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Method for producing semiconductor wafers by means of a wire saw, wire saw
and semiconductor wafer of monocrystalline silicon

The invention relates to a method for producing semiconductor wafers from a
workpiece by processing the workpiece by means of a wire saw, to a wire saw for
carrying out the method and to a semiconductor wafer of monocrystalline silicon,

which may be obtained by the method.

Prior art / problems
A wire saw and the functional principle thereof are described in detail in
WO 2015/188 859 A1.

JP 09 109 143 A discloses a method for producing wafers from a workpiece (ingot) by
means of a wire saw, which comprises the following steps: detecting the position of
wires of a wire field of the wire saw and, when there is a deflection of the wires,
inducing a compensating movement of a wire guide roller in order to correct the

deflection.

JP 11 165 251 discloses a similar method, which comprises the following steps:
detecting the position of wires of a wire field of the wire saw and, when there is a

deflection of the wires, inducing a compensating movement of the workpiece.

US 5 875 770 discloses a similar method, which comprises the following steps:
detecting the warp of wafers before processing the workpiece, and inducing a
compensating movement of the workpiece along an axial direction of the workpiece in

a scope such that wafers with reduced warp are formed.

JP 2009 61 527 A discloses a similar method, which takes account of the fact that the
workpiece may move axially because of thermal expansion, by providing means to

permit the wire guide rollers a compensating movement.
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Regardless of these available solutions, there is still a need for improvement of the
method for producing semiconductor wafers from a workpiece by means of a wire
saw. In particular, it is to be taken into account that the axial movement of the
workpiece because of thermal expansion can be compensated for only approximately
by a corresponding axial movement of the wire guide rollers. Furthermore, regulation
of the axial positions of the wires by means of the temperature of the wire guide rollers
is relatively slow. Furthermore, the measured warp of wafers from a workpiece
processed previously can only approximately describe deviations for a workpiece yet
to be processed, and the axial movement of an entire workpiece can compensate for
such deviations only partially.

In particular, improvement of the method is required so that semiconductor wafers
may be obtained whose planarity, particularly in relation to warp and nanotopography,
is better than that of wafers which are produced in a known way.

The described problems have given rise to the object of the invention.

The object of the invention is achieved by a method for producing semiconductor
wafers from a workpiece by processing the workpiece by means of a wire saw,
comprising

feeding the workpiece through an arrangement of wires which are tensioned between
wire guide rollers while being divided into wire groups and move in a running direction;
producing kerfs when the wires engage into the workpiece;

for each of the wire groups, determining a placement error of the kerfs of the wire
group; and

for each of the wire groups, inducing compensating movements of the wires of the
wire group as a function of the determined placement error of the kerfs of the wire
group in a direction perpendicular to the running direction of the wires of the wire
group during the feeding of the workpiece through the arrangement of wires by

activating at least one drive element.

At least two wire groups are provided, preferably at least three wire groups, and

particularly preferably four wire groups, although it is also possible for each wire to be
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regarded as a separate wire group i.e. the number of wire groups corresponds to the
number of wires in the arrangement of wires (wire web). Wire groups preferably have
the same axial width and the distance between neighboring wires of a wire group is

the same.

According to the invention, for each of the wire groups, separate compensating
movements of the wires of the wire group are induced in a direction perpendicular to
the running direction of the wires of the wire group, i.e. in the direction of the rotation
axes of the wire guide rollers. To this end, at least one drive element is activated,
which displaces the wires in the intended direction and over the intended distance.
The compensating movements of the wires of the wire group are induced
independently of optionally simultaneously performed inducing of compensating

movements of the wires of another wire group.

As a drive element, in particular electromagnetic, mechanical, hydraulic, pneumatic,
magnetostrictive and preferably piezoelectric actuators may be envisioned. If the
wires are divided into four wire groups, for example, the wire groups form two inner
and two outer wire groups. If the workpiece expands because of heat, the placement
error of a kerf which is to be assigned to a wire of one of the inner wire groups is less
than that which is to be assigned to a wire of one of the outer wire groups.
Correspondingly, the magnitudes of the compensating movements of the wires of the
outer wire groups must be selected to be greater than the magnitude of the
compensating movements of the wires of the inner wire groups. In the event that each
wire is regarded as a separate wire group, each wire is subjected to a compensating
movement with its own magnitude and its own direction.

A semiconductor wafer cut from a workpiece has an upper and a lower side surface
and an edge extending between the two. It is conventionally desired that, after cutting
from the workpiece, the upper and the lower side surface are as planar as possible
and have a maximally uniform distance from one another. The better the planarity of
the side surfaces and the uniformity of the thickness of the semiconductor wafer at the
start, the greater the success and the lower the outlay of refining the semiconductor

wafer by subsequent steps such as lapping and/or grinding, etching, polishing and
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optionally coating to form a target product which meets the stringent requirements of
the industry which processes the semiconductor wafer further to form electronic
components. The upper side surface is also referred to as the front side of the
semiconductor wafer, and is generally that surface on or into which the intention is to
apply structures of electronic components in the course of further processing of the

semiconductor wafer.

The present invention has the aim, when processing the workpiece by means of a
wire saw, of ensuring that kerfs whose placement deviates as little as possible from a
placement regarded as ideal are formed in the workpiece. If semiconductor wafers
with a uniform thickness and maximally planar side surfaces are sought, an ideal kerf
extends in a straight line and at a right angle to the longitudinal axis of the workpiece.
In other words, the trajectory through the middle of such a kerf extends along a
straight line which is oriented perpendicularly to the longitudinal axis of the workpiece.
Such a trajectory will be referred to below as the target trajectory. Accordingly, there is
a placement error of a kerf when the actual trajectory deviates from the target
trajectory. This is the case when a position vector that points to the middle of the kerf

no longer ends at the target trajectory.

A placement error of a kerf occurs, for example, when a wire moves perpendicularly to
its running direction during its engagement into the workpiece, i.e. in the direction of
the rotation axes of the wire guide rollers between which it is tensioned, or when the
workpiece axially expands because of the development of heat during the feeding
through the arrangement of wires. The placement error of a kerf is in the latter case
commensurately greater when the kerf has a greater distance from the middle of the
workpiece. The middle of the workpiece is the position between the two ends of the

workpiece.

It is one aspect of the invention, for each wire group separately, to determine the
placement error of the kerfs irrespective of the reason which has led to a relative
movement between the workpiece and the wire group. Examples of such reasons are
movement of the wire group, movement of the workpiece or thermal expansion of the

workpiece. It is another aspect of the present invention to distinguish between a
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placement error of the kerfs which occurs systematically when using a particular wire
saw and a placement error of the kerfs which occurs randomly and independently of

the use of a particular wire saw.

Expediently, for each wire group separately, at least one closed control loop is set up,
in which a control deviation, i.e. an ascertained placement error of the kerfs of the wire
group, is responded to with a modification of the manipulated variable, i.e. the

inducing of a compensating movement of the wires of the wire group.

According to a first configuration of the method according to the invention, the
determination of the placement error of the kerfs of the wire group is carried out for
each wire group separately during the feeding of the workpiece through the
arrangement of wires. According to a first alternative of the first configuration, the
position preferably of each kerf relative to a fixed reference point is measured and
compared with a setpoint position. The setpoint position of a kerf is the position
relative to the fixed reference point which would be required for an ideal kerf to be
formed. The deviation of the measured position of the kerf from its setpoint position
corresponds to the placement error of the kerf. Since the deviation is in principle
different for each kerf of the wire group, the deviations are averaged to give a
placement error which is representative of the placement error of the kerfs of the wire
group. In other words, each kerf of the wire group is assigned the same averaged
placement error. The averaging may be carried out without weighting, or placement
errors of particular kerfs are specially weighted. From the placement error of the kerfs
of the wire group, a correction profile may be derived which specifies the magnitude
and direction with which the wires of the wire group must be moved during the feeding
of the workpiece in order to eliminate the placement error of the kerfs. The correction
profile has, considered over the penetration depth of the wires into the workpiece, a
profile which is complementary to the profile of the ascertained placement error of the

kerfs of the wire group.

The measurement of the position of the kerfs of the wire group is preferably carried
out by means of irradiating the kerfs of the wire group with optical radiation, IR

radiation, X-radiation or y radiation. Furthermore, mechanical sensing of the kerfs of
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the wire group or inductive or capacitive measurement of the kerfs of the wire group
may also be envisioned. Such direct observation of the kerfs of the wire group reveals

any relative movement between the workpiece and the wires of the wire group.

According to a second alternative of the first configuration, the position preferably of
each wire of a wire group and of the workpiece relative to a fixed reference point is
simultaneously measured and compared with a setpoint position, in order to record
such a relative movement. Since the deviation is in principle different for each wire of
the wire group, the deviations are averaged to give a placement error which is
representative of the placement error of the wires of the wire group. In other words,
each wire of the wire group is assigned the same averaged placement error. The
averaging may be carried out without weighting, or placement errors of particular kerfs
are specially weighted. The setpoint position of the wire is the position of the wire
relative to the fixed reference point which would be required for an ideal kerf to be
formed. The same applies for the setpoint position of the workpiece. From the sum of
the measured deviations from the setpoint positions of the wire and workpiece, the
deviation of the actual trajectory from the target trajectory is determined

approximately.

The measurement of the position of the wires of the wire group, or of the position of
the workpiece, is carried out by means of irradiating the wires of the wire group, or
respectively the workpiece, with optical radiation, IR radiation, X-radiation or y
radiation, or by means of capacitive or inductive measurement. Furthermore,
mechanical sensing of the wires of the wire group, or respectively of the workpiece, or
inductive or capacitive measurement of the wires of the wire group, or respectively of
the workpiece, may also be envisioned. The position of the workpiece may be
determined relative to end surfaces of the workpiece, and preferably relative to
reference points marked on the workpiece.

According to a second configuration of the method according to the invention, the
determination of the placement error of the kerfs of the wire group is carried out for
each wire group separately before the feeding of the workpiece through the

arrangement of wires. By virtue of this procedure, a placement error of the kerfs which
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occurs systematically when using a particular wire saw is determined. In order to
determine the placement error of the kerfs, the local geometry of semiconductor
wafers which have been produced beforehand by means of a particular wire saw is
measured. These semiconductor wafers come from one or more workpieces which
have been processed by means of this wire saw, specifically by means of wires of the
wire group for which the placement error of the kerfs is being determined. The local
geometry of a semiconductor wafer approximately replicates the trajectory of the kerf
next to the semiconductor wafer. Preferably, the local geometry of the median surface
of a warp measurement according to SEMI MF 1390-0218 is obtained, specifically as
follows: a height line (line scan, LS) is produced by selecting those measurement
values of the median surface which lie on a line that extends through the center of the
semiconductor wafer. The measurement values lie on a line that follows a diameter of
the semiconductor wafer, preferably in the direction of the feeding of the workpiece
when cutting the semiconductor wafer, or deviates from such a direction at least by no

more than + 20°.

In order to identify a placement error of the kerfs which occurs systematically when
using a particular wire saw, the local geometry of the semiconductor wafers which
come from one or more workpieces that have been processed by means of this wire
saw and have been produced by means of wires of the wire group is averaged to give
a single local geometry. The averaging may be carried out without weighting, or the
local geometry of particular semiconductor wafers is specially weighted because of
their relative placement in the workpiece. On the basis of the averaged local
geometry, it is then deduced how the trajectory of the kerfs will be if the particular wire
saw is used and other influences that affect the trajectory are neglected. Such a
trajectory will subsequently be referred to as the expected trajectory. The placement
error of the kerfs of the wire group, which is to be expected during the feeding of the
workpiece, is obtained from comparison of the expected trajectory with the target
trajectory. The comparison gives a wire saw-specific correction profile, which specifies
the direction and magnitude of the compensating movements of the wires of the wire
group as a function of the penetration depth of the wires into the workpiece during the

feeding of the workpiece through the arrangement of wires. The profile of the wire
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saw-specific correction profile is in principle complementary to the profile of the
averaged local geometry.

The wire saw-specific correction profile is preferably also used in order to be able to
promptly identify changes in the performance of the wire saw and respond thereto.
Changes in the wire saw-specific correction profile which occur in the course of the
processing of workpieces indicate wear of the wire and/or of the coating of the wire
guide rollers or of another component of the wire saw which is subject to wear. A
threshold may therefore be defined for the change in the wire saw-specific correction
profile, with predictive maintenance measures being initiated when this is reached.
Even before reaching such a threshold, changes in the wire saw-specific correction
profile may be taken as a reason to carry out adaptation measures which counteract a
wear-related degradation of the working outcome. Such adaptation measures may, for
example, involve changing the composition and/or the temperature of a cutting
medium suspension or changing the temperature of a coolant, as well as changing the

wire speed or other process-specific parameters.

A third configuration of the invention involves combining the first and second
configurations. A first part of the compensating movements of the wires of the wire
group is induced on the basis of a correction profile which is determined according to
the first configuration of the invention in real time during the feeding of the workpiece
as a function of the penetration depth of the wires of the wire group. A further part of
the compensating movements of the wires of the wire group is induced on the basis of
a wire saw-specific correction profile which has been determined according to the
second configuration of the invention before the feeding of the workpiece through the
arrangement of wires for the respective wire group. Randomly occurring and therefore
unpredictable influences on the placement error of the kerfs, as well as those which
occur systematically because of the use of a particular wire saw, are therefore taken

into account separately from one another.

A wire saw-specific correction profile may, of course, also be obtained by recording
the correction profile which is derived according to the first configuration of the method
according to the invention.
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The present invention may be used in conjunction with wires which comprise abrasive
grain fixed on the wire, or in conjunction with wires which are free thereof and exert
their effect in combination with a cutting medium suspension. In particular, diamond
may be envisioned as the abrasive grain. The wires in question here are sections of a
wire which is wound around the wire guide rollers of the wire saw. The number of wire
guide rollers of the wire saw is not essential for the use of the invention. For example,
the wire saw may comprise two, three, four or an even greater number of wire guide

rollers.

The workpiece preferably consists of a semiconductor material such as silicon, which
may be present in the polycrystalline or monocrystalline state. The contour of the
workpiece is square, rectangular or circular. The method according to the invention is
suitable, in particular, for the production of round semiconductor wafers of
monocrystalline silicon with a diameter of at least 200 mm, in particular at least

300 mm.

The object of the invention is furthermore achieved by a wire saw for producing
semiconductor wafers by processing a workpiece, comprising

wire guide rollers, between which wires are tensioned to form an arrangement of
wires, which are divided into wire groups and move in a running direction;

a device for feeding the workpiece through the arrangement of wires while producing
kerfs when the wires engage into the workpiece;

drive elements, at least one of which is assigned to each of the wire groups, for
moving the wires of the assigned wire group; and

a control unit for activating the drive elements, the control unit, when there is a
placement error of the kerfs of the wire groups, activating that drive element which is
assigned to the wire group, so that the wires of this wire group execute compensating

movements perpendicularly to the running direction.

The wire saw comprises a device for feeding a workpiece through an arrangement of
wires which are tensioned between wire guide rollers. The wire saw may comprise

two or more wire guide rollers, around which the sawing wire
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is wound. In a wire saw according to the invention, the wires are divided into groups
and at least one drive element is assigned to each of the wire groups. When a drive
element is activated, the wires of the wire group assigned to it are moved
perpendicularly to the running direction of the wires, i.e. in the direction of the rotation
axes of the wire guide rollers. The activated drive element moves the wires of the wire
group assigned to it simultaneously with the same magnitude in the same direction.
Because of the assignment of the drive elements, the magnitude and the direction of
the movement of the wires of one wire group are independent of the magnitude and
the direction of the movement of the wires of another wire group. The wire guide
rollers, between which the wires divided into wire groups are tensioned, so that they
form the arrangement of wires, are provided with the drive elements. The drive
elements are arranged between the wire groups of at least one of the wire guide
rollers, between which the workpiece is fed through the arrangement of wires. It is not
necessary, but also not ruled out, that the other wire guide rollers tensioning the wire

web are likewise provided with such drive elements.

The wire saw furthermore comprises a control unit for activating the drive elements.
When there is a placement error of the kerfs of a wire group, the control unit activates
the drive element that is assigned to the wire group whereupon the wires of this wire
group execute a compensating movement which reduces or eliminates the placement

error of the kerfs which has been determined.

The control unit accesses either data relating to the placement error of the kerfs which
have been provided during the feeding of the workpiece by means of a measuring
apparatus according to the first configuration of the method, or wire saw-specific data
which are stored in a database and have been provided before the feeding of the
workpiece according to the second configuration of the method, or both of these data
together.

The measuring apparatus is used, separately for each wire group, to determine the
placement error of the kerfs of the respective wire group during the feeding of the
workpiece through the arrangement of wires. The information relating to the

placement error of the kerfs of the wire group is transmitted to the control unit and



10

15

20

25

30

11

processed further there to form a signal (manipulated variable) for the activation of the
drive element that is assigned to the corresponding wire group. The measuring
apparatus and the control unit are components of a first closed control loop for
minimizing the placement errors of the kerfs. By means of this control loop, for each
wire group separately, the drive element assigned to the wire group is activated,
independently of the optionally simultaneously induced activation of a drive element
that is assigned to another of the wire groups.

The data memory is used for holding data relating to activation of the drive elements.
The data form a wire saw-specific correction profile, specifically a separate one for
each of the wire groups. Such a wire saw-specific correction profile specifies the
direction and the magnitude of the compensating movements of the wires of the wire
group as a function of the penetration depth of the wires into the workpiece. The
control unit accesses this data during the feeding of the workpiece through the
arrangement of wires, and activates the drive element assigned to the respective wire
group according to the specifications of the wire saw-specific correction profile
applicable to the wires of this wire group. Preferably, the data memory and the control
unit are components of a further closed control loop for minimizing the placement

errors of the kerfs.

If the wire saw has a data memory, a computation unit is preferably also provided for
tracking changes in a wire saw-specific correction profile in the course of the
processing of a plurality of workpieces. When an established threshold of the changes
is reached, the computation unit outputs a signal for initiating a predictive

maintenance measure.

The object of the invention is furthermore achieved by a semiconductor wafer of
monocrystalline silicon, having an upper side surface and a lower side surface,
comprising

a warp of less than 1.2 um;

a nanotopography of the upper side surface, expressed as THA25 10%, of less than

5 nm; and



10

15

20

25

30

12

a subsurface-referenced nanotopography of the upper side surface of less than 6 nm,
expressed as a maximum peak-to-valley distance on a subsurface and referenced to
subsurfaces with an area content of respectively 25 mm x 25 mm.

The semiconductor wafer preferably has a diameter of at least 200 mm, particularly
preferably a diameter of 300 mm. The above-indicated properties of the
semiconductor wafer regarding warp, nanotopography and surface-referenced
nanotopography relate to a semiconductor wafer with a diameter of 300 mm.

The warp of the semiconductor wafer is determined according to the standard SEMI
MF 1390-0218.

In order to examine the nanotopography, an interferometer, for example an instrument
of the type WaferSight™ from KLA-Tencor Corp., may be used. Such an
interferometer is suitable for measuring the topography on the upper side surface of a
semiconductor wafer. The instrument images a height map of the upper side surface
of the semiconductor wafer, which is filtered and over which an analysis window with
a defined analysis area is moved. The evaluation of the height differences in the
analysis window is carried out by THA (threshold height analysis) according to method
protocols established by the standards SEMI M43-0418 and SEMI M78-0618. THAXX
10% < 5 nm means that at most 10% of the analyzed area of the upper side surface of
the semiconductor wafer in the analysis window with the analysis area specified by
XX may have a maximum PV distance (peak-to-valley metric) of 5 nm or more. For a
semiconductor wafer according to the invention, the nanotopography of the upper side
surface, expressed as THA25 10%, is less than 5 nm, an analysis window with a
circular contour and a diameter of 25 mm being used and the unfiltered topography
signal being filtered with a single Gaussian highpass filter with a cut-off wavelength of
20 mm. The cut-off wavelength decreases to 1 mm toward the edge of the
semiconductor wafer. Before the filtering, an edge exclusion of 5 mm is allowed for,

and after the filtering an edge exclusion of 15 mm.

During the measurement of the nanotopography of the upper side surface, the

semiconductor wafer may be in the state after cutting from the workpiece or in a state
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following processing steps subsequent to the cutting, such as etching and polishing.

Preferably, the upper side surface of the semiconductor wafer is in the polished state.

The nanotopography may also be evaluated in a subsurface-referenced fashion, i.e.
with reference to user-specific subsurfaces (sites) of the upper side surface of the
semiconductor wafer. The PV distance is determined as described above (analysis
window with circular scope and a diameter of 25 mm, single Gaussian highpass filter,
cut-off wavelength of 20 mm decreasing to 1 mm toward the edge of the
semiconductor wafer). The edge exclusion however, is 2 mm before the filtering and
3 mm after the filtering. The upper side surface of the semiconductor wafer is
subdivided into subsurfaces, which are grouped around a subsurface (site) whose
lower left edge is arranged at the center of the upper side surface of the
semiconductor wafer. For a semiconductor wafer according to the invention, the
subsurface-referenced nanotopography of the upper side surface is less than 6 nm,
expressed as a maximum PV distance on a subsurface and with reference to

subsurfaces with an area content of 25 mm x 25 mm.

The invention will be further explained below with reference to drawings.

Brief description of the figures

Fig. 1 shows main features of a wire saw belonging to the prior art.

Fig. 2 shows features of a wire guide roller of a wire saw according to the invention.
Fig. 3 shows schematically the procedure of the method according to the invention.
Fig. 4 shows the way in which an actual trajectory may differ through the middle of a
kerf from a target trajectory.

Fig. 5 and Fig. 6 show the direction and magnitudes of possible compensating
movements of wire groups with reference to two examples.

Fig. 7 shows a typical correction profile, on the basis of which compensating
movements of the wires of a wire group are induced.

Fig. 8 to Fig. 10 and Fig. 11 to Fig. 13 show height lines, derived from median

surfaces of a warp measurement, respectively of three semiconductor wafers.
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Fig. 14 to Fig. 16 correspond to Fig. 8 to Fig. 10 with the difference of more highly
resolved scaling of the ordinate.
Figs 17, 18 and 19 show the way in which a wire saw-specific correction profile may

vary in the course of the processing of a plurality of workpieces.
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List of references used

1 sawing wire

2 grooves

3 left wire guide roller
4 right wire guide roller
5 axis

6 axis

7 rotation

8 rotation direction

9 longitudinal wire movement
10 longitudinal wire movement
11 wire web

12  feed device

13 kerf

14  axis

15  workpiece

16  sawing strip

17  adhesive

18  arrow direction

19 nozzle row

20 nozzle row

21 nozzles

22 et

23  jet

24a-e drive element

25a-d wire group
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26 fixed bearing

27 bearing

28  control unit

29  data specification

30 measuring apparatus
31 data memory

32  target trajectory

Fig. 1 shows main features of a wire saw belonging to the prior art, and serves to
explain the basics of a method for producing semiconductor wafers from a workpiece
by processing the workpiece by means of a wire saw.

A suitable wire saw comprises sawing wire 1 which is passed several times spirally
around a left wire guide roller 3 and a right wire guide roller 4 and is guided by
grooves 2 in such a way that the wire sections running on the upper side of the wire
guide rollers, which are referred to as wires for the description of the present
invention, run parallel and form a wire web 11. A workpiece 15 is fastened on a
sawing strip 16, for example by means of an adhesive 17. The sawing strip 16 is fed
with the workpiece 15 by a feed device 12 (represented indicatively) in arrow direction
18 perpendicularly against the wire web 11 and is brought into engagement with the
wires of the wire web 11. Optionally, the wire saw comprises left nozzle rows 19 and
right nozzle rows 20 with nozzles 21 for delivering a cutting medium suspension in the
form of a left elongated jet 22 and a right elongated jet 23 onto the left wire guide
roller 3 and the right wire guide roller 4.

The wire guide rollers are mounted rotatably about axes 5 and 6. Their axes and the
axis 14 of the workpiece 15 - in the example shown a cylindrical ingot - are oriented
parallel to one another. In order to initiate the cutting process, one wire guide roller,
for example the left wire guide roller 3, is driven in rotation 7 (master). The other wire
guide roller (slave), in the example the right wire guide roller 4, corotates, pulled by
wire 1, in the same sense in the rotation direction 8. When the wires engage into the

workpiece 15, kerfs 13 are formed.
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Conventionally, the direction of the wire longitudinal movement 9, 10 is reversed
several times during a full cut through the workpiece 15, wherein in each individual
one of these pairs of direction changes of the wire, referred to as a reciprocating
movement, the wire is moved by a greater length in one direction and a shorter length
in the opposite direction.

A wire saw according to the invention has at least one wire guide roller, which
comprises drive elements. An example of such a wire guide roller is represented in
Fig. 2. When a drive element is activated, an activated wire group is moved in a
direction perpendicular to the running direction of the wires of the wire group. In the
example represented, five drive elements 24a-e and four wire groups 25a-d are
provided between the fixed bearing 26 and the bearing 27 of the wire guide roller. The
bearing 27 may be configured as a loose bearing or as a fixed bearing. The drive
element 24e that is adjacent to the bearing 27 may be omitted if the bearing 27 is a
loose bearing. Irrespective thereof, the bearing 27 is shown as a loose bearing in the
example represented. The double arrows indicate possible movement directions, in
which a wire group moves when the drive element assigned to it is activated. The wire
guide roller may be subdivided into segments, provided with grooves for wires, which
are arranged on a shaft, for example into segments such as are described in

JP 11 123 649 A2. A drive element is then positioned between each end of the
segments and adjacent to the fixed bearing. In such a structure, the wire guide roller
represented in Fig. 2 has a number of segments which corresponds to the number of

wire groups.

Fig. 3 schematically shows the procedure by which a control unit 28 acts on drive
elements 24 on the basis of data relating to a placement error of the kerfs of a wire
group with a correction signal 32 based on a correction profile and/or a wire saw-
specific correction profile, so that the wires of the wire group 25 execute
compensating movements. The control unit 28 receives the input required therefor
from a measuring apparatus 30 and/or a data memory 31, in which the wire saw-
specific correction profile is stored.
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Fig. 4 shows in cross section an image which may be obtained either by observing the
kerfs or by observing the wires and the workpiece during the engagement of the wires
into the workpiece. It shows a part of the workpiece 15, and a kerf 13 which extends
through the workpiece. The actual trajectory, which extends through the middle of the
kerf 13 deviates more or less significantly during the creation of the kerf from a target
trajectory 32. The difference represents the ascertained placement error of the kerf
13. As mentioned, according to the invention, for each wire group, compensating
movements of the wires of the wire group are induced as a function of the ascertained
placement error of the kerfs of the wire group in a direction perpendicular to the
running direction of the wires of the wire group, specifically by activating a drive
element that is assigned to the respective wire group.

Fig. 5 and Fig. 6 show the direction and magnitudes of possible compensating
movements of wire groups with reference to two examples. The drive elements 24a-e
are, for example, piezoelectric actuators. In the case of Fig. 5, the effect of the same
type of activation of the drive elements 24a-d shown in Fig. 2 is that the piezoelectric
actuators respectively expand by the same magnitude, so that the wire groups 25a-d
and the bearing 27 of the wire guide roller are correspondingly moved away from the
fixed bearing 26. The magnitude of the compensating movement increases, as the
arrows indicate, uniformly from the wire group 25a to the wire group 25d. It may,
however, also be necessary for example that, as represented in Fig. 6, compensating
movements are required in the course of which wire groups move toward one another.
Fig. 6 shows the result when the drive elements shown in Fig. 2 are activated in such
a way that the drive element 24a expands with a magnitude a and the drive element
24d expands with a magnitude d (magnitude d > magnitude a) toward the bearing 27,
and the drive element 24b contracts with a magnitude b and the drive element 24c
contracts with a magnitude ¢ (magnitude ¢ > magnitude d) toward the fixed bearing
26. Overall, the compensating movements of the wires of the wire group and of the
bearing 27 indicated by arrows then take place: the wires of the wire group 25a are
moved with the greatest magnitude toward the bearing 27, the wires of the wire group
25b are not moved, the wires of the wire group 25¢ are moved with a magnitude
toward the fixed bearing 26, and the wires of the wire group 25d are moved with the

smallest magnitude toward the bearing 27.
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The comparison of the actual trajectory and the target trajectory according to the first
configuration of the invention, or the comparison of the expected trajectory and the
target trajectory according to the second configuration of the invention, leads to a
description of the profile of the placement error of the kerfs of a wire group as a
function of the penetration depth of the wires of the wire group in the workpiece and to
a correction profile (first configuration of the invention) or to a wire saw-specific
correction profile (second configuration of the invention), which are respectively
complementary to the profile of the placement error of the kerfs.

Fig. 7 shows a correction profile in which the deviation A of the actual trajectory from
the target trajectory is plotted as a function of the penetration depth P of the wires of
the wire group. Compensating movements of the wires of the wire group with a
direction and a magnitude which corresponds to the deviation A are induced by
means of activating the drive element assigned to the wire group. Only when there is
no placement error of the kerfs (A = 0), which in the example shown is not the case
approximately until a penetration depth of -100 mm, is the inducing of such
compensating movements stopped.

Fig. 8 to Fig. 13 show height lines LS respectively of three semiconductor wafers,
which have been cut from a workpiece by wires of a wire group, compensating
movements of the wires of the wire group, specified by the correction profile, having
been induced during the cutting of the semiconductor wafers (Fig. 8 to Fig. 10), or the
inducing of such compensating movements having been omitted (Fig. 11 to Fig. 13).
The height lines are respectively derived from the median surface of a warp
measurement, with measurement values of the median surface having been selected
which lie on a line that follows the diameter of the respective semiconductor wafer in
the direction of the workpiece during the cutting of the semiconductor wafer. The
position of the semiconductor wafers in the workpiece was such that further
semiconductor wafers were formed between each of the three semiconductor wafers
50 when cutting the semiconductor wafers. As the comparison of the height lines
reveals, semiconductor wafers when using the invention are significantly more planar,
and without a particular influence of their position in the workpiece. This is also
confirmed by Fig. 14 to Fig. 16, which differ from Fig. 8 to Fig. 10 only in that the
scaling of the ordinate is more highly resolved in them.
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Figs 17, 18 and 19 show the way in which a wire saw-specific correction profile may
vary constantly in the course of the processing of a plurality of workpieces. It is
therefore advantageous to define a threshold for the deviation A, predictive
maintenance measures being initiated when it is exceeded. The threshold may, for
example, be defined in such a way that only a wire saw-specific correction profile with
a maximum deviation Amax, as is represented in Fig. 19, leads to predictive
maintenance measures being initiated.

The features specified in relation to the aforementioned embodiments of the method
according to the invention may be applied correspondingly to the apparatus according
to the invention. Conversely, the features specified in relation to the aforementioned
embodiments of the apparatus according to the invention may be applied
correspondingly to the method according to the invention. These and other features of
the embodiments according to the invention are explained in the description of the
figures and in the claims. The individual features may be implemented either
separately or in combination as embodiments of the invention. Furthermore, they may

describe advantageous embodiments which are independently protectable.

The preceding description of examples of embodiments is to be understood as
exemplary. The disclosure thereby made on the one hand allows the person skilled in
the art to understand the present invention and the advantages associated therewith,
and on the other hand in the understanding of the person skilled in the art also
comprises obvious changes and modifications to the described structures and
methods. All such changes and modifications as well as equivalents are therefore
intended to be covered by the scope of protection of the claims.
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Patent claims

1. A method for producing semiconductor wafers from a workpiece by processing the
workpiece by means of a wire saw, comprising

feeding the workpiece through an arrangement of wires which are tensioned between
wire guide rollers while being divided into wire groups and move in a running direction;
producing kerfs when the wires engage into the workpiece;

for each of the wire groups, determining a placement error of the kerfs of the wire
group; and

for each of the wire groups, inducing compensating movements of the wires of the
wire group as a function of the determined placement error of the kerfs of the wire
group in a direction perpendicular to the running direction of the wires of the wire
group during the feeding of the workpiece through the arrangement of wires by

activating at least one drive element.

2. The method as claimed in claim 1, comprising dividing the wires into no fewer than
three wire groups and at most a number of wire groups which corresponds to the

number of wires of the arrangement.

3. The method as claimed in claim 1 or claim 2, comprising determining the placement
error of the kerfs during the feeding of the workpiece through the arrangement of

wires.

4. The method as claimed in one of claims 1 to 3, comprising determining the
placement error of the kerfs of the wire group by measuring the position of the kerfs of
the wire group by means of irradiating the kerfs of the wire group with optical
radiation, IR radiation, X-radiation or y radiation, by mechanical sensing of the kerfs or
by inductive or capacitive measurement of the kerfs, and comparing the measured

position with a setpoint position of the kerfs.

5. The method as claimed in one of claims 1 to 3, comprising determining the
placement error of the kerfs of the wire group by simultaneously measuring the

position of the wires of the wire group and of the workpiece relative to a fixed
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reference point by means of irradiation with optical radiation, IR radiation, X-radiation
or y radiation, by capacitive or inductive measurement or by mechanical sensing, and

comparing the measured position with a respective setpoint position.

6. The method as claimed in one of claims 1 to 5, comprising tracking changes in a
wire saw-specific correction profile in the course of the processing of a plurality of
workpieces, and initiating a predictive maintenance measure if the changes have

reached an established threshold.

7. The method as claimed in claim 6, comprising determining the placement error of
the kerfs by measuring the local geometry of semiconductor wafers which have been
produced beforehand by means of the wire saw, in order to compile the wire saw-
specific correction profile.

8. A wire saw for producing semiconductor wafers by processing a workpiece,
comprising

wire guide rollers, between which wires are tensioned to form an arrangement of
wires, which are divided into wire groups and move in a running direction;

a feed device for feeding the workpiece through the arrangement of wires while
producing kerfs when the wires engage into the workpiece;

drive elements, at least one of which is assigned to each of the wire groups, for
moving the wires of the assigned wire group; and

a control unit for activating the drive elements, the control unit, when there is a
placement error of the kerfs of the wire groups, activating that drive element which is
assigned to the wire group, so that the wires of this wire group execute compensating

movements perpendicularly to the running direction.

9. The wire saw as claimed in claim 8, comprising a measuring apparatus for
determining the placement error of the kerfs of the respective wire group during the
feeding of the workpiece, the measuring apparatus and the control unit being part of a
closed control loop.
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10. The wire saw as claimed in claim 8, comprising a data memory in which a wire
saw-specific correction profile is stored for the wires of each of the wire groups, and
which the control unit accesses in order to activate the drive elements during the

feeding of the workpiece.

11. The wire saw as claimed in claim 10, comprising a unit for tracking changes in the
wire saw-specific correction profile in the course of the processing of a plurality of
workpieces, and for outputting a signal for initiating a predictive maintenance measure

if the changes have reached an established threshold.

12. A semiconductor wafer of monocrystalline silicon, having an upper side surface
and a lower side surface, comprising

a warp of less than 1.2 uym;

a nanotopography of the upper side surface, expressed as THA25 10%, of less than
5 nm; and

a subsurface-referenced nanotopography of the upper side surface of less than 6 nm,
expressed as a maximum peak-to-valley distance on a subsurface and referenced to

subsurfaces with an area content of respectively 25 mm x 25 mm.



