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Description

PRODUCTION METHOD AND POWER SEMICONDUCTOR DEVICE

A production method for a power semiconductor device is
provided. Further, a corresponding power semiconductor device

is provided.

Document US 6 573 561 Bl refers to a vertical MOSFET with an

asymmetrically graded channel profile.

Document US 6 664 594 B2 discloses a power MOS device with an
asymmetrical channel structure for enhanced linear operation

capability.

Document US 8 067 797 B2 describes a variable threshold

trench IGBT with offset emitter contacts.

Document US 2016/0064550 Al refers to power devices.

Documents US 2021/0111279 Al and US 2005/0133833 Al refer to

electronic devices.

Embodiments of the disclosure relate to a power semiconductor
device that shows improved electrical behavior and to a

corresponding production method.

This object is achieved, inter alia, by a production method
and by a power semiconductor device as defined in the
independent claims. Exemplary further developments constitute

the subject-matter of the dependent claims.
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In at least one embodiment, the method for producing a power
semiconductor device comprises the following steps, for
example, in the stated order:

- providing a semiconductor substrate,

- epitaxially growing at least one semiconductor layer onto
the semiconductor substrate, and

- providing a gate insulator and a gate electrode, the gate
insulator (4) is located directly between the at least one
semiconductor layer and the gate electrode,

wherein

- the semiconductor substrate and/or the at least one
semiconductor layer constitute a semiconductor body having a
source region of a first conductivity type and a well region
of a second conductivity type different from the first
conductivity type, and the well region comprises a channel
region directly at the source region, and

- the channel region has a non-uniform channel doping profile

along the gate insulator, so that a doping concentration Np

in the channel region is largest in a first section remote
from the source region, the non-uniform channel doping
profile is completely or partly formed by the epitaxially

growing of the at least one semiconductor layer.

A power semiconductor device is additionally provided. By
means of the method, a power semiconductor module is produced
as indicated in connection with at least one of the below-
stated embodiments. Features of the power semiconductor
device are therefore also disclosed for the method and vice

versa.

In at least one embodiment, the power semiconductor device
comprises:

- a semiconductor body having a source region of a first
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conductivity type and a well region of a second conductivity
type different from the first conductivity type, and the well
region comprises a channel region starting directly at the
source region,

- at least one gate electrode arranged at the semiconductor
body and assigned to the at least one channel region, and

- at least one gate insulator directly between the
semiconductor body and the at least one assigned gate
electrode,

wherein the channel region has an intentionally non-uniform
channel doping profile along the gate insulator, so that a
doping concentration in the channel region is largest in a

first section remote from the source region.

The gate electrode is insulated from the semiconductor body

by the gate insulator.

For example, the at least one source region is in direct
contact with the assigned gate insulator and/or is directly
at the assigned channel region. The first conductivity type
is, for example, n-conductive and, thus, the at least one

source region is n-doped.

The at least one well region and consequently the at least
one channel region are of the second conductivity type
different from the first conductivity type. The second
conductivity type is, for example, p-conductive and, thus,
the at least one channel region is p-doped. It is possible
that a maximum doping concentration of the at least one well
region and/or of the at least one channel region is less than
a maximum doping concentration of the at least one source

region.
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According to at least one embodiment, the semiconductor body
further comprises a drift region which may be of the first
conductivity type, too. For example, the drift region is in
direct contact with the gate insulator and/or is directly at
the channel region. The drift region may be located between
the channel region and a drain region or a collector region
of the semiconductor body, for example, in a direction
perpendicular to the top side of the semiconductor body. For
example, the optional trench may terminate in the drift

region.

As an option, the semiconductor body can comprise an
enhancement layer. For example, the enhancement layer is
located directly between the well region and the drift region
and may have a higher maximum doping concentration than the
drift region. The enhancement layer can also be of the first
conductivity type. The enhancement layer may work as a hole
blocking layer, that is, it enhances plasma concentration

near the source side resulting in an improved Vae_ggt Without
increasing Eoff too much. Additionally, the enhancement layer

also helps in controlling a length of the channel region and
minimizes manufacturing process-induced variability. For
example, a thickness of the enhancement layer is at least

1 pm and/or is at most 5 pm.

According to at least one embodiment, the doping
concentration Np in the channel region is largest at a depth
from the top side of the semiconductor body of at least

0.5 pym or of at least 1.5 pm. Said maximum doping

concentration Np may also be at a distance of at least 0.5 pm

or of at least 1.5 um from the source region, seen along the

gate insulator. Said maximum may be located within the well
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region. Accordingly, said maximum is achieved by epitaxial

growth and not by ion implantation.

According to at least one embodiment, the power semiconductor
device is a metal-insulator-semiconductor field-effect
transistor, MISFET, a metal-oxide-semiconductor field-effect
transistor, MOSFET, or an insulated-gate bipolar transistor,
IGBT or a reverse-conducting insulated-gate bipolar

transistor, RC-IGBT.

According to at least one embodiment, the well region extends
from the top side of the semiconductor body to the drift
region. The channel region is part of the well region and may
have the same doping concentration. During operation, the
electrons flow in the channel region from the source region
to the drift region along the gate insulator. The channel
region has a thickness in a direction perpendicular to an
interface between the gate insulator and the well region, for

example, in a nanometer range, exemplarily 1 nm to 50 nm.

For example, the semiconductor body is of Silicon, Si for
short. However, the semiconductor body can alternatively be

of a wide-bandgap semiconductor material like SiC, Gap0O3 or

GaN.

The gate insulator is made of any insulating material, which
may be an oxide. For example, the gate insulator may be of at

least one of the following materials: SiOp, Si3Ny, Al,0O3,
Y»03, ZrOp, HfO», Lan03, TaOs, TiO,. Hence, the gate

insulator may also be referred to as gate oxide.

According to at least one embodiment, the power semiconductor

device is a power device. For example, the power
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semiconductor device 1is configured for a maximum voltage of

at least 0.2 kV or of at least 0.6 kV or of at least 1.2 kV.

The power semiconductor device is, for example, for a power
module in a vehicle to convert direct current from a battery
or a fuel cell to alternating current for an electric motor,
for example, in hybrid wvehicles or plug-in electric vehicles.
Moreover, the power semiconductor device can be a fuse, for

example, in a vehicle like a car.

For simplification, in the following only one channel region
and assigned components are mentioned. If there is a
plurality of channel region and assigned components, the
features described below may apply to only one, to a
plurality or to all of the channel regions and assigned

components.

According to at least one embodiment, in the channel region
the doping concentration increases monotonically or strictly
monotonically along the gate insulator, for example, towards
the drift region. Monotonically means that the doping
concentration is constant or increases, and strictly
monotonically means that the doping concentration

continuously increases towards the drift region.

According to at least one embodiment, seen along the gate
insulator, the non-uniform channel doping profile has a first
section remote from the source region and next to the drift
region. The doping concentration is highest in the first

section.

Otherwise, the doping concentration is highest in a middle

section of the channel region, between the first section and
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a second section, the second section is close to the assigned

source region and remote from the drift region.

If there is no such middle section, then the channel region
may consist of the first section having the highest doping
concentration and of the second section next to the source

region.

According to at least one embodiment, a length of the first
section and/or of the middle section is at least 5% or is at
least 10% or is at least 15% of an overall length of the
channel region along the gate insulator. Alternatively or
additionally, said length is at most 40% or at most 30% or at
most 25% of said overall length. The same may apply to the

second section, if present.

According to at least one embodiment, the doping
concentration is constant along the gate insulator in the
second section and/or in the middle section. Constant means,
for example, that there is no intentional wvariation of the
doping concentration so that variations due to manufacturing
tolerances may be disregarded. For example, constant may mean
that there are no changes in the doping concentration in the
second section and/or in the middle section exceeding 5% or
exceeding 10% or exceeding 15% of the maximum doping

concentration present in the channel region.

According to at least one embodiment, the doping
concentration varies along the channel region by at least 50%
or by at least 65% or by at least 80% of the maximum doping
concentration of the non-uniform channel doping profile. For
examnple, the second section has a maximum doping

concentration of at most 50% or of at most 35% or of at most
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20% of the maximum doping concentration of the first section
or, 1f the maximum doping concentration is in the middle

section, of the middle section.

According to at least one embodiment, the channel doping
profile is configured in a stepped manner so that there is
one or a plurality of steps in the channel doping profile
along the gate insulator within the channel region.
Otherwise, the channel doping profile along the gate

insulator may change in a continuous, step-less manner.

According to at least one embodiment, the gate electrode is
partially or completely arranged in at least one trench
formed in the semiconductor body. The at least one trench
and, thus, the assigned gate electrode extends through the
well region into the drift region, for example, in a
direction away from a top side of the semiconductor body.
Consequently, the gate insulator is located partially or
completely in the assigned trench, too. Hence, the power

semiconductor device could be a trench-based device.

Otherwise, the gate electrode and the gate insulator are
applied on the top side of the semiconductor body. Thus, the

top side may be a planar face.

According to at least one embodiment, the well region is of
multi-layer fashion so that the well region comprises at
least two sub-layers. For example, the sub-layers may be
grown epitaxially or may be produced by ion implantation
and/or thermal treatment. It is possible that the sub-layers
are of the same material, but differ in their doping
concentrations. Hence, between the sub-layers there may be

distinct jumps in the doping concentration and within the
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respective sub-layer the doping concentration can be
constant, for example, with a tolerance of at most 5% of a
maximum doping concentration of the respective layer. For
example, in at least some planes in parallel with the top
side, in this case it is possible that a doping concentration
is constant throughout the well region. In other words, there
may be an intentional doping gradient only along a depth of
the well region, but not in lateral directions in parallel

with the top side.

Otherwise, the well region is of single-layer fashion and
comprises only one layer in which the doping profile is
established. Such a doping profile may be of a continuous
fashion without steps and may be produced, for example, by

means of ion implantation and/or thermal treatment.

If there is a plurality of sub-layers, the sub-layers may be
made by applying different dopants and/or may be grown in
different epitaxial growth steps with the respective doping
concentration applied during epitaxial growth. The applying
of dopants may be made in a single step or by more than one
applying step, for example, by using different implantation
energies or different dopants. For planar devices, a mask may
be used for applying the dopants to achieve the non-uniform
channel doping profile. A thermal treatment step may follow

after applying dopants or after epitaxial growth.

According to at least one embodiment, outside the channel
region and along a depth of the well region, that is,
perpendicular to the top side, the well region has a constant
doping concentration at least in places. Hence, along at
least some vertical intersections the doping concentration

may be constant in the well region. Hence, in the well region
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the non-uniform channel doping profile may be limited to a

region next to the gate insulator. For example, the non-

uniform channel doping profile is limited to the channel

region, for example, with a tolerance of at most 0.5 pum.

According to at least one embodiment, the gate insulator has

a non-uniform thickness along the channel region. For

example, along the channel region the gate insulator is

thickest in the first section.

According to at least one embodiment, the gate electrode has

a non-uniform gate electrode work function profile along the

channel region,

such that a threshold voltage of the gate

electrode is highest in the first section. Hence, a work

function ®; of the gate electrode in the first section

remote from the source region is largest for devices having a

p-type doped well region, and correspondingly a p-type doped

channel region,

and smallest for devices having an n-type

doped well region, and correspondingly an n-type doped

channel region.

According to at least one embodiment, the gate insulator has

a non-uniform gate insulator thickness profile along the

channel region.

In other words, a thickness of the gate

insulator varies along the channel region. Said thickness

variation may be continuous or non-continuous, that is,

stepped. For example, along the channel region, the gate

insulator is thickest in the first section, and consequently

may be thinnest in the second section.

According to at least one embodiment, the gate insulator has

a non-uniform gate dielectric constant profile along the

channel region,

such that a relative dielectric constant of
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the gate insulator is lowest in the first part of the channel

region remote from the source region.

According to at least one embodiment, there is the non-
uniform thickness profile as well as the non-uniform channel
doping profile and/or the non-uniform gate electrode work
function profile and/or the non-uniform gate dielectric
constant profile. That is, the non-uniform channel doping
profile profile can be combined with the non-uniform gate
insulator thickness, the non-uniform gate electrode work
function profile or the non-uniform gate dielectric constant
profile, or with two of the non-uniform channel doping
profile, the non-uniform gate electrode work function profile
and the non-uniform gate dielectric constant profile, or with

all three other non-uniform profiles.

According to at least one embodiment, the power semiconductor
device is configured so that both a saturation current and a
short-circuit current are decreased, for example, while a

collector-emitter saturation voltage V.e_gazt, and

consequently on-state losses, may remain unaffected. This may
be true because of the non-uniform channel doping profile,
and compared with an analogously set-up reference
semiconductor device but having a uniform doping profile with
the same integral doping concentration as the non-uniform
channel doping profile of a channel region along a gate

insulator.

A power semiconductor device is explained in greater detail
below by way of exemplary embodiments with reference to the
drawings. Elements which are the same in the individual

figures are indicated with the same reference numerals. The

relationships between the elements are not shown to scale,
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however, but rather individual elements may be shown

exaggeratedly large to assist in understanding.

In the figures:

Figure 1 1is a schematic sectional view of a reference

semiconductor device,

Figure 2 1s a schematic sectional view of an exemplary
embodiment of a power semiconductor device

described herein,

Figure 3 1is a top view of the power semiconductor device of

Figure 2,

Figures 4 to 7 are schematic representations of electric data
of power semiconductor devices described herein and

of a reference semiconductor device,

Figure 8 1s a schematic representation of doping profiles of
power semiconductor devices described herein and of

a reference semiconductor device,

Figure 9 shows simulation results of electric data of power
semiconductor devices described herein and of a

reference semiconductor device, and

Figures 10 to 16 are schematic sectional views of exemplary
embodiments of power semiconductor devices

described herein.

Figure 1 illustrates a reference semiconductor device 9 that
corresponds to exemplary embodiments of power semiconductor

devices 1 described herein except for a channel doping
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profile 6, 69 in a channel region 220 included in a well
region 22. Like the power semiconductor devices 1, the
reference semiconductor device 9 comprises a semiconductor

body 2 which is, for example, of Si.

The semiconductor body 2 also comprises a source region 21 at
a top side 20 of the semiconductor body 2. A trench passes
both through the well region 22 and through the source region
21. The source region 21 is of a first conductivity type,
like n-conducting, and the well region 22, and consequently
the channel region 220 included by the well region 22, is of
a second, different conductivity type, like p-conducting. In
the trench, there is a gate electrode 31 that is separated
from the semiconductor body 2 by means of an electrically
insulating gate insulator 4. The trench and, hence, the gate
electrode 31 end in a drift region 23 of the semiconductor
body 2. The drift region 23 is of the first conductivity
type, too.

In the reference semiconductor device 9, the channel region
220 is doped with a uniform reference doping profile 69. That
is, along a direction x away from the source region 21 and
towards the drift region 23, there is a constant doping

concentration Np. For example, next to the gate insulator 4

where the source region 21 and the channel region 220 are in
direct contact, x = 0. For example, next to the gate
insulator 4 where the channel region 220 and the drift region
23 are in direct contact, x = L. That is, L corresponds to a
channel length of the channel region 220. For example, X runs
perpendicular to the top side 20 of the semiconductor layer
body 2. Hence, the length I may correspond to a distance
between the source region 21 and the drift region 23 directly

at the gate insulator 4. Hence, the length L may be defined
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as the length of the second conductivity type layer between
the layers of the first conductivity type, that is, the
source region 21 and the drift region 23, wherein the drift
region 23 may comprise a layer of lower doping concentration,

not illustrated.

It is noted that a shape of the channel region 220 is drawn
only very schematically, and for simplification of the

drawings only along one side of the gate electrode 31.

According to the exemplary embodiment of the power
semiconductor device 1 as illustrated in Figures 2 and 3, the
well region comprises a non-uniform channel doping profile 6,
which may be present in the whole well region 22 or which may
be limited to the channel region 220 or to the channel region
220 and to an adjacent region of the well region 22. Thus,

the doping concentration Np changes in a stepped manner so

that the doping profile 6 has a step 53. The step 53 does not
need to exactly follow a theta function or unit step
function, but there can be a transitional section 62.
Compared to the channel length L, a length of the
transitional section 62 is small and amount, for example, to

at most 2% or to at most 5% of the channel length L.

Consequently, the doping concentration Nz is highest next to

the drift region 23 in a first section 61 of the doping
profile 6. A length of the first section 61 is, for example,
a quarter or a third of the channel length L. For example,
the length of the first section 61 is between 20% and 40% of
the channel length L. The amount of change of the doping

concentration Np at the step 53 1is illustrated only

schematically in Figure 2.
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For example, a maximum doping concentration Np in the first
section 61 exceeds a maximum doping concentration Np in a

remainder of the channel region 220, that is, in a second
section 64 out of the first section 61 and out of the
transitional section 62, by at least a factor 2 or by at
least a factor of 5 and/or by at most a factor of 10 or by at
most a factor of 8. In the second section 64, the doping

concentration N may virtually be constant. Both the source

region 21 and the well region 22 may be electrically
connected by means of at least one source electrode 32 which

is located at the top side 20.

As an option, to electrically contact the channel region 220,
there can be at least one plug 25 at the top side 20 of the
semiconductor body 2. The plug 25 may have a different
thickness than the well region 22 so that the plug 25 can
extend deeper or shallower into the semiconductor body 2 than
the well region 22. Further, the thicknesses of the source
region 21 and of the plug 25 can be the same or can be

different.

Further, between the drift region 23 and the well region 22,
there is an enhancement layer 27. The enhancement layer 27 is

of the first conductivity type, too.

Both the source region 21 and the at least one plug 25 may be
electrically connected by means of the at least one source
electrode 32 which is located at the top side 20.
Exemplarily, the plug 25 has a higher maximum doping
concentration than the well region 22 or the channel region
220. The depth of the plug may be lower, deeper or the same

as of the well region/channel region.
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In Figures 2 and 3, the source region 21 and the optional at
least one plug 25 are located along only one side of the gate
electrode 31. However, the source region 21 and the optional
at least one plug 25 can also be arranged along both sides of
the gate electrode 31, compare, for example, Figure 10, or

all around the gate electrode 31.

For example, the power semiconductor device 1 is an
insulated-gate bipolar transistor, IGBT for short. Hence, at
as side of the drift region 23 remote from the well region
22, there is a collector region 26 which is of the second
conductivity type, too. At the collector region 26, there is
a collector electrode 34. Additionally, as a further option
there can be a buffer region of the first conductivity type
between the drift region 23 and the collector region 26. The
doping concentration of such a buffer region, not shown, can

be higher than that of the drift region 26.

Seen 1in top view of the top side 20, the trench accommodating
the gate electrode 31 and the gate insulator 4 may be of
extended fashion. The source region 21, the at least one plug
25 as well as the channel region 220 may be arranged

symmetrically on both sides of the trench, see Figure 3.

For example, maximum doping concentrations of the source
regions 21, the collector region 26 or instead of a drain

region 24 and the at least one plug 25 are at least
1 x 1018 cm™3 or at least 5 x 1018 cm™3 or at least
1 x 1019 cm™3 and/or at most 5 x 1020 cm™3 or at most

2 x 1020 cm=3 or at most 1 x 1020 cm=3. Further, a maximum

doping concentration of the well region 22 and, thus, of the

channel region 220 may be at least 5 x 1016 ecm=3 or at least
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1 x 1017 cm=3 and/or at most 5 x 1019 cm™3 or at most
5 x 1018 cm~3. For example, the maximum doping concentration
in the first section 61 is at least at least 1.5 x 1017 cm=3

and/or is at most 3 x 1018 cm™3. For example, the maximum

doping concentration present in the non-uniform channel
doping profile 6 is at least at least 5 x 1016 cm~3 and at

most 3 x 1018 cm™3 and/or a minimum doping concentration

present in the non-uniform channel doping profile 6 is at

most 2 x 1017 cm™3 or at most 1 x 1017 cm™3. For example, a

maximum doping concentration of the enhancement layer 27 1is

at least 1019 cm=3 and/or 1s at most 1018 cm=3.

Depending on the voltage class of the power semiconductor

device 1, a maximum doping concentration of the drift region
23 may be at least 1 x 1011 em=3 or at least 1 x 1012 cm™3 or
at least 1 x 1013 cm~3 and/or at most 1 x 1017 cm™3 or at

most 5 x 1010 cm=3 or at most 1 x 1016 cm=3.

For example, the semiconductor body 2 is at least in part
produced by epitaxial growth. That is, the doping
concentrations of the respective layers of the semiconductor
body 2 may be produced during growth and may not be produced
after growth, for example, by means of ion implantation. This
applies, for example, at least for the enhancement layer 27
and the well region 22 which can thus be doped by means of
epitaxial growth. As an option, the drift region 23 can be
partly or completely be part of a growth substrate. The same

applies to all other examples.

Otherwise, the same as to Figure 1 may also apply to Figures

2 and 3.
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The concept behind the channel region 220 having the non-
uniform channel doping profile 6 is explained in the

following.

For a power semiconductor device 1, exemplarily for low
frequency applications, it may be desirable to have on-state
losses as low as possible in order to minimize the total
electrical losses. Further, from a device reliability point
of view, 1t may be advantageous to have a low short circuit
current. Thus, a power semiconductor device 1 with minimized
on-state losses and improved short circuit capability may be

desired.

However, some means to lower an on-state voltage drop Viee-
sats for example, by reducing the channel length L or

increasing channel width W, often result in an undesired

higher saturation current Igszt, as i1llustrated schematically
using output characteristics I. vs. V.o, see Figure 4. The
higher Ig4zt 1s directly related to a higher short circuit
current Ig~, adversely affecting the short circuit capability

of the power semiconductor device 1. On the other hand,

raising a threshold voltage Viyp of the power semiconductor
device 1 in order to lower Igst, for example, by increasing a
channel doping concentration, results in higher Vee_gat as

illustrated in Figure 5. Thus, Figures 4 and 5 are schematics
of typical output characteristics of an IGBT with a uniform
threshold profile along the whole channel region, in Figure 4

for a same Vi and different channel resistance, and in

Figure 5 for different threshold voltages Vip.

Other techniques to reduce the short-circuit current such as:



10

15

20

25

30

WO 2023/285557 PCT/EP2022/069647

a) increasing the channel length L,

b) reducing an anode injection efficiency, by reducing an
anode implant dose,

c) reducing a channel width, by decreasing a source coverage
along the trench, and

d) reducing the channel width, by increasing a cell pitch,

also undesirably result in higher on-state losses. Moreover,
techniques such as d) can also adversely affect the breakdown
capability of the power semiconductor device 1. Reducing gate
biasing in order to reduce short-circuit current may also not
be desirable as it leads to unstable dynamic behavior and
moreover it is mainly defined by the application

requirements.

Thus, there is a trade-off between minimizing the on-state
losses and decreasing the short circuit current in a
conventional MISFET or IGBT device. For an application
requiring improved short circuit capability, it may be
desirable to be able to decrease the short circuit current

I without affecting Vee-gat-

With the power semiconductor device 1 described herein, the
trade-off between on-state losses and short circuit current
is improved by improving the latter without adversely
affecting the former. Differently from other approaches, the
described design features a non-uniform threshold voltage
profile along the channel region 220 next to the gate
insulator 4 to lower down the saturation current for a given

Vee-gat- The proposed non-uniform Viy in the power

semiconductor device 1 described herein is achieved by
implementing the non-uniform channel doping profile 6 in the

channel region 220. The described power semiconductor device



10

15

20

25

30

WO 2023/285557 PCT/EP2022/069647

1 does not adversely affect the breakdown capability and more
so ever the turn-off losses of the power semiconductor device
1. In addition, the described concept is applicable to any
MOS device in general such as power-MOSFET or IGBT or
reverse-conducting-IGBT and is even compatible with both

planar and trench architectures.

With the power semiconductor device 1 described herein, an
improved MISFET, MOSFET or IGBT or RC-IGBT device with an
enhanced short circuit capability is introduced without a
detrimental effect on the on-state losses. The improved
design also relaxes the design constraints of the IGBT,
enabling the possibility to independently explore the other
methods mentioned above to minimize the on-state losses which
are normally limited by the short circuit capability of the

respective device.

In the following, some theoretical background to the idea of

the semiconductor device 1 described herein is presented.

For a reference long channel MOS device, it is known that a

channel pinch-off at high V.. is responsible for the current

saturation in the output characteristics, which ultimately
determines the short circuit current. The channel pinch-off
voltage Vpinch-off 1s determined by the threshold voltage Vip
Exemplarily, the channel starts pinching-off near its drain
end, at x = L where L is the channel length, when the applied
bias Vce exceeds the pinch-off voltage Vpinch-orf ¥ (Vg=Vin) s
where Vg is the applied gate voltage. At such applied Vg,
the voltage drop perpendicular to the channel is less than

Viyp and therefore the channel cannot sustain any longer near

the drain end.
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However, for a more detailed understanding of the device, it
should be considered that the channel pinch-off, however, is
more of a local phenomenon, taking place specifically near
the drain end of the channel. Therefore, more correctly, it

is the local threshold voltage, Vip (X), which determines the

pinch-off point and, thus, the saturation current. This

implies that it is possible to lower the Vpipch-off by
locally increasing Vyp (L) at the channel end, that is, in

the first section 61 near the drift region 23.

Further, in order to keep the overall channel resistance and

thereby Vee-gat unaffected, Vip (X) can be decreased in the

rest of the channel.

This is illustrated schematically in Figure 6 where the curve
referring to the reference semiconductor device 9 comprises a

uniform threshold voltage Vip-1 profile along the whole
channel. The curve for the power semiconductor device 1 on
the other hand consists of a non-uniform Vip profile along
the channel, where Vip 1is locally raised near the channel
end, that is, in the first section 61, such that

Vip-2 (L) > Vip-1 in order to lower the pinch-off point, while
Vih-2" < Vih-1 in the rest of the channel to keep the overall
channel resistance the same. In this way, a saturation
current and thereby a short circuit current can be
significantly reduced without affecting the on-state losses
as illustrated in the schematic output in Figure 7. Local Vgp
variation thus holds the key for improved short circuit

capability of a MISFET or MOSFET or an IGBT device.
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Viyp of the channel is a function of various other MOS cell

design parameters as indicated in below equation:

JINL 2652 @
V, = Vo + 20, + LI AZSETE

COX
where Vi 1s the threshold voltage, V¢, is the flatband

voltage, Vfp= (¢ - ¢g) where ¢p and ¢g are the gate metal
and the semiconductor work function, respectively. Np is the
channel body doping, &g 1s the permittivity of the
semiconductor, Coyx 1s the gate insulator capacitance, and ¢p

is the semiconductor surface potential and:

Ny
@D = ktIn—
n;
where k is the Boltzmann constant, T is the temperature and

ni 1s the intrinsic carrier concentration of the

semiconductor.

Therefore, the required non-uniform Vyy profile across the
channel with relatively higher Viy in the first section 61

can be achieved by introducing a non-uniformity in one or in
any combination of the following MOS design parameters:

1. channel doping profile, Np (x), as detailed herein,

2. gate oxide thickness, Tox (x),

w

gate dielectric, egx (y), and/or

4. gate metal work function, ¢ (x), since Veip= (o - dg) .

In the following, the focus is on the channel doping profile
variation, but said doping concentration variation can of
course be combined with a varying gate insulator thickness, a
varying gate dielectric and/or a varying gate metal work

function.
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Figures 1 and 2 above show schematic cross-sections of the
reference semiconductor device 9 with a uniform doping
profile 69 and of the power semiconductor device 1 with the
non-uniform channel doping profile 6 as implemented in the
simulations presented below. Three different doping profiles

A, B, C were investigated, see Figure 8.

That is, the non-uniform channel doping profiles Np (x) have

been implemented in technology computer aided design, TCAD,

simulations to obtain the locally varying Viy profile with

the aim of reducing the saturation current without affecting
the on-state performance. In these designs A, B, C boron

concentration Np (x) along the channel region 220 was varied

such that its peak position is shifted from top, x = 0, to
bottom, x = L, of the channel region 220 as shown in Figure
8. For comparison, the uniform doping profile 69 of the
reference semiconductor device 9 is illustrated, too. For all
these four designs A, B, C, 69, the total integral doping
concentration along the channel was however kept same in

order to maintain the identical Vee_g5t-

The output characteristics, see Figure 9, show the expected

effect which is attributed to the local Vyp variation due to

non-uniform channel doping profiles 6. The design with boron
peak in the first section 61 of the channel region 220, that
is, design A, shows reduced Igzt as compared to that of
design C with a peak doping concentration in a second section
64 next to the source region 21. Design A is also better
compared to the reference uniform doping profile 69 for the

same reason, that is, due to higher local Vy at the channel

region end. Further, it is noted that design C may be
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undesired for applications where short circuit current needs
to be reduced. The short circuit problem, that is, to reduce
the current between the source and the collector, has been
solved in the power semiconductor devices 1 described herein
by introducing the non-uniform channel doping profile 6 with
higher doping near the channel end, that is, with higher
doping concentrations in the middle section 63 or in the
first section 61 next to the drain region as in designs B and

A.

The overall channel resistance is kept the same by lowering
the doping in the other part of the channel which fixes the

Vee-gat- In design B, the peak doping concentration in a

middle section 63 between the second section 64 and the first

section 61, and Ig4zt+ 1s already reduced compared with the

reference semiconductor device 9.

The breakdown characteristics of the device remain unaffected
by having the non-uniform channel doping profile 6. Switching

losses Eoff remain largely unaffected by having the non-

uniform channel doping profile 6, compare the list below that
summarizes the simulation results for designs A, B and C with

the different doping profiles as illustrated in Figure 8.

Design C of the semiconductor device with the doping peak in
the first section 64 next to the source region 21:

- Vee-gat at 150 A: 1.667 V;
- Vip at 10 mA: 7.12 V;

- Egffe: 13.76 mJd;
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Design B of the exemplarily power semiconductor device 1 with
the doping peak in the middle section 63:
- Vee-gat at 150 A: 1.676 V;

- Vip at 10 mA: 7.12 V;
- Egffe: 13.58 md;

Is- := about 73% of Isc of design C.

Design A of the exemplarily power semiconductor device 1 with
the doping peak in the first section 61:
- Vee-gat at 150 A: 1.688 V;

- Vip at 10 mA: 7.08 V;
- Egffe: 13.72 md;

Is~ := about 62% of Isc of design C.

For example, the length L of the channel is in each case
between 1 pm and 10 um or between 1 pm and 5 pm. In the
exemplary devices 9, A, B, C, the length L of the channel is
in each case 2.5 um, and the first section 61 in design A has

a length of 0.5 pm.

In the exemplary embodiment of the power semiconductor device
1 of Figure 10, the doping profile 6 again has the one step
53. Because optionally the channel region 220 is produced,
for example, grown, with a first sub-layer 51 and a second
sub-layer 52 which can be doped, for example, during growth,
there is virtually no transitional region in this exemplary

embodiment.

It is possible in all other exemplary embodiments, that the
trench accommodating the gate electrode 31 does not need to

have a round end part in the drift region 23, but can be of
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rectangular shape, or also of other shapes, when seen in

cross-section, compare Figure 10, too.

As 1t 1s possible in all other exemplary embodiments of the
power semiconductor device 1, an outward side of the gate
insulator 4 facing the semiconductor body 2 may be of planar

fashion, at least along the channel region 220.

Moreover, it is illustrated that the power semiconductor
device 1 of Figure 10 is not an IGBT, but a MISFET or MOSFET.
Consequently, the power semiconductor device 1 comprises a
drain region 24 instead of the collector region 26. Hence, at
as side of the drift region 23 remote from the well region
22, there is the drain region 24 which is of the first
conductivity type, too, but, for example, with a maximum
doping concentration higher than in the drift region 23. At

the drain region 24, there is a drain electrode 33.

Of course, all the gate insulator designs of the IGBT power
semiconductor devices 1 can apply for the MOSFET and MISFET

power semiconductor device 1, and vice versa.

Otherwise, the same as to Figures 2 to 9 may also apply to

Figure 10, and vice versa.

According to Figure 11, the doping profile 6 comprises a
plurality of the steps 53, for example, two of the steps 53.
For example, the second step closer to the drift region 23 is
larger than the first step closer to the source region 21.
The first step may define the beginning of the first section

6l.
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As an option, the non-uniform channel doping profile 6 can be
combined with a varying thickness of the gate insulator 4.
For example, in a first section along the channel region out
of the end part the thickness of the gate insulator 4 is
between 20 nm and 80 nm inclusive or 1is between 40 nm and

80 nm inclusive.

As in all other exemplary embodiments, these two ideas, that
is, having an asymmetric, non-uniform gate insulator

thickness and the non-uniform channel doping profile 6, can
be combined with each other. In this case the gate insulator
4 may be thickest in the first section 61. The thickness of
the gate insulator 61 may increase in the same manner as the

doping concentration Na, or in a different manner. Hence, the

schematic progressions of the non-uniform channel doping
profiles 6 described herein can apply to the non-uniform gate
insulator thickness, too, wherein the progressions of the
non-uniform channel doping profiles 6 and the non-uniform

gate insulator thickness can be the same or can be different.

Alternatively or additionally, in a section next to the drift
region 23 and, thus, in the first section 61 said thickness
could be between 120 nm and 250 nm inclusive or between

120 nm and 180 nm inclusive. For example, these two
thicknesses of the gate insulator 4 differ by at least a
factor of 1.5 and/or by at most a factor of 5. A position J
of a gate insulator thickness jump is, for example, within
the first section 61. For example, said position J is between

the two steps 53 in the doping profile 6.

Otherwise, the same as to Figures 2 to 10 may also apply to

Figure 11, and vice versa.
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In Figure 12, it is illustrated that the doping concentration
Na is not fashioned in a stepped manner, but changes
continuously at a beginning of the first section 61. The
transitional section 62, in which the doping concentration Nz
changes, amounts, for example, to at least 2% and/or to at
most 15% or to at most 10% or to at most 5% of the length L.
Similar to Figure 11, there may be more than one such

transitional section ©61.

Otherwise, the same as to Figures 2 to 11 may also apply to

Figure 12, and vice versa.

According to Figure 13, the doping concentration Nz does not

increase monotonically. Thus, there can be a minor first step

to higher doping concentrations Np near the source region 21
and a minor second step back to the original doping
concentration Np, and there is a major third step to a
higher, final and maximum doping concentration Np next to the

drift region 23. The minor peak in the doping concentration

Np may be located in the middle section €3.

Otherwise, the same as to Figures 2 to 12 may also apply to

Figure 13, and vice versa.

In the exemplary embodiment of Figure 14, the doping
concentration Np increases continuously in a linear manner
from the second section 64 till the first section 61. Hence,
there is no need for a well-defined interface or dividing

line between the first section 61 and the second section 64.

Otherwise, the same as to Figures 2 to 13 may also apply to

Figure 14, and vice versa.
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According to Figure 15, the power semiconductor device 1 1is
of a planar design and not of a trench design like, for
example, the power semiconductor device 1 of Figures 2 and 3.
Hence, the top side 20 is planar, and the gate insulator 4
and the gate electrode 31 are applied onto the top side 20.
Consequently, the length L between the source region 21 and
the drift region 23 is in parallel with the top side 20, and
not like in the other exemplary embodiments perpendicular to
the top side 20. The same applies to the direction x along

which the doping concentration Np varies.

In Figure 15, the well region 22 protrudes from the source
region 21 in a lateral direction, that is, in parallel with
the top side 20, and extends below the gate insulator 4. Also
the source region 21 may extend below the gate insulator 4,

but less far.

All the above-mentioned different designs of the doping
profile 6 can analogously be applied to the planar concept of
Figure 15, both in case of a MISFET or MOSFET as well in case
of an IGBT. Hence, the same as to Figures 2 to 13 can also

apply to Figure 14.

Moreover, in Figure 16 it is illustrated that there is not
only the non-uniform channel doping profile, but alsoc a non-
uniform gate insulator thickness profile and a non-uniform
gate dielectric constant profile of the gate insulator 4
because of optionally present at least two different
materials 81, 82, the gate insulator 4 is composed of. That
is, the thickness of the gate insulator 4 wvaries along the

channel region 220.
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For example, a difference of the relative dielectric constant
along the channel region 220 because of the at least two
different materials 81, 82 is at least 2.0 or is at least 3.0
or 1s at least 3.5. Alternatively or additionally, said
difference is at most 50 or is at most 25. When comparing the
respective relative dielectric constants, text book values
for the respective materials at room temperature, that is,
300 K, and at a frequency of a varying electric field of at

most 1 kHz may be used.

For example, a thickness of the first material 81 in the
first section 61 exceeds a thickness of the second material
82 in the second section 64, or vice versa. For example, a
thickness difference between the first material 81 and the
second material 82 is at least 20% or at least 40% of a
maximum thickness of the gate insulator 4 along the channel
region 220. If there is only the non-uniform gate insulator
thickness profile and a uniform gate dielectric constant

profile, the gate insulator 4 can be of a single material.

For example, a thickness of the gate insulator 4 in the
second section 64 is between 50 nm and 100 nm inclusive
and/or a thickness of the gate insulator 4 in the first
section 61 is between 100 nm and 240 nm inclusive. However,
other than illustrated in Figure 16, the thickness of the
gate insulator 4 in the first section 61 can alternatively be
smaller than in the second section 64, and a maximum

thickness can instead be present in the second section 64.

Accordingly, there is a step in the non-uniform channel
doping profile 6 at the interface between the first section

61 and the second section 64, see the insert in Figure 16.
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Additionally or alternatively to the non-uniform gate
dielectric constant profile and/or the non-uniform gate
insulator thickness profile, there can be a non-uniform gate
electrode work function profile 72. Hence, the gate electrode
31 can include a first gate material 84 next to the source
region 21 and a second gate material 85 next to the drain
region 23. The gate materials 84, 85 may change where the

materials 81, 82 of the gate insulator 4 change. Thus, the

work function ®, of the gate electrode 31 in the first

section 61 remote from the source region 21 is largest for
devices 1 having a p-doped well region 22 and smallest for

devices 1 having an n-doped well region 22.

For example, a work function difference of the gate electrode
along the channel region 220 is at least 0.7 eV or is at
least 1.0 eV or is at least 1.1 eV. This applies, for
example, when the gate electrode 31 is based on poly-silicon.
If metals like Li, Zn, Hf for a low work function, or metals
like Pt, Pd or Au for a high work function are also
considered, the work function difference may be at least

1.3 eV or at least 1.4 eV. For example, the work function

difference is at most 2.0 eV or at most 1.5 eV.

For example, the second gate material 85 is pt-doped poly-

silicon having a work function @, of about 5.22 eV. For
example, the first gate material 84 is n'-doped poly-silicon
having a work function ®, of about 4.1 eV. Although based on

silicon, these first gate materials 84 and second materials

85 may be referred to as different gate electrode metals.

Such at least one of the non-uniform gate insulator thickness

profile, the non-uniform gate insulator dielectric constant
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profile and the non-uniform gate insulator thickness profile
can be present analogously in all the other exemplary

embodiments, too.

Otherwise, the same as to Figures 2 to 15 may also apply to

Figure 16, and wvice versa.

The components shown in the figures follow, unless indicated
otherwise, exemplarily in the specified sequence directly one
on top of the other. Components which are not in contact in
the figures are exemplarily spaced apart from one another. If
lines are drawn parallel to one another, the corresponding
surfaces may be oriented in parallel with one another.
Likewise, unless indicated otherwise, the positions of the
drawn components relative to one another are correctly

reproduced in the figures.

The power semiconductor device described here is not
restricted by the description on the basis of the exemplary
embodiments. Rather, the power semiconductor device
encompasses any new feature and also any combination of
features, which includes any combination of features in the
patent claims, even if this feature or this combination
itself is not explicitly specified in the patent claims or

exemplary embodiments.

This patent application claims the priority of European
patent application 2118 6114.1, the disclosure content of

which is hereby incorporated by reference.
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List of Reference Signs

20
21
22
220
23
24
25
26
27
31
32
33
34

51
52
53

61
62
63
64
69
12
81
82
84
85

power semiconductor device
semiconductor body

top side

source region

well region

channel region

drift region

drain region

plug

collector region

enhancement layer

gate electrode

source electrode

drain electrode

collector electrode

gate insulator

first sub-layer of the channel region
second sub-layer of the channel region
step in the doping concentration
non-uniform channel doping profile
first section

transitional section

middle section

second section

uniform reference doping profile
non-uniform gate electrode work function profile
first material

second material

first gate material

second gate material

reference semiconductor device

PCT/EP2022/069647
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first exemplary power semiconductor device
second exemplary power semiconductor device
third exemplary power semiconductor device

position of gate insulator thickness jump

H g Q W >

sat Saturation current

L length of the channel region along the gate insulator

Na doping concentration
Vin threshold voltage

X length along the channel region
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Claims

1. A method for producing a power semiconductor device (1)
comprising:

- providing a semiconductor substrate,

- epitaxially growing at least one semiconductor layer onto
the semiconductor substrate, and

- providing a gate insulator (4) and a gate electrode (31),
the gate insulator (4) is located directly between the at
least one semiconductor layer and the gate electrode (31),
wherein

- the semiconductor substrate and/or the at least one
semiconductor layer constitute a semiconductor body (2)
having a source region (21) of a first conductivity type and
a well region (22) of a second conductivity type different
from the first conductivity type, and the well region (22)
comprises a channel region (220) directly at the source
region (21),

- the channel region (220) has a non-uniform channel doping
profile (6) along the gate insulator (4), so that a doping

concentration Np in the channel region (220) is largest in a

first section (61) remote from the source region (21), the
non-uniform channel doping profile (6) is completely or
partly formed by the epitaxially growing of the at least one

semiconductor layer.

2. The method according to the preceding claim,

wherein the semiconductor body (2) further comprises an
enhancement layer (27) of the first conductivity type
directly at a side of the well region (22) remote from the
source region (21),

wherein the doping concentration Np in the channel region
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(220) 1s largest at a depth from a top side (20) of the

semiconductor body (2) of at least 0.5 um.

3. The method according to any one of the preceding claims,

wherein the doping concentration Np comprises a plurality of

steps (53).

4. The method according to claim 1 or 2,

wherein the doping concentration Np increases linearly or

approximately linearly from the source region (21) to a drift
region (23),

wherein approximately linearly means that an actual doping
concentration deviates from a linear fit of the non-uniform
channel doping profile (6) by at most 0.1 of a maximum doping
concentration of the non-uniform channel doping profile (6)

along the gate insulator (4) within the well region (22).

5. A power semiconductor device (1) comprising:

- a semiconductor body (2) having a source region (21) of a
first conductivity type and a well region (22) of a second
conductivity type different from the first conductivity type,
and the well region (22) comprises a channel region (220)
directly at the source region (21), and

- a gate insulator (4) directly between the semiconductor
body (2) and the gate electrode (31),

wherein the channel region (220) has a non-uniform channel
doping profile (6) along the gate insulator (4), so that a
doping concentration Np in the channel region (220) 1is
largest in a first section (61) remote from the source region
(21), and

wherein one of the following applies:

- the doping concentration Np comprises a plurality of steps

(53), or
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- the doping concentration Np increases linearly or

approximately linearly from the source region (21) to a drift

region (23).

6. The power semiconductor device (1) according to the
preceding claim, wherein:

- the source region (21) is in direct contact with the gate
insulator (4) and the channel region (220),

- the semiconductor body (2) further comprises the drift
region (23) of the first conductivity type in direct contact
with the gate insulator (4) and directly at the channel
region (220), and

- the power semiconductor device (1) is a metal-insulator-
semiconductor field-effect transistor, MISFET, a metal-oxide-
semiconductor field-effect transistor, MOSFET, an insulated-
gate bipolar transistor, IGBT, or a reverse-conducting

insulated-gate bipolar transistor, RC-IGBT.

7. The power semiconductor device (1) according to any one of
the two preceding claims,
wherein, along the gate insulator (4), the doping

concentration Np in the channel region (220) is highest

directly at the drift region (23).

8. The power semiconductor device (1) according to any one of
claims 5 to 7,

wherein the doping concentration Np increases monotonically
or strictly monotonically in the channel region (220) along
the gate insulator (4) in a direction away from the source

region (21).
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9. The power semiconductor device (1) according to the
preceding claim,

wherein the doping concentration Np increases linearly.

10. The power semiconductor device (1) according to any one
of claims 5 to 7,

wherein the doping concentration Np does not increase

monotonically from the source region (21) to a drift region

(23) so that the doping concentration Nz comprises a peak in

a middle section (63) of the channel region (220).

11. The power semiconductor device (1) according to any one
of claims 5 to 10,

wherein a length of the first section (61) is at least 10%
and at most 40% of an overall length L of the channel region

(220) along the gate insulator (4).

12. The power semiconductor device (1) according to any one
of claims 5 to 11,

wherein the non-uniform channel doping profile (6) has a
second section (64) which extends to the source region (21)
along the gate insulator (4), wherein the doping

concentration Np is constant along the gate insulator (4) in

the second section (64).

13. The power semiconductor device (1) according to any one
of claims 5 to 12,

wherein the doping concentration Np varies along the channel
region (220) by at least 50% of a maximum doping

concentration of the non-uniform channel doping profile (6).
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14. The power semiconductor device (1) according to the
preceding claim,
wherein at least one of:

- the maximum doping concentration of the non-uniform channel
doping profile (6) is at least at least 5 x 1016 cm~3 and at

most 3 x 1018 cm_3, or

- the minimum doping concentration of the non-uniform channel
doping profile (6) is at most 2 x 1017 em™3 or at most

1 x 1017 cm—3,

15. The power semiconductor device (1) according to any one
of claims 5 to 14,

wherein the non-uniform channel doping profile (6) is
configured in a stepped manner so that there is at least one
step (53) in the non-uniform channel doping profile (6) along

the gate insulator (4).

16. The power semiconductor device (1) according to any one
of claims 5 to 15,

wherein the gate electrode (31) is at least partially
arranged in a trench formed in the semiconductor body (2) and

through the well region (22).

17. The power semiconductor device (1) according to any one
of claims 5 to 15,

wherein the gate electrode (31) and the gate insulator (4)
are arranged on a planar top side (20) of the semiconductor

body (2).

18. The power semiconductor device (1) according to any one
of claims 5 to 17,

wherein the well region (22) is of multi-layer fashion so
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that the well region (22) comprises at least two sub-layers

(51, 52) having different maximum doping concentrations.

19. The power semiconductor device (1) according to any one
of claims 5 to 18,

wherein outside the channel region (220) and along a depth of
the well region (22), the well region (22) has a constant

doping concentration at least in places.

20. The power semiconductor device (1) according to any one
of claims 5 to 19,

wherein the gate insulator (4) has a non-uniform thickness
along the channel region (220) so that, along the channel
region (220), the gate insulator (4) is thickest in the first

section (6l1).

21. The power semiconductor device (1) according to any one
of claims 5 to 20,

wherein at least one of the following is true:

- the channel region (220) has a non-uniform channel doping
profile along the gate insulator (4), so that a doping

concentration Np in the channel region (220) is largest in

the first section (61), or

- the gate insulator (4) has a non-uniform gate dielectric
constant profile along the channel region (220), such that a
relative dielectric constant of the gate insulator (4) is
lowest in the first section (61) of the channel region (220)

remote from the source region (21).
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