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drain layer (35) and the channel layer (37) of each silicon carbide layer stack (30). Each point of each channel layer (37) is laterally
sandwiched between two opposing portions of the gate electrode layer (45), wherein the two opposing portions have a distance (d) of
less than 2 pm along a straight line extending through that point of that channel layer (37).
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Description

SILICON CARBIDE POWER DEVICE AND METHOD FOR
MANUFACTURING THE SAME

FIELD OF THE INVENTION

The present invention relates to a silicon carbide device, and to a method for

manufacturing the same.
BACKGROUND OF THE INVENTION

Silicon carbide (SiC) offers a number of attractive characteristics for power
semiconductor devices when compared to commonly used silicon (Si). Exemplarily, the
much higher breakdown field strength and thermal conductivity of SiC allow power
devices which outperform by far the corresponding Si ones, and enable reaching
otherwise unattainable efficiency levels. 4H-SiC is the preferred polytype for power
electronics, such as metal-oxide-semiconductor field effect transistors (MOSFETs) due
to the advances in the field of 4H-SiC growth technology as well as its attractive
electronic properties such as the larger band gap over other available wafer-scale
polytypes, e.g. 6H-SiC or 3C-SiC. Although, those 4H-SiC power MOSFETs are already
commercially available, there is large room for improvements, especially regarding

inversion channel mobility in order to further decrease on-resistance Ron.

Most of the commercially available power field effect transistors based on silicon
carbide (SiC) are implemented with a planar design, where a channel is formed on a
surface of a wafer, such as in a vertical double diffused metal oxide semiconductor field
effect transistor (VDMOS). However, current densities in these devices are difficult to
increase since the p-type implantations in an n-channel VDMOS form the gates of a
parasitic junction field effect transistor (JFET) that tend to reduce the width of the current

flow.

Trench metal oxide semiconductor field effect transistors (MOSFETS) enable the
achievement of low on- resistance Ron because of lack of the parasitic JFET. Additionally,

for SiC, the trench MOSFET architecture permits optimization of carrier mobility by
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designing the channel with respect to different crystallographic planes. A SiC trench
MOSFET is known for example from US 2018/0350977 Al. In this known trench
MOSFET, a plurality of channel regions are implemented as part of a continuous p-type
body layer. The trench-type gate electrodes are arranged in trenches which are separate
from each other. In this configuration the on-resistance Roq is relatively high due to a
relatively low device area that can be used for the channel regions. Channel inversion is
not possible in the whole body layer but only in areas of the body layer laterally interposed
between adjacent trench-type gate electrodes. Known methods for manufacturing SiC
based trench MOSFETS rely on etching a deep trench into SiC for forming the trench-
type gate electrodes. Etching SiC is difficult and costly compared to etching other

semiconductor materials such as silicon (Si).

Whereas for higher voltage classes >3 kV the drift layer resistance Rarire dominates
on-resistance Ron, reduction of the latter is, however, essential in commercially more
relevant lower voltage classes (e.g. voltage classes <1.7 kV) —used for electric and hybrid
electric vehicles (EVs/HEVs) — in order to significantly reduce the on-state power and
switching losses. Here, Ron is still considerably higher than ideal as shown in FIG. 1. In
this respect, low inversion channel mobility represents one of the main challenges that
might have significant impact on device costs and hence wide spread adoption of SiC
power MOSFETSs. Boosting the inversion channel mobility using improved gate stacks
as well as SiC/oxide interfaces showed limited success, but is known as one of the most
important milestones in the development and commercialization of SiC power
MOSFETs. In the late 90s, the introduction of nitric oxide (NO) post-oxidation for 6H-
SiC and its application to 4H-SiC MOSFETs in 2001 enabled an enormous increase in
inversion layer electron mobility, because the introduction of nitrogen (N) near the
interface via NO annealing reduces the interface defect density Dy. However, there is a
strong demand for higher mobility devices beyond state-of-the-art NO annealed SiC
MOSFETs particularly in order to expand SiC MOSFETs into the low voltage classes

markets.

Furthermore, problems that could be avoided by a higher channel mobility in

addition to reach ideal/lower Roy, are as follows:
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a) the gate can be driven at lower voltages resulting in smaller electric fields in the
gate oxide layer, which improves threshold stability and oxide long term

reliability, and

b) aggressive scaling of the transistor channel length is not required in order to

reduce the channel resistance, thus, short channel effects can be avoided.

Alternative strategies to reduce interface defects beyond the NO treatment are the
introduction of interfacial layers with trace impurities, surface counter-doping, higher
temperature oxidations and alternative non-polar crystal faces (instead of conventional

polar Si-face) due to their inherently high mobility.

From the publication ‘Improved inversion channel mobility for 4H-SiC MOSFETs
following high temperatures anneals in nitric oxide’, G.Y. Chung et. al, IEEE Electron
device letters, vol. 22, No. 4, April 2001, pages 176-178, it is known a method for
manufacturing a 4H-SiC MOSFET in which the channel mobility of a lateral, inversion-
mode 4H-SiC MOSFET is increased significantly after passivation of SiC/SiO; interface

states near the conduction band edge by high temperature anneals in nitric oxide.

Documents GB 2 572 442 A, US 2019/0165162 A1, US 2017/0365665 A1, US
10 056 289 B1 and WO 2020/114666 A1 refer to semiconductor devices.

SUMMARY OF THE INVENTION

In view of the above disadvantages in the prior art, it is an object of the invention
to provide a silicon carbide power device with lower on-resistance Ron and a method for
manufacturing the same. The object of the invention is attained by a silicon carbide power
device according to claim 1 and by a method according to claim 7. Further developments

of the invention are specified in the dependent claims.

A silicon carbide power device according to an embodiment comprises a first
conductivity-type substrate having a first main side and a second main side opposite to
the first main side, a plurality of silicon carbide layer stacks arranged on the first main
side of the substrate, a continuous insulating layer and a gate electrode layer. Each silicon
carbide layer stack comprises the following layers stacked on the first main side in a

direction away from the first main side: a first conductivity-type drain layer on the
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substrate, a second conductivity-type channel layer on the drain layer and a first
conductivity-type source layer on the channel layer, the second conductivity-type being
different from the first conductivity-type. The continuous insulating layer comprises a
plurality of first insulating layer portions respectively extending directly on a lateral
surface of one of the plurality of silicon carbide layer stacks so that the plurality of first
insulating layer portions laterally cover and laterally surround at least the drain layer and
the channel layer of each silicon carbide layer stack, and a second insulating layer portion
extending on the first main side between the plurality of first insulating layer portions.
The gate electrode layer extends directly on the first insulating layer such that the gate
electrode layer is electrically separated from each one of the silicon carbide layer stacks
by the first insulating layer portions. Each silicon carbide layer stack has a shape of a
pillar or of a fin protruding from the first main side, such that each point of each channel
layer is laterally sandwiched between two opposing portions of the gate electrode layer,
wherein the two opposing portions of the gate electrode layer have a distance of less than

2 um along a straight line extending through that point of that channel layer.

Throughout the specification, if a first layer extends directly on a second layer that
shall mean that the first layer is in direct physical contact with the second layer with no
other layer or element sandwiched between the first layer and the second layer (at least

where the first layer directly extends on the second layer).

The silicon carbide power device having the above structure has a relatively low
on-resistance Ron due to the specific arrangement of the source regions, channel regions
and drain regions in the plurality of laterally separated vertical silicon carbide structures.
Compared to prior art SiC based trench MOSFETs in which the channel regions are only
portions in a continuous body layer, a larger area of the device can be used for a
conducting channel in which carrier inversion takes place in the on-state. That means,
while in the prior art SiC based trench MOSFET not all portions of the continuous body
layer are channel regions in which carrier inversion takes place in the on-state, in the
silicon carbide power device having above structure a larger area of the device can be
used for a carrier inversion region. In the silicon carbide power device having above
structure, the insulating layer laterally covers and laterally surrounds the drain layer and

the channel layer of each silicon carbide layer stack to define the lateral extension of the
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drain layer and of the channel layer. A continuous gate electrode layer laterally
surrounding each channel layer may be used, whereas in the prior art SiC based trench
MOSFETs the trench gate electrodes are laterally separated and have to be contacted from
the top. Also, the silicon carbide power device having the above structure has the

advantage to not necessarily require an edge termination.

In an exemplary embodiment, the channel layer comprises 3C-SiC and the drain

layer comprises 4H-SiC or 6H-SiC.

In this exemplary embodiment, the idea is to combine the advantages of two SiC
polytypes, i.e. 3C-SiC and 4H-SiC or alternatively 3C-SiC and 6H-SiC, to enable high
performance SiC power MOSFETs. Whereas, 4H-SiC or alternatively 6H-SiC employed
in the drain layer (which may form at least part of a drift layer) ensures good blocking
capability due to its higher band gap, 3C-SiC is employed as a channel material, since
channel motilities exceeding 160 cm?/vs have been measured in 3C-SiC. In the case of
SiC, near interface traps (NITs) are an important class of interface defects, which can be
found inside the oxide very close to the interface in Si and SiC MOS structures. For the
latter, they are responsible for the high concentration of neutral defect states near the
conduction band edge (Ec.ET<0.2 eV) as shown in Fig. 2. However, the distribution and
density of NITs strongly depend on the polytype of SiC. While the density of NITs
increases nearly exponentially towards the conduction band edge for 4H-SiC or 6H-SiC,
it remains relatively low for 3C-SiC. In addition, defect states in the lower half of the
band gap (close to the valence band, see Fig. 2) are donor-like and do not directly affect
the n-type carrier mobility. Defect states near the conduction band, however are acceptor-
like and can be negatively charged, for instance if a gate voltage is applied. As a
consequence, electrons in the inversion channel are trapped, become almost immobile
and act as coolant scattering centers, which significantly limits the n-channel mobility.
Therefore, 3C-SiC/oxide interfaces in power MOSFET devices exhibit lower interface
defect density Dy and as a consequence higher channel mobility compared to their 4H-

SiC/oxide or 6H-SiC/oxide counterparts.

In an exemplary embodiment the substrate has a doping concentration above
10'7 cm™ or above 5-10'7 cm?, and the drain layer of each silicon carbide layer stack is

in direct contact with the substrate. In such embodiment no low doped drift layer has to
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be formed on a highly doped substrate, because a whole drift layer of the device can be
implemented in the drain layer. Accordingly, the device is less complex and may be

manufactured with less method steps.

In an exemplary embodiment each silicon carbide layer stack has the shape of the
pillar and the first insulating layer portions are tube-shaped, respectively surrounding
laterally a corresponding one of the plurality of silicon carbide layer stacks to form a
plurality of vertical gate-all-around field effect transistor cells. Gate-all-around field
effect transistor cells allow a most efficient gate control. In this embodiment, the channel
layer of each silicon carbide layer stack may have a largest horizontal width in any
horizontal direction parallel to the first main side which largest horizontal width is below

2 um, exemplarily below 1 pm.

In an exemplary embodiment the insulating layer is a silicon oxide layer or a silicon

nitride layer.

A method for manufacturing the silicon carbide power device according to any one

of the preceding embodiments comprises the following steps:
e providing the substrate;
e forming a sacrificial layer on the first main side of the substrate;

e structuring the sacrificial layer to form a plurality of sacrificial structures
protruding from the first main side and having a shape of a pillar or a fin, wherein
each sacrificial structure comprises a first end adjacent to the substrate and a
second end opposite to the first end (i.e. the second end is an end of the sacrificial

structure which is furthest away from the substrate);

e forming a continuous insulating material layer on the plurality of sacrificial

structures and on the first main side;

e thereafter removing a portion of the insulating material layer on the second end
of each sacrificial structure to expose the second end of each sacrificial structure,

while the remaining insulating material layer covers a lateral surface of each
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sacrificial structure, wherein at least a part of the remaining insulating material

layer forms the insulating layer in the silicon carbide power device;

e thereafter removing each sacrificial structure by selective etching to form a
plurality of cavities in the remaining insulating material layer, wherein an

exposed portion of the first main side is exposed at a bottom of each cavity;

e forming a first silicon carbide layer of the first conductivity-type selectively on

the exposed portion of the first main side in each cavity to form the drain layers;

e forming a second silicon carbide layer of the second conductivity-type
selectively on the first silicon carbide layer in each cavity to form the channel

layers;

e forming a third silicon carbide layer of the first conductivity-type selectively on

the second silicon carbide layer in each cavity to form the source layers; and

o forming the gate electrode layer on that part of the remaining insulating material

layer which forms the insulating layer in the silicon carbide power device.

Compared to the known methods for manufacturing the known SiC based trench-
type power MOSFETsSs no step of etching a deep trench in SiC is required in the above
method. This facilitates manufacturing in view of the difficulties to form deep trenches

in SiC by etching.
In an exemplary embodiment the sacrificial layer comprises amorphous silicon.

In an exemplary embodiment the insulating material layer is formed by thermal
oxidation. Thermal oxidation allows to form the insulating material layer with very stable
oxide material providing good properties for the gate insulating layer and having good
mechanical characteristics, which is advantageous for use of the insulating material layer

as a gate dielectric.

In an exemplary embodiment the method comprises a step of forming a second
insulating layer on the remaining insulating material layer before forming the gate
electrode layer, such that after forming the gate electrode layer, the second insulating

layer is sandwiched in a vertical direction perpendicular to the first main side between the
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remaining insulating material layer and the gate electrode layer. Exemplarily, the second
insulating layer is a spin-on-glass (SOQG) layer. The second insulating layer decreases a

parasitic capacitance of the gate electrode layer.

In an exemplary embodiment each sacrificial structure has a length in a vertical
direction perpendicular to the first main side in a range between 50 nm and 10 um,

exemplarily in a range between 5 and 10 pm.

In an exemplary embodiment forming the first silicon carbide layer, forming the
second silicon carbide layer and forming the third silicon carbide layer is respectively
performed at a temperature below 1400°C. Temperatures above 1400°C may damage the
remaining insulating material layer which is used as a gate dielectric in the silicon carbide
power device. For example a silicon oxide material is damaged at temperatures above

1400°C.

In an exemplary embodiment, the step of removing the portion of the insulating
material layer on the second end of each sacrificial structure comprises a first step of
forming a continuous first masking material layer on the insulating material layer, a
second step of etching back the first masking material layer to form a first masking layer
exposing the portion of the insulating material layer on the second end of each sacrificial
structure, and a third step of etching the portion of the insulating material layer on the

second end using the first masking layer as an etching mask.

In an exemplary embodiment the method comprises a step of removing a portion of
the third silicon carbide layer to expose a portion of the second silicon carbide layer, and
thereafter a step of forming a first main electrode electrically contacting the third silicon
carbide layer and the second silicon carbide layer, wherein the first main electrode is

electrically insulated from the gate electrode layer.
BRIEF DESCRIPTION OF THE DRAWINGS

Detailed embodiments of the invention will be explained below with reference to

the accompanying figures, in which:

FIG. 1 illustrates the performance of state-of-the-art 4H-SiC power MOSFETs;
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FIG. 2 illustrates the distribution of interface states inside the band gap of various

SiC polytypes;

FIG. 3A shows a silicon carbide power device according to an embodiment in a

vertical cross-section along line C-C’ in FIG. 3D;
5 FIG. 3B shows a top view of the silicon carbide power device of FIG. 3A;

FIG. 3C shows a single transistor cell in the silicon carbide power device of

FIG. 3A;

FIG. 3D shows a horizontal cross-section of the silicon carbide power device along

line A-A’ in FIG. 3A;

10 FIGs. 4A to 4L illustrate method steps in a method for manufacturing the silicon

carbide power device of FIG. 3A;

FIG. 5 shows a vertical cross-section of a silicon carbide power device according

to a first modified embodiment;

FIG. 6 shows a vertical cross-section of a silicon carbide power device according

15  to a second modified embodiment;

FIG. 7 shows a vertical cross-section of a silicon carbide power device according

to a third modified embodiment;

FIG. 8 shows a horizontal cross-section of a silicon carbide power device according

to a fourth modified embodiment;

20 FIG. 9 shows a horizontal cross-section of a silicon carbide power device according

to a fifth modified embodiment;

FIG. 10 shows a vertical cross-section of a silicon carbide power device according

to a sixth modified embodiment;

FIG. 11 shows a vertical cross-section of a silicon carbide power device according

25  to a seventh modified embodiment; and
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FIGs. 12A to 12H illustrate methods steps in a method for manufacturing the silicon
carbide power device of FIG. 11.

The reference signs used in the figures and their meanings are summarized in the
list of reference signs. Generally, similar elements have the same reference signs
throughout the specification. The described embodiments are meant as examples and shall

not limit the scope of the invention.
DETAILLED DESCRIPTION OF EXEMPLARY EMBODIMENTS

In the following a silicon carbide power device 100 according to an embodiment of
the invention is described with reference to FIGs. 3A to 3D. The silicon carbide power
device 100 according to the embodiment is a silicon carbide based power metal-insulator-
semiconductor field effect transistor (MISFET). FIG. 3A shows a vertical cross-section
of four transistor cells 50 in the silicon carbide power device 100 along a line B-B’ in
FIG. 3B, which shows a top view of the silicon carbide power device 100, and along line
C-C’ in FIG. 3D, which shows a horizontal cross-section of the silicon carbide power
device 100 along line A-A’ in FIG. 3A. FIG. 3C shows an enlarged cross-section of a

single transistor cell 50 in the silicon carbide power device of FIG. 3A.

As can be seen best from FIGs. 3A and 3C the silicon carbide power device 100
comprises an n-type substrate 20 having a first main side 21 and a second main side 22
opposite to the first main side 21. In the embodiment shown in FIGs. 3A to 3D, the
substrate 20 comprises in an order from the second main side 22 to the first main side 21
an n-type first substrate layer 20A and an n-type second substrate layer 20B. The first
substrate layer 20A is relatively highly doped and exemplarily has a doping concentration

above 10'7 cm™, exemplarily above 10'® cm?. The second substrate layer 20B is
3

2

relatively low doped and exemplarily has a doping concentration below 10'7 cm
exemplarily below 10'° cm?. In the silicon carbide power device 100 of the embodiment
the second substrate layer 20B functions as a drift layer portion common to all transistor
cells 50. Exemplarily, the first substrate layer 20A may comprise a 4H-SiC layer, a 6H-
SiC layer, a 3C-SiC layer or a silicon layer. The second substrate layer 20B may
exemplarily be one of a 4H-SiC layer, a 6H-SiC layer, or a 3C-SiC layer. Compared to a

second substrate layer 20B made of 3C-SiC, using a second substrate layer 20B made of
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4H-SiC or made of 6H-SiC has the advantage that a blocking capability and thermal
characteristics are improved due to a relatively large band gap of 4H-SiC or 6H-SiC. The
second substrate layer 20B may be an epitaxial layer grown hetero-epitaxially or homo-

epitaxially on the first substrate layer 20A.

A plurality of silicon carbide layer stacks 30 are arranged on the first main side 21
of the substrate 20. Each silicon carbide layer stack 30 comprises the following layers
stacked on the first main side 21 in a direction away from the first main side 21 (see
FIG. 3C): an n-type drain layer 35 on the substrate 20, a p-type channel layer 37 and an
n-type source layer 36 on the channel layer 37. As illustrated in the top view in FIG. 3D
the plurality of silicon carbide layer stacks 30 may be arranged on the first main side 21

in form of a matrix when viewed from a vertical direction onto the first main side 21.

A continuous insulating layer 40 is arranged on the substrate 20 laterally between
the silicon carbide layer stacks 30. Throughout the specification the term lateral or
laterally refers to a lateral direction parallel to the first main side 21. Likewise, the term
vertical or vertically refers to a vertical direction perpendicular to the first main side 21.
The insulating layer 40 comprises a plurality of tube-shaped first insulating layer portions
42 respectively extending directly on a lateral surface of one of the plurality of silicon
carbide layer stacks 30 and comprises a second insulating layer portion 43 extending on
the first main side 21 between the plurality of first insulating layer portions 42. The
plurality of first insulating layer portions 42 laterally cover and laterally surround at least
the drain layer 35 and the channel layer 37 of each silicon carbide layer stack 30. This
can be seen best in the vertical cross-section of FIG. 3C and in the horizontal cross-section
of FIG. 3D. Exemplarily, the first insulating layer portions 42 laterally cover and laterally
surround also a portion of the source layer 36 as shown in FIGs. 3A and 3C. If a first layer
laterally covers a second layer, it means that the first layer fully overlaps the second layer
when viewed in any lateral direction. Also if the first layer laterally surrounds the second
layer this shall mean that the first layer surrounds the second layer in an orthogonal
projection onto a plane parallel to the first main side 21. For each first insulating layer
portion 42, there is a direct contact between that first insulating layer portion 42 with the
lateral surfaces of the channel layer 37 and the drain layer 35 which are laterally

surrounded by that first insulating layer portion 42. The first insulating layer 40 is
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exemplarily a silicon oxide layer or a silicon nitride layer. Exemplarily, the first insulating

layer 40 is a thermal oxide layer.

A gate electrode layer 45 is arranged and extends directly on the first insulating
layer 40 such that the gate electrode layer 45 and each one of the plurality of silicon
carbide layer stacks 30 are separated from each other by a corresponding one of the
plurality of first insulating layer portions 42. If two elements are separated from each
other by a third element, then this means that the two elements are not directly connected
with each other but both elements are directly connected to the third element separating
the two elements. Exemplarily, the gate electrode layer 45 is a continuous layer laterally
surrounding each silicon carbide layer stack 30. Exemplarily, each point of the gate
electrode layer 45 is closer to the first main side 21 than each point of a first main
electrode 52 described below, i.e. the whole gate electrode layer extends at a level below

the first main electrode 52.

A second insulating layer 44 is sandwiched in a vertical direction perpendicular to
the first main side 21 between the second insulating layer portion 43 and the gate electrode
layer 45. The second insulating layer 44 separates the gate electrode layer 45 farther away
from the substrate 20 to minimize a parasitic capacitance of the gate electrode layer 45.
The second insulating layer 44 may be of any electrically insulating material. For

example, it may be a spin-on glass (SOQG) layer.

In the embodiment each transistor cell 50 comprises one of the plurality of silicon
carbide layer stacks 30, one of the plurality of first insulating layer portions 42 and a
portion of the gate electrode layer 45 as described above to form a vertical gate-all-around

field effect transistor cell.

Each silicon carbide layer stack 30 has a shape of a pillar protruding from the first
main side 21, such that each point of each channel layer 37 is laterally sandwiched
between two opposing portions of the gate electrode layer 45, wherein the two opposing
portions of the gate electrode layer 45 have a distance d of less than 2 um along a straight
line extending through that point of that channel layer 37. In the embodiment of FIGs. 3A
to 3D, the distance d is identical to a diameter of the tube-shaped first insulating layer

portions 42. In FIG. 3D C-C’ is an example for such a straight line going through all
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points of the channel layer 37 where that straight line C-C’ intersects the channel layer
37. The channel layer 37 of each silicon carbide layer stack 30 has a largest horizontal
width w in any horizontal direction parallel to the first main side 21 which is below 2 pm,
exemplarily below 1 um. A layer thickness (d-w)/2 of the first insulating layer portions
42 (wherein w is the largest horizontal width and d is the diameter of the tube-shaped first
insulating layer portions 42) is exemplarily in a range between 5 and 500 nm. The shape
of a pillar may exemplarily have a height h in a vertical direction perpendicular to the
first main side 21 larger than the largest horizontal width w. Exemplarily, the height h

might be at least 2 or 3 times larger than the largest horizontal width w.

The source layer 36, the channel layer 37 and the drain layer 35 may be any SiC
polytype. These layers may be of different SiC polytypes or of the same SiC polytype. In
an exemplary embodiment at least the channel layer 37 may comprise 3C-SiC whereas
the drain layer 35 may comprise 4H-SiC or 6H-SiC. The second substrate layer 20B and
the drain layer 35 may be of the same SiC polytype. For example, the channel layer 37
may be of 3C-SiC, whereas the second substrate layer 20B and the drain layer 35 may be
both of 4H-SiC or may be both of 6H-SiC.

As shown in FIGs. 3A and 3C, the silicon carbide power device 100 comprises an
intermediate insulating layer 80 arranged on the gate electrode layer 45 and the first main
electrode 52 arranged on the intermediate insulating layer 80. The first main electrode 52
is separated from the gate electrode layer 45 by the intermediate insulating layer 80 to be
electrically insulated therefrom. Through openings 80A in the intermediate layer 80, the
first main electrode 52 is in electrical contact with the source layer 36 of each one of the
plurality of silicon carbide layer stacks 30. On the second main side 22 a second main

electrode 54 is arranged.

Referring to the top view of FIG. 3B, an upper portion of the first main electrode
52 is a source contact pad 56 and serving as a source terminal of the silicon carbide power
device 100. Alternatively, the source contact pad 56 may be implemented as a separate
element electrically connected to the first main electrode 52. Throughout the
specification, a lower portion of an element is to be understood as a portion adjacent to
the first main side 21 and an upper portion of the element is to be understood as a portion

opposite to the lower portion in a vertical direction, i.e. each point of the lower portion is
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closer to the first main side 21 than each point of the upper portion. The gate electrode
layer 45 extending below the first main electrode 52 is electrically connected to a control
contact pad 48 serving as a gate terminal of the silicon carbide power device 100. In the
exemplary embodiment shown in FIG. 3D the control contact pad 48 is arranged lateral
to the source contact pad 56. That means that while the source layers are connected to the
source contact pad 56 from the top, the gate electrode layer is connected to the gate
electrode layer 45 from a lateral side of the silicon carbide power device 100, i.e. in an
orthogonal projection onto a plane parallel to the first main side 21, and the source contact
pad 56 overlaps the plurality of transistor cells 50 including the plurality of silicon carbide
layer stacks 30 while the control contact pad 48 is arranged lateral to the plurality of

transistor cells 50.

In the following a method for manufacturing the silicon carbide power device 100
as described above will be described with reference to FIGs. 4A to 4L, which show
vertical cross-sections of intermediate structures corresponding to the vertical cross-

section of the final silicon carbide power device 100 shown in FIG. 3A.

In a first method step the substrate 20 having the first main side 21 and the second
main side 22 is provided. The second substrate layer 20B may be deposited onto the first
substrate layer 20A by a chemical vapour deposition (CVD) process, for example.
Alternatively, the two-layered structure of the substrate 20 may be formed by
implantation of an n-type dopant into an n-type preliminary substrate to form the first
substrate layer 20A and the second substrate layer 20B having different doping

concentrations as discussed above.

In another method step a sacrificial layer 60 is formed on the first main side 21 to

obtain a structure as shown in FIG. 4A in a vertical cross-section.

In another method step the sacrificial layer 60 is structured to form a plurality of
sacrificial structures 65 protruding from the first main side 21 as shown in FIG. 4B. Each
sacrificial structure 65 has a shape of a pillar and comprises a first end 65A adjacent to
the substrate 20 and a second end 65B opposite to the first end 65A in a vertical direction
perpendicular to the first main side 21. The second end 65B is an end of the sacrificial

structure 65 furthest away from the substrate 20. Exemplarily each sacrificial structure 65
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has a length L in a vertical direction perpendicular to the first main side 21 in a range

between 50 nm and 10 um, exemplarily in a range between 5 pm and 10 pm.

In another method step a continuous insulating material layer 70 is formed on the
plurality of sacrificial structures 65 and on the first main side 21 exposed by the sacrificial
structures 65 to obtain a structure as shown in FIG. 4C. The sacrificial layer 60 may be a
carbon layer or a silicon layer, for example. In an exemplary embodiment, the sacrificial
layer 60 is a poly-silicon (poly-Si) layer or an amorphous silicon layer and second
substrate layer 20B is a SiC layer. In this exemplary embodiment, the insulating material
layer 70 may be a thermal oxide layer formed by thermal oxidation of the sacrificial
structures 65 and of exposed portions of the second substrate layer 20B. Alternatively,
the insulating material layer 70 can be formed by a deposition process such as by plasma
enhanced CVD (PE-CVD) or another appropriate deposition process. Exemplarily, the

insulating material layer 70 is a silicon oxide or a silicon nitride layer.

In another method step, a portion of the insulating material layer 70 on the second
end 65B of each sacrificial structure 65 is removed to expose the second end 65B of each
sacrificial structure 65, while the remaining insulating material layer 70° covers a lateral
surface of each sacrificial structure 65 (as shown in FIG. 4F). Therein, at least a part of
the remaining insulating material layer 70’ forms the insulating layer 40 in the silicon
carbide power device 100. Exemplarily, this method step of removing the portion of the
insulating material layer 70 on the second end 65B of each sacrificial structure 65 may

comprise the following sub-steps illustrated in FIGs. 4D to 4F:

e a first sub-step of forming a continuous first masking material layer 90 on the

insulating material layer 70 as shown in FIG. 4D;

e asecond sub-step of etching back the first masking material layer 90 to form a
first masking layer 90’ exposing the portion of the insulating material layer 70

on the second end 65B of each sacrificial structure 65 as shown in FIG. 4E, and

o athird sub-step of etching the portion of the insulating material layer 70 on the
second end 65B using the first masking layer 90” as an etching mask to obtain a
structure as shown in FIG. 4F, and thereafter removing the first masking

layer 90°.
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In another method step the plurality of sacrificial structures 65 is removed by
selective etching to form a plurality of cavities 75 in the remaining insulating material
layer 70°, wherein an exposed portion 24 of the first main side 21 is exposed at a bottom

of each cavity 75. A structure obtained thereby is shown in FIG. 4G.

In another method step an n-type first silicon carbide layer is formed selectively on
the exposed portion 24 of the first main side 21 in each cavity 75 to form the drain layers
35, a p-type second silicon carbide layer is formed selectively on the first silicon carbide
layer in each cavity 75 to form the channel layers 37, and an n-type third silicon carbide
layer is selectively formed on the second silicon carbide layer in each cavity 75 to form
the source layers 36. A structure obtained thereby is shown in FIG. 4H. Exemplarily, an
uppermost end surface 70B of the remaining insulating material layer 70’ may be located
farther away from the first main side 21 than an upper surface 36B of the third silicon
carbide layer (source layer 36), i.e. the third silicon carbide layer may extend to a region
outside the cavities 75. Alternatively, the uppermost end surface 70B may be located
closer to the first main side 21 than the upper surface 36B of the third silicon carbide layer
(source layer 36), i.e. all portions of the third silicon carbide layer may be arranged inside
the cavity 75. Exemplarily, forming the first silicon carbide layer, forming the second
silicon carbide layer and forming the third silicon carbide layer is respectively performed
at a temperature below 1400°C. A process for selectively forming a silicon carbide layer
only on an exposed portion of the substrate 20 and/or another silicon carbide layer (while
no silicon carbide layer is formed on the remaining insulating material layer 70’) is well
known to a person skilled in the art. Such a process may for example be a selective
chemical vapour deposition (CVD), wherein the selectivity of the crystal growth of
silicon carbide is obtained by the different chemical behaviour of reactants with different
surfaces (here the exposed portion 24 of the first main side 21 or the first silicon carbide
layer or the second silicon carbide layer on the one side and the surface of the remaining
insulating material layer 70’ on the other side). Methods for controlling the polytype of
SiC of the first silicon carbide layer, of the second silicon carbide layer and of the third
silicon carbide layer during the method step described above is well known to the person
skilled in the art. For example when using a CVD process for forming the first silicon

carbide layer, the second silicon carbide layer and the third silicon carbide layer, different
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CVD process parameters such as the temperature have a well-known influence on which

polytype of SiC is grown during the CVD process.

In another method step the second insulating layer 44 is formed on that part of the
remaining insulating material layer 70” which forms the second insulating layer portion
43 in the silicon carbide power device 100. A structure obtained thereby is shown in
FIG. 41. The second insulating layer 44 is exemplarily a spin-on-glass (SOG) layer.
Alternatively, first a homogenous and continuous layer of another insulation material may
be deposited and then structured (exemplarily by etching) to obtain the second insulating
layer 44. An upper surface 44A (i.e. a surface facing away from the substrate 20) of the
second insulating layer 44 is below an interface 35A between the first silicon carbide
layer (forming the drain layers 35 in the silicon carbide power device 100) and the second
silicon carbide layer (forming the channel layers 37 in the silicon carbide power

device 100).

In another method step the gate electrode layer 45 is formed on that part of the
remaining insulating material layer 70" which forms the insulating layer 40 in the silicon
carbide power device 100 to obtain a structure as shown in FIG. 4J. Therein, the gate
electrode layer 45 is formed directly on a lateral surface of that part of the remaining
insulating material layer 70’ which forms the first insulating layer portions 42 in the
silicon carbide power device 100 and is formed directly on the upper surface 44A of the
second insulating layer 44. After forming the gate electrode layer 45, the second
insulating layer 44 is sandwiched in a vertical direction perpendicular to the first main
side 21 between the remaining insulating material layer 70’ and the gate electrode layer

45.

In another method step a homogenous and continuous second insulating material
layer 95 is deposited onto the structure shown in FIG. 4J to obtain a structure as shown
in FIG. 4K. Thereafter the second insulating material layer 95 is structured to form the
intermediate insulating layer 80 exposing the source layers 36 through openings 80A

therein as shown in FIG. 4L.

Finally, the first main electrode 52 is formed on the structure shown in FIG. 4L to

electrically contact the source layers 36, and the second main electrode 54 is formed on



10

15

20

25

30

WO 2022/135862 PCT/EP2021/083908

18

the second main side 22 to obtain the silicon carbide power device 100 as described above
with FIGs. 3A to 3D. The method may include additional method steps. For example,
additional method steps may be included to form the control contact pad 48 and the source

contact pad 56, respectively.

In the following a first modified silicon carbide power device 200 is described with
reference to FIG. 5 which shows a vertical cross-section corresponding to the vertical
cross-section shown in FIG. 3A. The silicon carbide power device 200 differs from the
silicon carbide power device 100 described above only in that the silicon carbide layer
stacks 230 are inclined relative to a surface-normal 7 of the first main side 21 (i.e. relative
to a direction which is orthogonal to the first main side 21). An inclination angle o of the
inclined silicon carbide layer stacks 230 (i.e. of a lateral surface thereof) relative to the
surface-normal 7 may be in a range up to 20° for example. Besides the inclination relative
to the surface-normal 1 the silicon carbide layer stack 230 is similar to the silicon carbide
layer stack 30 and has the same features as described above. Silicon carbide layer stack
230 comprises a drain layer 235, a channel layer 237 and a source layer 236 similar to the
drain layer 35, the channel layer 37 and the source layer 36 as described above. In the
silicon carbide power device 200 the first insulating layer 240 has a plurality of first
insulating layer portions 242 and a second insulating layer portion 243 similar to the first
insulating layer 40 as described above. In correspondence with the inclination of the
silicon carbide layer stack 230 also lateral surfaces of the first insulating layer portions
242 are inclined relative to the surface normal n. Otherwise the first insulating layer 240

has the same features as the first insulating layer 40 described above.

A method for manufacturing the silicon carbide power device 200 differs from the
method described above with reference to FIGs. 4A to 4L only in that the sacrificial
structures 65 have to be inclined relative to surface normal n with the inclination angle o
in correspondence with the inclination of the silicon carbide layer stacks 230. Such
inclination of sacrificial structures 65 can for example be obtained in the step of
structuring the sacrificial layer 60 by anisotropic angled etching, such as angled ion beam
etching wherein the ion beam is directed towards the sacrificial layer 60 obliquely (i.e. at

the angle o # 0° relative to the surface normal n of the first main side 21).
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A silicon carbide power device 300 according to a second modified embodiment is
discussed in the following with reference to FIG. 6, which shows a vertical cross-section
corresponding to the vertical cross-section shown in FIG. 3A. The silicon carbide power
device 300 differs from the silicon carbide power device 100 only in that the silicon
carbide layer stacks 330 of the silicon carbide power device 300 are conical in the vertical
cross-section with a horizontal width decreasing from a lower end adjacent to the
substrate 20 towards an upper end opposite to the lower end. Otherwise, the silicon
carbide layer stacks 330 are similar to the silicon carbide layer stacks 30 described above.
Each silicon carbide layer stack 330 comprises a drain layer 335, a channel layer 337 and
a source layer 336 which are similar to the drain layer 35, the channel layer 37 and the
source layer 36 except their inclined lateral surfaces. Other features of the silicon carbide
layer stacks 330 than the conical shape in cross-section are the same as described above
for the silicon carbide layer stacks 30 of the silicon carbide power device 100. In the
silicon carbide power device 300 the first insulating layer 340 has a plurality of first
insulating layer portions 342 and a second insulating layer portion 343 similar to the first
insulating layer 40 as described above. In correspondence with the conical shape of the
silicon carbide layer stack 330 lateral surfaces of the first insulating layer portions 342
are inclined relative to the surface normal n of the first main side 21. Otherwise the first

insulating layer 340 has the same features as the first insulating layer 40 described above.

A method for manufacturing the silicon carbide power device 300 difters from the
method illustrated in FIGs. 4A to 4H only in that the sacrificial structures 65 respectively
have, in the vertical cross-section, a conical shape corresponding to the conical shape of

the silicon carbide layer stacks 330.

In FIG. 7 it is shown a silicon carbide power device 400 according to a third
modified embodiment in a vertical cross-section corresponding to the vertical cross-
section shown in FIG. 3A. In this third modified embodiment silicon carbide layer stacks
430 have, in the vertical cross-section, a conical shape with a horizontal width increasing
from a lower end adjacent to the substrate 20 towards an upper end opposite to the lower
end. The silicon carbide layer stack 430 comprises a drain layer 435, a channel layer 437
and a source layer 436 which are similar to the drain layer 35, the channel layer 37 and

the source layer 36 except their inclined lateral surfaces. Other features of the silicon
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carbide layer stacks 430 than their conical shape in cross-section are the same as described
above for the silicon carbide layer stacks 30 of silicon carbide power device 100. In the
silicon carbide power device 400 the first insulating layer 440 has a plurality of first
insulating layer portions 442 and a second insulating layer portion 443 similar to the first
insulating layer 40 as described above. In correspondence with the conical shape of the
silicon carbide layer stacks 430 lateral surfaces of the first insulating layer portions 442
are inclined relative to the surface normal n of the first main side 21 in a vertical cross-
section as shown in FIG. 7. Otherwise the first insulating layer 440 has the same features

as the first insulating layer 40 described above.

A method for manufacturing the silicon carbide power device 400 differs from the
method illustrated in FIGs. 4A to 4H only in that the sacrificial structures 65 respectively
have, in the vertical cross-section, a conical shape corresponding to the conical shape of

the silicon carbide layer stacks 430.

In FIG. 8 a silicon carbide power device 500 according to a fourth modified
embodiment is shown in a horizontal cross-section. The silicon carbide power device 500
is similar to the silicon carbide power device 100 described above and differs therefrom
only in a different shape of the silicon carbide layer stacks 530 in horizontal cross-section.
While the silicon carbide layer stacks 30 in the silicon carbide power device 100 have the
shape of a pillar, the silicon carbide layer stacks 530 in the fourth modified embodiment
have the shape of a fin having a relatively large width in a first lateral direction X and a
relatively small width in a second lateral direction y orthogonal to the first lateral
direction x. Accordingly, also a source layer (not shown in FIG. 8), a channel layer 537
and a drain layer (not shown in FIG. 8) of the silicon layer stacks 530 have a
corresponding shape. The horizontal cross-section of the silicon carbide power device
500 shown in FIG. 8 corresponds to the horizontal cross-section of the silicon carbide
power device 100 shown in FIG. 3D. While the silicon carbide power device 500 differs
from the silicon carbide power device 100 in its horizontal cross-section, a vertical cross-
section along line C-C’ in FIG. 8 is the same as the vertical cross-section of the silicon
carbide power device 100 shown in FIG. 3A. Due to the fin shape of the silicon carbide
layer stacks 530 also the surrounding first insulating layer portions 542 of the first

insulating layer 540 have a corresponding different shape. Otherwise the first insulating
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layer 540 has features as described above for the first insulating layer 40 of the silicon
carbide power device 100. The shape of the fin may exemplarily have a height in the
vertical direction larger than a width in one horizontal direction perpendicular to the
vertical direction. Exemplarily, the height may be two or three times larger than the width

in the one horizontal direction.

A method for manufacturing the silicon carbide power device 500 difters from the
method described for manufacturing the silicon carbide power device 100 as described
above only in that the sacrificial structures 65 have a different shape, namely a fin shape

corresponding to the fin shape of the silicon carbide layer stacks 530.

In FIG. 9 a silicon carbide power device 600 according to a fifth modified
embodiment is shown in a horizontal cross-section corresponding to the horizontal cross-
section of FIG. 8. The silicon carbide power device 600 differs from the silicon carbide
power device 500 only in that the fin shaped silicon carbide layer stacks 630 are curved
as shown in FIG. 9 along a serpentine line instead of being straight along the first lateral
direction x as the silicon carbide layer stacks 530 in the horizontal cross-section shown
in FIG. 8. Accordingly, also a source layer (not shown in FIG. 9), a channel layer 637 and
a drain layer (not shown in FIG. 9) of the silicon layer stacks 630 have a corresponding
shape. Due to the curved fin shape of the silicon carbide layer stacks 630 also the
surrounding first insulating layer portions 642 of the first insulating layer 640 have a
corresponding different shape. Otherwise the first insulating layer 640 has features as
described above for the first insulating layer 40 of the silicon carbide power device 100.
The horizontal cross-section of the silicon carbide power device 600 shown in FIG. 9
corresponds to the horizontal cross-section of silicon carbide power device 100 shown in
FIG. 3D. While the silicon carbide power device 600 differs from the silicon carbide
power device 100 in its horizontal cross-section, a vertical cross-section along line C-C’
in FIG. 9 is the same as the vertical cross-section of the silicon carbide power device 100

shown in FIG. 3A.

A method for manufacturing the silicon carbide power device 600 differs from the
method described for manufacturing the silicon carbide power device 100 as described
above only in that the sacrificial structures 65 have a different shape, namely a curved fin

shape corresponding to the curved fin shape of the silicon carbide layer stacks 630.
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In the following a silicon carbide power device 700 according to a sixth modified
embodiment is described with reference to FIG. 10 in a vertical cross-section
corresponding to the cross-section of FIG. 3A. The silicon carbide power device 700
differs from the above described silicon carbide power device 100 only in that the

substrate 25 has a relatively high doping concentration above 107 cm™, exemplarily

above 5-10'7 ¢cm?, and the drain layer (735) of each silicon carbide layer stack 730 is in
direct contact with the substrate 25. Accordingly, contrary to the above described silicon
carbide power device 100 the substrate 25 does not comprise a two-layered structure
having a relatively low doped second substrate layer 20B on a relatively highly doped
first substrate layer 20A. While in the silicon carbide power device 100 described above
the second substrate layer 20B functions as a drift layer portion common to all transistor
cells 50, a whole drift layer of the device is implemented in the drain layer. Exemplarily,
the whole drain layer 735 has a doping concentration below 107 cm™. For a specific
voltage class the drain layer 735 in the silicon carbide power device 700 requires a larger
layer thickness in a vertical direction perpendicular to the first main side 21 than the drain
layer 35 in the silicon carbide power device 100 for the same voltage class, because in
the silicon carbide power device 100 not the whole but only a portion of the drift layer is
to be implemented in the drain layer 35. A method for manufacturing the silicon carbide
power device 700 differs from the method only in that the substrate 25 instead of the two-
layered substrate 20 is provided in a first method step and in that a layer thickness of the
second insulating layer 744 may have to be larger than that of the second insulating layer
744 due to the larger layer thickness of the drain layer 735 compared to that of the drain
layer 35 in a vertical direction perpendicular to the first main side 21 for a specific voltage

class.

In the following a silicon carbide power device 800 according to a sixth modified
embodiment is described with reference to FIG. 11 in a vertical cross-section
corresponding to the vertical cross-section of FIG. 3A. The silicon carbide power device
800 differs from the silicon carbide power device 100 described above only in that the
first main electrode 852 is in contact with the channel layer 37 through an opening 36H
in the source layer 836. The silicon carbide layer stacks 830 are similar to the silicon
carbide layer stacks 30 described above. They include a source layer 836 which differs

from the source layer 36 only in that it has the opening 36H formed therein through which
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the first main electrode 852 extends to contact the channel layer 37. Other features of the
silicon carbide power device 800 may be the same as that of the silicon carbide power
device 100. Alternatively, the remaining features of the silicon carbide power device 800
may be the same as in one of the above described silicon carbide power devices 200, 300,

400, 500, 600 or 700.

An exemplary embodiment of a method for manufacturing the above described
silicon carbide power device 800 is described in the following with reference to
FIGs. 12A to 12H, which show vertical cross-sections corresponding to the vertical cross-
section of FIG. 11. First method steps as described above with reference to FIGs. 4A to
4G are performed. In another method step thereafter the first silicon carbide layer, the
second silicon carbide layer and the third silicon carbide layer are formed selectively in
the cavities 75 to obtain the structure as shown in FIG. 12A. An upper surface 30B of the
silicon carbide layer stack 30 opposite to the first main side 21 has a distance d1 from the
first main side 21 which is smaller than a distance d2 of an uppermost end surface 70B of
the remaining insulating material layer 70’ from the first main side 21. That means the
upper surface 30B of the silicon carbide layer stack 30 is lower than the uppermost end
surface 70B of the remaining insulating material layer 70, so that the upper surface 30B
of the silicon carbide layer stack 30 and the remaining insulating material layer 70’ define
a recess with the upper surface 30B of the silicon carbide layer stack 30 forming a bottom
of the recess and the remaining insulating material layer 70’ forming side walls of the
recess. Thereafter a continuous second masking material layer 92 is formed on the
remaining insulating material layer 70” and the silicon carbide layer stacks 30 to obtain a
structure as shown in FIG. 12B. Then the second masking material layer 92 is structured,
e.g. by etching back the second masking material layer 92, to form a second mask layer
92’ exposing a first portion of the upper surface 30B of each silicon carbide layer stack
30 while a second portion of the upper surface 30B of the silicon carbide layer stack 30
is covered by the second masking layer 92” as shown in FIG. 12C. Thereafter the second
masking layer 92’ is used to etch an opening (vertical hole) 36H extending through the
source layer 36 of each silicon carbide layer stack and exposing an upper surface portion
of the channel layer 37 at a bottom of the opening 36H as shown in FIG. 12D. As shown
in FIG. 12E a continuous third masking material layer 94 is then formed on the structure

of FIG. 12D. An upper portion of the third masking material layer 94 is then removed e.g.
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by etching to form a third masking layer 94’ exposing at least the second masking layer
92’ and an upper end portion of the remaining insulating material layer 70’ arranged
lateral to the second masking layer 92° as shown in FIG. 12F. An upper surface 94B of
the third masking layer 94’ is exemplarily as low as or below an interface 37A between
the source layer 36 and the channel layer 37, i.e. a distance d3 between the upper surface
94B of the third masking layer 94’ and the first main side 21 is the same as or less than a
distance d4 between the interface 37A (between the source layer 36 and the channel layer
37) and the first main side 21 in a vertical direction. The second masking layer 92° and
the upper end portion of the remaining insulating material layer 70” exposed by the third
masking layer 94” are removed by selective etching (selective against SiC) using the third
masking layer 94’ as an etching mask to obtain a structure as shown in FIG. 12G and the
third masking layer 94’ is removed to obtain a structure as shown in FIG. 12H. Thereafter,
method steps for forming the second insulating layer 44, the gate electrode layer 45, the
intermediate insulating layer 80, the gate electrode 45, the first main electrode 852 and
the second main electrode 54 are performed in a similar way as described above in the
exemplary embodiment of the method for manufacturing the silicon carbide power device

100 to obtain the silicon carbide power device 800 as shown in FIG. 11.

It will be apparent to persons skilled in the art that modifications of the above
described embodiments are possible without departing from the idea of the invention as

defined by the appended claims.

The above described silicon carbide power devices 100-800 are all silicon carbide
based power metal-insulator-semiconductor field effect transistors (MISFETs). However,
the silicon carbide power device of the invention can also be a different device having the
features as defined in the appended claims. For example, the silicon carbide power device
may also be an insulated gate bipolar transistor (IGBT) which has an additional p-type

semiconductor layer between the substrate 20, 25 and the second main electrode 54.

The above embodiments were explained with specific conductivity types. The
conductivity types of the semiconductor layers in each one of the above described
embodiments might be switched, so that all layers which were described as p-type layers
would be n-type layers and all layers which were described as n-type layers would be p-

type layers. For example, in each silicon carbide power device described above the
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substrate, the drain layer and the source layer could be p-type layers and the source layer
could be an n-type layer, respectively. The same applies to all exemplary embodiments

of methods for manufacturing the silicon carbide power devices.

In all embodiments discussed above a source layer extends in a region outside
cavity 75, i.e. not the whole lateral surface of the source layer is covered with the first
insulating layer portion. However, in alternative embodiments the whole lateral surface

of the source layer may be covered by the first insulating layer portion.

The features of the different embodiments may be combined with each other. For
example the shape of the silicon carbide layer stacks in vertical cross-section as shown in
FIGs. 5, 6, 7 or 11 may not only be applied to silicon carbide layer stacks having a pillar
shape, but also to the fin-shaped silicon carbide layer stacks as discussed with reference
to FIGs. 8 and 9. The different substrate structure of the seventh modified embodiment

may be used in any other embodiment described above.

A specific method was described for providing an electric contact between the first
main electrode 852 and the channel layer 37 with reference to FIGs. 12A to 12H.
However, other methods may be applied to provide such electric contact between the first
main electrode 852 and the channel layer 37. An electric contact between the first main
electrode and the channel layer may be provided also in any one of the above described
embodiments. A method for manufacturing a silicon carbide power device with such
electric contact between the first main electrode and the channel layer may be any method
including a first step of removing a portion of the third silicon carbide layer to expose a
portion of the second silicon carbide layer; and thereafter a step of forming a first main
electrode electrically contacting the third silicon carbide layer and the second silicon
carbide layer, wherein the first main electrode is electrically insulated from the gate

electrode layer.

It should be noted that the term “comprising” does not exclude other elements or
steps and that the indefinite article “a” or “an” does not exclude the plural. Also elements

described in association with different embodiments may be combined.

This patent application claims the priority of European patent application

2021 6084.2 — 1212, the disclosure content of which is hereby incorporated by reference.
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List of reference signs

100; 200; 300, 400; 500; 600; 700, 800 silicon carbide power device

20, 25 (n-type) substrate

20A first substrate layer

20B second substrate layer

21 first main side

22 second main side

24 exposed portion

30; 230; 330; 430; 530; 630, 730; 830 silicon carbide layer stack

30B upper surface (of the silicon carbide layer
stack 30)

35; 235; 335, 435; 735 (n-type) drain layer

35A interface

36; 236; 336; 436, 836 (n-type) source layer

36B upper surface (of the source layer 36)

36H opening (in source layer 836)

37,237,337, 437; 537, 637 (p-type) channel layer

37A interface

40; 240; 340; 440, 540; 640 first insulating layer

42; 242; 342; 442; 542; 642 first insulating layer portion

43; 243; 343; 443 second insulating layer portion

44, 744 second insulating layer

44A upper surface (of the second insulating layer 44)

45 gate electrode layer

48 control contact pad

50 transistor cell

52, 852 first main electrode

54 second main electrode

56 source contact pad

60 sacrificial layer

65 sacrificial structure
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first end
second end
insulating material layer

remaining insulating material layer

uppermost end surface (of the remaining

insulating material layer 70’)
cavity

intermediate insulating layer
opening (in the intermediate insulating layer 80)
first masking material layer

first masking layer

second masking material layer

second masking layer

third masking material layer

third masking layer

upper surface (of the third masking layer 94°)
second insulating material layer

distance

length

largest horizontal width
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Claims

A silicon carbide power device (100; 200; 300; 400; 500, 600; 700; 800),

comprising:

a first conductivity-type substrate (20; 25) having a first main side (21) and a

second main side (22) opposite to the first main side (21);

a plurality of silicon carbide layer stacks (30; 230; 330; 430; 530; 630; 730, 830)
arranged on the first main side (21) of the substrate (20; 25), wherein each silicon
carbide layer stack (30; 230; 330; 430; 530; 630; 730; 830) comprises the
following layers stacked on the first main side (21) in a direction away from the
first main side (21): a first conductivity-type drain layer (35; 235; 335; 435, 735)
on the substrate (20; 25), a second conductivity-type channel layer (37; 237; 337,
437; 537, 637) on the drain layer (35; 235; 335; 435; 735) and a first conductivity-
type source layer (36; 236; 336; 436; 836) on the channel layer (37; 237; 337; 437,
537, 637), the second conductivity-type being different from the first
conductivity-type;

a continuous first insulating layer (40; 240; 340, 440; 540, 640), which comprises
a plurality of first insulating layer portions (42; 242; 342; 442; 542; 642)
respectively extending directly on a lateral surface of a corresponding one of the
plurality of silicon carbide layer stacks (30; 230; 330; 430; 530; 630; 730, 830) so
that the plurality of first insulating layer portions (42; 242; 342; 442; 542; 642)
laterally covers and laterally surrounds at least the drain layer (35; 235; 335; 435;
735) and the channel layer (37; 237; 337, 437, 537, 637, 737) of each silicon
carbide layer stack (30; 230; 330; 430; 530; 630; 730, 830), and a second
insulating layer portion (43; 243; 343, 443) extending on the first main side (21)
between the plurality of first insulating layer portions (42; 242; 342; 442; 542;
642); and

a gate electrode layer (45) extending directly on the first insulating layer (40; 240;
340; 440, 540, 640) such that the gate electrode layer (45) is electrically separated
from each one of the plurality of silicon carbide layer stacks (30; 230; 330, 430;
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530; 630, 730; 830) by the first insulating layer portions (42; 242; 342; 442; 542,
642),

wherein each one of the plurality of silicon carbide layer stacks (30; 230; 330;
430; 530; 630, 730; 830) has a shape of a pillar protruding from the first main side
(21), such that each point of each channel layer (37; 237; 337, 437, 537, 637, 737)
is laterally sandwiched between two opposing portions of the gate electrode layer
(45), wherein the two opposing portions of the gate electrode layer (45) have a
distance (d) of less than 2 um along a straight line extending through that point of
that channel layer (37; 237; 337; 437, 537, 637, 737).

The silicon carbide power device (100; 200; 300; 400; 500; 600, 700; 800)
according to claim 1, wherein the channel layer (37; 237; 337, 437; 537, 637, 737)
comprises a 3C-SiC and the drain layer (35; 235; 335; 435; 735) comprises a 4H-
SiC or a 6H-SiC.

The silicon carbide power device (700) according to claim 1 or 2, wherein the
substrate (20; 25) has a doping concentration above 107 cm™ or above 5-10'7 cm’
3, and wherein the drain layer (735) of each silicon carbide layer stack (730) is in

direct contact with the substrate (20; 25).

The silicon carbide power device (100; 200; 300; 400; 700; 800) according to any
one of claims 1 to 3, wherein the first insulating layer portions (42; 242; 342; 442)
are tube-shaped, respectively surrounding laterally a corresponding one of the
plurality of silicon carbide layer stacks (30; 230; 330; 430; 730; 830) to form a
plurality of vertical gate-all-around field effect transistor cells (50).

The silicon carbide power device (100; 200; 300; 400; 700; 800) according to
claim 4, wherein the channel layer (37; 237; 337, 437, 737) of each silicon carbide
layer stack (30; 230; 330, 430; 730, 830) has a largest horizontal width (w) in any
horizontal direction parallel to the first main side (21), which largest horizontal

width (w) is below 2 um, or below 1 pm.

The silicon carbide power device (100; 200; 300; 400; 500; 600; 700; 800)
according to any one of claims 1 to 5, wherein the first insulating layer (40; 240;

340, 440; 540, 640) is a silicon oxide layer or a silicon nitride layer.
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A method for manufacturing a silicon carbide power device (100; 200; 300; 400;
500; 600, 700; 800), the method comprising the following steps:

providing a first conductivity substrate (20; 25);,
forming a sacrificial layer (60) on a first main side (21) of the substrate (20; 25);

structuring the sacrificial layer (60) to form a plurality of sacrificial structures (65)
protruding from the first main side (21) and having a shape of a pillar or a fin,
wherein each sacrificial structure (65) comprises a first end (65A) adjacent to the

substrate (20; 25) and a second end (65B) opposite to the first end (65A);

forming a continuous insulating material layer (70) on the plurality of sacrificial

structures (65) and on the first main side (21);

thereafter removing a portion of an insulating material layer (70) on the second
end (65B) of each sacrificial structure (65) to expose the second end (65B) of each
sacrificial structure (65), while the remaining insulating material layer (70’)
covers a lateral surface of each sacrificial structure (65), wherein at least a part of
the remaining insulating material layer (70°) forms a first insulating layer (40;
240; 340; 440, 540; 640) in the silicon carbide power device (100; 200; 300; 400;
500; 600; 700; 800);

thereafter removing each sacrificial structure (65) by selective etching to form a
plurality of cavities (75) in the remaining insulating material layer (70’), wherein
an exposed portion (24) of the first main side (21) is exposed at a bottom of each

cavity (75);

forming a first silicon carbide layer of the first conductivity-type selectively on
the exposed portion (24) of the first main side (21) in each cavity (75) to form the
drain layers (35; 235; 335; 435; 735);

forming a second silicon carbide layer of the second conductivity-type selectively
on the first silicon carbide layer in each cavity (75) to form channel layers (37;

237, 337; 437, 537; 637, 737);
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forming a third silicon carbide layer of the first conductivity-type selectively on
the second silicon carbide layer in each cavity (75) to form source layers (36; 236;

336; 436; 836); and

forming a gate electrode layer (45) on that part of the remaining insulating
material layer (70”) which forms the first insulating layer (40; 240; 340; 440, 540;
640) in the silicon carbide power device (100; 200; 300; 400; 500; 600; 700; 800),

wherein the finished silicon carbide power device (100; 200; 300; 400; 500, 600;
700; 800) comprises:

the first conductivity-type substrate (20; 25) having the first main side (21) and a

second main side (22) opposite to the first main side (21);

a plurality of silicon carbide layer stacks (30; 230; 330; 430; 530; 630; 730, 830)
arranged on the first main side (21) of the substrate (20; 25), wherein each silicon
carbide layer stack (30; 230; 330; 430; 530; 630; 730; 830) comprises the
following layers stacked on the first main side (21) in a direction away from the
first main side (21): the first conductivity-type drain layer (35; 235; 335, 435; 735)
on the substrate (20; 25), the second conductivity-type channel layer (37, 237;
337; 437, 537, 637) on the drain layer (35; 235; 335; 435; 735) and the first
conductivity-type source layer (36, 236; 336; 436; 836) on the second
conductivity-type channel layer (37, 237; 337, 437, 537, 637), the second
conductivity-type being different from the first conductivity-type;

the continuous first insulating layer (40; 240; 340; 440; 540; 640), which
comprises a plurality of first insulating layer portions (42; 242; 342; 442; 542;
642) respectively extending directly on a lateral surface of a corresponding one of
the plurality of silicon carbide layer stacks (30; 230; 330; 430; 530; 630, 730; 830)
so that the plurality of first insulating layer portions (42; 242; 342; 442; 542; 642)
laterally covers and laterally surrounds at least the drain layer (35; 235; 335; 435;
735) and the channel layer (37; 237; 337, 437, 537, 637, 737) of each silicon
carbide layer stack (30; 230; 330; 430; 530; 630; 730, 830), and a second
insulating layer portion (43; 243; 343, 443) extending on the first main side (21)
between the plurality of first insulating layer portions (42; 242; 342; 442; 542;
642); and
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the gate electrode layer (45) extending directly on the first insulating layer (40;
240; 340, 440; 540; 640) such that the gate electrode layer (45) is electrically
separated from each one of the plurality of silicon carbide layer stacks (30; 230;
330; 430; 530; 630; 730; 830) by the first insulating layer portions (42; 242; 342;
442; 542; 642),

wherein each one of the plurality of silicon carbide layer stacks (30; 230; 330;
430; 530; 630; 730; 830) has a shape of the pillar or the fin protruding from the
first main side (21), such that each point of each channel layer (37; 237, 337; 437,
537; 637, 737) is laterally sandwiched between two opposing portions of the gate
electrode layer (45), wherein the two opposing portions of the gate electrode layer
(45) have a distance (d) of less than 2 um along a straight line extending through
that point of that channel layer (37; 237; 337, 437, 537, 637; 737).

The method according to claim 7, wherein the sacrificial layer (60) comprises an

amorphous silicon.

The method according to claim 7 or 8, wherein the insulating material layer (70)

is formed by thermal oxidation.

The method according to any one of claims 7 to 9, comprising a step of forming a
second insulating layer (44; 744) on the remaining insulating material layer (70”)
before forming the gate electrode layer (45), such that after forming the gate
electrode layer (45), the second insulating layer (44; 744) is sandwiched in a
vertical direction perpendicular to the first main side (21) between the remaining

insulating material layer (70”) and the gate electrode layer (45).

The method according to claim 10, wherein the second insulating layer (44; 744)

is a spin-on-glass layer.

The method according to any one of claims 7 to 11, wherein each sacrificial
structure (65) has a length (L) in a vertical direction perpendicular to the first main
side (21) in a range between 50 nm and 10 um, exemplarily in a range between

5 um and 10 pm.

The method according to any one of claims 7 to 12, wherein forming the first

silicon carbide layer, forming the second silicon carbide layer and forming the
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third silicon carbide layer is respectively performed at a temperature below

1400°C.

The method according to any one of claims 7 to 13, wherein the step of removing
the portion of the insulating material layer (70) on the second end (65B) of each
sacrificial structure (65) comprises a first step of forming a continuous first
masking material layer (90) on the insulating material layer (70), a second step of
etching back the first masking material layer (90) to form a first masking layer
(90’) exposing the portion of the insulating material layer (70) on the second end
(65B) of each sacrificial structure (65), and a third step of etching the portion of
the insulating material layer (70) on the second end (65B) using the first masking
layer (90°) as an etching mask.

The method according to any one of claims 7 to 14, comprising a step of removing
a portion of the third silicon carbide layer to expose a portion of the second silicon

carbide layer; and

thereafter a step of forming a first main electrode (852) electrically contacting the
third silicon carbide layer and the second silicon carbide layer, wherein the first

main electrode (852) is electrically insulated from the gate electrode layer (45).
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