the amorphous silicon barrier layer 370 may 
be used in structures without the seed layer 360. 
0040 FIG. 6 is a schematic cross-section view of one 
embodiment of a plasma enhanced chemical vapor deposition 
(PECVD) chamber in which one or more solar films of a solar 
cell, such as the solar cell 100 of FIG. 1 and solar cell 300 of 
FIG.3, FIG.4, and FIG. 5, may be deposited. Suitable plasma 
enhanced chemical vapor deposition chambers include the 
AKT 4300 PECVD and the AKT 60K both of which are 
available from AKT America, Inc., of Santa Clara, Calif. 
0041. It is contemplated that other deposition chambers, 
including those from other manufacturers, may be utilized to 
practice the present invention. 
0042. The chamber 600 generally includes walls 602, a 
bottom 604, and a showerhead 610, and substrate support 630 
which define a reaction Zone 606. The reaction Zone 606 is 
accessed through a valve 608 such that the substrate, such as 
substrate 601, may be transferred in and out of the chamber 
600. The substrate support 630 includes a substrate receiving 
surface 632 for supporting a substrate and stem 634 coupled 
to a lift system 636 to raise and lower the substrate support 
630. A shadow from 633 may be optionally placed over 
periphery of the substrate 601. Lift pins 638 are moveably 
disposed through the substrate support 630 to move a sub 
strate to and from the substrate receiving surface 632. The 
Substrate Support 630 may also include heating and/or cool 
ing elements 639 to maintain the substrate support 630 at a 
desired temperature. The substrate support 630 may also 
include grounding straps 631 to provide RF grounding at the 
periphery of the substrate support 630. Examples of ground 
ing straps are disclosed in U.S. Pat. No. 6,024,044 issued on 
Feb. 15, 2000 to Law et al. and U.S. patent application Ser. 
No. 1 1/613,934 filed on Dec. 20, 2006 to Parket al., which are 
both incorporated by reference in their entirety to the extent 
not inconsistent with the present disclosure. 
0043. The showerhead 610 is coupled to a backing plate 
612 at its periphery by a suspension 614. The showerhead 610 
may also be coupled to the backing plate by one or more 
center Supports 616 to help prevent sag and/or control the 
straightness/curvature of the showerhead 610. A gas source 
620 is coupled to the backing plate 612 to provide gas through 
the backing plate 612 and through the showerhead 610 to the 
substrate receiving surface 632. A vacuum pump 609 is 
coupled to the chamber 600 to control the reaction Zone 606 
at a desired pressure. An RF power source 622 is coupled to 
the backing plate 612 and/or to the showerhead 610 to provide 
a RF power to the showerhead 610 so that an electric field is 
created between the showerhead and the substrate support so 
that a plasma may be generated from the gases between the 
showerhead 610 and the substrate support 630. Various RF 
frequencies may be used, such as a frequency between about 
0.3 MHZ and about 200 MHz. In one embodiment the RF 
power source is provided at a frequency of 13.56 MHz. 
Examples of showerheads are disclosed in U.S. Pat. No. 
6,477,980 issued on Nov. 12, 2002 to White et al., U.S. 
Publication 2005025 1990 published on Nov. 17, 2006 to 
Choi et al., and U.S. Publication 2006/0060138 published on 
Mar. 23, 2006 to Keller et al., which are all incorporated by 
reference in their entirety to the extent not inconsistent with 
the present disclosure. 
0044) A remote plasma source 624, such as an inductively 
coupled remote plasma Source, may also be coupled between 
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the gas source and the backing plate. During intervals 
between processing of Substrates, a cleaning gas may be 
provided to the remote plasma source 624 so that a remote 
plasma is generated and provided to clean chamber compo 
nents. The cleaning gas may be further excited by the RF 
power source 622 provided to the showerhead. Suitable 
cleaning gases include but are not limited to NF, F, and SF. 
Examples of remote plasma sources are disclosed in U.S. Pat. 
No. 5,788,778 issued Aug. 4, 1998 to Shang et al., which is 
incorporated by reference to the extent not inconsistent with 
the present disclosure. 
0045. The deposition methods for one or more silicon 
layers, such as one or more of the silicon layers of the Solar 
cell 100 of FIG. 1 and solar cell 300 of FIG. 3, FIG.4, and 
FIG. 5, may include the following deposition parameters in 
the process chamber of FIG. 6 or other suitable chamber. A 
substrate having a surface area of 10,000 cm or more, pref 
erably 40,000 cm or more, and more preferably 55,000 cm 
or more is provided to the chamber. It is understood that after 
processing the Substrate may be cut to form Smaller Solar 
cells. 
0046. In one embodiment, the heating and/or cooling ele 
ments 639 may be set to provide a substrate support tempera 
ture during deposition of about 400° C. or less, preferably 
between about 100° C. and about 400° C., more preferably 
between about 150° C. and about 300° C., such as about 200° 
C 
0047. The spacing during deposition between the top sur 
face of a substrate disposed on the substrate receiving surface 
632 and the showerhead 610 may be between 400 mil and 
about 1,200 mil, preferably between 400 mil and about 800 
mil. 

0048 For deposition of silicon films, a silicon-based gas 
and hydrogen gas (H) are provided. Suitable silicon based 
gases include, but are not limited to silane (SiH), disilane 
(SiH), silicon tetrafluoride (SiF), silicon tetrachloride 
(SiCl), dichlorosilane (SiH,Cl), and combinations thereof. 
The p-type dopants of the p-type silicon layers may each 
comprise a group III element, such as boron or aluminum. 
Preferably, boron is used as the p-type dopant. Examples of 
boron-containing sources include trimethylboron (TMB (or 
B(CH))), diborane (BH), BF, B(CHs), and similar 
compounds. Preferably, TMB is used as the p-type dopant. 
The n-type dopants of the n-type silicon layer may each 
comprise a group V element, such as phosphorus, arsenic, or 
antimony. Preferably, phosphorus is used as the n-type 
dopant. Examples of phosphorus-containing sources include 
phosphine and similar compounds. The dopants are typically 
provided with a carrier gas, such as hydrogen, argon, helium, 
and other Suitable compounds. In the process regimes dis 
closed herein, a total flow rate of hydrogen gas is provided. 
Therefore, if hydrogen gas is provided as the carrier gas, Such 
as for the dopant, the carrier gas flow rate should be subtracted 
from the total flow rate of hydrogen to determine how much 
additional hydrogen gas should be provided to the chamber. 
0049 Certain embodiments of depositing a p-type amor 
phous silicon layer, such as the silicon layer322 of FIGS. 3-5, 
may comprise providing a gas mixture of hydrogen gas to 
silicon containing gas in a ratio of about 20:1 or less. Silane 
gas may be provided at a flow rate between about 10 sccm/L 
and about 200 sccm/L. Hydrogen gas may be provided at a 
flow rate between about 100 sccm/L and 1000 sccm/L. Tri 
methylboron may be provided at a flow rate between about 
0.5 sccm/L and about 1 sccm/L. In other words, if trimethyl 
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boron is provided in a 0.5% molar or volume concentration in 
a carrier gas, then the dopant/carrier gas mixture may be 
provided at a flow rate between about 100 sccm/L and about 
200 sccm/L. Methane may be provided at a flow rate between 
about 100 sccm/L and 200 sccm/L. The flow rates in the 
present disclosure are expressed as Sccm per interior chamber 
Volume. The interior chamber volume is defined as the Vol 
ume of the interior of the chamber in which a gas can occupy. 
For example, the interior chamber volume of chamber 600 is 
the volume defined by the backing plate 612 and by the walls 
602 and bottom 604 of the chamber minus the volume occu 
pied therein by the showerhead assembly (i.e., including the 
showerhead 610, suspension 614, center support 615) and by 
the substrate support assembly (i.e., substrate support 630, 
grounding straps 631). An RF power between about 15 mil 
liwatts/cm and about 200 milliWatts/cm may be provided 
to the showerhead. The RF powers in the present disclosure 
are expressed as Watts supplied to an electrode per substrate 
area. For example, for a RF power of 10,385 Watts supplied to 
a showerhead to process a Substrate having dimensions of 220 
cmx260 cm, the RF power would be 10,385 Watts/(220 
cmx260 cm)=180 milliWatts/cm. The pressure of the cham 
ber is maintained between about 0.1 Torr and 20 Torr, pref 
erably between about 1 Torr and about 4 Torr. The deposition 
rate of the p-type amorphous silicon layer may be about 100 
A/min or more. Methane or other carbon containing com 
pounds. Such CHs, CH, CH, can be used to improve the 
window properties (e.g. to lower absorption of Solar radia 
tion) of p-type amorphous silicon layer. Thus, an increased 
amount of solar radiation may be absorbed through the intrin 
sic layers and thus cell efficiency is improved. 
0050 Certain embodiments of depositing an intrinsic type 
amorphous silicon layer, such as the silicon layer 324 of 
FIGS. 3-5, comprises providing a gas mixture of hydrogen 
gas to silicon containing gas in a ratio of about 20:1 or less. 
Silane gas may be provided at a flow rate between about 100 
sccm/L and about 200 sccm/L. Hydrogen gas may be pro 
vided at a flow rate between about 100 sccm/L and 3000 
sccm/L. An RF power between 15 milliWatts/cm and about 
250 milli Watts/cm may be provided to the showerhead. The 
pressure of the chamber may be maintained between about 
0.1 Torr and 20 Torr, preferably between about 0.5 Torr and 
about 5 Torr. The deposition rate of the intrinsic type amor 
phous silicon layer may be about 100 A/min or more. 
0051 Certain embodiments of depositing an n-type sili 
con layer, such as the first n-type silicon layer 326 of FIGS. 
3-5, comprise providing hydrogen gas to silicon gas in a ratio 
of about 1000:1 or less. Silane gas may be provided at a flow 
rate between about 1 sccm/L and about 250 sccm/L. Hydro 
gen gas may be provided at a flow rate between about 100 
sccm/L and about 5000 sccm/L. Phosphine may be provided 
at a flow rate between about 0.005 sccm/L and about 0.15 
sccm/L. In other words, if phosphine is provided in a 0.5% 
molar or Volume concentration in a carrier gas, then the 
dopant/carrier gas mixture may be provided at a flow rate 
between about 1 sccm/L and about 30 sccm/L. An RF power 
between about 15 milliWatts/cm and about 1000 milliWatts/ 
cm may be provided to the showerhead. The pressure of the 
chamber may be maintained between about 0.1 Torr and 20 
Torr, preferably between about 0.5 Torr and about 12 Torr. 
The deposition rate of the first n-type silicon layer326 may be 
about 200 A/min or more. 
0.052 Certain embodiments of depositing a p-type micro 
crystalline silicon layer, such as layer 332 of FIGS. 3-5 or 
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layer 122 of FIG. 1, may comprise providing a gas mixture of 
hydrogen gas to silicon containing gas in ratio of about 200:1 
or greater. Silane gas may be provided at a flow rate between 
about 1 sccm/L and about 20 sccm/L. Hydrogen gas may be 
provided at a flow rate between about 100 sccm/L and about 
6,000 sccm/L. Trimethylboron may be provided at a flow rate 
between about 0.005 sccm/L and about 0.05 sccm/L. In other 
words, if trimethylboron is provided in a 0.5% molar or 
Volume concentration in a carrier gas, then the dopant/carrier 
gas mixture may be provided at a flow rate between about 1 
sccm/L and about 10 sccm/L. An RF power between about 50 
milli Watts/cm and about 1000 milli Watts/cm may be pro 
vided to the showerhead. The pressure of the chamber may be 
maintained between about 1 Torr and about 100 Torr, prefer 
ably between about 3 Torrand about 20 Torr, more preferably 
between 4 Torr and about 12 Torr. The deposition rate of the 
p-type microcrystalline silicon contact layer may be about 10 
A/min or more. The p-type microcrystalline silicon contact 
layer has a crystalline fraction between about 20 percent and 
about 80 percent, preferably between 50 percent and about 70 
percent. 
0053 Certain embodiments of depositing an intrinsic type 
microcrystalline silicon layer, such as silicon layer 334 of 
FIGS. 3-5, may be deposited as described above in relation to 
the intrinsic type microcrystalline silicon layer 124. 
0054 Certain embodiments of depositing an n-type amor 
phous or microcrystalline silicon layer, such as the second 
n-type silicon layer 336 of FIGS. 3-5, may comprise provid 
ing a gas mixture of hydrogen gas to silicon containing gas in 
a ratio of about 5:1 or more. Silane gas may be provided at a 
flow rate between about 100 sccm/L and about 300 sccm/L. 
Hydrogen gas may be provided at a flow rate between about 
100 sccm/L and about 2,000 sccm/L. Phosphine may be pro 
vided at a flow rate between about 0.05 sccm/L and about 1.5 
sccm/L. In other words, if phosphine is provided in a 0.5% 
molar or Volume concentration in a carrier gas, then the 
dopant/carrier gas may be provided at a flow rate between 
about 10 sccm/L and about 300 sccm/L. An RF power 
between about 100 milli Watts/cm and about 900 milli Watts/ 
cm may be provided to the showerhead. The pressure of the 
chamber may be maintained between about 1 Torr and about 
100 Torr, preferably between about 3 Torr and about 20 Torr, 
more preferably between 3 Torr and about 12 Torr. The depo 
sition rate of the n-type microcrystalline or amorphous silicon 
layer may be about 50 A/min or more. In certain embodi 
ments the n-type microcrystalline silicon layer has a crystal 
line fraction between about 20 percent and about 80 percent, 
preferably between 50 percent and about 70 percent. 
0055 FIG. 7 is a top schematic view of one embodiment of 
a process system 700 having a plurality of process chambers 
731-737, such as PECVD chambers chamber 600 of FIG. 6 or 
other Suitable chambers capable of depositing silicon films. 
The process system 700 includes a transfer chamber 720 
coupled to a loadlock chamber 710 and the process chambers 
731-737. The load lock chamber 710 allows Substrates to be 
transferred between the ambient environment outside the sys 
tem and vacuum environment within the transfer chamber 
720 and process chambers 731-737. The load lock chamber 
710 includes one or more evacuatable regions holding one or 
more Substrate. The evacuatable regions are pumped down 
during input of substrates into the system 700 and are vented 
during output of the substrates from the system 700. The 
transfer chamber 720 has at least one vacuum robot 722 
disposed therein that is adapted to transfer substrates between 
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the load lock chamber 710 and the process chambers 731 
737. Seven process chambers are shown in FIG. 7; however, 
the system may have any Suitable number of process cham 
bers. 

0056. In certain embodiments of the invention, one system 
700 is configured to deposit the first p-i-njunction comprising 
an intrinsic type amorphous silicon layer(s) of a multi-junc 
tion solarcell, such as the first p-i-njunction320 of FIGS. 3-5. 
One of the process chambers 731-737 is configured to deposit 
the p-type silicon layer(s) of the first p-i-njunction while the 
remaining process chambers 731-737 are each configured to 
deposit both the intrinsic type amorphous silicon layer(s) and 
the n-type silicon layer(s). The intrinsic type amorphous sili 
con layer(s) and the n-type silicon layer(s) of the first p-i-n 
junction may be deposited in the same chamber without any 
passivation process in between the deposition steps. Thus, a 
substrate enters the system through the load lock chamber 
710, is transferred by the vacuum robot into the dedicated 
process chamber configured to deposit the p-type silicon lay 
er(s), is transferred by the vacuum robot into one of the 
remaining process chamber configured to deposited both the 
intrinsic type silicon layer(s) and the n-type silicon layer(s), 
and is transferred by the vacuum robot back to the load lock 
chamber 710. In certain embodiments, the time to process a 
substrate with the process chamber to form the p-type silicon 
layer(s) is approximately 4 or more times faster, preferably 15 
or more times faster, than the time to form the intrinsic type 
amorphous silicon layer(s) and the n-type silicon layer(s) in a 
single chamber. Therefore, in certain embodiments of the 
system to deposit the first p-i-njunction, the ratio of p-cham 
bers to i/n-chambers is 1:4 or more, preferably 1:6 or more. 
The throughput of the system including the time to provide 
plasma cleaning of the process chambers may be about 20 
substrates/hr or more. 

0057. In certain embodiments of the invention, one system 
700 is configured to deposit the second p-i-n junction com 
prising an intrinsic type microcrystalline silicon layer(s) of a 
multi-junction Solar cell. Such as the second p-i-n junction 
330 of FIGS. 3-5. One of the process chambers 731-737 is 
configured to deposit the p-type silicon layer(s) of the first 
p-i-njunction while the remaining process chambers 731-737 
are each configured to deposit both the intrinsic type micro 
crystalline silicon layer(s) and the n-type silicon layer(s). The 
intrinsic type microcrystalline silicon layer(s) and the n-type 
silicon layer(s) of the second p-i-njunction may be deposited 
in the same chamber without any passivation process in 
between the deposition steps. 
0.058 Thus improved methods for depositing a microcrys 
talline silicon films are provided. The method advantageously 
increases the deposition rate of the microcrystalline silicon 
layer in a Solar cell without significantly damaging the under 
lying layers. The increased deposition rate reduces the pro 
cessing time for Solar cells comprising microcrystalline sili 
con layers and increases manufacturing throughput while 
reducing production costs. 
0059 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. For example, the process chamber of FIG. 
4 has been shown in a horizontal position. It is understood that 
in other embodiments of the invention the process chamber 
may be in any non-horizontal position, Such as vertical. For 
example, embodiments of the invention have been described 
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in reference to the multi-process chamber cluster tool in FIG. 
7. It is understood that embodiments of the invention may also 
be practiced in on in-line systems and hybrid in-line/cluster 
systems. For example, embodiments of the invention have 
been described in reference to a first system configured to 
form a first p-i-n junction and a second p-i-n junction. It is 
understood that in other embodiments of the invention, the 
first p-i-njunction and a second p-i-njunction may beformed 
in a single system. For example, embodiments of the inven 
tion have been described in reference to a process chamber 
adapted to deposit both an intrinsic type layer and an n-type 
layer. It is understood that in other embodiments of the inven 
tion, separate chambers may be adapted to deposit the intrin 
sic type layer and the n-type layer. It is understood that in 
other embodiments of the invention, a process chamber may 
be adapted to deposit both a p-type layer and an intrinsic type 
layer. 

1-8. (canceled) 
9. A method of forming a thin film multi-junction solar cell 

over a Substrate, comprising: 
forming a first p-i-n junction, comprising: 

forming a p-type amorphous silicon layer, 
forming an intrinsic type amorphous silicon layer over 

the p-type amorphous silicon layer, and 
forming a first n-type silicon layer over the intrinsic type 

amorphous silicon layer; and 
forming a second p-i-n junction over the first p-i-n junc 

tion, comprising: 
forming a p-type microcrystalline silicon layer, 
forming an intrinsic type microcrystalline silicon layer 

over the p-type microcrystalline silicon layer, 
wherein forming the intrinsic type microcrystalline 
silicon layer comprises: 
forming a first region of the intrinsic type microcrys 

talline silicon layer at a first deposition rate; 
forming a second region of the intrinsic type microc 

rystalline silicon layer at a second deposition rate 
higher than the first deposition rate; and 

forming a third region of the intrinsic type microcrys 
talline silicon layer at a third deposition rate lower 
than the second deposition rate; and 

forming a second n-type silicon layer over the intrinsic 
type microcrystalline layer. 

10. The method of claim 9, whereinforming an intrinsic 
type microcrystalline silicon layer further comprises forming 
a seed layer prior to forming a first region of the intrinsic type 
microcrystalline silicon layer. 

11. The method of claim 10, further comprising forming an 
amorphous silicon barrier layer between the p-type microc 
rystalline silicon layer and the seed layer. 

12. The method of claim 9, further comprising forming an 
amorphous silicon barrier layer between the p-type microc 
rystalline silicon layer and the intrinsic type microcrystalline 
silicon layer. 

13. The method of claim 9, wherein the first p-i-njunction 
is formed over a tin oxide transparent conducting oxide layer. 

14. The method of claim 9, wherein the first region of the 
intrinsic type microcrystalline silicon layer is formed to a 
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thickness between about 10 A and about 500 A, wherein the 
second region of the intrinsic type microcrystalline silicon 
layer is formed to a thickness between about 10,000 A and 
about 30,000 A, and wherein the third region of the intrinsic 
type microcrystalline silicon layer is between about 10 A and 
about 500 A. 

15. The method of claim 9, wherein the first deposition rate 
is between about 100 A/minute and about 350 A/minute, 
wherein the second deposition rate is between about 400A/ 
minute and about 1500A/minute, and wherein the third depo 
sition rate is between about 100 A/minute and about 350 
A/minute. 

16. The method of claim 9, wherein the p-type amorphous 
silicon layer of the first p-i-njunction is formed to a thickness 
between about 60A and about 300A; wherein the intrinsic 
type amorphous silicon layer of the first p-i-n junction is 
formed to a thickness between about 1,500A and about 3,500 
A; and wherein the n-type silicon layer of the first p-i-n 
junction is formed to a thickness between about 100 A and 
about 400 A. 

17. The method of claim 9, wherein the p-type microcrys 
talline silicon layer of the second p-i-n junction is formed to 
a thickness between about 100 A and about 400 A; wherein 
the intrinsic type microcrystalline silicon layer of the second 
p-i-n junction is formed to a thickness between about 10,000 
Aandabout 30,000 A; and wherein the second n-type silicon 
layer is formed to a thickness between about 100 A and about 
500 A. 

18. The method of claim of claim 11, wherein the amor 
phous silicon barrier layer is formed to a thickness between 
about 20 A and about 100 A. 

19. The method of claim 9, wherein the first p-i-njunction 
is formed in a first process system comprising a first process 
chamber and a second process chamber. 

20. The method of claim 9, wherein the p-type amorphous 
silicon layer of the first p-i-n junction is formed in the first 
process chamber of the first process system and wherein the 
intrinsic type amorphous silicon layer and the n-type silicon 
layer are formed in the second process chamber of the first 
process system. 

21. The method of claim 12, wherein the second p-i-n 
junction is formed in a second process system comprising a 
first process chamber and a second process chamber. 

22. The method of claim 14, wherein the p-type microc 
rystalline silicon layer of the second p-i-njunction is formed 
in the first process chamber of the second process system and 
wherein the intrinsic type microcrystalline silicon layer and 
the n-type microcrystalline or amorphous silicon layer of the 
second p-i-njunction is formed in the second chamber of the 
second process system. 

23. The method of claim 9, wherein the first n-type silicon 
layer and the second n-type silicon layer are an n-type amor 
phous silicon layer oran n-type microcrystalline silicon layer. 

24. The method of claim 10, wherein the seed layer is 
formed to a thickness between about 20 A and about 500 A. 
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