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INDIUM-DOPED SILICON WAFER AND SOLAR CELL USING THE SAME

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to Italian Application No. TO2012A001175 filed
December 31, 2012, International Application No. PCT/EP2013/054878 filed March 11, 2013,
International Application No. PCT/EP2013/054875 filed March 11, 2013, and U.S. Patent
Application No. 61/838660 filed June 24, 2013, the disclosures of which are hereby incorporated

by reference in their entirety.

FIELD
[0002] The field relates generally to the manufacture of solar cells fabricated on
monocrystalline silicon wafers, and more specifically to solar cells fabricated on indium-doped

monocrystalline silicon wafers sliced from Czochralski grown monocrystalline silicon ingots.

BACKGROUND

[0003] Single crystal silicon, which is the starting material in most processes for the
fabrication of semiconductor electronic components, is commonly prepared by the so-called
Czochralski ("Cz") method. In this method, polycrystalline silicon ("polysilicon") is charged to a
crucible and melted, a seed crystal is brought into contact with the molten silicon, and then a
single crystal is grown by slow extraction. After formation of a neck is complete, the diameter of
the crystal is enlarged by, for example, decreasing the pulling rate and/or the melt temperature
until the desired or target diameter is reached. The cylindrical main body of the crystal which has
an approximately constant diameter is then grown by controlling the pull rate and the melt
temperature while compensating for the decreasing melt level. Near the end of the growth
process but before the crucible is emptied of molten silicon, the crystal diameter is typically
reduced gradually to form a tail end in the form of an end-cone. The end-cone usually is formed
by increasing the crystal pull rate and heat supplied to the crucible. When the diameter becomes
small enough, the crystal is then separated from the melt.

[0004] Solar cells may be fabricated from monocrystalline silicon substrates produced by
the Czochralski method. Czochralski grown monocrystalline silicon substrates may be grown by
cither standard, i.e., batch, or continuous. In order to achieve acceptable resistivity for solar cell
applications, the growing crystal is doped primarily with boron. It is the industry standard for

diffused junction screen-printed solar cells to use boron-doped silicon wafers.
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[0005] The use of boron-doped silicon wafers is not without problems. For example, it is
known that oxygen impurity, commonly caused by the crucible, of a Czochralski grown crystal
can interact with boron dopants forming complexes in the material. These oxygen complexes are
activated when the substrate or finished solar cell is exposed to light, which degrades its minority
carrier lifetime, and hence the efficiency of the completed solar cell. This phenomenon is called
light induced degradation (LID), and is a major loss mechanism for solar cells fabricated on
boron-doped monocrystalline silicon wafers.

[0006] In order to minimize the effect of LID, manufacturers target a slightly higher
resistivity than optimal to reduce the amount of boron dopant atoms in each wafer. Therefore,
there is a trade-off between LID and optimal base resistivity. Consequently, the maximum

efficiency of solar cell cannot be realized.

BRIEF DESCRIPTION

[0007] Briefly, therefore, one aspect is directed to a solar cell comprising an indium-
doped monocrystalline silicon wafer sliced from an ingot grown by the Czochralski method,
wherein the efficiency of converting solar spectral irradiance on a surface of the indium-doped
monocrystalline silicon wafer under an absolute air mass of 1.5 is at least 17%.

[0008] Another aspect is directed to a solar cell comprising an indium-doped
monocrystalline silicon wafer sliced from an ingot grown by the Czochralski method, wherein
the wafer has an average bulk resistivity less than about 10 ohm-cm and wherein the relative
efficiency of the solar cell degrades by no more than about 1% after 1 hour to 300 hours
exposure to light equivalent to 0.1 suns to 10 suns at a temperature less than 45°C.

[0009] Still another aspect is directed to a solar cell comprising an indium-doped
monocrystalline silicon wafer sliced from an ingot grown by the Czochralski method, wherein
the wafer has an average bulk resistivity less than about 10 ohm-cm and wherein the relative
efficiency of the solar cell degrades by no more than about 1% after at least 4 hours exposure to
sunlight at a temperature less than 45°C.

[0010] Yet another aspect is directed to a monocrystalline silicon segment having a
central axis, a front surface and a back surface that are generally perpendicular to the central
axis, a central plane between and parallel to the front and back surfaces, a circumferential edge,
and a radius, R, extending from the central axis to the circumferential edge, the segment
comprising a mean indium concentration of at least about 1 x 10'° atoms/cubic centimeters;
wherein the indium concentration has a relative radial variance of no more than about 15% over

at least 0.75R.
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[0011] Another aspect is directed to a monocrystalline silicon wafer having a thickness
between about 100 micrometers and about 1000 micrometers and two major dimensions between
about 50 mm and about 300 mm, the monocrystalline silicon wafer comprising a mean indium
concentration of at least about 1 x 10'° atoms/cubic centimeters; wherein the indium
concentration has a variance of no more than about 15% over at least 75% of the length of either
of the two major dimensions.

[0012] Yet another aspect is directed to a method of growing a single crystal silicon ingot
comprising the steps of providing a single crystal ingot growing apparatus, wherein the growing
apparatus includes a chamber having an internal pressure and a crucible disposed within the
chamber, preparing a silicon melt in the crucible, introducing an inert gas into the chamber from
a gas inlet above the silicon melt, wherein the inert gas flows over the surface of the silicon melt
and has a flow rate, introducing a volatile dopant into the silicon melt, wherein the volatile
dopant includes indium, growing an indium-doped single crystal silicon ingot, wherein the
indium-doped single crystal silicon ingot has an indium dopant concentration, and controlling the
indium dopant concentration in the ingot by adjusting the ratio of the inert gas flow rate and the
internal pressure of the chamber.

[0013] Still another aspect is directed to a monocrystalline silicon ingot having a central
axis, a circumferential edge, a radius extending from the central axis to the circumferential edge,
and a mass, the ingot comprising a mean indium concentration of at least about 5 x 10 atoms
per cubic centimeter and an axial variance of indium concentration of less than about 5 x 10"
atoms per cubic centimeter over an axial length of over 20 centimeters, wherein the radius of the
ingot is greater than about 75 millimeters.

[0014] Another aspect is directed to a method of growing a single crystal silicon ingot
comprising the steps of providing a single crystal ingot growing apparatus, wherein the growing
apparatus includes a chamber having an internal pressure, a crucible disposed within the
chamber, and a liquid doping device, preparing a silicon melt in the crucible, introducing an inert
gas into the chamber from a gas inlet above the silicon melt, wherein the inert gas flows over the
surface of the silicon melt and has a flow rate, introducing a volatile dopant into the silicon melt
as a liquid, wherein the volatile dopant includes indium, growing an indium-doped single crystal
silicon ingot, wherein the indium-doped single crystal silicon ingot has an indium dopant
concentration, and controlling the indium dopant concentration in the ingot by adjusting the ratio

of the inert gas flow rate and the internal pressure of the chamber.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0015] FIG. 1 is a cross-section of a crystal growth chamber.

[0016] FIG. 2 is a cross-section of a liquid doping system for use in a crystal growth
chamber.

[0017] FIG. 3 is an enlarged view of the feeding tube of the doping system shown in
FIG. 2.

[0018] FIG. 4 is a cross-section of the doping system of FIG. 2 being lowered towards a
melt surface.

[0019] FIG. 5 is a cross-sectional view of the doping system of FIG. 2 positioned near
the melt surface

[0020] FIG. 6 is a depiction of a monocrystalline silicon ingot grown according to the
methods disclosed herein.

[0021] FIG. 7 is a depiction of a monocrystalline silicon wafer of an embodiment.

[0022] FIGS. 8A, 8B, and 8C are graphs showing the absorption of solar cells fabricated
on indium-doped monocrystalline silicon wafers and solar cells fabricated on boron-doped
monocrystalline silicon wafers of light across the solar spectrum.

[0023] FIG. 9 is a graph depicting the minority carrier lifetime in a high lifetime, boron
doped wafer both before and after light soaking (PO1GJ — A4). The minority carrier lifetime data
were obtained according to the method described in Example 12.

[0024] FIG. 10 is a graph depicting the minority carrier lifetime in an average lifetime,
boron doped wafer both before and after light soaking (POOPC — C2). The minority carrier
lifetime data were obtained according to the method described in Example 12.

[0025] FIG. 11 is a graph depicting the minority carrier lifetime before and after light
soaking (210TON). The minority carrier lifetime data were obtained according to the method
described in Example 12.

[0026] FIG. 12 is a boxplot depicting the normalized solar cell and module efficiency of
boron and indium based solar cells and modules after outdoor light soaking. These data were
obtained according to the method described in Example 13.

[0027] FIG. 13 is a boxplot depicting the normalized open circuit voltage of boron and
indium based solar cells and modules after outdoor light soaking. These data were obtained
according to the method described in Example 13.

[0028] FIG. 14 is a boxplot depicting the normalized short circuit current of boron and
indium based solar cells and modules after outdoor light soaking. These data were obtained

according to the method described in Example 13.
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[0029] FIG. 15 is a boxplot depicting the normalized fill factor of boron and indium
based solar cells and modules after outdoor light soaking. These data were obtained according to
the method described in Example 13.

[0030] FIG. 16 is a boxplot depicting the % Relative LID of boron and indium based
solar cells after outdoor light soaking. These data were obtained according to the method
described in Example 13.

[0031] FIG. 17 is a boxplot depicting the absolute solar cell efficiency loss of boron and
indium based solar cells after outdoor light soaking. These data were obtained according to the

method described in Example 13.

DETAILED DESCRIPTION

[0032] An indium-doped monocrystalline silicon segment, ¢.g., a wafer, disclosed herein
is sliced from an ingot grown by the Czochralski method. The indium-doped monocrystalline
silicon segment is useful in the fabrication of semiconductors and solar cells. Accordingly, in
some embodiments, the present disclosure is further directed to a solar cell fabricated on an
indium-doped monocrystalline silicon wafer sliced from an ingot grown by the Czochralski
method. The indium-doped monocrystalline silicon wafer of the present disclosure is
characterized by high efficiency of converting solar spectral irradiance (e.g., sunlight) on a
surface thereof. The indium-doped monocrystalline silicon wafer of the present disclosure is
characterized, in particular, by high efficiency of converting light in the infrared region of the
solar spectrum. Accordingly, the indium-doped monocrystalline silicon wafer of the present
disclosure is capable of solar spectral irradiance conversion efficiency of at least 17%, at least
18%, at least 19%, or even at least 20%, as measured under an absolute air mass of 1.5.
Advantageously, the light induced degradation of indium-doped monocrystalline silicon wafers
according to the present disclosure is substantially less than the LID of conventional boron-
doped solar cells. In some embodiments, the relative efficiency of the solar cell degrades by no
more than about 1% after exposure to light, e.g., sunlight. Absolute light induced degradation
has been observed to be less than 0.5% and in some cases substantially less, such as less than
0.1%. In view thercof, the indium-doped monocrystalline silicon wafer of the present disclosure
is particularly suited for use in the manufacture of solar cells.

[0033] In some embodiments, the present disclosure is directed to an indium-doped
monocrystalline silicon wafer sliced from a Czochralski grown ingot. Advantageously, the
Czochralski grown ingot may be grown by a batch Cz process or a continuous Cz process. The

use of indium as a dopant in silicon ingots grown by the Czochralski method presents several
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challenges. Indium is a highly volatile dopant, and has an extremely low segregation coefficient
compared to other dopants. For example, indium's segregation coefficient is approximately 4 x
10, compared to 0.8 for boron. As a result, the indium dopant concentration in the silicon melt
can vary by orders of magnitude during a single Czochralski batch growth process. The axial
(i.e., along the length of the ingot) dopant concentration in the grown ingot may also vary by
orders of magnitude as a result of varying dopant concentration in the silicon melt. Such axial
variation is not desirable as the resistivity of wafers taken from the ingot will depend upon their
position within the ingot. According to a method of the present disclosure, therefore, conditions
may be controlled in either a batch Cz process or a continuous Cz process to ensure uniform
indium dopant along the axial length of the single crystal silicon ingot and along the radial length
of the wafer as measured from the central axis to the edge.

[0034] In some embodiments, the monocrystalline silicon substrate comprises a segment
of a single crystal silicon ingot, i.e., a portion sliced from a single crystal silicon ingot. In some
embodiments, the monocrystalline silicon substrate comprises a single crystal silicon wafer. In
some embodiments, the silicon wafer comprises a wafer sliced from a single crystal silicon wafer
which has been sliced from a single crystal ingot grown in accordance with Czochralski crystal
growing methods described herein. The single crystal silicon ingot has a nominal diameter
achievable by Czochralski crystal growing methods. In general, the nominal diameter may be at
least about 150 mm, about 200 mm, or greater than about 200 mm, such as 205 mm, 250 mm,
300 mm or even 450 mm. The indium-doped single crystal silicon wafer may be sliced from the
ingot to have the round shape associated with semiconductor applications or may be sliced to
have a generally square shape for use in the manufacture of solar cells.

[0035] In some embodiments, the indium-doped monocrystalline silicon wafer is
prepared for use in a semiconductor application. Ingot growth as well as standard process for
preparing wafers for semiconductor manufacture, including silicon slicing, lapping, etching, and
polishing techniques, are disclosed, for example, in F. Shimura, Semiconductor Silicon Crystal
Technology, Academic Press, 1989, and Silicon Chemical Etching, (J. Grabmaier ed.) Springer-
Verlag, N.Y., 1982 (incorporated herein by reference).

[0036] In some embodiments, the indium-doped monocrystalline silicon wafer is
prepared for use in the manufacture of a solar cell. The wafer may be sliced into generally
square shape (see FIG. 7). A semi-square cell starts from a circular wafer but has had the edges

cut off so that a number of cells can be more efficiently packed into a rectangular module.
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[0037] Ingots prepared by the Czochralski method generally contain oxygen impurities,
which may enter the silicon melt from the ambient atmosphere and from the crucible wall.
During crystal growth, the molten silicon etches or dissolves the quartz that makes up the
crucible, thereby generating oxygen doping. The oxygen is dispersed throughout the crystal and
can cluster to form precipitates and complexes. Single crystal silicon ingots, and
monocrystalline silicon wafers sliced therefrom, may comprise oxygen concentrations up to
about 30 PPMA (parts per million atomic, ASTM standard F-121-83 or SEMI standard M44),
and generally less than about 20 PPMA, such as between about 11 PPMA and about 20 PPMA.

[0038] Ingots prepared by the Czochralski method may also comprise carbon as an
impurity. In some embodiments, single crystal silicon ingots, and monocrystalline silicon wafers
sliced therefrom, may comprise carbon at a concentration of no more than about 2 ppma.

[0039] In some embodiments, the present disclosure is directed to monocrystalline
silicon ingots prepared by the Czochralski method that are doped with indium, such as the ingot
shown in FIG. 6. In still further embodiments, the present disclosure is directed to methods for
growing such ingots. In still further embodiments, the present disclosure is directed to segments
and wafers sliced from such indium-doped Czochralski grown ingots. In some embodiments, the
indium-doped monocrystalline silicon substrate comprises a segment, e.g., a wafer, comprising
two major, generally parallel surfaces, one of which is a front surface of the substrate and the
other of which is a back surface of the substrate, a circumferential edge joining the front and
back surfaces, a central plane between the front and back surfaces, and a radius, R, extending
from the central plane to the circumferential edge. In some embodiments, the monocrystalline
silicon substrate comprises a monocrystalline silicon wafer having a circular shape. The
diameter of the wafer is generally similar to the diameter of the Czochralski-grown single crystal
silicon ingot, except for the portion of the ingot that is ground, as known in the art, in order to
achieve an ingot having a uniform diameter. Ingots are generally grown to a diameter greater
than the diameter of the wafer and are typically subjected to grinding in order to smooth the
outer circumferential edges thereof, which may reduce the diameter compared to the freshly
grown ingot. The diameter of the wafer may be at least about 150 mm, about 200 mm, or greater
than about 200 mm, such as 205 mm, 250 mm, 300 mm or even 450 mm, and in some
embodiments between about 150 mm and about 450 mm. In some embodiments, the
monocrystalline silicon wafer has a thickness between about 100 micrometers and about 1000

micrometers, such as between about 120 micrometers and about 240 micrometers. In specific
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embodiments, the thickness may be about 180 micrometers, or about 200 micrometers. The
thickness may vary by about 20 micrometers lesser or greater than the above recited thickness.

[0040] In some embodiments, an indium-doped monocrystalline silicon ingot (which
may have been cropped to remove the seed and end cones) or indium-doped monocrystalline
silicon segment sliced therefrom (e.g., a wafer) having a central axis, a front surface and a back
surface that are generally perpendicular to the central axis, a central plane between and parallel
to the front and back surfaces, a circumferential edge, and a radius, R, extending from the central
axis to the circumferential edge comprises a mean indium concentration of at least about 5 x 10"
atoms/cubic centimeters (about 0.01 PPMA), or at least about 1 x 10" atoms/cubic centimeters,
which is about 0.02 PPMA. In some embodiments, the mean indium concentration is between
about 1 x 10" atoms/cubic centimeters (about 0.02 PPMA) and about 1 x 10'® atoms/cubic
centimeters (about 20 PPMA). In some embodiments, the mean indium concentration is between
about 1 x 10" atoms/cubic centimeters (about 0.02 PPMA) and about 1 x 10'" atoms/cubic
centimeters (about 2 PPMA). In some embodiments, the mean indium concentration is between
about 1 x 10" atoms/cubic centimeters (about 0.02 PPMA) and about 1 x 10'® atoms/cubic
centimeters (about 0.2 PPMA).

[0041] The Czochralski growth method of the present disclosure enables the preparation
of ingots and segments sliced therefrom of substantial axial and radial uniformity of the indium
concentration. Accordingly, in some embodiments, the ingot or segment sliced therefrom has a
relative radial variance of the indium concentration of no more than about 15% over at least
0.75R (i.e., at least 75% of the radius of the ingot or segment). In some embodiments, the ingot
or segment sliced therefrom has a relative radial variance of the indium concentration of no more
than about 10% over at least 0.75R (i.e., at least 75% of the radius of the ingot or segment). In
some embodiments, the ingot or segment sliced therefrom has a relative radial variance of the
indium concentration of no more than about 15% over at least 0.95R (i.c., at least 95% of the
radius of the ingot or segment). "Relative radial variance” is determined by measuring the
change in indium concentration between two points that are located a given distance apart along
the radial length of the monocrystalline silicon ingot as measured from the central axis of the
wafer to the circumferential edge divided by the indium concentration as measured at the point
closest to the central axis of the monocrystalline silicon wafer. This resultant value is multiplied
by 100 in order to arrive at a percentage. This percentage is the "relative radial variance” in

indium concentration at disclosed herein.
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[0042] In the solar cell industry, the single crystal silicon ingot is generally cut to have
four flat edges, wherein each edge is of substantially identical length. Accordingly, the solar cell
comprises a monocrystalline silicon wafer that is generally square shaped. In some
embodiments, the monocrystalline silicon wafer is generally square shaped and has rounded
edges See FIG. 7, which is a depiction of a monocrystalline silicon wafer having the industry
standard square shape of solar cells. The square shaped monocrystalline silicon wafer may
comprise rounded edges, having a radius, R, as measured from the central axis to the
circumferential edge that are essentially identical to the diameters of the Czochralski-grown
single crystal silicon ingot. In some embodiments, the monocrystalline silicon wafers have a
thickness between about 100 micrometers and about 1000 micrometers, such as between about
120 micrometers and about 240 micrometers. In specific embodiments, the thickness may be
about 180 micrometers, or about 200 micrometers. The thickness may vary by about 20
micrometers lesser or greater than the above recited thickness. The length of the two major
dimensions of the ingot (i.e., flat to flat) may be between about 50 mm and about 300 mm, such
as between about 100 mm and about 200 mm. In some embodiments, the flat to flat dimensions
of the two major dimensions may each be about 125 mm (z 0.5 millimeters). In some
embodiments, the flat to flat dimensions of the two major dimensions may each be about 156
mm (£ 0.5 millimeters). The rounded edges may have lengths of between about 10 mm and
about 20 mm, such as about 15.4 mm =+ 1.0 millimeter.

[0043] As mentioned above, indium-doped monocrystalline silicon ingots for use in the
manufacture of solar cells are generally cropped to have flat edges, such that wafers sliced
therefrom are generally square shaped with rounded corners, as shown in FIG. 7. The square
shaped indium-doped monocrystalline silicon wafer of the present disclosure comprises a mean
indium concentration of at least about 5 x 10'* atoms/cubic centimeters (about 0.01 PPMA), or at
least about 1 x 10" atoms/cubic centimeters, which is about 0.02 PPMA. In some embodiments,
the mean indium concentration is between about 1 x 10" atoms/cubic centimeters (about 0.02
PPMA) and about 1 x 10'® atoms/cubic centimeters (about 20 PPMA). In some embodiments,
the mean indium concentration is between about 1 x 10" atoms/cubic centimeters (about 0.02
PPMA) and about 1 x 10" atoms/cubic centimeters (about 2 PPMA). In some embodiments, the
mean indium concentration is between about 1 x 10" atoms/cubic centimeters (about 0.02
PPMA) and about 1 x 10'® atoms/cubic centimeters (about 0.2 PPMA). The square shaped wafer
may have a variance of indium concentration of no more than about 15% over at least 75% of the

length of either of the two major dimensions. In some embodiments, the indium concentration of
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the wafer has a variance of no more than about 15% over at least 75% of the length of both of the
two major dimensions. In still further embodiments, the indium concentration has a variance of
no more than about 10% over at least 75% of the length of both of the two major dimensions. In
still further embodiments, the indium concentration has a variance of no more than about 15%
over at least 95% of the length of both of the two major dimensions.

[0044] The solar cells of the present disclosure comprising monocrystalline silicon
wafers having indium dopant concentrations as set forth herein generally have an average bulk
resistivity less than about 10 ohm-cm. In some embodiments, the average bulk resistivity less
than about 5 ohm-cm, less than about 4 ohm-cm, less than about 3 ohm-cm, less than about 1
ohm-cm, or even less than about 0.5 ohm-cm.

[0045] According to a process of one embodiment, an indium-doped monocrystalline
silicon ingot is grown by the Czochralski method. In some embodiments, an indium-doped
monocrystalline silicon ingot is grown by the batch Czochralski method. In some embodiments,
an indium-doped monocrystalline silicon ingot is grown by the continuous Czochralski method.

[0046] Indium-doped monocrystalline silicon ingots according to the present disclosure
are generally grown in a Czochralski-growth system and are grown according to the Voronkov
theory. See, e.g., WO 1998/45508; WO 1998/45509; WO 1998/45510; and WO 2000/022196;
among other applications assigned to MEMC Electronic Materials. In one embodiment, the
Czochralski growth chamber comprises a crucible, a system for the delivery of silicon during
ingot growth, and a system for the delivery of indium during ingot growth. The crucible can be
any known for use in silicon crystal growing that is capable of containing both solid and liquid
silicon feedstock. For example, the crucible can be a quartz crucible or can be a graphite crucible
containing a quartz inner liner. The crucible can also have any cross-sectional shape depending,
for example, on the geometry of the crystal growth system, but typically has a circular cross-
sectional shape. The crucible suitably comprises an inner growth zone and an outer feed zone,
and these zones are in fluid communication with each other. In some embodiments, the crucible
can comprise a wall or other separating means that divides the crucible into the inner and outer
zones. The wall may comprise a means for the delivery of silicon and/or indium during growth
of the monocrystalline ingot.

[0047] In some embodiments, the indium-doped single crystal silicon ingot may be
grown by the continuous Czochralski method. Silicon sources for forming the initial melt or for
supplementing the silicon melt during ingot growth include electronic grade silicon,

metallurgical grade silicon, or solar grade silicon. The silicon may be added as granular



WO 2014/106086 PCT/US2013/078056

11

polycrystalline silicon or as polycrystalline chunks. In order to supplement the silicon melt as
the ingot is pulled, the silicon delivery system comprises means to heat the added silicon such
that the silicon melt is supplemented with molten silicon. In some embodiments, the silicon can
be delivered in either solid or molten form.

[0048] The continuous Czochralski growth system of the present disclosure further
comprises a means for delivering indium to the crucible, both in the silicon of the initial melt and
for supplementing the silicon melt as the ingot is pulled. The indium can be delivered separately
from the silicon supplement, or the indium may be provided in the silicon supplement.
Continuous Czochralski growth comprises supplementation, either continuous or intermittent, of
the silicon melt with silicon and indium may occur to ensure that the relative concentration of
indium in the melt remains relatively constant and to further ensure that the silicon melt level
remains relatively constant as silicon in the melt solidifies into the growing single crystal.

[0049] In some embodiments, the method for growing an indium-doped single crystal
silicon ingot comprises batch Czochralski. Silicon stock material for forming the initial melt in
the batch Czochralski method may include electronic grade silicon, metallurgical grade silicon,
or solar grade silicon. The silicon stock material may be granular polycrystalline silicon or
polycrystalline chunks, for example.

[0050] Suitable methods for growing an indium-doped monocrystalline silicon ingot
suitable for fabricating the indium-doped wafers and solar cells described herein will now be
described with reference to FIGS. 1-5. Other methods are contemplated within the scope of this
disclosure.

[0051] A Czochralski growth chamber suitable for growing the indium-doped ingots
described herein is indicated generally at 100 in FIG. 1. The growth chamber 100 includes a
crucible 102 for holding a melt 104 of semiconductor or solar-grade material, such as silicon,
surrounded by a susceptor 106 contained within a furnace 108. The semiconductor or solar-grade
material is melted by heat provided from a heating element 110 surrounded by insulation 112.
Heat shields or reflectors 114 may be disposed above the melt surface 116 to provide better
thermal distribution within the growth chamber 100.

[0052] A pulling mechanism 118 is provided within the growth chamber for growing and
pulling ingots out of the melt 104. The pulling mechanism includes a pulling cable 120, a seed
holder or chuck 122 disposed at the end of the pulling cable, and a seed crystal 124 coupled to
the seed holder or chuck 122 for initiating crystal growth.
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[0053] The growth chamber 100 may also include one or more gas inlets 126 for
introducing an inert gas into the growth chamber. The gas inlets 126 may be disposed anywhere
along the growth chamber 100. The gas inlets 126 in FIG. 1 are disposed above the melt surface
116. Gas introduced through the gas inlets flows over the surface of the silicon melt and the
surface of the growing ingot, thereby preventing contaminant particles from reaching the phase
boundary at which the single crystal is growing. Suitable inert gasses include argon, helium,
nitrogen, neon, mixtures thereof, and any other suitably inert gas. The inert gas flow over the
surface of the silicon melt tends to increase evaporation of species from the silicon melt,
particularly volatile dopants, such as indium. This effect is amplified when the inert gas flows
through narrow channels above the silicon melt, such as those created by heat shields or
reflectors 114. Accordingly, the gas inlets 126 may be attached to one or more flow controllers
128 for controlling the flow rate of the incoming inert gas, described in more detail below.

[0054] The growth chamber may also include one or more exhaust outlets 130 for
removing fluids, such as inert gases and evaporated species from the melt, and contaminant
particles from the growth chamber. The exhaust outlets 130 may be attached to one or more
pressure regulating devices 132, described in more detail below, for regulating the internal
chamber pressure of the growth chamber 100. The exhaust outlets may also be attached to a
pump 134, described in more detail below, which may be operated independently of or in
conjunction with the pressure regulating devices 132 to regulate the internal chamber pressure of
the growth chamber 100.

[0055] In the batch or continuous Czochralski methods, the indium dopant may be
introduced as a solid or a liquid. Advantageously, the indium dopant may be introduced as a
liquid using a liquid doping system, such as the liquid doping system 200 shown in FIG. 2, to
limit the amount of indium dopant evaporation during the doping and/or growth process, and to
provide more predictable indium dopant concentrations in the resulting indium-doped silicon
ingot.

[0056] The liquid doping system 200 shown in FIG. 2 may be disposed within a growth
chamber, such as the growth chamber 100 shown in FIG. 1, and may be suspended by cables or
wires 202 from a dummy seed 204 attached to a pulling mechanism, such as the pulling
mechanism 118 shown in FIG. 1, for positioning the liquid doping system 200 during the doping
process described herein. The dummy seed 204 may be sized and shaped to be received within or
coupled to the seed holder or chuck 122 of the pulling mechanism 118 used to grow

monocrystalline ingots. In the embodiment shown in FIG. 2, the cables or wires 202 are made
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from molybdenum or tungsten, although other materials may be used for cables or wires 202.
The dummy seed 204 may be made of stainless steel or any other suitable material for supporting
the weight of the liquid doping system. When the shape and size of the dummy seed 204 are the
same as or similar to the shape and size of the seed crystal 124 used in the pulling mechanism
118 for growing monocrystalline ingots, the liquid doping system 200 can be installed in growth
chambers, such as the growth chamber 100 shown in FIG. 1, with little to no modification.

[0057] The liquid doping system 200 includes a dopant reservoir 206 for holding dopant
208, and an elongated feeding tube 300 extending from a first, or upper, opening 210 in the
dopant reservoir 206. The liquid doping system 200 may be made of any material suitable for
high temperature applications (e.g., refractory ceramics, molybdenum, tungsten, and graphite).
Quartz is suitable because it minimizes the risk of contamination from the liquid doping system
200. In the embodiment shown in FIG. 2, the liquid doping system 200 has a unitary
construction. In other embodiments, the liquid doping system 200 may be assembled from
separate components. The dopant reservoir 206 includes quartz sidewalls 212 which define a
generally cylindrical body 214 and a tapered end 216 defining the first opening 210 having a
smaller cross-sectional area than the cross-sectional area of the body 214. The tapered end 216
has a conical shape to channel dopant to the lowest point of the dopant reservoir 206. In the
embodiment shown in FIG. 2, the sidewalls 212 of tapered end 216 are linearly tapered, although
the sidewalls 212 defining the tapered end 216 may also be curved inwardly such that tapered
end 216 has a bowl-type shape. An end of the body 214 distal from the tapered end 216 includes
one or more holes 218, equally spaced around the circumference of body 214, through which
cables or wires 202 are inserted to secure the liquid doping system 200 to the pulling mechanism
118 for positioning the liquid doping system 200 during the doping process described herein.
The embodiment shown in FIG. 2 has four holes 218, although other embodiments may have a
different number of holes.

[0058] Referring now to FIG. 3, the feeding tube 300 comprises sidewalls 302 extending
from the upper opening 210 to a length L, and has a first, or upper, end 304 positioned near the
upper opening 210, and a second, or lower, end 306 distal from the upper end 304, having a
second, or lower opening, 308 defined therein. An angled tip 310 is disposed at the lower end
306 of the feeding tube 300. The angled tip 310 provides a better visual indicator of contact
between the lower end 306 of the feeding tube and the melt surface 116, compared to a non-
angled tip. The angled tip 310 therefore aids the operator (not shown) in minimizing the contact

between the melt 104 and the liquid doping system 200.
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[0059] As described in more detail below, during the doping process, the doping system
is lowered towards the melt surface 116 until the angled tip 310 contacts the melt surface 116.
The dopant reservoir 206 is thus positioned above the melt surface 116 by a distance generally
equal to the length L of the feeding tube 300. The length L of the feeding tube 300 is selected so
that during the doping operation, the dopant reservoir is positioned at a height H (shown in FIG.
5) above the melt surface 116 such that the temperature within the dopant reservoir is just above
the melting temperature of the dopant 208, thereby limiting dopant evaporation.

[0060] The feeding tube 300 has an inner diameter d defined by inner sidewalls 312 of
feeding tube 300, wherein the inner diameter d is sized such that when liquid dopant is passing
through the feeding tube 300, the liquid dopant substantially occupies the volume enclosed by
feeding tube 300. As a result, the free surface of the liquid dopant is minimized, thereby reducing
evaporation of the liquid dopant. The inner diameter d of feeding tube 300 is also sized such that
the capillary action does not prevent liquid dopant from passing through feeding tube 300.
Because the capillary forces acting on the liquid dopant are inversely related to the temperature
of the liquid dopant, the inner diameter d of the feeding tube 300 may be inwardly tapered
towards the lower end 306 of the feeding tube 300.

[0061] The feeding tube 300 also has an outer diameter D based upon the thickness of the
feeding tube sidewalls 302 and the size of the inner diameter d. In the embodiment shown in
FIG. 2, the outer diameter D of feeding tube 300 is the same as the outer diameter of the tapered
end 216 at the upper opening 210.

[0062] The inner sidewalls 312 of the feeding tube 300 extend inwardly near the opening
210 to form a first restriction 314 configured to restrict the passage of solid dopant 208 through
the feeding tube 300. The first restriction 314 may alternatively be formed from the inner
sidewalls 316 of the tapered end 216, or the first restriction 314 may span the feeding tube 300
and the tapered end 216. The first restriction 314 has a diameter sized to prevent the passage of
solid dopant through the feeding tube 300. In the embodiment shown in FIGS. 2 and 3, the first
restriction has an inner diameter of 1 mm.

[0063] A second restriction 318 of this embodiment is formed near the lower end 306 of
the feeding tube 300 to impede the flow of, and reduce the velocity of liquid dopant passing
through feeding tube 300. By reducing the velocity of liquid dopant, the impact of the liquid
dopant on the melt surface 116 is reduced, thereby reducing splashing or spattering of the melt
104. Further, impeding the flow of the liquid dopant in the lower end 306 of the feeding tube 300
causes the liquid dopant to be further heated prior to being introduced into the melt 104. Thus,
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the liquid dopant is heated to a temperature approaching the temperature of the melt 104 before
being introduced into the melt 104. This reduces the thermal shock between the dopant 208 and
the melt 104. Additionally, raising the temperature of the liquid dopant reduces the viscosity of
the liquid dopant, thereby further reducing splashing or spattering of the melt 104 when liquid
dopant is introduced.

[0064] The second restriction 318 also reduces the cross-sectional area of the liquid
dopant stream exiting the feeding tube 300, and the resulting free surface area of the liquid
dopant on the melt surface 116. By reducing the free surface area of the liquid dopant on the melt
surface 116, the second restriction 318 further reduces evaporation of the liquid dopant.

[0065] In the embodiment shown in FIG. 3, the second restriction 318 has a similar
configuration to the first restriction 314 in that the inner sidewalls 312 of the feeding tube 300
are inwardly tapered near the lower opening 308 to form the second restriction 318. The second
restriction 318 extends downwardly to the end of feeding tube 300, defining the lower opening
308 of the feeding tube 300. The diameter of the second restriction 318 is sized smaller than the
inner diameter d of the feeding tube 300, and large enough to permit liquid dopant to overcome
the capillary forces acting on the liquid dopant from the inner sidewalls 312 of feeding tube 300.
In the embodiment shown in FIG. 3, the diameter of the second restriction is 2 mm.

[0066] Referring now to FIGS. 2 and 4-5, a method of using the liquid doping system
200 to introduce liquid dopant into a melt of semiconductor or solar-grade material will now be
described. As shown in FIG. 2, a predetermined amount of dopant particles 208 are introduced
into dopant reservoir 206 while the liquid doping system 200 is positioned remote from the melt
surface 116. The tapered end 216 funnels the dopant particles 208 towards the lowest portion of
the dopant reservoir 206. The first restriction 314 prevents solid dopant particles 208 from
passing through feeding tube 300.

[0067] As shown in FIGS. 4-5, to introduce the dopant 208 into the melt 104, the liquid
doping system 200 is lowered near the melt surface 116 via pulling mechanism 118. The liquid
doping system 200 is lowered until the angled tip 310 of feeding tube 300 contacts the melt
surface 116. The angled tip 310 of the feeding tube 300 facilitates positioning of the liquid
doping system 200 near the melt surface 116 by providing a better visual indicator of contact
between the melt surface 116 and the feeding tube 300. Thus, the liquid doping system 200 is
configured to be positioned near the melt surface 116 and to minimize contact with the melt 104,

which contact can cause gradual degradation of the doping system from thermal shock and
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deformation, solidification of the melt material around the feeding tube, and deposition on the
feeding tube inner surface of silicon monoxide evaporating from the melt 104.

[0068] As the liquid doping system 200 is lowered towards the melt surface 116, the
temperature inside the dopant reservoir 206 begins to increase. To reduce the possibility of the
dopant 208 melting before it is positioned near the melt surface 116, a move time may be
determined within which to position the liquid doping system 200. The move time may be based
upon the amount of time needed to melt solid dopant particles 208, and can be estimated by the
amount of time needed to raise the temperature of the solid dopant particles 208 to the melting

point, or

_ (Tm-Ts)*(cg*mg+Caa*Maq)
tmove - dE Eq 1

at

where 7, is the melting temperature of the dopant, 7 is temperature of the solid dopant particles
208 at the beginning of the doping process (normally room temperature), cq is the specific heat
capacity of the solid dopant particles 208, m,is the total mass of the solid dopant particles 208,
cqa 18 the specific heat capacity of the liquid doping system 200, m; is the mass of the liquid

doping system 200, and i—f is the rate of energy transfer from the melt 104 and other components

of the growth chamber 100 to the solid dopant particles 208 and to the liquid doping system 200.
Positioning the liquid doping system 200 near the melt surface 116 within the move time
prevents liquid dopant from being released while liquid doping system 200 is positioned remote
from the melt surface 116, thereby preventing a violent impact of the liquid dopant on the melt
surface 116. The angled tip 310 of feeding tube 300 reduces the amount of time needed to
position the liquid doping system 200 because it provides a better visual indication of contact
between the melt surface 116 and the feeding tube 300. Thus, the angled tip 310 aids the operator
(not shown) in positioning the liquid doping system 200 within the move time.

[0069] After the liquid doping system 200 is positioned near the melt surface 116, the
temperature inside the dopant reservoir 206 is increased to the melting temperature of dopant
particles 208. As solid dopant particles 208 liquefy, the resulting liquid dopant 220 flows
through first restriction 314 and feeding tube 300. The size of diameter d of feeding tube 300
limits the available free surface of the liquid dopant 220 as it flows through the feeding tube 300,
thereby limiting evaporation of the liquid dopant 220.

[0070] Liquid dopant 220 flowing through feeding tube 300 is impeded by the second
restriction 318 at the lower end 306 of feeding tube 300 before exiting feeding tube 300 through
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the lower opening 308 and entering the melt 104. The second restriction 318 impedes the flow
of, and reduces the velocity of liquid dopant 220 passing through feeding tube 300, thereby
reducing the impact of the liquid dopant 220 on the melt surface 116, and any splashing or
spattering of the melt 104. Further, impeding the flow of the liquid dopant in the lower end 306
of the feeding tube 300 causes the liquid dopant 220 to be further heated prior to entering the
melt 104. As a result, the temperature of the liquid dopant 220 can be heated to a temperature
approaching the temperature of the melt 104 before entering the melt, thereby reducing thermal
shock between the liquid dopant 220 and the melt 104. Additionally, raising the temperature of
the liquid dopant 220 reduces the viscosity of the liquid dopant, thereby further reducing
splashing or spattering of the melt 104 when liquid dopant 220 is introduced in to the melt 104.

[0071] The second restriction 318 also reduces the cross-sectional area of the liquid
dopant 220 stream exiting the feeding tube 300, and the resulting free surface area of the liquid
dopant 220 on the melt surface 116. By reducing the free surface area of the liquid dopant 220 on
the melt surface 116, the second restriction 318 reduces evaporation of the liquid dopant 220.

[0072] Once dopant particles 208 have liquefied and/or a predetermined amount of time
has elapsed, liquid doping system 200 is raised by pulling mechanism 118 and removed from
furnace 108. The doping process may then be repeated or the liquid doping system 200 may be
stored for later use.

[0073] If the dopant 208 has a relatively low melting point, e.g., less than 1400°C, or
even less than 800°C, the doping method described above can be performed in a relatively short
amount of time. As a result, the temperature of the body 214 of dopant reservoir 206 is low
enough such that the liquid doping system 200 can be removed from the furnace 108
immediately after the doping process is completed, without the need for a cooling step.
Additionally, the dummy seed 204 can be immediately removed from the chuck 122 and
replaced with a seed crystal, such as the seed crystal 124 shown in FIG. 1, for use in growing a
monocrystalline ingot.

[0074] Introducing indium as a liquid, e.g., by using a liquid doping system such as the
liquid doping system described herein, reduces indium evaporation during the doping and/or
growth process, and provides more predictable indium dopant concentrations in the resulting
indium-doped silicon ingot.

[0075] Referring now to FIG. 1, during the growth process, an inert gas may be
introduced into the growth chamber from one or more gas inlets 126 disposed above the silicon

melt 104 to remove contaminants and evaporated species produced by the melt, and reduce the
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risk of contaminants being incorporated into the grown ingot. The inert gas flows over the melt
surface 116 and the surface of the growing ingot 136, thereby preventing contaminant particles
from being able to reach the phase boundary 138 at which the single crystal is growing. Suitable
inert gasses include argon, helium, nitrogen, neon, mixtures thereof, and any other suitably inert
gas.

[0076] As discussed above, indium has a relatively high segregation coefficient and high
evaporation rate compared to boron. Flowing inert gas over the surface of the silicon melt tends
to increase the evaporation rate of indium in the silicon melt, which can result in unpredictable
dopant concentrations in the grown ingot. Therefore, the indium dopant concentration in the
grown ingot may be controlled by adjusting the inert gas flow rate in relation to other parameters
within the growth chamber. In particular, the indium dopant concentration in the grown ingot
may be controlled by adjusting the ratio of the inert gas flow rate and the internal chamber
pressure based upon a relationship between the inert gas flow rate, the internal chamber pressure,
and the effective evaporation rate of indium in the silicon melt.

[0077] Specifically, the relationship between the effective evaporation rate of indium in

the silicon melt, the inert gas flow rate, and the internal chamber pressure can be expressed as
= 4(L
g —A(p)+B, Eq.2

where g* is the effective evaporation rate of indium in the silicon melt, f'is the incoming inert gas
flow rate, p is the internal pressure of the chamber, and 4 and B are each coefficients dependent
upon the configuration of the growth chamber. Thus, if 4 and B are known, the ratio of the inert
gas flow rate and the internal pressure of the chamber can be adjusted to obtain a desired
effective evaporation rate of indium in the silicon melt. As used herein, “incoming inert gas flow
rate” refers to the total flow rate of the inert gas entering the growth chamber through the one or
more gas inlets described herein, measured as a volumetric flow rate, a mass flow rate, or any
other suitable means of measuring flow rate.

[0078] The effective evaporation rate of indium in the silicon melt may be selected based
upon a desired indium dopant concentration in the silicon melt at a given time 7 during the ingot
growth process. The indium dopant concentration in the silicon melt may be related to the

amount of time elapsed during the growth process by the equation

G = Cl,oe_(%)t, Eq. 3

where C; is the indium dopant concentration in the silicon melt at a given time ¢ during the

growth process, Cj g is the initial indium dopant concentration in the silicon melt, g* is the
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effective evaporation rate of the indium dopant, and H is the ratio of the melt volume to the free
surface of the melt (i.e., the surface area of the silicon melt less the surface area of the ingot
cross-section). The effective evaporation rate of indium in the silicon melt may also be selected
based upon a desired dopant concentration profile in the grown ingot. For example, the dopant
concentration in a growing ingot at the solid-liquid interface can be approximately calculated

using the equation

Cs=k=(, Eq. 4

where C; is the indium dopant concentration in the solidified ingot at the solid-liquid interface,
and k is the segregation coefficient of indium in silicon (approximately 4 x 10™). The effective
evaporation rate of indium in the silicon melt may also be selected based upon a desired
resistivity profile in the grown ingot. For example, the resistivity of indium-doped silicon can be
related to the indium dopant concentration in the silicon using industry standards, such as the
Irvin curve set forth in DIN 50444, SEMI MF723-0307. For a desired resistivity profile, a
corresponding indium-dopant concentration profile may be determined, a corresponding indium-
dopant concentration in the silicon melt may be determined, and an effective evaporation rate of
indium in the silicon melt may be selected accordingly. In addition to, or as an alternative to
using Irvin curves to determine the indium dopant concentration in silicon, one or more
calibration ingots may be fabricated and utilized to determine an empirical relationship between
the resistivity of indium-doped silicon and the indium dopant concentration of the indium-doped
silicon. In such embodiments, the indium dopant concentration may be measured independently
of the resistivity using, for example, secondary ion mass spectroscopy (SIMS) or low-
temperature Fourier transform infrared spectroscopy (LT-FTIR). Such measurement techniques
may provide more accurate values for indium dopant concentration in indium-doped silicon as a
result of indium having a relatively high ionization energy in silicon (approximately 160 MeV).
The independently measured indium dopant concentrations may be used in combination with
measured resistivity values to select an effective evaporation rate of indium in the silicon melt, as
described above.

[0079] The coefficients 4 and B in Eq. 2 may be empirically determined based upon
measurements taken from grown indium-doped silicon ingots. For example, the coefficients 4
and B may be determined using the relationship between the effective evaporation rate of indium

and the effective segregation coefficient of indium in silicon, k., expressed as

g = (ke — k)=, Eq. 5
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where k is the segregation coefficient of indium in silicon (approximately 4 x 10™*), H is the ratio
of the melt volume to the free surface of the melt, v is the average pull speed of the crystal puller,
and o is the liquid-to-solid density ratio of silicon. The effective segregation coefficient of
indium in silicon, k., may be calculated from measurements taken from sections cut from grown
indium-doped silicon ingots using the equation
os(22)

log (e’

ke=1+ Eq. 6

where C, is the dopant concentration at the seed end of the ingot section being measured (i.e., the
end of the ingot section closest to the seed end of the ingot), C. is the dopant concentration at the
tail end of the ingot section being measured (i.e., the end of the ingot section closest to the tail
end of the ingot), m, is the solidified fraction of the silicon ingot at the seed end of the ingot
section, and m. is the solidified fraction of the silicon ingot at the tail end of the ingot section. As
used with reference to Equation 5, for a given cross-section of a silicon ingot taken perpendicular
to the longitudinal axis of the ingot, the term “solidified fraction” means the mass of the ingot
between the seed end of the ingot and the reference cross-section, divided by the total mass of
the initial charge weight used to grow the ingot.

[0080] Thus, using the relationships between the inert gas flow rate and the internal
chamber pressure described herein, the rate of indium dopant evaporation may be controlled by
adjusting the ratio of the inert gas flow rate and the internal chamber pressure. Consequently,
the indium-dopant concentration in the grown indium-doped silicon ingot may also be controlled
by adjusting the ratio of the inert gas flow rate and the internal chamber pressure. In particular
embodiments, the inert gas flow rate and the internal chamber pressure may be adjusted such that
the ratio of the inert gas flow rate and the internal chamber pressure is between about 0.05 and
about 1.40 normal-liters per minute per millibar, between about 0.10 and about 1.00 normal-
liters per minute per millibar, or between about 0.10 and about 0.80 normal-liters per minute per
millibar. In yet further embodiments, the flow rate of the inert gas may be varied between about
20 normal-liters per minute and about 200 normal-liters per minute, between about 30 normal-
liters per minute and about 140 normal-liters per minute, or between about 30 normal-liters per
minute and about 80 normal-liters per minute. In yet further embodiments, the internal pressure
of the growth chamber may be varied between about 20 millibar and about 400 millibar, between
about 30 millibar and about 200 millibar, or between about 30 millibar and about 100 millibar.
As used herein, the term “normal-liter” refers to one liter of the referenced gas at 273.15 Kelvin
and 101.325 kPa.
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[0081] The ratio of the inert gas flow rate and the internal chamber pressure may be
adjusted prior to, during, or both prior to and during the growth process to obtain a desired
indium dopant concentration in the grown ingot. The inert gas flow rate and/or the internal
chamber pressure may be adjusted one more times during the growth process, or even
continuously during the growth process. The inert gas flow rate and/or the internal chamber
pressure may be adjusted based upon real-time measurements of the Czochralski growth process,
or at one or more predetermined times following the start of the growth process. The
predetermined times at which the inert gas flow rate or the internal chamber pressure is adjusted
may be based upon an amount of time elapsed after commencement of the growth process, upon
the ingot reaching a desired length, upon the pulling speed reaching a desired pull speed, or upon
an amount of the silicon melt being consumed by the growth process.

[0082] The flow rate of the inert gas flowing through the gas inlets 126 is controlled
using one or more flow controllers 128 attached to the gas inlets 126. The flow controllers 128
may be any device suitable for regulating the flow rate of inert gas passing through the gas inlet
and into the growth chamber, such as mass flow controllers, volumetric flow controllers, throttle
valves, or butterfly valves. The flow controllers 128 may be automated or manually controlled.
Automated flow controllers may be controlled by one or more programmable devices 140
capable of adjusting the flow rate of the inert gas based on user defined conditions (e.g., after a
certain amount of time has elapsed). The flow controllers shown in FIG. 1 are automated mass
flow controllers controlled by programmable devices 140 capable of adjusting the flow rate of
the inert gas based on user defined conditions.

[0083] The internal pressure of the growth chamber 100 may be controlled using one or
more pressure regulating devices 132 in fluid communication with the exhaust outlets 130 of the
growth chamber. The pressure regulating devices 132 may be any type of device suitable for
regulating the pressure within the growth chamber 100, including electronic pressure controllers,
throttle valves, butterfly valves, and ball valves. The pressure regulating devices 132 may be
automated or manually controlled. Automated pressure regulating devices may be controlled by
one or more programmable devices 140 capable of adjusting the internal pressure of the growth
chamber 100 based on user defined conditions (e.g., after a certain amount of time has elapsed).
The programmable device 140 used to control the pressure regulating device 132 may be
separate from or the same as the programmable device 140 used to control the flow controller

128. The pressure regulating device shown in FIG. 1 is automated and controlled by a
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programmable device 140 capable of adjusting the internal pressure of the growth chamber based
on user defined conditions.

[0084] A pump 134 in fluid communication with the exhaust outlets 130 of the growth
chamber 100 may be used to pump inert gas, contaminants, and evaporated species from the
silicon melt (e.g., SiO and dopant related species) out of the growth chamber 100. The pump 134
may be operated independently of or in conjunction with the pressure regulating device 132 to
regulate or adjust the pressure within the growth chamber 100. The pump 134 may be controlled
by a programmable device 140 capable of adjusting the settings of the pump based on user
defined conditions (e.g., after a certain amount of time has elapsed). The programmable device
140 may be the same as or separate from the programmable device used to control the flow
controller 128 and/or the pressure regulating device 132.

[0085] Adjusting the ratio of the inert gas flow rate and the internal chamber pressure
ensures that the relative concentration of indium in the melt remains relatively constant as the
indium-doped silicon ingot is grown, and further ensures that the dopant concentration in the
indium-doped silicon ingot is relatively uniform.

[0086] An advantage of the process of the present disclosure is the preparation of a
commercially sized monocrystalline silicon ingot, such as the ingot 600 shown in FIG. 6, with
low axial variance of the indium dopant concentration in the direction parallel to the ingot's
central axis 602, in addition to the low radial variance along the radius 604 as measured from the
central axis to the circumferential edge 606. In some embodiments, the axial variance of the
indium concentration may be less than about 5 x 10'* atoms per cubic centimeter over an axial
length of the monocrystalline silicon ingot of over 20 cm, less than about 1 x 10'* atoms per
cubic centimeter over an axial length of the monocrystalline silicon ingot of over 20 cm, less
than about 5 x 10" atoms per cubic centimeter over an axial length of the monocrystalline
silicon ingot of over 20 cm, or even less than about 4 x 10" atoms per cubic centimeter over an
axial length of the monocrystalline silicon ingot of over 20 cm. In some embodiments, the axial
variance of the indium concentration may be less than about 1 x 10"° atoms per cubic centimeter
over an axial length of the monocrystalline silicon ingot of over 40 cm, less than about 5 x 10
atoms per cubic centimeter over an axial length of the monocrystalline silicon ingot of over 40
cm, or even less than about 2 x 10'* atoms per cubic centimeter over an axial length of the
monocrystalline silicon ingot of over 40 cm. In some embodiments, the relative axial variance of
indium concentration may be less than about 20% over an axial length of the monocrystalline

silicon ingot of over 20 cm, less than about 10% over an axial length of the monocrystalline
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silicon ingot of over 20 cm, less than about 5% over an axial length of the monocrystalline
silicon ingot of over 20 cm, or even less than about 2% over an axial length of the
monocrystalline silicon ingot of over 20 cm. In some embodiments, the relative axial variance of
indium concentration may be less than about 33% over an axial length of the monocrystalline
silicon ingot of over 40 cm, less than about 25% over an axial length of the monocrystalline
silicon ingot of over 40 cm, less than about 15% over an axial length of the monocrystalline
silicon ingot of over 40 cm, or even less than about 10% over an axial length of the
monocrystalline silicon ingot of over 40 cm. In some embodiments, the mass of the indium-
doped silicon ingot 600 may be at least about 30 kg, at least about 40 kg, at least about 50 kg, at
least about 60 kg, at least about 70 kg, or at least about 80 kg. In yet further embodiments, the
mass of the indium-doped silicon ingot 600 may be in excess of 175 kg, such as at least about
180 kg, at least about 200kg, or even at least about 220 kg. "Relative axial variance" is
determined by measuring the change in indium concentration between two points that are located
a given distance apart along the axial length of the monocrystalline silicon ingot divided by the
indium concentration as measured at the point closest to the seed cone of the monocrystalline
silicon ingot. This resultant value is multiplied by 100 in order to arrive at a percentage. This
percentage is the "relative axial variance" in indium concentration at disclosed herein. The
process of the present disclosure results in a monocrystalline silicon ingot having low relative
axial variance of indium concentration over a substantial length of the silicon ingot.
Accordingly, the ingot may be sliced into a population of indium-doped monocrystalline silicon
wafers having substantially uniform properties of resistivity, conversion efficiency, and
resistance to light induced degradation.

[0087] The monocrystalline silicon ingot may be processed into a monocrystalline silicon
wafer or population of monocrystalline silicon wafers suitable for use in solar cell applications.
In this regard, the ingot may be processed according to industry standards, including cutting to
have flat edges, grounded, edge chamfered, cropped, and wiresaw cut into a population of
monocrystalline silicon wafers having substantially uniform properties of indium concentration
and resistivity, as explained herein. The cutting operation generally follows the guidelines
provided by the manufacturer of the cutting tool. The monocrystalline silicon ingot is cut into a
population of indium-doped monocrystalline silicon wafers having industry standard shapes and
sizes meeting the geometric requirements of the end use in a solar cell. An indium-doped
monocrystalline silicon wafer processed and sliced according to the industry standard may then

be further processed, again according to industry standards, into a solar cell.
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[0088] In the process of manufacturing a solar cell from an indium-doped
monocrystalline silicon wafer, the wafer surface may be textured to minimize reflection. Any
"roughening" of the surface reduces reflection by increasing the chances of reflected light
bouncing back onto the surface, rather than out to the surrounding air. A single crystalline
substrate can be textured by etching along the faces of the crystal planes. The crystalline
structure of silicon results in a surface made up of pyramids if the surface is appropriately
aligned with respect to the internal atoms. Another type of surface texturing used is known as
"inverted pyramid" texturing. Using this texturing scheme, the pyramids are etched down into
the silicon surface rather than etched pointing upwards from the surface. The textured wafer is
then processed according to industry standards, to contain an emitter according to industry
standard process such as diffusion or implantation of phosphorus, followed by edge isolation. In
some embodiments, an anti-reflection coating may be applied. Anti-reflection coatings on solar
cells are similar to those used on other optical equipment such as camera lenses. They consist of
a thin layer of dielectric material, with a thickness so that interference effects in the coating
cause the wave reflected from the anti-reflection coating top surface to be out of phase with the
wave reflected from the semiconductor surfaces. These out-of-phase reflected waves
destructively interfere with one another, resulting in zero net reflected energy. A commonly
used coating is silicon nitride. Alternatively, a double layer anti-reflection coating may be
applied, such as zinc sulfide/magnesium fluoride. A patterned metal screen, e.g., silver,
aluminum, is applied by screen printing to the front and the back of the wafer, which is followed
by firing the wafers to yield solar cells useful in, e.g., an array grid.

[0089] The solar cells of the present disclosure are characterized by high efficiency of
solar spectral irradiance conversion. Solar spectral irradiance conversion efficiency may be
measured according to industry standards. For example, conversion efficiency may be measured
according to the standard set forth in ASTM G173-03 entitled American Society for Testing and
Materials (ASTM) Terrestrial Reference Spectra for Photovoltaic Performance Evaluation. The
ASTM G173 spectra represent terrestrial solar spectral irradiance on a surface of specified
orientation under a set of specified atmospheric conditions. These distributions of power (watts
per square meter per nanometer of bandwidth) as a function of wavelength provide a single
common reference for evaluating spectrally selective PV materials with respect to performance
measured under varying natural and artificial sources of light with various spectral distributions.
The conditions selected were considered to be a reasonable average for the 48 contiguous states

of the United States of America (U.S.A.) over a period of one year. The tilt angle selected is
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approximately the average latitude for the contiguous U.S.A. The receiving surface is defined in
the standards as an inclined plane at 37° tilt toward the equator, facing the sun (i.e., the surface
normal points to the sun, at an elevation of 41.81° above the horizon). The specified atmospheric
conditions are:

a) the 1976 U.S. Standard Atmosphere with temperature, pressure, acrosol density

(rural aerosol loading), air density, molecular species density specified in 33

layers

b) an absolute air mass of 1.5 (solar zenith angle 48.19°s)

¢) Angstrom turbidity (base ¢) at 500 nm of 0.084 °

d) total column water vapor equivalent of 1.42 cm

¢) total column ozone equivalent of 0.34 cm

f) surface spectral albedo (reflectivity) of Light Soil as documented in the Jet

Propulsion Laboratory ASTER Spectral Reflectance Database

(http://speclib.jpl.nasa.gov.)

[0090] The solar cell efficiency is the ratio of the electrical output of a solar cell to the
incident energy in the form of sunlight. Terrestrial solar cells are measured under AM1.5
conditions and at a temperature of 25°C. The energy conversion efficiency (n) of a solar cell is
the percentage of the solar energy to which the cell is exposed that is converted into electrical
energy. The efficiency of a solar cell is determined as the fraction of incident power which is

converted to electricity and is defined as:
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[0091] where P, is maximum power, V. is the open-circuit voltage; where /. is the
short-circuit current; where FF is the fill factor; and where 7 is the efficiency.

[0092] The solar cell efficiency is conventionally expressed as a percentage. In some
embodiments of the present disclosure, a solar cell comprises an indium-doped monocrystalline
silicon wafer characterized by an efficiency of converting solar spectral irradiance on a surface
of the indium-doped monocrystalline silicon wafer under an absolute air mass of 1.5 of at least
17%, at least 18%, at least 19%, at least 19.5%, at least 20%, at least 20.5%, at least 21%, at least
22%, at least 24%, at least 26%, at least 28% or at least 30%.
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[0093] High solar spectral irradiance efficiency is achieved, at least in part, due to the
indium-doped monocrystalline silicon wafers capability of absorption and upconverting light in
the infrared region of the solar spectrum. Notably, an indium-doped monocrystalline silicon
wafer of the present disclosure absorbs more light in the infrared region of the solar spectrum
that a boron-doped monocrystalline silicon wafer having substantially similar or identical
resistivity. In some embodiments, an indium-doped monocrystalline silicon wafer of the present
disclosure absorbs more light in the wavelength range between 830 nm and 1400 nm than a
boron-doped wafer having substantially similar or even identical resistivity. See FIGS. 8A, 8B,
and 8C, which are graphs showing the better absorption of solar cells fabricated from indium-
doped monocrystalline silicon wafers compared to solar cells fabricated from boron-doped
monocrystalline silicon wafers of light across the solar spectrum. The absorption of the solar
cells fabricated from indium-doped wafers was greater than the absorption of the solar cells
fabricated from boron-doped wafers even though the resistivity of the boron-doped wafers (about
2.4 ohm cm) is less than the resistivity of the indium-doped wafers (about 3.5 ohm c¢m). Based
on calculations from a PC1D model (a freely available solar cell modeling program; available
from the University of New South Wales), the difference in Js¢ cannot be accounted for by
resistivity. Stated another way, the resistivity of the wafers in the respective solar cells does not
explain the increase in absorption of the indium-doped wafers. The higher absorption of lower
energy IR light is believed to be due to the higher position in the bandgap of indium dopant
atoms compared to boron dopant atoms.

[0094] In addition to high efficiency and enhanced upconversion of light across the solar
spectrum, the indium-doped monocrystalline silicon wafers of the present disclosure are
characterized by low light induced degradation, on both a relative and an absolute basis. In this
regard, the relative efficiency of a solar cell comprising an indium-doped monocrystalline silicon
wafer degrades by no more than about 2% after 1 hour to 300 hours exposure to light equivalent
t0 0.1 suns to 10 suns at a temperature less than 45°C. In some embodiments, the relative
efficiency of the solar cell degrades by no more than about 1% after 1 hour to 300 hours
exposure to light equivalent to 0.1 suns to 10 suns at a temperature less than 45°C. In some
embodiments, the relative efficiency of the solar cell degrades by no more than about 0.5% after
1 hour to 300 hours exposure to light equivalent to 0.1 suns to 10 suns at a temperature less than
45°C. In some embodiments, the relative efficiency of the solar cell degrades by no more than
about 0.3% after 1 hour to 300 hours exposure to light equivalent to 0.1 suns to 10 suns at a

temperature less than 45°C. In some embodiments, the relative efficiency of the solar cell
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degrades by no more than about 2%, or not more than about 1%, not more than 0.5%, or not
more than 0.3%, after 24 hours exposure to light equivalent to 0.7 suns at a temperature less than
45°C. Relative efficiency, as expressed herein, is determined by subjecting the indium-doped
monocrystalline silicon wafers to illumination, e.g., 24 hours exposure to light equivalent to 0.7
suns at a temperature less than 45°C, and measuring the decline in efficiency compared to the
efficiency of the initial state wafer. The difference in efficiency (efficiency of initial state wafer
subtracted by efficiency of wafer after illumination) is divided by the efficiency of initial state
wafer. The resultant value may be multiplied by 100 to derive the percentages expressed herein.

[0095] The indium-doped monocrystalline silicon wafers are further characterized by low
absolute light induced degradation of efficiency. Absolute light induced degradation is
determined by subtracting the efficiency of the degraded wafer (expressed as a percentage) from
the efficiency of the initial state wafer (also expressed as a percentage). In some embodiments,
the absolute efficiency of the solar cell comprising an indium-doped monocrystalline silicon
wafer degrades by no more than about 0.5%, or about 0.2%, or about 0.1%, or about 0.06% after
1 hour to 300 hours exposure to light equivalent to 0.1 suns to 10 suns at a temperature less than
45°C. In some embodiments, the absolute efficiency of the solar cell comprising an indium-
doped monocrystalline silicon wafer degrades by no more than about 0.5%, about 0.2%, about
0.1%, or about 0.06% after 24 hours exposure to light equivalent to 0.7 suns at a temperature less
than 45°C. In some embodiments, the absolute efficiency of the solar cell comprising an indium-
doped monocrystalline silicon wafer degrades by no more than about 1.0%, about 0.5%, about
0.2%, about 0.1%, or about 0.06% after 4 hours exposure to sunlight at a temperature less than
45°C.

[0096] Having described the disclosure in detail, it will be apparent that modifications
and variations are possible without departing from the scope of the invention defined in the

appended claims.

EXAMPLES

[0097] The following examples are non-limiting,

Example 1. Indium-Doped Monocrystalline Silicon Ingot Grown by Batch Czochralski
Method

[0098] An indium-doped monocrystalline silicon ingot was grown by a conventional
batch Czochralski method. The ingot was grown to a diameter greater than 200 mm and then

ground by a method standard in the industry to a uniform diameter of 200 mm.
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[0099] The ingot was sliced by wiresaw into wafers having a thickness between about
180 micrometers and about 200 micrometers, and wafers were selected for analysis from various
lengths from the seed cone. The wafers were tested for resistivity at the center of the wafer and
at 6 mm from the edge of the wafer, indium concentration at the center of the wafer, oxygen
concentration at the center of the wafer, carbon concentration at the center of the wafer, and
radial resistivity variance. The indium concentration was determined using the Irvin curve set

forth in DIN 50444, SEMI MF723-0307. These data are provided in the following Table 1.

TABLE 1.
Section Resistivity [In] [0] IC] Radial
(distance from at wafer Resistivity
seed cone) center Variance
cm Ohm-cm Atoms/cm” PPMA PPMA %
0 16.50 8.10x10™ 17.65 0.011 8.3
23 15.76 8.48x10™ 17.60 0.001 10.6
45 16.15 8.27x10™ 17.21 0.027 8.5
65 16.95 7.88x10™ 17.34 0.034 9.7
91 17.73 7.53x10™ 15.23 0.077 6.5

Example 2. Indium-Doped Monocrystalline Silicon Ingot Grown by Batch Czochralski
Method

[0100] An indium-doped monocrystalline silicon ingot was grown by batch Czochralski
method. During the growth process, the ratio of the inert gas flow rate and the internal chamber
pressure were adjusted to control the indium dopant concentration in the grown ingot according
to the methods described herein. The ingot was grown to a diameter greater than 200 mm and
then ground by a method standard in the industry to a uniform diameter of 200 mm.

[0101] The ingot was sliced by wiresaw into wafers having a thickness between about
180 micrometers and about 200 micrometers, and wafers were selected for analysis from various
lengths from the seed cone. The wafers were tested for resistivity at the center of the wafer and
at 6 mm from the edge of the wafer, indium concentration at the center of the wafer, oxygen
concentration at the center of the wafer, carbon concentration at the center of the wafer, and
radial resistivity variance. The indium concentration was determined using the Irvin curve set

forth in DIN 50444, SEMI MF723-0307. These data are provided in the following Table 2.

TABLE 2.
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Section Resistivity [In] [0] IC] Radial
(distance from | at wafer Resistivity
seed cone) center Variance
cm Ohm-cm Atoms/cm’ PPMA PPMA %
0 5.43 2.49x10" 16.57 0.001 10.1
23 5.07 2.67x10" 16.46 0.004 12.0
45 4.99 2.71x10" 15.93 0.026 8.6
60 4.76 2.88x10" 15.94 0.034 6.8
91 3.04 4.50x10" 13.23 0.131 6.5

Example 3. Indium-Doped Monocrystalline Silicon Ingot Grown by Batch Czochralski
Method

[0102] An indium-doped monocrystalline silicon ingot was grown by batch Czochralski
method. During the growth process, the ratio of the inert gas flow rate and the internal chamber
pressure were adjusted to control the indium dopant concentration in the grown ingot according
to the methods described herein. The ingot was grown to a diameter greater than 200 mm and
then ground by a standard method to a uniform diameter of 200 mm.

[0103] The ingot was sliced by wiresaw into wafers having a thickness between about
180 micrometers and about 200 micrometers, and wafers were selected for analysis from various
lengths from the seed cone. The wafers were tested for resistivity at the center of the wafer and
at 6 mm from the edge of the wafer, indium concentration at the center of the wafer, oxygen
concentration at the center of the wafer, carbon concentration at the center of the wafer, and
radial resistivity variance. The indium concentration was determined using the Irvin curve set

forth in DIN 50444, SEMI MF723-0307. These data are provided in the following Table 3.

TABLE 3.
Section Resistivity [In] [0] IC] Radial

(distance from | at wafer Resistivity
seed cone) center Variance

cm Ohm-cm Atoms/cm’ PPMA PPMA %

2 4.18 3.23x10" 16.38 0.058 8.7

22 3.94 3.45x10" 15.84 0.088 13.4

44 3.52 3.87x10" 15.40 0.111 6.9

67 3.03 4.52x10" 14.91 0.15 4.1

78 2.60 5.20x10" 14.51 0.166 5.6

90 1.90 7.34x10" 11.14 0.368 0.04

Example 4. Indium-Doped Monocrystalline Silicon Ingot Grown by Batch Czochralski

Method
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[0104] An indium-doped monocrystalline silicon ingot was grown by batch Czochralski
method. During the growth process, the ratio of the inert gas flow rate and the internal chamber
pressure were adjusted to control the indium dopant concentration in the grown ingot according
to the methods described herein. The ingot was grown to a diameter greater than 200 mm and
then ground by a standard method to a uniform diameter of 200 mm.

[0105] The ingot was sliced by wiresaw into wafers having a thickness between about
180 micrometers and about 200 micrometers, and wafers were selected for analysis from various
lengths from the seed cone. The wafers were tested for resistivity at the center of the wafer and
at 6 mm from the edge of the wafer, indium concentration at the center of the wafer, oxygen
concentration at the center of the wafer, carbon concentration at the center of the wafer, and
radial resistivity variance. The indium concentration was determined using the Irvin curve set

forth in DIN 50444, SEMI MF723-0307. These data are provided in the following Table 4.

TABLE 4.
Section Resistivity [In] [0] IC] Radial

(distance from | at wafer Resistivity
seed cone) center Variance

cm Ohm-cm Atoms/cm’ PPMA PPMA %

0 2.34 5.90x10% 14.1 0.069 7.0

30 2.05 6.76x10" 11.5 0.058 10.3

60 1.71 8.19x10" 10.0 0.093 8.0

85 1.21 1.18x10% 9.2 0.202 4.4

[0106] For comparison, the indium dopant concentration of each wafer was also

measured independently from the resistivity using SIMS and LT-FTIR. These data are provided

in the following Table 5.
TABLE 5.
Section Resistivity [In] [In] [In]
(distance from | at wafer Resistivity SIMS LT-FTIR
seed cone) center

cm Ohm-cm Atoms/cm” | Atoms/cm’ | Atoms/em’

0 2.34 5.90x10" 8.05x10” | 7.10x10%

30 2.05 6.76x10" | 9.50x10"” | 8.20x10"

60 1.71 8.19x10" 1.30x10'° 1.20x10'®

85 1.21 1.18x10"° | 2.30x10% 1.90x10'®
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Example 5. Wafers Taken from Indium-Doped Monocrystalline Silicon Ingot Grown by
Batch Czochralski Method

[0107] 200 wafers were selected from the Ingot grown according to the method described
in Example 3. The wafers had flat to flat lengths of the major dimensions of 156 mm+/-0.5 mm.
The wafer diagonal dimension was 200 mm+/-0.5 mm. The corner length was 15.4 mm +/-1
mm. The thicknesses of the wafers were 200 micrometers +/-20 micrometers or 180
micrometers +/-20 micrometers.

[0108] The resistivity of the 200 wafers was within the range of 3.03 ohm-cm to 3.5
ohm-cm. The oxygen concentrations of the wafers were within the range of 14.9 PPMA to 15.4
PPMA. The lifetimes of the wafers were within the range of 325 microseconds to 651

microseconds (measured at crystal level at injection level of 5x10"/cm’; Sinton BCT 400).

Example 6. Initial State Testing of Indium-Doped Monocrystalline Silicon Wafers
Implanted with 90 ohm/sq Emitter

[0109] Solar cells were fabricated from the indium-doped wafers prepared according to
the method described in Example 5. The wafers were selected to have resistivity of 3.5 ohm-cm
and were implanted with a 90 ohm/sq emitter.

[0110] The solar cells were measured to determine their initial state characteristics. The

results are displayed in the following Table 6.

TABLE 6.
ID VOC J SC FF Efﬁciency N- Rs RSH
(mV) | (mA/cm?) factor
1 0.638 38.2 78.8 19.2 1.05 0.635 4280
2 0.638 38.0 79.1 19.2 1.05 0.585 4810
3 0.638 33.0 78.8 19.1 1.07 0.644 4670
4 0.636 37.9 78.9 19.0 1.07 0.631 5340
5 0.636 33.0 78.7 19.0 1.07 0.650 7246
Average | 0.637 38.0 78.9 19.2 1.06 0.629 5269

[0111] The table of this example and the following examples provide several
performance characteristics for comparing solar cells. V¢ denotes the open-circuit voltage, i.e.,
the maximum voltage available from the solar cell. FF denotes fill factor, which is the maximum
power from a solar cell, defined as the ratio of the maximum power from the solar cell to the
product of Vocand Isc (the short circuit current). Efficiency is defined as the ratio of energy

output from the solar cell to input energy from the sun. N-factor denotes the diode ideality
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factor, which may range from 1 to 2. A value closer to 1 denotes ideal behavior. Rg denotes the

series resistance. Rgy denotes shunt resistance.

Example 7. Initial State Testing of Indium-Doped Monocrystalline Silicon Wafers Diffused
with POCL3-HNS 65 ohm/sq

[0112] Solar cells were fabricated from the indium-doped wafers prepared according to
the method described in Example 5. The wafers were selected to have resistivity of 3.5 ohm-cm
and were diffused with a POCL3-HNS 65 emitter.

[0113] The solar cells were measured to determine their initial state characteristics. The

results are displayed in the following Table 7.

TABLE 7.
ID VOC J SC FF Efﬁciency N- Rs RSH
(mV) (mA/cmz) factor

1 0.628 37.2 79.3 18.5 1.00 0.659 5350

2 0.629 37.2 78.9 18.5 1.06 0.611 1140

3 0.629 37.2 78.1 18.3 1.05 0.791 1340

4 0.629 37.2 79.5 18.6 1.02 0.560 2120

5 0.629 374 79.0 18.6 1.05 0.594 1390
Average | 0.629 37.3 79.0 18.5 1.04 0.643 2268

Comparative Example 1. Boron-Doped Monocrystalline Silicon Ingot Grown by
Continuous Czochralski Method

[0114] 200 wafers were selected from a boron-doped ingot grown according to the
continuous Czochralski method. The wafers had flat to flat lengths of the major dimensions of
156 mm+/-0.5 mm. The wafer diagonal dimension was 200 mm+/-0.5 mm. The corner length
was 15.4 mm +/-1 mm. The thicknesses of the wafers were 200 micrometers +/-20 micrometers
or 180 micrometers +/-20 micrometers.

[0115] The resistivity of the 200 boron-doped wafers was between about 2.4 ohm-cm and
about 2.73 ohm-cm. The oxygen concentrations of the wafers were about 14.6 PPMA. The
lifetimes of the wafers were about 320 microseconds (measured at crystal level at injection level

of 5x10"/cm’; Sinton BCT 400).

Comparative Example 2. Initial State Testing of Boron-Doped Monocrystalline Silicon

Wafers Implanted with 90 chm/sq Emitter



WO 2014/106086 PCT/US2013/078056

33

[0116] Solar cells were fabricated from the boron-doped wafers prepared according to
the method described in Comparative Example 1. The wafers were selected to have resistivity of
2.4 ohm-cm and were implanted with a 90 ohm/sq emitter.

[0117] The solar cells were measured to determine their initial state characteristics. The

results are displayed in the following Table 8.

TABLE &.
ID VOC J SC FF Efﬁciency N- Rs RSH
(mV) | (mA/cm?) factor

1 0.642 37.8 78.9 19.1 1.10 0.524 3060

2 0.642 377 79.1 19.2 1.08 0.552 4500

3 0.641 37.5 78.7 18.9 1.11 0.566 5690

4 0.634 374 77.9 18.5 1.18 0.585 5340

5 0.641 37.6 79.0 19.0 1.11 0.479 4867
Average | 0.640 37.6 78.7 18.9 1.12 0.541 4691

Comparative Example 3. Initial State Testing of Boron-Doped Monocrystalline Silicon
Wafers Diffused with POCL3-HNS 65 ohm/sq

[0118] Solar cells were fabricated from the boron-doped wafers prepared according to
the method described in Comparative Example 1. The wafers were selected to have resistivity of
2.4 ohm-cm and were implanted with a POCL3-HNS 65 emitter.

[0119] The solar cells were measured to determine their initial state characteristics. The

results are displayed in the following Table 9.

TABLE 9.
ID VOC JSC FF Efﬁciency N- Rs RSH
(mV) | (mA/cm?) factor

1 0.632 36.9 79.5 18.6 1.03 0.579 6910

2 0.632 37.1 79.1 18.6 1.03 0.613 6470

3 0.633 37.0 79.5 18.6 1.04 0.633 7140

4 0.633 37.0 79.8 18.7 1.02 0.574 7420

5 0.632 37.1 78.8 18.5 1.05 0.659 5480
Average | 0.633 37.0 79.3 18.6 1.03 0.612 6684

Example 8. Light Induced Degradation Testing of Solar Cells Fabricated from Indium-
Doped Monocrystalline Silicon Wafers and Solar Cells Fabricated from Boron-Doped

Monocrystalline Silicon Wafers
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[0120] Solar cells fabricated from indium-doped monocrystalline silicon wafers of
Example 6 and solar cells fabricated from boron-doped monocrystalline silicon wafers of
Comparative Example 2 were subjected to solar spectral irradiance equivalent to 0.7 suns for 24
hours at a temperature below 45°C in order to test the light induced degradation of various
performance characteristics of the solar cells. The performance characteristics of the initial solar
cells and the performance characteristics of the solar cells after irradiance for 24 hours are

presented in the following Table 10.

TABLE 10.
Dopant | Wafer | Initial | Voc LID | Initial FF Initial Jsc LID
1D Voc (mV) FF LID Jsc (mA/cm?)
(mV) (mA/cm”®)
Indium 1 0.638 0.636 79.1 78.9 38.0 38.1
2 0.638 0.637 78.8 78.5 38.0 38.0
Boron 1 0.642 0.635 79.1 78.2 37.7 37.4
2 0.641 0.643 79.0 77.8 37.6 373
Dopant | Wafer Initial | Efficiency | Change Initial n-
1D Efficiency LID in n- factor
Efficiency | factor LID
Indium 1 19.2 19.1 -0.06 1.05 1.08
2 19.1 19.0 -0.10 1.07 1.09
Boron 1 19.2 18.6 -0.56 1.08 1.19
2 19.0 18.4 -0.59 1.11 1.21

[0121] The light induced degradation evaluations were performed on solar cells
fabricated from indium-doped monocrystalline silicon wafers and solar cells fabricated from
boron-doped monocrystalline silicon wafers that were selected to be closely matched in oxygen
concentration and dopant concentration. The solar cells fabricated from indium-doped wafers
showed substantially reduced light induced degradation after illumination compared to the solar
cells fabricated from boron-doped wafers. More specifically, the efficiency of the solar cells
fabricated from indium-doped wafers remained above 19% after illumination, and the relative
degradation was only about 0.4% (absolute degradation of 0.08%) for the indium-doped cells,
compared to relative degradation of about 3% (absolute degradation of about 0.6%) for the
boron-doped cells. In view of these results, solar cells fabricated from indium-doped cells
exhibited substantially less light induced degradation than solar cells fabricated from boron-

doped cells.



WO 2014/106086 PCT/US2013/078056

35

Example 9. Initial State Testing of Indium-Doped Monocrystalline Silicon Wafers
Implanted with 90-110 ohm/sq Emitter

[0122] Solar cells were fabricated from indium-doped wafers. The wafers were selected
to have resistivity of 3.4 ohm-cm and were implanted with a 90-110 ohm/sq emitter.

[0123] The solar cells were measured to determine their initial state characteristics. The

results are displayed in the following Table 11.

TABLE 11.
ID Voc J SC FF Efﬁciency N- Rs RSH
(mV) (mA/cmz) factor

1 0.638 379 79.0 19.1 1.08 0.58 4453

2 0.638 37.7 79.0 19.0 1.08 0.56 3002

3 0.638 37.7 79.0 19.0 1.08 0.55 4150

4 0.637 37.7 79.0 19.0 1.10 0.55 2310
Max 0.638 379 79.0 19.1 1.08 0.58 4453
Average | 0.638 37.7 79.0 19.0 1.09 0.56 3479

Example 10. Initial State Testing of Indium-Doped Monocrystalline Silicon Wafers
Implanted with 90-110 ohm/sq Emitter

[0124] Solar cells were fabricated from indium-doped wafers. The wafers were selected
to have resistivity of 3.1 ohm-cm and were implanted with a 90-110 ohm/sq emitter.

[0125] The solar cells were measured to determine their initial state characteristics. The

results are displayed in the following Table 12.

TABLE 12.
ID VOC JSC FF Efﬁciency N- Rs RSH
(mV) | (mA/cm?) factor

1 0.637 379 79.2 19.1 1.09 0.50 5730

2 0.637 379 79.1 19.1 1.08 0.54 4316

3 0.638 37.7 79.0 19.0 1.08 0.55 5170

4 0.638 37.7 79.0 19.0 1.11 0.50 3810

5 0.638 37.8 78.8 19.0 1.12 0.52 2712
Max 0.637 379 79.2 19.1 1.09 0.50 5730
Average | 0.638 37.8 79.0 19.0 1.10 0.52 4348

Comparative Example 4. Initial State Testing of Boron-Doped Monocrystalline Silicon

Wafers Implanted with 90-110 ohm/sq Emitter
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[0126] Solar cells were fabricated from boron-doped wafers. The wafers were selected
to have resistivity of 2.6 ohm-cm and were implanted with a 90-110 ohm/sq emitter.
[0127] The solar cells were measured to determine their initial state characteristics. The

results are displayed in the following Table 13.

TABLE 13.
ID VOC J SC FF Efﬁciency N- Rs RSH
(mV) (mA/cmz) factor

1 0.643 37.6 78.1 18.9 1.10 0.73 8628

2 0.641 37.5 78.7 18.9 1.12 0.58 4261

3 0.642 374 78.5 18.8 1.13 0.61 6310

4 0.642 37.5 78.6 18.9 1.12 0.59 6010

5 0.642 37.6 78.2 18.9 1.15 0.61 2930
Max 0.643 37.6 78.1 18.9 1.10 0.73 8628
Average | 0.642 37.5 78.4 18.9 1.12 0.62 5628

Comparative Example 5. Initial State Testing of Boron-Doped Monocrystalline Silicon
Wafers Implanted with 90-110 ohm/sq Emitter

[0128] Solar cells were fabricated from boron-doped wafers. The wafers were selected
to have resistivity of 2.5 ohm-cm and were implanted with a 90-110 ohm/sq emitter.

[0129] The solar cells were measured to determine their initial state characteristics. The

results are displayed in the following Table 14.

TABLE 14.
ID VOC JSC FF Efficiency N- Rs RSH
(mV) (mA/cmz) factor
1 0.642 37.5 79.2 19.1 1.12 0.48 2457
2 0.643 374 78.9 19.0 1.11 0.53 3847
Max 0.642 37.5 79.2 19.1 1.12 0.48 2457
Average | 0.643 374 79.0 19.0 1.12 0.51 3152

Example 11. Light Induced Degradation Testing of Solar Cells Fabricated from Indium-
Doped Monocrystalline Silicon Wafers and Solar Cells Fabricated from Boron-Doped
Monocrystalline Silicon Wafers

[0130] Solar cells fabricated from indium-doped monocrystalline silicon wafers of
Example 9 and Example 10 and solar cells fabricated from boron-doped monocrystalline silicon

wafers of Comparative Example 4 and Comparative Example 5 were subjected to solar spectral
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irradiance equivalent to 0.7 suns for 24 hours at a temperature below 45°C in order to test the
light induced degradation of various performance characteristics of the solar cells. The average
performance characteristics of the initial solar cells and the performance characteristics of the

solar cells after irradiance for 24 hours are presented in the following Table 15.

TABLE 15.
Dopant | Wafer Initial | VocLID | Initial FF Initial Jsc LID
ID Voc (mV) FF LID Jsc (mA/cm?)
(mV) (mA/em?)
Indium | Ex. 8§ 0.637 0.637 79.0 78.8 37.7 37.9
Ex. 9 0.638 0.636 78.8 78.7 37.8 37.9
Boron | C.Ex4 0.643 0.635 78.1 77.8 37.6 37.2
C.Ex5 0.643 0.635 78.9 78.1 37.4 37.2
Dopant | Wafer Initial | Efficiency | Change Initial n-
1D Efficiency LID in n- factor
Efficiency | factor LID
Indium | Ex. 8 19.0 19.0 0.0 1.10 1.10
Ex. 9 19.0 18.9 -0.1 1.12 1.10
Boron | C.Ex4 18.9 18.4 -0.5 1.10 1.20
C.Ex5 19.0 18.5 -0.5 1.11 1.22

[0131] The light induced degradation evaluations were performed on solar cells
fabricated from indium-doped monocrystalline silicon wafers and solar cells fabricated from
boron-doped monocrystalline silicon wafers that were selected to be closely matched in oxygen
concentration and dopant concentration. The solar cells fabricated from indium-doped wafers
showed substantially reduced light induced degradation after illumination compared to the solar
cells fabricated from boron-doped wafers. More specifically, the efficiency of the solar cells
fabricated from indium-doped wafers remained at or very near 19% after illumination, compared
to absolute degradation of about 0.5% for the boron-doped cells. In view of these results, solar
cells fabricated from indium-doped cells exhibited substantially less light induced degradation

than solar cells fabricated from boron-doped cells.

Example 12. Effect of Light Induced Degradation on Minority Carrier Lifetime of Solar
Cells Fabricated from Indium-Doped Monocrystalline Silicon Wafers and Solar Cells

Fabricated from Boron-Doped Monocrystalline Silicon Wafers
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[0132] Three groups of wafers were chosen from three different crystals. Each group of
wafers was from the same segment. There are four wafers in each group. The first group of
wafers was sliced from a high lifetime boron doped continuous Cz segment. The second group
of wafers was sliced from an average lifetime boron doped continuous Cz segment. The third
group of wafers was sliced from an indium doped Cz crystal.

[0133] All of the wafers were etched and cleaned at the same time in the same containers.
The initial saw damage removal and texture etching step removed approximately 16 microns
from each wafer. The wafers were cleaned after texture etching and were immediately
passivated with iodine — ethanol solution after the final hydrofluoric (HF) acid cleaning step.
Lifetime measurements were made on iodine-ethanol passivated wafers before and after the
wafers were light soaked outdoors for six days. The Sinton WCT-120 wafer tool was used in
Transient mode to make injection level lifetime measurements. The wafers were etched and
cleaned in the same way prior to making the lifetime measurements after outdoor light soaking.
The only difference was approximately 12 microns of material was removed from each wafer
after light soaking.

[0134] The crystal segment lifetime and resistivity for all three groups is shown in Table
16. The lifetime was measured at MCD=5¢14cm™ using Sinton Instruments BCT-400. The
injection level lifetime for all four PO1GJ-A4 (high lifetime, boron doped) wafers are shown in
FIG. 9 before and after outdoor light soaking for six days. The injection level lifetime for all
four POOPC — C2 wafers (average lifetime, boron doped) are shown in FIG. 10 before and after
outdoor light soaking for six days. The injection level lifetime for all four 210TON wafers

(indium doped) are shown in FIG. 11 before and after outdoor light soaking for six days.

TABLE 16.
Crystal Data for All Three Groups of Wafers.
Seed End Opposite End

PO01GJ — A4 (Boron CCz) 898.37 us 859.65 us

2.55 Q-cm 2.55 Q-cm
POOPC — C2 (Boron CCz) 208.20 us 156.90 ps

2.10 Q-cm 2.05 Q-cm
210TON (Indium Cz) 310.9 ps 227.8 us

3.25 Q-cm 2.80 Q-cm
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[0135] A comparison of the minority carrier lifetime measured at an injection level

(MCD) of lel5cm™ of all 12 wafers is shown in Table 17.

TABLE 17.

Lifetime Comparison Between Boron and Indium Doped Silicon Wafers

Wafer # Initial After Light Soaking (6 Days Outdoors)
PO1GJ-A4 1 255 us 64 us
(~ 3.0 Q-cm) 2 264 us 62 us
3 256 us 63 us
4 269 us 64 us
POOPC-C2 1 144 s 33 us
(~2.2 Q-cm) 2 146 us 34 us
3 146 us 35 us
4 149 us 34 us
210TON 1 314 ps 308 us
(~ 3.1 Q-cm) 2 313 ps 307 ps
3 282 us 293 us
4 308 us 311 us

[0136] The minority carrier lifetime of indium doped Cz wafers does not degrade after
exposure to sunlight for 6 days, while the minority carrier lifetime of boron doped CCz wafers
does degrade. The LID test on boron and indium doped silicon wafers, where minority carrier
lifetime is the measureable performance parameter, corresponds to the solar cell efficiency data
on solar cells made on indium doped Cz silicon and boron doped CCz silicon wafers. In
particular, the efficiency of solar cells made on indium doped Cz wafers does not degrade after
light exposure, while solar cells made on boron doped CCz do exhibit light induced degradation.

[0137] A silicon solar cell’s efficiency is related to the silicon wafer’s minority carrier
lifetime. The equations below pertain to an ideal semiconductor diode with no electric
recombination in the space charge region. A more general formulation can be made, but the
overall relationships can be demonstrated with an ideal diode model. Solar cell efficiency is

given by equation 9.

VoclscFF
= Eq. 9
[0138] In equation 9, V. is the open circuit voltage of the solar cell, Iy is the short circuit
current, FF is the diode fill factor, and Pjj, is the power density of the illumination incident on the

solar cell. Py, is 1 kW/m? for the AM1.5 solar spectrum.
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[0139] V. is a strong function of the base silicon’s minority carrier diffusion length. The
function of the open circuit voltage for an ideal diode is given in equation 10.
v, =’;—Tln(j—§+1) Eq. 10
[0140] In equation 10, k is Boltzmann’s constant, T is the temperature, q is the
fundamental charge of an electron, Iy, is the electric current generated due to illumination, and Iy
is the saturation current of the solar cell assuming an ideal p-n junction. The open circuit voltage

is related to the minority carrier diffusion length via the saturation current of the solar cell, which

is given in equation 11.

10=A(M+M) Eq. 11

LeNg  LpNp

[0141] In equation 11, A is the area of the solar cell, D, is the diffusivity constant of
clectrons and holes respectively, N, is the number of dopant acceptors, Np is the number of
dopant donors, and L.p, is the diffusion length of electrons and holes respectively. In a standard
industrial solar cell, a p-type silicon wafer is used and a junction is made with a heavily doped n-
type emitter. For this electronic structure, the second term in equation 11 is significantly smaller
than the first term, and can be ignored. All of the variables in the first term are fixed by the
process or are physical constants except the diffusion length of electrons. Since this is a p-type
material, L. is the minority carrier diffusion length. This parameter has been used as a measure
of crystalline perfection. It represents the average distance a minority carrier will travel in a
crystal before recombining with a majority carrier. Its value is affected by many crystal
properties such as metallic impurities, crystal defects (dislocations, vacancies, etc.), intentional
impurities (dopants), and other defects. The minority carrier diffusion length is related to the
minority carrier lifetime via the diffusivity constants of the minority carrier. This relationship
for electrons, which are the minority carrier in p-type silicon, is shown in equation 12.

L, = /D1, Eq. 12

[0142] 1. is the minority carrier lifetime of electrons.

[0143] Consequently, a material with higher minority carrier lifetime will have a lower
saturation current, which leads to greater open circuit voltage and solar cell efficiency.

[0144] Another important mechanism that higher minority carrier diffusion length
improves solar cell efficiency can be seen in the I, term in equation 10. The illuminated current,
I, of'a solar cell is given by equation 13.

I, = qAG(L, + W + L) Eq. 13



WO 2014/106086 PCT/US2013/078056

41

[0145] G is the generation rate of electron — hole pairs for silicon. It is based on the how
crystalline silicon absorbs light, and is spectrally dependent. W is the width of the depletion
region of the solar cell’s junction. The other variables have been previously explained. Equation
13 indicates that the electric current due to illumination primarily occurs within one diffusion
length on either side of the depletion region. In a standard industrial solar cell, the depletion
width can be considered small, less than 0.5 microns, and the thicknesses of the n-type diffused
emitter region is shorter than the depletion width, the active region of electric current generation
due to illumination will be one diffusion length into the p-type silicon wafer. The electron — hole
pair recombination rate will be determined by the minority carriers, electrons in p-type silicon.
This has two implications for solar cell efficiency. The first is that by increasing Iy, the V. will
increase, as described in equation 10. The second is that by increasing the minority carrier
diffusion length the portion of the silicon wafer that will actively generate electron — hole pairs
will increase, which will increase the short circuit current, L.

[0146] Consequently, the minority carrier diffusion length, and by extension the minority
carrier lifetime, is one of the most important material properties of a silicon wafer used as the
base of solar cell. It is a measure of crystalline perfection, which has a significant effect on solar
cell’s open circuit voltage, V. Also, it increases the electrically active volume of the base
silicon wafer, which contributes to the solar cell’s open circuit voltage, V.., and short circuit
current, I.. Ultimately, silicon wafers with longer minority carrier lifetimes have better solar
cell efficiencies provided they are in the same clectronic structure, such as an industry standard
diffused junction screen-printed solar cell. Therefore, by maintaining a wafer’s minority carrier
lifetime by replacing boron with indium, the solar cell’s efficiency will not degrade because of
illumination, and the efficiency of the solar cell after light exposure will be higher for solar cells

fabricated on indium doped wafers.

Example 13. Comparative Testing of the effect of Light Induced Degradation on Minority
Carrier Lifetime of Solar Cells and Modules Fabricated from Indium-Doped
Monocrystalline Silicon Wafers and Solar Cells and Modules Fabricated from Boron-
Doped Monocrystalline Silicon Wafers

[0147] A population of solar cells was fabricated using production line equipment (by a
large industrial solar cell manufacturer). Solar cells were fabricated on both boron-doped single
crystalline silicon wafers and indium-doped single crystalline silicon wafers. The solar cells
were initially measured on a Sinton Instruments FCT-400 light current vs. voltage tester. A total

of 93 solar cells were measured, including 27 solar cells fabricated on boron-doped silicon
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wafers and 66 solar cells fabricated on indium-doped silicon wafers. The initial solar cell
efficiency for both boron and indium based solar cell was between 19.1% - 19.2%. After initial
measurements, all 93 solar cells were simultaneously light soaked outdoors. Light soaking was
done by leaving the solar cells outside at St. Peters, MO in autumn from 12:00PM until
10:00AM four days later.

[0148] Additionally, solar modules were fabricated from solar cells fabricated on indium-
doped single crystal silicon wafers and boron-doped single crystal silicon wafers. Six modules
were fabricated from indium-doped single crystal silicon wafers. One reference module was
fabricated from boron-doped single crystal silicon wafers. The modules were fabricated using
standard module materials (MEMC Singapore, Inc.). Each module was manufactured from 72
solar cells. These modules were subjected to light soaking by leaving the modules outside at
Singapore until they were exposed to approximately 150kW-hr/m” of total solar irradiance. To
compare to the solar cell performance, solar module performance data after at a total irradiance
exposure of approximately 20 kW-hr/m” was used.

[0149] After light soaking, all 93 solar cells were measured using the Sinton Instruments
FCT-400 light current vs. voltage tester. The measurements of the most relevant performance
parameters: solar cell efficiency, open circuit voltage, short circuit current, and fill factor, have
been normalized to each solar cell’s initial value. The starting value for each solar cell is one (1).
The measurement after light soaking shows the normalized degradation. The normalized solar
cell efficiency, open circuit voltage, short circuit current, and fill factor before and after light
soaking are plotted in FIGS. 12, 13, 14, and 15, respectively. For comparison, the same
performance parameters for the solar modules have also been included.

[0150] The average normalized performance parameters of the solar cells fabricated from
boron-doped silicon wafers and indium-doped silicon wafers after light soaking are shown in the
following Table 18. The normalized solar cell efficiency shown in FIG. 12 indicates that the
solar cells fabricated on indium-doped silicon wafers degrade by less than 1%, while the solar
cells fabricated on boron-doped slicon wafers degrade by more than 2%. The degradation for
solar cells fabricated on boron-doped silicon wafers is significantly greater than solar cells
fabricated on indium-doped silicon wafers and occurs in every performance parameter; Ve, ls,
and FF. The greatest difference between solar cells fabricated on indium-doped silicon wafers
compared to solar cells fabricated on boron-doped silicon wafers can be seen in the fill factor.
This is primarily a result of the injection level lifetime behavior of boron doped silicon after light

soaking, which shows a dramatic drop in lifetime at all injection levels.
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TABLE 18.

PCT/US2013/078056

Average Normalized Solar Cell Performance Parameters After Light Soaking

Number Average Average
: : Average Average
of Solar Normalized Normalized Normalized T Normalized FF
Cells Efficiency Ve 5

Indium
Solar 66 0.9926+0.0018 | .9962+0.0007 | 0.9990+0.0009 | 0.9975+0.0017
Cells
Boron
Solar 27 0.9774+0.0017 | .9934+0.0004 | 0.9963+0.0059 | 0.9875+0.0014
Cells

[0151] In addition, the solar module LID performance displays almost the same behavior
as the solar cell data. The only difference can be seen in the open circuit voltage. However,
after longer sunlight exposure times (150 kW-hr/m?), the solar cell and module open circuit
voltage data are closer.

[0152] The comparison of the solar cells fabricated on boron-doped silicon wafers and
indium-doped silicon wafers made in a high volume manufacturing facility can also be shown in
terms of percent relative LID and absolute efficiency loss. Both are typically used in the
photovoltaic industry for reporting loss due light induced degradation. The percent relative LID
and absolute efficiency loss for the solar cells fabricated on boron-doped silicon wafers and
indium-doped silicon wafers are shown in FIGS. 16 and 17, respectively.

[0153] The outdoor light soaking test of industry standard diffused junction screen-
printed silicon solar cells made in a high volume manufacturing solar cell line shows that the
light induced degradation is significantly less for indium-doped silicon wafers compared to
boron-doped silicon wafers. Furthermore, the magnitude of the degradation of the solar cells
fabricated on boron-doped silicon wafers is significant, while there is a nearly negligible amount
of degradation in the solar cells fabricated on indium-doped silicon wafers. Solar modules
fabricated from the same groups of solar cells (fabricated from boron-doped silicon wafers and
indium-doped silicon wafers) also performed similarly to the individual solar cells. Solar
modules comprising solar cells fabricated on indium-doped silicon wafers showed an efficiency
degradation of less than 1%, while solar modules comprising solar cells fabricated on boron-
doped silicon wafers showed an efficiency degradation of greater than 2%.

[0154] As various changes could be made in the above-described process without
departing from the scope of the disclosure, it is intended that all matters contained in the above

description be interpreted as illustrative and not in a limiting sense. In addition, when
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introducing elements of the present disclosure or the embodiment(s) thereof, the articles "a,"

L

an,” "the" and "said" are intended to mean that there are one or more of the elements. The terms

"o

"comprising," "including" and "having" are intended to be inclusive and mean that there may be
additional elements other than the listed elements.

[0155] This written description uses examples to disclose the invention, including the
best mode, and also to enable any person skilled in the art to practice the invention, including
making and using any devices or systems and performing any incorporated methods. The
patentable scope of the invention is defined by the claims, and may include other examples that
occur to those skilled in the art. Such other examples are intended to be within the scope of the
claims if they have structural elements that do not differ from the literal language of the claims,

or if they include equivalent structural elements with insubstantial differences from the literal

languages of the claims.
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What is claimed is:
1. A solar cell comprising:

an indium-doped monocrystalline silicon wafer sliced from an ingot grown by the
Czochralski method, wherein the efficiency of converting solar spectral irradiance on a surface
of the indium-doped monocrystalline silicon wafer under an absolute air mass of 1.5 is at least

17%.

2. The solar cell of claim 1 wherein the efficiency of converting solar spectral
irradiance on a surface of the indium-doped monocrystalline silicon wafer under an absolute air

mass of 1.5 is at least 18%.

3. The solar cell of claim 1 wherein the efficiency of converting solar spectral
irradiance on a surface of the indium-doped monocrystalline silicon wafer under an absolute air

mass of 1.5 is at least 19%.

4. The solar cell of claim 1 wherein the efficiency of converting solar spectral
irradiance on a surface of the indium-doped monocrystalline silicon wafer under an absolute air

mass of 1.5 is at least 19.5%.

5. The solar cell of claim 1 wherein the efficiency of converting solar spectral
irradiance on a surface of the indium-doped monocrystalline silicon wafer under an absolute air

mass of 1.5 is at least 20%.

6. The solar cell of claim 1 wherein the efficiency of converting solar spectral
irradiance on a surface of the indium-doped monocrystalline silicon wafer under an absolute air

mass of 1.5 is at least 20.5%.

7. The solar cell of claim 1 wherein the efficiency of converting solar spectral
irradiance on a surface of the indium-doped monocrystalline silicon wafer under an absolute air

mass of 1.5 is at least 21%.

8. The solar cell of claim 1 wherein the efficiency of converting solar spectral
irradiance on a surface of the indium-doped monocrystalline silicon wafer under an absolute air

mass of 1.5 is at least 22%.
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9. The solar cell of claim 1 wherein the efficiency of converting solar spectral
irradiance on a surface of the indium-doped monocrystalline silicon wafer under an absolute air

mass of 1.5 is at least 24%.

10. The solar cell of claim 1 wherein the efficiency of converting solar spectral
irradiance on a surface of the indium-doped monocrystalline silicon wafer under an absolute air

mass of 1.5 is at least 26%.

11. The solar cell of claim 1 wherein the efficiency of converting solar spectral
irradiance on a surface of the indium-doped monocrystalline silicon wafer under an absolute air

mass of 1.5 is at least 28%.

12. The solar cell of claim 1 wherein the efficiency of converting solar spectral
irradiance on a surface of the indium-doped monocrystalline silicon wafer under an absolute air

mass of 1.5 is at least 30%.

13. The solar cell of claim 1 wherein the indium-doped monocrystalline silicon wafer

has an average bulk resistivity less than about 10 ohm-cm.

14. The solar cell of claim 1 wherein the indium-doped monocrystalline silicon wafer

has an average bulk resistivity less than about 5 ohm-cm.

15. The solar cell of claim 1 wherein the indium-doped monocrystalline silicon wafer

has an average bulk resistivity less than about 4 ohm-cm.

16. The solar cell of claim 1 wherein the indium-doped monocrystalline silicon wafer

has an average bulk resistivity less than about 3 ohm-cm.

17. The solar cell of claim 1 wherein the indium-doped monocrystalline silicon wafer

has an average bulk resistivity less than about 1 ohm-cm.

18. The solar cell of claim 1 wherein the indium-doped monocrystalline silicon wafer

has an average bulk resistivity less than about 0.5 ohm-cm.

19. The solar cell of claim 1 wherein the relative efficiency of the solar cell degrades
by no more than about 2% after 1 hour to 300 hours exposure to light equivalent to 0.1 suns to

10 suns at a temperature less than 45°C.
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20.  The solar cell of claim 1 wherein the relative efficiency of the solar cell degrades
by no more than about 1% after 1 hour to 300 hours exposure to light equivalent to 0.1 suns to 10

suns at a temperature less than 45°C.

21. The solar cell of claim 1 wherein the relative efficiency of the solar cell degrades
by no more than about 2% after 24 hours exposure to light equivalent to 0.7 suns at a

temperature less than 45°C.

22. The solar cell of claim 1 wherein the relative efficiency of the solar cell degrades
by no more than about 1% after 24 hours exposure to light equivalent to 0.7 suns at a

temperature less than 45°C.

23. The solar cell of claim 1 wherein the absolute efficiency of the solar cell degrades
by no more than about 0.5% after 1 hour to 300 hours exposure to light equivalent to 0.1 suns to

10 suns at a temperature less than 45°C.

24, The solar cell of claim 1 wherein the absolute efficiency of the solar cell degrades
by no more than about 0.2% after 1 hour to 300 hours exposure to light equivalent to 0.1 suns to

10 suns at a temperature less than 45°C.

25. The solar cell of claim 1 wherein the absolute efficiency of the solar cell degrades
by no more than about 0.1% after 1 hour to 300 hours exposure to light equivalent to 0.1 suns to

10 suns at a temperature less than 45°C.

26. The solar cell of claim 1 wherein the absolute efficiency of the solar cell degrades
by no more than about 0.5% after 24 hours exposure to light equivalent to 0.7 suns at a

temperature less than 45°C.

27. The solar cell of claim 1 wherein the absolute efficiency of the solar cell degrades
by no more than about 0.2% after 24 hours exposure to light equivalent to 0.7 suns ata

temperature less than 45°C.

28. The solar cell of claim 1 wherein the absolute efficiency of the solar cell degrades
by no more than about 0.1% after 24 hours exposure to light equivalent to 0.7 suns ata

temperature less than 45°C.
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29. The solar cell of claim 1 wherein the indium-doped wafer absorbs more light
having a wavelength between 830 nm and 1400 nm than a boron-doped wafer of identical

resistivity.
30. A solar cell comprising:

an indium-doped monocrystalline silicon wafer sliced from an ingot grown by the
Czochralski method, wherein the wafer has an average bulk resistivity less than about 10 ohm-
cm and wherein the relative efficiency of the solar cell degrades by no more than about 1% after
1 hour to 300 hours exposure to light equivalent to 0.1 suns to 10 suns at a temperature less than

45°C.

31. The solar cell of claim 30 wherein the indium-doped monocrystalline silicon

wafer has an average bulk resistivity less than about 5 ohm-cm.

32. The solar cell of claim 30 wherein the indium-doped monocrystalline silicon

wafer has an average bulk resistivity less than about 4 ohm-cm.

33.  The solar cell of claim 30 wherein the indium-doped monocrystalline silicon

wafer has an average bulk resistivity less than about 3 ohm-cm.

34. The solar cell of claim 30 wherein the indium-doped monocrystalline silicon

wafer has an average bulk resistivity less than about 1 ohm-cm.

35.  The solar cell of claim 30 wherein the indium-doped monocrystalline silicon

wafer has an average bulk resistivity less than about 0.5 ohm-cm.

36.  The solar cell of claim 30 wherein the absolute efficiency of the solar cell
degrades by no more than about 0.5% after 1 hour to 300 hours exposure to light equivalent to

0.1 suns to 10 suns at a temperature less than 45°C.

37.  The solar cell of claim 30 wherein the absolute efficiency of the solar cell
degrades by no more than about 0.2% after 1 hour to 300 hours exposure to light equivalent to

0.1 suns to 10 suns at a temperature less than 45°C.

38.  The solar cell of claim 30 wherein the absolute efficiency of the solar cell
degrades by no more than about 0.1% after 1 hour to 300 hours exposure to light equivalent to

0.1 suns to 10 suns at a temperature less than 45°C.
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39.  The solar cell of claim 30 wherein the absolute efficiency of the solar cell
degrades by no more than about 0.5% after 24 hours exposure to light equivalent to 0.7 suns at a

temperature less than 45°C.

40. The solar cell of claim 30 wherein the absolute efficiency of the solar cell
degrades by no more than about 0.2% after 24 hours exposure to light equivalent to 0.7 suns at a

temperature less than 45°C.

41. The solar cell of claim 30 wherein the absolute efficiency of the solar cell
degrades by no more than about 0.1% after 24 hours exposure to light equivalent to 0.7 suns at a

temperature less than 45°C.

42. The solar cell of claim 30 wherein the indium-doped wafer absorbs more light
having a wavelength between 830 nm and 1400 nm than a boron-doped wafer of identical

resistivity.
43. A solar cell comprising:

an indium-doped monocrystalline silicon wafer sliced from an ingot grown by the
Czochralski method, wherein the wafer has an average bulk resistivity less than about 10 ohm-
cm and wherein the relative efficiency of the solar cell degrades by no more than about 1% after

at least 4 hours exposure to sunlight at a temperature less than 45°C.

44. A monocrystalline silicon segment having a central axis, a front surface and a
back surface that are generally perpendicular to the central axis, a central plane between and
parallel to the front and back surfaces, a circumferential edge, and a radius, R, extending from

the central axis to the circumferential edge, the segment comprising:
a mean indium concentration of at least about 1 x 10'° atoms/cubic centimeters;

wherein the indium concentration has a relative radial variance of no more than about

15% over at least 0.75R.

45. The monocrystalline silicon segment of claim 44 wherein the indium

concentration has a relative radial variance of no more than about 15% over at least 0.95R.

46. The monocrystalline silicon segment of claim 44 wherein the indium

concentration has a relative radial variance of no more than about 10% over at least 0.75R.
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47. The monocrystalline silicon segment of claim 44 wherein the mean indium
concentration is between about 1 x 10'° atoms/cubic centimeters and about 1 x 10" atoms/cubic

centimeters.

48. The monocrystalline silicon segment of claim 44 wherein the segment has an

oxygen concentration between about 11 ppma and about 20 ppma.

49. The monocrystalline silicon segment of claim 44 wherein the segment has a

carbon concentration of no more than about 2 ppma.

50. A monocrystalline silicon wafer having a thickness between about 100
micrometers and about 1000 micrometers and two major dimensions between about 50 mm and

about 300 mm, the monocrystalline silicon wafer comprising;:
a mean indium concentration of at least about 1 x 10" atoms/cubic centimeters;

wherein the indium concentration has a variance of no more than about 15% over at least

75% of the length of either of the two major dimensions.

51.  The monocrystalline silicon wafer of claim 50 having a thickness between about
120 micrometers and about 240 micrometers and two major dimensions between about 100 mm
and about 200 mm and the indium concentration has a relative variance of no more than about

15% over at least 75% of the length of both of the two major dimensions.

52. The monocrystalline silicon wafer of claim 50 wherein the indium concentration
has a relative variance of no more than about 15% over at least 95% of the length of both of the

two major dimensions.

53. The monocrystalline silicon wafer of claim 50 wherein the indium concentration
has a relative variance of no more than about 10% over at least 75% of the length of both of the

two major dimensions.

54. The monocrystalline silicon wafer of claim 50 wherein the mean indium
concentration is between about 1 x 10"° atoms/cubic centimeters and about 1 x 10" atoms/cubic

centimeters.

55. The monocrystalline silicon wafer of claim 50 wherein the wafer has an oxygen

concentration between about 11 ppma and about 20 ppma.
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56. The monocrystalline silicon wafer of claim 50 wherein the wafer has a carbon

concentration of no more than about 2 ppma.



WO 2014/106086

1
/§§§;::::::1‘12me

PCT/US2013/078056

122
122]) 112
11410 LA~ 4347
108
- 136
10— Ny 116
\ 110
a1 S 102
— ; 106
B —
"-130 130~ .
134
\. O :§
140 140



WO 2014/106086 PCT/US2013/078056

219

120 118

122~

204

202




WO 2014/106086 PCT/US2013/078056

3/19

302 —T L

342

306 —

318




WO 2014/106086 PCT/US2013/078056

4/19

120 118

122

204

202




WO 2014/106086 PCT/US2013/078056

5/19
120 118
3 L
122
204
202




WO 2014/106086 PCT/US2013/078056

6/19




WO 2014/106086 PCT/US2013/078056

719

/ N




PCT/US2013/078056

WO 2014/106086

8/19

GO GOLL 0001 006

V8 Old

408 47

009 004 GOy

Goe

I T AW A AT I SE N AR S WL AT IY SRR AR WL NT Y SE O IS S WL T IY SE ORI WL NT Y SE O A AL NTNY SE O A A S WL T NY L0 A A T WL T NY LU A A S WL N L O AW S L T I L0 A A O M.w

CELNY 10N
{(%20'8) NOHOE

CALNY 1N
(%19°2) WNIaNI

- 10
-2 0
- 80
AL
- 60
490
- 470
- 80

- 60




PCT/US2013/078056

WO 2014/106086

919

g8 old

GO GOLL 0001 006 408

47

009 004 GOy

Goe

I T AW A AT N SE N IR AR S WL NEIT SR AR WL NT Y SE O A S WL T SE ORI WL T IY SE UL A AL NT Y SE O A S WL TN LN A A T WL TN DL A S L T N LU AW S WL 2T I L0 R A O M.w

SN
(2698 4) NOHOE

o,
ey e SO

SN
(%EE 2] WNIaNIT

10
A
g0
-0
g0
jt o0
. 170
-0

- 60

- |



PCT/US2013/078056

WO 2014/106086

10/19

98 Ol4

GO GOLL 0001 006 408 47

009 004 GOy

Goe

NI T AR AW A AT I SE N AR AR S WL AT IY SR AR WL NT Y SE O A WL AT SE UL A WL T IY SE UL A AL T NY SE O A S WL T NT LU A A T WL 20 NY DL W S L N L O AW S L T I L0 A A O M.w

SNH
{2609 £) NOMOH

T N e ey o

SNH
(%EL L) WNIaNI

- 10

-2 0

- 80

AL

- 60

- 90

- 40

- 80

- 60




PCT/US2013/078056

WO 2014/106086

11/19

6 Old

Mmgéuv Aususg euueny AUCWN

Li+dl gi+di Gl+di pi+dl ci+di
; i i i

{(p)Bupjeog Wb Jeyy

o | (¥) ey

[

00+430°0

G0-30'¢

PO-d0°L

yO-d5°L

y0-30°¢

yO-35°¢

pO-d0°C

PO-dGC

PO-d0Y

{spu009s) sLNSIT Jeluen) AJLIOWN



PCT/US2013/078056

WO 2014/106086

12/19

Ol ©l4

mm,..Euv Alsuag] Jerueny AJouln

Li+dl gi+dl Gl+dl Pi+dl ei+dl

(p)Bunjeog Wb Jouy

() remu e

{SpuUCDSs) SWNSYT JISIBT) ABIOUIN



L Old

PCT/US2013/078056

{SIBIBA ¥ IIY) SIUSWBINSESYY BN
Amsﬁuv Ausus( teuen ALouly

Zb+3L 9L+3L SL+TL PL+3) €L+

(s ¥ i) Bupleos Wb Jayy
Mm;%mv Ausuacy Jsuuesy ALIouUlN

Li+dl Gl+dl Gh+dl yl+3dl gl+dl

WO 2014/106086

13/19

00+d0°0 00+30°0
- G0-d0°% - G0-30°6
P00 - p0-d0TL
R RAUEER
- P0-d40°¢ - p0-30°2
- p0-d5°¢ " P0-d452
- p0-d0°E - p0-d0°E
- P0-dG e RLELR”
" p0-30°P " p0-d0P




PCT/US2013/078056

WO 2014/106086

14/19

(winipug)
BINPOW JBI0S

¢l Old

adA ] wedod

(uciog) {wnipuy)
SINPOK JBIoS sl87) JBj0S

{uoiog)

sl|80 Blog

- (460

- 62670

- 086°0

- G860

-066°0

- G66°0

- 0007}

‘13 uloN Bupjeos Wb Yy



PCT/US2013/078056

WO 2014/106086

15/19

(wnipuy)
SINDOW JBI0S

el "Old

sdA ] wedoq

{uoiog) {(winipug)
SINPOW Bj0% sli|7y JBIoS

{uoiog)
sjj@l 1ejog

- 2660
- €660
- ¥66°0
- $66°0
- 9660
- 26670
- 86670
- 666°0

- 0007

"00A ulioN Bupieog b Jsuy



PCT/US2013/078056

WO 2014/106086

16/19

{wnipuy)
SINPOR IBIOG

vl Old

sdA ] wedoq

{(uoiog) {(wipup)
ZINPDOW IBj0S siaTy JBI0S

{uoiog)
sjj@l 1ejog

- 7660

-G66°0

- 9660

- 26670

- 866°0

- 6660

- 0001

o8 "uLion Bupieos WO Jely



PCT/US2013/078056

WO 2014/106086

17/19

(winipug)
BINPOW JBI0S

Gl Old

adA | wedoq
(uoiog) (wnipuy)
SNPOW B0 Sji8) JBjoR

{uciog)
sfjed Jejos

- 068670

- 54860

- 00660

- 2660

- 06660

- G466°0

- 0000°L

-4 "uLoN Bupjeog Wb Jeyy



PCT/US2013/078056

WO 2014/106086

18/19

Winipu|
i

91 "Old

adA | wedoq

$le¥lale
i

%000

%080

%001

%081

%00°¢

%05¢

%00C

Qi eAllelRY %



WO 2014/106086 PCT/US2013/078056
=
=
T
£
(O]
jo 3
=
= ™
ey] Al
% ®
a O
Ll
&
&
]
&
i H i H i i
0 <t © o - S
] La) < <3 ] <3

58077 ADUSIOILT SINIOSAY



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2013/078056

A. CLASSIFICATION OF SUBJECT MATTER

INV. C30B15/04 C30B29/06
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

C308B

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X KASAI H ET AL:

photovoltaic effect",

NL,
vol. 48, no. 1-4,

93-100, XP004111837,
ISSN: 0927-0248, DOI:
10.1016/S0927-0248(97)00075-5
page 97, paragraph 2; figure 7

AL) 8 March 2012 (2012-03-08)
paragraphs [0016],

"Study for improvement of
solar cell efficiency by impurity

SOLAR ENERGY MATERIALS AND SOLAR CELLS,
ELSEVIER SCIENCE PUBLISHERS, AMSTERDAM,

1 November 1997 (1997-11-01), pages

X US 2012/656135 Al (DELUCA JOHN P [US] ET

[0064]; claims
1,30,35; figure 23; example 3; tables 1-4

1-43

44-56

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

10 February 2014

Date of mailing of the international search report

17/02/2014

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Lemoisson, Fabienne

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2013/078056

C(Continuation).

DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A

LINARES AND S S LI L C ED - LINARES AND S
SLI LC: "an improved model for
analyzing hole mobility and resistivity in
p-type silicon doped with boron, gallium,
and indium",

JOURNAL OF THE ELECTROCHEMICAL SOCIETY,,
vol. 128, no. 3, 1 March 1981 (1981-03-01)
, pages 601-608, XP002695785,

DOI: 10.1149/1.2127466

13-18,
30-35,
43-56

Form PCT/ISA/210

{continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2013/078056
Patent document Publication Patent family Publication
cited in search report date member(s) date

US 2012056135 Al 08-03-2012 (N 103249875 A 14-08-2013
EP 2611952 A2 10-07-2013
JP 2013539451 A 24-10-2013
W 201213626 A 01-04-2012
US 2012056135 Al 08-03-2012
WO 2012031136 A2 08-03-2012

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - claims
	Page 48 - claims
	Page 49 - claims
	Page 50 - claims
	Page 51 - claims
	Page 52 - claims
	Page 53 - claims
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - wo-search-report
	Page 74 - wo-search-report
	Page 75 - wo-search-report

