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(54) GAN-SI COINTEGRATION

(57) A method of forming a semiconductor device is
provided, including: forming a first wafer (1100) including,
on a front side (1112), a III-V semiconductor layer stack
(1200) on a first substrate (1110) and a first bonding layer
(1120), the III-V semiconductor layer stack including a
GaN-based device layer structure including and being
epitaxially grown on the first substrate; subsequent to
forming the first wafer, bonding the first bonding layer to

a second bonding layer (1440) of a second wafer (1400),
the second wafer including a second silicon substrate
(1410) supporting an active device layer, a BEOL inter-
connect structure and the second bonding layer; and sub-
sequent to the bonding, thinning the first wafer from a
backside (1114), including removing at least the first sub-
strate. A semiconductor device including a cointegrated
N-polar HEMT is also provided.
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Description

Technical field

[0001] The present disclosure generally relates to the
field of semiconductor devices. In particular, the present
disclosure relates to co-integration of GaN-based devic-
es with e.g. Si CMOS devices.

Background

[0002] Owing to a higher bandgap and 2DEG electron
mobility, GaN-based high-electron mobility transistors
(HEMTs) may be more suitable for e.g. high power and
high frequency applications compared to their Si Com-
plementary Metal Oxide Semiconductor (CMOS) coun-
terparts. Stand-alone GaN integrated circuits operating
in the millimeter-wave range are however typically fabri-
cated on SiC substrates. Such substrates are smaller in
size, and more expensive, compared to Si substrates,
and such millimeter-wave range circuits often use only
passive components such as resistors, inductors, and
capacitors for their design. It may therefore be desirable
to combine the use of e.g. CMOS transistors along with
GaN-based devices in order to provide additional func-
tionality. Examples include e.g. smart biasing circuits
which may be implemented for a better power efficiency
optimization.
[0003] However, cointegration of GaN with Si CMOS
devices may be challenging and time-consuming due to
e.g. a large mismatch of lattice constants and complex
integration schemes.

Summary

[0004] An object of the present disclosure is therefore
to provide an improved way of integrating GaN-based
devices such as HEMTs together with Si CMOS devices
(such as CMOS transistors). To at least partly achieve
this goal, the present disclosure provides a method of
forming a semiconductor device, and a semiconductor
device, as defined in the independent claims. Further em-
bodiments of the method and device are provided in the
dependent claims.
[0005] According to a first aspect of the present disclo-
sure, a method of forming a semiconductor device is pro-
vided. The method may include forming a first wafer in-
cluding, on a front side, a III-V semiconductor layer stack
on a first substrate and a first bonding layer. The III-V
semiconductor layer stack may include a GaN-based de-
vice layer structure and be epitaxially grown on the first
substrate. The method may include, subsequent to form-
ing the first wafer, bonding the first bonding layer to a
second bonding layer of a second wafer. The second
wafer may include a second substrate supporting an ac-
tive device layer, a (back-end of line) BEOL interconnect
structure and the second bonding layer. The second sub-
strate may e.g. be a Si substrate. The method may further

include, subsequent to the bonding, thinning the first wa-
fer from a backside (i.e. from a side opposite that on
which e.g. the III-V semiconductor layer stack is grown),
including removing at least the first substrate. The first
substrate may e.g. be a Si substrate, which may be
cheaper and/or provided having a larger area than e.g.
a SiC substrate.
[0006] The present disclosure thereby provides a way
of integrating a GaN-based device layer structure with
an active device layer (e.g. a CMOS transistor) on a Si
substrate by only a single bonding and a single wafer
thinning step. The use of e.g. temporary bonding and
debonding steps are not required. The present disclosure
provides a way of integrating high density CMOS devices
with low density (e.g. large area) GaN-based devices,
and to separate the device into different layers. For ex-
ample, the active device (e.g. the CMOS device) may be
used for digital processing as well as to e.g. provide bi-
asing for the GaN-based devices. Since the III-V semi-
conductor layer stack is epitaxially grown on the first sub-
strate and the first wafer subsequently is thinned from
the backside the method may provide an N-polar GaN-
based device layer structure.
[0007] In some embodiments, the III-V semiconductor
layer stack may include a buffer layer structure between
the first substrate and the GaN-based device layer struc-
ture. The thinning may include removing the buffer layer
structure.
[0008] In some embodiments, the III-V semiconductor
layer stack may include one or more etch stop layers
between the buffer layer structure and the GaN-based
device layer structure.
[0009] In some embodiments, the method may in-
clude, subsequent to the thinning, processing the GaN-
based device layer structure to form a transistor device.
The transistor device may for example be a HEMT or a
MOSHEMT transistor. As may be understood from the
above, the transistor device may be an N-polar transistor
device.
[0010] In some embodiments, the GaN-based device
layer structure may include a GaN channel layer. The
thinning may include exposing the GaN channel layer.
[0011] In some embodiments, the first wafer may in-
clude a barrier layer structure between the GaN channel
layer and the first bonding layer. The barrier layer struc-
ture may include at least an AIGaN layer or an InAIN
layer.
[0012] In some embodiments, the first wafer may in-
clude a stress layer structure between the barrier layer
structure and the first bonding layer. The stress layer
structure may include a GaN layer.
[0013] In some embodiments, the GaN-based device
layer structure may include a doped source-drain con-
tacting layer in contact with the GaN channel layer. That
is, the GaN channel layer may be epitaxially grown on (a
surface of) the doped source-drain contacting layer. The
thinning may include exposing the contacting layer, and
to not expose the then underlying GaN channel layer.
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[0014] In some embodiments, the first wafer may in-
clude a metal layer between the GaN-based device layer
structure and the first bonding layer, and an electrically
insulating layer (such as e.g. an oxide or nitride) between
the metal layer and the GaN-based device layer struc-
ture. The metal layer may for example serve as a heat
redistribution layer. Such a layer may e.g. serve to re-
move heat generated by e.g. the GaN-based device.
[0015] In some embodiments, the method may include
forming, subsequent to the bonding, one or more thermal
(metal) vias connecting to the metal layer. Such vias may
further help to remove heat taken up by the heat redis-
tribution layer and to move such heat to e.g. an outside
of the device layer structure.
[0016] In some embodiments, the method may in-
clude, subsequent to the bonding, forming one or more
(metal) vias connecting to the BEOL interconnect struc-
ture (of the active device originally provide on the second
wafer). Such vias may be for electrical connections, but
also serve e.g. to remove heat.
[0017] According to a second aspect of the present
disclosure, a semiconductor device is provided. The de-
vice may include a Si substrate. The device may include
an active device layer formed on the substrate (including
e.g. a CMOS transistor or similar). The device may in-
clude a BEOL interconnect structure formed on the active
device layer (to e.g. electrically contact the active device).
The device may further include an N-polar HEMT bonded
via a bonding stack to the interconnect structure. The N-
polar HEMT may include an N-polar GaN channel. The
production of such a device may include performing the
steps of the method according to the first aspect.
[0018] In some embodiments, the device may further
include a stress layer structure arranged between the
GaN channel and the bonding stack. The stress layer
structure may include a GaN layer.
[0019] In some embodiments, the device may further
include a doped source-drain contacting layer in contact
with the GaN channel.
[0020] In some embodiments, the device may further
include a metal layer between the bonding stack and the
HEMT, and an electrically insulating layer between the
metal layer and the HEMT.
[0021] In some embodiments, the HEMT may be a
metal-oxide-semiconductor (MOS) HEMT (i.e. a
MOSHEMT).
[0022] In some embodiments, a gate of the HEMT may
be recessed into the GaN channel.
[0023] The present disclosure relates to all possible
combinations of features recited in the claims. Further,
any embodiment described with reference to the method
according to the first aspect may be combinable with any
of the embodiments described with reference to the cir-
cuit according to the second aspect, and vice versa. For
example, a description of a feature of a method according
to the first aspect (such as for example a description of
a certain device, certain layer, or some other structure)
may apply also to a corresponding similar or same feature

of the device according to the second aspect, or vice
versa.
[0024] Further objects and advantages of the various
embodiments of the present disclosure will be described
below by means of exemplifying embodiments.

Brief description of the drawings

[0025] Exemplifying embodiments will be described
below with reference to the accompanying drawings, in
which:

Figures 1a to 1g illustrate schematically a flow or
flows of various embodiments of a method according
to the present disclosure, and
Figures 2a and 2b illustrate schematically various
embodiments of a device according to the present
disclosure.

[0026] In the drawings, like reference numerals will be
used for like elements unless stated otherwise. Unless
explicitly stated to the contrary, the drawings show only
such elements that are necessary to illustrate the exam-
ple embodiments, while other elements, in the interest
of clarity, may be omitted or merely suggested. As illus-
trated in the figures, the sizes of elements and regions
may not necessarily be drawn to scale and may e.g. be
exaggerated for illustrative purposes and, thus, are pro-
vided to illustrate the general structures of the embodi-
ments.

Detailed description

[0027] Exemplifying embodiments will now be de-
scribed more fully hereinafter with reference to the ac-
companying drawings. The drawings show currently pre-
ferred embodiments, but the invention may, however, be
embodied in many different forms and should not be con-
strued as limited to the embodiments set forth herein;
rather, these embodiments are provided for thorough-
ness and completeness, and fully convey the scope of
the present disclosure to the skilled person.
[0028] With reference to Figures 1a to 1g, flows of var-
ious embodiments of a method of forming a semiconduc-
tor device will now be described in more detail.
[0029] Figure 1a illustrates schematically a first step
of forming a first wafer 1100. In a first substep S1100, a
first substrate 1110 is provided. The first substrate 1110
has a front side 1112 and a backside 1114. The first sub-
strate 1110 may for example be a Si substrate. The front
side 1112 of the first substrate 1110 may for example be
a Si(111) face. The backside 1114 of the first substrate
1110 may serve as a backside of the first wafer 1100.
[0030] In a second substep S1110 of the step of form-
ing the first wafer 1100, a III-V semiconductor layer stack
1200 is grown on the front side 1112 of the first substrate
1110. The growth may for example be an epitaxial
growth. Exemplary epitaxial growth processes for grow-
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ing the III-layers may include vapor phase deposition
such as metal-organic chemical vapor deposition
(MOCVD), molecular beam epitaxy (MBE) or physical
vapor deposition (PVD). The III-V semiconductor layer
stack 1200 includes a GaN-based device layer structure
1300. The III-V semiconductor layer stack 1200 may for
example include a plurality of layers of various III-N ma-
terials.
[0031] In a first alternative third substep S1120 of the
step of forming the first wafer 1100, a first bonding layer
1120 is provided on top of the III-V semiconductor layer
stack 1200.
[0032] In a second alternative third substep S1121 of
the step of forming the first wafer 1100, an electrically
insulating layer 1130 and a metal layer 1132 are provided
on the III-V semiconductor layer stack 1200 before the
first bonding layer 1120 is added. It is envisaged that the
metal layer 1132, if provided, may be further shaped (i.e.
by removal of some parts of the metal layer 1132) to allow
for e.g. vias to pass therethrough. The metal layer 1132
may for example serve as a heat redistribution layer. The
metal layer 1132 may also function as a shield layer to
reduce e.g. cross talk between layers above the metal
layer 1132 and layers below the metal layer 1132. The
electrically insulating layer 1130 may for example be a
protection oxide/nitride. It is envisaged that a thickness
of the layer 1130 may be such that it is thick enough to
provide less parasitic capacitance, but thin enough to
take heat out from the GaN-based device layer structure
1300 and transfer this heat to the metal layer 1132 for
further transport.
[0033] After the first bonding layer 1120 has been pro-
vided, it is envisaged that the first bonding layer 1120
may be planarized, using e.g. chemical-mechanical pol-
ishing (CMP) or similar.
[0034] Figure 1b illustrates schematically a step of
forming a second wafer 1400. In a first substep S1200
of this step, a second substrate 1410 is provided. The
second substrate 1410 is preferably a Si substrate. A
side 1412 of the second substrate 1410 may for example
be a Si(100) face.
[0035] In a second substep S1210 of the step of form-
ing the second wafer 1400, an active device layer 1420
(e.g. a CMOS device layer) is provided/supported on the
side 1412 of the second substrate 1410.
[0036] In a third substep S1220 of the step of forming
the second wafer 1400, a back-end of line (BEOL) inter-
connect structure 1430 is provided on the active device
layer 1420. The BEOL interconnect structure 1430 may
provide e.g. contacts, routings and similar required for
an active device (e.g. a CMOS transistor) formed in the
active device layer 1420 to function properly. Although
the structure 1430 is illustrated as a layer on top of the
active device layer 1420, it is of course envisaged that
the structure 1430 may extend e.g. into the active device
layer 1420 as needed (not shown).
[0037] In a fourth substep S1230 of the step of forming
the second wafer 1400, a second bonding layer 1440 is

provided on the active device layer 1420 and the BEOL
interconnect structure 1430. After the second bonding
layer 1440 has been provided, the second bonding layer
1440 may be planarized using e.g. CMP or similar.
[0038] It is envisaged that the method of the present
disclosure may include forming of the second wafer as
described herein. It is also envisaged, in some embodi-
ments, that the second wafer is already provided, and
for example bought from a manufacturer or similar. In
some embodiments, the second wafer so obtained may
be without e.g. the second bonding layer. It is then en-
visaged that the method may include receiving the sec-
ond wafer without the second bonding layer, and to add
the second bonding layer in order to complete the second
wafer.
[0039] Figure 1c illustrates schematically a step
S1300, wherein the first wafer 1100 is bonded to the sec-
ond wafer 1400. In the bonding, the first bonding layer
1120 of the first wafer 1100 is aligned faced to face with,
and bonded to, the second bonding layer 1440 of the
second wafer 1400. The step S1300 of bonding is per-
formed subsequent to forming of the first wafer and form-
ing of the second wafer.
[0040] The first bonding layer 1120 and the second
bonding layer 1440 may for instance be oxide layers,
allowing oxide-oxide bonding, or nitride layers, allowing
nitride-nitride bonding. However, it is envisaged that also
other conventional wafer bonding techniques may be
used such as by adhesive bonding layers, etc.
[0041] Figure 1d illustrates schematically a step
S1400, wherein a thinning of the first wafer 1100 is per-
formed. The thinning (as indicated by the arrow S1401)
is done from the backside 1114 of the first wafer 1100
(i.e. the backside 1114 of the first substrate 1110), and
includes removing at least the first substrate 1110.
Phrased differently, in the step S1400, the first substrate
1100 is removed such that the III-V semiconductor layer
stack (structure) 1200 is exposed. It is envisaged (but
not shown in Figure 1d) that the thinning S1401 may in-
clude removing also part of the II-V semiconductor layer
stack 1200, thereby exposing a surface of the GaN-
based device layer structure 1300. The thinning S1401
in the step S1400 is performed subsequently to the bond-
ing in step S1300.
[0042] After having performed the thinning in step
S1400, the method according to the present disclosure
has thereby provided a GaN-based device layer structure
and an active device layer (e.g. a CMOS transistor layer)
provided on a same substrate (the second Si substrate
of the second wafer). This while requiring only a single
bonding step, and without the use of additional wafers
and/or substrates used to for example temporarily carry
one or more layers. The method may therefore provide
a more convenient, more cost-effective and less error-
prone way of cointegrating GaN-based devices with e.g.
devices built on CMOS technology and on e.g. Si sub-
strates.
[0043] Figure 1e illustrates schematically an optional
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further step S1500, wherein the III-V semiconductor layer
stack 1200 and the GaN-based device layer structure
1300 therein are further processed in order to create a
GaN-based device in the GaN-based device layer struc-
ture 1300. This may include e.g. performing various front-
end of line (FEOL) processing steps, such as patterning
of the device layer structure 1300, forming shallow trench
isolation (STI), gate formation, or similar to define one or
more active areas of the GaN-based device. This may
also include performing various BEOL processing steps
to provide a BEOL interconnect structure 1500 also for
the GaN-based device, including e.g. contacts, routings
and similar required for the GaN-based device to function
properly. This may further include e.g. forming various
vias 1510 electrically connecting e.g. the BEOL intercon-
nect structure 1500 to the BEOL interconnect structure
1430 and the active device layer 1420 originally belong-
ing to the second wafer 1400. In addition, if e.g. one or
more metal layers 1132 are included for heat redistribu-
tion (such as shown in Figure 1e, and as e.g. provided
in the second alternative third substep S1121 of the step
of forming the first wafer 1100), thermal vias 1520 may
be provided for extracting heat from such one or more
metal layers 1132.
[0044] Figure 1f illustrates schematically an example
of a III-V semiconductor layer stack 1200 as grown on
the first substrate 1110 of the first wafer 1100, before
provision of the first bonding layer 1120 and before the
bonding in step S1300 and the thinning S1401 in step
S1400. The stack 1200 includes an AIN layer 1211. The
AIN layer 1211 may for example have a thickness of ap-
proximately 200 nm. The stack 1200 includes one or
more AIN/AIGaN transition layers 1212. A thickness of
the transition layers 1212 may for example be approxi-
mately 1.2 mm. The stack 1200 includes a C doped
Al0.08Ga0.92N layer 1213. A thickness of the layer 1213
may for example be approximately 1 mm. The stack 1200
includes a C doped GaN layer 1214. A thickness of the
layer 1214 may for example be approximately 1 mm. The
stack 1200 may further include one or more etch stop
layers 1215 and 1216. In the example illustrated in Figure
1f, the etch stop layer 1215 is a Al0.35Ga0.65N layer, with
a thickness of for example approximately 0.05 mm. The
etch stop layer 1216 is an AIN layer, with a thickness of
for example approximately 2 nm. Together, the layers
1211 to 1216 form a buffer layer structure 1210. In some
embodiments, the etch stop layers (e.g. the layers 1215
and 1216) may instead not form part of the buffer layer
structure 1210, but be separate layers provided between
the buffer layer structure 1210 and the GaN-based device
layer structure 1300. The buffer layer structure 1210 may
be removed during thinning of the first wafer 1100, i.e.
during step S1400. The etch stop layers may for example
help to obtain a more uniform thickness of e.g. a GaN
channel layer 1310 (as will be described below) after the
etch is completed. It is envisaged that a buffer layer struc-
ture may also have other, or same but differently ar-
ranged, layers than those illustrated as layers 1211 to

1214 (or 1211 to 1216). The functionality of the buffer
layer structure shall in any way be such that it handles
e.g. a mismatch of lattice constants between the first sub-
strate 1110 and the one or more layers of the GaN-based
device layer structure 1300.
[0045] The III-V semiconductor layer stack 1200 in-
cludes the GaN-based device layer structure 1300. The
structure 1300 includes a GaN channel layer 1310. The
channel layer 1310 may e.g. be undoped, and have a
thickness of between approximately 10 to 100 nm. The
structure 1300 includes an AIN spacer layer 1320, with
a thickness of approximately 1 nm. The layer 1320 may
be optional. Further, the structure 1300 includes an
Al0.35Ga0.65N layer 1330. A thickness of the layer 1330
may for example be approximately 0.025 mm. The struc-
ture 1300 also includes a further GaN layer 1340. The
layer 1340 may e.g. be undoped, and have a thickness
of between approximately 50 to 200 nm. The layers 1320
and 1330 may form part of a barrier layer structure, and
be provided between the GaN channel layer 1310 and
the first bonding layer 1120 (not shown in Figure 1f). Such
a barrier layer structure may for example serve to help
contain a two-dimensional electron gas (2DEG) at the
interface between the barrier layer structure and the GaN
channel layer 1310, if the GaN-based device layer struc-
ture 1300 is to be formed into e.g. a HEMT or MOSHEMT
device. The further GaN layer 1340 may serve as, or form
part of, a stress layer structure provided between the
barrier layer structure and the first bonding layer 1120.
Such a stress layer structure may help to keep the layers
(e.g. the layers 1320 and 1330) of the barrier layer struc-
ture stressed also after transferring during the bonding
step S1300. In some embodiments, the layer 1330 may
instead be an InAIN layer instead of an AIGaN layer. It
is envisaged that an InAIN layer in the barrier layer struc-
ture may offer e.g. a lower sheet resistance. An InAIN
layer may also be lattice matched to GaN. Thinning of
the first wafer 1100 may include removing e.g. the first
substrate 1110 and the buffer layer structure 1210, there-
by exposing a surface of the GaN channel layer 1310.
Depending on what type of GaN-based device that is to
be fabricated in the GaN-based device layer structure, it
is of course envisaged that the GaN-based device layer
structure 1300 may include other, or same but differently
arranged, layers than the layers 1310, 1320, 1330 and
1340.
[0046] Figure 1g illustrates schematically an alterna-
tive example of a III-V semiconductor layer stack 1201
similar to the stack 1200 described with reference to Fig-
ure 1f. In the stack 1201, the GaN-based device layer
structure 1301 includes an additional InGaN layer 1350,
arranged between the GaN channel layer 1310 and the
buffer layer structure 1210. The layer 1350 may be a
doped layer (e.g. n+ doped), and be used for source-
drain contacting of the GaN channel layer 1310. A thick-
ness of the layer 1350 may for example be approximately
50 nm.
[0047] With reference to Figures 2a and 2b, various
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embodiments of a semiconductor device according to
the present disclosure will now be described in more de-
tail.
[0048] Figure 2a illustrates schematically a semicon-
ductor device 2000 according to one embodiment. The
device 2000 includes a substrate 2410 (which may cor-
respond to the second substrate 1410), preferably a Si
substrate, on which an active device layer structure in
form of a CMOS device layer 2420 is formed. The CMOS
device layer 2420 may for example be or include a CMOS
transistor, and correspond to the active device layer
1420. There is also provided a BEOL interconnect struc-
ture 2430 on the CMOS device layer 2420. As described
earlier herein, although not visible in Figure 2a, the BEOL
interconnect structure 2430 may of course extend into
the CMOS device layer 2420, in order to provide the nec-
essary contacts and routings needed for the CMOS de-
vice (such as e.g. a CMOS transistor) to function properly
and communicate with the rest of the device 2000. The
BEOL interconnect structure 2430 may correspond to
the structure 1430. The CMOS device layer 2420 may
for example be provided on a Si(100) face of the substrate
2410.
[0049] A bonding stack 2450 is provided on the BEOL
interconnect structure 2430. The bonding stack 2450
may for example be formed by bonding two bonding lay-
ers together, such as done when bonding the bonding
layers 1120 and 1440 in the method described earlier
herein.
[0050] A heat redistribution metal layer 2132 and an
electrically insulating layer 2130 are provided on the
bonding stack 2450. The heat redistribution metal layer
2132 may e.g. correspond to the metal layer 1132. The
electrically insulating layer 2130 may e.g. be a protection
oxide/nitride, and correspond to the layer 1130.
[0051] An undoped GaN layer 2340 (approximately
50-200 nm thick) is provided on the electrically insulating
layer 2130. The layer 2340 may e.g. correspond to the
layer 1340. A barrier layer structure including an
Al0.35Ga0.65N layer 2330 (approximately 0.025 mm thick,
or an InAIN layer as described earlier herein) and an AIN
spacer layer 2320 (approximately 1 nm thick) are provid-
ed on the layer 2340. The layers 2330 and 2320 may
correspond e.g. to the layers 1330 and 1320, respective-
ly. The GaN layer 2340 may form part of a stress layer
structure, similar to the stress layer structure described
with reference to e.g. Figure 1f. On top of the spacer layer
2320 is provided an undoped GaN channel layer 2310
(approximately 10-50 nm thick). The GaN channel layer
(or simply GaN channel) 2310 may e.g. correspond to
the GaN channel (layer) 1310.
[0052] An oxide layer 2600 (e.g. a SiO2 layer) is pro-
vided on the GaN channel layer 2310. Source and drain
metal stacks 2700 and 2710 are provided through the
oxide layer 2600, and contacts the GaN channel layer
2310 and a 2DEG 2720 formed at the interface between
the barrier layer structure and the GaN channel layer
2310. A gate metal 2730 is also provided through the

oxide layer 2600, and separated from the oxide layer
2600 and the GaN channel layer 2310 with the help of a
gate dielectric 2740. The gate 2730 may be recessed
somewhat into the GaN channel layer 2310, in order to
bring the gate 2730 closer to the 2DEG 2720. The layers
2340, 2330, 2320, 2310; the source and drain metal
stacks 2700 and 2710, the gate 2730 and gate dielectric
2740 together forms part of a MOSHEMT 2800, cointe-
grated with the CMOS device layer 2420. The 2DEG
2720 may be modulated by application of a gate bias
using the gate 2730. A turn-on voltage of the transistor
2800 may be negative, as the channel formed by the
2DEG 2720 is already present when zero gate bias is
applied. Turning off the transistor 2800 may require a
negative gate bias.
[0053] Due to orientation of the GaN channel layer
2310, such as obtained by the use of a method as de-
scribed herein, the MOSHEMT 2800 is N-polar. This in
contrast to other transistors, such as provided by con-
ventional HEMT stack formation on a Si substrate, and
not as formed by a method as described herein. In such
other (HEMT) transistors, the direction of layers will be
reversed, such that e.g. the barrier layer structure will
above (e.g. further from the substrate than) the GaN
channel. This results in the 2DEG being formed above
the GaN channel, and in a Ga-polar growth of e.g. the
interfaces. This may result from e.g. a spontaneous and
piezoelectric polar nature of the bonding of the group III
and Nitrogen materials.
[0054] It may be envisaged that e.g. the gate dielectric
2740 is not provided, and that the device 2800 is instead
a HEMT.
[0055] Figure 2b illustrates schematically an alterna-
tive embodiment of a semiconductor device 2001. The
device 2001 is similar to the device 2000 described with
reference to Figure 2a, but with the HEMT 2801 including
an additional layer 2350 of doped InGaN in between the
GaN channel layer 2310 and the oxide layer 2500. The
layer 2350 may correspond e.g. to the layer 1350 de-
scribed with reference to Figure 1g, and have a thickness
of for example approximately 50 nm. The layer 2350 may
e.g. function as a doped source-drain contacting layer,
in contact with the GaN channel layer. Additional, inner
spaces 2750 are also provided between the gate dielec-
tric 2740 and e.g. the oxide layer 2600 and the layer 2350.
[0056] As the main channel current does not flow at
the gate dielectric interface, the devices 2000 and 2001
may help to achieve a high or very high electron mobility
(e.g. > 1000 cm2/Vs). Additional, as no buffer layers (such
as the buffer layer structure 1210) remains after thinning,
degradation of the performance of the devices due to
various traps in the buffer regions may also be avoided.
[0057] In general, the present disclosure provides a
way of integrating a GaN based device together with a
CMOS based device on a Si substrate. This without re-
quiring additional transfer wafers/substrates, and/or with-
out multiple bonding steps. The present disclosure also
provides a semiconductor device, e.g. a MOSHEMT or
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HEMT. The method may be used to perform parts of the
manufacturing process of such a device, and the result-
ing arrangement of the various layers provides a barrier
layer structure below the GaN channel, and thus a 2DEG
formed below the GaN channel, and results in such a
device being N-polar instead of Ga-polar.
[0058] The person skilled in the art realizes that the
present disclosure is by no means limited to the embod-
iments described above. On the contrary, many modifi-
cations and variations are possible within the scope of
the appended claims.
[0059] Although features and elements are described
above in particular combinations, each feature or ele-
ment may be used alone without the other features and
elements or in various combinations with or without other
features and elements.
[0060] Additionally, variations to the disclosed embod-
iments can be understood and effected by the skilled
person in practicing the claimed invention, from a study
of the drawings, the disclosure, and the appended claims.
In the claims, the word "comprising" does not exclude
other elements, and the indefinite article "a" or "an" does
not exclude a plurality. The mere fact that certain features
are recited in mutually different dependent claims does
not indicate that a combination of these features cannot
be used to advantage.

Claims

1. A method of forming a semiconductor device, com-
prising:

forming (S1100-S1121) a first wafer (1100)
comprising, on a front side (1112), a III-V sem-
iconductor layer stack (1200) on a first substrate
(1110) and a first bonding layer (1120), the III-
V semiconductor layer stack comprising a GaN-
based device layer structure (1300) and being
grown on the first substrate;
subsequent to forming the first wafer, bonding
(S1300) the first bonding layer to a second bond-
ing layer (1440) of a second wafer (1400), the
second wafer comprising a second silicon sub-
strate (1410) supporting an active device layer
(1420), a BEOL interconnect structure (1430)
and the second bonding layer; and
subsequent to the bonding, thinning (S1401) the
first wafer from a backside (1114), including re-
moving at least the first substrate.

2. The method of claim 1, the III-V semiconductor layer
stack comprising a buffer layer structure (1210) be-
tween the first substrate and the GaN-based device
layer structure, and the thinning including removing
the buffer layer structure.

3. The method of claim 2, the III-V semiconductor layer

stack comprising one or more etch stop layers (1215,
1216) between the buffer layer structure and the
GaN-based device layer structure.

4. The method of any one of the preceding claims, com-
prising, subsequent to the thinning, processing
(S1500) the GaN-based device layer structure to
form a transistor device (2800, 2801).

5. The method of any one of the preceding claims, the
GaN-based device layer structure comprising a GaN
channel layer (1310).

6. The method of any one of the preceding claims, the
first wafer comprising a barrier layer structure be-
tween the GaN channel layer and the first bonding
layer, the barrier layer structure comprising at least
an AIGaN layer (1330) or an InAIN layer (1330).

7. The method of claim 6, the first wafer including a
stress layer structure between the barrier layer struc-
ture and the first bonding layer, the stress layer struc-
ture comprising a GaN layer (1340).

8. The method of any one of claims 5 to 7, the GaN-
based device layer structure comprising a doped
source-drain contacting layer in contact with the GaN
channel layer, the thinning comprising exposing the
contacting layer.

9. The method of any one of the preceding claims, the
first wafer comprising a metal layer (1132) between
the GaN-based device layer structure and the first
bonding layer, and an electrically insulating layer
(1130) between the metal layer and the GaN-based
device layer structure.

10. The method of claim 9, comprising forming (S1500),
subsequent to the bonding, one or more thermal vias
(1520) connecting to the metal layer.

11. The method of any one of the preceding claims, com-
prising, subsequent to the bonding, forming (S1500)
one or more vias (1510) connecting to the BEOL
interconnect structure.

12. A semiconductor device (2000, 2001), comprising:

a silicon substrate (2410);
an active device layer (2420) formed on the sub-
strate;
a BEOL interconnect structure (2430) formed on
the active device layer, and
an N-polar high-electron-mobility transistor,
HEMT, (2800, 2801) bonded via a bonding stack
(2450) to the interconnect structure and com-
prising an N-polar GaN channel (2310).
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13. The semiconductor device of claim 12, further com-
prising a metal layer (2132) between the bonding
stack and the HEMT, and an electrically insulating
layer (2130) between the metal layer and the HEMT.

14. The semiconductor device of any one of claims 12
to 13, wherein the HEMT is a metal-oxide-semicon-
ductor HEMT, MOSHEMT.

15. The semiconductor device of any one of claims 12
to 14, wherein a gate (2730) of the HEMT is recessed
into the GaN channel.
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