Office de la Propriete Canadian CA 2689519 A1 2009/02/05

Intellectuelle Intellectual Property
du Canada Office (21) 2 689 51 9
v organisme An agency of 12y DEMANDE DE BREVET CANADIEN
d'Industrie Canada Industry Canada CANADIAN PATENT APPLICATION
13) A1
(86) Date de dépbt PCT/PCT Filing Date: 2008/07/25 (51) Cl.Int./Int.Cl. C30B 15/00(2006.01),
(87) Date publication PCT/PCT Publication Date: 2009/02/05 C305 29/06(2000.01)

. . : _ (71) Demandeur/Applicant:
(85) Entree phase nationale/National Entry: 2009/12/03 EVERGREEN SOLAR. INC.. US

(86) N° demande PCT/PCT Application No.: US 2008/071179
(72) Inventeur/Inventor:
(87) N publication PCT/PCT Publication No.: 2009/018145 GABOR. ANDREW, US

(30) Priorité/Priority: 2007/07/27 (US60/952,435) (74) Agent: GOWLING LAFLEUR HENDERSON LLP

(54) Titre : PROCEDE ET APPAREIL DE PLAQUETTE/RUBAN DE CRISTAL
(54) Title: WAFER/RIBBON CRYSTAL METHOD AND APPARATUS

400

 Add back- |
i  surface |
contact

..........................................

- “Add back-surface™
™~ Ccontactfirst? " >

_ | Separate to |

“Remove edge while ™ - ~
 form wafers |

“~_ ribboncrystal?

.............................

...................................

408

|Add back-surface contactif notl ..
already added

*  Separate to form ;
L wafers if not in water r~—
: form

412

Fig. 4

(57) Abrégée/Abstract:
A method of processing a ribbon crystal provides a string ribbon crystal, and removes at least one edge of the string ribbon crystal.

,
L
X
e
e . ViNENEE
L S S \
ity K
.' : - h.l‘s_‘.}:{\: .&. - A L~
.
A

A7 /7]
o~

C an a dg http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC

OPIC - CIPO 191




wO 2009/018145 A1 I BT 0 AR 00 V00 0 A0 0

CA 02689519 2009-12-03

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization /-
International Burecau "

(43) International Publication Date
5 February 2009 (05.02.2009)

(51) International Patent Classification:
C30B 15/00 (2006.01) C30B 29/06 (2006.01)

(21) International Application Number:
PCT/US2008/071179

(22) International Filing Date: 25 July 2008 (25.07.2008)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:

60/952,435 27 July 2007 (27.07.2007) US

(71) Applicant (for all designated States except US): EVER-
GREEN SOLAR, INC. [US/US]; 138 Bartlett Street,
Marlborough, MA 01752 (US).

(72) Inventor; and
(75) Inventor/Applicant (for US only): GABOR, Andrew
[US/US]; 54 Holly Street, Providence, RI 02906 (US).

(74) Agents: MURPHY, Timothy, M. et al.; Bromberg & Sun-
stein, LLP, 125 Summer Street, Boston, MA 02110 (US).

(10) International Publication Number

WO 2009/018145 Al

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA,
CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE,
EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID,
IL, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LL.C, LK,
LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW,
MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT,
RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, T1,
TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM.,
ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, 8Z, TZ, UG, ZM,
/W), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, 1,
FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL,
NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CFE, CG,
CI, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
with international search report
with amended claims and statement

(84)

(54) Title: WAFER/RIBBON CRYSTAL METHOD AND APPARATUS

(57) Abstract: A method of processing a ribbon crystal provides a

400 A2
e ATAE s

"AGd back. ]

o Add back-surmace ™sw. N S
., contactiirst? - , |
o * contadct

i; \-,?é_ —r ________h_,___f_,,_....,..................... L U T SR 408

~ Remove edage while ™ NG _ | Separste 10 §

. \ e, ‘% Y

 form wafers §

. fibboncrysial? e

Remove edge(s

| Add back-surface contact if noty_

already acded
. Separate o form |
- wafers i not in waler F~ 412
: form g
rig. 4

string ribbon crystal, and removes at least one edge of the string ribbon
crystal.



CA 02689519 2009-12-03
WO 2009/0181435 PCT/US2008/071179

WAFER /RIBBON CRYSTAL METHOD AND APPARATUS

5 PRIORITY
This patent application claims priority from provisional United States
patent application number 60/952,435 filed July 27, 2007 entitled,
“"WAFER/RIBBON CRYSTAL METHOD AND APPARATUS,” and naming
Andrew Gabor as inventor, the disclosure of which is incorporated herein, in its

10  entirety, by reference.

FIELD OF THE INVENTION
15 The invention generally relates to ribbon crystals and, more particularly,

the invention relates to grain boundaries of wafers formed from ribbon crystals.

20 BACKGROUND OF THE INVENTION
String ribbon crystals, such as those discussed in U.S. Patent No. 4,689,109
(issued in 1987 and naming Emanuel M. Sachs as the sole inventor), can form the
basis of a variety of electronic devices. For example, Evergreen Solar, Inc. of
Marlborough, Massachusetts forms solar cells from conventional string ribbon
25  crystals.
As discussed in greater detail in the noted patent, conventional processes
form string ribbon crystals by passing two or more strings through molten

silicon. Due to the nature of the process, a string ribbon crystal often grows with
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an irregular width. Consequently, rather than forming a smooth, generally
planar shape, the long edges of the crystals often form an irregular shape.
Accordingly, when processed into solar cells, their spacing typically is farther
from adjacent wafers than if the edges were substantially smooth and planar,
thus reducing the total power produced by the cells per unit area. Such a result
is contrary to the goal of maximizing the power produced per unit area of a solar
cell.

In addition, also as a result of this non-uniform growth, the portions near
the edges of the crystals often form a high density of grains and, consequently, a
high density of grain boundaries. As known by those in the art, grain
boundaries generally reduce the electrical efficiency of the wafer by acting as
“electron traps.” Moreover, many in the art consider the small grains and
irregular edges to be not aesthetically pleasing.

When used to form solar cells, the wafers often have backside electrodes
to transmit electrons. Due to the fluctuating and relatively unknown shape of
the edges, however, those in the art typically do not form the backside electrodes
on much of the area of the wafer. Instead, those in the art typically form the
backside electrode in a smaller area of the wafer; namely, spaced a relatively
large distance from the edges of the wafer. Accordingly, this practice further

reduces the full electrical efficiency of the wafer.

SUMMARY OF THE INVENTION
In accordance with one embodiment of the invention, a method of
processing a ribbon crystal provides a string ribbon crystal, and removes at least

one edge of the string ribbon crystal.
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The method also can remove the string with the edge, or remove the
portion between the string and the edge. In addition, removal of the edge can
form a substantially planar edge or non-planar edge on the crystal. The method
also can remove two or more edges of the string ribbon crystal.

In addition to removing at least one edge, the method can separate the
ribbon crystal into a plurality of individual wafers after removing at least one
edge. After forming the wafers, the method can form a back-surface contact on
at least one of the wafers. Alternatively, the method can first form a back-surface
contact on the string ribbon crystal before removing at least one edge of the
string ribbon crystal, and then separate the ribbon crystal into a plurality of
individual wafers. In either case, removal of the original edge forms a new edge,
and the back-surface contact may substantially extend to the new edge. In other
embodiments, however, the back-surface contact is spaced from the new edge.

Among other ways, the ribbon crystal may be provided by growing the
ribbon crystal from molten silicon (e.g., polysilicon). When providing the crystal
while growing, removal of the edge may involve removing at least one edge as
the ribbon crystal grows, or removing the edge after the ribbon crystal finishes
growing.

The method preferably removes the edge of the ribbon crystal at a point
that improves ultimate device performance. For example, if the ribbon crystal
has a grain boundary, then the method may remove at least a portion of the grain
boundary.

Various embodiments thus form a string ribbon wafer having a body with
larger grains. The body also may be free of string on at least one side and have
an edge that is substantially planar or, in some embodiments, has an irregular

pattern and no string.
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In accordance with another embodiment of the invention, a method of
processing a ribbon crystal provides a string ribbon crystal, and then separates
the crystal into a plurality of wafers. After separating the crystal, the method
removes at least one edge of at least one of the plurality of waters.

In accordance with another embodiment of the invention, a string ribbon
watfer has a body with a plurality grains, which includes a plurality of large
grains and a plurality of small grains. The plurality of large grains have smallest
outer dimensions that are greater than about two times the ditfusion length of
the carriers within the water. The majority of the plurality of grains are large

grains and the body is substantially free of string.

BRIEF DESCRIPTION OF THE DRAWINGS

Those skilled in the art should more fully appreciate advantages ot
various embodiments of the invention from the following “Description of
[lTustrative Embodiments,” discussed with reterence to the drawings
summarized immediately below.

Figure 1 schematically shows a partially cut-away view of a silicon ribbon
crystal growth furnace that may participate in implementation of illustrative
embodiments of the invention.

Figure 2 schematically shows an example of a string ribbon crystal
without its edges removed.

Figure 3 schematically shows an example of the string ribbon crystal of
Figure 2 with its edges removed.

Figure 4 shows a method of forming a wafer in accordance with

illustrative embodiments of the invention.
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DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

In illustrative embodiments, a water fabrication method removes an edge
of a string ribbon crystal, or an edge of a wafer cut from the string ribbon crystal,
to substantially mitigate the above noted problems. Specitically, among other
things, this method may both generally planarize the crystal/wafer edge and
remove at least a portion of the smaller grains that act as electron traps.
Accordingly, the resultant wafers 1) have improved electrical properties, 2) may
be positioned in closer proximity to neighboring waters, and 3) maximize the
area of a back-surface contact. In addition, removal of the smaller grains should
improve the aesthetic appearance to some observers. Details of illustrative
embodiments are discussed below.

Figure 1 schematically shows a partially cut-away view of a silicon ribbon
crystal growth furnace 10 that may implement illustrative embodiments of the
invention. The furnace 10 has, among other things, a housing 12 forming a
sealed interior that is substantially free of oxygen (to prevent combustion).
Instead of oxygen, the interior has some concentration ot another gas, such as
argon, or a combination of gasses. The housing interior also contains, among
other things, a crucible 14 and other components for substantially
simultaneously growing four silicon ribbon crystals 16. The ribbon crystals 16
may be any of a wide variety of crystal types, such as multi-crystalline, single
crystalline, polycrystalline, microcrystalline or semi-crystalline. A feed inlet 18 in

the housing 12 provides a means for directing silicon feedstock to the interior
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crucible 14, while an optional window 16 permits inspection of the interior
components.

It should be noted that discussion of silicon ribbon crystals 16 is
illustrative and not intended to limit all embodiments of the invention. For
example, the crystals 16 may be formed from a material other than silicon, or a
combination of silicon and some other material.

An interior platform 20 within the housing 20 supports the crucible 14.
This embodiment of the crucible 14 has an elongated shape with a region for
growing silicon ribbon crystals 16 in a side-by-side arrangement along its length.
In illustrative embodiments, the crucible 14 is formed from graphite and
resistively heated to a temperature capable of maintaining silicon above its
melting point. To improve results, the crucible 14 has a length that is much
greater than its width. For example, the length of the crucible 14 may be three or
more times greater than its width. Of course, in some embodiments, the crucible
14 is not elongated in this manner. For example, the crucible 14 may have a
somewhat square shape, or a nonrectangular shape. String holes (not shown)
through the crucible 14 enable strings to pass through molten silicon and thus,
form the crystals 16.

Figure 2 schematically shows an example of a string ribbon crystal 16
produced by the furnace 10 shown in Figure 1. This ribbon crystal 16 still has its
original edges 24, which were formed as the crystal 16 was slowly drawn from
the molten silicon in the crucible 14. As shown, the edges 24 of the ribbon
crystal 16, which are not drawn to scale, are irregularly shaped. In some
embodiments, however, the original edges 24 are not irregularly shaped.
Instead, in such embodiments, the edges 24 are generally planar and generally

parallel with the strings 26 (discussed immediately below) of the ribbon crystal
16.
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Figure 2 also shows a pair of strings 26, which normally are encapsulated
by the silicon. Although the drawing shows what appears to be a significant area
between the strings 26 and their respective edges 24, it is anticipated that the
strings 26 will be very close to their respective edges 24 and thus, effectively
form the edges 24. Figure 2 also shows dashed lines identifying the boundary of
wafers 28 ultimately to be produced. Conventional methods cut along the
dashed lines to form each wafer 28. Each wafer 28 also has a back-surface
contact 30. As its name suggests, the back-surface contacts 30 are formed on a
side of the ribbon crystal 16 that ultimately will be the back surface of the wafers
28 (i.e., if used as a solar cell).

The inventor discovered that the edges 24 of prior art ribbon crystals
reduced the mobility for carriers within wafers 28 ultimately formed from the
ribbon crystal 16. As a consequence, when used in various applications
requiring carrier mobility, such as solar cells, a prior art ribbon crystal would be
less electrically efficient than it would be if it did not have such edges 24. To
overcome this and other problems, the inventor took an approach that is contrary
to what they understood to be the conventional wisdom —they removed at least
a portion of the edge 24. As a result, the inventor removed many of the smaller
grains, which produce a high concentration of grain boundaries. During
subsequent tests, the inventor discovered that removal of the edges 24 improved
the electrical efficiency in solar cells (e.g., carrier mobility), which is critical in the
viability of photovoltaics.

Those in the art recognize significant disincentives associated with
removing the edges. Among other things, removal of either edge 24 removes a
significant amount of the polysilicon, which currently is in low supply and has a

corresponding high cost. The inventor nevertheless was surprised to discover
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that resultant efficiency improvements more than otfset the costs associated with
material loss caused by edge removal.

In addition, removal of either edge 24 requires an additional process step
or a plurality of additional steps, further increasing production costs. In fact, the
additional steps/cuts required to perform this process increase the likelihood of
crystal breakage, thus reducing yield. Moreover, the inventor believes that
reducing the width of the ribbon crystal 16, and/or removing the string 26, can
lead to additional breakage/vield problems. Despite these and other obstacles
teaching away from their solution, the inventor removed the edges 24 to discover
the improved benetits.

After removing the edge 24 (and string 26, in some cases), the remaining
ribbon crystal 16 was lett with mostly large grains. In particular, a grain is
considered to be “large” when it has a smallest outer dimension that is greater
than about two times the diffusion length of carriers (e.g., holes and electrons)
within the crystal 16. For example, grains having a smallest outer dimension of
between about 2-5 times the ditfusion length of the carriers should suftfice.
Grains having smallest outer dimensions of greater than three times should
provide even better results. In fact, it is anticipated that larger grain sizes, even
five or more times the carrier ditfusion length, should provide even better
results.

Accordingly, in illustrative embodiments, the substantial majority of all
grains remaining in the crystal 16 are large grains—leaving only trace amounts of
small grains. Other embodiments, however, may have more than trace amounts
of small grains. In either case, the removal step preterably removes a majority of
the small grains, which generally concentrate around the string 26.

To that end, Figure 3 schematically shows the ribbon crystal 16 of Figure 2
with both of its edges 24 removed. Asshown, the (new) edges (identified by
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retference number 32) of the ribbon crystal 16 are substantially planar. In
alternative embodiments, however, the new edge 32 may be a non-planar shape,
or irregularly shaped. In either case, the ribbon crystal 16 of Figure 3 has
substantially no small grains or very few small grains when compared to the
ribbon crystal 16 before the edge 24 is removed. In addition, the back-surface
contacts 30 each extend to the new edge 32 of the ribbon crystal 16.

The ribbon crystals 16 in Figures 2 and 3 are illustrative of but one of a
number of different embodiments. For example, the back-surtace contact 30 may
be added after the ribbons are separated/cut into individual waters 28, and/or
not extend to the new edge 32. As another example, only one edge 24 may be
removed, and/or the edge 24 may be removed after the ribbon crystal 16 is
separated/cut into individual waters 28. Those skilled in the art may select the
appropriate combinations of features based on the ultimate processing and
application requirements and preterences.

Figure 4 shows a method of forming a water 28 in accordance with
illustrative embodiments of the invention. It should be noted that this method is
a simplified summary of the overall process of forming a water 28 and thus, does
not include a number of other steps that may be included, such as water testing
and preparation of certain equipment and the silicon. Moreover, some steps
may be performed in a ditferent order or, in some instances, omitted.

For simplicity, this description omits a number of steps involving details
of crystal growth from a molten material. However, those skilled in the art can
refer to conventional string ribbon techniques as an adjunct to those discussed in
Figure 4. Among other things, those skilled in the art can refer to details of co-
pending US Patent Application No. 11/741,372 (US Patent Publication No.
2008/0134964) and co-pending US Patent Application No. 11/925,169 (US Patent
Publication No. 2008/0102605) for additional information. Both of these
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published applications are incorporated herein, in their entireties, by reference.
Those skilled in the art also may refer to various processes used by Evergreen
Solar, Inc. of Marlboro, MA to turther implement various embodiments. The
steps of Figure 4 can be integrated with the processes discussed in the
incorporated patent applications, or other conventional string ribbon crystal
formation processes.

It also should be noted that discussion of this method of Figure 4 is not
intended to be construed as the only method of forming a wafer 28 to have the
desired properties. Those skilled in the art thus may modity the process as
necessary.

The method begins while a ribbon crystal growth furnace 10 draws a
ribbon crystal 16 from a molten material. Specifically, at step 400, the method
determines if the back-surface contact 30 is to be added to the ribbon crystal 16
before or after removing one or both of the edges 24 (for simplicity, this method
refers to one or both edges 24 in the singular; as an “edge 24”). In some
instances, if it is formed after removing the edge 24, the back-surface contact 30
undesirably may extend around the new edge 32, which could cause a short
circuit. Consideration of this possibility therefore should be used in making this
determination.

If step 400 determines that the back-surface contact 30 is to be formed first,
then the method continues to step 402, which adds the back-surface contact 30 to
the ribbon crystal 16. Among other ways, conventional processes may screen
print the back-surface contact 30 on one side of the ribbon crystal 16. For
example, the back-surface contact 30 may be screen printed onto the ribbon
crystal 16 as a plurality of separate blocks, as shown in Figures 2 and 3, or as a

solid block spanning more than one wafer 28.
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Atter completing step 402, or, it at step 400 the back-surtace contact 30 is
not to be formed on the ribbon crystal 16 before the edge 24 is removed, then the
method determines at step 404 it the edge(s) 24 should be removed while in the
form of a ribbon crystal. In other words, the method may remove the edge(s) 24
either betore or after the ribbon crystal 16 is separated into individual waters 28.

If the edge 24 is not to be removed while in the ribbon crystal state/form,
then the method separates the ribbon crystal 16 along the dashed lines of Figure
2 to torm individual waters 28 (step 406). To that end, the conventional sawing
or dicing processes may cut the ribbon along the dashed lines shown in Figures 2
and 3. For example, a laser may cut along the dashed lines as discussed in the
above incorporated patent application.

The method then continues to step 408, which removes one or both edges
24 of the ribbon crystal 16 (if continuing from step 404) or the waters 28 (it
continuing from step 406). To that end, when removing a given edge 24,
conventional sawing/dicing processes may remove the entire string 26 and
many other smaller grains inward of the string (if any). Experimental processes
may determine how far to remove the edge 24 inward of the string 26.

It is anticipated that in some instances, however, the removal device (e.g.,
a laser or saw) may cut along a straight line, while the string 26 may not be
positioned pertfectly straight from top to bottom of the crystal 16. In a
corresponding manner, the string may be more straight than the cut. As a result,
the removal step may leave a portion of the string 26 behind in the crystal 16. To
avoid this, it desired, one skilled in the art can select an appropriate distance to
cut the ribbon crystal 16 (or water 28, as the case may be) inward from the string.

Alternatively, in a variety of embodiments, one skilled in the art can set
the width of the crystal 16 and measure outwardly from a generally longitudinal

point of the crystal 16. For example, to yield a crystal 16 with about a 100
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millimeter width, one skilled in the art can cut along generally parallel lines
about 50 millimeters from a general longitudinal portion of the crystal 16.

If the ribbon crystal 16 is grown to have a significant amount of area
outward of the string 26, then some embodiments may remove a portion of the
crystal 16 outward of the string 26, thus keeping the string 26 in the crystal 16. It
nevertheless is anticipated that removal of the string 26 in such a crystal 16 will
yield more efficient wafers. It should be noted that a water produced by the
discussed techniques and in the described manners is considered to be a string
ribbon wafer even if the string 26 is partially or completely removed.

The method may perform step 408 in a number of different manners.
Specifically, if removing the edge(s) 24 while in ribbon crystal form, the method
may automate the process as the ribbon crystal 16 grows. For example, the
furnace 10 may be retrofitted to include a saw or laser (not shown) to remove the
edge(s) 24 from the growing ribbon crystal 16 in real time. Alternatively, the
ribbon crystal 16 first may be manually scribed to remove it from the furnace 10,
and then manually or automatically moved to another machine that cuts the
edge(s) 24 in the prescribed manner. Of course, some embodiments remove the
edge(s) 24 by means of an operator manually scribing the edge(s) 24 of the ribbon
crystal 16. In a similar manner, if already in wafer form, then the method may
use either automatic or manual means to remove the edge(s) 24.

Accordingly, removal of one or both edges 24 removes the smaller grains
(i.e., the area with high grain density). This should leave relatively larger grains
in the resulting wafers 28, which improves electrical efficiency.

The method concludes by adding the back-surface contact 30 to the ribbon
crystal 16 or wafers 28, depending on their form, if such feature was not already
added (step 410), and separating the ribbon crystal 16 into wafers 28 if not
already in that form (step 412).
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It should be noted that the back-surface contact 30 may be formed at a
number of different points in the overall tabrication ot a solar cell. For example,
the method could add the back-surtface contact 30 betore any tabrication steps are
executed, or add the back-surtace contact 30 atter performing a number of solar
cell tabrication steps that were not discussed.

Accordingly, illustrative embodiments produce waters 28 having
substantially planar edges 32 with few or no grain boundary regions. These
planar edges 32 may form approximately ninety degree angles with their
adjacent sides (i.e., the intersection of the top edge and the new side edge 32 ot
the ultimate waters 28). Alternatively, or in addition, these planar edges 32 may
form acute and/or obtuse angles with their adjacent sides. Moreover, such
embodiments may form new edges 32 having a variety of shapes (e.g.,
irregularly shaped).

Consequently, as noted above, in addition to improving the aesthetic
appearance to some observers, many such waters 28 should 1) have improved
electrical properties due to removal of many of the high grain concentrations
near the crystal edge, 2) may be positioned in closer proximity to neighboring
waters, and 3) maximize the area ot a back-surface contact 30.

Although the above discussion discloses various exemplary embodiments
of the invention, it should be apparent that those skilled in the art can make
various modifications that will achieve some of the advantages ot the invention

without departing from the true scope of the invention.
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AMENDED CLAIMS
received by the International Bureau on 22 December 2008 (22.12.2008).

1. A method of processing a ribbon crystal, the method comprising

providing a string ribbon crystal; and

removing at least one edge of the string ribbon crystal, wherein tae ribbon
crystal includes a plurality of large grains, a plurality of small grains, ar d a plurality
of carriers, the plurality of carriers having a diffusion length, the plurality of large
erains having smallest outer dimensions that are greater than about two times the
diffusion length of the carriers, removing comprising leaving the major: ty of large
grains in the ribbon crystal and removing the majority of the small graiis from the

ribbon crystal.

2. The method as defined by claim 1 wherein the at least one edge « omprises a

string, removing comprising removing most of the string of the one edge.

3. The method as defined by claim 1 wherein removing comprises | orming a

substantially planar edge on the string ribbon crystal.

4. The method as defined by claim 1 wherein removing comprises : orming a

non-planar edge on the string ribbon crystal.

. The method as defined by claim 1 wherein removing comprises : emoving two

edges of the string ribbon crystal.

6. The method as defined by claim 5 wherein each edge includes a string,

removing comprising substantially completely removing the strings of he edges.
7. The method as defined by claim 1 further comprising;:
separating the ribbon crystal into a plurality of individual wafer:. after

removing at least one edge of the string ribbon crystal.

8. The method as defined by claim 7 further comprising;

AMENDED SHEET (ARTICLE 19)
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forming a back-surface contact on the string ribbon crystal before removing at
least one edge of the string ribbon crystal,
separating the ribbon crystal into a plurality of individual wafers after

forming the back-surface contact.

5
9. The method as defined by claim 7 further comprising:
forming a back-surface contact on at least one of the wafers, whe rein
removing forms a new edge, the back-surface contact substantially exte 1ding to the
new edge,
10
10.  The method as defined by claim 7 further comprising:
forming a back-surface contact on at least one of the wafers, whe rein
removing forms a new edge, the back-surface contact being spaced fron: the new
edge.
15

11.  The method as defined by claim 1 wherein providing comprises zrowing the
ribbon crystal from molten silicon, removing comprising removing the it least one

edge as the ribbon crystal grows,

20 12,  The method as defined by claim 1 wherein providing comprises 3rowing the
ribbon crystal from molten silicon, removing comprising removing the at least one

edge after the ribbon crystal finishes growing,

13.  The method as defined by claim 1 wherein the at least one edge .omprises a

25  string, removing comprising removing substantially all of the string of he one edge.

14. A string ribbon wafer comprising:

a body includes a plurality grains comprising a plurality of larg:: grains and a

plurality of small grains,
30 the body also having a plurality of carriers having a diffusion ler gth,

the plurality of large grains having smallest outer dimensions th 1t are greater

than about two times the diffusion length of the carriers,

AMENDED SHEET (ARTICLE 19)
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the majority of the plurality of grains being large grains,
the body being substantially free of string,

15.  The string ribbon wafer as defined by claim 14 wherein a plurali' y of the large
grains have an outer dimension of between about 2-5 times the diffusio 1 length of

the carriers.

16.  The string ribbon wafer as defined by claim 14 wherein the body comprises

an edge that is substantially planar.

17.  The string ribbon wafer as defined by claim 14 wherein the body comprises

an edge that has an irregular pattern.

18,  The string ribbon wafer as defined by claim 14 further comprising a back face

having a back-surface contact,

19.  The string ribbon wafer as defined by claim 18 wherein the body has at least

one edge, the back-surface contact extending to the edge.

20.  The string ribbon wafer as defined by claim 18 wherein the body has at least

one edge, the back-surface contact being spaced from the edge.

21. A method of processing a ribbon crystal, the method comprising
providing a string ribbon crystal; and
removing at least one edge of the string ribbon crystal, wherein he string

ribbon crystal includes a string and removing comprises removing sub: tantially all

of the string.

22,  The method as defined by claim 21 wherein removing comprises removing

the string of the at least one edge.

AMENDED SHEET (ARTICLE 19)
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23.  The method as defined by claim 21 wherein removing comprises forming a

substantially planar edge on the string ribbon crystal.

24,  Themethod as defined by claim 21 wherein removing comprises forming a

non-planar edge on the string ribbon crystal.

25.  The method as defined by claim 21 wherein removing comprises removing

two edges of the string ribbon crystal.

26.  The method as defined by claim 21, further comprising:

separating the string ribbon crystal into a plurality of wafers.

27.  The method as defined by claim 26 further comprising forming a back-surface

contact on the at least one of the plurality of wafers.

28.  The method as defined by claim 27 wherein forming comprises f >rming the

back-surface contact before removing the at least one edge.

29.  The method as defined by claim 27 wherein forming comprises f)rming the

back-surface contact after removing the at least one edge.

30.  The product formed by the method of claim 1.

AMENDED SHEET (ARTICLE 19)
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Statement under Article 19(1)

Claim 1 has been amended to require particular grain sizes. Support for this
amendment can be found in original claim 14. The limitations of original clair1 14 have been
added to claim 1 and original claim 14 is now cancelled.

Original claim 22 has been amended to require “removing substantially all of the
string.” Support for this amendment can be found in original claim 30, which :s now
cancelled. Original claim 22 now bears the number 21. The “separating the str ng ribbon
crystal into a plurality of wafers” limitation from original claim 22 has been in‘orporated 1nto
new claim 26. Original claims 24,25, and 26 have been amended to have prog er antecedent

basis in light of the amendments to original claim 22.

STATEMENT UNDER ARTICLE 19 (1)
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