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Semiconductor wafer composed of single-crystal silicon and process for
producing a semiconductor wafer composed of single-crystal silicon

The invention relates to a semiconductor wafer composed of single-crystal silicon and
a process for producing a semiconductor wafer composed of single-crystal silicon.
Properties of the semiconductor wafer are a denuded zone (DZ) and an inner region
of the semiconductor wafer having nuclei which can be developed into BMDs with a
high peak density. The semiconductor wafer displays a high electrical breakdown
resistance of a gate oxide which is produced on the surface thereof. It is therefore
particularly suitable for producing electronic components with NAND logic, even under
conditions which provide a comparatively small thermal budget.

The process for producing the semiconductor wafer composed of single-crystal silicon
comprises two RTA treatments each in a different atmosphere at temperatures in

particular temperature ranges.

Prior art/problems

A semiconductor wafer having a denuded zone and an inner region having a
comparatively high concentration of BMDs (bulk micro defects) is, for example,
subject matter of US 2010/0 105 191 A1. To produce this known semiconductor
wafer, a single crystal of silicon is grown by the CZ method and processed further to
produce semiconductor wafers. When drawing the single crystal, care is taken to
regulate the drawing speed V and the axial temperature gradient G at the interface
between the single crystal and the melt in such a way that a neutral region N is
formed. In the neutral region N, the concentration of interstitial silicon atoms (silicon
interstitials) and vacancies is below the concentration threshold above which defects
such as Lpits (large pits) and COPs (crystal originated particles) are formed. A neutral
region in which silicon interstitials dominate over vacancies is referred to as Ni region.
A neutral region in which vacancies dominate over silicon interstitials is referred to as
Nv region. The process described in US 2010/0 105 191 A1 for producing a
semiconductor wafer composed of single-crystal silicon comprises an RTA (rapid
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thermal anneal) treatment of the semiconductor wafer in an oxidizing atmosphere,
followed by removal of an oxide layer which is formed during the RTA treatment and
then an RTA treatment in a nitriding atmosphere.

The above-described known semiconductor wafer composed of single-crystal silicon
does not completely meet all requirements of manufacturers of electronic
components, in particular not those which are desirable for producing electronic
components having NAND logic. It is therefore an object of the invention to provide a
semiconductor wafer which is composed of single-crystal silicon and meets such
requirements.

The object of the invention is achieved by a

semiconductor wafer composed of single-crystal silicon having a front side, a rear
side, a middle and a periphery, comprising

an Nv region which extends from the middle to the periphery;

a denuded zone which extends from the front side to a depth of not less than 20 um
into the interior of the semiconductor wafer, where the density of vacancies in the
denuded zone, determined by means of platinum diffusion and DLTS is not more than
1 x 10" vacancies/cm?®;

a concentration of oxygen of not less than 4.5 x 10'” atoms/cm® and not more than 5.5
x 10" atoms/cm?;

a region in the interior of the semiconductor wafer which adjoins the denuded zone
and has nuclei which can be developed by means of a heat treatment into BMDs
having a peak density of not less than 6.0 x 10%cm?®, where the heat treatment
comprises heating the semiconductor wafer to a temperature of 800 °C over a period
of four hours and to a temperature of 1000 °C over a period of 16 hours.

The denuded zone is a region of the crystal lattice of the semiconductor wafer which
is free of BMDs and in which no BMDs can be produced by means of the heat
treatment.

The denuded zone extends from the front side of the semiconductor wafer into the
interior of the semiconductor wafer to a depth of not less than 15 um, preferably to a
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depth of not less than 20 um. If the denuded zone has a lesser depth, the function of
NAND memory elements is impaired because of the occurrence of leakage currents.

The semiconductor wafer composed of single-crystal silicon has a region in the
interior of the semiconductor wafer which adjoins the denuded zone and contains
nuclei which can be developed into BMDs by means of a heat treatment. BMDs act as
energy sinks (getters) for impurities. This heat treatment comprises heating the
semiconductor wafer composed of single-crystal silicon to a temperature of 800 °C
over a period of four hours and subsequently heating the semiconductor wafer to a
temperature of 1000 °C over a period of 16 hours or a heat treatment having a
comparable thermal budget. The heat treatment is preferably carried out in an
atmosphere which consists of ten parts by volume of nitrogen and one part by volume
of oxygen.

After the heat treatment, the semiconductor wafer composed of single-crystal silicon
has a peak density of BMDs of not less than 5.0 x 10%cm?, preferably not less than
8.5 x 10%cm?®. The peak density of BMDs is preferably at a distance of not more than
100 um from the front side of the semiconductor wafer. The front side is the surface of
the semiconductor wafer composed of single-crystal silicon which is provided for the
formation of structures of electronic components.

The radial distribution of the density of BMDs having a distance of from 9 um to 340
um from the front side of the semiconductor wafer is comparatively homogeneous, as
is the radial distribution of the size of such BMDs. The ratio Dgmpmax/Dsmpmin iS
preferably not more than 1.4. Devpmax is the greatest density of such BMDs and
Dgswmbmin is the lowest density of such BMDs between the middle and the periphery of
the semiconductor wafer. The size of BMDs having a distance of from 9 pm to 340 um
to the front side of the semiconductor wafer is preferably in the range from 55 nm to
75 nm and refers to the length of the respective greatest dimension of the BMDs. The
ratio Sempiarge/Sempsmall IS preferably not more than 1.3. Sguiarge refers to the largest of
the BMDs and Sgyvipsman refers to the smallest of the BMDs between the middle and
the periphery of the semiconductor wafer composed of single-crystal silicon.

The occurrence of the leakage currents mentioned is connected to octahedral oxygen
precipitates. They are formed, in particular, during cooling of the single crystal and
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have diameters of typically from 5 nm to 15 nm. These defects can grow into larger
BMDs. In order to keep the denuded zone free of BMDs, it is necessary to eliminate
oxygen precipitates of this type by means of a suitable RTA treatment.

The semiconductor wafer composed of single-crystal silicon has a denuded zone
having a depth of not less than 15 um, preferably not less than 20 um, in which the
density of vacancies is not more than 1 x 10'® vacancies/cm?®, preferably not more
than 7 x 10" vacancies/ cm®, determined by means of platinum diffusion and DLTS
(deep level transient spectroscopy). The presence of vacancies promotes the
formation of octahedral oxygen precipitates, for which reason the density of vacancies
in the denuded zone should be comparatively low.

The semiconductor wafer composed of silicon has a concentration of oxygen of not
less than 4.5 x 10"” atoms/cm?® and not more than 5.5 x 10" atoms/cm?. If the
concentration of oxygen is too low, the density of BMDs which can be developed in a
region in the interior of the semiconductor wafer is insufficient and the BMDs cannot
act effectively as getters. If the concentration of oxygen is too high, octahedral oxygen
precipitates cannot be eliminated to a satisfactory extent and the fresh formation
thereof cannot be satisfactorily prevented.

In particular, a gate oxide produced on the front side of the semiconductor wafer of
the invention has a high breakdown resistance (GOI, gate oxide integrity). According
to a GOl test (charge-to-breakdown test), the defect density DD at a distribution of the
breakdown charge Qq, of up to 0.1 C/cm? s less than 0.1 /cm?.

The object is additionally achieved by a process for producing a semiconductor wafer
composed of single-crystal silicon, which comprises, in this order,

growing of a single crystal of silicon by the CZ method;

parting of at least one semiconductor wafer composed of single-crystal silicon from
the single crystal, where the semiconductor wafer has a concentration of oxygen of
not less than 4.5 x 10'” atoms/cm?® and not more than 5.5 x 10'” atoms/cm?® and
consists entirely of Nv region;

a first RTA treatment of the semiconductor wafer composed of single-crystal silicon at
a temperature in a first temperature range of not less than 1285 °C and not more than
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1295 °C over a period of not less than 20 s and not more than 40 s in an atmosphere
containing argon and oxygen;

chemical removal of an oxide layer from a front side of the semiconductor wafer;

a second RTA treatment of the semiconductor wafer composed of single-crystal
silicon at a temperature in a second temperature range of not less than 1160 °C and
not more than 1185 °C over a period of not less than 15 s and not more than 30 s in
an atmosphere containing argon and ammonia and at a temperature in a third
temperature range of not less than 1150 °C and not more than 1175 °C in an inert
atmosphere over a period of not less than 20 s and not more than 40 s.

The production of a semiconductor wafer according to the invention composed of
single-crystal silicon comprises growing of a single crystal by the CZ method, and
further processing thereof to give semiconductor wafers. The further processing
preferably comprises mechanical working by lapping and/or grinding of the
semiconductor wafer separated off from the single crystal, removal of close-to-surface
damaged crystal regions by pickling and precleaning of the semiconductor wafer in
SC1 solution, SC2 solution and ozone. The semiconductor wafers composed of
single-crystal silicon obtained from the single crystal by further processing are, in each
case and in the order indicated, subjected to a first and second RTA treatment, with
the composition of the atmosphere being changed during the second RTA treatment.

During growing of the single crystal, a magnetic field is preferably applied to the melt,
particularly preferably a horizontal magnetic field or a CUSP magnetic field. The ratio
V/G of drawing speed V and axial temperature gradient G at the interface is regulated
in such a way that the semiconductor wafer composed of single-crystal silicon which
is obtained by further processing of the single crystal consists entirely of Nv region.
The restriction to Nv region has an advantageous effect on the ability of the
semiconductor wafer composed of single-crystal silicon to be able to form a high
concentration of BMDs in the inner region and on the property of the radial profile of
the density of the BMDs from the middle to the periphery of the semiconductor wafer
being particularly homogeneous.

The drawing speed V during growing of the single crystal is preferably not less than
0.5 mm/min if the production of semiconductor wafers having a diameter of 300 mm is
envisaged.
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The single crystal preferably grows in an atmosphere of argon or, particularly
preferably, in an atmosphere containing argon and hydrogen. The partial pressure of
hydrogen is preferably less than 40 Pa.

The semiconductor wafer composed of single-crystal silicon obtained from the single
crystal has a concentration of oxygen of not less than 4.5 x 10" atoms/cm?® and not
more than 5.5 x 10'” atoms/cm® (new ASTM). It is known that the concentration of
oxygen in the single crystal can be set during production thereof, for example by
regulating the speed of rotation of the crucible and/or of the single crystal and/or by
regulating the pressure and/or the flow rate of the gas forming the atmosphere in
which the single crystal grows and/or by regulating the magnetic field strength of the
magnetic field applied to the melt.

The first RTA treatment comprises rapid heating of the semiconductor wafer
composed of single-crystal silicon to a temperature in a temperature range of not less
than 1285 °C and not more than 1295 °C and holding of the semiconductor wafer in
this temperature range over a period of not less than 20 s and not more than 40 s.
The hold temperature and the hold time should be not less than 1285 °C and not less
than 20 s, respectively, so that octahedral oxygen precipitates are effectively
eliminated. However, they should also be not more than 1295 °C and not more than
40 s, respectively, because otherwise there is a particular risk of triggering slip
dislocations. The first RTA treatment is carried out in an atmosphere containing argon
and oxygen. The proportion of oxygen is preferably not more than 3% by volume.
Particular preference is given to a proportion of oxygen of not less than 0.5% by
volume and not more than 3% by volume.

During the first RTA treatment, thermal oxide is formed on the surface of the treated
semiconductor wafer and this is removed by a chemical method after the first RTA
treatment. For this purpose, the semiconductor wafer composed of single-crystal
silicon is preferably treated firstly with aqueous HF solution, then with SC1 solution
and finally with SC2 solution. The HF solution preferably contains 0.5% by weight of
HF, the SC1 solution preferably contains five parts by volume of water, one part by
volume of 27% strength by weight ammonium hydroxide in water and one part by
volume of 30% strength by weight hydrogen peroxide in water, and the SC2 solution
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preferably contains six parts by volume of water, one part by volume of 30% strength
by weight hydrogen peroxide in water and one part by volume of 37% strength by
weight hydrogen chloride in water.

The second RTA treatment comprises rapid heating of the semiconductor wafer
composed of single-crystal silicon to a temperature in a temperature range of not less
than 1160 °C and not more than 1185 °C and holding of the semiconductor wafer in
this temperature range over a period of not less than 15 s and not more than 30 s in
an atmosphere which contains argon and ammonia and preferably consists of argon
and ammonia. The volume ratio Ar:NHj is preferably not less than 10:10 and not more
than 10:5, particularly preferably 10:8. The flow rate of the gas mixture through the
RTA furnace is preferably not less than 2 slm and not more than 5 sim. After the RTA
treatment in an atmosphere containing argon and ammonia, the semiconductor wafer
composed of single-crystal silicon is treated further at a temperature in a temperature
range of not less than 1150 °C and not more than 1175 °C over a period of not less
than 20 s and not more than 40 s in an inert atmosphere. The composition of the
atmosphere is changed and the RTA treatment of the semiconductor wafer is
continued at the same temperature. As an alternative, preference is given to firstly
cooling the semiconductor wafer to not less than 600 °C, flushing the RTA furnace
with nitrogen until it is free of ammonia and subsequently heating the semiconductor
wafer in an inert atmosphere to the target temperature in the temperature range of not
less than 1150 °C and not more than 1175 °C. The inert atmosphere preferably
consists of argon. The further treatment of the semiconductor wafer in the inert
atmosphere is of particular importance because it reduces the density of vacancies in
the region of the denuded zone sufficiently and thus prevents oxygen precipitates
from being freshly formed there.

The rapid heating of the semiconductor wafer composed of single-crystal silicon in the
course of the first and second RTA treatments is preferably carried out at a rate of
temperature rise of not less than 15 °C/s, particularly preferably not less than 25 °C/s,
from a temperature of 600 °C to the target temperature. Cooling after the first RTA
treatment and after the second RTA treatment is preferably carried out at a cooling
rate of not less than 25 °C/s, at least until a temperature of 600 °C has been attained.
The rate of the temperature rise and the cooling rate at temperatures which are up to
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100 °C away from the target temperature are preferably lower than in the case of
temperatures which are farther away.

After the second RTA treatment, the semiconductor wafer composed of single-crystal
silicon is polished, preferably by means of DSP (double side polishing), that is to say
by means of simultaneous polishing of the upper side face and the lower side face,
followed by polishing of an orientation notch in the semiconductor wafer and polishing
of an edge of the semiconductor wafer. The region of the upper side face, the front
side of the semiconductor wafer, is normally employed for formation of electronic
components, for which reason final polishing of the front side by means of CMP
(chemical mechanical polishing) is particularly preferred. Subsequently, the polished
semiconductor wafer is preferably finally cleaned and dried.

A semiconductor wafer composed of single-crystal silicon and produced by the above-
described process is particularly suitable for producing electronic components having
NAND logic, even under conditions which provide a comparatively small thermal
budget. Prerequisites for this suitability are a denuded zone which is comparatively
deep, a high electrical breakdown resistance of a gate oxide produced on the
semiconductor wafer and the ability to form a high density of BMDs in the inner region
of the semiconductor wafer despite a comparatively low concentration of oxygen and
despite provision of a thermal budget for producing the BMDs which is comparatively
small.

The invention will be illustrated below with the aid of examples and with reference to
figures.

Fig. 1 shows a transmission electron micrograph of an octahedral oxygen precipitate.

Fig. 2 shows the density of vacancies Cv as a function of the depth d. for the example
of a semiconductor wafer according to the invention.

Fig.3 shows the density of vacancies Cv as a function of the depth d. for the example
of a semiconductor wafer which is not according to the invention.
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Fig.4 shows a representative result of a test to determine the breakdown resistance of
a gate oxide for the example of a semiconductor wafer according to the invention.

Fig.5 and fig.6 show the result of tests to determine the breakdown resistance of a
gate oxide for the example of semiconductor wafers which are not according to the
invention.

Fig.7 and fig.8 show the position of failing capacitors for the example of
semiconductor wafers which are not according to the invention.

Fig.9 shows the position of failing capacitors for the example of a semiconductor
wafer which is according to the invention.

Fig.10 and fig.11 show the depth of the denuded zone as a function of the radius for
the example of semiconductor wafers according to the invention and for the example
of semiconductor wafers which are not according to the invention.

Fig.12 shows the density of BMDs at a particular depth relative to the front side and
as a function of the radius for the example of a semiconductor wafer according to the
invention.

Fig.13 shows the size of the BMDs as a function of the radius for the BMDs of fig. 12.

Fig.14, fig.15 and fig.16 show depth profiles of the density of BMDs from the front side
down to a depth of somewhat deeper than 300 um for the example of a
semiconductor wafer according to the invention.

Single crystals of silicon were produced by the CZ method with a horizontal magnetic
field being applied to the melt and were processed further to give semiconductor
wafers composed of single-crystal silicon and having a diameter of 300 mm and a
polished surface. One part of the semiconductor wafers was subjected to the RTA
treatments according to the invention. These semiconductor wafers, which consisted
of Nv region from the middle to the periphery, were divided into three groups as a
function of the concentration of interstitial oxygen present therein (low Oi, medium Oi
and high Oi). The oxygen concentration was from 4.5 x10'” atoms/cm® to 5 x 10"’



10

15

20

25

30

35

10

atoms/cm? (1 Oi) or from more than 5 x 10'” atoms/cm® to 5.25 atoms/cm® (m Oi) or
from more than 5.25 x 10'” atoms/cm®to 5.5 x 10'” atoms/cm? (h Oi).

The semiconductor wafers of the three groups had octahedral oxygen precipitates. A
typical representative thereof can be seen in fig. 1 which shows a bright field
transmission electron micrograph.

During the course of the first RTA treatment, the semiconductor wafers were heated in
the temperature range from 600 °C to 750 °C in an RTA furnace at a rate of 75 °C/s,
in the temperature range from more than 750 °C to 1200 °C at a rate of 50-75 °C/s
and in the temperature range from more than 1200 °C to the target temperature of
1290 °C at a rate of 25 °C/s and held at the target temperature over a period of 30 s.
The semiconductor wafers were then rapidly cooled, in the temperature range from
the target temperature to more than 1200 °C at a rate of 25 °C/s, in the temperature
range from 1200 °C to more than 900 °C at a rate of 35 °C/s and in the temperature
range from 900 °C to 600 °C at a rate of 30 °C/s. The atmosphere in the RTA furnace
consisted of a mixture of argon and oxygen having a proportion by volume of oxygen
of 1%.

After the first RTA treatment, the semiconductor wafers were subjected to a chemical
treatment which comprised removal of an oxygen layer from the respective front side
which had been formed during the course of the first RTA treatment. The chemical
treatment consisted of treatment of the semiconductor wafers with aqueous HF
solution, subsequently treatment of the semiconductor wafers with SC1 solution and
finally treatment of the semiconductor wafers with SC2 solution.

The semiconductor wafers were then rinsed with water, dried and passed to the
second RTA treatment.

During the course of the second RTA treatment, the semiconductor wafers were
heated in the temperature range from 600 °C to the target temperature of 1175 °C at a
rate of 75 °C/s and held at the target temperature over a period of 20 s. The
atmosphere in the RTA furnace consisted of a mixture of argon and ammonia with a
volume ratio of Ar:NHz of 13.5:10 until the end of this period of time. A change was
then made to an atmosphere of argon. The semiconductor wafers were firstly cooled
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to 600°C and held at this temperature over a period of 40 s, and the RTA furnace was
flushed with nitrogen during this time. The semiconductor wafers were then heated to
a target temperature of 1160°C in an atmosphere of argon, held at this target
temperature for a period of 30 s and subsequently cooled rapidly. In the temperature
range from 600 °C to 750 °C, the temperature was increased at a rate of 75 °C/s, in
the temperature range from more than 750 °C to 1100 °C at a rate of 50-75 °C/s and
in the temperature range from more than 1100 °C to the target temperature of 1160
°C at a rate of 75 °C/s. In the temperature range from the target temperature of 1160
°C to a temperature of more than 1100 °C, the temperature was reduced at a rate of
25 °C/s, in the temperature range from 1100 °C to a temperature of more than 900 °C
at a rate of 35 °C/s and in the temperature range from 900 °C to 600 °C at a rate of 30
°Cls.

After the second RTA treatment, the semiconductor wafers composed of single-crystal
silicon were subjected to polishing by means of DSP, polishing of the edge and
polishing of the front side by means of CMP, finally cleaned and dried.

For part of these semiconductor wafers, the depth profile of vacancies was
determined by means of platinum diffusion and DLTS, for another part the breakdown
resistance of a gate oxide was determined and for a further part the ability to develop
BMDs in an interior region during the course of a heat treatment was determined.

To determine the depth profile of vacancies, a test specimen was cut from the
semiconductor wafer to be examined and platinum was deposited on that side of the
test specimen which belonged to the rear side of the semiconductor wafer. The test
specimen had an area of 25 mm x 12 mm and was heated to 730 °C in a nitrogen
atmosphere over a period of one hour in order to diffuse platinum into the test
specimen. The front side of the test specimen was subsequently ground and polished
in order to produce a bevel having a beveling angle of from 0.2° to 1.3°. The beveling
angle determines the depth x the resolution of the depth profile of vacancies. The test
specimen was firstly dipped into acetone and subsequently into dilute hydrofluoric
acid (DHF) in order to clean it. To produce Schottky diodes, round contacts composed
of titanium and having a diameter of 1.4 mm and a thickness of 100 nm were
deposited on the surface of the bevel, and ohmic contacts composed of indium-
gallium were deposited on the rear side.
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To determine the concentration of substitutional platinum cp; by means of DLTS, a
spectrometer of the type DL 8000 was used under the following instrumental
conditions: reverse bias voltage Ur=5 V; pulse voltage Up=0.01 V; pulse width t,=100
us and time window of recording of the transients (period width) T,=5 ms. The DLTS
peak which can be assigned to the energy level E,=0.33 eV was evaluated. The
concentration cpi(x) determined in this way as a function of the depth x was converted
into a concentration of vacancies c,(x) according to the following formula:

eq

Cy(X) = Cpe(X) <1 + %) = cpt(x) X 1.78
Pt

To determine the breakdown resistance of a gate oxide, the front side of the
semiconductor wafer to be measured was provided with 800 MOS capacitors having
electrodes composed of polycrystalline silicon, the capacitors were subjected to a GOI
test (charge to breakdown test) using a stepped current ramp and the distribution of
breakdown charge Qdb (breakdown charge density distribution) was determined. The
gate oxide of the capacitors had a thickness of 25 nm and an area of 8 nm?.

To determine the ability to develop BMDs in an inner region (BMD test), the
semiconductor wafers were firstly heat treated in an atmosphere composed of a
mixture of oxygen and nitrogen with a volume ration of O2:N of 1:10 at a temperature
of 800 °C over a period of 4 hours and subsequently at a temperature of 1000 °C over
a period of 16 hours.

The semiconductor wafers were then examined by means of IR-LST (infrared light
scattering tomography). To determine the depth of the denuded zone, the radial
density distribution and the radial size distribution of BMDs, an analytical tool model
LST-300A from the manufacturer Semilab Co. Ltd., Hungary was provided.

Fig. 2 shows a representative result in respect of the density of vacancies Cv as a
function of the depth d., with the density having been determined by platinum diffusion
and DLTS. The depth profile in the middle of a semiconductor wafer according to the
invention from the front side into the interior of the semiconductor wafer was
measured. Fig. 3 shows, for the purposes of comparison, a corresponding depth
profile of a semiconductor wafer which was not according to the invention because the
further treatment in an inert atmosphere during the second RTA treatment was
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omitted during production thereof and the density of vacancies in the denuded zone
was therefore too high.

Fig. 4 shows a representative result of a test to determine the breakdown resistance
of a gate oxide for the example of a semiconductor wafer according to the invention.
The defect density DD is plotted as a function of Qug, where Nf is the number of failing
capacitors, Nt is the number of capacitors present and Ag is the area of the gate oxide
composed of silicon dioxide and the defect density is defined as follows:

DD = —In(1 — Nf/Nt)Ag

Fig. 5 shows, for the purpose of comparison, a corresponding depiction of the
breakdown resistance of a gate oxide of a semiconductor wafer which was not
according to the invention because the temperature in the first RTA treatment was
1250 °C and therefore too low during the production thereof and the duration of this
treatment had been selected as 15 s and therefore too short.

Fig. 6 shows a further corresponding depiction of the breakdown resistance of a gate
oxide of a semiconductor wafer which was not according to the invention because the
temperature in the first RTA treatment was 1250 °C and therefore too low during the
production thereof. The duration of the first RTA treatment was 30 s. Extending the
first RTA treatment therefore did not lead to an improved result as long as the
temperature of the first RTA treatment is selected too low.

Fig. 7 represents a card on which the position of the capacitors which failed in the GOI
test, the result of which is shown in fig. 5, up to Qg of 0.1 /cm? is drawn in. The
position of the capacitors is drawn in in relation to the distance p. thereof from the
middle of the semiconductor wafer. These capacitors are without exception close to
the middle and to the periphery of the semiconductor wafer and thus in regions having
a comparatively high density of vacancies.

Fig. 8 represents a card corresponding to fig. 7 and relates to the semiconductor
wafer which is not according to the invention and to which fig. 6 also relates.
Extending the first RTA treatment to 30 s thus also results in barely any improvement
in the failure of capacitors as long as the temperature of the first RTA treatment is
selected as 1250 °C and therefore too low.



10

15

20

25

30

35

14

Fig. 9 represents a card corresponding to fig. 7 and fig. 8 and relates to the
semiconductor wafer according to the invention to which fig. 4 also relates. The
production of this semiconductor wafer comprised a first RTA treatment at a
temperature of 1290 °C over a period of 30 s. The low failure of capacitors
demonstrates that oxygen precipitates could be effectively eliminated.

Fig. 10 shows, for a representative example, the depth of the denuded zone as a
function of the radius r of a semiconductor wafer according to the invention, with the
profile of the depth having been determined during the course of the above-described
BMD test. The graph (fig. 10) shows the distance DZ of the first BMD found at the
corresponding radial position from the front side of the semiconductor wafer.

Fig. 11 is a depiction corresponding to that of fig. 10. Example (solid line) and
comparative examples (dotted and broken lines) in each case show the depth of the
denuded zone as a function of the radius r. The example belongs to a semiconductor
wafer produced according to the invention; the comparative examples belong to
semiconductor wafers which had not been produced according to the invention. The
only difference in the production process was the target temperature of the first RTA
treatment. It was 1290 °C (example) or 1250 °C (comparative examples).

Fig. 12 shows, for a representative example, the density of BMDs as a function of the
radius r of a semiconductor wafer according to the invention, with the profile of the
density having been determined in the course of the above-described BMD test. Dgvps
represents the average of the BMD densities which were found in an interior region of
the semiconductor wafer having a distance of from 9 pm to 340 um from the front side
of the semiconductor wafer. Fig. 13 shows the size of the BMDs of the semiconductor
wafer as a function of the radius r of this semiconductor wafer. Sgumps represents the
average of the sizes of the BMDs which were found in the interior region of the
semiconductor wafer.

Fig. 14, fig. 15 and fig. 16 show, for a representative example, depth profiles of the

density of BMDs from the front side to a depth of somewhat deeper than 300 pm, with
the depth profiles having been determined in the course of the above-described BMD
test. The graphs show the density of the BMDs of a semiconductor wafer according to
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the invention as a function of the distance from the front side of the semiconductor
wafer, where d; is the distance in the middle of the semiconductor wafer (fig.14), di is
the distance at the position on the semiconductor wafer having a radius of 75 mm
(fig.15) and d-140 is the distance at the position of the semiconductor wafer having a
radius of 140 mm (fig. 16).
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Patent Claims

1. A semiconductor wafer composed of single-crystal silicon having a front side, a rear
side, a center and an edge, comprising

an Nv region which extends from the center to the edge;

a denuded zone which extends from the front side to a depth of not less than 20 um
into the interior of the semiconductor wafer, where the density of vacancies in the
denuded zone, determined by means of platinum diffusion and DLTS is not more than
1 x 10'3 vacancies/cm?;

a concentration of oxygen of not less than 4.5 x 107 atoms/cm? and not more than 5.5
x 107 atoms/cms;

a region in the interior of the semiconductor wafer which adjoins the denuded zone
and has nuclei which can be developed by means of a heat treatment into BMDs
having a peak density of not less than 5.5 x 10%cm3, where the heat treatment
comprises heating the semiconductor wafer to a temperature of 800 °C over a period
of four hours and to a temperature of 1000 °C over a period of 16 hours; and

wherein the density of BMDs having a distance of from 9 ym to 340 ym from the front
side of the semiconductor wafer from the center to the edge of the semiconductor
wafer satisfies the condition that the ratio Dembmax/Dempmin is not more than 1.4, where
Dsmbmax is the greatest density of BMDs and Dswvpmin is the lowest density of BMDs.

2. The semiconductor wafer as claimed in claim 1, wherein the peak density of BMDs
is at a distance of not more than 100 um from the front side of the semiconductor
wafer.

3. The semiconductor wafer as claimed in claim 1, wherein the size of BMDs having a
distance of from 9 um to 340 um from the front side of the semiconductor wafer from
the center to the edge of the semiconductor wafer satisfies the condition that the ratio
SBMbIarge/ SBMDsmall is Not more than 1.3, where Sembiarge is the largest of the BMDs and
Sembpsmall is the smallest of the BMDs.

4. A process for producing a semiconductor wafer composed of single-crystal silicon,
which comprises, in this order
growing of a single crystal of silicon by the CZ method;
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parting of at least one semiconductor wafer composed of single-crystal silicon from
the single crystal, where the semiconductor wafer has a concentration of oxygen of
not less than 4.5 x 107 atoms/cm?3 and not more than 5.5 x 10'7 atoms/cm? and
consists entirely of Nv region;

a first RTA treatment of the semiconductor wafer composed of single-crystal silicon at
a temperature in a first temperature range of not less than 1285 °C and not more than
1295 °C over a period of not less than 20 s and not more than 40 s in an atmosphere
containing argon and oxygen;

chemical treatment of the semiconductor wafer which comprises chemical removal of
an oxide layer from a front side of the semiconductor wafer;

a second RTA treatment of the semiconductor wafer composed of single-crystal
silicon at a temperature in a second temperature range of not less than 1160 °C and
not more than 1185 °C over a period of not less than 15 s and not more than 30 s in
an atmosphere containing argon and ammonia and at a temperature in a third
temperature range of not less than 1150 °C and not more than 1175 °C in an inert
atmosphere over a period of not less than 20 s and not more than 40 s.

5. The process as claimed in claim 4,
wherein growing of the single crystal is carried out in an atmosphere containing argon
and hydrogen.

6. The process as claimed in claim 4 or claim 5,
wherein the single crystal is grown at a drawing speed of not less than 0.5 mm/min
and the single crystal has a diameter of at least 300 mm.

7. The process as claimed in any of claims 4 to 6, wherein the RTA treatment in the
third temperature range is carried out in an atmosphere of argon.

8. The process as claimed in any of claims 4 to 7, wherein a heat treatment of the
semiconductor wafer composed of single-crystal silicon is carried out after the RTA
treatment in the third temperature range and the heating of the semiconductor wafer
to a temperature of 800 °C is carried out over a period of 4 hours and the heating of
the semiconductor wafer to a temperature of 1000 °C is carried out over a period of 16
hours.
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