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DESCRIPTION
Field of the invention

[0001] The present invention relates to phosphorus doped silicon single crystals, a method of 
producing a phosphorus doped silicon single crystal, a plurality of wafers and a silicon wafer. 
The phosphorus doped silicon single crystal has a dopant density allowing that wafers having 
improved radial resistivity variation (RRV) values are cut from the phosphorus doped silicon 
single crystal. The silicon wafers of the invention are particularly suited for use in high power 
electronics.

Prior art

[0002] Single crystal rods of semiconductor materials, such as silicon, are typically produced 
using one of two general methods, the Czochralski (CZ) method or the float-zone (FZ) method. 
Both of these are well-known and rely upon the formation of a single crystal during 
resolidification of molten material. Silicon single crystals are used as a starting material for 
preparation of silicon wafers, which are cut from the silicon single crystal.

[0003] Depending on application the silicon wafer can be described with, and may need a 
specific value of the resistivity, which is expressed in e.g. Qcm or corresponding units. The 
resistivity, p, of silicon depends on the dopant density, e.g. phosphorus and/or boron, in the 
material and their relation is described in Equation (1):

1
Equation (1) n =------

PP-mQ

where n is the density of phosphorus atoms (and boron atoms are considered to be present in 
insignificant amounts from the raw material, e.g. less than 10 ppta), pm electron mobility in 

silicon and q is electronic charge. The value of q is 1.602Ί0’19 C, and the typical value of pm, 

e.g. at room temperature, is 1450 cm2/s. Since the dopant atoms employed in silicon will 
normally be phosphorus and/or boron the resistivity of silicon may be controlled by controlling 
the amount of phosphorus and boron atoms in the silicon. Dopant atoms may be applied to the 
silicon material during production of the silicon single crystal. For example, phosphorus and 
boron may be applied by exposing the molten silicon to gaseous phosphine (PH3) or diboran 

(B2H6), respectively, so that the respective atoms are included in the silicon upon the 

resolidification. This process is generally known as gas doping. It is noted that other gases may 
be applied, but phosphine and diboran are the most commonly used in industry.

[0004] Alternatively, silicon atoms in solid silicon can be converted to phosphorus atoms by 

irradiating the material with neutrons. Specifically, when the isotope 30Si is irradiated with 

neutrons it will be transmuted to the isotope 31 Si, which decays, with a half life of 2.6 h, to the 
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stable phosphorus isotope 31P. Natural silicon has about 3% 30Si, and irradiation with neutrons 
can therefore be used to increase the density of phosphorus donor atoms in silicon. This 
process is known as neutron transmutation doping (NTD). The necessary dose of neutrons, or 
fluence, in the following denoted D, can be calculated from Equation (2):
Equation (2) D = Kr (—----- —)

where Ki is a material constant for a given neutron spectrum, and Pntd and Pi are the 

resistivities after NTD irradiation and the initial resistivity, i.e. before neutron irradiation, 
respectively. The constant K-f is defined in Equation (3):

Equation (3) Kr =

where N30Sl is the density of 30Si in the silicon and a308' is the average absorption cross­

section of 30Si. With the above values of q and pm, Ki will be 2.612Ί019 Qcrrr1.

[0005] The resistivity of a silicon wafer may vary across the surface of the silicon wafer, both 
due to stochastic variation and also due to systematic variations caused by the procedure used 
to include the doping atoms in the silicon. The quality of a wafer, and thereby also of a single 
crystal from which the wafer is cut, can be described by the resistivity distribution of the 
material where a homogenous resistivity throughout the cross-section of the single crystal 
equals high quality. The homogeneity of the resistivity of silicon is typically classified for a 
silicon wafer using the RRV value, which is defined (according to the SEMI standard SEMI 
MF81) in Equation (4):
Equation (4) RRV - pma*~Pmin 100%

Pmin

where pmax is the highest resistivity and pmjn is the lowest resistivity recorded for a wafer. In 

order to determine the RRV value for a wafer several resistivity values are recorded over the 
surface of the wafer, which corresponds to the cross-section of the single crystal from which 
the wafer was cut. NTD treatment is generally considered to provide the best distribution of 
phosphorus donor atoms commonly yielding RRV values of about 5-7% or less. However, for 
large silicon crystals, e.g. with diameters above 150 mm, the neutron irradiation will not be 
even through the cross-section of the diameter, due to absorption of the neutrons penetrating 
the silicon ingot.

[0006] The RRV value is a combined value for a silicon wafer (including both stochastic and 
systematic variation) but any systematic variation across the surface of the wafer is likely not 
visible in the RRV value. NTD and gas doping both have systematic variations in the 
distribution of phosphorus atoms in the silicon single crystal.

[0007] A NTD process is performed in a nuclear reactor designed to irradiate a crystal of a 
length of e.g. up to about 600 mm. The reactor includes a neutron source and is typically 
designed to provide the crystal with neutrons from a slit, which is parallel to the axis of the 
crystal so that a transverse plane in the crystal can be considered to be exposed to a point 
shaped source of neutron irradiation. The history of NTD of silicon is summarised in IAEA- 
TECDOC-1681 (Vienna 2012) from the International Atomic Energy Agency (ISBN 978-92-0- 
130010-2), and practical application of the NTD process is described in Topsil Semiconductor
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Materials' Application Note "Neutron Transmutation Doped (NTD) Silicon For High Power 
Electronics" (October 2013), which can be found on: http://www.topsil.com/media/56052/ntd 
application note long version October 2013.pdf Further discussions of NTD processes and 
their recent development are provided by Kim et al. (2009, Estimation of future demand for 
neutron-transmutation-doped silicon caused by development of hybrid electric vehicle and its 
supply from research reactors, 13th European Conference on Power Electronics and 
Applications, 2009. EPE '09, pp. 1-10) and Park et al. (2013, Neutron transmutation doping in 
HANARO reactor, http://www-
pub.iaea.org/MTCD/Publications/PDF/SupplementaryMaterials/TECDOC 1713 CD /template- 
cd/datasets/papers/ParkSJ%20NTD%20Silicon%20HANARO%20Jun2010.pdfL

[0008] The crystal is rotated in the reactor during exposure to the irradiation in order to ensure 
an even distribution of neutron flux. However, silicon has a decay length of about 19 cm, and 
therefore for crystals of large diameters, e.g. above 150 mm, the edge of the crystal will be 
exposed to a larger fluence than the centre of the crystal, thereby resulting in an uneven 
distribution of phosphorus donor atoms. NTD treated silicon wafers of 200 mm diameter are 
available from Topsil GlobalWafers A/S as evident from the company's website. Topsil 
Semiconductor Materials' Application Note "200mm <100> NTD Silicon Wafers For High 
Power" (February 2014), discloses examples of 200 mm diameter silicon wafers treated in the 
NTD process, where the RRV is less than 7%. Typically, the resistivity profiles show a 
systematic deviation where the resistivity is higher near the centre, corresponding to a lower 
fluence, than near the edge where the resistivity is closer to the target resistivities. This 
systematic effect is more pronounced for lower target resistivities which are obtained using a 
higher fluence as can be seen from Equation (2). A further example of NTD treatment of a 
large diameter silicon single crystal is provided in DE 102010028924. Silicon single crystals of 
200 mm diameter were prepared in a CZ process before irradiating to provide radial 
resistivities of 50 Qcm from which wafers with RRV values down to 2.5% were cut.

[0009] Where NTD treatment will result in a higher fluence near the edge of a crystal of high 
diameter, and thereby a higher density of dopant atoms near the edge, gas based doping 
processes will generally result in a higher density of dopant atoms near the centre of the single 
crystal.

[0010] DE 102004034372 discloses a process for the manufacture of a silicon single crystal 
where gas doping is employed in a FZ step to provide a first electrical resistance of the single 
crystal followed by a neutron irradiation treatment to provide a second electrical resistance. 
The object of DE 102004034372 is to provide a method for producing a silicon single crystal, 
where the dispersion of electrical resistance in a plane is low, at a low cost and high 
productivity, even if the electrical resistance is low. The Examples of DE 102004034372 
disclose the FZ manufacture of silicon single crystals with diameters of 125 mm where gas 
doping using phosphine provides first resistances of 25 to 65 Qcm and where subsequent NTD 
treatment provides the target resistances of 15 Qcm or 17 Qcm. RRV values down to 1.8% are 
reported for the process for 125 mm wafers. The neutron irradiation in DE 102004034372 can 
be performed in a light water reactor or a heavy water reactor, and since the single crystal is

http://www.topsil.com/media/56052/ntd
http://www-
pub.iaea.org/MTCD/Publications/PDF/SupplementaryMaterials/TECDOC
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rotated it is considered uniformly irradiated.

[0011] It is an object of the present invention to provide a phosphorus doped silicon single 
crystal having a large diameter and an even density of phosphorus dopant atoms across the 
cross-section allowing improved silicon wafers to be prepared from the phosphorus doped 
silicon single crystal.

Disclosure of the invention

[0012] The present invention relates to a phosphorus doped silicon single crystal having a 
diameter in the range of 175 mm to 225 mm and an axial length in the range of 50 mm to 1000 

mm, an oxygen content below 2Ί016 cm-3, the phosphorus doped silicon single crystal in a 
transverse plane having a density of dopant atoms providing a target resistivity (Pntd) in the 

range of 55 Qcm to 2000 Qcm for a wafer cut from the phosphorus doped silicon ingot, 
wherein a RRV value of 2% or less as determined according to the SEMI standard SEMI MF81 
is obtained for at least 75% of wafers cut from the phosphorus doped silicon single crystal 
when the resistivity is measured after annealing the silicon at a temperature in the range of 
800°C to 1300°C. For example, the invention relates to a phosphorus doped silicon single 
crystal having a diameter of at least 175 mm and an axial length in the range of 50 mm to 600 
mm. The phosphorus doped silicon single crystal in a transverse plane has a density of dopant 
atoms providing a target resistivity (Pntd) 'n the range of 55 Qcm to 2000 Qcm for a wafer cut 

from the phosphorus doped silicon ingot, wherein 5 or more resistivity values, in particular 9 or 
10 measurements according to the SEMI standard SEMI MF81, recorded across the surface of 
the silicon wafer after annealing provide an average resistivity pav and the normalised average 

resistivity defined as pav/pNTDis 'n the range of 0.95 to 1.05, when the resistivity is measured 

after annealing the silicon at a temperature in the range of 800°C to 1300°C. The deviation 
from Pntd should be calculated for at least 10 wafers, and it is preferred that the normalised 

average resistivity, pavlpi\iTD> 'n the range of 0.95 to 1.05 is observed for at least 10 wafers, 

e.g. at least 20 wafers or more preferably all wafers cut from a silicon single crystal. The 
normalised average resistivity, pav/PNTD, may also be classified relative to the number of 

wafers cut from a silicon single crystal. In an embodiment of the invention the normalised 
average resistivity, P^Pntd, is 'n the range of 0.95 to 1.05, e.g. 0.96 to 1.04, for at least 75%, 

e.g. at least 80%, at least 90% or at least 95%, of the wafers cut from a silicon single crystal.

[0013] The upper limit ofthe RRV that the specified percentage of wafers is below may also be 
referred to as the "upper specific limit" (USL), in particular when 95% of the wafers are below 
this limit. Thus, when a wafer having a RRV value of 1.8% or less is cut from the phosphorus 
doped silicon single crystal, the USL ofthe phosphorus doped silicon single crystal will typically 
be 4% or lower, e.g. 3% or lower, or 2% or lower. Both the RRV and pavlpi\iTD f°r a plurality of 

wafers cut from a phosphorous doped silicon single crystal of the invention may also be 
described in terms of the standard deviation observed from the respective value for the 
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plurality of wafers. In particular, the average RRV value plus three standard deviations may be 
set as the USL and for pav/PNTD the USL may also be three standard deviations above 0% (i.e. 

from the target resistivity); likewise a "lower specific limit" (LSL) exists for pav/PNTD, which may 

be three standard deviations below 0%. In a specific embodiment the plurality of wafers thus 
has an USL of 4% for the RRV (corresponding to the average RRV value plus three standard 
deviations), e.g. 3%, but the majority of the wafers will have RRV values below 1.8%, or even 
below 1.5%. In another embodiment the plurality of wafers as an USL of 5%, e.g. 4%, for the 
normalised average resistivity, pavlpi\rrD> which thus corresponds to three standard deviations, 

and a LSL of -5%, e.g. -4%, corresponding to minus three standard deviations, so that pav/ 

Pntd is 'n the range of 0.95 to 1.05, e.g. 0.96 to 1.04.

[0014] The phosphorus doped silicon single crystals have a diameter in the range of 175 mm 
to 225 mm. Also disclosed is that the diameter of the phosphorus doped silicon single crystal is 
in the range of 275 mm to 325 mm. In specific embodiments the phosphorus doped silicon 
single crystals have a diameter in the range of 175 mm to 225 mm and an oxygen content 

below 2Ί016 cm'3. Also disclosed are phosphorus doped silicon single crystals having a 
diameter above 250 mm, e.g. in the range of 275 mm to 325 mm, and an oxygen content 

below 2Ί016 cm'3. Further disclosed are phosphorus doped silicon single crystals having a 

diameter in the range of 275 mm to 325 mm and an oxygen content above 1017 cm-3. The 
phosphorus doped silicon single crystals can have any crystal orientation, e.g. <100> or <111 >.

[0015] In another aspect the invention relates to a plurality of wafers cut from the phosphorus 
doped silicon single crystal. In an embodiment each of the wafers of the plurality has a RRV 
value below 2%, such as at or below 1.8% or at or below 1.5%. In another embodiment the 
plurality of wafers has an USL for the RRV of 4%. The term "plurality" in the context of the 
invention is at least 2 but preferably at least 3, at least 4, at least 5, at least 6, at least 7, at 
least 8, at least 9, at least 10, at least 20, at least 30, at least 40, at least 50, at least 100 etc. 
In an embodiment the wafers of the plurality of wafers will have a normalised average 
resistivity, pav/PNTD, in the range of 0.95 to 1.05 when the average resistivity pav is calculated 

from 5 or more, e.g. 9 or 10, resistivity values recorded across the surface of the wafers. The 
resistivities may be obtained according to the SEMI standard MF81, although other procedures 
may also be employed. In other embodiments each ofthe wafers ofthe plurality of wafers has 
a normalised average resistivity, pavlpi\rrD> in the range of 0.96 to 1.04, such as 0.97 to 1.03. In 

particular the USL and the LSL, when defined as explained above, may be ±5%, or ±4%, or 
±3%, respectively. The plurality of wafers may also have been subjected to an annealing step 
at a temperature in the range of 800°C to 1300°C. The wafers of the plurality of wafers will 
generally have a thickness in the range of 100 μm to 2000 μm, such as 500 μm to 1000 μm, 
1200 μm to 1800 μm, or 200 μm to 500 μm. Thus, a typical silicon single crystal of the 
invention will yield at least 50 wafers.

[0016] Also disclosed is a wafer cut from the phosphorus doped silicon single crystal. The 
wafer may also have been subjected to an annealing step at a temperature in the range of
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800°C to 1300°C. The wafer will generally have a thickness in the range of 100 μm to 2000 
μm, such as 500 μm to 1000 μm, 1200 μm to 1800 μm, or such as 200 μm to 500 μm. 
Exemplary wafer thicknesses are about 700 μm and about 1400 μm.

[0017] The present inventors have found that for a NTD apparatus the ratio between the 
irradiation dose, D, and the phosphorus donor density excess created during the NTD process 
at the edge of the irradiated single crystal, or ingot, compared to the centre of the silicon single 
crystal is constant. This relation is expressed in Equation (5) as the constant, K2.

Equation (5) K2 - An^D’ec

where is the phosphorus donor density excess created during the NTD process at the

edge of the irradiated single crystal compared to the centre of the silicon single crystal, which is 
defined in Equation (6):
Equation (6) &nNTD,ec — (,nNTD.e ~ ni,e) ~ {nNTD,c ~ ni,c)

[0018] where ηι\ιτββ and Dntd,c are the phosphorus donor densities at the edge and the 

centre after irradiation, respectively, and rije and HjC are the initial phosphorus donor densities 

at the edge and the centre, respectively.

[0019] The present inventors have further found that for a gas based doping process, in 
particular for a gas based doping float-zone (FZ) process, the distribution of the dopant atoms, 
e.g. the phosphorus donor atoms, will also be constant with respect to the density of 
phosphorus donor atoms introduced into the centre of the single crystal formed during 
resolidification compared to the density of phosphorus donor atoms at another location, e.g. 
near the edge of the resolidified silicon single crystal. This constant may be expressed 
according to Equation (7):
Equation (7) K3 =

nl,AVG

where n, denotes phosphorus donor densities obtained in the gas doping process, so that ni c 

and ni e are the phosphorus donor densities at the centre and at the edge of the silicon single 

crystal, and njAVG is the average value. Since the gas doping process is performed before the 

NTD treatment the i will also refer to the "initial" value for the NTD process.

[0020] The constants K2 and K3 can be determined for a specific reactor and a specific gas 

doping process, respectively. The values nic and nNTDc may be recorded in a region 

comprising the centre but are not limited to the exact centre of the silicon single crystal, and 
likewise the values rije and n^Tße may be recorded at a specified distance from the centre, as 

long as data collected for a number of silicon wafers are collected in the same way for all 
wafers included in the determination of K2 and K3. For example, n/,c and Dntd,c maY be 

recorded at a distance from the centre to 10% of the radius of the single crystal. Likewise, n,e 

and ni\iTß e may be recorded at a distance from the centre e.g. from 80% to 100% of the radius 

of the single crystal. It is contemplated that the constant K3 is relevant for both FZ type
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processes and also for Czochralski (CZ) type processes.

[0021] The present inventors have now surprisingly found that when gas doping and NTD are 
combined to produce a silicon single crystal of a large diameter, e.g. above 150 mm, in 
particular in the range of 175 mm to 350 mm, the constants /<2ancl Kscan be used to calculate 

the resistivity needed in the gas doping process, p,, expressed as an initial resistivity or pre­

irradiation resistivity with respect to the NTD process step from the desired target resistivity, 
Pntd> and that determining the resistivities needed in the gas doping process using this relation 

will result in a more even distribution of phosphorus atoms in the irradiated silicon single 
crystal, which can be seen as a RRV value (as determined according to the SEMI standard 
SEMI MF81) at or below 1.8% for silicon wafers cut from the irradiated silicon single crystal, or 
which can be seen as an RRV value of 3% or less is obtained for at least 75% of wafers cut 
from the phosphorus doped silicon single crystal. The relation between the constants K2 and 

K3 is most appropriately used when the target resistivity (Pntd) is in the range of 5 Qcm to 

2000 Qcm. By using the method of the invention the radial shape of the resistivity profile of the 
gas based process step, i.e. as expressed with the constant K3, is taken into consideration 

when planning the NTD step, i.e. as expressed with the constant K2, so that the resistivity 

profiles even each other out, and a consistently lower RRV is, and correspondingly lower RRV 
values are, provided for wafers cut from the phosphorus doped silicon single crystal than is 
available using either process step alone. The RRV value will typically be below 6% for all 
wafers cut from the phosphorus doped silicon single crystal. For example, wafers can be cut 
from the phosphorus doped silicon single crystal, which have RRV values at or below 1.7%, or 
at or below 1.6%, or at or below 1.5%, or at or below 1.4%, or at or below 1.3%, or at or below 
1.2%, or at or below 1.1 %, or at or below 1.0%. In particular, a phosphorus doped silicon single 
crystal thus prepared allows that at least 75% of wafers cut from the phosphorus doped silicon 
single crystal will have a RRV value at or below 3%, e.g. below 2%, or at least 50% of wafers 
cut from the phosphorus doped silicon single crystal will have a RRV value at or below 2%, 
such as at or below 1.8% or at or below 1.5%. The relation between the constants K2 and K3 

further allows that the normalised average resistivity, pav/PNTD, is in the range of 0.95 to 1.05 

for a significant proportion, e.g. at least 75%, at least 95% and up to 100% of the wafers cut 
from a silicon single crystal.

[0022] For gas based doping processes the resistivity, p,, will generally be provided as a single 

value for the silicon ingot produced, despite it that the resistivity may vary across the cross­
sections) of the silicon ingot produced. The steps required for obtaining a selected resistivity, 
Pi, in a gas based doping process is well-known to the skilled person. The above relation is 

found to be particularly relevant for a phosphorus doped silicon single crystal having high 
target resistivities, e.g. at or above 100 Qcm, and in a preferred embodiment the phosphorus 
doped silicon single crystal has a target resistivity in the range of 100 Qcm to 1200 Qcm. The 
higher the target resistivity the lower the amount of phosphorus atoms needed in the silicon 
single crystal and therefore it is more important to control the distribution of the phosphorus 
atoms when high resistivities, e.g. above 100 Qcm, are required. The present invention 
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especially provides better control of the distribution of phosphorus atoms when the target 
resistivity is at or above 100 Qcm.

[0023] The relation between the resistivity p, (the pre-irradiation resistivity) and the target 

resistivity Pntd can generally be considered linear for a specific gas doping process coupled 

with a specific NTD process, and the ratio of the relation will typically be in range of 1/6 to 1/3. 
Thus, when target resistivity Pntd is about 100 Qcm the pre-irradiation resistivity p, may be in 

the range 300 Qcm to 600 Qcm, and when the target resistivity Pntd is about 1000 Qcm the 

pre-irradiation resistivity p, may be in the range 3000 Qcm to 6000 Qcm. The relation between 

Pntd, Pi, ^2, and ^3 maY be expressed according to Equation (8):

Equation (8) ( K3 \ 1
P^D-Pi L2k1/w? + 1J

[0024] In another aspect the invention relates to a method of producing a phosphorus doped 
silicon single crystal having a predetermined target resistivity (Pntd) in the range of 5 Qcm to 

2000 Qcm, which target resistivity is measurable after annealing a wafer cut from the 
phosphorus doped silicon single crystal, the method comprising the steps of:

gas doping of molten silicon in a crucible free process or in a crucible in the presence of a 
phosphorus containing gaseous species,

solidifying the molten silicon so as to form a gas doped silicon single crystal having a pre- 
irradiation resistivity (p,·) and a diameter of 175 mm or more,

irradiating the gas doped silicon single crystal with neutrons to decrease the resistivity to the 
target resistivity (Pntd), θ·9· from the pre-irradiation resistivity (p/),

wherein the target resistivity (Pntd) is selected and a RRV of 6% or less is obtained by pre­

selecting the gas doping conditions and the irradiation conditions according to Equation (8).

[0025] It is evident from the definitions of K2 (Equation (5) and Equation (6)) and K3 (Equation 

(7)) that the constants take account of the radial variation of the radial distribution of the 
dopant atoms obtained in the NTD treatment and the gas doping process, respectively. The 
present inventors have surprisingly found that the constants, when used in Equation (8), allow 
planning ofthe NTD treatment based on a specific gas doping process, or vice versa, which is 
described using its constant K3, so that a consistently lower RRV, expressed with the RRV 

value, is obtained for wafers cut from the silicon single crystal produced according to the 
invention than can be obtained using either of the gas doping or the NTD treatment alone. It is 
especially noted that when producing a phosphorus doped silicon single crystal in the method 
ofthe invention little concern is needed to ensure that an even radial distribution ofthe dopant 
atoms is obtained in the gas doping, since the characterisation ofthe specific process by K3 is 



DK/EP 3414367 T3

included in Equation (8) where it is matched to the NTD process. Gas doped silicon single 
crystals with specific radial distribution profiles of phosphorus doping are available from Topsil 
GlobalWafers A/S. The Application Note "200 mm <100> PREFERRED FLOAT ZONE (PFZ) 
SILICON WAFERS" (Sune Duun, Anne Nielsen, Christian Hindrichsen, Theis Sveigaard, Ole 
Andersen,
Jaroslaw

Jablonski
, and Leif Jensen, September 2014, httD://www.toDsil.com/media/142195/pfz application note 
200mm september2 014.pdf) thus shows radial resistivity profiles of exemplary gas doped 
silicon single crystals (see Fig. 1) from which K3 can be calculated; the Application Note, 

especially Fig. 1 thereof, is incorporated herein by reference.

[0026] The method of the invention allows that lower RRV values are obtained than is afforded 
by NTD treatment without gas doping, e.g. the RRV values will always be below 6%. The RRV 
values will typically be below 4%, e.g. for at least 95%, such as for 100%, of the wafers cut 
from the phosphorus doped silicon single crystal. In certain embodiments, a RRV value of 3% 
is obtained, e.g. for at least 75%, e.g. at least 90%, of the wafers cut from the phosphorus 
doped silicon single crystal. In other embodiments a RRV value of at 2% or less, such as 1.8% 
or less, is obtained. The method further provides a phosphorus doped silicon single crystal 
from which the resistivity values recorded for wafers, e.g. at least 75% of the wafers, cut from 
the silicon single crystal after annealing have an average resistivity pav and a normalised 

average resistivity defined as pavlpi\rrD 'n the range of 0.95 to 1.05, such as in the range of 

0.96 to 1.04, for example when the resistivities are recorded according to the SEMI standard 
SEMI MF81.

[0027] The crucible free process may be any process in which a silicon single crystal is 
prepared from a silicon material, e.g. a polycrystalline silicon, where the silicon material is not 
molten in a crucible. A preferred crucible free process is a FZ method. The silicon material may 
also be molten in a crucible, and any appropriate method may be used.

[0028] When a silicon single crystal is prepared by melting in a crucible the process may also 
be referred to as a CZ method. A silicon single crystal produced in a CZ process using gas 
doping may have a different distribution profile compared to a silicon single crystal produced 
using gas doping in a FZ process. However, the difference in radial distribution profiles will be 
reflected in the constant K3, which is used in Equation (8) and the combined process will be 

carried out accordingly so that a consistently lower RRV is obtained than is available by either 
gas doping or NTD treatment alone. A CZ process will typically provide an axial variation in the 
distribution of dopant atoms. By combining gas doping in a CZ process with NTD according to 
the present invention it is possible to ensure an even transverse distribution of phosphorous 
dopant atoms, however, it is preferred that a CZ pre-irradiation ingot is divided into subsections 
and subsequently neutron irradiating each subsection separately in order to achieve a desired 
target resistivity for the subsection. For example, a CZ crystal may be prepared with 2 to 6, 
e.g. 3 or 4, sections of a predefined resistivity, and in an embodiment of the method of the 

httD://www.toDsil.com/media/142195/pfz_application_note


DK/EP 3414367 T3

invention the CZ crystal is cut into the subsections of predefined resistivity before exposing 
each subsection to NTD treatment in order to obtain different target resistivities for the 
subsections. Each subsection thus produced will have an even axial, as well as an even 
transverse, distribution of phosphorus dopant atoms. The subsections may have a length in 
the range of 50 mm to 1000 mm, e.g. 50 mm to 600 mm, or the subsections may be shorter.

[0029] Gas doping processes are well-known to the skilled person, and it is within his skills to 
prepare a silicon ingot having a desired pre-irradiation resistivity (p,). The gas doping may be 

performed with any phosphorus containing gaseous species that can be used in a gas doping 
process. For example, the gas doping may be performed using phosphine (PH3).

[0030] The fluence required to obtain Pntd can be calculated from Equation (2). It is within the 

knowledge of the skilled person to device a set-up of a NTD reactor and determine K2 for the 

NTD reactor. The method of the invention may further comprise the step of determining the 
constant K2 for a NTD reactor. The method may also comprise the step of determining the 

constant K3, e.g. for a specific gas based doping process. The constants K2 and K3 are 

relevant for specific process types, and they will therefore be determined with some 
uncertainty, e.g. expressed as a standard deviation. The RRV values may be predicted from 

the above equations. In a specific example, K2 was determined to be 4.280Ί0'6 cm2 and K3 

was determined to be 0.10 (so that the ratio for this specific combination is 0.165). When these 
values of K2 and K3 are used to predict the RRV of a 200 mm wafer including three standard 

deviations in the calculation the RRV value for the wafer will be below 3%, e.g. at or below 2%, 
or at or below 1.8%, which demonstrates the utility of the relation expressed in Equation (8). 
RRV values below 2%, e.g. below 1.8%, were demonstrated experimentally as explained 
below.

[0031] The phosphorus doped silicon single crystals ofthe invention, e.g. a phosphorus doped 
silicon single crystal prepared according to the method ofthe invention, are typically described 
by the RRV value obtained for a wafer cut from the phosphorus doped silicon single crystal but 
the phosphorus doped silicon single crystal may also be described using the normalised 
average resistivity, pav/PNTD, defined above. The RRV value, and also the pav/PNTD, reflect the 

distribution of phosphorus donor atoms introduced into the silicon during the processing so that 
the phosphorus doped silicon single crystal may also be described with the distribution of 
phosphorus donor atoms, in particular the distribution of phosphorus donor atoms in a 
transverse plane of the phosphorus doped silicon single crystal. Any method may be used to 
measure the distribution of phosphorus atoms in the phosphorus doped silicon single crystal. 
In order to estimate the distribution of phosphorus donor atoms a wafer may be cut from the 
phosphorus doped silicon single crystal, and the wafer may then be exposed to annealing 
conditions before recording resistivity values. The step of annealing a silicon wafer cut from the 
phosphorus doped silicon single crystal will be performed according to the standard methods in 
the field, as known to the skilled person, e.g. by exposing the silicon wafer to a temperature in 
the range of 800°C to 1300°C. Annealing of a silicon wafer will remove defects created in the 
silicon material by the neutron irradiation. An embodiment ofthe method further comprises the 
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step of cutting a wafer from the phosphorus doped silicon single crystal and optionally also 
annealing the wafer at a temperature in the range of 800°C to 1300°C. However, the 
distribution of phosphorus atoms in the phosphorus doped silicon single crystal may be 
determined using any appropriate method, and it is not necessary to cut a wafer from the 
phosphorus doped silicon single crystal; it is also not necessary to anneal it in order to estimate 
the distribution of phosphorus atoms by recording resistivities across the surface of the wafer.

[0032] In general, the variation of RRV values obtained from silicon wafers prepared according 
to prior art methods typically allow that single outlier wafers are identified, which have even 
very low RRV values, e.g. less than 3%. The phosphorus doped silicon single crystal of the 
invention advantageously has a more even distribution of phosphorus atoms also in the axial 
direction of the phosphorus doped silicon single crystal. Thus, the phosphorus doped silicon 
single crystal allows that a RRV value of 2% or less, is obtained for at least 75% of the wafers 
cut from the phosphorus doped silicon single crystal. Moreover, the phosphorus doped silicon 
single crystal allows that a RRV value of 4% or less is obtained for at least 95%, e.g. for all, of 
the wafers cut from the phosphorus doped silicon single crystal. In specific embodiments, the 
RRV value of 3% may be obtained for at least 80%, or at least 90%, and up to 100% of the 
wafers cut from the phosphorus doped silicon single crystal. In particular, when 10 or more 
wafers, e.g. 20 or more wafers or 30 or more wafers, are cut from the phosphorus doped 
silicon single crystal. It is considered especially advantageous that the phosphorus doped 
silicon single crystal provides that a RRV value below 4% may be obtained for all of the wafers 
cut from the phosphorus doped silicon single crystal and that according to the present 
invention a RRV value below 2% is provided for at least 75% of the wafers cut from the 
phosphorus doped silicon single crystal. In a specific embodiment a RRV value of 2% or less is 
obtained for at least 80%, or at least 90%, or at least 95%, or at least 98%, and up to 100% of 
the wafers cut from the phosphorus doped silicon single crystal. In a further embodiment a 
RRV value of 1.8% or less is obtained for at least 30% of the wafers cut from the phosphorus 
doped silicon single crystal, such as at least 40%, at least 50%, or at least 60%, or at least 
70%, or at least 80%, or at least 90%, or at least 95%, or at least 98%, and up to 100% of the 
wafers cut from the phosphorus doped silicon single crystal. For example, a phosphorus doped 
silicon single crystal of the invention prepared in a FZ process to have a diameter of 200 mm 
and a target resistivity of 131 Qcm was cut into 98 wafers, which were labelled with serial 
numbers for traceability. The wafers were analysed for RRV values according to the SEMI 
standard SEMI MF81, and all wafers had RRV values below 1.8%. The RRV values are 
depicted in Figure 1. Deviations from the target resistivity, expressed as the normalised 
resistivities p/Pntd, are depicted in Figure 2. For this phosphorus doped silicon single crystal 

100% of the wafers had RRV values below 1.8%, 99% had RRV values below 1.5%, 97% had 
RRV values below 1.4%, and 92% had RRV values below 1.3%. Likewise, silicon single crystals 
were prepared with target resistivities of 55 Qcm and 740 Qcm, and all wafers cut from these 
silicon single crystals had RRV values below 1.8% (see Figure 3 and Figure 5, respectively). 
Furthermore, the wafers had normalised average resistivity values, pavlpi\rrD> within the range 

of 0.96 to 1.04, and for target resistivities of 55 Qcm and 740 Qcm within 0.98 to 1.02 (see 
Figure 4).
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[0033] The method of the invention advantageously allows a more even distribution of 
phosphorus donor atoms in the phosphorus doped silicon single crystal, in particular in a 
transverse plane of the phosphorus doped silicon single crystal but also along the axial 
dimension of the phosphorus doped silicon single crystal. The more even distribution of 
phosphorus atoms can be classified by any appropriate means, and as an alternative to 
calculating the RRV value the quality of a silicon wafer, i.e. as reflected by the even distribution 
of phosphorus donor atoms in a transverse plane, may also be estimated by taking into 
consideration all the measurement points recorded for the RRV calculations. The SEMI MF81 
standard at present includes obtaining 9 resistivity measurements at specified locations, and 
instead of using only the highest and the lowest values recorded, as done in the calculation of 
the RRV, an average value, pav, can be calculated from the obtained data points. Likewise, a 

standard deviation may also be calculated from the obtained data points. The average value, 
pav, and also the standard deviation, may be normalised to the target resistivity, Pntd- ln an 

aspect of the invention, the silicon wafer after annealing has a normalised average resistivity 
defined as pavlpi\rrD 'n the range of 0.95 to 1.05, e.g. in the range of 0.96 to 1.04, or 0.97 to 

1.03, or 0.98 to 1.02, or 0.99 to 1.01. The resistivity measurements included in the calculations 
of the average value, pav, may be obtained from any pattern of measurements distributed over 

the surface of the wafer, although in general at least 5 measurements are needed to estimate 
the average value, pav, of the resistivity. In a specific embodiment, the resistivity of a wafer is 

measured at the centre of the wafer (1 or 2 measurements), and 4 measurements distributed 
along, e.g. evenly distributed along, a circle having a radius of 50% of the radius of the wafer 
and 4 measurements distributed along, e.g. evenly distributed along, a circle having a radius of 
95% to 100% of the radius of the wafer, for example at a distance of 6 mm from the edge of 
the wafer (when 1 measurement is obtained for the centre of the wafer, 4 measurements are 
obtained at half the radius and 4 measurements are obtained at 6.0 mm from the edge of the 
wafer the measurements comply with the SEMI MF81 standard) are recorded, and an average 
value, pav, is calculated from the 9 or 10 measurements together with a standard deviation. 

For a phosphorus doped silicon single crystal produced according to the method of the 
invention 98 wafers were cut and analysed for variation of the average resistivity for each 
wafer (according to the SEMI MF81 standard), and all wafers had a normalised average 
resistivity pav/PNTD, 'n the range of 0.96 to 1.04 as depicted in Figure 2 and Figure 4. 

Moreover, when the average resistivity of each wafer was compared to the average resistivity 
for all the wafers the ratios of the average resistivities for individual wafers to the average 
resistivity for the population of wafers were in the range of 0.99 to 1.01.

[0034] The data in the Figures demonstrate an extremely low wafer-to-wafer variation. For 
example, the average of the average values, pav, for the population of wafers obtained from a 

single phosphorus doped silicon single crystal will typically also be low, e.g. ±1% from the 
average of the pav 's (data not shown). This extremely low wafer-to-wafer variation is also 

reflected in the pav/PNTD and it documents that a pav/PNTD in the range of 0.95 to 1.05 is 

obtained, in particular for all wafers cut from the silicon single crystals. In Figure 2 the data is 
presented as measured resistivity values compared to the target resistivity of 131 Qcm, plPntd-
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The resistivity values of all wafers are within 5% from the target resistivity.

[0035] Furthermore, an USL as well as a "lower specification limit" (LSL) may also be defined 
for the normalised average pavlpi\rrD, which USL and LSL take into account the stochastic 

variation of the resistivity values recorded for the wafers and the USL may be set to be the 
Pntd Plus three standard deviations and the LSL may be set to the Pntd minus three standard 

deviations, where the standard deviations are for all wafers included in the measurements. 
Other limits for the USL and LSL may be five standard deviations. The plot in Figure 2 shows, 
for each wafer, the resistivity measurements made according to the SEMI MF81 standard, and 
the plots in Figure 4 represent the same data as in Figure 2 shown as a box plot with an USL 
and a LSL, which, at ±5%, are within plus or minus three standard deviations, respectively. 
Figure 4 also shows box plots for phosphorus doped silicon single crystals with target 
resistivities, Pntd, °f 55 Qcm and 740 Qcm. It is evident that the present invention provides a 

phosphorus doped silicon single crystal from which wafers can be cut, which phosphorus 
doped silicon single crystal provides an USL of plus 5%, e.g. plus 3%, for the RRV values for 
wafers cut from the silicon single crystal. Alternatively, a measurement may be made to 
represent a central region of the wafer corresponding to a distance from the centre to 25% of 
the radius of the wafer, and two or more resistivity values may be recorded for a region of the 
wafer corresponding to a distance from 25% of the radius of the silicon wafer to 75% of the 
radius of the silicon wafer, and two or more resistivity values may be recorded at a distance 
from 75% of the radius of the silicon wafer to 100% of the radius of the silicon wafer. The 
phosphorus doped silicon single crystal has a distribution of phosphorus donor atoms allowing 
a wafer, or a plurality of wafers, to be cut from the phosphorus doped silicon single crystal, 
which wafer, or a plurality of wafers, after annealing at a temperature in the range of 800°C to 
1300°C has a RRV value of 1.8% or less, and also a normalised average resistivity defined as 
pav/PNTD 'n the range of 0.95 to 1.05.

[0036] In a certain aspect the invention relates to a phosphorus doped silicon single crystal 
having a diameter of at least 175 mm and an axial length in the range of 50 mm to 600 mm, 
the phosphorus doped silicon single crystal in a transverse plane having a density of dopant 
atoms providing a target resistivity (Pntd) in the range of 55 Qcm to 2000 Qcm for a wafer, or a 

plurality of wafers, cut from the phosphorus doped silicon ingot, which target resistivity is 
measurable after annealing the silicon at a temperature in the range of 800°C to 1300°C, 
wherein the silicon wafer, or the plurality of silicon wafers, after annealing has, or have, a 
normalised average resistivity defined as pavlpi\rrD in the range of 0.95 to 1.05 when 5 or more, 

e.g. 9 or 10, resistivity values are recorded across the surface of the wafer, e.g. according to 
the SEMI standard SEMI MF81 or as outlined above. In this aspect the RRV value will 
generally be below 2% for the wafers, e.g. at or below 1.8%.

[0037] In a specific embodiment the silicon ingot is prepared in a FZ process, and the diameter 
of the silicon ingot, and thereby also of the phosphorus doped silicon single crystal, is in the 
range of 175 mm to 225 mm. However, the invention is not limited with respect to the diameter 
of the silicon single crystal, and the relation expressed in Equation (8) is relevant also for 
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silicon single crystals with diameters larger than 225 mm, e.g. 275 mm or larger, or at 350 mm 
or larger. An appropriate process for the manufacture of such a silicon ingot is described in 
WO 2008/125104; in particular the section from p. 4, line 9 to p. 5, line 25, e.g. p. 4, line 14-23, 
and p. 4, line 34 to p. 5, line 5, discloses important parameters for the FZ manufacture of 
silicon single crystals with diameters in the range of 175 mm to 225 mm. Another method of 
producing a large diameter silicon single crystal is disclosed in DK 177854 (also published as 
US 2003/024469). When the silicon ingot is prepared in a FZ process the oxygen content will 

generally be low, e.g. less than 2Ί016 cm'3.

[0038] In another embodiment the silicon ingot is prepared in a CZ process. Appropriate 
processes for the manufacture of silicon ingots in CZ processes are described in EP 2824222 
and US 2015/240380. When the phosphorus doped silicon single crystal is prepared in a CZ 
process the diameter of the phosphorus doped silicon single crystal may be in the range of 275 
mm to 475 mm. In an embodiment, a CZ process may provide a silicon ingot with a diameter in 
the range of 275 mm to 325 mm. Silicon ingots prepared in a CZ process can generally be 

recognised from the oxygen content, which is typically above 1017 cm'3.

[0039] Equation (8) is not considered limited with respect to the diameter of the phosphorus 
doped silicon single crystal, and it is also contemplated that Equation (8) applies for diameters 
larger than 450 mm. In particular, the diameter is determined by the method of manufacture of 
the silicon ingot. In an embodiment the silicon ingot is prepared in a FZ process to have a 
diameter in the range of 175 mm to 225 mm, and in another embodiment the silicon ingot is 
prepared in a FZ process to have a diameter in the range of 275 mm to 325 mm. In still further 
embodiments the silicon ingot is prepared in a CZ process to have a diameter in the range of 
275 mm to 325 mm, or in the range of 375 mm to 425 mm, or in the range of 425 mm to 475 
mm.

[0040] In another aspect the invention relates to a phosphorus doped silicon single crystal 
obtainable in the method of the invention. In particular, the phosphorus doped silicon single 
crystals of the aspects described above are obtainable in the method of the invention. In yet 
another aspect the invention relates to a wafer cut from a phosphorus doped silicon single 
crystal obtainable in the method of the invention. In yet a further aspect the invention relates to 
a plurality of wafers cut from a phosphorus doped silicon single crystal obtainable in the 
method of the invention.

[0041] Also disclosed is a silicon wafer, and a further embodiment of the invention relates to a 
plurality of wafers, having a diameter in the range of 175 mm to 225 mm, a thickness in the 
range of 100 μm to 1500 μm, a resistivity in the range of 55 Qcm to 2000 Qcm, a RRV value 

below 2% e.g. at 1.8% or less, and an oxygen content below 2Ί016 cm'3; the silicon wafer(s) 

has/have a normalised average resistivity defined as pav/PNTD in the range of 0.95 to 1.05, e.g. 

in the range of 0.96 to 1.04. Also disclosed is a silicon wafer, or a plurality of wafers, having a 
diameter in the range of 275 mm to 325 mm, a resistivity in the range of 5 Qcm to 2000 Qcm, a 

RRV value of 2% or less, and an oxygen content above 1017 cm-3; the silicon wafer(s) 
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has/have a normalised average resistivity defined as pavlpi\rrD 'n the range of 0.95 to 1.05, e.g. 

in the range of 0.96 to 1.04.

[0042] In general all variations and features for any aspect and embodiment of the invention 
may be combined freely. The features described above for the phosphorus doped silicon single 
crystals are thus equally relevant for the method of the invention and also for the wafer of the 
invention.

Brief description of the figures

[0043] In the following the invention will be explained in greater detail with the aid of an 
example and with reference to the schematic drawings, in which

Figure 1 shows RRV values recorded for wafers cut from a phosphorus doped silicon single 
crystal ofthe invention.

Figure 2 shows a plot of resistivities for wafers cut from a phosphorus doped silicon single 
crystal ofthe invention.

Figure 3 shows box plots of RRV values for wafers cut from phosphorus doped silicon single 
crystals ofthe invention.

Figure 4 shows box plots of normalised average resistivities for wafers cut from phosphorus 
doped silicon single crystals ofthe invention.

Figure 5 shows a pooled distribution of RRV values recorded for wafers cut from phosphorus 
doped silicon single crystals ofthe invention.

Detailed description ofthe invention

[0044] The present invention relates to phosphorus doped silicon single crystals, a plurality of 
wafers cut from the phosphorus doped silicon single crystal and a method of producing a 
phosphorus doped silicon single crystal.

[0045] In the context ofthe invention the "phosphorus doped silicon single crystal" is a silicon 
single crystal, which has been doped with phosphorus to control the phosphorus density in the 
crystal and thereby the resistivity. In the method ofthe invention the phosphorus doped silicon 
single crystal is exposed to neutron irradiation in a neutron transmutation doping (NTD) 
process. The phosphorus doped silicon single crystal may also be referred to as a neutron 
irradiated silicon single crystal, however, the phosphorus doped silicon single crystal may be 
produced using any doping process providing the phosphorus doped silicon single crystal of
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the invention.

[0046] The phosphorus doped silicon single crystal may be prepared from any silicon single 
crystal, and in the context of the invention, especially in the context of the method of the 
invention, the silicon single crystal before neutron irradiation may also be referred to as a 
"silicon ingot" or to a "a gas doped silicon single crystal"; in general a silicon ingot and a gas 
doped silicon single crystal are thus also considered to be silicon single crystals. For the NTD 
processing the gas doped silicon single crystal, or silicon ingot, will be cut into a length 
appropriate for the NTD apparatus. The length will typically be in the range of 50 mm to 600 
mm, however, it is also contemplated that a NTD apparatus may be designed for longer silicon 
single crystals or shorter silicon single crystals. For example, the phosphorus doped silicon 
single crystal may have an axial length in the range of 20 mm to 1000 mm.

[0047] The phosphorus doped silicon single crystal, and also the silicon ingot, will typically be 
round and have a diameter. The term "diameter" may be used in the context of the silicon 
single crystal, whether irradiated or not, or a wafer cut from the phosphorus doped silicon 
single crystal. The wafer will normally be cut at an angle perpendicular to the length of the 
phosphorus doped silicon single crystal, i.e. perpendicular to the axial dimension of the 
phosphorus doped silicon single crystal. Thus, the wafer will represent a plane in the 
phosphorus doped silicon single crystal, which plane is transverse to the axial dimension ofthe 
phosphorus doped silicon single crystal. The diameter may also be referred to as a transverse 
diameter.

[0048] The phosphorus doped silicon single crystal is used to prepare wafers for use in the 
field of electronics. Since the wafer is cut from a silicon single crystal the wafer will be a silicon 
wafer, and in the context of the invention the two terms can be used interchangeably. Thus, a 
"wafer" is considered to be a "silicon wafer" even though it may not explicitly be referred to as a 
silicon wafer. A wafer may be supplied to a user in any form appropriate. Thus, the wafer may 
be supplied as cut from the phosphorus doped silicon single crystal, or it may be subjected to 
any further processing, e.g. a high temperature annealing or any polishing or etching or the 
like as desirable.

[0049] A wafer will have a resistivity, which can be measured after annealing as described 
above. In the context ofthe invention the phosphorus doped silicon single crystal has a "target 
resistivity" that is abbreviated "Pntd regardless of how the phosphorus doped silicon single 

crystal has been prepared. The target resistivity, Pntd, will be a single value for the 

phosphorus doped silicon single crystal and wafers cut from the phosphorus doped silicon 
single crystal. However, due to the actual doping process employed the actual resistivity ofthe 
wafer will vary over the surface of the wafer and the wafer will have an average resistivity "pav", 

which is calculated based on at least 5 resistivity values recorded across the surface of the 
silicon wafer, in particular 9 resistivity values recorded according to the SEMI standard SEMI 
MF81. The ratio between the target resistivity and the average resistivity, pav/pNTD> is. 'n the 

context ofthe invention, referred to as "the normalised average resistivity". The ratio of a single 
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resistivity measurement may also be normalised to the target resistivity and in this case it can 
be referred to as "p/Pntd"·

[0050] In the method of the invention the resistivity of the silicon material can be controlled by 
including dopant atoms into the silicon. In the context of the invention the "dopant atoms" will 
be phosphorus, and in the context of the invention phosphorus atoms may also be referred to 
as "donor atoms". However, it is also contemplated that the density of boron atoms may be 
controlled.

[0051] The application employs the unit "cm'3" for concentrations and densities of atoms, and 

in the context ofthe invention it is understood that the unit cm-3 refers to atomscm-3.

Example 1

[0052] A phosphorus doped silicon single crystal with a target resistivity (Pntd) °f 131 Qcm and 

a target diameter of 200 mm was produced in the method of the invention. A silicon single 
crystal was initially prepared in a float zone (FZ) process as described in WO 2008/125104. 
Specifically, a silicon single crystal having a diameter of 201 mm was pulled from a 
polycrystalline rod, with a <100> orientation of the crystal seed using FZ principles. A static 
magnetic flux density of 0.01 T was applied to the molten zone in a direction essentially parallel 
to the growth direction of the crystal, and the rotation of the crystal was alternated between 
clockwise and counter-clockwise rotations of 4 and 6 seconds durations, respectively, at 
rotational rates of 12 rpm. The change in direction of rotation lasted a maximum of 0.3 s. The 
movement rate ofthe rod was 2.8 mm/min. The gas doped silicon single crystal was irradiated 
with neutrons to decrease the resistivity to the target resistivity (Pntd)> and the required fluence 

was calculated from Equation (8) using values of the constants K-|, K2 and K3 as determined 

above: Ky was 2.6121019 Qcm-1, K2 was 4.280 10-6 cm2, and K3was 0.10.

[0053] The resulting phosphorus doped silicon single crystal was cut into 98 wafers, which 
were provided with serial numbers using laser labelling.

[0054] Each wafer was polished and annealed at 1100°C before recording resistivity values for 
the wafers. Resistivity values were recorded according to the SEMI standard SEMI MF81. The 
RRV values are shown in Figure 1, and the wafers had a normalised average resistivity, pav/ 

Pntd> 'η the range of 0.96 to 1.04 as depicted in Figure 2 and Figure 4, which also show the 

measured resistivity values compared to the target resistivity of 131 Qcm. Evidently, the 
resistivity values of all wafers are well within 5% from the target resistivity, i.e. pav/PNTD was in 

the range of 0.95 to 1.05, even within 4% from the target resistivity, i.e. pav/PNTD was in the 

range of 0.96 to 1.04.

[0055] As is evident from Figure 1 all wafers had RRV values below 1.8% with a mean RRV of 
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about 1.1%, and moreover the normalised average resistivity values were between 0.96 and 
1.04, as evident from Figure 2 and Figure 4, which demonstrates the utility of the method of 
the invention. The wafer ID's are shown in Figure 1 and Figure 2; the wafers were numbered 
from the "seed end" and the figures show that there is no systematic variation from wafer 1 to 
wafer 98, which confirms that the method of the invention provides a phosphorus doped silicon 
single crystal with an even axial distribution of the phosphorous dopant atoms with no 
systematic axial variation in the RRV or the normalised resistivity values (pavlpNTD)·

Example 2

[0056] Phosphorus doped silicon single crystals with target resistivities (Pntd) of 55 Qcm and 

740 Qcm and target diameters of 200 mm were produced in the method of the invention and 
as outlined in Example 1. Figure 3 shows box plots of resistivities for wafers cut from the 
prepared phosphorus doped silicon single crystals, and box plots of the deviations from target 
resistivities for the wafers are shown in Figure 4. The box plots show the median observation 
and the "bottom" and the "lid" of the boxes represent the 25% and 75% quantiles, and the 
extremes in the plots represent the 5% and 95% quantiles. For the silicon single crystal with 
Pntd °f 55 Qcm the sample size was 56 wafers, and for the silicon single crystal with Pntd °f 

740 Qcm the sample size was 13 wafers. The 98 wafers prepared in Example 1, i.e. with a 
Pntd0^ 131 Qcm, are included in the plots.

Example 3

[0057] A plot of the distribution of RRV values for the wafers analysed in Examples 1 and 2 is 
shown in Figure 5. The data in Figure 5 is seen to be normal distributed, which is generally 
considered relevant for phosphorus doped silicon single crystals. The plot shows that all wafers 
analysed (N=168) had RRV values below 1.8% despite the different target resistivities. The 
distribution had a mean RRV of 1.02, and the standard deviation was 0.26 so that the value of 
1.8% corresponded to the average plus three standard deviations.
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PATENTKRAV

1. Fosfordoteret siliciumenkeltkrystal med en diameter i området 175 mm til 

225 mm, en aksial længde i området 50 mm til 1000 mm og et oxygenindhold under 

2Ί016 cm-3, hvilken fosfordoteret siliciumenkeltkrystal, i et tværplan, har en tæthed af 
doteringsatomer som tilvejebringer en målresistivitet, Pntd, i området 55 Qcm til 2000 Qcm 

for en wafer skåret fra den fosfordoterede siliciumbarre, hvor en RRV-værdi på 2% eller 

mindre bestemt ifølge SEMI-standarden SEMI MF81 opnås for mindst 75% af wafers skåret 

fra den fosfordoterede siliciumenkeltkrystal, når resistiviteten måles efter udglødning af 

siliciummet ved en temperatur i området 800°C til 1300°C.

2. Fosfordoteret siliciumenkeltkrystal ifølge krav 1, hvor en RRV-værdi på 2% eller 

mindre opnås for mindst 10 wafers skåret fra den fosfordoterede siliciumenkeltkrystal.

3. Fosfordoteret siliciumenkeltkrystal ifølge krav 1 eller 2, hvor målresistiviteten er i 

området 100 Ωατι til 1200 Qcm.

4. Fosfordoteret siliciumenkeltkrystal ifølge et hvilket som helst af kravene 1 til 3, 

hvor 5 eller flere resistivitetsværdier registreret over overfladen af siliciumwaferen efter 

udglødning tilvejebringer en gennemsnitsresistivitet pav, og den normaliserede gennem- 
snitsresistivitet defineret som pav/PNTD er i området 0,95 til 1,05.

5. Fosfordoteret siliciumenkeltkrystal ifølge krav 4, hvor den normaliserede gennem­

snitsresistivitet, Pav/pNTD, er i området 0,95 til 1,05 for mindst 10 wafers skåret fra den 

fosfordoterede siliciumenkeltkrystal.

6. Fosfordoteret siliciumenkeltkrystal ifølge krav 4 eller 5, hvor den normaliserede 
gennemsnitsresistivitet, pav/PNTD, er i området 0,95 til 1,05 for mindst 75% af wafers skå­

ret fra den fosfordoterede siliciumenkeltkrystal.

7. Fosfordoteret siliciumenkeltkrystal ifølge et hvilket som helst af kravene 1 til 6, 

hvor en flerhed af wafers skåret fra den fosfordoterede siliciumenkeltkrystal har en øvre 

specifik grænse, USL, på 4% eller mindre for RRV, hvor USL er defineret som den gennem­

snitlige RRV plus 3 standardafvigelser for flerheden af wafers.

8. Flerhed af wafers skåret fra en fosfordoteret siliciumenkeltkrystal ifølge et hvilket 

som helst af kravene 1 til 7, hvor hver wafer af flerheden af wafers har en diameter i om­

rådet 175 mm til 225 mm, et oxygenindhold under 2Ί016 cm-3 og en RRV-værdi på 2% 

eller mindre bestemt ifølge SEMI-standarden SEMI MF81, når resistiviteten måles efter 

udglødning af siliciummet ved en temperatur i området 800°C til 1300°C.

9. Flerhed af wafers ifølge krav 8, hvor flerheden af wafers har en USL på 5% og en 

nedre specifik grænse, LSL, på -5% for den normaliserede gennemsnitsresistivitet, 

Pav/'Pntd, hvor USL er defineret som plus 3 standardafvigelser for flerheden af wafers, og 

LSL er defineret som minus 3 standardafvigelser for flerheden af wafers.

10. Flerhed af wafers ifølge et hvilket som helst af kravene 8 eller 9, hvilken flerhed 
af wafers er blevet udglødet ved en temperatur i området 800°C til 1300°C.
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11. Fremgangsmåde til fremstilling af en fosfordoteret siliciumenkeltkrystal med en 

forudbestemt målresistivitet, Pntd, i området 5 Qcm til 2000 Qcm, hvilken fremgangsmå­

den omfatter trinene:

gasdotering af smeltet silicium i en digelfri fremgangsmåde eller i en digel i tilste­

deværelsen afen fosforholdig gasart,

størkning af det smeltede silicium for at danne en gasdoteret siliciumenkeltkrystal 
med en resistivitet før bestråling, p,, og en diameter i området 175 mm til 225 mm,

bestråling af den gasdoterede siliciumenkeltkrystal med neutroner for at formindske 

resistiviteten til målresistiviteten, Pntd, hvor målresistiviteten, Pntd, vælges, og gasdote­

ringsforholdene og bestrålingsforholdene er valgt forud ifølge ligningen:

Pntd Pit v v +1)

hvor er elektronmobiliteten i silicium, og q er elektronladning, 

hvor Ki er en materialekonstant defineret som:
K i

1

hvor N30Si er tætheden af 30Si i siliciummet, og o305' er absorptionstværsnittet af 30Si,

hvor K2 er en konstant for et NTD-apparat defineret som:

_ (nNTD,e ~ ni,e ) _ ^/7V77).< _ Hi,c )

^2 —
D

og K3 er en konstant for en gasbaseret doteringsfremgangsmåde defineret som:

ni.AVG

hvor i definitionerne af K2 og K3l nNTD,e og nNTD,c er fosfordonortæthederne, som er opnåeli­

ge ved henholdsvis kanten og midten efter bestråling, D er bestrålingsdosen, og n,,e og n,,c 

er fosfordonortæthederne, som er opnåelige i den gasbaserede doteringsfremgangsmåde 

ved henholdsvis kanten og midten.
12. Fremgangsmåde ifølge krav 11 yderligere omfattende trinnet bestemmelse af 

konstanten K2 for en NTD-reaktor og/eller bestemmelse af konstanten K3 for en gasdote­

ringsfremgangsmåde.

13. Fremgangsmåde ifølge krav 11 eller 12, hvor gasdoteringen af smeltet silicium 

udføres i en digel, og hvor den gasdoterede siliciumenkeltkrystal skæres i stykker af præ­
defineret resistivitet og en længde i området 50 mm til 1000 mm, før hvert stykke udsæt­

tes for bestråling med neutroner.

14. Fremgangsmåde ifølge et hvilket som helst af kravene 11 til 13 yderligere omfat­

tende trinnet skæring af en wafer fra den fosfordoterede siliciumenkeltkrystal.
15. Fremgangsmåde ifølge krav 14 yderligere omfattende trinnet udglødning af 

waferen ved en temperatur i området 800°C til 1300°C.
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