CARBON NANOTUBE REINFORCED WIRESAW BEAM USED IN WIRESAW SLICING OF INGOTS
INTO WAFERS BACKGROUND [0001]The field of the disclosure relates to enhancing the thermal and
structural propeltiB2W8P 2% i{esaw beam that is an intefmediate bonding maﬂé‘?iﬁpﬁ@ﬂﬁ/%ﬁ?‘ﬁ 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 smale crystal S|I|con INgot. The |n%ot IS sllced |nto individual wafers which

are subsequently subject f{@? (g? etchlng and polishing) to
remove damage caused by the s cmg opération and to creaté a rela 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 sl 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 illustratedin0FIG. 1, déSigndteelia itsfentiretylbythe sefareneéaiuimeral 21. Another

to enhancing the thermal and structural properties of a

wiresaw beam that is an intermediate bonding material
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



exemplary wiresaw slicing apparatus is illustrated and described in U.S. Publication No. 2003/0170948,
the disclosure of which is incorporated herein by reference. Commercially available wiresaw slicing
apparatus inclua%(]fe)‘f'og/){g"rﬁ‘ﬂle, Model 300E12-H madé& by MCI Shaping Sygfémésﬁqﬂ&fﬁ’é%@aux,
Switzerland. Other models and types of wiresaw slicing apparatus may be utilized without departing from
the scope of the present disclosure. [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 orREAR 28" Whith RioaHtSan Mgt SEFG mbvBmeht relatie 0 he ffaife for forcing an
ingot 30 into the deetl.{0006] The Wire. gkidesi2% ate geReralooyindricaband hawe a number of peripheral

grooves (not shayyn) that receive regpegtive wire segments making up the wire weh,27 and are spaced at

precise Intervals. The spacing between the grooves determines the spacing between wire segments and
thereby determiféd e thicknessgPthecslice d WA TREWité g uithes 25 rbfate'sh-BE&rings for moving
the wire segments lengthwise: or axtadly. Accuttingssluryds girested ontotheswiresvel 27 by conduits 32.
[0007]In the Wafer;fslé |\rl1v%le(():¥eratl n for proldalLJrgzgwg silicon wafers, the si gleig%/staclfsmcon ingot is mounted

on an ingot holdér 5 Y& held'in thé Wiresaw appa?afﬁ%dbeylg tabfe 515The ingot 30 is adhered to a

wiresaw beam. The saffaces of the irgota helder 58:and<¢he ingotz80! are ddtered to the wiresaw beam
using a suitable adhesive, J0008JAfter the adhesives:that hpld the ingot andthe.ingot holder to the

wiresaw beam have cured, the assembly is inverted and mounted onto the wiresaw. The ingot is
gradually lowered into a "web’ t moving, ultrathin wire. The cutting action is created by pouring
abrasive slurry on the wire Wéb?gv(glﬁﬁch is a@%aﬁf gasrlr?g & wite rf)eeﬂ?é ?égd ?r%nrwghséesspoaol to another.
Immediately aftef stiving; the'hascurowafers are cleaned i adetiesSof (Chemicat baths to remove any

residual slurry. Frgm here, fheywafers are polished and.cleaned [QRA9]Wiresayy sliging,generates

frictional , ,
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



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 threc‘-‘.‘,’%ﬁ%’% Fodth conventionally used to rake the wiresaw bedrh HEFHutaiss 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'3peratioh whah theSstiffeds of thdlifigbthas blehsubktalitiai’ fetiuced as a result of
slicing. SUMMARMTO0EO]Briedlystherefdre, thixdisclesure is directed to a wiresaw beam for use in
wiresaw slicing, in particular, a wiresaw beam constructed from a polymeric composite material

comprising a polymeric resin agglocarbon nanaetubes [0031dOneaspact of the gisclesure is directed to an
apparatus for sligin iconductor wafers from a single crystal inegot or aﬂ;t)(%llycr stalline ingot. The

sem
ngg Wifd'Web or SRy thalingdt into Witels: i Bpparatusaiso includes a frame. The

apparatus Includes
frame includes achead forrsupportiagithe ingot dukmg stickgd Thedunead includes laa ingot holder and a

wiresaw beam. The wiresaw beam s constructed from a pelymer composite maerial gemprising a

thermoset polymer resin and carbon nanotubes. [0012]Another aspect of the disclosure is directed to an
assembly for usé #F Aan"¥ppdratus’for stieing sérmiconducisr WakdrsTromd sitiglé erystal ingot or a
polycrystalline ingetatha assepihly incjudes aningot holdey and andresaw bear). The sviresaw beam is
constructed from a poé)éryef[]fomapossite ITat(%riayec%ngQgsinge%t rrmosoer;[ J)Osl r(glg% r%(s)in and carbon
nanotubes. [OOléﬁ(gt anothe aspectng the disClosure Ts directed 1o & wirésaw beam for use with a
wiresaw for slicigg sehsiconddator WafersLfromfasingléicrystal indot dras pelyelystalfimesingot. The

wiresaw beam is,c@nstiucted fram a pelymercomnposiie material comprising g.thermoget polymer resin

and carbon nanotubes. ,
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.



[0014]Various refinements exist of the features noted in relation to the above-mentioned aspects of the
present disclosure. Further features may also be Incorporated in the above-mentioned aspects of the
present disclos¥@ B Phese refinements and additional features may S&Eﬂ;fpﬁ%aﬂ?{&tfa%/ or in any
combination. For Instance, various features discussed 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 disclgsure, alone or in any combination. BRIEF DESCRIPTION OF THE DRAWINGS
[0015]FIG. 1 illuSTRRERY 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 drawingd "BETAILEDPDESCRIPTIGNG0018]THE presett Hiscissuresis directed to a

polymer compositeuaterialusefulin.tbe sonstrugtion.of s wiresaw: beam, The: wiregawibeam is used in
conjunction with an ngot Polder in the wiresaw cuttin%of:singl:e grx_cstal silicon ilnyg“ots and ingots prepared
from other matefials. With féferénde howto PIG 2, the® - 1Hc-e¢ From & posymesic

composite material comprising a polymeric resin and

carbon nanotubes.

[0011] One aspect of the disclosure is
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.



wiresaw beam 101 serves as an interface between the ingot holder 53 and the single crystal ingot 30. The
wiresaw beam 101 is held in place between the ingot holder 53 and the ingot 30 using a suitable
adhesive. In FIGY %??P?élﬂ’r&?t 30 is illustrated after a wiresaw slicing operatiBﬁ]Wé%z? %“ﬁ%i’ace. [0019]The
crystal ingot is typically a 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, SA&H A foraxampfe’ IRVER {in Afloy 6t iron (64%) and nickel
(36%) with somef eathoreand cheomium)./0021{Accardinigtabneembaodiinents the pelymser composite
material used to gconsfruc the. wiresaybeam 101 is gharacterized by Incregsed vibration damping
(energy dissipation) capability, increased stiffness, enhanced thermal conductivity, and reduced
coefficient of thetffaP ERpaASRA dompafed iy EBRTERIIGrRAISHiréSaR Dearh mafetials. The polymer
composite materialanay beiprpared:ky ncorparatingecarben:nanotiukes {€Niks) during manufacture of
the wiresaw beam O{nto.ne eTb%dirpent, the polymer com%osit%malt(frial comprising carbon nanotubes is
useful as an Inteahdacle matérial be %re%sarql?ﬁ/go older and & Siticon Yné)ort, whetein the ingot holder is
used in wiresaw cutting of the siliconingots Tdecpolymiericompdsite wraterial possessing the superior
physical propertigs bgreip described eads 1o sliged wafers with-bettersuiface;aualitys [0022]According to
one embodiment, the wiresaw beam 101 is constructed from polymer composite material comprising a
polymer resin arftf cafborPrarstibed ! uitable folfirerfesitS fIrseincConstiuttigrtne polymer
composite matetiakineligesthesmoseb polyperrasins Paticutarbssuitakle dhermaset, polymer resins are
epoxy resins. In é)[peneembgdiirp]entﬂ th% ERoxy argﬂ)nnis selected from the group consisting of a diglycldyl
ether of bispheno B\, a cﬁglymdy{il ether o 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. Exemplary
epoxy resins Include difunctional bisphenol-A/epichlorohydrin derived liquid epoxy resin (for example,
EPON Resin 828345 aefa | EMEE|S, 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 Resalatian Perfarmance RidductsatHesstony 16s andsSysteny 2000 Epoxy

Laminating Systggbgaflﬂlgglp from Fibre Glast Development Corporation, Brookville, OH).

Kool et

[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



[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 compaﬂé‘a %?)O?H@Zﬁ?ﬂot holder and crystal ingof. Certain properties d’ﬁﬂg%?fgé%ﬁ?@ot, steel ingot
holder, and conventional epoxy resin beam are shown in Table 1 below. Properties at 300K Silicon Ingot
Steel Ingot Holder Epoxy Resin Beam Density (kg/mmi) 2.30E-06 7.900E-06 1.587E-06

wiresaw beam 101 serves as an interface between the ingot
holder 53 and the single crystal ingot 30. The wiresaw
beam 101 is held in place between the ingot holder 53 and
the ingot 30 using a suitable adhesive. In FIG. 2, the
ingot 30 is illustrated after a wiresaw slicing operation

has taken place.

[0019] The crystal ingot is typically a
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



Specific Heat (J/kg-K) 7.30E+02 5.000E+02 1.010E+03 Thermal Conductivity (W/mmK) 1.439E-01

1.500E-02 6.200E-04 CTE(le) 2.568E-06 1.750E-05 6.600E-05
WO 2009/102630 7 PCT/US2009/033363

properties herein described leads to sliced wafers with

better surface quality.

[0022] According to one embodiment, the
wiresaw beam 101 is constructed from polymer composite
material comprising a polymer resin and carbon nanotubes.
Suitable polymer resins for use in constructing the
polymer composite material include thermoset polymer
resins. Particularly suitable thermoset 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 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. 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,



Young's Modulus (kg/m 2) 1.300E+08 2.000E+08 7.068E+06 Poisson-Ratio 2.785E-01 3.000E-01
3.243E-01 Table I: Material properties of the silicon ingot, ingot holder and expoicy resin beam [0024]It is
apparent from THBI&tH3¢the conventional epoxy resi has the lowest theﬁﬁgf%@ﬂ’éﬁ?ﬁﬁ/, 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 slic(ijng operation whlen the stiffness of bthe ingot has been
substantially redtit68 as'a¥85ult 8 dficing2nd conventional epoxy resin beam dre

shown in Table 1 below.

Properties at 300K Silicon Steel Epoxy
Ingot Ingot Resin
Holder Beam
Density (kg/mm’) 2.30E-06 7.900E-06 | 1.587E-06
Specific Heat (J/kg-K) | 7.30E+02 5.000E4+02 | 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



[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%g %ﬂ?f/{ﬁz & several kinds of CNTSs, ifcluding Single-WalIe'()]C s, 08§36§WNTS),
Double-Walled Nanotubes (DWNIs) or Multi-Walled Nanotubes (MWNTSs). Carbon nanotubes of the
above-described types are commercially available from a variety of sources. One such vendor is Helix
Material Solutions (Richardson, TX). [0026]The types of carbon nanotubes may vary with regard to their
diameters and sBé‘@iﬁE%Wﬁac%far%%%. O Exaipier SWR TSRS HaVe & dfiifitterbetveen about 1 nm to
about 2 nm, typiealty betweerf about 132 nireand @boutdrd exn, sucteasabtoutdndiam.iBWNTS typically
have a diameter;on the %dcegrqaqb%ﬂl@%%olmgg%gger ggg'}lla,lblggp.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 SWNTEand TRWNTs f/pically AAve 5 Eirfadidrea between 300 m/g
and about 600 nv#g. yMiNNT s typicatly havere surfdcersrea betweens4@® md/gand:athieat300 m2/g. Carbon
nanotubes of all tynes mayhave 2 lepgth typjeally between,abgut,0.5,um.and about 40 um. Nanotubes

may be prepared to have shorter lengths, such as between about 0.5 um and about 3 nm or between
about 1 um and aBBUE 2 MM [062 AL Ao nafot ey are pArtiaitdif? Apphcatie fof alifling to the polymer
composite matedalusechas aiwiresaw beam becaitse.ef thewr stiffnessytensile streagthy and low density.
For example, Caﬁb%ne nan%ubeesthave at or%tlifccflelr\(ooupg&;%g/lotldtﬂzu§1 as hig Bglssatglolét 1 TPa (SWNTSs) or
even as high as about 1.25 1Pa ﬁ\ﬁ\/\ﬁ{ﬁs This is apprommaltle y 2 orders 0 magnllfude higher than the

Young's modulus 'of chavéationaldlepoyt rasin platetials. Merecvericarbbmranstebesdmave been

produced having,g maximumtensile strength as highgsighut 60, GRa.1Tthe density of carbon nanotubes
is typically between about 1.3 x 10-0 kg/mm to about 1.4 x 10-6 kg/mm, which is less than the density of

the epoxy resin Materals’ THErefdre, thet4Boh harbtiBed oo AGCSgniticantly dut-t6e weight of the
wiresaw beam. [60281Td achieverihezadvantageous propeitieswefeenizanced stiffmessysrength, and

vibration damping, the caghon nanofuhes %aé/al%% aggegptgctp?ipé)hé@gf ggg’n%qsége, material in an amount

as high as about 50- by weight. Preferably, the amount of carbon nanotubes is lower due to cost
considerations antidimiaihinyg Petarisyas the tarben panotiie ebAcenration is'iftredSéd. Accordingly,

the carbon nanojiibes may beaddeshto tie polymaneempgsiteamaterial e an amesatless than about 20°
by weight, typicall% Ies% than abo% 10§£ weight more%ﬁicay?/ less than about 5% by weight, such as

less than about 3 by weight “The CarBohhaiciuBEs re Added ifan amoint of &t Ieasf &Bout 0.01= by

weight to achieveihe desirackeffects dfanereasedndbratiorcdamping tapabiity, dhereased composite
stiffness, increasge gomposite thermal gandyctivity, and feducged caefficient,of thermal expansion.

Accordingly, the carbon nanotube concentration is preferably between about 0.01 by weight to about 3-

by weight, such 38 HetieehEoutr By WeigAt'ahd Hbotk 274 welyghtt 0-° nm 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



[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%‘%605%{9@?25% by weight, from about 0.01% to about 10%%7(%‘?6?&’???8% about 0.01%
to about 5% by weight, from about 0.01% to about 3% by weight, from about 0.01% to about 1% by
weight or even from about 0.01% to about 0.1% by weight. In yet other embodiments, the amount of
carbon nanotubes in the wiresaw beam is from about 0.1% to about 50% by weight, from about 1% to

about 50% by waIgHE Hréth &56ut 3% o S50 5006y WEIGHE: fromh AbBtit 896 to about 50% by weight,
from about 10% tombout 50% dywseightioseveh.fiom aliolt R5%uto atouts0% by. weight. [0030]Since

the CNTs are ch%act%%qﬂb,y %t[%@eb/ssri@gdigheé}?i%%% %pquéqltgprgfngﬁgpgﬁ@jl% to ensure their

uniform distribution in the epoxy resin. In one embodiment, a high-shear mixer is used to disperse the
CNIs in the epoxdFresin Fidtfix ptiot to antrerdarifg theé polphefizaticn réaeioh.crhé @poxy resin may be

prepared substagtighy acearding te e instructionsiprovided by dhe manufactiers, 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 acetgpegthat arg 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 polyrrfé?&%%ﬁlr%%cﬁén??Hé%@\?@ﬁ%%ﬁﬁ“&i%ﬁerﬁﬁﬁedg%?ﬁs nay b&rerfoved’by methods
known in the artd@e31}After pelymetization the softs liguid epoxyimrsin tnaterial sompiising carbon
nanotubes and o({)()tigngélytseol\r/n%rgeigpoyregl intrcl) %Hr%%lgtTQg oxy reSsi%isO%%reéjOiQ he mold by baking in
an oven setto a erﬁ%erature sugges?ed by the epoxy manufactdrer's ins?ruc ions. After curing, the
wiresaw beam cofigrising the etirsdbpoxy rasindsrenmoved frermbthie mold andeadhered to the ingot

holder along the baam'simajar, lengthwiss, sudace using.a suitable,adhesiveq [0Q32]Praperty
characterization of the CNT reinforced matrix is achieved through testing usin% standardized test methods

like the ASTM. [60335fHavig dRSCHBBA tHE Snvatig irF = t-on 18 increase

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,



detall, it will be apparent that modifications and 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 th ﬂré'}‘égﬁl@@%"mbodiments(s) thereof, the articles "a", "an", "th&TAMd%&AR*%re 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 advantagedti€te&lifts httAnted: [6636/AL Varicud €ndRges tould BE M348 in thd Above products and
methods withouttde parting fiagmithevscopetofthesdisoloSure, itiscimterdeéd thatcalbimatter contained in the

above description gnd gl?owgiightpg a%pr%@ny)igg qua}éﬁ\%%ﬁlﬁgﬁli_ Q,e igfleer_pg%tggnats llustrative and not in

a limiting sense. MCSLLP 13 CLAIMS: 1. An apparatus for slicing semiconductor wafers from a
single crystal ingot Bt A poReRistafifeifgotCormpfisfiyy Peam 1s from about 0.1%
to about 50% by weight, from about 1% to about 50% by

weight, from about 3% to about 50% by weight, from about
% to about 50% by weight, from about 10% to about 50% by

weight or even from about 25% to about 50% by weight.

[0030] Since the CNTs are characterized by
extremely small dimensions, special care must be taken to
ensure their uniform distribution in the epoxy resin. In
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



5a wire web for slicing the ingot into wafers; 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 matelQ 7@8%{9?@@9 a thermoset polymer régin and carbon nanoffbEES R the carbon
nanotubes are uniformly distributed in the thermoset polymer resin. 10 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 epoxy resin is selected 15from the group consisting of a diglycidyl ether of bisphenol A, a
diglycidy! ether S BISPRENdIE, A trigi§&iay Bt o tApRERom&th&Te ™ poliyiydidyl ether of novolac, a
polyglycidyl ether ergsahnoolac, e potyglycidyl ethen of mapthaléhiesplenol, and methyl, ethyl, propyl,
butyl substituted versions thereof and mixtures thereof. 204.An apparatus as set forth in claim 1 wherein

the amount of carbon nanotubes i the wingsaye beam-issfram-abautQ.04% ta abeut 5Q% by weight.
MCSLLP 14

reinforced matrix is achieved through testing using

standardized test methods like the ASTM.

[0033] Having described the invention 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.

[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.



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. 6. An apparatus as set forth in claim 1 wherein the
polymer composite 5Smaterial further comprises an organic solvent for uniformly distributing the carbon
nanotubes in the thermoset polymer resin. 7. An apparatus as set forth in claim 1\Wh&idiiPthe

polymer composite material further comprises a dispgrsing agent for uniformly distributing the carbon
10nanotubes in the thermoset polymer resin. 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 holdegiagpViiba wiresaw beam constructed from a polymer composite material comprising a
thermoset polymer resin and carbon nanotubes, wherein the carbon nanotubes are uniformly
distributed in the thermoset polymer resin. 9. An assembly as set forth in claim 8 wherein the
thermoset polymer resin 20is an epoxy resin. 10. An assembly as set forth in claim 9 wherein the

elfooxy resin is selectad fromathegradm censising ebaidighicidyt atierofrbisphendbAradiglycidyl ether
(0]

ingot or a polycrystalline ingot comprising:

5 a wire web for slicing the ingot into wafers; 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, wherein the

carbon nanotubes are uniformly distributed in the thermoset polymer resin.

10

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 epoxy resin is selected
15  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.

20 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.



MCSLLP 15 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. 511.An assembly as set forth in claim 8
wherein the amount of carbon nanotubes in the wiresaw beam is from about 0.01% to #o§t. 56 by
weight. 12. An assembly as set forth in claim 8 wharein the amount of carbon nanotubes in the
wiresaw beam is from about 0.01% to about 3% by weight. 10 13. An assembly as set forth in
claim 8 wherein the polymer composite material further comprises an organic solvent for uniformly

distributing the carbog) nanofbgspiit e thesnese! RARE resikrekbld-AAssemnilbas set forth in
claim 8 wherein the polymer composite material further comprises a dispersing agent for uniformly

distributing the: siashRyTANAERRESHW RGN RSO DON NBsiaticursvitasaw siaam for use with a
wiresaw for slicing semiconductor wafers 20from a single crystal ingot or a polycrystalline ingot,

wherein the wiresaw beam is
6. An apparatus as set forth in claim 1 wherein the polymer composite
5 material further comprises an organic solvent for uniformly distributing the carbon

nanotubes in the thermoset polymer resin.

7. An apparatus as set forth in claim 1 wherein the polymer composite
material further comprises a dispersing agent for uniformly distributing the carbon

10 nanotubes in the thermoset polymer resin.

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
15 a wiresaw beam constructed from a polymer composite material comprising a
thermoset polymer resin and carbon nanotubes, wherein the carbon nanotubes are

uniformly distributed in the thermoset polymer resin.

0. An assembly as set forth in claim 8 wherein the thermoset polymer resin

20  is an epoxy resin.

10. An assembly as set forth in claim 9 wherein the epoxy resin is selected

from the group consisting of a diglycidyl ether of bisphenol A, a diglycidyl ether of



constructed from a polymer composite material comprising a thermoset polymer resin and carbon
nanotubes, and wherein the carbon nanotubes are uniformly distributed in the thermoset polymer
resin. MCSLLP 16 16.A wiresaw beam as set forth in claim 15 wherein the thermoset polymer resin is
an epoxy resin. 517.A wiresaw beam as set forth in claim 16 wherein the epoxy resin ig/ge#dtdge from
the group consisting of a diglycidyl ether of bisphenol4, 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 thgpaehol @, a triklyAdirasarobaaiieas setiath ipslaiy didyvbergiothevameunt of
carbon nanotubes in the wiresaw beam is from about 0.01% to about 50% by weight. 19. A
wiresaw beanag, sBiciakthetRer aiBydimuiiugiein fagyamerdyt efieadranjihdanetpesinifie wiresaw
beam is from about 0.01% to about 3% by weight. 20. A wiresaw beam as set forth in claim 15

wherein the pehyinegr, caMResipynatialin fusthat-aorsritsss AL sIMARtTRE4gTiformly distributing
the carbon nanotubes in the thermoset polymer resin. 20

5 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.

12. 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 3% by weight.

10
13. An assembly as set forth in claim 8 wherein the polymer composite
material further comprises an organic solvent for uniformly distributing the carbon
nanotubes in the thermoset polymer resin.
15 14. An assembly as set forth in claim 8 wherein the polymer composite

material further comprises a dispersing agent for uniformly distributing the carbon

nanotubes in the thermoset polymer resin.

15. A wiresaw beam for use with a wiresaw for slicing semiconductor wafers
20  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, and wherein the carbon nanotubes are uniformly distributed in

the thermoset polymer resin.



21. A wiresaw beam as set forth in claim 15 wherein the polymer composite material further comprises
a dispersing agent for uniformly distributing the carbon nanotubes in the thermoset polymer resin.

MCSLLP
16
16. A wiresaw beam as set forth in claim 15 wherein the thermoset polymer
resin is an epoxy resin.
5 17. A wiresaw beam as set forth in claim 16 wherein the epoxy 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.
10
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.

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

15  nanotubes in the wiresaw beam is from about 0.01% to about 3% by weight.

20. A wiresaw beam as set forth in claim 15 wherein the polymer composite
material further comprises an organic solvent for uniformly distributing the carbon
nanotubes in the thermoset polymer resin.

20

21. A wiresaw beam as set forth in claim 15 wherein the polymer composite

material further comprises a dispersing agent for uniformly distributing the carbon

nanotubes in the thermoset polymer resin.





