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Semiconductor wafer composed of silicon and method for

producing same

The invention relates to a semiconductor wafer composed of
monocrystalline silicon having a front side and having a rear
gside and having a denuded zone, which extends from the front
side in the direction of the rear side, and having a region
which adjoins the denuded zone and has a specific density of
BMDs. BMDs (bulk micro defects) are precipitates of oxygen in
the monocrystalline environment, sco-called oxygen precipitates.
The invention also relates to a method for producing the

semiconductor wafer.

A denuded zone 1s an area of the semiconductor wafer which
encompasses the front side and, owing to its lack of defects,
ig well suited as an enviromment for the consgtruction of
electronic structures. A region having BMDs which adjocins a
denuded zone is held in high regard becauss oxygen precipitates
act asg getter centers that keep impurities away from the

denuded zone.

A denuded zone is usually produced by thermal treatment of a
substrate wafer at high temperatures. An RTA treatment is
particularly suiltable, that is to say a thermal treatment
referred to as rapid thermal anneal, since in the course
thereof the subgtrate wafer is heated to a target temperature
at a high rate of temperature rise and is cooled after a
comparatively short time at a high rate of temperature
reduction. The time expenditure for producing the denuded zone

by meang of an RTA treatment is comparatively short.

If the RTA treatment ig carried out in a nitriding atmosphere,
that fosters the formation of oxygen precipitates in proximity
to the denuded zone, since vacancies are injected in the course

of the nitriding and excite the nucleation of oxygen
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precipitates. A mixture of argon and ammonia is particularly
suitable as atmogphere, since the target temperature of the RTA
treatment can thus also be reduced in a range in which the
frequency of occurrence of slip is significantly reduced. A
correspdﬁding method is described in US 2004/0053516 Al, for

example.

An appropriate source of the substrate wafers reguired is
gingle crystals composed of silicon, in particular, which were
pulled in accordance with the CZ method. In saild method,
silicon is melted in a crucible composed of guartz and the
single crystal grows at the end of a seed crystal which is
dipped into the resultant melt and is raised. The crucible
material is partly dissclved by the melt and in this way
provides oxygen that is reguired later for forming oxygen

precipitateg in the substrate wafer.

Specific defects, the formation of which depends in particular
on the ratio V/G during the production of the single crystal,
make it more difficult to form a denuded zone or prevent a
denuded zone from being formed. If the ratio V/G of pulling
rate V and axial temperature gradient at the phase angle
between melt and growing single crystal during the production
of the single crystal is between a lower threshold and an upper
threshold, the formation of such defects does not happen. The
defect formation is caused by a specific supersaturation of
point defects which is not achieved under the conditions
mentioned. If the ratico V/G is somewhat greater than the lower
threghold, silicon interstitials are dominant, and if the ratioc
is somewhat less than the upper threshold, vacancies are
deominant as point defect type. Overall, three zones can be
differentiated in which nc harmful supersaturation of point
defects prevails. The ({Pi] zone, which is dominated by silicon

interstitials, the [Pv] zone, which is dominated by vacancies,
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and the OSF zone, which is dominated by vacancies and in which

stacking faults can form after oxidation in oxygen.

It is complex and not very economic to produce single crystals
from which substrate wafers are obtained which consist
completely of only one of the zones mentioned. In order to
achieve that, the ratio V/G is permitted to fluctuate only
within very narrow limits. These limits are easlly exceeded,
since the ratio V/G is usually not constant along the phase
boundary. Therefore, it ig more economic to utilize the
corridor between the lower and upper thresholds to the furthegt
possible extent. A single crystal that is pulled under such
conditions generally yields substrate wafers comprising [Pi]

zone and [Pv] zone.

The inventors subjected substrate wafers having these
properties to an RTA treatment under z mixture of argon and
ammonia and established that there are considerable differences
regarding the depth of the denuded zone between the center and
the edge of the substrate wafer. Such an inhomogeneous radial
course is unfavorable, particularly for applications in which
the semiconductor wafer is ground back in the course of further
processing to form electronic components. If the denuded zone
extends too deeply into the interior of the semiconductor
wafer, it can happen that the region in which the oxygen
precipitates are formed is completely removed during the
grinding-~back. The semiconductor wafer then lacks the necessary
getter centers. The inventors furthermore establighed that the
density of the oxygen precipitates increases only moderately in
the direction toward the center plane of the semiconductor
wafer. The center plane of the semiconductor wafer is the
virtual plane between the front side and the rear side of the
semiconductor wafer. During grinding-back, therefore, it can

happen that although a region with oxygen precipitates is
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maintained, the density of the oxygen precipitates in said

region is too low to manifest a sufficient getter effect.

US 2005/0054124 Al describes a method which compriges a
two-stage RTA treatment and makes accCesgsible a semiconductor
wafer having a denuded zone, the depth of which from the center
as far as the edge ig relatively constant. Furthermore, the
semiconductor wafer has a region which adjoins the denuded zone
and has a density of oxygen precipitates that is virtually
constant in the direction toward the center plane of the

semiconductor wafer.

It is an object of the present invention to provide a
semiconductor wafer and a method for producing same which has
advantages in particular with regard to the formation cf oxygen

precipitates in comparison with the cited prior art.

The object ig achieved by means of a semiconductor wafer
composed of monocrystalline silicon having a front side and
having a rear side and having a denuded zone, which extends
from the front side to the rear side as far as a depth which
between a center and an edge of the semiconductor wafer on
average 1g not less than 8 um and not more than 18 um, and
having a region which adjoins the denuded zone and has BMDs
whose density at a distance of 30 um from the front side is not

less than 2 x 10° cm™®.

The semiconductor wafer is distinguished by a denuded zone
having a homogeneous depth between the center and the edge of
the semiconductor wafer. Furthermore, the density of the oxygen
precipitates or of the nuclei thereof in the region adjoining
the denuded zone rises rapidly in the direction toward the
center plane of the semiconductor wafer and attains a peak
density already near the boundary with respect to the denuded

zone. The peak density of BMDs is preferably not legs than
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4 x 10° em™®, particularly preferably not less than 7 x 10° cm™.
During the process of grinding back the semiconductor wafer to
a residual thickness of 30 um, the peak density of BMDs is not
less than 2 x 10° cm™®. The semiconductor wafer therefore has a
region which adjoins the denuded zone and in which the density
of BMDs rises rapidly in the depth direction. Owing to the
availability of a high number of centers having a getter
capability in direct proximity to the denuded zone, the region

constitutes a so-called proximity gettexr.

Such a gemiconductor wafer is produced by means of a method

which comprises an RTA treatment that is subdivided.

The object is achieved by means of a method for producing a
semiconductor wafer composed of monocrystalline silicon
compriging providing a substrate wafer composed of
monocrystalline gilicon, which substrate wafer contains
interstitial oxygen having a concentration of not less than

4.5 x 10Y7 atoms/cm® und not more than 6.0 x 10" atoms/cm’®; an
RTA treatment of the substrate wafer, which ig subdivided into
a first thermal treatment of the substrate wafer at a first
temperature in a temperature range of not less than 1160°C and
not more than 1190°C for a period of not less than 5 & and not
more than 30 s, wherein at least a front side of the substrate
wafer ig exposed to an atmosphere consisting of argon, and into
a second thermal treatment of the substrate wafer at a second
temperature in the stated temperature range for a period of not
lesg than 15 s and not more than 35 s, wherein at least the
front side of the substrate wafer is exposed to an atmosphere

consisting of argon and ammonia.

The substrate wafer provided comprises one or a plurality of
zoneg in which silicon interstitials are dominant, but below a
supersaturation that brings about the formation of dislocation

loops. This zone is preferably a [Pi] =zone. Such defects that
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form dislocation loops are also called A-defects, L-pit defects
or dislocation clusters. Furthermore, the substrate wafer
provided preferably comprises at least one zone in which
vacancies are dominant, but below a supersaturation that brings
about the formation of wvacancy agglomerates. Defects based on
the formation of such vacancy agglomerates are usually called
COP defectg, GOI defects or void defects. The zone dominated by
vacancies and having the property mentioned is a [Pv] zone ox

an OSF zone.

It is particularly preferred if the substrate wafer comprises
at least one [Pi] zone, at least one [Pv] zone cor at least one
[Pi] zone, at least one [Pv] zone and at least one OSF zone,
Furthermore, the semiconductor wafer can also have a zone in
which vacancies are dominant and GOI defectes are present,

provided that the density thereof is not more than 1 cm™?.

The substrate wafer contains interstitial oxygen having a
concentration of not less than 4.5 x 10%7 atoms/cwm’ and not more
than 6.0 x 10%7 atoms/cm® with the use of the calibration factor
in accordance with New ASTM. The oxygen concentration should
not be less than 4.5 x 10*7 atoms/cw’, in order that oxygen
precipitates can arise in a sufficient number and size to
manifest the getter effect striven for. The oxygen
concentration should not be more than 6.0 x 10% atomg/cwm’, .in

order to prevent OSF defects from being formed in the OSF zone.

The concentration of interstitial oxygen in the single crystal
is preferably set with the assistance of a horizontal magnetic
field or of a CUSP magnetic field impressed on the melt held by
the crucible.

The substrate wafer is preferably polished a first time before
the RTA treatment. The polishing is preferably implemented as

double side polishing, in the course of which the front side
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and the rear side of the substrate wafer are polished
simultaneously. The material removal obtained in this case is
preferably 10 to 30 um per side. Such polishing after the RTA
treatment is not recommendable, in principle, since the

thickness of the denuded zone is thereby considerably reduced.

The substrate wafer is preferably treated before the RTA
treatment with an oxidizing agent, in order to obtain on the
front side of the substrate wafer a chemically produced oxide
layer which is thicker than the thickness of a native oxide
layer. The thickness of the chemically produced oxide layer is
preferably 3 to 8 nm. The oxidizing agent is preferably ozone.
The chemically produced oxide layer protects the front side
from contamination during the RTA treatment and from the
roughness of the front gide increasing to an undesirable extent

on account of the RTA treatment.

The RTA treatment of the substrate wafer comprises heating the
substrate wafer to a temperature in a temperature range of not
less than 1160°C and not more than 1190°C, preferably to a
temperature of 1175°C, and keeping the substrate wafer at this
temperature during a first thermal treatment for a period of
not less than 5 s and not more than 30 s. The duration of the
firet thermal treatment has a particular significance. The
longer the duration, the greater will be the peak density of
oxygen precipitates in the region which adjoins the denuded
zone, and the faster the density of the oxygen precipitates
will rise from the boundary with respect to the denuded zone in
the direction toward the center plane of the substrate wafer.
However, the duration should not be longer than 30 s, since
with a longer duration the peak density of oxygen precipitates

ie again found further in the interior of the subgtrate wafer.

The substrate wafer ig heated from a starting temperature,

which is preferably in the range of 550°C to 650°C, at a rate
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of temperature rise which is preferably not less than 50°C/s
and not more than 9$5°C/s. A rate of temperature rise of 75°C/s
is particularly preferred. The first thermal treatment is
performed in such a way that the Ifront side of the substrate
wafer is exposed to a first atmosphere, which is an argon
atmosphere. The first thermal treatment can be performed such
that the rear side of the substrate wafer is also exposed to
the first atmosphere. Alternatively, the rear gide of the
subgtrate wafer can be exposed to an atmosphere which differs
from the argon atmosphere and 1s a nitrogen atmosphere, for

example.

After the first thermal treatment, a second thermal treatment
is carried out at a temperature in the stated temperature range
of not less than 1160°C and not more than 1190°C and the
substrate wafer is kept at this temperature for a period of not
less than 15 s and not more than 35 s. It is preferred for the
temperature of the substrate wafer during the first thermal
treatment and the temperature of the substrate wafer during the
second thermal treatment to be the same. Preferably, the RTA
treatment ig fashioned in such a way that the temperature of
the substrate wafer does not leave the stated temperature range
between the first and second thermal treatments. Keeping the
substrate wafer in the stated temperature range between the two
thermal treatments is advantageous because this prevents the
substrate wafer from being exposed to relatively great
temperature fluctuations. That protects the substrate wafer
from formation of slip and from unfavorable influencing of the
diffugion of point defects. The period between the first and

second thermal treatments is preferably not more than 1 s.

The second thermal treatment 1s performed in such a way that
the front side of the substrate wafer is exposed to a second
atmosphere, which consists of a mixture of argon and ammonia.

The second thermal treatment can be performed such that the
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rear side of the substrate wafer is also exposed to the second
atmosphere. Alternatively, the rear side of the substrate wafer
can be exposed to an atmosphere which differs from the second

atmosphere and is a nitrogen atmosphere, for example.

In the second atmosphere, the ratioc of argon:ammonia is

preferably 10:1 to 10:20. The flow rate is preferably 5-25 slm.

After the second thermal treatment, the substrate wafer is
cooled rapidly to a temperature of not more than 350°C. The
rate of temperature reduction is preferably not less than
25°C/s and not more than 50°C/s. A rate of temperature

reduction of 35°C/s is particularly preferred.

In the course of the second thermal treatment, a laver
containing silicon oxynitride is produced on the front side of
the substrate wafer. Said layer is preferably removed by
etching. The etchant preferably used is an agueous etchant
containing not less than 0.5% by volume and not more than 1.5%
by volume c¢f hydrogen fluoride. The removal of the silicon
oxynitride layer by means of haze-free polishing of the front
aide of the substrate wafer is not expedient, since this
increaseg the roughness of the front side and generates

particles.

It ig also preferred tco polish the edge of the substrate wafer
before the etching of the substrate wafer. For the purpose of
polishing the edge, the substrate wafer can be held at the
front side or the rear gide, for example by a suction device
{chuck). The presence of the silicon oxynitride layer protects
the surface of the substrate wafer from being damaged by
defects in the course of the polishing of the edge, said

defects being called PID (poclishing induced defects).
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After the etching of the substrate wafer, the front side of the
substrate wafer is preferably polished a second time. The
second polishing is preferably carried out as haze-free
polishing, wherein only the front side is polished and the

material removal is preferably not more than 0.5 um.

The invention is explained further below on the basis of

examples and with reference to drawings.

Figure 1 shows the radial profile of the depth of the denuded
zone on the basis of two examples (Bl and B2) and two
comparative examples (V1 and V2). DZ1 denotes the averaged
depth of the denuded zone at a specific radial position r
between the center and the edge of the thermally treated

substrate wafer.

Figure 2 shows, on the basis of the examples (Bl and B2) and
the comparative examples (Vi and V2), the distribution of the
density of BMDs as a function of their distance D from the

front side of the thermally treated substrate wafer, wherein
the distribution in the center of the substrate wafer of the

respective example and comparative example is illustrated.

Figure 3 shows, on the basis of the examples (Bl and B2) and
the comparative examples (V1 and V2), the distribution of the
density of BMDs as a function of the radial position r from the

center of the thermally treated substrate wafer.

Substrate wafers composed of monocrystalline silicon having a
diameter of 300 mm were provided. Each of the substrate wafers
contained interstitial oxygen in a concentration of

5.3 x 10* atoms/cm’® and a zone extending outward from the
center and dominated by vacancies and, adjoining said zone, a
[Pi] zone extending to the edge of the substrate wafer and

dominated by silicon interstitials. The substrate wafers in the
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polished state were subjected to an RTA treatment, which was
carried out according to the invention in the case of the
substrate wafers of the two examples. Comparative example Vi
waps configured such that the RTA treatment was performed
without the first thermal treatment under otherwise identical
conditions. Comparative example V2 was configured like examples
Bl and B2, but with a longer duration of the first thermal
treatment.

The substrate wafers of examples Bl and B2 and of comparative
example V2 were heated to a temperature of 1175°C at a rate of
temperature rise of 75°C/s and were thermally treated (first
thermal treatment} at this temperature in an atmosphere of
argon for a duration of 15 s (example Bl), 30 s (example B2),
and 45 s (comparative example V2). Afterward, the second
thermal treatment was carried out at the same temperature and
without interim temperature change in an atmosphere of argon
and ammonia in a ratio of 1:1 for the duration of 15 s. The
substrate wafers were then cooled at a rate of temperature

reduction of 35°C/s.

In order to detect the BMDs and their densities, the thermally
treated substrate wafers were subjected to a precipitation
thermal treatment, in the course of which BMDs present grow to
a detectable gize. The precipitation thermal treatment was
carried out under nitrogen and comprised heating the substrate
wafers firstly to a temperature of 780°C over a period of 2 h
and then to a temperature of 1000°C over a period of 16 h. The
BMD detection was carried out by means of laser light
scattering at a fracture edge using a detection instrument of

the M0441 type from the Raytex Corporation.

As ig evident from figure 1, the radial profile of the depth of
the denuded zone is significantly meore inhomogeneous if the

first thermal treatment is dispensed with {comparative example
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V1) than if the procedure according to the invention is adepted

{examples Bl and B2).

Figure 2 shows that the peak density of BMDs is significantly

lower 1if the first thermal treatment is dispensed with.

P“{j

urthermore, the density of BMDs in the depth direction

initially rises all the faster, the longer the duration of the
first thermal treatment (examples 3l and RB2). The peak density

of BMDs likewise rises with the duration of the first thermal
rtreatment . However, a durabion of the first thermal treatment
of 45 s is no longer advantageous, since the pesak density of
BMDs iz found deeper within the substrate wafer (comparative

example V2).
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Patent Claims

1. A monocrystalline silicon semiconductor wafer comprising a front
side and a rear side, and a denuded zone which extends from the front
side to the rear side as far as a depth which, between a center and an
edge of the semiconductor wafer, 1ls on average not less than 8 um and
not more than 18 um, and having & region which adjoins the denuded
zone and has BMDs whose density at a distance of 30 pm from the front

side is not less than 2x10° cm™.

2. Thne gemiconductor wafer of claim 1, wherein in the region which
adjoins the denuded zone there i1s a peak density of BMDs which is not

less than 4x10° cm™.

3. A method for producing a monocrystalline silicon semiconductor
wafer of claim 1, having a front side and a rear side comprising:

providing a monocrystalline silicon substrate wafer containing
interstitial oxygen at a concentration of not less than 4.5x10%
atoms/cm® and not more than 6.0x10Y atoms/cw’;

RTA treating the subsgtrate wafer by a treatment, which comprises
a firgt thermal treatment of the substrate wafer at a first
temperature in a temperature range of not less than 1160° C. and not
more than 1190° C. for a period of not less than 5 s and not more than
30 3, wherein at least a front side of the substrate wafer is exposed
to an atmosphere consisting of argon, and a second thermal treatmant
of the substrate wafer at a second temperature in the temperature
range of not less than 1160° C. and not more tham 1190° C. for a
period of not less than 15 g and not more than 35 s, wherein at least
the front side of the substrate wafer is exposed to an atmosphere

consisting of argon and ammonia during sald second thermal treatment.

4. The method of claim 2, wherein the substrate wafer is heated to the
first temperature before the first thermal treatment at a rate of not

less than 50° C./8 and not more than 95° C./s and is cooled from the
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second temperature after the second thermal treatment at a rate of not

less than 25° C./s and not more than 50° C./s.

5. The method of claim 3, wherein the atmosphere consisting of argon
and ammonia has a ratio of argon to ammonia of not less than 10:20 and

not more than 10:1.

6. The method of claim 4, wherein the atmosgphere consisting of argon
and ammonia has a ratio of argon to ammonia of not less than 10:20 and

not more than 10:1.

7. The method of claim 3, wherein the second thermal treatment is

performed within a period of not more than 1 s after the first thermal
treatment and the temperature of the substrate wafer between the first
and second thermal treatments remains in the temperature range of not

less than 1160° €. and noct more than 1180° (.,

8. The method of claim 4, wherein the sescond thermal treatment is
performed within a period of not more than 1 s after the f£irst thermal
treatment and the temperature of the substrate wafer betwsen the first
and second thermal treatments remains in the temperature range of not

less than 1160° C. and not more than 1190° C.

9. The method of claim 5, wherein the second thermal treatment ie

performed within a period of not more than 1 s after the first thermal
treatment and the temperature of the substrate wafer between the first
and second thermal treatments remains in the temperature range of not

o

less than 1160° C. and not more than 1190°¢ C.

10. The method of claim 3, further cowmprising performing a double sid
polishing before the RTA treatment, in the course of which the front
gide and the rear side of the substrate wafer are polished
simultaneously and a material removal of 10 to 30 um is obtained on

edch =gide.
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11. The method of claim 3, further comprising treating the substrate
wafer before the RTA treatment with an oxidizing agent in order to
obtain on the front side of the substrate wafer a chemically produced
oxide layer which is thicker than the thickness of a native oxide

layer.

12. The method of claim 4, further comprising treating the substrate
wafer before the RTA treatment with an oxidizing agent in order to
obtain on the front side of the substrate wafer a chemically produced
oxide layer which is thicker than the thickness of a native oxide

layer.

13. The method of claim 5, further comprising treating the substrate
wafer before the RTA treatment with an oxidizing agent in order to
obtain on the front side of the substrate wafer a chemically produced
oxide layer which is thicker than the thickness of a native oxide

layer.

14. The method of claim 7, further comprising treating the substrate
wafer before the RTA treatment with an oxidizing agent in order to
obtaln on the front side of the substrate wafer a chemically produced
oxide layer which is thicker than the thickness of a native oxide

layer.

15. The method of claim 3, further comprising removing a gilicon
oxynitride layer from the front side of the substrate wafer after the
RTA treatment by etching the substrate wafer using an agueous etchant
containing not less than 0.5% by volume and not more than 1.5% by

volume of hydrogen fluoride.

16. The method of c¢laim 4, further cowprising removing a silicon
oxynitride layer from the front side of the substrate wafer after the
RTA treatment by etching the substrate wafer using an agueous etchant
containing not less than 0.5% by velume and not more than 1.5% by

volume of hydrogen fluoride.
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17. The method of claim 3, further comprising removing a silicon

oxynitride layver from the front side of the substrate wafer after the
RTA treatment by etching the substrate wafer using an agueocus etchant
containing not less than ¢.5% by velume and not more than 1.5% by

volume of hydrogen fluoride.

18. The method of claim 7, further comprising removing a silicon
oxynitride layer from the front side of the substrate wafer after the
RTA treatment by etching the substrate wafer using an agusous etchant
containing not less than 0.5% by volume and not wmore than 1.5% by
volume of hydrogen fluoride.

19. The method of claim 135, further comprising polishing an edge of

the substrate wafer befors removing the silicon oxynitride layer.

20. The method of claim 9, further compriging haze-free polishing the
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~amoval of the silicon

oxynit=zide layer, wherein a material removal of not more than 0.5 um
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