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(57) ABSTRACT

A RC power semiconductor is provided which comprises a
plurality of diode cells and a plurality of GCT cells. Each
GCT cell comprises a first cathode layer with at least three
cathode layer regions, which are separated from each other by
a base layer. In orthogonal projection onto a plane parallel to
the first main side each one of the cathode layer regions is
strip-shaped and a width (w, w'), wherein the diode cells
alternate with the GCT cells in a lateral direction in at least a
mixed part, wherein in each GCT cell, the width (w') of each
one of the two outer cathode layer regions nextto a diode cell
neighbouring to that GCT cell is less than the width (w) of any
intermediate cathode layer region between the two outer cath-
ode layer regions in that GCT cell.
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REVERSE CONDUCTING POWER
SEMICONDUCTOR DEVICE

FIELD OF THE INVENTION

[0001] The present invention relates to reverse conducting
power semiconductor device according to the preamble of
claim 1.

BACKGROUND OF THE INVENTION

[0002] A known power semiconductor device is the inte-
grated gate commutated thyristor (IGCT) which includes one
or more gate commutated thyristor (GCT) cells within a
single wafer. Each of the GCT cells is made up from a cathode
electrode in form of a cathode metallization layer, an
n*-doped cathode layer, a p-doped base layer, an n™-doped
drift layer, an n-doped buffer layer, a p*-doped anode layer
and an anode electrode in form of an anode metallization
layer. The GCT cells also include a gate electrode in the form
of a gate metallization layer which is in contact with the
doped base layer. The gate metallization layer is arranged in
a plane which is below the plane in which the cathode elec-
trodes are arranged in order for the gate metallization layer to
be separated from the cathode electrodes. The IGCT includes
at least one gate contact in the form of an annular metallic
region either in the centre of the wafer, at the perimeter of the
wafer or somewhere in between. The gate contact region is in
direct contact with the gate metallization layer so that the gate
contact region and the gate electrodes of all GCT cells are
connected electrically and thermally with each other.

[0003] Another known power semiconductor device is the
reverse conducting integrated commutated thyristor (RC-
IGCT) which includes within one single wafer an IGCT part
and a single built-in freewheeling diode part. The freewheel-
ing diode part is made of one single diode including a p-doped
anode layer and an n*-doped cathode layer, which are sepa-
rated by the n™-doped drift layer and the n-doped buffer layer.
The diode is arranged adjacent to the IGCT part in such a way
as to either be in the innermost or outermost region of the
wafer. Between the IGCT part and the freewheeling diode
part there exists an n™-doped separation region which sepa-
rates the p-doped base layers of the GCT cells in the IGCT
part from the p-doped anode layer of the diode.

[0004] In FIGS. 1 and 2 there is shown a power semicon-
ductor device known as the bi-mode gate commutated thyris-
tor (BGCT). FIG. 1 shows the device in top view and FIG. 2
shows the device in cross section taken along line ¢'-c in FIG.
1. The BGCT is similar to the RC-IGCT and comprises in a
single wafer 1 a plurality of gate commutated thyristor (GCT)
cells 2 electrically connected in parallel to one another. The
GCT cells 2 inthe BGCT are identical to the GCT cells found
in the RC-IGCT. In the BGCT shown in FIGS. 1 and 2 each of
the GCT cells 2 is made up from three cathode electrodes 3 in
form of a cathode metallization layer, an n*-doped cathode
layer comprising three strip-shaped cathode segments 4, a
p-doped base layer 5, an n™-doped drift layer 6, an n-doped
buffer layer 7, a p*-doped anode layer 8 and an anode elec-
trode 9 in form of an anode metallization layer. Like in the
IGCT, the GCT cells 2 also include a gate electrode 10 in the
form of a gate metallization layer which is in contact with the
doped base layer 5. The gate metallization layer is arranged in
a plane which is below the plane, in which the cathode elec-
trodes 3 are arranged, so that the gate metallization layer is
separated from the cathode electrodes 3. The BGCT includes
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one single gate contact 11 in the form of an annular metallic
region in the centre of the wafer 1. The gate contact 11 is in
direct contact with the gate metallization layer so that the gate
contact 11 and the gate electrodes 10 of all GCT cells 2 are
connected electrically and thermally with each other.

[0005] In contrast to the RC-IGCT the BGCT comprises
not only a single freewheeling diode part with a single diode
but a plurality of diode cells 12 distributed between the GCT
cells 2. The diode cells 12 are electrically connected in par-
allel to one another and to the GCT cells 2, albeit with oppos-
ing forward direction. Each diode cell includes an anode
electrode 17, a p-doped anode layer 13 and an n*-doped
cathode layer 14, and a cathode electrode 16, wherein the
p-doped anode layer 13 and the n*-doped cathode layer 14 are
separated by the n™-doped drift layer 6 and the n-doped buffer
layer 7. Neighbouring GCT cells 2 and diode cells 12 are
separated by multiple separation regions 15.

[0006] FIG. 3 shows a cross section of a modification of the
BGCT shown in F1G. 2, in which in the GCT cell 22 cathode
segments 4 that lie in the immediate proximity of a diode cell
12 are surrounded by a gate electrode 20 from all sides. In this
case the separation region 15 is laterally spaced from the next
cathode segment 4 by a greater distance than in the embodi-
ment shown in FIG. 2 as a wider base layer is required to have
enough space for the portion of the gate electrode 20 which is
arranged between the separation region 15 and the adjacent
cathode segment 4, respectively. Elements in FIG. 3 having
reference signs already used in FIG. 2 are identical to the
corresponding elements of the device shown in FIG. 2.
[0007] The BGCT is disclosed in WO 2012/041958 A2 and
in the article “The concept of Bi-mode Gate Commutated
Thyristor—A new type of reverse conducting IGCT” by U.
Vemulapati et al. in Power Semiconductor Devices and 1Cs
(ISPSD), 2012, pp. 29 to 32, for example.

[0008] One of the advantages of the distributed diode and
IGCT cells in the same wafer in the BGCT design over the
standard RC-IGCT design is the better thermal resistance,
because due to the distributed diode cells 12 and IGCT cells
2 the heat is distributed more uniformly in the wafer 1. For
example when the BGCT is working in IGCT mode the heat
can easily spread from the GCT cells 2 into the diode cells 12.
Instead, in the standard RC-IGCTs, the temperature spreads
much less efficiently into the diode area because it is concen-
trated in one continuous area. The same phenomenon is
observed when the device is operating in the diode mode.
[0009] The maximum controllable current (MCC) and the
on-state voltage are important parameters in the above
described devices. It is desired to achieve the highest possible
MCC and the lowest possible on-state voltage to minimize the
losses in the device. Further, uniform turn-on and turn-off are
most critical to avoid local overheating,

SUMMARY OF THE INVENTION

[0010] It is the object of the invention to provide a reverse
conducting power semiconductor device which has improved
electrical characteristics with regard to uniformity of the turn-
on and turn off, the maximum controllable current and the
on-state voltage compared to the known BGCT.

[0011] Theobjectis attained by a reverse conducting power
semiconductor device according to claim 1.

[0012] With the reverse conducting power semiconductor
device of the invention the maximum controllable current
(MCC) per unit area can be increased and on-state voltage
and, therefore, also the conduction losses can be decreased
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compared to the above described BGCT design. The
improvement in the MCC is achieved by the special design of
the outer cathode layer regions which lie in the immediate
proximity of a neighbouring diode cell. The reduction in the
on-state voltage drop (conduction loss) comes from the
improved plasma distribution. During turn-off a more uni-
form plasma extraction from the gate electrodes can be
achieved. This increases the current limit for dynamic ava-
lanche induced retriggering while at the same time the hard
drive limit of the device is made higher than this. Furthermore
in the reverse conducting power semiconductor, the diode
part helps the extraction of plasma from the base layer of the
GCT cells, which also improves the current controllability.
[0013] Further developments of the invention are specified
in the dependent claims.

[0014] In an exemplary embodiment, in each gate commu-
tated thyristor cell in the mixed part, the width of each one of
the two outer cathode layer regions is 20% to 75% of the
width of any intermediate cathode layer region between these
two outer cathode layer regions in that gate commutated
thyristor cell. In the range 0f 20% to 75% the MCC is high in
a wide range of temperatures. With a width above the lower
limit of 20% a low on-state voltage can be achieved.

[0015] In another exemplary embodiment, in each gate
commutated thyristor cell in the mixed part, the width of each
one of the two outer cathode layer regions is 20% to 75% of
the width of any intermediate cathode layer region between
these two outer cathode layer regions in that gate commutated
thyristor cell. In this embodiment a high MCC can be com-
bined with a low on-state voltage.

[0016] In an exemplary embodiment the mixed part
includes a plurality of gate commutated thyristor cells.
[0017] In an exemplary embodiment, the ratio of the num-
ber of diode cells relative to the number of first cathode layer
regions in the mixed part is in a range from 1:3 to 1:5, exem-
plarily 1:3 or 1:4.

[0018] In an exemplary embodiment a minimum distance
between each second anode layer and the base layer of a
neighbouring gate commutated thyristor cell is in a range
between 20 um and 150 um, exemplarily in a range between
50 um and 100 pm. In this embodiment separation regions
between each second anode layer and the neighbouring base
layer are sufficiently broad to provide a sufficient blocking
capability for a gate voltage required to drive the GCT, i.e. a
gate to cathode blocking capability is ensured during GCT
turn-off, while dimensions for maximum total area utiliza-
tion, as well as for maximum plasma spreading from the GCT
regions to the diode regions in GCT mode of operation and
vice versa.

[0019] Inanexemplary embodiment, in an orthogonal pro-
jection onto the plane parallel to the first main side, each one
of the second anode layers is strip-shaped with a length in a
direction along a longitudinal axis thereof and a width in a
direction vertical to the longitudinal axis thereof, the width of
each second anode layer being less than its length. With these
features the wafer area can be utilized most efficiently. Exem-
plarily the wafer has in an orthogonal projection onto the
plane parallel to the first main side a circular shape defining a
centre of the wafer and a plurality of radial directions extend-
ing from the centre of the wafer, and the first cathode layer
regions and the second anode layers are arranged with their
longitudinal axis aligned along one of the radial directions,
respectively. Exemplarily the strip-shaped cathode layer
regions and second anode layers are placed in one or more
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concentric rings around the centre of the wafer. Therein,
exemplarily in each ring the length of each strip-shaped cath-
ode layer region is identical to the length of any other strip-
shaped cathode layer in this ring.

[0020] In an exemplary embodiment the reverse-conduct-
ing power semiconductor device of the invention comprises a
commen gate contact for contacting the gate electrodes of the
plurality of gate commutated thyristor cells, wherein the com-
mon gate contact is arranged on the first main side.

[0021] Inanexemplary embodiment, in each one ofthe gate
commutated thyristor cells in the mixed part, the widths of the
two outer cathode layer regions are identical and the widths of
any intermediate cathode layer regions are identical.

[0022] Inanexemplary embodiment the width of each first
cathode layer region is in a range between 25 um to 500 pm.
[0023] Inanexemplary embodiment, in each gate commu-
tated thyristor cell, in an orthogonal projection onto the plane
parallel to the first main side, the gate electrode extends
between each pair of neighbouring cathode layer regions in
this gate commutated thyristor cell and is separated from any
diode cell neighbouring to that gate commutated thyristor cell
by the cathode layer region next to the diode cell in a direction
vertical to the longitudinal axis of that cathode layer region.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] Detailed embodiments of the invention will be
explained below with reference to the accompanying figures,
in which:

[0025] FIG. 1 shows a top view onto a known bi-mode gate
commutated thyristor (BGCT);

[0026] FIG. 2 shows a cross section of the known BGCT
taken along line c'-c in FIG. 1;

[0027] FIG. 3 shows a cross section of a modification of the
known BGCT taken along line ¢'-c in FIG. 1;

[0028] FIG. 4 shows a top view onto a reverse conducting
power semiconductor device according to an embodiment of
the invention; and

[0029] FIG. 5 shows a cross section of the reverse conduct-
ing power semiconductor device according to the embodi-
ment along line ¢'-c in FIG. 4.

[0030] The reference signs used in the figures and their
meanings are summarized in the list of reference signs. Gen-
erally, 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 inven-
tion.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0031] InFIGS. 4 and 5 there is shown an embodiment of
the reverse conducting power semiconductor device accord-
ing to the invention. FIG. 4 shows a top view onto the reverse
conducting power semiconductor device while FI1G. 5 shows
a cross section thereof along a line ¢'-¢ in FIG. 4.

[0032] The reverse conducting power semiconductor
device according to the embodiment comprises a semicon-
ductor wafer 31, exemplarily a silicon wafer, having a first
main side 41 and a second main side 42, which is arranged
parallel to the first main side 41. It comprises a plurality of
gate commutated thyristor (GCT) cells 32 and a plurality of
diode cells 312. Each GCT cell 32 comprises in the order from
the first main side 41 to the second main side 42 a first cathode
electrode 33, an*-doped first cathode layer 34, a p-doped base



US 2016/0284708 Al

layer 35, a p-doped first anode layer 38, and a first anode
electrode 39. The p-doped base layer 35 is separated from the
p-doped first anode layer 38 by an n™-doped drift layer 36
forming a pn-junction with the p-doped base layer 35 and a
n-doped buffer layer 37 forming a pn-junction with the
p-doped first anode layer 38. The first cathode layer 34 of each
GCT cell 32 includes four cathode layer regions 34a and 34,
which are separated from each other by the base layer 35.
[0033] Further, each GCT cell 32 comprises a gate elec-
trode 310 which is arranged lateral to the first cathode layer
34, and which is separated from the first cathode layer 34, by
the base layer 35. Throughout this patent specification the
term “lateral” relates to a lateral direction which is a direction
parallel to the first main side 41.

[0034] The drift layer 36 may have a net doping concentra-
tion exemplarily between n=5.0-10"* em™ and n=1.0-10**
cm™>, more exemplarily less than 5-10"* cm~>. The base layer
35 as well as the first anode layers 38 may have a net doping
concentration exemplarily between p=1:10"° em™ and
p=1-10"? cm™, and the first cathode layer 34 may have a net
doping concentration exemplarily between n=1-10'* cm™
and n=1-10** ¢cm3. Exemplarily the cathode layer regions
34a and 34b all have the same net doping concentration.
Likewise all first anode layers 38 may have the same net
doping concentration. Therein the buffer layer 37 has a rising
net doping concentration towards the second main side 42,
whereas the drift layer 36 has typically a constant doping
concentration lower than that of the buffer layer 37. Through-
out this specification the net doping concentration of a layer
refers to a local doping concentration in case that a doping
profile of this layer is described. If no doping profile is
described, the net doping concentration of a layer refers to the
maximum net doping concentration in this layer.

[0035] Inthe present embodiment the base layers 35 as well
as the first anode layers 38 exemplarily have a thickness in a
direction perpendicular to the first and second main side 41,
42 of the wafer 31 between 1 pm and 250 pum, exemplarily
between 2 um and 150 um or between 10 um and 150 pm.
Exemplarily, the base layers 35 all have the same layer thick-
ness. Likewise, the first anode layers 38 may all have the same
thickness. The thickness of the drift layer 36 in a direction
perpendicular to the first and second main side 41, 42 of the
wafer 31 depends on the rated voltage of the device. It is
exemplarily between 280 pum and 440 pm for a 3.3 kV device
or between 380 wm and 570 um for a 4.5 kV device. Therein,
the thickness of the drift layer 36 in a GCT cell 32 is the
minimum distance between the buffer layer 37 and the base
layer 35 of this GCT cell 32.

[0036] In orthogonal projection onto a plane parallel to the
first main side 41 each one of the cathode layer regions 34a
and 345 1s strip-shaped with a length in a direction along a
longitudinal axis thereof and a width w, w' in a direction
vertical to the longitudinal axis, the width w, w' of each
cathode layer region 34a, 344 being less than its length.
Throughout the specifications strip-shaped means a longitu-
dinal shape wherein the length in the longitudinal direction is
longer than the width of the strip-shaped region in a width
direction perpendicular to the longitudinal direction and par-
allel to the first main side 41 or the second main side 42 of the
wafer 31. Throughout this specification the width of a strip-
shaped region is the maximum dimension of the strip-shaped
region in the width direction.

[0037] 1Inthe orthogonal projection onto a plane parallel to
the first main side 41, in each GCT cell 32, the width w' of
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each one of the two outer cathode layer regions 345 nextto the
two diode cells 312 neighbouring to that GCT cell 32 on
opposite sides thereof is less than the width w of any inter-
mediate cathode layer region 34a between the two outer
cathode layer regions 344 in that GCT cell 32. Therein, the
width w' of each outer cathode layer region 345 next to a
neighbouring diode cell 312 is 20% to 75%, exemplarily 40%
to 60%, of the width w of any intermediate cathode layer
region 34a in the same GCT cell 32. The lateral width w, w' of
each strip-shaped cathode layer region 34a and 3456 in a
direction perpendicular to its longitudinal axis is exemplarily
between 25 um and 500 um.

[0038] Inthe present embodiment the gate electrode 310 in
each GCT cell 32 extends, in an orthogonal projection onto a
plane parallel to the first main side 41, between each pair of
neighbouring cathode layer regions 34a, 345 in this GCT cell
32 and is separated from any diode cell 312 neighbouring to
that GCT cell 32 by the outer cathode layer region 345 next to
that neighbouring diode cell 312 in a direction vertical to the
longitudinal axis of that outer cathode layer region 345. In
other words the gate electrode 310 extends between each pair
of cathode layer regions 34a, 345 but not between the outer
cathode layer region 345 next to a neighbouring diode cell
312 and this neighbouring diode cell 312.

[0039] Each diode cell 312 comprises in the order from the
first main side 41 to the second main side 42 a second anode
electrode 317, a p-doped second anode layer 313, a n*-doped
second cathode layer 314, and a second cathode electrode
316. The second cathode layer 314 is arranged alternating to
the first anode layer 38 in a lateral direction on the second
main side 42 and is separated from the second anode layer 313
by the drift layer 36 and the buffer layer 37. The drift layer 36
forms a pn-junction with the second anode layer 313. Each
second anode layer 313 is, in orthogonal projection onto a
plane parallel to the first main side 41, strip-shaped with a
length in a direction along a longitudinal axis thereof and a
width in a direction vertical to the longitudinal axis, the width
of each second anode layer 313 being less than its length.

[0040] The second anode layers 313 may have a net doping
concentration exemplarily between p=1-10'° cm™ and
p=1-10" em™3, and the second cathode layers 314 may have
a net doping concentration exemplarily between n=1-10"
em™ and n=1-10*' cm™. Exemplarily the second cathode
layers 314 all have the same net doping concentration. Like-
wise all second anode layers 313 may have the same net
doping concentration.

[0041] The base layer 35 of each GCT cell 32 is separated
from neighbouring second anode layers 313 by an n-type
separation region 315 formed by the drift layer, respectively.
The separation regions 315 between a diode cell 312 and a
neighbouring GCT cell 32 have a lateral width d (which is the
minimum distance between the second anode layer 313 and
the base layer 35 of a neighbouring GCT cell 32) between 20
pm and 150 pm, exemplarily between 50 wm and 100 um. The
width d of separation regions 315 must be large enough to
avoid a punch-through effect to block the gate voltage
required for turn-off or during blocking. On the other side the
lateral width should be small enough to allow the electron
hole plasma of each GCT cell 32, which forms in the drift
layer 36 during on-state of the GCT cell 32, to spread into the
neighbouring second diode cells 312. A passivation layer (not
shown in the figures) may be formed on the separation region
315.
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[0042] 1In the present embodiment each gate electrode 310
is formed as part of a gate metallization layer on the base
layers 35, wherein the surface of the first gate metallization
layer opposite to the base layers 35 defines a first plane. The
surfaces of the first cathode electrodes 33 opposite to the
cathode layer regions 34a, 3456 and the surfaces of the second
anode electrodes 317 opposite to the second anode layers 313
define a second plane. In other words, all first cathode elec-
trodes 33 and all second anode electrodes 317 are all arranged
in the same plane. Therein, the first plane is parallel to the
second plane and is shifted from the second plane in a direc-
tion from the first main side 41 to the second main side 42.
This mesa structure facilitates contacting the first cathode
electrodes 33 and the second anode electrodes 317 on the first
main side 41 with a metal plate, such as a molybdenum disk
in a standard press pack.

[0043] Inthe present embodiment, in a projection orthogo-
nal to the first and second main side 41, 42, the first anode
layer 38 of each GCT cell 32 is aligned with the base layer 35
of the same GCT cell 32 to have a maximum overlap between
these two layers in each GTC cell 32, and the second anode
layer 313 of each diode cell 312 is aligned with the second
cathode layer 314 of the same diode cell 312 to have a maxi-
mum overlap between these two layers in each diode cell 312.
[0044] InFIG. 4 which shows a top view onto the first main
side 41 of the wafer 31 there can be seen the pattern of first
cathode electrodes 33 formed on the top surface of the cath-
ode layer regions 34a and 345 of the GCT cells 32 and of the
second anode electrodes 317 which are formed on the top
surface of the second anode layers 313, respectively. Each
first cathode electrode 33 comprises four strip-shaped elec-
trode portions which correspond to the four strip-shaped cath-
ode layer regions 34a and 345 of the respective GCT cell 32.
The second anode electrode 317 is strip-shaped correspond-
ing to the strip-shape of the second anode layer 313 of the
respective diode cell 312.

[0045] Thelongitudinal directions of the strip-shaped elec-
trode portions of each first cathode electrode 33 and the
strip-shaped second anode electrodes 317 have its longitudi-
nal direction aligned in radial direction which is a direction
extending from the centre of the device and being parallel to
the first main side 41 of the wafer 31, Therein, the centre of the
device is the centre of the first main side 41 of the circular
wafer 31.

[0046] Inthe embodiment shown in FIG. 4, the plurality of
GCT cells 32 and the plurality of diode cells 312 are arranged
in two concentric rings around the centre of the device. In
each ring the GCT cells 32 alternate with the diode cells 312.
The second anode layers 313 of the diode cells 312 alternate
with the first cathode layers 34 of the GCT cells 32 in a lateral
direction along the concentric rings, so that, in an orthogonal
projection onto a plane parallel to the first main side 41, the
first cathode layer 34 of each GCT cell 32 is arranged between
a pair of second anode layers 313 of two diode cells 312
neighbouring to the GCT cell 32 on opposite sides of the GCT
cell 32 in the lateral direction. Therefore, in FIG. 4 the second
anode electrodes 317 alternate with the first cathode elec-
trodes 33, which comprise four strip-shaped electrode por-
tions, respectively, as described above. In each ring the length
of each strip-shaped cathode layer region 34a, 345 in this ring
is identical to the length of any other strip-shaped cathode
layer region 34a, 345 in this ring.

[0047] Due to the GCT cells 32 alternating with the diode
cells 312, in an orthogonal projection onto the plane parallel
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to the first main side 41, each diode cell 312 is arranged such
that one second anode layer 313 is arranged between the first
cathode layers 34 of two neighbouring GCT cells 32 in a
lateral direction parallel to the first main side 41.

[0048] In the centre region on the first main side 41 of the
circular wafer 10 there is arranged a common gate contact 311
to which all gate electrodes 310 of the plurality of GCT cells
32 are electrically connected. The gate electrodes 310 of the
GCT cells 32 and the connections there between are imple-
mented as the gate metallization layer described above.
[0049] Due to the interdigitated arrangement of diode cells
312 and the GCT cells 32 the full silicon area of the wafer 31
is utilized both electrically and thermally.

[0050] With the reverse conducting power semiconductor
device of the invention the level of improvement in the maxi-
mum current capability (MCC) per unit area could be up to
27% and the improvement in the conduction losses up to 4.5%
when compared to the best state of the art BGCT design.
When compared to existing art, the improvement in the MCC
is achieved because of the special cathode segment design
which lie in the immediate proximity of the diode. The reduc-
tion in the on-state voltage drop (conduction losses) come
from the plasma distribution being optimally spread in the
new art. The increased MCC is due to the improved unifor-
mity of the arrangement of the cathode area which in the
invention is designed to induce uniform plasma extraction
from the gate electrodes throughout the turn-off. This
increases the limit for the current for dynamic avalanche
induced retriggering while at the same time the hard drive
limit of the device is made higher than this. Furthermore in the
new art, the diode cells 312 help the extraction of plasma from
the base layer 35 in the GCT cells 32 which also improves the
current controllability.

[0051] As discussed above, the two outer cathode layer
regions 345 in the immediate proximity of a neighbouring
diode cell 312 should have a width in the range of 20%to 75%
with respect to the intermediate cathode layer regions 34a
between these two outer cathode layer regions 345. The upper
limit should not be exceeded due to the rapid decline of the
MCC at high temperature once this limit is passed. The lower
limit is set to ensure the drop in the on-state voltage is not
substantial. The rapid decline in the MCC, when the width w'
of the two outer cathode layer regions 345 in the immediate
proximity of a neighbouring diode cell 312 is more than 75%
with respect to the width of the intermediate cathode layer
regions 34a, is due to the change in the failure mechanism. In
the reverse conducting power semiconductor device of the
invention the MCC is limited by dynamic avalanche induced
retriggering whereas in the known BGCT which features
wider outer cathode layer regions in the immediate proximity
of the diode cell fail prematurely due to the violation of the
hard drive limit. The hard drive limit gets lower with increas-
ing temperature whereas the limit for avalanche induced
retriggering increases with temperature. Furthermore the
reverse conducting power semiconductor device of the inven-
tion does not compromise any of the benefits of the current
state of the art BGCT including efficient spreading of heat
into the diode cells when the device is operating in the GCT
mode and efficient spreading into the GCT cells when the
device is operating in the diode mode.

[0052] It will be apparent for persons skilled in the art that
modifications of the above described embodiment are pos-
sible without departing from the idea of the invention as
defined by the appended claims.
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[0053] 1In the above described embodiment the reverse
conducting power semiconductor device was described with
first cathode layers 34 which comprise four strip-shaped
cathode layer regions 34a, 34b, respectively. However, it is
also possible to use any other number of cathode layer
regions above two (i.e. three or more), exemplarily three to
six strip-shaped cathode layer regions 34a, 345 could be
included in each GCT cell 32. Exemplarily, in the reverse
conducting power semiconductor device of the invention,
the ratio of the number of diode cells relative to the number
of first cathode layer regions may be in a range from 1:3 to
1:5, exemplarily 1:3 or 1:4.

[0054] In the above described embodiment the GCT cells
32 alternate with the diode cells 312 in each concentric ring
along the whole ring, i.e. GCT cells 32 alternate with the
diode cells 312 on the whole wafer area, in a lateral
direction. However, it is also possible that the GCT cells 32
alternate with the diode cells 312 not on the whole wafer
area but only in a mixed part, whereas the remaining part of
the wafer includes GCT cells 32 which do not alternate with
diode cells 312. Such part is also known as a pilot part.
Likewise the wafer may comprise an area in which diode
cells are formed which do not alternate with the GCT cells
32 in this part.

[0055] In the above described embodiment the reverse
conducting power semiconductor device was described with
a circular silicon wafer 31. However, the wafer 31 may have
any other shape, such as a rectangular shape, or may be
made of a different semiconductor material, such as silicon
carbide or a group-Ill-nitride such as (AlGaln)N.

[0056] The embodiment of the invention was described
with a very specific alternating arrangement of the GCT cells
32 and diode cells 312 in two concentric rings. However
other arrangements may be employed. The number of con-
centric rings in which the GCT cells 32 and the diode cells
312 are arranged may be any other number of rings. Also the
arrangement of the GCT cells 32 and the diode cells 312 on
a rectangular wafer may be an arrangement, in which the
strip-shaped second anode layers 313 and the strip-shaped
cathode layer regions 34a, 34b are arranged parallel to each
other. Such arrangement would be exemplarily for a rect-
angular wafer shape, for example.

[0057] In the above embodiment, the reverse conducting
power semiconductor device was described with the buffer
layer 37. However, in a modified embodiment, the reverse
conducting power semiconductor device does not comprise
the buffer layer 37. In this modified embodiment the thick-
ness of the drift layer 36 in a direction perpendicular to the
first and second main side 41, 42 of the wafer 31 would have
to be larger by a factor of about two compared to the above
described embodiment with the buffer layer 37 in order to
avoid punch-through under reverse bias conditions.

[0058] The above embodiment was explained with spe-
cific conductivity types. The conductivity types of the semi-
conductor layers in 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 a modified embodiment, the GCT cells 32 could
include a p-doped first cathode layer 34, a n-doped base
layer 35, a p-doped drift layer 36, and a n-doped first anode
layer 38.

[0059] The above embodiment was described with a cen-
tral common gate contact 311. The invention is not limited
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to such central common gate contact 311. It would also be
possible to have a ring-shaped common gate contact at the
perimeter of the wafer 31 or between two rings somewhere
between the perimeter and the centre of the wafer 31, which
can be advantageous to homogenize the current distribution
of a gate current pulse.

[0060] Tt 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.

LIST OF REFERENCE SIGNS

[0061] 1 wafer

[0062] 2 gate commutated thyristor (GCT) cell
[0063] 3 cathode electrode

[0064] 4 cathode segment

[0065] 5 base layer

[0066] 6 drift layer

[0067] 7 buffer layer

[0068] 8 anode layer

[0069] 9 anode electrode

[0070] 10 gate electrode

[0071] 11 gate contact

[0072] 12 diode cell

[0073] 13 anode layer

[0074] 14 cathode layer

[0075] 15 separation regions

[0076] 16 cathode electrode

[0077] 17 anode electrode

[0078] 20 gate electrode

[0079] 22 GCT cell

[0080] 25 base layer

[0081] 31 semiconductor wafer
[0082] 32 gate commutated thyristor (GCT) cell
[0083] 33 first cathode electrode
[0084] 34 first cathode layer

[0085] 34a intermediate cathode layer region
[0086] 345 outer cathode layer region
[0087] 35 base layer

[0088] 36 drift layer

[0089] 37 buffer layer

[0090] 38 first anode layer

[0091] 39 first anode electrode
[0092] 310 gate electrode

[0093] 311 common gate contact
[0094] 312 diode cell

[0095] 313 second anode layer
[0096] 314 second cathode layer
[0097] 315 separation region

[0098] 316 second cathode electrode
[0099] 317 second anode electrode
[0100] 41 first main side

[0101] 42 second main side

[0102] w width

[0103] w' width

[0104] d distance

1. Areverse-conducting power semiconductor device with
a wafer having a first main side and a second main side,
which is arranged parallel to the first main side, the device
comprising a plurality of diode cells and a plurality of gate
commutated thyristor cells, wherein each gate commutated
thyristor cell comprises in the order from the first to the
second main side:
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a cathode electrode;

a first cathode layer of a first conductivity type;

a base layer of a second conductivity type different from

the first conductivity type;

a first section of a drift layer of the first conductivity type;

a first anode layer of the second conductivity type; and

a first anode electrode,
wherein each gate commutated thyristor cell further com-
prises a gate electrode, which is arranged lateral to the first
cathode layer and separated from the first cathode layer by
the base layer,
wherein the first cathode layer of each gate commutated
thyristor cell includes at least three cathode layer regions,
which are separated from each other by the base layer,
wherein in orthogonal projection onto a plane parallel to the
first main side each one of the cathode layer regions is
strip-shaped with a length in a direction along a longitudinal
axis thereof and a width (w, w') in a direction vertical to the
longitudinal axis, the width (w, w') of each cathode layer
region being less than its length,
wherein each diode cell comprises in the order from the first
main side to the second main side:

a second anode electrode;

a second anode layer of the second conductivity type;

a second section of the drift layer; and

a second cathode layer of the first conductivity type,
wherein the device comprises at least one mixed part, in
which the second anode layers of the diode cells alternate
with the first cathode layers of the gate commutated thyristor
cells in a lateral direction so that, in the orthogonal projec-
tion onto the plane parallel to the first main side, the first
cathode layer of each gate commutated thyristor cell in the
mixed part is arranged between a pair of second anode layers
of two diode cells neighbouring to the gate commutated
thyristor cell on opposite sides of the gate commutated
thyristor cell in the lateral direction, wherein the second
anode layers are separated from neighbouring base layers by
a separation region of the first conductivity type,
wherein in the mixed part, in the orthogonal projection onto
the plane parallel to the first main side, in each gate
commutated thyristor cell, the width (w') of each one of the
two outer cathode layer regions is less than the width (w) of
any intermediate cathode layer region between the two outer
cathode layer regions in that gate commutated thyristor cell.

2. The reverse-conducting power semiconductor device
according to claim 1, wherein in each gate commutated
thyristor cell in the mixed part, the width (w') of each one of
the two outer cathode layer regions is 20% to 75% of the
width (w) of any intermediate cathode layer region between
these two outer cathode layer regions in that gate commu-
tated thyristor cell.

3. The reverse-conducting power semiconductor device
according to claim 1, wherein in each gate commutated
thyristor cell in the mixed part, the width (w') of each one of
the two outer cathode layer regions is 40% to 60% of the
width (w) of any intermediate cathode layer region in that
gate commutated thyristor cell.

4. The reverse-conducting power semiconductor device
according to claim 1, wherein the mixed part includes a
plurality of gate commutated thyristor cells.

5. The reverse-conducting power semiconductor device
according to claim 1, wherein the ratio of the number of
diode cells relative to the number of first cathode layer
regions in the mixed part is in a range from 1:3 to 1:5.
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6. The reverse-conducting power semiconductor device
according to claim 1, wherein a minimum distance (d)
between each second anode layer and the base layer of a
neighbouring gate commutated thyristor cell is in a range
between 20 pm and 150 pm.

7. The reverse-conducting power semiconductor device
according to any one of claims 1, wherein a minimum
distance (d) between each second anode layer and the base
layer of a neighbouring gate commutated thyristor cell is in
a range between 50 um and 100 pm.

8. The reverse-conducting power semiconductor device
according to claim 1, wherein in the orthogonal projection
onto the plane parallel to the first main side, each one of the
second anode layers is strip-shaped with a length in a
direction along a longitudinal axis thereof and a width in a
direction vertical to the longitudinal axis thereof, the width
of each second anode layer being less than its length.

9. The reverse-conducting power semiconductor device
according to claim 8, wherein the wafer has in an orthogonal
projection onto the plane parallel to the first main side a
circular shape defining a centre of the wafer and a plurality
of radial directions extending from the centre of the wafer,
and

wherein the first cathode layer regions and the second
anode layers are arranged with their longitudinal axis
aligned along one of the radial directions, respectively.

10. The reverse-conducting power semiconductor device
according to claim 9, wherein the strip-shaped cathode layer
regions and second anode layers are placed in one or more
concentric rings around the centre of the wafer.

11. The reverse-conducting power semiconductor device
according to claim 10, wherein in each ring the length of
each strip-shaped cathode layer region is identical to the
length of any other strip-shaped cathode layer region in this
ring.

12. The reverse-conducting power semiconductor device
according to claim 1, comprising a commeon gate contact for
contacting the gate electrodes of the plurality of gate com-
mutated thyristor cells, wherein the common gate contact is
arranged on the first main side.

13. The reverse-conducting power semiconductor device
according to claim 1, wherein in each one of the gate
commutated thyristor cells in the mixed part the widths (w")
of the two outer cathode layer regions are identical and the
widths (w) of any intermediate cathode layer regions are
identical.

14. The reverse-conducting power semiconductor device
according to claim 1, wherein the width (w, w') of each first
cathode layer region is in a range between 25 pum to 500 pm.

15. The reverse-conducting power semiconductor device
according to claim 1, wherein in each gate commutated
thyristor cell, in the orthogonal projection onto the plane
parallel to the first main side, the gate electrode extends
between each pair of neighbouring cathode layer regions in
this gate commutated thyristor cell and is separated from any
diode cell neighbouring to that gate commutated thyristor
cell by the cathode layer region next to the diode cell in a
direction vertical to the longitudinal axis of that cathode
layer region.

16. The reverse-conducting power semiconductor device

according to claim 2, wherein in each one of the gate
commutated thyristor cells in the mixed part the widths (w')
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of the two outer cathode layer regions are identical and the
widths (w) of any intermediate cathode layer regions are
identical.

17. The reverse-conducting power semiconductor device
according to claim 5, wherein the width (w, w") of each first
cathode layer region is in a range between 25 pm to 500 pm.

18. The reverse-conducting power semiconductor device
according to claim 5, wherein in each gate commutated
thyristor cell, in the orthogonal projection onto the plane
parallel to the first main side, the gate electrode extends
between each pair of neighbouring cathode layer regions in
this gate commutated thyristor cell and is separated from any
diode cell neighbouring to that gate commutated thyristor
cell by the cathode layer region next to the diode cell in a
direction vertical to the longitudinal axis of that cathode
layer region.

19. The reverse-conducting power semiconductor device
according to claim 1, wherein the ratio of the number of
diode cells relative to the number of first cathode layer
regions in the mixed part is in a range from 1:3 1o 1:4.
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