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(57) ABSTRACT 
A semiconductor device is provided that includes a silicon 
semiconductor body having a drift or base Zone of net n-type 
doping. An n-type doping is partially compensated by 10% 
to 80% with p-type dopants. A net n-type doping concen 
tration in the drift or base Zone is in a range from 1x10' 
cm to 1x10 cm. A portion of 5% to 75% of the n-type 
doping is made up of hydrogen related donors. 
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SEMICONDUCTOR DEVICE, SILICON 
WAFER AND METHOD OF 

MANUFACTURING ASILICON WAFER 

BACKGROUND 

0001. In silicon devices such as insulated gate bipolar 
transistors (IGBTs), diodes, insulated gate field effect tran 
sistors (IGFETs), for example metal oxide semiconductor 
field effect transistors (MOSFETs) a number of requirements 
need to be met. Such requirements typically depend upon 
specific application conditions. Typically, trade-offs between 
linked characteristics such as, for example high electrical 
breakdown voltage and low on-state resistance have to be 
found. Avalanche breakdown events and undesired forma 
tion of inversion channels, for example at silicon to oxide 
interfaces that may occur during operation of the semicon 
ductor device may have a negative impact on device robust 
ness and device reliability. 
0002. As a typical base material for manufacturing a 
variety of Such semiconductor devices, silicon wafers grown 
by the Czochralski (CZ) method, e.g. by the standard CZ 
method or by the magnetic CZ (MCZ) method or by the 
Continuous CZ (CCZ) method are used. In the Czochralski 
method, silicon is heated in a crucible to the melting point 
of silicon at around 141.6°C. to produce a melt of silicon. A 
Small silicon seed crystal is brought in contact with the melt. 
Molten silicon freezes on the silicon seed crystal. By slowly 
pulling the silicon seed crystal away from the melt, a 
crystalline silicon ingot is grown with a diameter in the 
range of one or several 100 mm and a length in the range of 
a meter or more. In the MCZ method, additionally an 
external magnetic field is applied to reduce an oxygen 
contamination level. 

0003 Growing of silicon with defined doping by the 
Czochralski method is complicated by segregation effects. 
The segregation coefficient of a dopant material character 
izes the relation between the concentration of the dopant 
material in the growing crystal and that of the melt. Typi 
cally, dopant materials have segregation coefficients lower 
than one meaning that the solubility of the dopant material 
in the melt is larger than in the solid. This typically leads to 
an increase of doping concentration in the ingot with 
increasing distance from the seed crystal. 
0004. It is desirable to improve robustness and reliability 
of silicon semiconductor devices. It is further desirable to 
provide a wafer as a base material for Such silicon semi 
conductor devices and to provide a method of manufacturing 
the wafer. 

SUMMARY 

0005. An embodiment of a semiconductor device 
includes a silicon semiconductor body comprising a drift or 
base Zone of net n-type doping. An n-type doping is partially 
compensated by 10% to 80% with p-type dopants. A net 
n-type doping concentration in the drift or base Zone is in a 
range from 1x10" cm to 1x10" cm. A portion of 5% to 
75% of the n-type doping is made up of hydrogen related 
donors. 

0006. According to another embodiment, a silicon wafer 
comprises a net n-type doping. An n-type doping is partially 
compensated by 10% to 80% with p-type dopants. The net 
n-type doping concentration is in a range from 1x10" cm 
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to 1x10" cm. A portion of 5% to 75% of the n-type doping 
is made up of hydrogen related donors. 
0007 Another embodiment refers to a method of manu 
facturing a silicon wafer. The method comprises extracting 
an n-type silicon ingot over an extraction time period from 
a silicon melt comprising n-type dopants. The method 
further comprises adding p-type dopants to the silicon melt 
over at least part of the extraction time period, thereby 
compensating an n-type doping in the n-type silicon ingot by 
10% to 80%. The method further comprises slicing the 
silicon ingot. The method further comprises forming hydro 
gen related donors in the silicon wafer by irradiating the 
silicon wafer with protons and thereafter, annealing the 
silicon wafer. Those skilled in the art will recognize addi 
tional features and advantages upon reading the following 
detailed description and on viewing the accompanying 
drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0008. The accompanying drawings are included to pro 
vide a further understanding of the disclosure and are 
incorporated in and constitute a part of this specification. 
The drawings illustrate the embodiments of the present 
disclosure and together with the description serve to explain 
principles of the disclosure. Other embodiments and 
intended advantages will be readily appreciated as they 
become better understood by reference to the following 
detailed description. 
0009 FIG. 1 illustrates a schematic cross-sectional view 
of a silicon wafer according to an embodiment. 
0010 FIG. 2A illustrates a schematic cross-sectional 
view of a vertical semiconductor device according to an 
embodiment. 

0011 FIG. 2B illustrates a schematic cross-sectional 
view of a lateral semiconductor device according to an 
embodiment. 

0012 FIG. 3 illustrates a schematic cross-sectional view 
of a power semiconductor diode according to an embodi 
ment. 

0013 FIG. 4 illustrates a schematic cross-sectional view 
of a power semiconductor IGBT according to an embodi 
ment. 

0014 FIG. 5 is a schematic process chart illustrating a 
method of manufacturing a silicon wafer. 
0015 FIG. 6 is a schematic cross-sectional view of a CZ 
growth system for carrying out the method illustrated in 
FIG.S. 

0016 FIG. 7 is a schematic cross-sectional view of a 
crucible for illustrating a method of doping the crucible with 
dopant material. 
0017 FIG. 8 is a schematic cross-sectional view of a part 
of a CZ growth system for illustrating a method of adding 
dopants to a silicon melt in the crucible. 
0018 FIG. 9 is a graph illustrating a simulated concen 
tration of non-compensated phosphorus along an axial posi 
tion of a CZ grown silicon ingot with respect to different 
ratios of boron and phosphorus added to the silicon melt. 
0019 FIG. 10 is a graph illustrating a simulated specific 
resistance along an axial position of a CZ grown silicon 
ingot with respect to different ratios of boron and phospho 
rus added to the silicon melt. 
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DETAILED DESCRIPTION 

0020. In the following detailed description, reference is 
made to the accompanying drawings, which form a part 
hereof, and in which are shown by way of illustrations 
specific embodiments in which the disclosure may be prac 
ticed. It is to be understood that other embodiments may be 
utilized and structural or logical changes may be made 
without departing from the scope of the general inventive 
concept. For example, features illustrated or described for 
one embodiment can be used on or in conjunction with other 
embodiments to yield yet a further embodiment. It is 
intended that the present disclosure includes such modifi 
cations and variations. The examples are described using 
specific language that should not be construed as limiting the 
Scope of the appending claims. The drawings are not scaled 
and are for illustrative purposes only. For clarity, the same 
elements have been designated by corresponding references 
in the different drawings if not stated otherwise. 
0021. The terms “having”, “containing”, “including, 
“comprising and the like are open and the terms indicate the 
presence of Stated structures, elements or features but not 
preclude the presence of additional elements or features. The 
articles “a”, “an and “the are intended to include the plural 
as well as the singular, unless the context clearly indicates 
otherwise. 

0022. The term “electrically connected” describes a per 
manent low-ohmic connection between electrically con 
nected elements, for example a direct contact between the 
concerned elements or a low-ohmic connection via a metal 
and/or highly doped semiconductor. The term “electrically 
coupled includes that one or more intervening element(s) 
adapted for signal transmission may exist between the 
electrically coupled elements, for example elements that 
temporarily provide a low-ohmic connection in a first state 
and a high-ohmic electric decoupling in a second state. 
0023 The Figures illustrate relative doping concentra 
tions by indicating '-' or “+' next to the doping type “n” or 
“p'. For example, “n” means a doping concentration that is 
lower than the doping concentration of an 'n'-doping region 
while an 'n'-doping region has a higher doping concen 
tration than an 'n'-doping region. Doping regions of the 
same relative doping concentration do not necessarily have 
the same absolute doping concentration. For example, two 
different 'n'-doping regions may have the same or different 
absolute doping concentrations. 
0024 FIG. 1 refers to a schematic cross-sectional view of 
a silicon wafer 100 according to an embodiment. 
0025. The silicon wafer 100 comprises a net n-type 
doping. The net n-type doping is illustrated in the schematic 
graph by a curve c related to a net n-type doping concen 
tration profile along a vertical direction y between opposite 
first and second surfaces 101, 102 of the silicon wafer 100. 
In the illustrated example, the curve c corresponds to the 
difference of curve c being a profile of n-type doping along 
the vertical direction y and curve c being a profile of p-type 
doping along the vertical direction y. The n-type doping is 
partially compensated by 10% to 80% or by 20% to 80% 
with p-type dopants. With regard to the illustrated example, 
curve c. may range between a lower concentration limit c, 
corresponding to 10% of c and an upper concentration limit 
cH corresponding to 80% of c. A portion p of 5% to 75% 
or of 5% to 50% of the n-type doping is made up of 
hydrogen related donors. 
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0026. Each of the curves c and c may slightly deviate 
from a constant level due to, for example segregation effects 
during Czochralski crystal growth. Due to different segre 
gation coefficients for curves c, c, also curve c. may 
slightly deviate from a constant level, for example show a 
Small gradient in a vertical direction. 
0027. According to an embodiment, the n-type doping 
comprises phosphorus partially compensated by boron as the 
p-type doping. 
0028. In some embodiments, a variation of a profile of 
concentration of the hydrogen related donors along a vertical 
direction between opposite main Surfaces of the silicon 
wafer 100 is less than 80%, or even less than 50%. 
0029. According to another embodiment, the net n-type 
doping is further compensated by a p-type dopant species 
having a segregation coefficient Smaller than phosphorus. 
According to yet another embodiment, the net n-type doping 
is further compensated by a plurality of different p-type 
dopant species having segregation coefficients Smaller than 
phosphorus. By carrying out partial compensation by boron 
having a segregation coefficient greater than phosphorus and 
by one or more p-type dopant species having segregation 
coefficients Smaller than phosphorus, an effective segrega 
tion of p-type dopants during CZ growth can be adapted to 
the segregation behavior of phosphorus. Gallium (Ga) and 
aluminum (Al) are examples of p-type dopant species hav 
ing a segregation coefficient Smaller than phosphorus. Intro 
duction of the hydrogen related donors allows for a fine 
tuning of specific resistance of the silicon wafer, thereby 
reducing a variation of specific resistance between wafers 
and increasing a yield of wafers per ingot having a specific 
resistance in a target range. 
0030. The silicon wafer 100 allows for semiconductor 
devices having improved robustness and reliability. For 
example, avalanche breakdown at high blocking Voltages 
may be diminished due to a reduced carrier mobility caused 
by the p- and n-type dopants. Furthermore, phosphorus 
pile-up effects and boron pile-down effects at semiconductor 
to oxide interfaces, for example in an edge termination area 
and/or in trenches may result in an enhanced total n-type 
doping at the semiconductor/oxide interface allowing for a 
reduction of undesired inversion channel formation during 
device operation. 
0031 FIG. 2A is a schematic cross-sectional view of a 
portion of a vertical semiconductor device 2001 according to 
an embodiment. The vertical semiconductor device 2001 
comprises a silicon semiconductor body 204. The silicon 
semiconductor body 204 may correspond to the silicon 
wafer 100 illustrated in FIG. 1 or may be part of the silicon 
wafer 100, for example a die resulting from wafer dicing. 
The vertical semiconductor device 2001 includes a drift 
Zone 205 of net n-type doping. An n-type doping in the drift 
Zone 205 is partially compensated by 10% to 80% or by 20% 
to 80% with p-type dopants. A portion p of 5% to 75% or of 
5% to 50% of the n-type doping is made up of hydrogen 
related donors. The partially compensated drift Zone 205 
may correspond to a basic doping of a chip Substrate 
material such as the silicon wafer 100 illustrated in FIG. 1. 
The resulting n-type drift Zone doping c may be between 
1x10" cm and 1x10 cm, or between 2x10 cm and 
2x10 cm, or between 3x10 cm and 7x10" cm. 
0032. The vertical semiconductor device 2001 includes a 
first load terminal structure 220 at a first surface 210, e.g. 
front surface of the semiconductor body 204. The first load 
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terminal structure 220 includes doped semiconductor region 
(s). The doped semiconductor region(s) may be formed by 
doping processes of the silicon semiconductor body 204 at 
the first surface 210, e.g. by diffusion and/or ion implanta 
tion processes. The doped semiconductor region(s) in the 
semiconductor body 204 of the first load terminal structure 
220 may include doped source and body regions of a vertical 
power IGFET, for example a superjunction FET or of a 
collector of an IGBT, or of an anode or cathode region of a 
vertical power semiconductor diode or thyristor, for 
example. In the course of processing the silicon semicon 
ductor body 204 at the first surface 210, depending on the 
power semiconductor device to be formed in the semicon 
ductor body, a control terminal structure such as a planar 
gate structure and/or a trench gate structure including gate 
dielectric(s) and gate electrode(s) may be formed. 
0033. The vertical semiconductor device 2001 further 
includes a second load terminal structure 225 at a second 
Surface 211, e.g. a rear Surface of the silicon semiconductor 
body 204 opposite to the first surface 210. The second load 
terminal structure 225 includes doped semiconductor region 
(s). The doped semiconductor region(s) may be formed by 
doping processes of the silicon semiconductor body 204 at 
the second surface 211, e.g. by diffusion and/or ion implan 
tation processes. The doped semiconductor region(s) in the 
silicon semiconductor body 204 of the second load terminal 
structure 225 may include doped field stop region(s), doped 
drain regions of a vertical power FET, or an emitter of an 
IGBT, or an anode or cathode region of a vertical power 
semiconductor diode, for example. 
0034. A first electrical load contact L1 to the first load 
terminal structure 220 and an electrical control terminal 
contact C to a control terminal structure, if present in the 
vertical power semiconductor device, are part(s) of a wiring 
area above the first surface 210. A second electrical load 
contact L2 to the second load terminal structure 225 is 
provided at the second surface 211. The electrical load 
contacts L1, L2 and the electrical control terminal contact C 
may be formed of one or a plurality of patterned conductive 
layers such as metallization layers electrically isolated by 
interlevel dielectric layer(s) sandwiched between. Contact 
openings in the interlevel dielectric layer(s) may be filled 
with conductive material(s) to provide electrical contact 
between the one or the plurality of patterned conductive 
layers and/or active area(s) in the silicon semiconductor 
body such as the first load terminal structure 220, for 
example. The patterned conductive layer(s) and interlevel 
dielectric layer(s) may form the wiring area above the 
semiconductor body 204 at the first surface 210, for 
example. A conductive layer, e.g. a metallization layer or 
metallization layer stack may be provided at the second 
surface 211, for example. 
0035. In the vertical semiconductor device 2001 a current 
flow direction is between the first and second load terminal 
contacts L1, L2 along a vertical direction between the 
opposite first and second surfaces 210, 211. 
0.036 FIG. 2B is a schematic cross-sectional view of a 
portion of a lateral semiconductor device 2002 according to 
an embodiment. The lateral semiconductor device 2002 
differs from the vertical semiconductor device 2001 in that 
the second load terminal structure 225 and the second 
contact L2 are formed at the first surface 210. The first and 
second load terminal structures 220, 225 may be formed 
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simultaneously by same processes. Likewise, the first and 
second load terminal contacts L1, L2 may be formed simul 
taneously by same processes. 
0037. In the embodiments illustrated in FIGS. 2A and 2B, 
a blocking Voltage capability of the vertical and lateral 
semiconductor devices 2001, 2002 can be adjusted by 
appropriate distances d, d of the drift Zone 205 between the 
first and second load terminal structures 220, 225, for 
example between a body region and a drain region of a FET. 
0038 FIG. 3 is a more detailed a schematic cross-sec 
tional view of one example of the vertical semiconductor 
device 2001 being formed as a power semiconductor diode 
2003. The drift zone 205 is n-doped as described in detail 
with regard to the semiconductor device 2001 above. A 
p-doped anode region 2201 at the first surface 210 is in 
electrical contact with the first load terminal contact L1. The 
p-doped anode region 2201 is an example of an element of 
the first load terminal structure 220 illustrated in FIG. 2A. 
An n-doped cathode region 2251 at the second surface 211 
is in electrical contact with the second load terminal contact 
L2. The n-doped cathode region 2251 is an example of an 
element of the second load terminal structure 225 illustrated 
in FIG. 2A. 
0039 FIG. 4 is a more detailed schematic cross-sectional 
view of one example of the vertical semiconductor device 
2001 being formed as a power IGBT 2004. The drift zone 
205 is n-doped as described in detail with regard to the 
semiconductor device 2001 above. An emitter structure 
2202 at the first surface 210 includes a p-doped body region 
2203 and an n-doped source region 2204. The p-doped 
body region 2203 and the n-doped source region 2204 are 
examples of elements of the first load terminal structure 220 
illustrated in FIG. 2A. The emitter structure 2202 is in 
electrical contact with the first load terminal contact L1. A 
gate structure including a dielectric 240 and a gate electrode 
241 is formed on the semiconductor body 205 at the first 
surface 210. An IGBT collector including a p-doped rear 
side emitter 2252 at the second surface 211 is in electrical 
contact to the second load terminal contact L2. The p-doped 
rear side emitter 2252 is an example of an element of the 
second load terminal structure 225 illustrated in FIG. 2A. 
0040 FIG. 5 refers to a method of manufacturing a 
silicon wafer. 
0041) Process feature S100 of the method comprises 
extracting an n-type silicon ingot over an extraction time 
period from a silicon melt comprising n-type dopants. 
0042 Process feature S110 comprises adding p-type dop 
ants to the silicon melt over at least part of the extraction 
time period, thereby compensating an n-type doping in the 
n-type silicon ingot by 10% to 80%. 
0043 Process feature S120 comprises slicing the silicon 
ingot. 
0044 Process feature S130 comprises forming hydrogen 
related donors in the silicon wafer by irradiating the silicon 
wafer with protons and thereafter, annealing the silicon 
wafer. 

0045. In some embodiments, a portion of 5% to 75% of 
the n-type doping is made up of hydrogen related donors. In 
some embodiments, a portion of 5% to 50% of the n-type 
doping is made up of hydrogen related donors. 
0046. In some embodiments, irradiating the silicon wafer 
with protons includes an implantation dose in a range of 
1x10" cm° and 8x10" cm’, and an implantation energy 
in a range of 1.0 MeV and 5.0 MeV. 
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0047. In some embodiments, annealing the silicon wafer 
is carried out in a temperature range of 350° C. and 550°C., 
or in a range of 460° C. and 520° C. An annealing duration 
may be in a range of 30 minutes and 20 hours, or in a range 
of 1 hour and 10 hours, for example. 
0.048. In some embodiments, a thickness of the silicon 
wafer is reduced by removing material of the silicon wafer, 
thereby removing an end of range peak of proton irradiation. 
0049. In some embodiments, an electric or material char 
acteristic of the semiconductor wafer is measured, and at 
least one parameter of proton irradiation and annealing is set 
as a function of the measured electric or material charac 
teristic. Examples of electric or material characteristics to be 
measured prior to proton irradiation are doping concentra 
tion, oxygen and/or carbon concentration in case of CZ 
silicon wafers. Examples of proton irradiation parameters 
include proton irradiation dose, proton irradiation energy 
number of proton irradiations, annealing temperature and 
annealing duration. 
0050. In some embodiments, a net n-type doping con 
centration of the silicon ingot is in a range of 1x10" cm 
to 1x10" cm, or in a range of 2x10" cm to 2x10" cm. 
0051. In some embodiments, a ratio of segregation coef 
ficients of n-type dopants in the drift or base Zone and p-type 
dopants in the drift or base Zone is in a range of 0.25 and 4. 
0052. In some embodiments, a segregation coefficient of 
an n-type dopant species of the n-type dopants and a 
segregation coefficient of a p-type dopant species of the 
p-type dopants differ by at least a factor of three. 
0053. In some embodiments, the n-type dopant species is 
phosphorus and the p-type dopant species is boron. 
0054. In some embodiments, the method further com 
prises adding, in addition to boron, a second p-type dopant 
species to the silicon melt over at least part of the extraction 
time period, second p-type dopant species having a segre 
gation coefficient Smaller than phosphorus. 
0055. In some embodiments, the second p-type dopant 
species corresponds to at least one of aluminum and gallium. 
0056. In some embodiments, the boron is added to the 
silicon melt from at least one of a boron doped quartz 
material or from boron in a gas phase. 
0057. In some embodiments, the boron is added to the 
silicon melt from a boron carbide or boron nitride source 
material. 
0.058. In some embodiments, the boron is added to the 
silicon melt from a boron doped crucible. 
0059. In some embodiments, the boron doped crucible is 
formed by at least one of implanting boron into the crucible, 
diffusion of boron into the crucible and in-situ doping. 
0060. In some embodiments, the boron is implanted into 
the crucible at various energies and doses. 
0061. In some embodiments, the method further com 
prises applying a thermal budget to the crucible by heating 
that is configured to set a retrograde profile of the boron in 
the crucible. 
0062. In some embodiments, the method further com 
prises forming a layer at inner walls of the crucible. 
0063. In some embodiments, the method further com 
prises altering a rate of adding the boronto the silicon melt. 
0064. In some embodiments, altering the rate of adding 
the boronto the silicon melt includes altering at least one of 
size, geometry and rate of delivery of particles, a flow or 
partial pressure of a boron carrier gas. 
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0065. In some embodiments, altering the rate of adding 
the boronto the silicon melt includes at least one of altering 
a depth of a source material dipped into the silicon melt and 
altering a temperature of the Source material, wherein the 
source material is doped with the boron. 
0066. In some embodiments, doping of the source mate 
rial is carried out by one of in-situ doping, by a plasma 
deposition process through a surface of the source material, 
by ion implantation through the Surface of the source 
material and by a diffusion process through the surface of the 
Source material. 
0067. In some embodiments, the method further com 
prises controlling a rate of adding the boron to the silicon 
melt by measuring a weight of the silicon ingot during the 
Czochralski growth process. 
0068. In some embodiments, the method further com 
prises controlling a rate of adding the boron to the silicon 
melt by optically measuring a change in dimensions of a 
quartz, Source material doped with the boron. 
0069. In some embodiments, the method further com 
prises altering a rate of adding the boron to the silicon melt 
by altering at least one of a contact area between a source 
material and the silicon melt and heating of the Source 
material. 
0070. In some embodiments, adding the p-type dopants 
into the silicon melt includes dissolving p-type dopants from 
a p-type dopant source material into the silicon melt. 
0071. In an embodiment of a CZ silicon ingot, the CZ 
silicon ingot is doped with donors and acceptors and 
includes an axial gradient of doping concentration of the 
donors and of the acceptors. An electrically active net 
doping concentration, which is based on a difference 
between the doping concentrations of the donors and accep 
tors varies by less than 60% for at least 40% of an axial 
length of the CZ Silicon ingot due to partial compensation of 
at least 10% of the doping concentration of the donors by the 
acceptors. (The electrically active net doping concentration 
may also vary by less than 40%, or by less than 30%, or even 
by less than 20% for the at least 40% of the axial length of 
the CZ silicon ingot. In other words, along at least 40% of 
the axial length of the CZ silicon ingot, the electrically 
active net doping concentration may vary by less than 
+/-30%, or by less than +/-20%, or by less than +/-15%, or 
even by less than +/-10% from an average electrically active 
net doping concentration averaged along the at least 40% of 
the axial length of the CZ silicon ingot. This may be caused 
by counteracting segregation effects of donors, which may 
lead to a strong variation of net doping along the axial length 
of the CZ Silicon ingot by means of partial compensation 
with acceptors having another segregation behavior. 
0072. In some embodiments, the donors include at least 
one of phosphorus, arsenic and antimony. 
0073. In some embodiments, the acceptors include boron. 
0074. In some embodiments, the acceptors further 
include at least one of aluminum, gallium and indium. 
0075. In some embodiments, a net n-type doping con 
centration is in a range from 1x10" cm to 3x10" cm or 
in a range from 2x10 cm to 2x10 cm. 
0076 FIG. 6 is a simplified schematic cross-sectional 
view of a CZ growth system 600 for carrying out the method 
illustrated in FIG. 5 and for manufacturing a CZ silicon 
ingot as described in the embodiments above. 
(0077. The CZ growth system 600 includes a crucible 605, 
e.g. a quartz crucible on a crucible Support 606, e.g. a 
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graphite susceptor. A heater 607, e.g. a radio frequency (RF) 
coil surrounds the crucible. The heater 607 may be arranged 
at lateral sides and/or at a bottom side of the crucible 605. 
The crucible 605 may be rotated by a supporting shaft 608. 
0078. The mixture of silicon material, e.g. a non-crystal 
line raw material Such as polysilicon and an n-type dopant 
material such as phosphorus (P), antimony (Sb), arsenic (AS) 
or any combination thereof is melted in the crucible by 
heating via the heater 607. The n-type dopant material may 
already constitute or be part of the initial doping of the 
silicon material to be melted and/or may be added as a solid 
or gaseous dopant Source material. According to an embodi 
ment, the Solid dopant source material is a dopant Source 
particle Such as a dopant source pill. The dopant Source 
material may have a predetermined shape such as a disc 
shape, spherical shape or a cubic shape. By way of example, 
the shape of the dopant source material may be adapted to 
a Supply device 609 Such as a dispenser configured to Supply 
the dopant source material to a silicon melt 610 in the 
crucible 605. 
0079 According to an embodiment, the dopant source 
material may include, in addition to the dopant material, a 
carrier material or a binder material. By way of example, the 
dopant source material may be quartz or silicon carbide 
(SiC) doped with the dopant material. According to another 
embodiment, the dopant source material may be a highly 
doped silicon material Such as a highly doped polysilicon 
material that is doped to a greater extent than the silicon raw 
material. According to yet another embodiment, the dopant 
source material may be boron nitride and/or boron carbide. 
0080. A silicon ingot 612 is pulled out of the crucible 605 
containing the silicon melt 610 by dipping a seed crystal 614 
into the silicon melt 610 which is subsequently slowly 
withdrawn at a surface temperature of the meltjust above the 
melting point of silicon. The seed crystal 614 is a single 
crystalline silicon seed mounted on a seed support 615 
rotated by a pull shaft 616. A pulling rate which typically is 
in a range of a few mm/min and a temperature profile 
influence a diameter of the CZ grown silicon ingot 612. 
0081. When extracting the silicon ingot 612 with the CZ 
growth system 600 according to the method illustrated in 
FIG. 5, boron is added to the silicon melt 610 over an 
extraction time period. According to an embodiment, boron 
is added to the molten silicon at a constant rate. The boron 
may be added to the silicon melt 610 from a boron doped 
quartz material Such as a boron doped quartz material 
supplied to the silicon melt 610 by the supply device 609. In 
addition or as an alternative, the boron may be added to the 
silicon melt 610 from a boron carbide or from a boron nitride 
Source material that may also be Supplied to the silicon melt 
610 by the supply device 609. 
0082. According to another embodiment, the boron is 
added to the silicon melt 610 from a boron doped crucible. 
The boron doped crucible may be formed by implanting 
boron into the crucible, for example (cf. Schematic cross 
sectional view of FIG. 7). The boron may be implanted into 
the crucible 605 by one or more tilted implants, cf. labels I, 
and I and/or by non-tilted implant, cf. label I in FIG. 7. 
A distribution of tilt angle(s) may be used to adjust the 
amount of boron that is supplied to the silicon melt 610 by 
dissolving a material of the crucible 605 in the silicon melt 
610, e.g. at a rate in the range of approximately 10 um/hour 
in case of a crucible made of quartz. The boron may be 
implanted into the crucible at various energies and/or at 
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various doses. Applying a thermal budget to the crucible 105 
by heating may allow for setting a retrograde profile of the 
boron in the crucible 605. Multiple implants at various 
energies and/or doses further allow for setting a profile of the 
boron into a depth of the crucible 605. Thus, a rate of adding 
boron into the silicon melt 610 may be adjusted, i.e. by 
selection of implantation parameters the rate of the addition 
of boron can be varied and controlled in a well-defined 
manner. By way of example, the profile of boron in the 
crucible 605 may be a retrograde profile. As an alternative 
or in addition to implanting boron into the crucible 605, 
boron may also be introduced into the crucible 605 by 
another process, e.g. by diffusion from a diffusion source 
Such as a Solid diffusion source of boron, for example. As a 
further alternative or in addition to the above processes of 
introducing boron into the crucible 605, boron may also be 
introduced into the crucible 605 in-situ, i.e. during formation 
of the crucible 605. 

I0083. According to yet another embodiment boron may 
be introduced into the silicon melt 610 from the gas phase, 
e.g. by supply of diborane (BH) via the supply device 609. 
According to an embodiment, Supply of boron in the gas 
phase may occur via a Supply of inert gas into the CZ growth 
system 600. According to another embodiment, supply of 
boron in the gas phase may occur via one or more tubes, e.g. 
a quartz tube extending into the silicon melt 610. According 
to yet another embodiment, Supply of boron in the gas phase 
may occur via one or more tubes ending at a short distance 
to the silicon melt 610. The tubes may include one or more 
openings at an outlet, e.g. in the form of a showerhead, for 
example. 
I0084. According to another embodiment, a liner layer 
may be formed on the crucible 605 for controlling diffusion 
of boron out of the crucible 605 into the silicon melt 610. As 
an example, the liner layer may be formed of quartz and/or 
silicon carbide. According to an embodiment, the liner layer 
may be dissolved in the silicon melt 610 before boron 
included in the crucible gets dissolved in the silicon melt 610 
and serves as a dopant during the growth process of the 
silicon ingot 612. This allows for adjusting a point of time 
when boron is available in the silicon melt as a dopant to be 
introduced into the silicon ingot 612. The liner layer may 
also delay introduction of boron into the silicon melt 610 by 
a time period that is required for diffusion of boron from the 
crucible 605 through the liner layer and into the silicon melt 
610. 

I0085. According to another embodiment, the method of 
manufacturing the silicon ingot 612 further includes altering 
a rate of adding the boron to the silicon melt 610. According 
to an embodiment, altering the rate of adding the boron to 
the silicon melt 610 includes altering at least one of size, 
geometry, and rate of delivery of particles including the 
boron. By way of example, the rate may be increased by 
increasing a diameter of the particles doped with the dopant 
material. As an additional or alternative measure, the rate of 
adding the boronto the silicon melt 610 may be increased by 
increasing a speed of Supplying the dopant Source material 
into the silicon melt 610 by the supply device 609. 
I0086 According to another embodiment illustrated in the 
schematic cross-sectional view of FIG. 8, altering the rate of 
adding the boron to the silicon melt 610 includes altering a 
depth d of a dopant source material 625 clipped into the 
silicon melt 610. 
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0087. According to another embodiment, altering the rate 
of adding the boronto the silicon melt 610 includes altering 
a temperature of the dopant source material 625. By way of 
example, by increasing a temperature of the dopant Source 
material, e.g. by heating, the amount of boron introduced 
into the silicon melt 610 out of the dopant source material 
625 may be increased. The dopant source material 625 is 
doped with the boron. According to an embodiment, doping 
of the dopant source material is carried out by one of in-situ 
doping, by a plasma deposition process through a surface 
626 of the dopant source material 625, by ion implantation 
through the surface 626 of the dopant source material 625 
and by a diffusion process through the surface 626 of the 
dopant source material 625. The dopant source material 625 
may be shaped as a bar, a cylinder, a cone or a pyramid, for 
example. The dopant source material 625 may also be made 
of a plurality of separate dopant source pieces having one or 
a combination of different shapes. The depth d of a part of 
the dopant source material 625 that is dipped into the silicon 
melt 610 may be changed by a puller mechanism 627. The 
puller mechanism 627 holds the dopant source material 625, 
dips the dopant source material 625 into the silicon melt 610 
and also pulls the dopant source material 625 out of the 
silicon melt 610. A control mechanism 628 is configured to 
control the puller mechanism 627. The control mechanism 
628 may control the puller mechanism 627 by wired or 
wireless control signal transmission, for example. 
0088 According to another embodiment, altering the rate 
of adding the boronto the silicon melt 610 includes altering 
a flow or partial pressure of a boron carrier gas, e.g. diborane 
(B2H) when doping the silicon melt 610 with boron from 
the gas phase. 
0089. According to an embodiment, the rate of adding the 
boron to the silicon melt 610 may be controlled depending 
on a length of the silicon ingot 612 from the seed crystal 614 
to the silicon melt 610 during growth. According to another 
embodiment, the rate of adding the boronto the silicon melt 
610 may be controlled based on a result of measuring a 
weight of the silicon ingot 612 and/or the dopant Source 
material 625 during the Czochralski growth process. By way 
of example, the weight of the silicon ingot 612 and/or the 
dopant source material 625 may be measured by hanging up 
the silicon ingot 612 and/or the dopant source material 625 
at a weighting unit, for example. 
0090 According to an embodiment, boron or another 
p-type dopant may be added prior to and/or during CZ 
growth by a p-dopant source material Such as a p-dopant 
Source pill. The p-dopant source material may have a 
predetermined shape Such as a disc shape, spherical shape or 
a cubic shape. By way of example, the shape of the p-dopant 
source material may be adapted to the supply device 609 
Such as a dispenser configured to supply the p-dopant source 
material to a silicon melt 610 in the crucible 605. A 
time-dependent Supply of a p-dopant into the silicon melt 
610 may be achieved by adjusting a profile of p-type dopant 
concentration into a depth of the p-dopant Source material, 
for example by multiple ion implantations at different ener 
gies and/or by forming a liner layer Surrounding the p-dop 
ant source material for controlling dissolving of the p-dopant 
from the p-dopant source material into the silicon melt 610 
or for controlling the diffusion of the p-dopant out of the 
p-dopant source material into the silicon melt 610. 
0091. According to another embodiment, controlling the 
rate of adding the boronto the silicon melt 610 is carried out 
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by optically measuring a change in dimensions of a quartz 
source material doped with the boron. Entrance of measure 
ment light into the quartz source material may occur through 
a part of the quartz source material that protrudes from the 
silicon melt 610, for example. Altering the rate of adding the 
boron to the silicon melt 610 may also be carried out by 
altering at least one of a contact area between a dopant 
Source material and the silicon melt and heating of the 
dopant source material. By altering the rate of adding boron 
to the silicon melt 610, an effective segregation of boron 
during CZ growth can be adapted to the segregation behav 
ior of the n-type dopant(s) so as to achieve an n-type doping 
partially compensated by 20% to 80% with boron. 
0092. According to another embodiment, the net n-type 
doping is further compensated by a p-type dopant species 
having a segregation coefficient Smaller than phosphorus in 
addition to boron. According to yet another embodiment, the 
net n-type doping is further compensated by a plurality of 
different p-type dopant species having segregation coeffi 
cients Smaller than phosphorus. Carrying out partial com 
pensation by boron having a segregation coefficient greater 
than phosphorus and by one or more p-type dopant species 
having segregation coefficients Smaller than phosphorus, an 
effective segregation of p-type dopants during CZ growth 
can be adapted to the segregation behavior of phosphorus. 
This allows for a very effective compensation even in the 
case that source material is implemented prior to the start of 
the melting process. Gallium and aluminum are examples of 
p-type dopant species having a segregation coefficient 
smaller than phosphorus. The value of the resulting effective 
segregation coefficient can be adjusted by the ratio between 
the p-type dopant species with higher segregation coefficient 
and the p-type dopant species with lower segregation coef 
ficient. Typically, the ratio between B and Al or Ga is at least 
2, or even higher than 5 or even higher than ten for the case 
of phosphorus doping. 
0093. The method for manufacturing the silicon ingot 112 
described above includes a partial compensation where 
donors in the n-doped silicon ingot 112 outnumber boron 
and optional further p-type dopants that are added to the 
silicon melt 110 during CZ growth. 
0094. An axial profile of doping caused by segregation of 
dopant material during CZ growth can be approximated by 
equation (1) below: 

c(p) = koco (1-p)*0' + Fo (1) 

0.095 The first term in the equation (1) refers to a doping 
that has been added to the melt before extracting the silicon 
ingot from the melt. According to the above embodiments, 
n-type dopant materials may be described by the first term 
of equation (1). The second term refers to adding dopant 
material at a constant rate into the melt during CZ growth. 
According to the above embodiments, adding the boron may 
be described by the second term of equation (1). 
0096. In the above equation (1), c(p) denotes a concen 
tration of the dopant material in the silicon ingot (atoms/ 
cm), p denotes a portion of the initial melt during CZ 
growth that has been crystallized and corresponds to an axial 
position between 0% and 100% of the completely grown 
silicon ingot, ko denotes a segregation coefficient of the 
dopant material, e.g. approx. 0.8 for boron (B) in silicon and 
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approx. 0.35 for phosphorus (P) in silicon, co denotes an 
initial concentration of the dopant material in the melt 
(atoms/cm) and Fo denotes a total amount of the dopant 
material that is constantly (relative to the pulling rate) added 
to the melt divided by the initial volume of the melt 
(atoms/cm). 
0097 FIG. 9 illustrates calculated concentrations of non 
compensated phosphorus (P), i.e. net n-doping versus an 
axial position between opposite ends of a silicon ingot. The 
illustrated curves refer to different ratios of boron (B) and 
phosphorus (P), i.e. Fo?co corresponding to the ratio of the 
total amount of boron that is constantly (relative to the 
pulling rate) added to the silicon melt divided by the initial 
Volume of the melt (For in atoms/cm) and an initial con 
centration of phosphorus in the melt (coe in atoms/cm). 
0098. The illustrated curves refer to values of Fo?co of 
0%, 10%, 20%, 30%, 40%, 50%. By adding boron to the 
melt during CZ growth and thereby adding a compensation 
dopant to the melt during the CZ growth, the method 
described with reference to FIGS. 5 to 8 allows for silicon 
wafers suitable for manufacturing semiconductor devices 
having improved robustness and reliability. When adding the 
boron to the melt before initiating CZ growth of the silicon 
ingot, homogeneity of the net n-doping concentration along 
the axial direction between opposite ends of the silicon ingot 
may be even worse than for the case of Fo?co of 0%, i.e. 
without adding boron. This is due to the larger segregation 
coefficient of the compensation dopant boron compared to 
the segregation coefficient of the n-type dopant such as 
phosphorus. By partial compensation of at least 10% of Pby 
B, an electrically active net doping concentration, which is 
based on a difference between the doping concentrations of 
the donors and acceptors varies by less than 60% from an 
average value for at least 40% of an axial length of the CZ 
silicon ingot. Variation may be even kept Smaller by an 
optimized counteraction to segregation effects of the donors 
by compensation with acceptors having a different segrega 
tion behavior. Thereby, the electrically active net doping 
concentration may also vary by less than 40%, or less than 
30%, or even less than 20% for the at least 40% of the axial 
length of the CZ Silicon ingot. 
0099 FIG. 10 illustrates calculated specific resistance 
curves versus an axial position between opposite ends of a 
silicon ingot. Similar to the parameter curves illustrated in 
FIG. 9, the curves illustrated in FIG. 10 refer to different 
ratios of boron (B) and phosphorus (P), i.e. Fo?co corre 
sponding to the ratio of the total amount of boron that is 
constantly (relative to the pulling rate) added to the silicon 
melt divided by the initial volume of the melt (For in 
atoms/cm) and an initial concentration of phosphorus in the 
melt (coe in atoms/cm). 
0100 Similar to the parameter curves illustrated in FIG. 
9, the curves illustrated in FIG. 10 refer to values of Fo?co, 
of 0%, 10%, 20%, 30%, 40%, 50%. By adding boronto the 
melt during CZ growth and thereby adding a compensation 
dopant to the melt during the CZ growth, the method 
described with reference to FIGS. 5 to 8 allows for improv 
ing homogeneity of the specific resistance along the axial 
direction between opposite ends of the silicon ingot and for 
silicon wafers Suitable for manufacturing semiconductor 
devices having improved robustness and reliability. 
0101 Based on the method illustrated and described with 
respect to FIGS. 5 to 10, table 1 illustrates a maximum 
portion of the ingot along the axial direction having a 
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specific fluctuation of specific resistance and a specific ratio 
of boron (B) and phosphorus (P), i.e. Fo?co corresponding 
to the ratio of the total amount of boron that is constantly 
(relative to the pulling rate) added to the silicon melt divided 
by the initial volume of the melt (For in atoms/cm) and an 
initial concentration of phosphorus in the melt (co in 
atoms/cm). Table 1 refers to values of Fo?coe of 0%, 10% 
20%, 30%, 40%, 50%, and to axial fluctuations of the 

specific resistance of +/-5%, +/-10%, +/-15%, +/-20%, 
+/-30%, +/-50%. By adding boron to the melt during CZ 
growth and thereby adding a compensation dopant to the 
melt during the CZ growth, the method described with 
reference to FIGS. 4 to 10 allows for a yield improvement 
by increasing the maximum portion of the ingot along the 
axial direction having a specific fluctuation of specific 
resistance. As an example, the axial portion of the ingot 
having a fluctuation of specific resistance of +/-10% may be 
increased from 26% (no compensation doping) to 78% 
(compensation doping Fo?co of 40%). 

TABLE 1. 

boron 
compensation 
flow finitial maximum ingot length with axial 
doping with fluctuation of Specific resistance of 

phosphorous +/-5% +/-10% +/-15% +/-20% +/-30% +/-50% 

O 14% 26% 36% 46% 60% 80% 
compensation 

20% 32% 48% S8% 66% 76% 88% 
30% S6% 66% 74% 78% 84% 92% 
35% 66% 74% 78% 82% 86% 92% 
40% 38% 78% 82% 84% 88% 92% 
45% 22% 44% 84% 86% 88% 94% 

0102) According to the method illustrated with respect to 
FIGS. 9 and 10, boron is constantly added (relative to the 
pulling rate) to the silicon melt (described by the term Fo 
in atoms/cm) and phosphorus is added as an initial con 
centration to the melt (described by the term co, in atoms/ 
cm). According to other embodiments, boron may be added 
to the melt at an altering rate. Apart from or in addition to 
phosphorus, other n-type dopant materials such as antimony 
or arsenic may be used. 
0103) In addition to adding boron to the melt during CZ 
growth a part of the overall boron may also be added to the 
melt before CZ growth which may be described by a term 
co, in equation (1). Likewise, in addition to adding phos 
phorus or another n-type dopant material as an initial 
concentration to the melt, a part of the phosphorus or the 
other n-type dopant may also be added to the melt during CZ 
growth which may be described by a term For in equation 
(1) in case of constantly adding the phosphorus or the other 
n-type dopant material relative to the pulling rate. 
0104 Slicing of the silicon ingot into silicon wafers may 
be carried out perpendicular to a central growth axis of the 
silicon ingot. According to an embodiment, slicing is carried 
out by an appropriate slicing tool such as an inner-diameter 
(ID) saw or a wire type saw, for example. 
0105 Proton irradiation and annealing as described with 
reference to embodiments above is carried out for generating 
hydrogen related donors in the silicon wafers, thereby 
achieving a fine tuning of the specific resistance of the 
silicon wafers. This means that at least one of adapting the 
absolute resistivity values of the wafers which were cut of 
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the rod or ingot to the target resistivity and a minimization 
of the difference between the resistivity values of the wafers 
cut of the rod can be realized by the additional proton 
induced n-type doping. Thereby, a variation of resistivity 
from wafer to wafer may be kept small, for example smaller 
than 10%, or even smaller than 5%. 
0106 The above embodiments serve merely as examples, 
and are not to be construed as limiting. Further, additional 
embodiments are provided below. 
01.07 Embodiments: 
0108 1. A semiconductor device, comprising: a silicon 
semiconductor body comprising a drift or base Zone of net 
n-type doping, wherein an n-type doping is partially com 
pensated by 10% to 80% with p-type dopants, a net n-type 
doping concentration in the drift Zone is in a range from 
1x10" cm-3 to 1x10 cm-3, and a portion of 5% to 75% of 
the n-type doping is made up of hydrogen related donors. 
0109 2. The semiconductor device of embodiment 1, 
wherein a ratio of segregation coefficients of n-type dopants 
in the drift or base Zone and p-type dopants in the drift or 
base Zone is in a range of 0.25 and 4. 
0110. 3. The semiconductor device of embodiment 1, 
wherein the n-type doping comprises phosphorus partially 
compensated by boron. 
0111. 4. The semiconductor device of embodiment 3, 
wherein the net n-type doping in the drift Zone is further 
compensated by a p-type dopant species having a segrega 
tion coefficient Smaller than phosphorus. 
O112 5. The semiconductor device of embodiment 3, 
wherein the p-type dopant species corresponds to at least 
one of aluminum and gallium. 
0113. 6. The semiconductor device of embodiment 4, 
wherein a concentration ratio between boron and the at least 
one of aluminum and gallium is at least 2. 
0114 7. The semiconductor device of embodiment 1, 
wherein the net n-doping of the drift Zone corresponds to a 
doping of a raw material of the silicon semiconductor body, 
and further comprising p-doped and n-doped regions having 
a net doping concentration greater than the net doping 
concentration in the drift Zone. 

0115 8. The semiconductor device of embodiment 1, 
wherein the semiconductor device is one of an insulated gate 
bipolar transistor, a diode and an insulated gate field effect 
transistor. 

0116 9. The semiconductor device of embodiment 1, 
wherein the semiconductor device is a vertical power semi 
conductor device comprising a first load terminal at a first 
Surface of the semiconductor body and a second load 
terminal at a second surface opposite to the first Surface. 
0117 10. The semiconductor device of embodiment 1, 
wherein a variation of a profile of concentration of the 
hydrogen related donors along a vertical direction between 
opposite main Surfaces of the semiconductor body is less 
than 80%. 
0118 11. A silicon wafer, comprising a net n-type doping, 
wherein an n-type doping is partially compensated by 10% 
to 80% with p-type dopants, the net n-type doping concen 
tration is in a range from 1x10" cm-3 to 1x10" cm-3, and 
a portion of 5% to 75% of the n-type doping is made up of 
hydrogen related donors. 
0119) 12. The silicon wafer of embodiment 11, wherein 
the n-type doping comprises phosphorus partially compen 
sated by boron. 
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0120 13. The silicon wafer of embodiment 11, wherein 
the net n-type doping is further compensated by a p-type 
dopant species having a segregation coefficient Smaller than 
phosphorus. 
0121 14. The silicon wafer of embodiment 13, wherein 
the p-type dopant species corresponds to at least one of 
aluminum and gallium. 
0.122 15. The silicon wafer of embodiment 14, wherein 
a concentration ratio between boron and the at least one of 
aluminum and gallium is at least 2. 
I0123 16. A method of manufacturing a silicon wafer, the 
method comprising: extracting an n-type silicon ingot over 
an extraction time period from the a silicon melt comprising 
n-type dopants; adding p-type dopants to the silicon melt 
over at least part of the extraction time period, thereby 
compensating an n-type doping in the n-type silicon ingot by 
10% to 80%; slicing the silicon ingot; and forming hydrogen 
related donors in the silicon wafer by irradiating the silicon 
wafer with protons and thereafter, annealing the silicon 
wafer. 

0.124 17. The method of embodiment 16, wherein a 
portion of 5% to 75% of the n-type doping is made up of 
hydrogen related donors. 
0.125 18. The method of embodiment 16, wherein a 
segregation coefficient of an n-type dopant species of the 
n-type dopants and a segregation coefficient of a p-type 
dopant species of the p-type dopants differ by at least a 
factor of three. 

0.126 19. The method of embodiment 16, wherein the 
n-type dopant species is phosphorus and the p-type dopant 
species is boron. 
0127. 20. The method of embodiment 19, further com 
prising adding, in addition to boron, a second p-type dopant 
species to the silicon melt over at least part of the extraction 
time period, second p-type dopant species having a segre 
gation coefficient Smaller than phosphorus. 
0128. 21. The method of embodiment 20, wherein the 
second p-type dopant species corresponds to at least one of 
aluminum and gallium. 
0129. 22. The method of embodiment 19, wherein the 
boron is added to the silicon melt from at least one of a boron 
doped quartz material or from boron in a gas phase. 
0.130 23. The method of embodiment 19, wherein the 
boron is added to the silicon melt from a boron carbide or 
boron nitride source material. 

0131 24. The method of embodiment 19, wherein the 
boron is added to the silicon melt from a boron doped 
crucible. 

(0132) 25. The method of embodiment 24, wherein the 
boron doped crucible is formed by at least one of implanting 
boron into the crucible, diffusion of boron into the crucible 
and in-situ doping. 
0.133 26. The method of embodiment 25, wherein the 
boron is implanted into the crucible at various energies and 
doses. 
0.134. 27. The method of embodiment 24, further com 
prising applying a thermal budget to the crucible by heating 
that is configured to set a retrograde profile of the boron in 
the crucible. 

0.135 28. The method of embodiment 27, further com 
prising forming a layer at inner walls of the crucible. 
0.136. 29. The method of embodiment 19, further com 
prising altering a rate of adding the boronto the silicon melt. 
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0.137 30. The method of embodiment 29, wherein alter 
ing the rate of adding the boron to the silicon melt includes 
altering at least one of size, geometry and rate of delivery of 
particles, a flow or partial pressure of a boron carrier gas. 
0.138. 31. The method of embodiment 29, wherein alter 
ing the rate of adding the boron to the silicon melt includes 
at least one of altering a depth of a source material dipped 
into the silicon melt and altering a temperature of the Source 
material, wherein the source material is doped with the 
boron. 

0139 32. The method of embodiment 31, wherein doping 
of the Source material is carried out by one of in-situ doping, 
by a plasma deposition process through a Surface of the 
Source material, by ion implantation through the Surface of 
the source material and by a diffusion process through the 
Surface of the source material. 

0140. 33. The method of embodiment 29, further com 
prising controlling a rate of adding the boron to the silicon 
melt by measuring a weight of the silicon ingot during the 
Czochralski growth process. 
0141 34. The method of embodiment 29, further com 
prising controlling a rate of adding the boron to the silicon 
melt by optically measuring a change in dimensions of a 
quartz source material doped with the boron. 
0142. 35. The method of embodiment 29, further com 
prising altering a rate of adding the boronto the silicon melt 
by altering at least one of a contact area between a source 
material and the silicon melt and heating of the Source 
material. 

0143 36. The method of embodiment 16, wherein adding 
the p-type dopants into the silicon melt includes dissolving 
p-type dopants from a p-type dopant source material into the 
silicon melt. 

0144 37. The method of embodiment 16, wherein irra 
diating the silicon wafer with protons includes an implan 
tation dose in a range of 1x10" cm-2 and 8x10" cm-2, an 
implantation energy in a range of 1.0 MeV and 5.0 MeV. an 
annealing temperature in a range of 460° C. and 520°C., and 
an annealing duration in a range of 30 minutes and 20 hours. 
(0145 38. The method of embodiment 16, further com 
prising reducing a thickness of the silicon wafer by remov 
ing material of the silicon wafer, thereby removing an end of 
range peak of proton irradiation. 
0146 39. The method of embodiment 16, further com 
prising measuring an electric or material characteristic of the 
semiconductor wafer, and setting at least one parameter of 
proton irradiation and annealing as a function of the mea 
Sured electric or material characteristic. 

0147 The embodiments described herein may be com 
bined. Although specific embodiments have been illustrated 
and described herein, it will be appreciated by those of 
ordinary skill in the art that a variety of alternate and/or 
equivalent implementations may be substituted for the spe 
cific embodiments shown and described without departing 
from the scope of the general inventive concept. This 
application is intended to cover any adaptations or variations 
of the specific embodiments discussed herein. Therefore, it 
is intended to be limited only by the claims and the equiva 
lents thereof. 
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What is claimed is: 
1. A semiconductor device, comprising: 
a silicon semiconductor body comprising a drift or base 

Zone of net n-type doping, wherein an n-type doping is 
partially compensated by 10% to 80% with p-type 
dopants, a net n-type doping concentration in the drift 
Zone is in a range from 1x10" cm to 1x10" cm, 
and a portion of 5% to 75% of the n-type doping is 
made up of hydrogen related donors. 

2. The semiconductor device of claim 1, wherein a ratio 
of segregation coefficients of n-type dopants in the drift or 
base Zone and p-type dopants in the drift or base Zone is in 
a range of 0.25 and 4. 

3. The semiconductor device of claim 1, wherein the 
n-type doping comprises phosphorus partially compensated 
by boron. 

4. The semiconductor device of claim 3, wherein the net 
n-type doping in the drift Zone is further compensated by a 
p-type dopant species having a segregation coefficient 
Smaller than phosphorus. 

5. The semiconductor device of claim 3, wherein the 
p-type dopant species corresponds to at least one of alumi 
num and gallium. 

6. The semiconductor device of claim 4, wherein a 
concentration ratio between boron and the at least one of 
aluminum and gallium is at least 2. 

7. The semiconductor device of claim 1, wherein the net 
n-doping of the drift Zone corresponds to a doping of a raw 
material of the silicon semiconductor body, and further 
comprising p-doped and n-doped regions having a net 
doping concentration greater than the net doping concentra 
tion in the drift Zone. 

8. The semiconductor device of claim 1, wherein the 
semiconductor device is one of an insulated gate bipolar 
transistor, a diode and an insulated gate field effect transistor. 

9. The semiconductor device of claim 1, wherein the 
semiconductor device is a vertical power semiconductor 
device comprising a first load terminal at a first Surface of 
the semiconductor body and a second load terminal at a 
second Surface opposite to the first Surface. 

10. The semiconductor device of claim 1, wherein a 
variation of a profile of concentration of the hydrogen 
related donors along a vertical direction between opposite 
main surfaces of the semiconductor body is less than 80%. 

11. A silicon wafer, comprising a net n-type doping, 
wherein an n-type doping is partially compensated by 10% 
to 80% with p-type dopants, the net n-type doping concen 
tration is in a range from 1x10" cm to 1x10" cm, and 
a portion of 5% to 75% of the n-type doping is made up of 
hydrogen related donors. 

12. The silicon wafer of claim 11, wherein the n-type 
doping comprises phosphorus partially compensated by 
boron. 

13. The silicon wafer of claim 11, wherein the net n-type 
doping is further compensated by a p-type dopant species 
having a segregation coefficient Smaller than phosphorus. 

14. The silicon wafer of claim 13, wherein the p-type 
dopant species corresponds to at least one of aluminum and 
gallium. 

15. The silicon wafer of claim 14, wherein a concentration 
ratio between boron and the at least one of aluminum and 
gallium is at least 2. 


