CARBON NANOTUBE REI NFORCED W RESAW BEAM USED | N W RESAW SLI CI NG OF | NGOTS
| NTO WAFERS BACKGROUND [ 0001] The field of the disclosure relates to
enhanci ngvoheosoessnel and structural properties of a w pesasipomsssshat is
an internedi ate bonding material between a single crystal or

pol ycrystalline ingot and an ingot holder that is used in the wresaw
cutting of ingots and other materials that nay be sliced into wafers

[ 0002] Sem conduct or - grade wwfers are enera Bﬁ g gared fron1a single
crystal ingot, sHERE B REINFQ SPH BEAMTHRED ngot is sliced
i nto individual wa%”ér‘s‘l%ﬁﬁéﬂ SEaCT ﬁs@ﬁuéﬂ@@?%ﬁﬂ?gc%ﬁ ER® a nunber of
processi ng operations (e.g., lapping, etching, and polishing) to renove
damage caused by the slicing operation and to create a relatively snooth
fini shed ng uniformthickness and a finished front surface

[ 0003] Si CRGROY Egrs may be sliced froman ingot using an inner dianeter
("ID'") saw or a wire-type saw ("wiresaw') . Wresaws are generally nore
efficient since wirésaduwslcan §hiecéicthd efit che dmgofloatirencelaseconpared to
2thgnZ?$I§T%§EQREEP82|ﬁ8p %%%Slaaﬁb gtrum@%ggla%r%pgktles 90%] An

wiresaw beam that is an intermediate bonding material

(1

between a single crystal or polycrystalline ingot and an
ingot holder that is used in the wiresaw cutting of
ingots and other materials that may be sliced into

wafers.

[0002] Semiconductor-grade wafers are
generally prepared from a single crystal ingot, such as a
single crystal silicon ingot. The ingot is sliced into
individual wafers which are subsequently subjected to a
number of processing operations (e.g., lapping, etching,
and polishing) to remove damage caused by the slicing
operation and to create a relatively smooth finished
wafer having uniform thickness and a finished front

surface.

[0003] Silicon wafers may be sliced from an
ingot using an inner diameter (“ID”) saw or a wire-type
saw (“wiresaw”). Wiresaws are generally more efficient
since wiresaws can slice the entire ingot at once as
compared to an ID saw which can only produce a single

wafer at a time.

[0004] An exemplary wiresaw slicing
apparatus for slicing a single crystal silicon ingot into
individual wafers is illustrated in FIG. 1, designated in

its entirety by the reference numeral 21. Another



apparatus for slicing a single crystal silicon ingot into individual wafers
isillustrated in FIG 1 , designated in its entirety by the reference
numer al 2v0 200votb@nexenpl ary w resaw slj ci ng appar at us iPeTiUSRam08E6Rd and
described in U S. Publication No. 2003/0170948, the disclosure of which is
i ncorporated herein by reference. Comercially available w resaw slicing
apparatus include for exanple Model 300E12-H nade by HCT Shaping Systens

of Cheseaux, itzerland. O nodel s and ty E g& mnresag slicing
appar at us SHEJPbE Yt FIE 266" WE HS&PngBQ@FPﬁﬁsf Sm-thES§E8pE 0P the present

di scl osur gesk998al Theyapgpababuscgenehakby Q@UBVD§$§9@8fr@H% 23 which
nmounts four wire guides 25 (two are partially shown) for supporting a wire

web 27. THestdhameral 96 wbuphsia Wﬁvaﬁper@tedehémehéaayzgeﬁhw@hCﬁounts an

i ngot 30 roovement relati to.th ot, 30 into
the web. [OUBB] CTHG Wi FEogUres J5vara ganeral Py Bhrr AdrEcAr ot have
nunber of fper cphepak, gM@déeS3ODIU2SHOmﬁﬁetb§tHCECShﬁ@lh@Spgeteme wire
segnents making up the wire web 27 and are spaced at precise intervals. The
spaci ng b@?m@@ﬁsﬁﬁéxgr58&§§eéé?§9nln@§h?ﬁem§6§&§nén6eFﬁ€8ﬁ fifre segnents

and thereQXr@§%§rEﬂ@%&nbhépbgkﬁkﬂés§a9fb%hﬁtﬁhhﬁgg W@Eﬁbﬁt The wire guides
25 rotate on bearings for noving the wire segnents lengthwi se or axially. A

cut ti ng- slepeytisgdifrent edeontoprthefwithe webs2itbyicondaiits.32.

[0005] The apparatus generally comprises a
frame 23 which mounts four wire guides 25 (two are
partially shown) for supporting a wire web 27. The frame
also mounts a movable slide or head 29 which mounts an
ingot 30 for movement relative to the frame for forcing

an ingot 30 into the web.

[0006] The wire guides 25 are generally
cylindrical and have a number of peripheral grooves (not
shown) that receive respective wire segments making up
the wire web 27 and are spaced at precise intervals. The
spacing between the grooves determines the spacing
between wire segments and thereby determines the
thickness of the sliced wafers. The wire guides 25 rotate
on bearings for moving the wire segments lengthwise or
axially. A cutting-slurry is directed onto the wire web

27 by conduits 32.

[0007] In the wafer slicing operation for
producing silicon wafers, the single crystal silicon
ingot is mounted on an ingot holder 53, which is held in
the wiresaw apparatus by a table 51. The ingot 30 is

adhered to a wiresaw beam. The surfaces of the ingot



[0007] In the wafer slicing operation for producing silicon wafers, the
single crystal silicon ingot is nounted on an ingot holder 53, which is

hel d i n tWe 2w®3@w appar atus by a tabl;}; 51. The ingot ®0TIGS2@di083363] t0 a
w resaw beam The surfaces of the ingotholder 53 and the ingot 30 are
adhered to the wi resaw beam using a suitable adhesive. [0008] After the
adhesi ves that hold the ingot and the ingot holder to the wresaw beam have
cured, thepgsse ly is verted ang nountggﬁonto the wiresaw. The ingot is

i
gradual | y*Pofered’i At Egemé8905f3 aStenBerRgeui-tr &PRi HIWFFEY The cutting

action ispergat,ednbByapauricagiabrasiueyslurry on the wire web, which is
actually a single wire being fed fromone spool to another. Imedi ately

after slicing, the "as cut" wafers are cleaned in a series of chemcal
baths to renmove any[P888dual SfGeryLthFr aAnRELESSt hBakahers &P€ pol i shed and

cl eaned. Eggg%laﬁér%ﬁéw'ﬁ b%!Hglaggek%t%ﬁef%4&%&8ﬁaheﬁﬁaka@% the moving
front representing the [ocation of the cut. oug eat I's partially
convect edcaway, byhthesskubiy, ithénrvemakdi agdheatincedduets theough t he

i ngot, wresaw beam and ingot hol der iﬁsenbly. Ampng the three, epoxy
resin conVertrétal | y GselIPs rEkELERBAn YesQW hEAM REE Rat 8FPal Opr operti es

charactericzed Byvhiahat Lyekychnef {;,¢ekiverybbrati9ngdarpenhngs | arge
coefficient of thermal expansion (CTE) and | owest "t her nal
created by pouring abrasive slurry on the wire web, which
is actually a single wire being fed from one spool to
another. Immediately after slicing, the "as cut" wafers
are cleaned in a series of chemical baths to remove any

residual slurry. From here, the wafers are polished and

cleaned.

[0009] Wiresaw slicing generates frictional
heat at the moving front representing the location of the
cut. Though heat is partially convected away by the
slurry, the remaining heat conducts through the ingot,
wiresaw beam, and ingot holder assembly. Among the
three, epoxy resin conventionally used to make the
wiresaw beam has material properties characterized by
relatively ineffective vibration dampening, large
coefficient of thermal expansion (CTE) and lowest thermal
conductivity. These characteristics of the epoxy resin
of the wiresaw beam are thought to play a significant
role in affecting the surface quality of the sliced
wafer, particularly towards the end of the slicing
operation when the stiffness of the ingot has been

substantially reduced as a result of slicing.



conductivity. These characteristics of the epoxy resin of the wresaw beam
are thought to play a significant role in affecting the surface quality of
the sl i cewowadornzesparticul arly towards jhe end of the sPCTiUSQO000BI36S i ON
when the stiffness of the ingot has been substantially reduced as a result
of slicing. SUWARY [0010] Briefly, therefore, the disclosure is directed to
a W resaw beamfor use in wiresaw slicing, in particular, a wiresaw beam

construct g Egggla pol ymeric conposite nmaterial conprising a polyneric
resin and nanot ubes. [0011] One aspect of the disclosure is directed

to an apparatus for slicing sem conductor wafers froma single crystal

ingot or a polycrystabhione ingeterThe appaeabus,ipgkudescaocwiie wab for
slicing the ingot into wafers. The apparatus also includes a frame. The
frame i ncPagestgchéadaf i rs@ppoPerfig fPHeUFRgaen HuGFEAGYSEILEFRGTI, ThE head

I ncl udes ggr?EQBEaQO'Qe%iQQQaQ %%Bﬁsé%hg%?ﬂktlﬁef%%&e§a§b9§ﬁgkﬁ§
const ruct rom a polymer conposite material conprising a“thernoset

pol ymer resmpoandecarheninanaobubessihg0i2boAgother aspeat aafi t he di scl osure
is directed %o an assepbly for use in an apparatus for slicing

seni condu€or Raf@rst¥rP6fra single crystal ingot or a polycrystalline

i ngot. The assenbly includes an ingot holder and a w resaw beam The

W resaw beamis [0011] One aspect of the disclosure 1is
directed to an apparatus for slicing semiconductor wafers
from a single crystal ingot or a polycrystalline ingot.
The apparatus includes a wire web for slicing the ingot
into wafers. The apparatus also includes a frame. The
frame includes a head for supporting the ingot during
slicing. The head includes an ingot holder and a wiresaw
beam. The wiresaw beam is constructed from a polymer
composite material comprising a thermoset polymer resin

and carbon nanotubes.

[0012] Another aspect of the disclosure is
directed to an assembly for use in an apparatus for
slicing semiconductor wafers from a single crystal ingot
or a polycrystalline ingot. The assembly includes an
ingot holder and a wiresaw beam. The wiresaw beam is
constructed from a polymer composite material comprising

a thermoset polymer resin and carbon nanotubes.

[0013] Yet another aspect of the disclosure
is directed to a wiresaw beam for use with a wiresaw for
slicing semiconductor wafers from a single crystal ingot
or a polycrystalline ingot. The wiresaw beam is
constructed from a polymer composite material comprising

a thermoset polymer resin and carbon nanotubes.



constructed froma pol yner conposite material conprising a thernoset

pol ymer resin and carbon nanotubes. [0013] Yet another aspect of the

di scl osurwoizsosdioe@et ed to a w resaw beam for use wi th aPeirussewosasss slicing

sem conductor wafers froma single crystal ingot or a polycrystalline

ingot. The wiresaw beamis constructed froma polynmer conposite materi al

conprising a thernoset polyner resin and carbon nanot ubes.[0014] Vari ous

refinements exi st ofﬁbgg]features noted _in relation to tgeggbove-nentioned
i I

aspects of the prese scl odaFeUBurEhereFEatGr 81 /by © ®be

i ncor por atedciRethacabavenneat bened aspeetsa gbvbheepresant dipelkegure as
well. These refinenents and additional features may exist individually or

i n any conbi BAti prHesFot Pastanserevar Foushteateprssrdbsnassedsbebew in

relation t ny of e.illustrated di t f the pr nt di sclosure
may be iné§F§5 8585%En%8 gﬁé 8$OF%e%§ g&@£§§s%??88ésaggegﬁ§ of the present
di scl osur ereakanedosciinsany aenhenati orheBRl EEfDESGRhPEI @NAOF THE DRAW NGS
[0015] FIG_1 illustrates a wiresaw slicing apparatus; and [0016] FIG 2

i | | ustrat 889ahiPhgot Taffixed t'6Yaf*itAgot "ROVdErth¥olgh 8 @ Fesaw beam
[0017] Corrggpanding . rekerencerghacact,ars i,adiceate ear yespardiAg parts
t hroughout the draw ngs. DETAI LED DESCRI PTI ON

below in relation to any of the illustrated embodiments

of the present disclosure may be incorporated into any of

the above-described aspects of the present disclosure,

alone or in any combination.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 illustrates a wiresaw slicing

apparatus; and

[0016] FIG. 2 illustrates an ingot affixed

to an ingot holder through a wiresaw beam.

[0017] Corresponding reference characters

indicate corresponding parts throughout the drawings.

DETAILED DESCRIPTION

[0018] The present disclosure is directed to
a polymer composite material useful in the construction
of a wiresaw beam. The wiresaw beam is used in
conjunction with an ingot holder in the wiresaw cutting
of single crystal silicon ingots and ingots prepared from

other materials. With reference now to FIG. 2, the



[ 0018] The present disclosure is directed to a polyner conposite materi al
useful in the construction of a wiresaw beam The w resaw beamis used in
conj unct iwo 2e8%t02@n i ngot hol der in the wiresaw cutti ngPaofi/iseegloasses yst al
silicon ingots and ingots prepared fromother materials. Wth reference now
to FIG 2 , thewi resaw beam 101 serves as an interface between the ingot

hol der 53 and the single crystal ingot 30. The wiresaw beam 101 is held in

pl ace between the ingot hol der 53 and the ingot 30 using a suitable
adhesive.WFﬁeﬁﬁé.bﬁa% tAé PRYSES38Si 81 FPGSE éP@dbﬁFWE?gatﬁFré§aﬁﬁslicing

oper ati onphaget-akgnsphacge EQQL9L EB?SQBXSH%bokHQQL i snkypicakky a single
crystal silicon ingot or polycrystalline silicon ingot, nore typically a
si ngl e cryseal 18ill feoheildgen. PABRtRobghvwskenglteecrpspal heilPeeon3i snad

preferred _paterial r sem.conduc -qr waf ers, ot sem conduct or
naterialstﬁgylgggﬁség.uF68§0% %Hékgﬁégtg%§F8é¥8r||&§t?§§éd§rn%EFe. 2 may be
construct edgbrososteel lonsatrheednateerabswisuehwaslitongexaapbeiohNVAR (an
alloy of iron (64% and nickel (36% w th sonme carbon and chrom un) .

[0021] AcE8fdiFrA§StoPoéAESenbodi ment, the pol ymer conposite naterial used to
construct the wiresaw beam 101 is characterized by increased vibration

danping (ener gy di sgppabion) eapabiliiy) iRgbeased:spithnesse enhanced

thermal conductivity, and reduced coefficient o
single crystal silicon ingot or polycrystalline silicon

ingot, more typically a single crystal silicon ingot.
Although single crystal silicon is a preferred material
for semiconductor-grade wafers, other semiconductor

materials may be used.

[0020] The ingot holder illustrated in FIG.
2 may be constructed from steel or other materials, such
as, for example, INVAR (an alloy of iron (64%) and nickel

(36%) with some carbon and chromium) .

[0021] According to one embodiment, the
polymer composite material used to construct the wiresaw
beam 101 is characterized by increased vibration damping
(energy dissipation) capability, increased stiffness,
enhanced thermal conductivity, and reduced coefficient of
thermal expansion compared to conventional wiresaw beam
materials. The polymer composite material may be
prepared by incorporating carbon nanotubes (CNTs) during
manufacture of the wiresaw beam. In one embodiment, the
polymer composite material comprising carbon nanotubes is
useful as an interface material between an ingot holder
and a silicon ingot, wherein the ingot holder is used in
wiresaw cutting of the silicon ingot. The polymer

composite material possessing the superior physical



t hermal expansi on conpared to conventional w resaw beam materi al s.
pol ynmer conposite material may be prepared by incorporating carbon
nanot ubeswQ@hBsin2aar i ng manuf acture of 4he w resaw beampcCirrusesve/oessbddi ment ,

t he pol yner conposite materi al

Th

conpri sing carbon nanotubes is useful

e

as an

interface material between an ingot holder and a silicon ingot, wherein the
der is used in wiresaw cutting of the silicon ingot. The pol yner

conposite material ssess&ggétheﬁ;gp rior Ehys calgroagrtles her ei

i ngot hol

descri bedPF8RES H-65sFEEG™
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n

Firey“ifF6022]

Accor di ngpterenesgrbadingnt ithe W resaw beam 101 is constructed from
pol ymer conposite material conprising a polyner resin and carbon nanotubes.

Sui t abl e
mat eri al
pol ymer

sel ected

pol ymer resins for use in constructing the polynmer conposi

te

i ncl ude théPABsét pobyrerdiesi ks. oPar eMeaParerytsuithabl e t her noset

Sﬁk@é ﬁrSe8B°§¥1r§§!E%nsk?uﬁ@%de%? nggﬁmeEhgpﬁggé%lées'” s

sphenol

romthe group consisting of a dig eth

diglycidyha@éhealoﬁohp$mbenglanpl&mémlgbg@ndyhdetheboofnahbphbaenethane,

pol ygl yci
pol ygl yci

substi tut gd1yRESI eRspbheraok,and Al Xt HEesgkheneehosExepn

ol ygl ycidyl ether cresol novol ac,

d #her of novol ac, %
ééFté H@rPBﬂyﬁﬁﬁtﬁﬁﬁéH?c BHeHS? l&nﬁoﬁéFﬁyFt189h§Pe propyl

a

butyl

¥ r€poxy resins

a
a

h
i ncl ude di functional bi sphenol - A/ epi chl or ohydri n derived ?qu|d epoxy resin
(for exanpkelnEPONPRe$iLAU828 Lavaiiabbecf tbarmoset polymer resins

are epoxy resins. In one embodiment, the epoxy resin is
selected from the group consisting of a diglycidyl ether
of bisphenol A, a diglycidyl ether of bisphencl F, a
triglycidyl ether of triphenomethane, a polyglycidyl
ether of novolac, a polyglycidyl ether cresol novolac, a
polyglycidyl ether of napthalenic phenol, and methyl,
ethyl, propyl, butyl substituted versions thereof and
mixtures thereof. Exemplary epoxy resins include
difunctional bisphenol-A/epichlorohydrin derived liquid
epoxy resin (for example, EPON Resin 828 available from
Hexion Specialty Chemicals, Houston, TX); low viscosity,
liquid diglycidyl ether of Bisphenol-F epoxy resin
derived from epichlorohydrin and Bisphenol-F (for
example, EPON Resin 862 available from Resolution
Performance Products, Houston, TX); and System 2000 Epoxy
Laminating System (available from Fibre Glast Development

Corporation, Brookville, OH).

[0023] Typically, the ingot holder and
crystal ingot are comparable in terms of stiffness and
strength. Conventional epoxy resins for use in the
wiresaw beam are typically characterized by less
stiffness and strength compared to the ingot holder and

crystal ingot. Certain properties of the silicon ingot,



Hexi on Specialty Chem cals, Houston, TX); |ow viscosity, liquid diglycidyl
et her of Bi sphenol -F epoxy resin derived from epi chl orohydrin and
Bi sphenolw® 20d9m2@kanpl e, EPON Resin 862 avail abl e frompREAsRemi0sdse3
Performance Products, Houston, TX) ; and System 2000 Epoxy Lam nating
System (avail able fromFi bre @ ast Devel opnent Corporation, Brookville, OH)
[0023] Typically, the ingot holder and crystal ingot are conparable in
terns of stiffness ang ﬁtren gt h. Cbnventlonah egox§_re5|ns for use in the
wi r esaw b&&fFar ePEPhi BRLAFIehaPdcCoPTZBE Bl e§5O&Yi FFAESs ARl SEFengt h
conmpar ed taothe;hngglh1hohder1aRd crystal ingot. Certain properties of the
silicon ingot,steel ingot holder, and conventional epoxy resin beam are
shown i n Table 1 below . Table 1 : Material properties of the silicon
i ngot, ingot hol der and expoxy resin beam [0024] It is apparent from Table
1 that the conventi onal epoxy resin has the Iomest t hermal conductivity,

t he hi gh frern O, e +o t_youngs
Modul ug (la |I ﬁl%la%go?%fjbs(ﬁffness;m }Zse g er| sti 6,?3( coﬁventi onal
epoxy re5|n beans negatively inflfu ﬁ%e t he SL??{ qualitﬂ the s|iced
V\afer, p l‘flf‘lll Ql‘l\l fn\Arasrrlc fhn Und Of the Cllf‘l Oper:\tl \Ahnn fl']e
stiffnes Qﬁnﬁwu AQ been dubstHntiSl | \ 7 o%:ﬁ)rEnrp@qc L. $%ZE"ITQ6QII:
slicing. [SRE2REg Qﬁf#]ah%/é?%rﬁ) 7 +Heseand |ot HEYOE+0Z2 | 1.010E+03

‘Thermal Conductivity 1.439E-01 1.500E-02 | 6.200E-04

(W/mmeK)

CTE (/K) 2.568E-06 1.750E-05 | 6.600E-05

Young's Modulus 1.300E+08 2.000E+08 | 7.068E+06

(kg/mes?)

Poisson-Ratio 2.785E-01 3.000E-01 | 3.243E-01

Table 1: Material properties of the silicon ingot, ingot holder and expoxy
resin beam

[0024] It is apparent from Table 1 that the
conventional epoxy resin has the lowest thermal
conductivity, the highest coefficient of thermal
expansion, and the lowest Young's Modulus (an indicator
of stiffness). These characteristics of conventional
epoxy resin beams negatively influence the surface
quality of the sliced wafer, particularly towards the end
of the slicing operation when the stiffness of the ingot

has been substantially reduced as a result of slicing.

[0025] The enhancement of these and other
physical properties of the wiresaw beam may be
accomplished by reinforcing conventional epoxy resins
with carbon nanotubes (CNTs). The added carbon nanotubes
may be any of the several kinds of CNTs, including
Single-Walled Nanotubes (SWNTs), Double-Walled Nanotubes
(DWNTs) or Multi-Walled Nanotubes (MWNTs). Carbon



physi cal properties of the wiresaw beam nmay be acconplished by reinforcing
conventional epoxy resins with carbon nanotubes (CNTs) . The added carbon
nanot ubeswoayodw2a@ny of the several kingls of CNTs, incl edirnzg2@ongises VWl | ed
Nanot ubes (SWNTs), Doubl e-\Wal |l ed Nanot ubes (DWNTs) or Multi-Walled

Nanot ubes (MANTs) . Carbonnanot ubes of the above-described types are
comercially available froma variety of sources. One such vendor is Helix

Mat erial Sol utions (Richardson, TX) . [0026] The types of carbon nanotubes
may vary RFPHtPBSSrgftEE?hé PV dfeter eQnHLgﬁécPF?cCQWP?&Eéaggéas. For

exampl e, SVATs pmay have a dhameter oketwaencaboubnl Bm-hovahadt 2snm
typically between about 1.2 nm and about 1.4 nm such as about 1.3 nm

DWNTs typHealikyMaageialdPaketepnen (Raehordeprnof T¥bout 4 nm MMNTs are
available in dianeters of |ess than about 10 nm between about 10 nm and

about 20 nm betmeemog%%?t 10THg1@2gegb8¥tcé bBHanﬁé%ﬁﬁgsaRQ§t 2 0 nm and

about 40 nm betwee out 40 nm a about nm an etween-about 60 nm
and about va0€ minthWrthardgandtheigspddifiecesur badesareafiSVWhs fand DVWNTS

typically have a surface area hetween 300 nﬂlg and about 600 nR2/g. MANTs
typi cal | y2hE9E-a $OFf 586MRrEa BEIWEeR240 APFg aRd2B66GE 866YAEIg. Carbon

nanot ubes ghual h hypes mByuhayvena, ! %E}Btiﬁatﬂ{ﬁi caklxchetwean about 0.5 nm and
about 40 mm . Nanotubes may be prepared to have shorter |engths, such as

bet ween abodt 20oBtnm. 4ndmabeuth3aamabpubeflw8enmabo NI spirvandaabgut 2 mm .

have a diameter on the order of about 4 nm. MWNTs are
available in diameters of less than about 10 nm, between
about 10 nm and about 20 nm, between about 10 nm and
about 30 nm, between about 20 nm and about 40 nm, between
about 40 nm and about 60 nm, and between about 60 nm and
about 100 nm. With regard to specific surface area,
SWNTs and DWNTs typically have a surface area between 300
m’/g and about 600 m?/g. MWNTs typically have a surface
area between 40 m?/g and about 300 m’/g. Carbon nanotubes
of all types may have a length typically between about
0.5 pym and about 40 uym. Nanotubes may be prepared to
have shorter lengths, such as between about 0.5 pm and

about 3 um or between about 1 um and about 2 um.

[0027] Carbon nanotubes are particularly
applicable for adding to the polymer composite material
used as a wiresaw beam because of their stiffness,
tensile strength, and low density. For example, carbon
nanotubes have a theoretical Young's Modulus as high as
about 1 TPa (SWNTs) or even as high as about 1.25 TPa
(MWNTs). This is approximately 2 orders of magnitude
higher than the Young's modulus of conventional epoxy
resin materials. Moreover, carbon nanotubes have been

produced having a maximum tensile strength as high as



[ 0027] Carbon nanotubes are particularly applicable for adding to the

pol ymer conposite material used as a w resaw beam because of their

sti f f nesswotessioc@ost rength, and | ow degsity. For exanplpeT/usasdooss3nanot ubes

have a theoretical Young's Mdulus as high as about 1 TPa (SWNTs) or even

as high as about 1.25 TPa (MANTs) . This is approximately 2 orders of

magni t ude hi gher than the Young' s nodul us of conventional epoxy resin

mat eri al s. Nbre%%e carbgn ganotubes have been rod%ced,having a maxi mum
gt §a

‘
tensile sfPEH aSPRi-gh” SUE160 EPaCaTRE dBASPLY 6 ¢&rbon nanot ubes is

typicallychgt ween abauliedn3a%o40 6 KgkmMH3 40y AROULolathoxt19 .8 kg/ mm 3,
which is less than the density of the epoxy resin materials. Therefore, the

car bon naﬁ@f%ﬁ@ﬁﬁmﬁfnwbi§hgﬁﬁfﬂ@éﬁtt?aadﬁhﬁodﬁhé}WQigﬁttbﬁ EReXWi r esaw
beam [ 00281 o, achiue ot he,advant ggeoun PLaperL £,0L eahanced st iff ness.

strength, and"vi'brati 6n°da i'ng, €’ carbon "nanot ubes nay be "added to the
pol yner ceapasifieanalgr bab itb ancamdiphtasfhicgbh asrabaut b58%. by wei ght.
Preferably, the amobunt of carbon nanotubes is | ower due to cost

consi derati ons and m.ni.shing returns as.the carbon nanotube concentration

i .
i s increased. Accorgpﬂﬁﬁﬁ, t hé°carbofVRanBEuBe¥ rag 968 added to the pol ymer

conposi t ephBheriaksi BraBnappuBRl Lesgrhhan, abewkbnd@¥ by nwei,gBtact ypi cal Iy
| ess than about 10% by weight, nore typically |ess than about 5% by wei ght,

such as | dsgprthan abeuta3®ebynaspghbesTheychebeAdradnsbubbs arévadded

composite material in an amount as high as about 50% by
weight. Preferably, the amount of carbon nanotubes is
lower due to cost considerations and diminishing returns
as the carbon nanotube concentration is increased.
Accordingly, the carbon nanotubes may be added to the
polymer composite material in an amount less than about
20% by weight, typically less than about 10% by weight,
more typically less than about 5% by weight, such as less
than about 3% by weight. The carbon nanotubes are added
in an amount of at least about 0.01% by weight to achieve
the desired effects of increased vibration damping
capability, increased composite stiffness, increase
composite thermal conductivity, and reduced coefficient
of thermal expansion. Accordingly, the carbon nanotube
concentration is preferably between about 0.01% by weight
to about 3% by weight, such as between about 1% by weight
and about 2% by weight.

[0029] In one embodiment, the amount of
carbon nanotubes in the wiresaw beam is from about 0.01%
to about 50% by weight. In other embodiments, the amount
of carbon nanotubes in the wiresaw beam is from about
0.01% to about 25% by weight, from about 0.01% to about
10% by weight, from about 0.01% to about 5% by weight,



in an anount of at |east about 0.01% by weight to achieve the desired
effects of increased vibration danping capability, increased conposite
sti ffnesswoiznevwase conposite thermal gonductivity, andpcediseed/0sises ficient
of thermal expansion. Accordingly, the carbon nanotube concentration is
preferably between about 0.01% by wei ght to about 3% by wei ght, such as
bet ween about 1% by weight and about 2% by weight. [0029] In one
enbodi ment,, the anount gf car bon nangt%bes iin._the w resaw be from

b

about 0. 019°F02868Gt U5896°by CwePgHE. FnP8t HELIBRbodi RENE Othg Qﬁﬁunt of

carbon na@@tﬁgéﬁtlmﬁtﬁ? Wek gsawobeanhs ri-pamuabaut 00094 %Losabaut 25% by
wei ght, from about 0.01% to about 10% by wei ght, from about 0.01%to about

5% by wei §ht 5f bgnivabebt - 0. @m%ye@ abbear smbbﬁlwengﬁv,thEOﬁmabnmtoé 01%to

about 1% by weoDL 8L BYEN r OMLABOUL 0, 00k, BboUL 0 L2by uekant - In yet
ot her enbodi ment s he anDunt car bon nanotubes tﬁe WiTesaw beamis
from aboutocOab%ito5about, 5@%@by wewgmtabbn@nuabﬁutab%MtOSa%ouy 50% by

wei ght, from about 3% to about 50% from about 5% to about 50% by

wei ght . f FEiPabout T2B9EPE AbSt tso@%ytméggh{oyweé%ﬁ 'f ESATaBBAEE25% t o

about 50%sby -welght,« £8930], %b@%ﬁtthQrQHTéb@h% ¢har act gphzedshy %§treﬁ€|y
smal | di mensions, special care nusf be taken to ensure their uniform

di st ri but menght Dheeepoxﬁrp@sBhoutn25ﬁetenbdeWEﬁﬂ, avhivghgshear m xer is
used to disperse the CNTs in the epoxy resin matrix prior to and/or during

[0030] Since the CNTs are characterized by
extremely small dimensions, special care must be taken to
ensure their uniform distribution in the epoxy resin. 1In
one embodiment, a high-shear mixer is used to disperse
the CNTs in the epoxy resin matrix prior to and/or during
the polymerization reaction. The epoxy resin may be
prepared substantially according to the instructions
provided by the manufacturers, except for the addition of
the carbon nanotubes. Sonication may be used to assist
in dispersion of CNTs in the resin. Further, organic
solvents, such as acetone, that are compatible with the
resin may be added to enhance uniform dispersion in the
resin matrix. Moreover, dispersing agents, such as
surfactants, may also be added during the polymerization
reaction. The solvents and dispersing agents may be

removed by methods known in the art.

[0031] After polymerization, the soft,
liquid epoxy resin material comprising carbon nanotubes
and optionally solvent is poured into a mold. The epoxy
resin is cured in the mold by baking in an oven set to a
temperature suggested by the epoxy manufacturer's
instructions. After curing, the wiresaw beam comprising

the cured epoxy resin is removed from the mold and



t he pol ynerization reaction. The epoxy resin may be prepared substantially
according to the instructions provided by the manufacturers, except for the
addi ti on wb 2091020 bon nanot ubes. Soni gati on may be use®CTASa@®i033363 N

di spersion of CNTs in the resin. Further, organic solvents, such as

acetone, that are conpatible with the resin may be added to enhance uniform
di spersion in the resin matri x. Mreover, dispersing agents, such as

surfactants, may al so_be added. during the polynerization.reaction. The
sol vents &RBSdFSp&Psihg agantsh 9e6eaﬁ8ﬁﬁvéheg§eﬁ@?ﬁoﬂéjQﬁomn inthe art.

[0031] Aftengpalyserkzatihen, yshagsaf tuikbguedaepexyveesin materi al
conpri sing carbon nanotubes and optionally solvent is poured into a nold.

The epoxy resin is cured in the nold by baking in an oven set to a
t enper at ure suggest eéd0By 1t he EpeRygrivEinGhacegEerigaicastr aét t8AsCNAft er

curing, the.wr . CONPr LSLE e [ e .resin..s renmoved from
the nold g%&ﬁ%ﬁgégglgg%t g g%gg?hﬁgwggrtQFS§ htﬁgé%égﬁiggﬁg?or, | engt hwi se
surface usitagdarsiiztdblkesadheshves [[Q@32EhEBr apemMty characteri zati on of the
CNT reinforced matrix is achi eved through testing using standardi zed test
met hods |ike the ASlB%ﬁ%gOSB] Havi ng descrkbad %he.invention.in detail, it
will be apparent th i fi cAfYORY SRACVAPFSt FBfis V&GS Bl'e wi t hout

departinggtramt hetsgope ot tbgairBventhan dehimedainohBeaappended cl ai ms.
variations are possible without departing from the scope

of the invention defined in the appended claims.

[0034] When introducing elements of the
present disclosure or the preferred embodiments (s)
thereof, the articles "a", "an", "the" and "said" are
intended to mean that there are one or more of the
elements. The terms "comprising"”, "including" and
"having" are intended to be inclusive and mean that there
may be additional elements other than the listed

elements.

[0035] In view of the above, it will be seen
that the several objects of the disclosure are achieved

and other advantageous results attained.

[0036] As various changes could be made in
the above products and methods without departing from the
scope of the disclosure, it is intended that all matter
contained in the above description and shown in the
accompanying drawing[s] shall be interpreted as

illustrative and not in a limiting sense.



[ 0034] When introducing elenments of the present disclosure or the preferred
enbodi nents (s) thereof, the articles "a", "an", "the" and "said" are

i nt ended WO 2nwam2dshat there are one or {Aore of the el empoTAIS2000033363 B
"conprising”, "including”" and "having" are intended to be inclusive and
mean that there may be additional elenents other than the listed el enents
[0035] In view of the above, it wll be seen that the several objects of
the disclosure_are_achieved and ot her advantageous results attained. [0036]
As variou@Héﬁaﬁ§e§L68Mﬁ8 be‘made in the above products and met hods wi t hout
departing fromthe scope of the disclosure, it is intended that all matter

contained in the abgve dﬁﬁcébeEQﬁu§n§o§h@WﬂcEﬁgtB@m@@@ﬁ@ﬁ@@%&ng draw ng
[s] shall be interpreted as illustrative and not in a limting sense. WHAT
| S CLAI MNER2ESTrs1fromnaappapgacusrvetas| iepag§ SenfcBRAUELGETRalens from a

single cr i .ot _a.polycrystalline ingot conprising: a wire web for
slicing t%gggkggp%g%ﬁgﬁﬁgfers; and a franme including a head for supporting
the ingot during slicing, the head conprising an ingot holder and a w resaw
beam construct ed frenwarpolgberfocosposiithg materingbtcanppi sefgra;t her noset

ol ymer resin and carbon
poly and

a frame including a head for supporting the
ingot during slicing, the head comprising an ingot holder
and a wiresaw beam constructed from a polymer composite
material comprising a thermoset polymer resin and carbon

nanotubes.

2. An apparatus as set forth in claim 1

wherein the thermoset polymer resin is an epoxy resin.

3. An apparatus as set forth in claim 2
wherein the expoxy resin is selected from the group
consisting of a diglycidyl ether of bisphenol A, a
diglycidyl ether of bisphenol F, a triglycidyl ether of
triphenomethane, a polyglycidyl ether of novolac, a
polyglycidyl ether cresol novolac, a polyglycidyl ether
of napthalenic phenol, and methyl, ethyl, propyl, butyl

substituted versions thereof and mixtures thereof.

4. An apparatus as set forth in claim 1
wherein the amount of carbon nanotubes in the wiresaw

beam is from about 0.01% to about 50% by weight.

5. An apparatus as set forth in claim 1
wherein the amount of carbon nanotubes in the wiresaw

beam is from about 0.01% to about 3% by weight.



nanotubes . 2 . An apparatus as set forth in claim1 wherein the thernoset
polymer resin is an epoxy resin. 3 . An apparatus as set forth in claim?2
wher ei n tWe 2e09p0x630r esin is sel ected frgmthe group con®CIUSAYILB33a3

di gl yci dyl ether of bisphenol A, a diglycidyl ether of bisphenol F, a
triglycidyl ether of triphenonethane, a polyglycidyl ether of novolac, a
pol ygl yci dyl ether cresol novolac, a polyglycidyl ether of napthal enic

phenol , and net hyl, eth I ropyl, butyl substi uted er si Qns t her eof and
m xtures t hereof . 4° aﬁgQ? fhYSa8SsEE T PFH i A'cF ?ﬁ@l wherein the

anount of ygarhon E%@OEH@§§t'Bftﬁﬁrﬁbhe§éwa§%€b'§nfEﬁ€1%QQH%aQ 01% to about
50% by weight. 5 . An apparatus as set forth in claim1l wherein the anount

of car bonbranotabésoimnabhetwir ésawobeknaiics SProhvabedth0.-01%to about 3% by
weight.6 . An apparatus as set forth in claim1l wherein the anmount of

carbon nanot ubes in-they %nggég@% gggﬁ sEEO?b?qu' c%%@ho about 50% by

weight. 7 . An apparatus as clarm 1 wherein the amount of
car bon namhémbes thethaomntesémmbeanhlSahbonbabomh 1%@t@1abeaw 50% by

wei ght . An assenbly for yse in an apparatus for sI|C|ng sem conduct or
waf er s frBﬁ?Q SPngremcAYStAl |n§8t gpua S@ry Yy¥€aPPfne ingot, the assenbly

conprising: an ingot hol der; and
8. An assembly for use in an apparatus for

slicing semiconductor wafers from a single crystal ingot

or a polycrystalline ingot, the assembly comprising:
an ingot holder; and

a wiresaw beam constructed from a polymer
composite material comprising a thermoset polymer resin

and carbon nanotubes.

9. An assembly as set forth in claim 8 wherein

the thermoset polymer resin is an epoxy resin.

10. An assembly as set forth in claim 9
wherein the expoxy resin is selected from the group
consisting of a diglycidyl ether of bisphenol A, a
diglycidyl ether of bisphenol F, a triglycidyl ether of
triphenomethane, a polyglycidyl ether of novolac, a
polyglycidyl ether cresol novolac, a polyglycidyl ether
of napthalenic phenol, and methyl, ethyl, propyl, butyl

substituted versions thereof and mixtures thereof.

11. An assembly as set forth in claim 8
wherein the amount of carbon nanotubes in the wiresaw

beam is from about 0.01% to about 50% by weight.



a W resaw beam constructed froma pol yner conposite material conprising a
t hernoset polyner resin and carbon nanotubes. 9 . An assenbly as set forth
in clai m8owherweasot he t hernoset polyngg resin is an ep@Ky/usee333id. An
assenbly as set forth in claim9 wherein the expoxy resin is selected from
the group consisting of a diglycidyl ether of bisphenol A, a diglycidyl

et her of bi sphenol , a triglycidyl et her of triphenonethane, a

pol ygl yci dyl et her f novol ac, | yci d her ¢ esol novolac, a
pol ygl yci dyl et her g? naﬁphéﬁéﬁméeﬁhé oﬁetaﬁarﬁétﬁﬁl ClatRyP, propyl, butyl

SUbSt'tUt%ﬁeY@E§'QHé thengef cand rbxhunhes tNeegofin %%e ﬁ@r@%%%"b|y as set
forth in claim8 wherein the anount of carbon nanotubes in the w resaw beam

is from abean 0s0fwmoakbont 050%sbyowebght. 32. banwasseiibly as set forth in
claim8 wherein the anmbunt of carbon nanotubes in the wiresaw beamis from

about 0.01%to abouﬁ 396%_ g@%gﬁblglgs An.a gggﬁlxnagl%§h %orth inclaim$8
i t

wherein the amount of carbon nanotubes in the w resaw beamis from about
0.1%to abbuteh0%hy webght. of4cahboassenblkybas set ther tthrepael ai m 8
wherein the ampunt. of c%rbon nanotube e W resaw beamis from about 1%

to about 56%bySweiFght 2PeEE A-wi'r £8a 885n&96rbﬁs€e&ﬁpﬁ ‘a W resaw for

slicing sem conductor wafers froma single crystal ingot
14. An assembly as set forth in claim 8

wherein the amount of carbon nanotubes in the wiresaw

beam is from about 1% to about 50% by weight.

15. A wiresaw beam for use with a wiresaw for
slicing semiconductor wafers from a single crystal ingot
or a polycrystalline ingot, wherein the wiresaw beam is
constructed from a polymer composite material comprising

a thermoset polymer resin and carbon nanotubes.

16. A wiresaw beam as set forth in claim 15

wherein the thermoset polymer resin is an epoxy resin.

17. A wiresaw beam as set forth in claim 16
wherein the expoxy resin is selected from the group
consisting of a diglycidyl ether of bisphenol A, a
diglycidyl ether of bisphenol F, a triglycidyl ether of
triphenomethane, a polyglycidyl ether of novolac, a
polyglycidyl ether cresol novolac, a polyglycidyl ether
of napthalenic phenol, and methyl, ethyl, propyl, butyl

substituted versions thereof and mixtures thereof.

18. A wiresaw beam as set forth in claim 15
wherein the amount of carbon nanotubes in the wiresaw

beam is from about 0.01% to about 50% by weight.



or a polycrystalline ingot, wherein the wiresaw beamis constructed froma
pol ymer conposite material conprising a thernoset polyner resin and carbon
nanot ubeswo609/W260r esaw beam as set fegth in claiml15 ROENS2VINBEES63
t hernoset polymer resin is an epoxy resin. 17. A wiresaw beamas set forth
in claim16 wherein the expoxy resin is selected fromthe group consisting
of a diglycidyl ether of bisphenol A, a digl yci dyl ether of bisphenol F ,
a triglycidyl ether f triphenonet hane, pol y % ﬁ et her % novol ac,
pol ygl yci dyl ether éresof* HoVGFaY, ﬁaBOP§g§§E| g)? bt Br© f"lﬁag hal eni ¢
phenol , apdemet ykneebhylintPbePyhrbBUt ¥hnskbstit uhednhversi-ang,t hereof and
m xtures thereof. 18. A wiresaw beamas set forth in claim15 wherein the
anmount of beambes Axnot ebesti A-Phe Wor ebawtbeanbivswiightabout 0.01% to about
50% by wei ght.19. A wiresaw beamas set forth in claim 15 wherein the
amount of carbon napgt ubes Lres [ r 01% t o about
3% by wei ght. 20. AQ\?\II reg&a\yvaggrzﬁ%%a}sgﬁeégt g\fgorgtgﬁnlkﬁ%g QW ?Egmﬁe?gl n the
anount of wbatrban namotmbesti nft harbonesawoheansi snf ltbm abeouta@. 1% t o about
50% by weig 21.. A wiresaw bggm as Eet fg th in claim15 wherein the
amount of PEaf'béA HARBt 6BEE T A-Lhe t%i FBSHY BAanP¥s"Fraftabout 1%to about
50% by wei ght .

21. A wiresaw beam as set forth in claim 15

wherein the amount of carbon nanotubes in the wiresaw

beam is from about 1% to about 50% by weight.



