[¥:]

10

15

20

]
wn

35

Method for simultaneously cutting a multiplicity of slices of

particularly uniform thickness from a workpiece

The present invention relates to a method for cutting a
multiplicity ©f slices from a workplece, in particular

semiconductor sli

[
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from a crystal, by means ¢f wire-assisted

cut-cff lapping.

produccion of magnetic storage disks, sii £ sapphire oxr

c
gilicon carbide as a base for the manufacture of optoelectronic
h

component cr semiconductor glices for the production of
photov“italp cells ("golar cellis™) or as a substrate for the
gtructuring of microelectronic or micro-slectromechanical

eiements.
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Semiconductor slices zre sliceg of gemiconductcer materials
ii

=
as, for example, lement semiconductors con, gesrmanium!,

5%

compound gemiconductors (for example, aluminum or gallium) oxr

-~

3 % £

compounds therecf (for example, 8Si- . Ge., 0 < x <« 1; AlGais,

The starting material is usualiy in the form of a »od of

monocrystalline (electronics applications; or polycrystalline
{solar cells) semiconductor material, and the rsguired slices
of thisg material are cut off from the rod by a chip-removing

e ramoved from the

In particular, for cutting off semiconductor siices, cut-off
lapping and cut-off ogrinding are especially important. In the
case of cut-off lapping, the tools for removing material are in
the form of sharp-sdged particles of a hard substance, for
example silicon carbide, as a suspension in a viscous carrisr
iiguid, and a tool carrier in the form cf a wire, on which the
carrisr liguid and hard substances adhere, brings these

particies into contact with the workpiece. The carrier liquids
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include, for example, water, polyols, mineral oils, glycols, or
mixtures thereof. The suspension of hard substance is referred
to as slurry. As a result of motion the wire in the
longitudinal direction of the wire, exertion of a force in the
transverse direction of the wire and supply of slurry, hard
substances enter between the surface of the wire and that of
the workpiece, are moved under pressure relative to the latter
by means of a sgliding or rolling moticn, and remove chips from
the workpiece by means of material overlocading or fatigue, by
brittle erosion.

It is characteristic of cut-off lapping that the slurry
contains hard substances that effect removal of material, and
the tool carrier does not contain any hard substances that
effect removal of material, and the removal of material is
based on an interaction of three bodies (firstly, the
workpiece; secondly, the hard substance; thirdly, the tool

carrier).

In the case of cut-off grinding, the tools that remove material
are in the form of sharp-edge particles of hard substances that
are fixedly bonded to a surface of a tool carrier. The tool

carrier is, for example, a wire.

It is characteristic of cut-off grinding that the tool carrier
contains fixedly bonded hard substances that effect removal of
material, and the cooling lubricant does not contain any hard
substances that effect removal of material, and the removal of
material is based on an interaction of two bodies (firstly, the
workpiece; secondly, hard substances fixedly bonded to the tool
carrier).

The process of cut-off lapping and cut-off grinding by means of
a wire is referred to by the combined term, wire sawing.

In the case of cut-off lapping and cut-off grinding, the hard
substances used include, for example, silicon carbide, boron
carbide, boron nitride, silicon nitride, zirconium oxide,
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silicon dioxide, aluminum cxide, chromium oxide, titanium
nitride, tungsten carbide, titanium carbide, vanadium carbide,
diamond, sapphire, and mixtures thereof. Silicon carbide is
particularly important in the case of cut-off lapping, and
diamond in the case of cut-off grinding.

The wire, as tool carrier, may be monofilar, or may be a
stranded wire composed of a plurality of strands or fibers, and
also of differing materials, and may possibly carry additional
coatings of metals, alloys or plastics.

In the case of cut-off lapping and cut-off grinding, the wires
are composed, for example, of hardened steel ("piano wire"),
plastics, carbon fibers or metal alloys.

Both cut-off lapping and cut-off grinding may be performed with
one or more wires. Examples of the latter are so-called gang
saws, in which the multiplicity of individual wires are
fastened in a frame (gang), which is then moved back and forth
in the longitudinal direction of the wire, such that the wires
work through the workpiece.

In the cutting of slices from a rod of semiconductor material,
wire saws that have just one wire are of particular importance.

Rods of semiconductor material for electronics application are
usually processed before the cutting operation, such that they
are in the shape of a straight, circular cylinder, having a rod
axis, a cylindrical circumferential surface and two cylinder
end faces (bottom and top face). Usually, an identification
groove (notch), which marks, for example, a particular crystal
orientation, is also ground into the circumferential surface of
the rod, parallel to the cylinder axis. The semiconductor
slices obtained by the cutting operation are also referred to
as "wafers", and they themselves, in turn, are in the shape of
a straight, circular cylinder, the height of the cylinder being
some tenths of a millimeter up to, for instance, one
millimeter, and the base of the cylinder having a diameter of
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450 mm. Rods or wafers having a diameter of up te 150 mm
assed as smalil, those up to 200 mm as medium-sized, those
mm as large, and these up to 450 mm as very large.

-
H

Dividing up into siices, by means of cut-off lapring or cut-cif

Q

grinding, is eififected along a multiplicicy of kerfs, which are

as flat as possible and as parallzl to each other as possible,
and which are substantially perpendicular to the rod axis, i.e.
with a deviation of up to 2° relative to the perpesndicular to

the rod axis,

Cut-coff lapping and cut-oIf grinding are equally suitfakle for
Gividing up small and medium semiconductor rods. For dividing
up large and very large semiconductor rods, cuz-off lapping is
particularly important, since, even in the case of long lengths
cf wire in contact with the rod, it produces wafers whose front
and back have a hich degree of flatness and parailelism in

relation to each other. n addition, the cuttine

then form the fxront and bkack of ths cut-o

f
small depth of crystaliine damage caused by the cutting

operation.

Owing to the shallowness of the damage, wafers obtained by cut-
cff lapping are less susceptible to breakage, and during the

subgeguent processing only a small amount of matesrial then has
to be removed in order ultimately to chtain a wafer having ths

required high degree of plane parailelism of the front and

-

back, and lack of defects. Cut-oIff lapping therefore enables
particularly high-quality wafers to be produced in a

particuiariy cest-effective manner.

The length along which a wirs portion extends through th

-

workpiece at any moment in the cutting operatilon, and on which

the wire porticn thus acts tc remove material, is referred to

ag thne engagement lencgth of the wire portion.
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he following "multiwire cut-off lapping” {islurry]
licing, MWS, S-MWS) is described in greater detail

using the refsrences from Fig. 1.

H

n cut-cff lapping, the wire 1 is wound helicallv around at

least two cylindrical wire gulde rollers 3 and 4, which have

0

yvlinder axes 5 and 6 that are parallel <o each other, such
a

o
]

hat, on at least one side of this arr

cf portions 11 of the wire come £o lie
other in one pilane, peypsndicularly in
axeg, and when the wire guide rollers

r
ame direction, about their regpec
porticns 11 move with a uniform velocit
other in the longitudinal direction of
crid - or sawing grid - is used to ref

side of wire portions running parallel

pogition of the wire grid in this case

faces toward The yod +o be cut.

The wire guide rollers in this case are noxmally eacn provided
e

with a multipliciZy of cliosed groove
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each other and perpendicular in reletion to the cylind

e individuzal turns of the wire arse

rRemoval of materizl is

the iongitudinal direction of the wire, supplying the
suspension, compriging the hard substances, Lo the wirse grid,

nd advancing the workpiece on to and through

jol]

run-in tc and run-out from the wire grid, the

longizudinal wire tengion in the running direction cf the wire
is controlled by means of deflection rollers, which are

attached to levers, an alteration of the angle cof the levers in
relation to the longitudinal direction cf the wire causi

running length of the wire to be change
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t
wire Lo be tensioned to a greater or _esser degree.
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The tcrgue exerted upon the lever by the wire pnrovides a

t4h

meagure of the actual wire tension, such that, by means ©

torque measurement and angle adjustment, there is a closed loop
i for feedback control cf the longitudinal wire tension. Levers

having a deflectlion roller are referrsd to as "dance

cf their rapid back and forth motion as control deviations

10 During the ¢

proportion t©

wire contact with tThe w e X
machined per lkeri. Conseguently, the width of the kerfs 13
IR decreases from the firgt end face 12 of the rod, at which the

ce 24 of the rod, at which the wire ultimatsly emerges from

t end face 18 also weferred to as the wire infesed side
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12 of the rod, and thes second end face 24 ag tThe wirs run-out

The decrease in thickness oI the wire 1s generally compansated
a
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distance between ad] cent groove
of the wire guide rolisrs 3 and 4 from the wire infeed side 12
2o the wire run-out side 24 of ths rod, such that, aversged
cver the full length of the rod, the wafers cut off IZIrom the

rod are of a constant thickness

During the cubting operation, ths wire may be wound
continuously in one direction from a pay-off coil (dsliivery
coil), via the wire guide rollers and the orid, to a takes-up
coil {recelver ccil}, such that the wire pertions move in one

38 direczion throughout the entire cutting operation. Thig is

referred to as unidirectional sawing.
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The wire may also be guided through the workpiece with a change
of direction. Such a bidirectional cut may be effected over
the entire run of the wire supply from the pay-off coil, via
the grid and workpiece, to the take-up coil, and then in full
from the original take-up coil, which thus becomes the pay-off
coil, back to the original pay-off coil, which now becomes the
take-up coil. Owing to the wear on the wire, however, the
workpieces would become thicker on the "return pass™ than on
the “"outgoing pass", which is undesirable.

For the production of large and very large wafers for
particularly demanding applications, particular importance
attaches to cut-off lapping with multiple and continuous
reversal of the direction of the wire run, according to the so-
called pilgrim step method ("pilgrim step motion", "wire

reciprocation") .

A pilgrim step in this case refers to a pair of successive
reversals of the wire direction. A pilgrim step comprises a
first motion of the wire in a first longitudinal direction of
the wire, by a first length, and then a second motion of the
wire in a second direction, exactly opposite to the first
direction, by a second length, the second length being selected
so as to be less than the first length.

For each pilgrim step, therefore, a wire length corresponding
to the sum of the two lengths goes through the workpiece, while
the wire portion coming into cutting engagement with the
workpiece in this case advances from the pay-off coil to the
take-up coil only by an amount corresponding to the difference
of the two lengths. 1In the case of the pilgrim step method,
therefore, the wire is used multiple times, by the factor
resulting from the ratio of the sum to the difference of the
two lengths. For simplicity, the difference of the two lengths
is to be referred to as the "net motion" of the wire over a
complete pilgrim step, having a net wire infeed 9 and a net
wire run-out 10 (Fig. 1).
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By analogy with the terms used for a rod cut by a
unidirectional wire mction, in the case of a rod cut with a
i

pilgrim step method the first snd face of the rod, at whi
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the first kerf, in the direction of
motion, is referred to as the wire infeed sids cf the rod, and

the oppcsite, second end face, at which the wire uitimatel
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mozion, is referred to as the wirse run~-o:

Since the length of the forward and return motion, and

“t
!

therefore the effective lengzh and wear of the wire, are ZIZresly

electablie, the pilgrim stsp method is highly suitable for

cutting workpieces Into a smaller number of sllices, of

comparatively shorter workpieces, which could not be cut with

suitable for cutting workpileces that have wire engagement
lengths that vary over the courgs of fhe cut, i.e. for ezxamp

cvlindrical semiconductor reds.

0

For the purpose oI cutting wafers fr

93

m a semiconductory rod, the

rod is first mcunted, depending on its total length, with

4]

part cf ics circumferential surface on a holding, mounting or

sawing strip, for example a strip made of hard carbon, glass,
plastic or a composite material. Thig sawing strip is shaped,
on the side thereof that faces away from the rod, or is
connectad to a further adapter, such that the sawing strip or
adapter can be cliamped in a corresponding receiving device,

which 1s fixed toc the feed Tabkle that, during The cutting
operation, Ifeeds the bar perpendiculariy on to the grid and
through the latter. The bond bestwsen the rod and the sawing
strip is produced by adhssion, and that between the sawing
strip and the adapier is produced by adhesion, »o

S
vample, clamping or

it

force or positive fit by shape {(fox
T aligned substancially

gscrewed connection) . he rod axis i

i

Q

perpendicularly in relation tc the feed direction, an
pen

ndicularly in relation to the directicon of the wiresg in
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thus sutbstantially in the plane spanned by the

cf the grid.

is usually disposed above the wire grid, an
culariy cn to the plar

b
wit =5 5 £ othe ~1d
wlre POrTlions ¢ e grid.

ing continues with reference to Fig. 1 The side of
urface of the rod, into which the wire portions

ter, along their longitudinal dir

rred to as the {(momentary) wire

n which they re-smerge fxom the
itudinal dir:ction, is referred to as the {(momentary;
18. Disposed above the wire grid 25 on the wire

of a unidirecitional cut, with oniy one wirse entry

one nozzle strip is provided for this purpose, and in the

onal cut, with wire entry and exit gides

i
alternating in time, two nczzle strips 22 and 23 ars provided,
£ 0

on each gide ¢

394
A

both may aiso be operated continuouslyi.

the rod axis.

porions w

3

L

(I

the rod being fed on To the grid, the entix

rod is brought into contact with the grid, aliong
cylinder surface of the rod that is parallel to
This instant of first contact cof the wire

portions of the grid in the longitudinal direction of the wire,

1y, the wire portions work slowly through the

removing material.
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The cut terminates as soon as all wire portions of the grid
have sweprt over the entire crcss section of the rod and have
fullv reached the sawing strip. The instant of final contac
cf the wire portions with the rod ig referred to as the cut-cut
operation, o¥r, in short, out-cut. n the example shown in Fi
1, the cut is being effected to the side having the
dentification groove 26, from the oppogite side oI the xod.
The mounting strip nholding the rod is bondsd to the latter on

the side with the identification groove 26 (not shown) .

The feeding of ths rod is ended, and the rod is again slowly

withdrawn Zrom the grid. As the rod is being withdrawn, the

After the rod has heen wirhdrawn from the wire arid, the
composite consisting of sawn-up rod, sawing and mounting sirip

igs removed from the clamping on the feesd table. Thug,

Qa e
after complezion of the cut, a multiplicity of wafers hang,
jo a

like teeth on a comb, on the Ily cut-in sawing strip,

with a portion of their circumferential surface gtill Zoined to
the sawing strip. The wafers are separated by dissclving the

adhesive bond. The bond can be dissolved, for example, if an

the compesite consisting of wafers, sawing ing strip

being immersad in a hot water-bath for thas

Slurry cut-off lapping, and a suiltable apparatus therefor, for

cutting 2f£f semiconductor slices are desscribed, for example, in

The width oZ the kerf produced, and conseguently the thickness
of the wafers obtained by the cuttiing operation, depsnds on iie
thickness of the wire, the thickness of the slurry £ilm

surrounding the wire in the kerf, and the spacing of the
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grooves in the wire cuide rollers that guide the wire. Since

(¢

the thickness of the wire changes continuously because of wear,

and the thickness of the slurry fiim changes continuously as a

result of being wiped off or becoming spent during thes cutting

5 operation, cut-cff lapping is subject to certain limitations in
respect cf the degree tc which ths desired shape of the wafers

obtained thereby can accurately bs achieved. These limitations
e

are descri

10  Ls a wire portion enters the workpiece, most of the adnhering
siurry is stripped off. Of the slurry that does enter the
kerf, most coniinues to be strivped off or bescome spent as the

wire penetrates further Intc the rod. Wear causes the

particleg to become spent primarily because the saxd materials

o
o
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Q
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brokern or Ifragmented, or becauss rounding or chipping

arp-edged cutting surfaces that

entry of the wire, is also referred to as the "slurry IZunnel"
26 Owing to the glurry funnel, each kerf is wide at the periphery
of the workpiece, on the side on which the wire enters, and

tapers In a
the wire, along the wire engacgement length, to the opp

wire exit side.

23
in the case of z unidirectional cut and large or very largs
semiccnductor rods, in particular in the region of the longsest
wire engagement leng:th - thus, in the c¢sse o a circular
cylindrical rod, when the latter has been cut through by
36 exactly half - virtuallv no more slurry reaches the wire exit
gide of the rod. Slices are produced having a thickness that
n =ntry side to the wirs
on the wire exzit
miconductor slices that
35 have a tapering thickness and a high degres oI roughness are
not suitable for demanding applications. Unidirectional cuti-

off lapping therefcre cannot be used for producing high-guality

large or wvery large wafers.
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In the casge of the pilgrim step method, the directicn cf ths

longitudinal motion of the wire is reversed continuously. As a
result, "slurry funnels" are produced alternately on the left

and right in each kerf. If the infe O
so slowly, or the changes in direction of the longitudinal
motion of the wire is effected so yapidly, that the slurry

Y
funnsels formed consecutively in alternating fashion overlap
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PR , p - .
of direction (= cne comp-zete

wed in the direction of advance of the

sides, and the sluryy Then oniy has toc be trans
the center oI the rod in each case. The overiapping alsc

on the wire entry side tThat

is caused by the slurry funnel in each case, and thereby
2

e waferg. The wafsrs obtained are then

i

minimum thickness occurs in the periphe
wire engagement _ength, i.e. when a ¢
been cuif thiough exactly by haif. The zones of minimum
thickness in the peripheral region of gresatest wires engagsmentc
length are denoted by 27 and 29 in Fig. 2. Owing to the net
e

rozion of the wire in the case of cut-off lapping according o

tne pilgrim step mechod, and the decrease in thickness that the
wire undergoes in this process, the taper 27 of the wafer on
i

the wadoge sghape of a comparative cut with a unidirectional wire

motion.

Thig saddle shap

[}

can be rendered legs pronounced by methods

known in the pricr art, for example by adjusting the first and

P

gecond wire motion lengths of the pilgrim steps according to
the actual depth of cut {(depth of the kexZ in the direction oI

the ingot feed), or by increasing the wire application in the

Q

region in which the saddle shape 1

3 most pronounced. In
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particular, for example, the rod feed rate can be reduced to
such an extent that the slurry funnels of two wire reversals
overlap almost completely. There are economic efficiency
limits to the measures for reducing the saddle shape, since
they result in very long overall cutting times and high wire-
length consumption rates.

A further limitation of the flatness, of the front and back of
slices obtained from rods having wire engagement lengths that
vary over the cut, that can be achieved by cut-off lapping
consists in the form of a so-called "cut-in wedge" 28 (Fig. 2).
This cut-in wedge comprises a slope, of the front and back in
the transverse direction of the wire and toward the central
plane of the slice, which extends over the entire slice width
in the longitudinal direction of the wire.

In the case of c¢ylindrical rods, the cut-in wedge is produced
because, for example, at the instant at which the wire grid
first makes contact with the rod, the engagement length of the
wire portions and also, consequently, the wear on the wire are
Zero.

Since they initially have not been subjected to any wear, the
wire portions that cut in first have a greater diameter than
the wire portions that come into engagement later, which have
already passed through kerfs of finite length and have
therefore been subjected to wear. As the cut-in depth
increases, therefore, the result is a wedge-shaped increased
thickness 28 of the wafers. In addition, at the instant at
which the wire portions first make contact with a cylindrical
rod, the wire portions are tangential to the circumferential
surface of the rod. At that point, less slurry is wiped off
than as the cut progresses further, when the engagement lengths
are finite and the contact of the wire portions with the
circumferential surface of the rod becomes increasingly steeper
- even precisely perpendicular in the region of greatest
engagement length (half cut) - and a regular surge of stripped-
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off slurries builds up there, at the point where each wire
portion enters the rod.

WO 2013/051183 Al describes wire cut-off lapping by the pilgrim
step method, in which conical wire guide rollers are used, the
distance of the base of the grooves from the axis of the wire
guide roller decreasing from the wire infeed side to the wire
run~out side. As a result, when the rod with the rod axis is
fed perpendicularly on to the wire guide roller axes, the wire
portions of the wire grid that are on the wire infeed side are
the first to come into engagement with the rod. Owing to the
net motion of the wire, these wire portions advance from the
wire infeed to the wire run-out side of the wire guide roller
and have become thinner by abrasion, as a result of the rod
being fed further on to the grid, until ultimately the part of
the rod on the wire run-out side also comes into material-
removing engagement with the wire grid, such that the formation
of the cut-in wedge is counteracted.

Owing to the conical shape of the wire guide rollers, the
lengths for regpectively one winding around the wire guide
roller decrease from groove to groove, from the wire infeed
side to the wire run-out side. All grooves of each wire guide
roller rotate with the same angular velocity, but not with a
constant circumferential velocity, owing to the decrease in
groove diameter from the wire infeed side to the wire run-out
side. Since the wire is moved in the grid by the
circumferential velocity of the grooves, however, the axial
wire tension in the grid is therefore reduced from the wire
infeed side to the wire run-out side.

It is known to persons skilled in the art who are familiar with
wire cutting methods that the flatness of the kerf that is
produced decreages as the longitudinal wire tension decreases.
The method described therefore produces slices whose flatness
worsens toward the wire run-out side.
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This fundamental metheod deficiency also cannot be eliminated
by, for esxample, the obvicus means oI using four wire guide
rollers, selected so as to complement cach other exact e}
which the upper two, which span the ¢rid of the wire portions
coming into contact with the rod, are provided with a groove
Gepth that increases from the wire infeed side to the wire run-

cut side, and ths lower two arxe provided with a groove depth

.

that decrsases from the wire infeed side to the wire run-outb
e

gide. Although the lengihs of the wire windincgs would then be

congtant ovelr the entire length of the wire guide rollers,
le

gs be a prenounced forced glippags of the

guide reliers, owing to the differin
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ve_ocities, resulting from the differing diameters, at the same
angular velocities. 2s a resuit of this, the grooves of
wire guide rollers would be subjsct to & large amount of wear

o
and would consequently undsrgo differing cut-in bv abrasion by
cC t

the wire,
the method wculd aslready be eliminated in a very short time.
WC 2W13/051183 Al does not discuss this putative solution to

the problem of wear.

Moreover, an uneven wire tension in the grid has the

e
that the wire longitudinal tensions of the wire portions must

ted so as te be very low, on average, over the grid,

ac v 10

since the most highlv tengioned wire portions, on tThe wire
infeed side, may have at most the wire longitudinal tension at
which the wire is still certain =ot fo rupture (tensil

strength;, and therefore all other wire portions hav

{1
88
I

1
4]

S
tension that these wire portiong. Conseguently, the majority

0f the wire portions undergc wire flexure that increases toward

Zlthough the unevenness ¢f the wire tension over the wire grid
will be compensated somewhat by wire slippage, the method
according to WO 2012/0531183 L1 ig therefore neverthelsass

unsuitable for execution according To the pilgrim step
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principle, because, in the second half of each pilgrim step,

wire portions of short winding lengths on the wire run-out side

o)

uld return to long winding lengths on the wire infeed side,
ausing themr to become over:tensioned and rupture there. This

could be counteracted oniy |} ; reducing yet further the wire

longitudinal zensiocn with which the wire is supplied to the
cgrid in a centr setpoint longitudinal wire
tension), in cordexr : sufficientl reliablie wire

tengion reserve up Lo the wire rupture tension,

in order to prevent wire ruptures during the cutting operation.
Th

11z, however, would involve a yef more impaired flatness of

~he wafers obtained, owing o the imprecise and unreliable wire
guidance in the keris
The method speciiied in %O 137051183 Al is thersfore

nsuitable £o iceg for
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demanding ap

US 8,146,581 B2 discleoses a method for wire cut-off lapping in
wnich the axis of the rod is tilited slightly, in the feed

direction, foward the

»
’..I
6}
Q

a £ the wire guide rollers. In this
cage, the wire feed rollers have a cylindrical s
axes are disposed so as to be parallel To each other, and alil
grooves for guliding the sawing wire are incised to a uniform

Then the rod i1z fed in theref

s of all wire portiocns are

- < PN I 2 1 vrd e 4~ "7 - o S ers
zengions varyving over the wire grid, as well as excessive
e

lQ
o
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o

wear caused by wire slippage; howev

resu_ts in an additicnal force in the transverse direction of

the wire and parailel <o the rod axis {(slope downiorce}). The

glope downIcrce acts only in the instant of the respective cut-

in of each wire pcrtion, and varishes as soon as the cut-in has
ires

been made. The cut face therefore runs with wi
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region of the cut-in, are defliected cut of the cut plane
produced by a cut without transverse force, and is therefcre
curved in that region. Since the slope downforce upon adjacent
wire portions is approximately the same, the front and back of

o each other,

5
0]
i
[»,....l
l‘
0]
'_I

the sliced obtained are subszantially

and have a uniform cuxvature for the front and bacit in the cut-
in regicon. The sliices cobtained are thus of a substantially
constant thickness, but have a curved or warped shape {("cui-in
wavea")

US 2,246,581 B2 utilizes this cut-in wave, deliberately
producad by tilting, to compensate a random cut-in wave that
might be vrszsent on a wafer cut previousiy without a slops
downiorcs Obvious the metaod may also be used to
counteract a cut-in wadge, since, owing to the tilt, the

individual wire vortions effect cut-in in tTime succession along
the rod awis, and are thus subjected to differing wear This
pogaible appliication Is not identified by US 8,146,581 B2.

S -

Since, in the method accexding to US 8,146,581 B2, owing to the
rod tilt, cutiing off is effected a2long planes that are tilted
i

lces That are obtained have an

unwanted misorientation Thnig misorientation could be
compensated by correspo 1&1lgly tilting the crystal axis in the

c
would be necessary Lo inow in advance cduring circular grinding,

for sach rod, what tilt, and by what angle, would subseguently

be necessary for a wirs saw in order that the nstantaneous
inclination cf this wire saw, fcor forming an cut-in wave, cocuid

Slices cut off accerding to US 8,146,581 B2 therefore aiways

igsorientation, such that the method is

m
Tl ! y = - - Ty~ A v T d s -~ T s oy e
lirewige unsuitable for producing siices for dsmanding

i

applicaticns.
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The object of the present invention is to specify a multiwire
cut-off lapping method, according to the pilgrim step method,
for cutting off from a rod, slices that have uniformly high
degree of flatness of their front and back, and that have a
uniformly small cut-in wedge over all wire grid positions.

This object is achieved by two groups of methods, of which the
first group is aimed at reducing the effective diameter of the
saw wire during cut-in, and the second group is aimed at
reducing the thickness of the slurry f£ilm surrounding the saw
wire during cut-in. The first group in this case comprises a
first method, and the second group comprises a gecond, a third
and a fourth method.

The object is achieved by a first method for simultaneously
cutting a multiplicity of slices from a cylindrical workpiece
having a diameter, by means of a wire saw in the presence of a
liquid cutting means, comprising a sawing wire, which spans a
wire grid composed of a multiplicity of wire portions disposed
parallelwise between rotatable wire guide rollers, the wire
portions, having a longitudinal tension, describe a relative
motion in relation to the workpiece as a result of rotation of
the wire guide rollers with continual alternation between a
first direction of rotation and a second direction of rotation,
which is opposite to the first direction of rotation, the wire
is moved by a first length during the rotation in the first
direction, and by a second length during the rotation in the
second direction, and the second length is less than the first,
characterized in that, at the instant of the cut-in of the wire
portions into the workpiece with a first depth of cut, the
longitudinal wire tension portions is greater than at a second
instant, with a second depth of cut, that is after the instant
of the cut-in and at which the engagement length 1 of the wire
portions in the workpiece > 0.

The object is likewise achieved by a second method for

gimultaneously cutting a multiplicity of slices from a



cylindrical workpiece having a diameter, by means of a wire saw

in the presence of a liguid cuiting means, compriging a sawing
wire, which spans a wire grid composed of a multiplicity of

wire portions disposed parallelwise betwsen two rotatable wire

5 gulde rcllers, the wire portions, having a longitudina
tensicn, describe a relative motion in relation o the
workpiece as a rasult of rotation of the wire guide rolilers
with continuval alternation bhetween a firgt direction of
rotation and a second direction of rotation, which is opposite

10 to the first direction of xotation, the wire, during the

rotation between each pair of directly successive

tion, 1is in each cass

h

o o
second lencth is shorter that the first, characterized in thaz,

at ths start of the cutiing operation, a first mean velocity of
[ n

20 cutting operation, a second mean velocity of the wirs between

25 The orjeczt is further achieved by a third hed for
ansously cutting a multiplicity of slices fxrom a

ol
indrical workplece having a diameter, by means of a wire saw
in the presence of a liguid cutting wmeans, comprising a sawing
wire, which spans a wire grid composed of a multipiicity of

3 wire porticons disposed parallelwise betwesn two rotatable wire
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first length during the rotation in the first direction, and by

a second length during the rotaticn in th cond direction,
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and the sgecond length is less than the first, characterized in
that, from the start of the cutting operation until the
attainment of a first depth of cut, the supplied hard
substances of the cutting means have a first mean particle
diameter, and after attainment of the first depth of cut, until
the end of the cutting operation, the supplied hard substances
of the cutting means have a second mean particle diameter, and
the first mean particle diameter is less than the second mean
particle diameter.

Finally, the object is achieved by a fourth method for
simultaneously cutting a multiplicity of slices from a
cylindrical workpiece having a diameter, by means of a wire saw
in the presence of a liquid cutting means, comprising a sawing
wire, which spans a wire grid composed of a multiplicity of
wire portions disposed parallelwise between two rotatable wire
guide rollexg, the wire portions, having a longitudinal
tension, describe a relative motion in relation to the
workpiece as a result of rotation of the wire guide rollers
with continual alternation between a first direction of
rotation and a second direction of rotation, which is opposite
to the first direction of rotation, the wire is moved by a
first length during the rotation in the first direction, and by
a second length during the rotation in the second direction,
and the second length is less than the first, characterized in
that, from the start of the cutting operation until a first
depth of cut, a suspension having a first viscosity is supplied
to the wire grid and, from the first depth of cut until the end
of the cutting operation, a suspension having a second
viscosity is supplied to the wire grid, wherein the first
viscosity is selected so as to be less than the second
viscosity.

The object is also achieved by simultaneous application of any
combination of two or more methods from the four methods
mentioned.
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The four methods according tc the invention are preferably used
for slicing a rod of gemiconductor material by means of a wire
saw. Particularly preferably, the semiconductor rod is In the
form of a straight cirxcular cylinder.

The four methods according to the invention are performed in
the presence of a liguid cutting means, which comprises a
carrier liguid and loose hard substances, which are present in
the carrier licguid. The liguid cutting means (suspension; is
also referred to as a silurry.

The four methods according to the invention are preferably
executed with the use of a structured monofilament steel wire.

The four methods according to the invention ar

preferably executed with the uss 2£ a torsion

refers fo helical turning cf the wire abcut

axis as a result of elagtic twigting of the wi

A structured wire is, in particular, a wire ha

diameter, the wire having being provided, as a
ast i

the transverse directio

[}

indentat
t

clevations and
whi

longitudinal

enve_one curve oL I

ch,
dire

s

greater th

comprises che diamster

cructurad wire was

'O

The first method according te the invention,
higher cui-in wire tengion, is 3
structured wire is used The latter has ult

wave-shaped, lateral wire deformati

likewi
wire.
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ving a
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he plane
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that are repeated at a periodic interval over the longitudinal
direczion of the wire ("undulated wire", “curimped wize’).
Examples of structured wires with which the methods according
£o the invention may be periormed are described, for exawmple,
in JP20042432492 A2 or ZPL8Z7745 E2.

cf the wire or winds helically around the wire In the

_ongitudinal direction of the wirs.

EP1827745 B2 disclcses a wire having wave-shaped protuberances

0f a first amplitude and a f£irgt wave length in a first

oY
®

transverse directicr of the wire, and having a second amplitu
and a second wave length in a second transverse direction of

“he wi

[..J

ce, the first and the second amp
the second wave leang™h be selec

e
rst transverse plane being perpendicular to the

These waves previ‘e the wire with an apparent diameter,

averaged ov
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cgreater, by the pear-to-psak amplitude cf the lateral
deflections, than the diamster of zhe wire core. In order fox

(]
the sffective crogg gection to

ppear approximately circular

'()

and isotropic, averaged over the ¢0Lgitudina1 direction of the
ted at least in both

le
direction, 1.e. twoc mutually

r
perpendicular, mutuaiiy superposed wave suructures.
A further possikility consists in lmparting & wave shape to the

wire in onlwv one trangverse direction, and then subjecting the
wire to torsion ("twigting") about its average longitudinal

axis, such that the wave-shaped deflection goes around the wire



10

15

25

30

35

The first method according to the invention is thus also
particularly advantageous if the wire simultaneously has the
features of structuring and toxrsion.

The wire cross section itself may also be deformed in a period
manner, in transverse directions that are perpendicular to each
other, resulting in an oval cross section that changes or -
again by twisting the wire - "rotates" in a periodic manner.

A feature of structured wire is that it improves the transport
of slurry into the kerf, since a reserve of slurry can be
trapped in the indentations ("pockets") of the wire surface,
without being immediately stripped off when the wire enters the
kerf and subsequently passes through the kerf. As a result,
the kerfs achieved are of improved quality (less abrasive
scoring), and larger workpieces, or workpieces of a given size,
can be sawn more rapidly (shorter time for a complete cutting
operation) .

Each cutting operation, i.e. the moving of the wire, or the
wire portions, of the wire grid over a complete cross sectional
face of the workpiece for each kerf, is preferably performed
with new wire, i.e. wire not used in a previous cutting
operation, since the wire undergoes wear as it removes material
from the workpiece. Because of the wear, the wire increasingly
loses its round shape. Since the wire undergoes a random
torsion during the cutting operation, wires that are not round
produce kerf thicknesses, and therefore slice thicknesses, that
vary within short cut advance intervals. These variations in
the thickness of the wafers resulting from the cut are referred
to as saw marks, and are undesirable.

The wire is wound from a pay-off coil (supply coil) to a take-
up coil (receiver coil) at a selectable speed. The wire in
this case is wound around at least two wire guide rollers
having a multiplicity of grooves that are perpendicular to the
axes of the wire guide rollers. The wire portions present
between the two wire guide rollers constitute the wire grid.
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The grid thus comprises a multiplicity of portions cof the wirs
that run, parallel o each other, in one plane.

id from the pav-0oIf coil,

uilde rolliers deliimiting the wire grid, with a

longitudinal wire tension that I &«
o

s
trol. The feedback control of the wire tension is

e}
Iy
[}
h

erably effected by means of a2 so-caliled dancer.

In the run-in to and run-out from the wire grid, the
longitudinal wire tension in the running direciion of the wire

is controlled by means of deflection rollers, which are

(,)
fte

at-ached to levers, an a_teration of th

(D

angle of the levers in
relacion to the longitudinal direction of the wire causing the

running length of the wire to be changed, and thus enapling the
wire to be tensioned Lo 3 greater ox lesgsser degree.
The torague exertsd upon the lever by

measure oFf the actual wire tensicn,

When the sawing wire is then moved in the longitudinal
direction of the wire during the cutting operation, the wire
ause of IZluctuating friction as the

a

c
wire 1g wound off from the wire coil, as it v

sses through the
numerous kerfg {cutting operaticn!, or as a result of bearing
friction of the wire guide rollers or various deflection

c
rollexrs for guilding the wire in the cutiing apparatus.
Measuring the torgue and neving the lever arm in the

closed feedback control

9]
0
th
4

appropriace direction by mean

A

loop enables this fluctuation 2o be kept low.
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any wire tengion fluctuations occur in correspondingiy rapid
uccession, and the lever arm "dancesg" very rapidly, with a

corresponrdingly rapid alternation, first in one angular

directicon and then in the other anguliar directicn about its

“

axis of rotation, which gives the lever its name.

The wire tension with which the wire is suprplied to the wire
the wire guide rollers delimiting the wire grid,

a
rmines in turn the wire tension of the wire portions in the
d
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The wire tension in the grid must be selected such th
h o

ig certainty that none of ths wire porti

is ensured, up to the wire ruptu

|

re tengion, during the cutiing

For the purpose of cutting the c¢ylindrical workpisce, having a

diameter, into a multiplicity of slices, the workpilece is

fastened in a wire saw by means of a mounting strip. By means
f a feed device, the workpilece ig guided perpendicularly from

O
above, through the wire grid, a suspension of hard substances
arrier liguid being suppiied as a cutiing means to the

ions of the w

i

3

()]
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re grid while, at the same time, the

wire gui rotated with a continual alternation

between £irst direction of rcoctation and a second direction

O
th

rst direction of rotation.

-

rotation that ig opposite <o the £
During the rotation of the wire guide roll
direction, the wire - and thus the wire po
grid - is moved by a first length, and during the votation in

each

=

the second direction 1t is moved by a second length, ir

O

as= relative to the workpiece, the gecond length being shorter

o)

&3]

than the firgst {rilgrim step method) .
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back and forth motion of the wire,

O

A piigrim step comprises
e eing advanced in total Ty a wire length corresponding

f both lengths (net wire motion), i.e. is

from the pay-off coil to the take-up coil. I£, for

first length {forward motionj) is 300 m and the

e
th {(return motion} is 300 m, the net wire motion is

m = 200 m.

In the methods according to the invention, the slicing of

cireular cylindrical workpiec

e
( [)

{for example semiconductor

rods) is always necessarily effected along striciiy convex

¢h segment connecting arny two points on The periph

a
end points of the ssgment.

n particular, the lengith, or engagement lencth 1, that is run
v the wire portion within the workpiece is equal to zero at

b
the instant at which Zhe wire portiocns first make contact with
the surface of a rod having stricily convex cutting faces,
nereases steadily up Lo a maximum {corresponding to half the
eter of the circular cviindrical workpiece), as the depth
of cut of the wire crid Increases in the course of the further
cutiing operation and, following attainment of the maximum,
decreases steadily again, to become zZero again at the end of
the cutting operation, i.e. at the instant of final contact of

the wire portions with the surface of the workpiece.

Fig. 1: Simplified representation of a cutting apparatus
suitable for a multiwire cut-off lapping method, with ail

eggential elements.

Fig. 2: Wafer produced by a method not according to the

invention.
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FPig. 4: The dynamic viscosity
function of the shear rate
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curtain on wire
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IUn-0ouc

curtain on

run-out

infeed si

ide
side
side of the rod

notch}
decrease in thickness close Lo edge on wire entyry side, in
region cf longest engagement lencth, along cut line D-D!

&
decresase in thickness

o
dynamic viscosity of fresh glux
rate at 25 °C

dymamic
rate at 25 °C
dynamic viscogity of
rate at 29 °C
vnamic viscosity
rate at 290 °C

dynamic viscosity of

rate at 60 °C

dvnamic viscosity of used fresh
shear rate at 60 °C

particle size distvibution of £

particle

local maximum of
micrometers

symbol

before (fresh

shickn

of used slurvries as a

fresh slurries as a

used glurri
u

Sawing-~in reglion

function ¢f shear

shesarx
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resh slurries
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POST after (used slurry)
C.F. particle count frequency, in percent
P.S. particle size, in micrometers {(um)

The invention is described in detail in the following with
reference to the figures.

Description of the first method according to the invention
The first method is based on the obgervation that, as the
longitudinal tension of the wire is increased in the wire
infeed, and therefore in the wire grid, the width of the kerf
decreases. The effect of kerf width decrease is small for
plain and strong for structured wires. In the case of plain
wires, the natural motion in the transverse direction of the
wire (vibration) is probably shifted to higher frequencies as
the wire tension increases. Higher frequencies, in turn,
undergo greater damping in the viscous sawing slurry, with the
regult that the amplitude of the vibration, and therefore the
width of the kerf produced, is reduced.

Wires provided with a kinked, waved or helical structure when
produced by plastic deformation in the transverse direction, in
order to improve the adhesion and transport of the sawing
slurry ("waved wire"), are additionally stretched as the
longitudinal wire tension increases. Reduced vibration and
stretching result in a reduction in the effective or working
diameter of the wire, and thus in a reduction of the kerf width
and an increased thickness of the cut-off slices.

When cylindrical workpieces are cut along strictly convex
cutting faces, the wire tension may be selected to be
substantially higher, at least at the instant of cut-in (first
contact of the wire with the workpiece), than in the rest of
the cutting operation, without rupture of the wire. This is
possible because the additional mechanical load on the wire,
caused by its motion through the viscous slurry, and the
friction caused by the material-removing work done also become

insignificant as the engagement length becomes insignificant.
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g the engagement length 1 of the wire portions in the

workpiece incrsases he mechanical load on the wire portions
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In a first prefarred embodiment of the T rst merhod according
tc the Invention, in the cutting of cylindrical workpiec
t

26 along strictly convex cutting faceg, in

cut of & 2% of the diameter of the werkpiece, the wire tension
is increased by & 80%, and in the case of a depth of cut o =
5% of the diameter of the cyiindrical workpiece, the wire
tension ig increased by * 50%, relative to the tension of the
25  wire when the engagement lencth 1 of the wire portiong is egual

ts the diameter of the workpisce. i1.e. when the engagement

Iength 1 is maximal.
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This wire tension in the case of a maximal wir
3 length is the le o
the grid

n with which the wire isg supplied to
e
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tire cutting operaticon. It is sele
to be of just such a magnitude that it is certain that the wire
e

w11l not yet rupture. For example, 1t may be select

P

that a wire rupture occurs maximally in a definsd fraction of
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for sxamgle in 1 % of all cuts. {¥ire rupture rates

N

significantly less than 1 % are not achievable, even with any

r wire tensicn, since the wire itgelf has production

(03

efects that occagionally result in rupture; The exact choice
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of this minimal tension depends on numerous factors: the wire
ize of the maximum engagement length (diameter

the total length cf the wire used for a
operation {and thus ths reduction in cress
section of the wire as a result of wear), the longitudinal
velocity of the wire, the rate of advance of the workpilece, the
composition of the slurry, and many other factors. The
suitable minimum tension is therefore determined

experimentally.

Since the wire grid accommodates a not inconsiderabple length of
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wire, this winimum tension with which th
the

0

rid shouid a.ready have been atiained as long befcre the
attainment of 2 maximal engagement length as it takes
length of wire corresponding to the wire present in the grid
has been supplied. As & result, even the wire portions on the
wire run-out end of the grid, which i1s reached last by wire
having a changed infeed tension, have a suffic

tension not to rupture at the instant of longest engagement

length and, consequently, of greatest load on the wire.

ccordingly, the tension of the wire supplied To the grid can
ncreased again, as _ong before attainmenz of the
-ongest engagement lencgth at which the wire tension is Lo bs ac
east, as 1t taxes until the supplied wire, having the
kFas worked Zrom the wire infe
wire run-out gide oI the grid zs a result of the net motion of

the wire. Alternatively, the wire tension may also be kept
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constant in the second ha cutting operation, for
example in order to reduce yet further the risk of a wire
rupture; this is because repairing a wire rupture in the second
half of & cut is particularly demanding. Moreover, the out-cut
out of the rod is alwayvs made with worn wire; the problem of an

"out-cut wedge", corresponding to the cut-ir therefore
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does not exist,

For example, in the case of a cvlindrical workpiece having a

diameter of 300 mm, the wire tension can be increased, up tc a
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depth of cut of 6 mm, by up to 80% relative tc the wire tension

at which it is certain that the wire will not rupture in the

region of a longest engagement length 1, and up to a depth of

S
15 mm it can still be increased by up to 50%.

As the engagement length 1 of the wire portions in the

workpiece increases, the force acting upon the wire In the

Al

-

tensile direction (longitudinal direction of the wire)

o]
[

increases progressively because of the viscous friction that is
built up by the wire owing to the shear rate in the slurry film
that buiilds up between the wire and the cut face (direction of

rod axis, transverse to wire) and the cut front (advance-

oriented transverge direction of wire}. The force acting upon

“he wire in the tensile direction {longitudinal direction of

the wire; is determined only <o an ever decreasing extent by
tside by means

the longitudinal wire tension, controlled from ou
of the dancers, with which the wire is convevyed to or out of
the wire grid, i.e. the longitudinal wire tension to or from

the grid differs from the longitudinal wire tensgion in the

grid.
IZ the wire sngagement length 1, upon cut-Iin {(first contact of
the wire with the workpiece) is zero, the viscous friction in

{tensile strength) of the wire can be applied by the dancers,
ere is no need to take account c¢f a wire tension reserve
for the viscous friction in the kerf.

£ 1

B SR F- R § R, P 3. -
cliowing for the £irst method: In

=

T. P 3 . 4w - i
Al example 1s gLVEn in tn

{

& comparaziv

m

example, not according tc the invention
to the first method, a monciilar cut-off lapping wire made of
hardened carbon steel (%0, having a diameter cf 175 um, and
having a manufacturer's rated tensile strength of 82 N, was
first used to cut a straight cylindrical rod of monocrystalline

gilicon having a diameier of 300 mm, the mean rod feed rate

being 0.4 mm/min and the wire use being 264 m/wafer. The
longitudinal wire tension at which the wire was only just

certain not to rupture was found to be 30 N.
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In an example relating to the first method, an identical wire,
having the same parameters (mean rod feed rate 0.4 mm/min, 164
m/wafer wire use, 300 mm rod diameter, 30 N wire tension in th
region of longest engagement length), was used, the
longitudinal wire tension, contrclled by the dancers, in the
wire infeed and run-out having been increased upon cut-in and
to 54 N up to a depth of cut of 6 mm, and to 45 N up to an
incision depth of 15 mm.

Fig. 3 shows the characteristic 30 of the thickness of two
wafers of a 300 mm silicon rod that were obtained in the
comparative example, Fig. 3 (&) showing one wafer from the wire
infeed side 12 of the silicon rod 15 in Fig. 1 with a thickness
measurement along the diametric cut line A-A', and Fig. 3 (B)
shows one wafer from the wire run-out side 24 of the rod 15
along B-B'. In Fig. 2 (&) and Fig. 2 (B) the thickness
characteristics were measured parallelwise, along chords close
to the periphery in the region of a longest wire engagement
length, i.e. when the rod has been half cut through, parallel
to the center line A-A' and B-B' regpectively, once {thicknesgs
profile 27) on the wire entry side (17 in Fig. 1) along D-D',
and once (thickness profile 29) on the wire exit side (18 in
Fig. 1) along C-C'. The depth of cut z = 0 mm in this case
corresponds to the breakthrough point 16 (incision), and

Z = 300 mm corresponds to the breakthrough point 16' (out-cut)
of the diametric cut line B-B' (Fig. 3 (B)} and analogous to
the diametric cut line A-A' (Fig. 3 (&)}, the breakthrough
point being the point at which the sawing wire enters or exits

from the workpiece.

The diametric thickness profiles of wafers from the end of the
rod on the wire infeed side always have only one slightly, or
wholly insignificant, decrease in thicknesgs 28 in the incision
region (Fig. 3 (A)). However, the decrease in thickness 28
then increases continuously from wafer to wafer, from the wire
infeed end to the wire run-out end of the rod, and is finally
greatest for wafers from the end of the rod on the wire run-out
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gside ("cut-in wedge" 28 in Fig. 32 (B)). This Is an entirely
unexpected observation, which does nct have an obvious
explanation. Z&n attempted explanacion, which also proved to be
material to the realization cf the other methods according to
the invention, was based on the following two onservations and

Firstly, the wixe portions of

engagement with the rod upon

FuR S

—esiD

wire grid that come

incision are composed

substantially of unused, thick wire, since

always ends in the mounting strip by which the rod is
to the feed device. The material of the mounting str
the stated examples and comparative examples relating
methods according to the invention, a strip of hard c
too soff to cause significant wear on the wire. The
cuts into the carbon strip tc a depth of a few milliime

that all wire portions

of the grid have cut com

through the rod. In the stated examples, cutiing int
nounting strip at the end of the cut was effected to
approximateiy 7 mm.

The cutting of the wire grid into the carbon strip to
cf a few millimeters lasts sufficientliy long for the
wire iIn the grid to be reriaced completely, at least
the net motion of thes wire, over the pilgrim steps be
executed at the time. Thus, in the case of the succe
the wire in the grid is thick, since it has virtually

Secondly, it is ths cage that
with the wire portions that,
cutting opsration, have ended
cy by wire cof a new coil, if
wire coil after the preceding

necessary to change the

(e}

vt chrough and therefore caus

the cut-in thus alwavs occurs

(carben strin) or fresh (coil

the cuz-in i

in the cass

operation is
eration and it has

the carbon

'
strlp
ama P
o8 aimOgsT

with wire

changej} .

the preceding step

supply of
once, by
ing
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o
fresh wire, i.e. a wire with a smooth surface. The siurry film
that surrounds a fresh wire is therefore thin. Close to the
end face of the rod on the wire infeed side, the increase in

the kerf, resulting from the greater thickmness oI the fresh

.'N‘

wire, and the decrease in the kerf, resuliting from the reduced
thickness of the slurry film, are approximately in eguilibrium,
such that wafers that have been cut out from rod positions on
the wire infeed side of the rod have no cur-in wedge, or have

onlv a slight cut-in wedge.
On the opposite, wire run-out, side of the rod, the wire has
a_ready passed through a mulitiplicity of kerfs, and has
therefore been subiscted to wear. It was obssrved that worn,
, 1.e. wire with a rough surface, provides better adhesion
cf the slurry and is therefore surrounded by a substantially
thicker glurry £ilm. A% the end face of the rod on the wire
run-out gide, the decrease in the thickness of the wirs causecd
by wear ig more than compsnsated by the increased thiclkness of
the

the sglurry Ziim dus to the roughening of

explaing, frowm the observations made and co
addregsed, the fact that wafers from rod peositions cl

o
wire run-out gide of the rod have a pronounced incision wedce.

Overall, the

cut-in wedge, which impairs the desired uniform
rhickness of a waifier, thus i

03

creages continuousliy, from walers
cut out from rod posgitions on the wire infeed side, toward

waferg cut out from rod positions on the wire run-out side.

1

The first method according o the invention makes it possible
te produce gubstantially narrower incision in that, at
the instant of incisicn, the wire portions present in the grid

have a substantially higher longitudinal wire tension than is
set subseguently, in the further course of ths cut, by means of
the dancers The widening of the kerf is counteracted by the
greatly increased longitudinal tension of a transverse
deflection of the wire in the axial direction cf the rod.
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Iz was obsserved that, in the case of a structured wire, the
tension up to which the wire tension can be increased during

the incigion can be set even higher again than the maximum

tension that can be gelected Zor a plain, unstructured wire of

an identical ccre diameter.

Some of the wire tension rvesgsrve, up to wire rupture, 1s used

[

up by unforeseeable, instantaneous lcad pesaxks that occur, fo

example, because of the inertia of the tension feedback control
by the dancers, or as a result of unforeseen brief blockages of
the wire transport in the wire management system, which

consists of many woving elements.

Moresowar, the deformations {Mwi. of the structured wire

that is used in preferences in the first method according to the
invention provide an additional spring action, which can absord
spontaneous peaks of the longitudinal wire tension, such that,

in the case of structured wire, a lesser rension reserve, up Lo
wire xupture, has to be available to enable sawing to be

effected with certainty of no wire rupture.

Of the wvarious structured wires, it was possible to use wirs

having a constant c¢ross section and lateral protuberances

("waved wire") with thes highest tensgion at which there was
still certainty of nc wire rupture. Such wire is therefore

preferred.

ol a
method according to the invention, the desired =ffect of kerf
tapering as a result of increased longitudinal wire tensicn is
particulariv pronounced in the method according to the
invention, and the use of waved wire ig particularly effective
in counteracting the development of an incision wedge of the

wafers obtained.
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In contrast to the prior art, the first method according to the
invention, with the use of waved wire, is characterized by a
considerable increase in the longitudinal wire tension, up to
almost the breaking limit of the wire. The effective diameter
of the waved wire in this case is reduced virtually to that of
the plain wire from which the structured wire was formed,
without rupture of the waved wire. Depending on the type of
waved wire, the effective diameter can be reduced by up to

20 um by this "slimming".

As a result of the slimming, the "pocketsg" for slurry that are
formed by the waved structure become shallower, and the
capacity of the wire to transport slurry gradually approaches
that of a comparable plain wire that does not have "pockets".

The reduction of the slurry film surrounding the wire
additionally favors a narrow kerf, and thus results in a
correspondingly thicker wafer, as desired for achieving the
object of the invention.

In a second embodiment of the first method according to the
invention for achieving a thinner kerf at the instant of
sawing-in, it is already sufficient if the wire portions in the
wire grid have a substantially higher longitudinal wire tension
before the incision, and, subsequently, wire is supplied with a
normal, non-increased, longitudinal wire tension during the
further cutting operation.

It was thus also possible in this case, for example, before
commencement of the cutting operation, for the grid to be
fitted with wire having a wire tension increased by up to 80%
relative tc the wire tension at which the wire is usually
supplied, and at which there is still certainty of no wire
breakage occurring, even in the case of greatest wire
engagement length, and thus greatest wire load, without this
resulting in a greater risk of wire breakage upon cut-in into
the workpiece.




10

‘N

20

The reason for this, as described, is that it takes some time

T

until the wire supplied o the wire grid with the lcwer wire

gt

"
i

tension has worked through

cr
0]
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, evenly changing the
longitudiral wire tension, and has thus changed the tension of
all wire portions in the grid. Tntil this has been achievag,

the cut ig already so deep and the engagement lengths 1 of the

wire portions are sc long, because of the Ifeeding of the rod,
on the wire ZThait then occurs in the

e of an appropriately selected wire golution (cheoice of the

firgt and gecond lengths of the pilgrim step in dependence on

i
igZlon depth), a further cut-in wedge can be counteracted

1
oy the measures known in the art.

In varioug exanmples relating to the sscond embodiment of the
first method according to the invention, 300 mm silicon zrods of
lengths of up to 46C mm were cut up into an average of 250

wafers, and in this, in various cutting operations, a total of

between 40 and 120 km, having a diameter of 175 um, was used
ver cultting cperation, ccrresponding to between 115 and 340 m
cf wire per wafer, or an average of between 1306 and 400 m of

wire per willimeter of incision depth in the rod. The

manufacc-urer's rated breaking limit of the wire was at least

74 N. In the case of the wire saw used, the length of wire
used to fullv fit the wire grid was approximately 1200 m
{approximazely 400 windings, each approximately 2.5 m in
length). Before commencement of the cut, 1200 m of wire were

suppiied to the wire grid, at a tension of 54 N, and the
cutting operation was commenced. Owing to the net motion of

o
the wire, the wire Zitted in the wire grid had conseguent

eady beer fully replaced at an incision depth
a 1 icng in the grid then had the reduced basic
tension, with which the wire was suppliied from the commencement
of the cut onwards (20 Nj. With use cof 175 um waved wire, it

was even possible for the increased basizc tension of the

(?

prefitted wire of the wire grid to be increased to 60 N, and

for *he reduced basic tsngion, after commencement ©f the cut,
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to be increased to 36 N, without the risk of a wire breakage
having become noticeably greater.

During the cut, the wire undergoes a trangverse deflection of
the wire in the direction of advance of the rod, the wire
flexure, which is dependent on the rate of material removal.
This additionally increases the required depth of cut from
which effective wear of the wire occurs as a result of
sufficient available chip volume.

In effect, only the restoring force of the wire resulting from
this wire flexure causes the shear rate in the slurry film
between the wire portions and the base of the kerf at which the
cutting operation progresses. The shear rate, i.e. the ratio
of the relative velocity and the film thickness, determines the
material removal rate; cf. F.W. Preston, J. Soc. Glass Technol.
11 (1927) 214 - 256.

Description of the second method according to the invention
The second method according to the invention makes it possible
to achieve reduced kerf thicknesses in that the thickness of
the slurry f£ilm surrounding the wire, and thus the thickness of
the kerf, is reduced by substantially lesser mean velocities of
the longitudinal motion of the wire over the first and second
lengths of the pilgrim steps.

The thickness of the slurry f£ilm surrounding the wire is
influenced by hydrodynamic processes, the film thickness being
composed of a dynamic and a static component. The dynamic £ilm
thickness is influenced by shear rates resulting from the
relative velocity of the wire in relation to the workpiece, the
static film thickness being influenced because of the pressure
resulting from wire flexure in the case of a given viscosity
counteracting slurry runoff.

The reduction in the shear rate in the case of a lesser wire
velocity causes a decrease in the hydrodynamic pressure, which
in turn determines the film thickness of the slurry surrounding
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the wire, as well as a longer dwell time within a given
engagement length, and an increased slurry runoff as
of the viscous carrier licuid being pressed out ©
the hydrodynamic pressure in the slurry f£ilm buil

.

Lransverse wlre sStUrag

~
~

644

Moreover, 1in the case of very high wire velocities, the uniform
wetting of the wire, passing the slurry nozzles at high speed,
is impaired, since wetting is also a function of time. This
results in irregular kerf widths, which results in unwanted saw

marks on the surfaces of the wafers obtained.

2 of wire cut-off lapping, the velocity of the wire
ngitudinal direction of the wire (wire velocitv) is

weern 5 and 2¢ m/s. Higher wire velocities

s

¢

surrounding the wire. The increas
s

sulting frowm increasing cutting

e second method according to the invention relates to wire

=

!

sawing by the pilgrim step method. In the case of the pilgrim
step method, the longitudinal motion of the wire is effe
with conztinual changes of direction. A pair of longitudinal

motions of the wire, between two successive changes of

comprises precisely a moving of the wire by a Zirst Iength in a
velocity, and a subssquent moOvVing

of the wire by a gth in a second direction that is

(

exactly opposite 3t direction, at a second velocity.
The second length Iin this case is selected s0 as Tc be less
than the first lencth, such that, during a full pilgrim step,

the said wire supply advances by a length determined by the
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ifference of the two Zengths ("net wire motion" during a
.'_

The first and the second wve.ocity are preferably equal.

Likewise preferably, the first and the second velocity are
unequal. Furthernmore, preferablv, the first and the second

velocity are each wvariable in respect of time.

Owing to the inertia of the masses involwved, ths change of

o
direction of the wire motion does not occur abruptly, but

compriges phases of acceleration and retardatiocon.

0]

In general terms, therefore, a mean wirve velocity over a

'U

ilgrim step, formed from a first and a second velocity, Ls

ptained for each wire wotion in one direction.

The second metnod according to the invention comprises two mean

velocitizsg, each calculated from the two veloc
longitudinal motion of the wire in the two opposing direction

of a pilgrim step, and is characterized in that the start of
c a

the cutting operation is effected with a Zirst such mean
veiocity, and the end of the cutiing operation is effected witl
a gecond such mean velocity, wherein the first mean velocity

selected so as to be less than the gsecond mesan velocity.
¥

In the gecond method according to The invention, at the starc

'S}
—

th

the cutiing operation a first mean velocity cf thes wire,
between two successive changes of directicn, is selected, and
cutting operation a sscond mean velocity of

two successive changes of direction, is
C

Preferarly, the second mean velocitv ig between 6 and 20 m/s,

cularly preferably between 8 and 15 m/s.
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The first mean velocltv is preferably betwsen 10 and 90%, and

particulariv preferably between 20 and 80% of the second mean

Owing to the legser mean velocity of the longitudinal motion of
he wire during the incision, less slurry is carried along by
the wire, and more time remains, between wetting of the wire
with slurry and the entry of the wetted wire portion into the
kerf, and also during the longitudinal wire motion of the
wetted wire portion through the kxerf, for the slurry to dric
cff the wire. The result is a lesg thick sliurry film
surrounding the wire during the start cf the cutting operation.
The width cf the kerf produced by the wire and the slurry,

which is determined bv the wire diameter and the thickness o

the slurry f£film around the wire, is theveIore less at the start
of the cutting operation than at the snd of the cutting
operation, when, according to the inventicn, the mean velocity
cf the longitudinal mozion of the wire ‘s greater, the slurry
film surrounding the wire is thicker, and t

v thne wire diameter and the thickness of the slurry £i

o)
o

Description of the third method according to the invention
i

ird method according te the invention makes it possible

Q

to achieve reduced kerf thicknesses in that, with smaller wmean
meters in the slurry, and with other parameters

&
remaining the same, the mean thickness of
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The third method according to the invention is characterized in
that, at the start of the cutting operation, a siurry is used
whose mean parti

5 . C oo — . N .
ie size 138 1e8s tnan tae mean partic

c
the glurry during the rest cf the cutting operation.

Preferably, at the ianstant of the cui-in,

small quantity of
ed abrasive, is

a
fresh siurry, containing a more fine-particl

suppiied to the wire grid.



A

<

(o]

tpa
W

Likewise preferably, a small guantity of used sliurry |

o)
slurrvyi, has a legser mean particle size becausse
£

the wirve orid at the instant cf

Likewise preferably, a small guantity of Zresgh siurry, which

O

£

contains a more fine-particied a
o

Since the sliuryy congumption is low during the first

U

-—% R T o= o = - iy oy 3
and tThe addition of the fine-particle

¥ a short time, because of the rapid

Upon attazimment of the first depth of cut, at which the wire

grid has penetrated into thes workpiece to a depth oI a few

e ox e I P S = n b oy o ey "
particle diameter cof the Zine-particle sluryry is between 50 and
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greatest sngagement length of a wire portion in the workpiece,
.r

wherein the greatest engagement length, 1n the case of a

circular cylindrical body, corrvesponds to the diameter o the
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al embodiment ©f the third method according to e

o]

invention, the procedure is preferably as foijows:
The guantity of sliurry reguired
pregent in the machine tank of
continuously via the slurry no:z

cutting. At the end of the cut
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At the end of a cutting operation, the supply slurry vpresent
ank is fine-particled, because of wesar. £, following

completion of the cut, the regeneration cguantity of slurry is

removead, buf the quantity removed is not immediately

replienished with fresh siurry before commencement ¢if The next

cut, and the next cut is started with the partial g

glurry remaining in the tank, the incision

with used, 1.e. particularly fine—partinlpﬁ.

regeneration guantity of fresh, coarse-part

preferably added only, and if necessary also gradually, when

the running cut has reached increasingly longer wire engagement
n

Kol p:

lengths for which fresh, strongly cutting coarse sliurry is
particularlv required. This succeszive replenishing of the
previousiy removed regeneraticn quantity only after the cut-in

eriod is referred to as “"z..vvy charging”

_urry being removed

n

uantity of

[

, ar incision with a finer granularity,
and consequently a narrower kerf and therefore resuliant wafers
without an incisicn wedge, can be realized in a particularly
simple manner.

In an actual example for thisg latter embodiment of the thixd
method according te the invention, by regenerstilon and
charging, the supply of slurry in the machine tank of the wire

saw for a cut was 150 1, and the regeneration guantity removed



10

=
th

20

25

td
o

ted

W

at the end of the cut was 75 1. Thus, in the subseguent
cutting operation, the incisicn was effected with a a
75 1 of glurry having a cutting particle that had
come spent by the preceding cut, Z.e. fine particle. The
75 1 was then progressively replilenished with added par:ial
gquantities in approximate proportion to a
i

{charging), the £i

“he longest wire engagement length (cut depth of 15C mm,

h

engagement lencth of 300 mm per ker

Fig., 5 shows the particle sige distribution of the solids

i
sugpended in the slurry, this being Zor a fresh slurry (37! and

for a siurry (38) that has been used in the cutting

application, the counted particlie component plotted in percent

(count frequency, C.F.}, relative to the total number of all
particles counted in the sample, over the particlie size
{(particle size, P.S.)

oticeable in the case of the used slurry is the local maximum
9 s

ize distribution 38 in the case cf small
)

The mean particle size for fresh and used slurry cannot be read

off directly from Fig. 5, since Fig. 5 shows the number of
counted particles per particle size class, whereas the mean
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particle size is calculated from the sum of the particle sizes,
with weighting of the volume fraction occupied by the
respective particle size (volumetric mean particle size). This
latter size determines the width of the kerf, and is relevant
for the third method according to the invention.

In an example for the third method, freshly prepared silicon
carbide (SiC), as a material-removing hard substance having a
particle size distribution similar to Fepa F-500 (curve 37 in
Fig. 5) was suspended, in a 52.4% mass fraction of the finished
slurry, in dipropylene glycol (DPG), as a carrier liquid, and a
parting cut was effected to determine the kerf width on a

300 mm silicon rod. A wire having a diameter of 175 um was
used for the parting cut, the thickness of a wafer being
determined at the end 12 of the rod on the wire infeed side and
at the start of the cut by measurement along the section A-A'
close to the point A (Fig. 1, center line thickness of the
waver). For this wafer position in the rod, the wire diameter
is known precisely (freshly supplied wire, 175 um), and for the
measurement position of the wafer thickness close to point A on
the section A-A' the slurry is unused, and the mean size of the
material-removing particle is known (start of cut).

By subtracting the measured thickness from the spacing of the
grooves 2 (Fig. 1) at the rod end on the wire infeed side

(1118 gm), a minimum kerf width of 218 um, i.e. 218 um - 175 um
= 43 um was obtained for double the thickness of slurry film
(namely, on both sides of the sawing wire). Thus, the slurry
film in each case is approximately 1.4 times as wide as the
mean particle size, which is 14.5 um in the case of the F-500
particle that was used, and is approximately 1.5 times as wide
as the median of the particle size distribution. Likewise, the
kerf width was measured at the end of the cut, close to point
A' on the center line thickness A-A' of the wafer. There, the
slurry is spent, the measured particle size (volumetric mean
from curve 38 in Fig. 5) is on average 9.73 um, and the slurry
film on both sides of the wire was found to be each




10

2

1o
A

2

h

20

0
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tc approximately

1.3 times the mean particle size.

The reason for this is that, in contrast to the
the particle distribut B
ause of h

i
asymretrical in relation to its maximum value, bkec
c 2

s
greatly increased proportion of fine varticles {(39);. The gain
for the wafer thickness with the use of spent slurry, as

compared with fresh slurry, is thus over 17 um.

Investigations by the iZInventor have shown however, that these
nagative effectg 4o not occur with impairing effect during the
first millimeters of inc s are

ision deprth. The reasons for th
the fact that the transport of slurry into the hkerf i

PR

non-critical, obviously bscause of the small engagement
of the sawing wire, the small chip volume per unit
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the rod infeed, and the sma
r

almost tangential wire ent

For 300 mm rods, critical depths of cut, belcw which the
disadvantageous effects of used sliurries upon the guality of
cut are not vet significant, and which are neverthelsss

] L to effect a pervceptible reduction of the cut-in
wedge, were Zound to be 6 mm for highly spent slurry, or supply

of siurry naving a mean particle size reduced by up o 6C%, and

o+

5
highly spent gluryy, or supply of
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approximately 15 mm fo
siurry havinc a mean particle size reduced by up to 70%. These
deptns of cut correspond to 2% and 5%, respectivelw, ¢f the
maximum engagement length {300 mm)

Description of the fourth method according to the invention



15

25

30

35

48

The fourth method according to the invention for achieving
thinner kerfs, and thus uniformly thicker wafers without an
"cut-in wedge" is based on a temporary reduction of the slurry
velocity during the incision.

The hydrodynamic back-pressure, determining the thickness of
the slurry film around the wire, and the static pressure caused
by the restoring force of the wire deflection can be reduced
during the cut-in if the slurry is temporarily made runnier,
i.e. if the viscosity is reduced.

For this purpose, in a first preferred embodiment of the fourth
method according to the invention, a temporary thinning of the
slurry (temporary increase in the proportion of carrier liguid
in the slurry composed of carrier liquid and hard substances)
is effected at the start of the sawing process, until a first
incision depth (incision) is attained.

In a second preferred embodiment of the fourth method according
to the invention, used slurry, which likewise has a lesser
viscosity in comparison with unused slurry, is used for the
incision of the wire grid into the workpiece.

Upon attainment of the first incision depth, at which the wire
grid has penetrated the workpiece to a depth of a few
millimeters, slurry having the standard (higher) viscosity is

used.

Preferably, the incision depth ig 2% or 5% of the greatest
engagement length of a wire portion in the workpiece, wherein
the greatest engagement length, in the case of a circular
cylindrical body, corresponds to the diameter of the workpiece.

Preferably, the first viscosity is between 40 and 95% of the
second viscosity.

Slurry having a lesser visceosity, i.e. a more runny slurry,
produces a thinner slurry film, and thus a greater local wafer
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thicknegs. This effect superpcoses the effect oI the reduced
mean particle size in the spent siurry, wnich 1

in a reduced f£ilm thickness.

Owing to the comparatively small guantity of the thinned slurry
reguired during the short incision phase, of the siurry presen

in the supply fcr the saw, the composition of the slurry sugply

Y’
2

Fig. 4 shows the measured dynamic viscosity {(D.V., symbol r} of

fresh slurry {(befcere the cut, "PRPE", curves 31, 33 and 35) and
tsed siurry f{(after the cut, "POST", curves 32, 34 and 3&) of

he slurry supp nction of the shear

13 u
rate over thne slurry film, measured in Fig. 4 (A) at 25 °C, in
0O

-

iz alwayve somewhat higher “han that of the fresh sliurry, whicho

containg only the hard substances that effect removal of

material.
The effect of the thinning Ig greatest precisely in the cut-in

region, in which the engagement lengths 1 ars chorit, and the
vigscous friction of the wire in the slurry against the

workpicce material is low, and zherefore the mean temperatures

In the case of long engagement lengths 1, owing to the high
gl

friction in the long kexf, mean temperatures of up tc just
under 60 °C were determined by means of an infrared camera. AL
50 ©°C, fresh slurry does not differ in viscosity from used

Since the fypical thicknesses h of siurry films are a few 10 um
and the velocity v of the wire motion in the longitudinal

direction of the wire is some m/s for all examples, shear rates
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dv/dh are still obtained beyond the highest point of 1000/s

accesgsible to measurement in the rheometer.

As a substitution,
used. Fig. 4
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reduction in the visc

ailing in the kerf, proved to be
sufficient o effect a sufficient kerf reduction, and thus
!
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incrsase in wafer thickness, in the cut-in region, and thus
c

iently reducs the cut-in wedge.
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corregponded approximately to the ambient temperaturse and that
cf the machine frame, and thus resulted in only small thermal
gradients over the various system componenis, with minimal
relative thermal expansion cf the components in relation to
sach other. By means 2f =z flow thermostat, the sliurry present
in the supply for the cutting apparatus 130 1} was circulated
through the slurry no

lan-

rC L Lel

4
3
6]

z
, at a flow rate of 23 kg/min. The rod feed rate

verad

()

d over the entire cut, was 0.4 mm/min, being up o

a
2 mm/min at the instant of incision, cowing to the low chip

voliume During the incision, the temperature was increased Lo
20 °C and to 35 °C for three to eight minutes. This

-

t
corresponded “o a cut-in depth of between six and 15 mm, during

which the temperature increase was eifective. Afterwards,
siurry O ad.

7 a mean temperature cof 25 °C was again supplie
Cwing to the shortness of the t—ime for which heated siurry was
suppiied, and the large cthermal mass of the machine frame
device and rod, and the effective internal cooling of the wire

guide rolilers, there proved to be

O

=

negative effects caused by

Giffering thermal expansicons; however, owing tc the reduction
of the viscogity in the kerf, it was possikle to reduge the

thickness of the slurry filwm and increase the thickness of the
wafers in the incision region, such that the cut-in wedge was
b +

no Longer determinant of minimum thick

f smaiisr pa

from the cutting face,
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Claims:

A method for simultaneously cutting a multiplicity of
slices from a cylindrical workpiece having a diameter, by
means a wire saw in the presence of a liguid cutting means,
comprising a sawing wire, which has a wire grid composed of
a multiplicity of wire portions disposed parallelwise
between two rotatable wire guide rollers, the wire portions,
having a longitudinal *tension, describe a relative motion
in relation to the workpiece as a result of rotation of the
wire guide rollers with continual alternation between a
first direction of rotation and a second direction of
rotation, which is opposite to the first direction of
rotation, the wire is moved by a first length during the
rotation in the first direction, and by a second length
during the rotation in the second direction, and the second
length is less than the first, characterized in that, from
the start of the cutting operation until the attainment of
a first depth of cut, the supplied hard substances of the
cutting means has a first mean particle diameter, and after
attainment of the first depth of cut, until the end of the
cutting operation, the supplied hard substances of the
cutting means have a second mean particle diameter, and the
first mean particle diameter is less than the second mean

particle diameter.

The method as claimed in claim 1, wherein the first depth
of cut is 2% of the greatest engagement length of a wire

portion in the workpiece.

The method as claimed in claim 1, wherein the first depth
of cut is 5% of the greatest engagement length of a wire

portion in the workpiece.

The method as claimed in any one of claims 1 to 3, wherein
the first particle diameter is between 50 and 80% of the

second particle diameter.
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The method as claimed in any one of claims 1 to 3, wherein
the wire is a monofilament steel wire, having a first
diameter, which has been provided, as a result of plastic
deformation in the transverse direction of the wire, with a
multiplicity of protuberances and indentations, in the form
of a zigzag, the envelope curve of which, in the plane
perpendicular to the longitudinal direction of the wire,
has a second diameter, wherein the second diameter is

greater than the first diameter.
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Abstract

Method for simultaneously cutting a multiplicity of slices of

particularly uniform thickness from a workpiece

S I G O

parallel to the axes of wire guide rollers by means of a
mounting strip and a feed means of a wire saw; moving the
woriipiece perpendicularly from above, by means cf the feed

aevice, hroughl a rid i the wire saw, w

formed from a multiplicity of portions of

parallel to each other and in one plane, by winding the wire

3 s Eapi ! - ~ v - 4 g + - - 3
around the wire guide roliers and guiding it 1n grooves in

o the wire
ns, while the wire portions, having a
tension, describe a relative motion in relation to the
workpiece ag a result of rotation of the wi
with continual alternation betwsen a first direction cof

rotation and a

fD

ond direction of rotation, which is opposit
to the first direction of rotation, wherein, during the
rotation in the first direction, the wirs

wrer Imer o -
8 moved by a first

,
1
3 qamd = -y = 2 ey = 5 A PR Yy
,Leh Lo, anc aQuring the rolatlon L Tag Selond Cirelfllon, “he
T

iongitudinal wire tension is selected, and at the end of the

g g i gy \ . B Rt SN P 4
cutiing operaticn a second .ongitudinal wire tension is

cted, wherein the first longitudinal tension i

I+
6}
0
C
o
0

Q

reater than the second longitudinal tension.
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Fig. 4B

D.V. 1 [mPa-s]

Fig. 4C

D.V. n [mPa-s]

260

280

260

N
B
[

2%
N
(e

100

10 100 1000
S.R. dvidh [1/s]

T=30 °C

T ¥ LA

10 100 1000
S.R. dv/dh [1/s]

T=60 °C

LI A N | T LI L LA

10 100 1000
S.R. dv/dh [1/s]



414

Fig. 5

100

10

0.1

S. [pm]



