. Method for Simultaneously Cutting a Compound Rod of Semiconductor Material into a Multiplicity of
Wafers The invention relates to a method for simultaneously cutting a compound rod of semiconductor
~ material into a multiplicity of wafers. Workpieces of semiconductor material are conve 'onai 10 cut into
wafers by means of a wire saw. Wire saws are used in the prior art to cut cylindrical mono- or
polycrystalline workpieces of semiconductor material, for example silicon, simultaneously into a
multiplicity of wafers in one working operation. The throughput of 15 the wire saw is in this case of
great importance for the economic viability of the method. Owing to the way in which they are
produced, shorter 8 1BAGef Ry Fitees wmawmahedntwafer production@f Risialsd often necessary
to cut rod portions feRs asukale csystabdekexampla in orqgrito.gxaming the £rystal properties. In order
then to increase throughput when sawing these different rod lengths, a
pluralityofworkpiecesaretobeclamped simultaneously in the wire saw and cut in one working operation.

5 The invention relates to & method for simultansocusliy

cutting a compound rod of semiconductor material into a

[

multiplicity of wafers.

Workpieces of semiconducteor material are conventiconally

T

10 cut inte wafers by means of & wire saw. Wire saws are
used in the prior art to cut cylindrical mono- or
polycrystalline workpileces of semiconductor material,
for example silicon, simultancously into a multiplicity

of wafers in one working operation. The throughput of

bt
N

the wire saw 1s in this case of great importance for

the economic viability of the method.

Owing to the way in which they are produced, shorter
and longer rod pleces are obtained in wafer production.
20 It is also often necessary to cut rod portions From a
single crystal, for example in order to examine the

crystal properties. In order thern o increase th

D

throughput when sawing these different rod lengths, a

plurality of workplesces are to ne clamped

[
8l

simultaneously in the wire saw and cut in one working

operaticn.

o

U5 6118673 describes the simultanecus cutting of
D 1ty of cylindrical workpisces, which are arranged
Y

1
30 coaxiall behind one another. TG this end

[}

n

s used, with a plurality o

-

conventional wire saw
workpieces adhesively bonded respectively on a sawing
strip being Iixed with & certain spacing in & coaxial

arrangement on a common mounting plate, by which thev
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are clamped 1in the wire saw and cut simultaneou
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- US 6119673 describes the simultaneous cutting of a plurality of cylindrical workpieces, which are
arranged 30 coaxially behind one another. To this endS a conventional wire saw is used, with a
plurality of workpieces adhesively bonded respectively on a sawing strip being fixed with a certain

~ spacing in a coaxial arrangement on a common mounting plate, by which they 35 are clamped in the
wire saw and cut simultaneously. -- This gives rise to a number of packets of wafers, corresponding-
to the number of workpieces, which are still fixed enihe mounting plate. After the cutting,separating
plates are placed.|loosely into the_spacings between the packets of wafers in_order to avoid confusion
of the waters of thlél\fariédg b%ck*efs%%s“é)goﬁ‘gzé‘ 35 describes & mathod in which %Umsrﬁy pieces of
the same cross segtivnsarenadhesively bidrided onts:10 the emdSuriacessof thé iworkpiese to be cut,
which are cut withthe warkpiege and-are then discarded; This is intepded tg prevent the waters
obtained at the two ends of the workpiece from fanning out during the end phase of the cutting, and
therefore to improvBARé warer fednietry? Thisthathpd haeth crucialtisaddaritage thdtpart of the
gang length swhiek ts: imited by the gimensions of the ydressawris usegkfor cutting:the: inused"
dummy pieces. Fpuﬂrth_ermqre the provision, handling and adhesive bondingE of dummy pieces is very 20
elaborate and difficlilt 16 Manage. Th the simuitaneous culting o1& piraliy 6t workplaces in a wire saw
as described in US 6119673, the gang length of the wire saw also cannot be used opt rally since the
workplaces to begut hayeverys - erentlengths qwing 1o gg;e way.in wcmc@mq 'argi%rgggced. This
problem arises in particular whenever the workpieces consist of monocrystalline semiconductor
material, since tHe"knoWh cryBtal Falfifi§ prResses oy allwieeftait usable telngthsofthe crystals or,
in order to monitenthesrystal pelingsprocesses +as-already mentigned above s itis necessary to split
the crystals and produce test samples at various positions of the crystal. o

cut with the workpiece and are then discarded. This is
intended tc prevent the wafers obtained at the two ends
0f the workpiece from fanning out during the end phase

of the cutting, and therefore to improve the wafer

ft
(@33

gecmetry. This method has the crucial disadvantage that
part of the gang length, which 1s limited by the

dimensions of the wire saw, 1s used for cutting the

"unused” dummy pieces. Furthermore the provision,

handling and adhesive bonding of dummy pieces is very
20  elaborate and difficult to manage.

In  the simultanecus cutting of & plurality of

workpleces in a wire saw as described in U8 ©119673

the gang length of the wire saw also cannot be ussd

]
w

eptimally since the workpieces ©o be cut have ve

different lengths owing to the way in which they a

o
{D

produced., This prcblem arisss 1n particular whensver
the workpleces consist of monoccrystalline semiconductor

material, since the known crystal pulling processes

L2
[

cniy allow certain usable lengths of the crystals or,
in order tc moniter the crystal pulling processes - as
already mentioned above - 1t 1s necessary to split the

crystals and produce tTest samples at various pesitions
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- 3 - DE102006050330disclosesamethodfor simultaneously cutting at least two cylindrical workpieces
into a multiplicity of wafers by means of a wire saw, in which 2 or more workpleces are selected from a
stock of workpieces, they are fastened behind one another on a mounting plate, a certain minimum
distance being maintained respectimely between the workpieces, clamped in the wire saw and cut
perpendicularly to theirlongitudinal’ axis (geometrical 10 axis) by means of the wire saw. This method
allows better use of the wire gang length. In ordet t@avoid confusion, similarly as in the method
described in US811967%3, separatingpieces age inserted laterally between..the wafer packets and -
then fixed on the wafer carrier. The separating pieces also protect the wafer a 'ets against tilting away
laterally. A feafurE'Cormon s afl theKirdwhmettiods is'thafa distaitce befweBATHE #3d pieces is to
be maintained fqe2Q cuttingsthe:fed Rieees. 1thas beer foundthatin the methods deseribed above,
geometrical variations of the wafers sawed _from a rod of parti}c(ular length assembled in this way occur
25 comparedwithtiéwatarscutitom’ Asifigle semicoRductor fot 6 E5tresponding TeRgth: This is to be
observed even When the composite fodwandthe siagle rodsare eguallelongrand thehwire gang used
therefore the same, 30 Besjdes the thigkngesg yatigtion (fly, GBIR), the planarity.of thg fo surfaces of
f the semiconductor wafer is of great importance. After cutting a semiconductor single crystal by
means of a wirelsg#ance being maintazined respectively Dbestween the

workpleces, clamped in the wire 5awW and cur
perpendicularly to their longitudinal axis (geomstrical
10 axis) by means of the wire saw. This method allows
better use c¢f the wire gang length., In order to avold
confusion, simileriy as in the method described i1n US
61198732, separating pileces are inserted laterally

between the wafer packets and then fixed on the wafer

't

15  carrier. The separating pileces aiso protect the wafer

¥

packets against tilting away laterally.

L feature common To all the xkKnown methods is tThat &
distance between the rod pleces is to be maintained for

20 cutting the rod plsces.

It has been found that in ths methods described zbove,
geometrical variations of the wafers sawed from a rod

of particular length assembled 1n this way occur

I

25 compared with the wafers cut from single

semiconductor reod of corresponding length. This is to

4y

i

be observed even when the composite rod and the single
rod are equally long and the wire gang used 18

therefore tThe same.

LJ
<

Besides the thickness variation (TTV, GBIR), the
planarity o¢f the Two surfaces oI the semiconductor
waflfar is of great importance. After cutting 2

semiconductor single crystal by means ©i a wWire saw,



- 4 - for example a silicon single crystal, the wafers thereby produced have an undulating surface. In
the subsequent steps, for example grinding or lapping, this waviness can be removed partially or fully
depending on the wavelength and amplitude of the waviness and the depth of the material removal. In
‘the worst case, such surface irregularities ("undulations” "waviness"), which may have periodicities of
from a few mm up to for example 50 mm, are still detected even after polishing 10 on the finished
semiconductor wafer where they have a negative effect-on the local geometry. The disadvantages di ,c
the methods known- from the prior art are found to be particularly s[gpgican; kfloar the 15 bow and warp
parameters as a measure of the deviatibn of the actual water é:néfpse“ﬁ M the Gesifed ideal wafer
shape (or "sori"). Thisrpértainsrivdpasiculaste the wang oftheiaferss Théawarp isldefined in SEMI

Standard M1-1702,, 3ad indigates.the.differenae, of the.2Q unim= and maxipum devigtions of the

Lol

mid-plane of a wafer relative to a reference plane on the backside of the wafér. EXpressed simply, the
warp represents & AiedstiFé of fife HefGrATAIGT oPthéwafet YEmbotimertsSeithedavéntivh seek to
avoid such geometrical yatiationgands Hxpartisulasdadmprove the warp gtthe wafersfabricated from
the compound rod,.ﬁsq Ihe lnvgntors hayne dgscovereq ghat these geometrical v_ariatiog_s ln the prior art
are attributable tot&EhRicAl procEsdthahyds wHItP&fe due o the"spHeing of fHitProdpictes.
According to a firstiaspect of the teventian these is pravided acmetizod for Simtianenisly cutting a
compound rod of semiconductor material.into a.multiplicity of wafers, the method comprising: 5
selecting a first Workaece and a second Worliﬁleéé fom a set of workpieces cut from at least one
semiconductor rodz#hedein e first aptEthé 'secondilorkpieseseach #fdlede twd epd-surfaces;
grinding at least one of the two,end.spriaces of eachworkpieeg,so, 1) as tq greate, a.ground end
surface on each workpiece; cementing the ground end surface of the first workpiece to the ground end
surface of the secofdivorkpiéce Gsinga fastene? S8 a® Bidttte a compound rod piece having a
longitudinal axis, wherein the 15 fastener is disposed between the workpieces so as create a distance
between the Woerieces_;,fixin%%hg compound rod piece in a longitudinal direction on a mounting plate;
clamping the plate {#ith THE OMBOUNT fod piedé fn &' Wire Shw: ‘B Euting The Compdurit rod

art are found to be particularly significant for <the
1

(@2}

bow and warp paramsters as a measure of the deviation
of the actual wafer shape from the desired ideal wafer
- shape {or "sori"). This pertains in particular to the
warp o©f the wafers. The warp 1s defined in  SEMI
Standard M1-1102, and indicates the difference of the

20 minimum and maximum deviations of the mid-plane of =

the wafer. Expressed simply, the warp represents a

measure of the deformation <©f the wafer.

(3% ]
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Embodiments of the invention. seek to aveid such
geometrical variations and, in particular, to improve
the warp of the wafers fabricated from the compound

rod.

30 The Inventors have discovered that these geomebirical
variations in  the prior art are atiributable to

immical process changes which are due te the spacing



20 piece perpendicularly to the longitudinal axis using the wire saw so as to form wafers from each of
the first and second workpieces. According to a second aspect of the invention, there 25 is provided a
method for simultaneously cutting a compound rod of semiconductor material into a multiplicity of
wafers, the method comprising: selecting a first workpiece and a second workpiece from a set of
workpieces cut from at least one 4b semiconductor rod, wherein the first and the second workpieces
each include two end surfaces; grinding at least one of the two end surfaces of each workpiece so as
to create a ground end surface on each workpiece; 5 cementing the ground end surface of the first
workpiece to the ground end surface of the second workpiece using a fastener so as to produce a
compound rod piece having a longitudinal axis, X herein the fastener is disposed between the workpie
ces so as 10 create a distance between the workpieces; fixing the compound rod piece in a
longitudinal dizectien: el adBounting platesslamping theemeurting Phate with e cempound rod piece
in a wire saw; and cggyg the cgmﬁggyd rggé)u.-:-ce. ggﬁpendlculg%)} to theCLPn |tud|£1al 15 axis using the

wire saw, whérem the grln&lng sfeep Includes grlnﬁllng at3'deting ang?élwnjh spect to a crystal lattice

and orientatioresettingbo astd cagse theagroupiawiaces todesgarmliel téwie andther. 20 According

to a third-aspgehefsthesipyeption there,isgupyided gynethpd fapsimuliangeuslycuiting a compound
rod of semiconductor material into a multiplicity of wafers, the method comprising: selecting a first

workpiece an8%-86CARE warkpicts 25 War R S& of #fkplecEEET front Nefdhissiing rod positions on
a semiconducientod awheesin thé firstang thesecondaworkpieces eacheactudedmm end surfaces;

cementing the gﬁ% %18? r&%%etggh% Jikst vm,{g%elcg tQthe end %yrfaaquofggg second workpiece -4c-

having a Iongﬁu I axis, Whereln‘the fastener is disposed between the workpieces so as create a
distance betw&eHERBFKpracEs; FRmE e dotRp6aRd FotF prseeSin Llohfittidthat direction on a

mounting least one of the two end surfaces of each workpiece so
10 as to create a ground end surface on each: workpiece;
cementing the ground end surface of the first
workpiece to the ground end surface of the second
workplece using a fastener so as to produce a compound

rod piece having a longitudinal axis, wherein the

15 fastener is disposed between the workpileces so as
¢reate a distance between the workpieces; fixing the
compound rod piece in a longitudinal direction on a
mounting plate; c<lamping the plate with the compound

rod piecé in a wire saw; and cutting the compound zrod

20 piece perpendicularly to the longitudinal axis using
the wire saw s8¢ as to form wafers from each of the

first and second workpieces.

According to a second aspect of the invention, there
25 is provided a method for simultaneously cutting a
compound rod of semiconductor material into a
multiplicity of wafers, the wmethod comprising:
selecting a first workpiece and a second workpiece

from a set of workpieces cut from at least one



5 plate; clamping the mounting plate with the compound rod piece in a wire saw; and cutting the
compound rod piece perpendicularly to the longitudinal axis using the wiresaw so as to form wafers
from each of the first and second workpieces. 10 - 5 - According to an embodiment of the invention,
there is provided a method for simultanously cutting a compound rod of semiconductor material into a
multiplicity of wafers by means of a wire saw, comprising the following steps: 5 a) selecting at least two
workpeces from a stock of wo kpieces, which have been cut from one or more semiconductor rods; .10
b) grinding at least one of the two end surfaces of each rod; c cementing the at least two workpieces
together on their ground end surfaces by using 4 fastening means, to produce a compound rod piece
and fixing the compound rod piece in the longitudinal direction on a mounting plate, there respectively
being only a distance between the workpieces due to the fastening means located between them; 20

d) clamping tFE HGRHAYHIatE with the ¢OFPGURd o pisté fixedtherdottin THE Wife saw: and

workpieces each include two end surfaces; grinding at
least one of the two end surfaces of each workpiece so
as to create a ground end surface on each workplece;
5 cementing the ground end surface of the first
workpiece to the ground end surface of the gecond
workpiece using a fastener so as to produce a compound
rod piece having a Ilongitudinal axis, wherein the
fastener is disposed between the workpleces sc¢ &s
10 create a distance bhetween the workpieces; fixing the
compound rod pilece in a longitudinal direction on a
mounting plate; clamping the mounting plate with the
compound rod piece in a wire saw; and cutting the
compound rod piece perpendicularly to the longitudinal
15 axis wusing the wire saw, wherein the grinding step
includes grinding at a defined angle with respect to a
crystal lattice and orientation setting so as to cause

the ground surfaces to be parallel to one another.

20  According to a third aspect of the invention, there is
provided a wmethod for simultaneously cutting a
compound rod of semiconductor material into a
multiplicity of wafers, the method comprisging:
gselecting a first workpiece and a second workpiece

25 from a set of workpieces cut from neighboring rod
positiong on a sgemiconductor rod, wherein the first
and the second workpieces each i1ncliude two end
surfaces; cementing the end surface of the first
workpiece to the end surface of the second workpiece

30 using a fastener so as to produce a compound rod piece



e) cutting the compound rod pe Pcularly longitudinal axis by means of the wire saw. The cutting of a
workpiece in sta) is preferably carried out with a wire saw. Theof an internal hole saw is likewise
suitable. 30 The fastening means used in step c) may preferably be an adhesive. -6- together, are
plane parallel, allows the adhesive joint between the two rod pieces to be made as small as possible.
Preferably, only rod pieces from neighboring rod positions of the same semiconductor rod are
cemented together. The two rod pieces therefore preferably have the same crystal. specification (for
example defect properties, doping, etc.). Prefe_rgp[y,exactly two rod pieces are cemented together.
Furthermore, the rod pieces are preferably cemented together while aligning the pulling edges (making

them flush). The rod cemented together preferably has a total length of less than or equal to 380 mm.
having a longitudinal axis, wherein the fastener is

disposed between the workpleces sc as - create a
distance between the workpileces; fixing the compound
rod piece in a longitudinal direction on a wmounting
5 plate; c¢lamping the mounting plate with the compound
rod piece in a wire saw; and cutting the compound rod
piece perpendicularly to the longitudinal axis using
the wiresaw so as to form wafers from each of the

first and second workpleces.
10



- A two-component adhesive is preferably used as the adhesive. For example, high-performance
two-component adhesives of the Araidite brand from Huntsman Advanced Materials are suitable for
. this. Lastly, the compound rod is cut up into wafers by means of a wire saw. The wire sawing step
itself is carried out according to the prior art. 30 The compound rod is preferably ground round before
the wire sawing step. It is, however, likewise preferable to grind the workpieces round before they are
assembled to forfif tREEGHpouhdaad eryadimentsaning-asingleverystalninto tndividuakrod pieces, it
is .convgntionally@t@mg@pn@etﬂ@m. Msgq%%t{yam%er, éﬂ?ﬂ@ﬂ' idual rod Oigg s (after
orientation) are clgggentpnallﬁroung round 5 parallel to the crystal axis. The qclf?ga nce between the
geometrical axis and the cryStat BXETESURE in'a tBra’pontiigtiltof B 64w Stefhces, vhich is
corrected by correspendingrightasgled giinding-okthe entheriacaes, 4 0-The situatign g different for
workplaces whicgbcgggipusly occupied neighboring positions in the single crystal. Here, it is also
conceivable and preferable to obviate grinding the end surfaces and for the workplaces to be
assembled ihto a compound rod before grinding them round, to grind the workpieces round in the
composite. Assemblifiefioer pietesto fom BtconvsourdF68 Without 20Using sebatatingpieces, and
subsequent sawipg, results in an.gvenhighgr,ecopamic viability copparedawith, the priok art since the
use of the wire saw is further improved. 25 On the other nand, the compound rod according to the
invention behavesEirfitarty 85 sihgfeSrod in the sawing process. The geometrical variations observed
in the prior art can be avoided. 30 Preferably, the following Procedure is adopted in detail:

10 by grinding at least on

0]

of the two end surfaces of

1)

each rod;

¢y cementing the at least two workpleces togsther on

thneir ground end surfaces by using a fastening means,

15  to produce & compound rod pilece and fizing the compound
rod piece in the longitudinal direction on a mounting
piate, there respectively being only a distance between
the workpieces due to the fastening means located
betwesn them;

20
d) clamping the mounting plate with the compound rod
piece fixed thereon in the wire saw; and
e) cutting the compound rod perpendizularly to 1T5

23 longitudinal axis by means ol the wire saw.

The cutting of a workplece in step a) is preferably

carried out with a wire saw. The use of an 1lnternal

hols saw 15 likewlse sultable.

30 The fastening means used in step ¢} may preierably be

an adhesive.

Grinding the end surfaces sc that the two end suria

O
D
n

¥ the at least twe workpleces, which adnesively bond



round. After grinding round, the rod piece end surfaces are ground at a defined angle setting with
respect to the crystal axis and orientation setting. The two end sides 5 of the rod piece are then exactly
parallel to one another; b) The rod pieces prepared in this way are stored and made available to a
planning system for assembly. The 10 planning system determines the optimal configuration for
maximal use of the gang length and suggests this for the preparation of a compound rod; c) The
selected rod pieces are prepared for the 15 cementing: i.e. cleaning the positions to be cemented,
applying the cement in a defined layer thickness tfof example by means of a serrated spatula),
alignment by means of a.cementing; device-assenably and fixing:the packetflush, 20;eementing and
fixing the sawing strip gnd finally curing the adhesive; Q)FSaV\gng tb%coml_poupnd rad by means of the
wire saw; e) Detéctingthe cémentiiy pdSitior, t&moving tement SHd separating the réds. The rod
pieces are preferablyiprovided beforehand withcorresponding marking on the
lateralsurfaceforthepurposeofmaterial identification.

5 Preferaply, only rod pieces from neighboring rod
positions of the same semlconductor rod ars cemented
together. The two rod pleces therefore preferably have
the same c¢rystal specificatiorn {for example defect

croperties, doping, etc.).

referably, exactly two rod pleces are cemented

Furthermors, the rod pleces are preferably cementad

15  together while aligning the pulling edges (making the

g

filush).

The rod cemented tcgether preferably has a total length

of less than or egual to 380 mm.

20
2  two-component adhesive 1s preferably used as the
adhesive. For example, high-performance two-component
adhesives of the Araldite brand from Huntsman Advanceo
Materials are sultabie for this.

25

30  The compound rod is preisrably ground round befcore the

wire sawilng step. Tt 1s, however, lilkewlse preferable
1

ol
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rind the werkpieces round before they are assembled

O
H

orm the compound rod.



30 Example - 9 - original semiconductor rod) were cemented together and "watered", i.e. cut into
wafers, by wire sawing. To this end a rod piece of silicon, in the state not ground round, was sawed
into 2 rod pieces with lengths of 97 mm and 91 mm respectively. The two rod pieces were cemented
together with a two-component adhesive of the Araidite brand on the end faces and in alignment with
the correct pulling edges. 10 This "compound rod" was subsequently ground round and sawed by
means of a wire saw using zinc wire into wafers, and fully analyzed. 15 An advantagethis case is that

the kraldite branghtwg-camponent adhesiye used é:g%g)ceasawn through, In the,example, rod

orientations for the two rod pleces were thé same. 2 Essentlally the Workp|e es are selected from a
stock of workpie&e€ ossiblytof differiit 18RGHHIEG that tHie gang leRgth oTEREWireiSaw is used
optimally. Since ag sepaating-piecesiare usesk the-adhasive:jgint-petween Hheagsembled workpieces
is minimal and the c.apamty of 25 the wire saw is theroOre utilized better, which further increases the
productivity of thebrocéss compared With tha prior aFE. A Conventional WSSy M3 0E used in the

method 30 accorging: ta.the invention. The esséntiakéempadriientsdofi ference between
the geometrical axis and the crystal axis results in a
corresponding tilt of the end surfaces, which is
corrected by corresponding right-angled grinding of the
end surfaces
10

The situation 1s different for workpieces which

previocusly occupled neighboring pesitions in the single
crystal., Here, 1t is alsoc conceivable and preferable to
obviate grinding the end surfaces and for the
13  workpieces fto be assembled into a compound rod bsfore
grinding them round, i.s. to grind the woerkpieces round

in the composite.

Assembling rod pileces to form a compound rod without
20  using separating pieces, and subseguent sawing, results
in an even higher economic viability compared with the
prior art since the use of the wire saw 1s further

improved.

b
tn

Cn ths other hand, the compound rod according to the
invention bpehaves similarly as & single rod in the
sawing process. The geometylcal wvariations cbhbssrved in

he pricr art can be avoided,

30 Preferably, the folicwing procedure 1s adepted in

3 <7 .
astall:

a) First the workpleces, possiblily of different lengths

Fay

cut from & crystal LDy means of



these wire saws include a machine frame, a forward feed device and a sawing tool, which consists of a
gang Oi - 10 - wire saw. In general, the wire gang of the wire saw is formed by a multiplicity of parallel
wire sections, which are tensioned between at least two (optionally even 3, 4 or more) wire guide rolls,
the wire guide rolls being rotatably mounted and at leapt one of the wire guide rolls being driven. The
wire sections generally belong to a single finite wire, which is guided spirally 10 around the roll system
and is unwound from a stock roll onto a receiver roll. The gang length refers to the length of the gang,
measured in the direction parallel to the axes of thewite guide rolls and perpendicularly to the wire
,SPC ions, from-thefirst to 15last wire section. During the sawing process, the forward feed device
induces a mutugu)[ opposite rg]ative mgv%{ner]ct.ot the wire sections and the workpiece. As a
consequence of 20%his forward teed movement, the'wire, on which & sawing suspenision is applied,
works through theonorkpiete 20 formiparallelsawing kartsriThe: sawingesyspension, Which is also
referred to as sluyty, contains hard material particles far.example ef silicon carbide,which are

suspended in a liquid. A sawing wire with firmly bound hard material particles may also be used. In this
case, it is not nééessdry torapplyra §afing sGspension. T8 Fhérelyriecessaty td Supphfa liquid cooling
lubricant., which, pretests.the wire and the 30 workplace against overheating and at the same time
transports workpiece swarf away from the cutting grooves.

by The rod pleces prepared in this way ares steored and
made avallable to a planning system Ifor assembly. The
10  planning system determines the optimal configuration
for maximal use of the gang length and suggests this

for the preparation of a compound rod;

c) The selected rod pileces are preparea for the

[_I.
in
0O
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M

nting: i.e. cleaning the positions to be cemented,
applying the cement in a defined laver thickness (for
example by means of & serrated spatula), alignment by

means of a cementing device, assembly and fixing the

20  cementing and fixing the sawing strip and finally

curing the adhesive;

d) Sawing the compcound rod by means of the wire saw;

3
&1

e} Detecting the cementing pesition, removin

W
O
h
=
]
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and separating the rods. The rod pleces arve preferably
provided beforehand with a corresponding marking on t
lateral suriace for the purpose of material
identification.

30

Tn order to use the wire gang length in wire saws as



a compound rod, may consist of a material that can be processed by means of a wire saw, for

example poly- or monocrystalline semiconductor material such as silicon.

In the case of

monocrystalline silicon, the workpieces are generally produced by sawing an essentially cylindrical
silicon single crystal into crystal pieces with a length of from several centimeters to several tens of
centimeters. The minimum length of a crystal piece is generally 5 cm. The workpieces, for example the
crystal pieces consisting of silicon, generally have very different lengths but always the same cross

section. The term "cylindrical” is.not tg be inteerreted as meaning
(% rﬂ; 1CONQuUCToOr Cell

. OriglLrl S5 C CLOY O eare
circular cross section 1 the Workpieces may have 1 R'tHe shape

that the workpieces must have a
nFed Tooet
of any geriera

i7&d %{/]I?nder, although

the application dfthesineerition t:workliecas wittea cylindiicalcross seetiony is preferred. A
generalized cylinder is a body which is bounded by a cylinder surface with a closed directrix curve and

two parallel 20 planes, i.e. the base surfaces of the cylinder. The compou

nd rod is preferably fastened

not directly on th& mounting praté: bt first 0754 sG-calfed s&ihg stiip 6F SavihgSuppdit. The
workpieoegenergy -fastepedon the:sawingstrip. by adhesive bondaft The rnounting: plate is clamped

with the compound rod fixed thereopn.in a wire saw, and %Jt into_wafers
T

.97 T ¢! 1 mri  respecot
essentially perpehdicularty to s 30 1ongiflidinar axis- "

Y Fig- Tschéfaticatly Bh

simultaneously and
“two workpieces
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ows

11 and 12 assemipied teforntacompouncrod 1 &n adhesivejomt 2s atsawing strip 3cand a mounting
plate 4. 5 The workpieces, 11 and 12.are assempled with & wa-component adhesiye to.form a

compound rod 1. The fabrication accuracy of the end surfaces, on which the two workpieces are

adhesively bondet-fogetfieC all6®s the Bdhesive J5IRE2 to be selected as
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two-component. adhesive used can be sawn thro

example, the rod orientations for ths '

~
[

TW
th

were TOe 3ame.

20

=l
fot

ssentially the workpiec elected from

workpieces, possibiy lengths,

gang length of th saw 1s used optimall

the

separating DleCces are used adhesive

ile

2 assembled workpiec

n
h

rt
m

wire saw

1Lnore

urther

Hh

of

compared with

conventional wire saw may be used in

The invention. The esgential ¢

these wire saws include a machine frams,
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which consists

parallel wire The workpiecs

firxed on a mounting plate and clamped

subsegquently ground
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10possible. The workpieces 11 and 12 assembled to form a compound rod 1 are cemented onto a
sawing strip 3. The compound rod 1 comprising the two workpieoes 11 and 12 and with the sawing
strip 3 is fixed on a mounting 15 plate 4 and clamped in a wire saw. Table 1 shows various
- comparative values of geometrical parameters for assembled rod pieces according to the prior art
(column 2) and for compound rods according to 20the invention (column 3). Three values of three
different quantile values are given for each parameter:thus, Way max 97.7% = 6.29 pm/mm means
that 97.7% of thgi\/}_zgfeggvpgve a Wav_max of 2556.29 um/mm or less, etc. A significant improvement
over the prior art is found for virtually all studied parameters and duannile values. The geometry of the
wafer in the saw's forward feed direction is determined, for example, by a scanning capacitive sensor

pair. First, the difference of the frent-angkbagkside siqnals istakensl,order 0. rned by

a multiplicity of parallel wire sections, which are

[

tensicned between at least two {optionally even 3, 4 or
more} wire guide rolls, the wire gulde rells being
rotatably mounted and at least one of the wire guide
rolls being driven, The wire sections generally belong
te a2 single finite wire, which 1s guided spirally

10  around the rell system and is unwound from

£
0
o+
O
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L
H
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onto a receiver roll. The gang length refers to the
length of the wire gang, measured 1in the dir

parailel to the axes of +the wire gulde rolils and
perpendicularly to the wire sections, from the first to

15 last wire =ection.

During the sawlng process, the forward feed devige
induces a mutually oppesite relative movement oI the

wire secticong and tThe workplecs., As & conseqguence of

20  this forward feed movement, the wire, on which a sawing
suspension 1s applied, works through the workplegs o
form parallel sawing kerfs., The sawing suspension,
which 1s also referred toe ag slurry, contains hard
mataerial parcicles for example of silicon carbide,

25 which are suspended in a liguid. 2 sawing wilire with
Tirmly bound hard material particles may also be used.
In this c¢ase, it 1s not necessary to apply a sawing
gugpension. It 1s merely necessary o supply & llguid
ceoling lubricant, whicn protects the wire and tLhe

30  workpiece against overheating and at the same time

transports workpiecs swari away Irom the cutting

grooves,

The cylindrical workpleces, wnilich are assempled To Iorm



- 13 - determine the waviness, a window with a length of 10 mm is passed over the evaluation curve
thus obtained. The maximum deviation within the window generates a new value for the window center
(rolling boxcar filtering). The greatest deviation (beak-to-valley (PV)) within the entire scan over the
wafer is the Waviness max (Wav max). The Waviness in is determined in the same fashion, but only
the first 50 mm of the scan (wire saw incision region) are considered (similarly to this: 10 Way out)
Bow and warp represent a measure of the deformation-of the wafer. Warp is the sum of the maximum
dgwathn (upwaéd aQIgl_dovr%QWargg f)f thaevneégr% Pg%r .%ffth% 1I§a%net£r§%fe?rggg1aéedfgr%neceplane(thre_e-
dimensiob.al). - 14 - Table 2. Tested Patameter (Minimum avg., Sigma) Comparative examples (Prior
art) processad by means 0f a wire saw, for example poly- or

monocrystalline semiconductor material such as silicon.

In the cass of monccrystalline silicon, the workpisces

5 are generally produced by sawing an essentially
cylindrical silicon single crystal into crystal pisces
with 2 length of from several cgantimeters tTo sevaral

tens ©f centimsters. The wminimum length of a crystal
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crm. The workpieces, for ezample
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16 the crystal pileces consisting of silicon, general

nave very different lengths but alwavs The same cross
secticn. The term "cylindrical" iz  not  to  be

interpreted as meaning that the workpleces must have a

circular cross secgtion. Rather the workpieces may have
15  the shape o©f any generalized cylinder, zalthough the

application of <the invention to workpleces with a
cylindrical cross section 1s preferred. B generallzed
cyiinger is & body which 1s bounded by a cylinder

surface with a cleosed directirix curve and two parallel

The compound rod 1s preferably fastened not directly on

The mounting plate, bhut ZIZirst on a so-called sawing

¥

R

trip or sawing suppert. The workplece 1s generally

441
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)
I
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astened on the sawing strip by adhesive bonding.

The mounting plate iz clamped with the compound rod

figed therecn in & wire saw, and cut into waiers.

simultaneously and essentially perpendicularly to 1ts
30 longitudinal axis.

The invention will be explained below with the aid of



Results Compound Rod (invention) Way_max 2.3% VVav_max 50.0% Way max 97.7% 5.13 pm/mm
12.94 pm/mm 56.29 pm/aim 2.80 pm/mm 7.96 pm/rim 22.73 pm/mm VVav_in 2.3% VVav_in 50.0%
Way in 97.7% 3.30 pm/mm 11.72 pm/mm 56.29 pm/mm 2.52 pm/mm 4.44 pm/mm 11.89 pm/mm Way
out 2.3% VVav_out 50.0% Way out 97.7% 2.87 pm/mm 6.41 pm/mm 17.23 um/mm 1.52 pm/mm 5.37
pm/mm 22.66 um/mm GBIR 2.3% GBIR 50.0% GBP 97.7% 13.19 pm

- 17 -
Fig. 1 schematically shows two workpieces 11 and 12
assembled to form a compound rod 1, an adhesive Joint

2, a sawing strip 2 and & mounting plate 4.

5 The workpieces 11 and 12 are assembled with & two-
cemponent adhesive to Iform & compound rod L. [he
fabrication accuracy of the end surfaces, on which the
two workpleces are adnesively bonded together, &allows

the adhesive +Holnt 2 to be selectec as s=mall as

]
<

possibie.
The workpieces 11 and 12 assembled to form a compound
rod 1 are csmented onto a sawing strip 3.

J

compound rod 1 comprising the two workpieces 11 and

3
oy
6}

[
3]

and with the sawing strip 3 1s fixed on & mounting

15 plate 4 and clamped in & wirs saw.

Table L shows wvaricus comparative values oI geometrical
parameters for assembled rod pileces according to
prior art (column 2} and for compound rods acccocrding

20 the 1nvention {coiumn 2.

Three walues of three different guantile values are
given for each parameter: thus, Wav max 987.7% = 6.29
pm/mm means that 97.7% of the wafers have a Wav _max of

25 .29 um/mm or le=zsz, etc,

significant improvement over the prior art 1s Iound
for wirtually all studied parameters and guantils
valu
30
The geometry of the wafer in the saw's Iforward feed

direction is determined, for example, by & scanning
capacitive sensor palr., First, the difference of ths

front- and backside signals 1s taken. In order to



16.10 pm 45.28 pm 11.75 pm 15.84 pm 25.14 um LSR 2.3% LSR 50.0% LSR 97.7% 4.83 pm/mm
13.09 pm/mm 34.75 pm/mm 4.78 pm/mm 7.81 pm/mm 18.95 pm/mm BowANarp 2.3% Bow/Warp
50.0% BowNVarp 97.7% -5.59 pm -1.65 pm 1.96 pm -3.80 pm -1.64 mm 0.40 pm Linear Shape
Range (LSR) corresponds to the sum of the maximum deviations of the neutral fiber of a scan in the
saw's forward feed direction from a straight reference line (two-dimensional). CBTR, formerly also
referred to as TTV, corresponds to the total thickness variance (difference between thickness
rnaanun1andlggyg¥ggke the waviness, a window with a length of 10 mm
is passed over the evaluaticn curve thus obtained. The
maximum deviation within the wincow generates z new
value for the window center {rolling boxcar filtering).
5 The greatest deviation (peak-to-valley (PV)} within the
entire scan over the wafer 1s the Waviness_max
s determined in the same
50 mm of the scan (wire saw
ingision region) are considsred {similarly to tThis:
10 Wav_out),
Bow and warp represent a measure of the deformation of
the wafer., Waerp is the sum of the maximum deviatlon

(upward and downward: of the neutral fibksr of the

—
(@3]

gntirs wafer from a reference plane (three-

dimensional) .



For example, the measuring instrument MX 7012 (High Resolution .Thickness and Surface Profiler for
as-sawn Wafer) from E+H Eichhorn+Hausmann is suitable for determining said gecmetrical
parameters. - 15 - determined once for a single rod (not assembled from individual workpieces), a
compound rod according to the invention and a rod assembled from workoieces according to the prior
art (separated from one another, with separating pieces). All the rods had the same length of 380 mm,
the same crystal specification and the same orientation. A significant improvement in the warp
distribution is 119519%@ compared with the assembled workpieces in the prior art. This confirms that,
during wire sawing, compound rods according to the invention do not behave like single rods
assembled from workplaces. 15 For orders with a demanding warp specification, the inv

means (two-c

ntion

therefore makesheptasibrsaonsteduceanmnansichesrmaless from conpetidsch have a
relativelynarrowdid¥inimemomvgwarp” geonlEtfieslararameter at a SoHIRPHMERISW level. 20 2
shows the distrjbution®&MWay max parameter likewise for a rod ad4E¥sREaHom two workpieces
according to the/p@arrarrand @ comSolihdmdditiccording to the dritleHIEAITE also assembled from two
werkpieces but Héeariiayg B B% invel#iBh HeSBare separated fr8fh '8REMERother only by a fastening

MisonamadRhesive) TRE. X MHHR values are redpdctl r seven lots of
workpiece and Wo#piece B4n the visidy ofR& cementing | 2.52 pm/mm

Wav_in 50.0% 11.72 pm/mm 4 44 pmfmm

Wav in87.7% 56.28 pmimm 11.88 pm/mm

Wav_out 2.3% 2.87 um/mm 1.52 um/mm

Wav_out 50.0% 6.41 umimm 5.37 ym/mm

Wav out 87.7% 17.23 ymimm | 22.60 pmfmm

GBIR 2.3% [13.18 um 1175 um

GBIR 50.0% 116.10 um 15.84 um |

GBIR 87.7% 45,28 um 25.14 um |

LSRR Z.3% 4.83 umimm 4.78 umimm

LER 50.0% 13.08 pmimm 7.81 umfmm

LSR 87.7% 3475 pmimm 18.95 um/mm

Bow/MWarp 2.3% -5,89 um -3.80 um

Bow/MWarp 50.0% -1.65 um -1.64 mm

Bow/Warp 97.7%  11.96 um 0.40 um

Linear Shape Rangs {LSR) corresponds to the sum of the

ot
<

bt
(2]

L

maximum deviations of the nsutral fiber of a scan in
the saw's forward feed direction from & straight

reference line (two-dimensional).
GRIR, formerlv alsc referred to as TIV, corresponds to
Thne wotal thickness varliance (difference Dbetween

thickness maximum and minimum} .

For ewample, the measuring instrument Mx T01Z (High

Resolution Thickness and Surface Prcfiler for az-3awn
Wafer; from E+H Eichhorn+Hausmann 1z  suitables  for
determining said gsometrical parameters.

Alsc, the warp distribution (guantile values in %

agzinst warp number in umd  of the cut walers was



30 position of workpieces A and B. After the cutting, a lot comprises a plurality of wafers which are
subsequently received in cassettes (wafer boxes) it lots"). The Wav nax value per wafer was
determined for each lot. 5 shows the bonding position or cementing bositHon between the work:pieces
- Aand - 16 - for the compound rod. In the double rod according to the prior art, there is a distance
between the lots Al and El. The workplaces are not cemented together, rather they are cemented at a
certain distance from one another on a sawing strip.s A-significant jump in the Wav_max value is found
between lots Al and 21 for the double rod according to the prior art. Such a Ium&in the waviness does
not occur in the cgi“rfp%phlr?o?3 ?odog‘é'cbrd'lﬁé to thé %nr\ll%ﬁ%onr Sfter t & sawing: the waviness values of lots
Al and Ea are virtuglly identicatowhicheitiastrates thheadvantigecof the soethbdadcording to the
invention. 15 Lots, (notrepresanted in the figure) following ot spow higher Wav. max.yalues. The
higher quantile values indicated in Tableare thereby also explained. Such a rise in the waviness,
however, also ocurs i sifgié t6dsdiid is ABPATECS of attefitiof'R tha'stoperof 26-4his invention.
Pig. 2 relates ondyte: the: prefile of the wavinasstindhe segionof the frapsitioniofiwerkpiece A and
workpiece B. For grders with a demanding wayiness specification, the 25 invention therefore makes it
possible to prodice a Multiplicity SfWafers fom-compound rode-which Fave a'telafiialy narrow
distribution of the wavirgss’rParameter (cf. Table 1), in particular while avoiding the jump observed in
the prior art in the region of the 30 bonding position of the assembled workpieces, as shown. in Fig. 2.

A =zignificant improvement in the warp distribution is
10  found comparad with the assembled workpleces 1in the
prior art. This confirms that, during wire sawing,
compound rods according to the invention do not benave

like =ingle rods assembled from workpleces.

15 For orders with & demanding warp specification, the
invention therefore makes 1t possible to produce 2
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Fig. 2 shows the distribution of the Wav max parameter
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workplieces put a2ccording toe the invention thsass are
separated from one ancther only by a fastening means
{two-component  adhesive) . The Wav_max values are
respectively representsd IZor seven lots of workpils
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-17- Patent Claims What is claimed is: 51. A method for simultaneously cutting a compound rod of
semiconductor material into a multiplicity of wafers, the method comprising: selecting a first worlcpiece
and a second worlcpiece from a set of worlcpieces cut from at least one semiconductor rod, wherein
the first and the second worlcpieces each include two end surfaces; grinding at least one of the two
end surfaces of each worlcpiece so as to 10create a ground end surface on each worlcpiece;
cementing the ground end surface of the first worldpieee to the ground end surface of the second
workpiece using arfastenercsaras ol pksguce a compound rod piece having a longitudinal axis, wherein
the fastener is disposed between the workpieces so as create a distance between the worlcpieces;
fixing the compound rod piece in a longitudinal direction on a mounting plate; clamping the 15 plate
with the compoufid t68 prsteinta wite safie it ciitting the'coripadnd #6d piecepérpendicularly to the
longitudinal axis, usingthewire-saw se-psdeform, wafers from; each ofrihe first-apd segond
worlcpieces. 2. The method as recited in claim 1, further comprising cutting the set of workpieces
20using oné of tHe wire saw &bl an‘inteff&holé sanwbefore the selééting 8= Th& méthod as recited
in claim 1, wherein the compoundod-pieeeincludes: twe morkpieces frmmeighbering rod positions of
the same semiconductor rod. 254. The method as recited in claim 1, wherein the cementing includes
cementing no nMoresthanitiiooworkpiecestogether: heb. Thae methodas! recitetkin claimd, wherein the
cementing includes, aligning, a puling.gdgesof each af the first,and second worlgpigges so as to make
them flush with one 30another. B

the prior art. 3uch a Jump Iin the waviness does not
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cur in the compound rod according to the invention

fter th
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sawing: the waviness values ©

=

lots Al and Bl
are  virtually identical, which itllustrates the

LT

advantage of the method according to the invention.
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Lots {(not represented in the figure! following lot BY
show higher Wav _max values. The highsr quantlile values
indicated in Table 1 are thereby also explained. Such a
rigse in the waviness, however, also occurs in single

rods and is not a

h

ocus o©f attention in the scope of
20 this invention. Fig. 2 relates only to the profile of
the waviness 1n  the region of thes <Transition of

workpiece A and workpieces B,

For orders with a demanding wavinsss specification, the

invention therefors makes 1t peasible to produce
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wafers from compound rods, which have a
relatively narrow distribution of the Twavinsss”
parameter (cf. Table 1), 1in particular while avoiding
the Jump observed in the prior art in the region of the

30  Dbonding position of the assembled workpleces, as shown



6. The method as recited in claim 1, wherein the compound rod piece has a total length of less than or
equal to 380 mm. 357. The method as recited in claim 1, wherein the fastener includes an adhesive. 8.
The method as recited in claim 7, wherein the adhesive includes a two-component adhesive. 409. The
method as recited in claim 1, further comprising grinding the compound rod round before the cutting of
the compound rod piece. 10. The method as recited in claim 1, wherein each worlcpiece in the set of
workpieces is ground round before the cementingli§tep. -18- 11. A method for simultaneously cutting
a compoungag,of ggpaconductor material into a multiplicity of wafers, the method comprising:
selecting a first workpiece and a second workpiece from a set of workpieces cut from at least one
semiconduop@k£qe:Mmibeeeis the first and the second workpieces each include two end surfaces;
grinding at least one of 5 the two end surfaces of each workpiece so as to create a ground end surface
on each workpieceheereatingihearoy peent.suann f the SrebwrikRissetathgigraupd end surface
of the seconshwrispieeLwiStRg thbasianed g@lafﬁigqhgroduce a compound rod piece having a longitudinal
axis, wheregitedasterewiskisnesed bebveavbaplockBieses &2 aswisaiRadistanse hetween the

~ worlcpiecesiehixingethenompintidsagdvliecsnha 6l engiusisal ciraokinm ase: R uling: plate; clamping
the mountingvplaié wifhcthecomiipgundesetopiecttin anvieadsataadofdiingbasiersreusgrod piece
perpebdiculadytta treuaheitlcirgabaxis exing thiepivite, sanemibgrdin dhengliatingrédepdngiwdes grinding
at a definedfasiglenuitbcraspheigiowdsiabiditicethd erendatiorksritingBg asda«atsedhe ground
surfaces to toeppeitakel tconpmeiah otk griedShadng héonmtindic Aaxaoideiackhinfatichatiber comprising
providing thédpsted hdtweentid workpieossswithcaceoraspandirigwackity erndpiteralfitiface so as to
identify the thaterao2d 1381 pasretheddiegisidmdtalreotistyccuitinguatoepasncaogdiog gemiconductor
materidd intplatenuitipheitpopwatérodthern dthosivomprisiigsstectnganipstudorgpiéess and a second
workpiece fromeadietleflworkpidorgtodifab axineiihbOrirgire dapositione Grra sefiisdrductor rod,

wherein thecfigbtoditer thestsadarrdond apkmessaach include two end surfaces; cementing the end

surface of the first worlcpiece to the end surface of the
2. The method as recited in claim 1, further comprising cutting the set of workpieces

20  -using one of the wire saw and an internal hole saw before the selecting.

3. The method as recited in claim 1, wherein the compound rod piece includes two
workpieces from neighboring rod positions of the same semiconductor rod.

25 4, The method as recited in claim 1, wherein the cementing includes cementing no more
' than two workpieces together.

5. The method as recited in claim 1, wherein the cementing includes aligning a pulling
edge of each of the first and second workpieces so as to make them flush with one
30  another. :

6. The methad as recited in claim I, wherein the compound rod piece has a total length of
less than or equal to 380 mm.

35 7. The method as recited in claim 1, wherein the fastener includes an adhesive.

8. The method as recited in claim 7, wherein the adhesive includes a two-component
adhesive.

40 9. The method as recited in claim 1, further comprising grinding the compound rod round
before the cutting of the compound rod piece,

10. The method as recited in claim 1, wherein each workpiece in the set of workpieces is
ground round before the cementing step.
45



25 second workpiece using a fastener so as to produce a compound rod piece having a longitudinal
axis, wherein the fastener is disposed between the workpieces so as create a distance between the
workpieces; fixing the compound rod piece in a longitudinal direction on a mounting plate; clamping
the mounting plate with the compound rod piece in a wire saw; and cutting the compound rod piece
perpendicularly to the longitudinal 30 axis using the wiresaw so as to form wafers from each of the first
and second worlcpieces. -18- _
11. A method for simultaneously cutting a compound rod of semiconductor material into
a multiplicity of wafers, the method comprising: selecting a first workpiece and a second
workpiece from a set of workpieces cut from at least one semiconductor rod, wherein the
first and the second workpieces each include two end surfaces; grinding at least one of
5 the two end surfaces of each workpiece 80 as fo create a ground end surface on each
workpiece; cementing the ground end surface of the first workpiece to the ground end
surface of the second workpiece using a fastener so as to produce a compound rod piece
having a longitudinal axis, wherein the fastener is disposed between the workpieces so as
create a distance between the workpieces; fixing the compound rod piece in a
10 longitudinal direction on a mounting plate; clamping the mounting plate with the
compound rod piece in a wire saw; and cutting the compound rod piece perpendicularly
to the longitudinal axis vsing the wire saw, wherein the grinding step includes grinding at
a defined angle with respect to a crystal lattice and orientation setting so as to cause the
ground surfaces to be parallel to one another. '
15
' 12. The method as recited in claim 1, further comprising providing the first and second
workpieces with a corresponding marking on a latera)] surface so as to identify the
material.

20  13. A method for simultaneously cutting a compound rod of semiconductor material into
a multiplicity of wafers, the method comprising: selecting a first workpiece and a second
‘workpiece from a set of workpieces cut from neighboring rod positions on a
semiconductor rod, wherein the first and the second workpieces each include two end
surfaces; cementing the end surface of the first workpiece to the end surface of the

25  second workpiece using a fastener so as to produce a compound rod piece having a
longitudinal axis, wherein the fastener is disposed between the workpieces so as create a
distance between the workpieces; fixing the compound rod piece in a longitudinal
direction on a2 mounting plate; clamping the mounting plate with the compound rod piece
in a wire saw; and cutting the compound rod piece perpendicularly to the longitudinal

30  axis using the wiresaw so as to form wafers from each of the first and second workpieces.



