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1
GAN-ON-SI SEMICONDUCTOR DEVICE
STRUCTURES FOR HIGH CURRENT/ HIGH
VOLTAGE LATERAL GAN TRANSISTORS
AND METHODS OF FABRICATION
THEREOF

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED [APPLICA-
TION] APPLICATIONS

The present application is a reissue application of U.S.
patent application Ser. No. 15/447,200 filed Mar. 2, 2017,
now U.S. Pat. No. 10,283,501, which claims the benefit of
U.S. provisional application No. 62/302,850 filed Mar. 3,
2016.

TECHNICAL FIELD

The present invention relates to fabrication of devices and
systems comprising high current/high voltage nitride semi-
conductor devices, and particularly to lateral Gallium
Nitride (GaN) power transistors, for improved reliability.

BACKGROUND

GaN devices are expected to be widely adopted for power
switches as production costs are reduced, for example, by
fabrication of lateral GaN transistors on lower cost silicon
substrates (GaN-on-Si die). Lateral GaN power transistors
offer low on-resistance R_,, and high current capability per
unit active area of the device.

For example, lateral GaN High Electron Mobility Tran-
sistors (HEMTs) comprise a GaN heterolayer structure com-
prising a layer of GaN and an overlying layer of Aluminum
Gallium Nitride (AlGaN). The GaN/AlGaN heterostructure
provides a two-dimensional Electron Gas (2DEG) active
layer. The GaN semiconductor layers are epitaxially grown
on the underlying native silicon substrate (“growth sub-
strate”). Since there is a lattice mismatch between the GaN
semiconductor layers and the silicon surface, the stack of
epitaxial layers (epi-layer stack) typically comprises one or
more intermediate layers, which may be referred to as
transition layers or buffer layers, underlying the GaN/Al-
GaN heterostructure layers.

Silicon growth substrates offer lower cost fabrication
relative to conventional growth substrates for GaN devices,
such as, silicon carbide or sapphire. In particular, silicon
substrates are available as large diameter, low cost wafers. It
is desirable to increase wafer scale processing for GaN-on-
Silicon structures to enable use of at least 8 inch or 12 inch
silicon wafers.

However, the lattice mismatch between the GaN semi-
conductor layers and the silicon surface tends to cause
significant interlayer stresses/strains and wafer bowing
when using large scale wafers. A thinner epi-layer stack
thickness, e.g. ~2 pum, helps to reduce stresses and wafer
bowing that is caused by the GaN/Si lattice mismatch, so
that use of larger diameter wafers for larger scale fabrication
becomes feasible. However, for high voltage and high
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2

current devices, the use of a thicker GaN epi-layer stack, e.g.
~6 um, may be preferred to provide increased breakdown
voltage.

The lattice mismatch and the resulting interlayer stresses/
strains between the GaN epi-layers and the silicon substrate
introduces defects, such as misfit dislocations, which can
potentially lead to cracking during fabrication and subse-
quent defect related reliability issues.

One significant issue is cracking or propagation of defects
in the GaN epi-layers during wafer dicing to separate
individual die. For example, it has been observed that wafer
dicing using conventional mechanical sawing, i.e. blade
dicing with a diamond saw, can cause dicing damage that
seeds cracks in the GaN epi-layers. If these cracks are not
detected in final test, the cracks can subsequently propagate
into active areas of the device and cause reliability issues.
Laser ablation or laser grooving is another well-established
approach to die singulation, which avoids the mechanical
damage and debris caused by wafer sawing with a blade.
Laser grooving may be used instead of wafer sawing, or in
combination with conventional wafer sawing. However, it
has been observed that laser grooving also creates surface
damage and/or defects in the region of the substrate/GaN
epi-layer interface. A subsequent etching or surface cleaning
step may be required to mitigate this damage.

Other methods for wafer dicing include plasma dicing,
Stealth Dicing (SD) and other methods using laser induced
cleaving or splitting. Plasma dicing uses reactive ion etching
or other form of dry etching, to cut a trench and remove
material from the dicing street. Stealth dicing uses high
power laser pulses, which create microscopic sub-surface
damage to initiate controlled cleaving or splitting of the
substrate wafer along the laser defined scribe line.

“Stealth Dicing” is disclosed for example in U.S. Pat. No.
6,992,026; https://jp.hamamatsu.com/sd/SD_MENU_Com-
parison_eg_html; and http://www.hamamatsu.com/eu/en/
technology/innovation/sd/index.html. For some substrate
materials, the latter approach has been reported to reduce
damage and debris and eliminate the need for a cleaning or
etching to remove dicing debris or laser damage after dicing,
e.g. when cutting substrate materials such as silicon and
glass. United States patent publication No. US 2015/
0123264 to Napetschnig et al. (Infineon), discusses limita-
tions of plasma dicing and discloses that modern wafer
dicing methods, such as plasma dicing offer advantages for
some materials, but may not be suitable for cutting through
other materials, e.g. thick metal layers such as back-side
contact metallization layers. United States patent publication
No. US2012/0292642 to Urata et al. entitled “Functional
Element and Manufacturing Method of the Same” makes
reference to several prior art patent documents disclosing
methods for cleaving or splitting semiconductor substrates.
For example, this reference discloses a method of splitting
a wafer comprising a GaN HEMT on a silicon carbide
substrate using a property altering laser light, i.e. having
short pulses picosecond or femtosecond pulsed laser, to form
subsurface regions that are easier to split and/or to laser cut
V-grooves as scribe lines to facilitate controlled splitting or
cleaving of a sapphire or silicon carbide wafer. However, for
GaN-on-Si die, stealth dicing or other methods for inducing
cleaving of the GaN epi-layers would lead to cracking and
damage of the GaN-epilayers.

Thus, it is apparent that there is a range of known methods
available for die singulation including conventional
mechanical cutting or sawing, laser ablation or laser groov-
ing, plasma dicing or dry etching of grooves or trenches, and
or more recently introduced laser induced cleaving/splitting
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techniques. However, none of the above mentioned refer-
ences address issues of cracking or delamination of the GaN
epi-layers during wafer dicing for singulation of large area
GaN-on-Si die comprising high voltage/high current GaN
power transistors.

In contrast, the issue of crack formation and propagation
in dielectric layers at corners or edges of a die during wafer
dicing is well recognized. For example, issues of poor yield
and reliability caused by poor mechanical properties of low
k dielectrics which can lead to dicing induced damage and
may cause cracking of dielectric layers and delamination of
metal and dielectric layers is discussed, for example, in
United States Patent Application publication No. US 2015/
0311162 Al, to Chen (TSMC) entitled “Dicing Structures
for Semiconductor Substrates and Methods of Fabrication
Thereof”; U.S. Pat. No. 8,354,734 B2 to Wang (TSMC)
entitled “Semiconductor Device with Crack Prevention
Ring”; U.S. Pat. No. 9,105,706 B2 to Otsuka (Fuyjitsu),
entitled “Semiconductor Device Fabrication Method
Capable Of Scribing Chips With High Yield”; and U.S. Pat.
No. 8,652,939B2 to Sung (TSMC) entitled “Method and
Apparatus for Die Assembly”. Thus, as disclosed in these
references, various protective structures such as grooves,
sealing rings or other structures, may be provided around
edges of the die to protect edges of the dielectric and
metallization layers during dicing, and prevent cracking of
dielectric layers. However, such structures do not address
issues with dicing induced cracking or defect creation in the
active regions comprising GaN epi-layers on a silicon sub-
strate, where lattice mismatch creates significant interlayer
stresses/strains and misfit dislocations in the GaN epi-layers.

In the field of GaN optoelectronic devices, it is known to
pattern the silicon substrate to provide mesa structures, and
then form the GaN devices on the mesas. The active regions
are thereby raised above the silicon surface and spaced from
the scribe lines, so that dicing damage is kept away from the
active device regions, e.g. see U.S. Pat. No. 5,874,747 B2 to
Redwing et al., entitled “High Brightness Electrolumines-
cent Device Emitting In The Green To Ultraviolet Spectrum
And Method Of Making The Same”. Thus, a combination of
processing and etching to form devices on mesas with
trenches in between, followed by conventional wafer saw-
ing. This reference teaches that growth on reduced area
mesas, e.g. 50 um vs. 200 um can reduce defect densities.
Due to the small area of the mesas, e.g. 170 um diameter
used for LEDs, misfit dislocations due to lattice mismatch
can move or migrate to edges of the mesa and annihilate.

However, for large area, high voltage, high current lateral
GaN power transistors, such as lateral GaN HEMTs, device
sizes are significantly larger, i.e. in the order of millimeters
square, e.g. a die size of 6 mm by 2 mm, or 10 mmx10 mm
or more. The GaN epi-layer structure is typically several
microns thick, e.g. 2 um to 6 pum and extends over the entire
wafer area. The active area of the transistor itself may be
surrounded by an inactive region, which may include a
protective structure such as a seal ring, as mentioned above.
The individual die are typically separated by a dicing street
of about 60 pm to 120 um in width to provide for wafer
sawing along a marker or scribe line spaced at least 40 um
from each die. Thus, for GaN power devices with these large
die sizes, interlayer stresses/strains between the GaN epi-
layers and the silicon substrate can lead to cracking, and
dicing induced damage can significantly reduce yield of
good die, as well as compromise long term device reliability.

An object of the present invention is to provide a device
structure and a method of fabrication for GaN power
devices, such as lateral GaN/AlGaN HEMTs, which
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4

addresses issues of interlayer stresses which lead to potential
cracking and creation of defects in the GaN epi-layers
during fabrication, and particularly during wafer dicing, for
improved yield and reliability.

SUMMARY OF INVENTION

The present invention seeks to provide improved struc-
tures and methods of fabrication of nitride semiconductor
devices, such as GaN power transistors and systems com-
prising one or more lateral GaN power transistors, which
addresses at least one of the above mentioned problems, or
at least provides an alternative.

Aspects of the invention provide a GaN-on-Si semicon-
ductor device structure comprising a lateral GaN transistor,
and a method of fabrication thereof.

One aspect of the invention provides a wafer scale nitride
semiconductor device structure comprising:

a silicon substrate having formed thereon an GaN epi-layer
stack for a plurality of GaN die (GaN-on-Si die), said
plurality of GaN die being arranged as an array with dicing
streets therebetween;

each GaN die comprising:

a part of the GaN epi-layer stack, the GaN epi-layer stack
comprising a GaN/AlGaN hetero-layer structure defin-
ing a two dimensional electron gas (2DEG) active layer
for the lateral GaN transistor;

a conductive metallization layer formed thereon defining
source and drain electrodes of the lateral GaN transis-
tor, and a gate electrode formed on a channel region
between respective source and drain electrodes of the
lateral GaN transistor; said source, drain and gate
electrodes being provided on a front-side of the epi-
layer stack over an active area of the die, an inactive
area of the GaN epi-layer stack surrounding said active
area of each die, and an overlying interconnect struc-
ture comprising metallization and dielectric layers
formed thereon; and

a (pre-dicing) trench structure formed around the periph-
ery of each GaN die in said inactive area, the (pre-
dicing) trench structure comprising a trench etched
through any overlying dielectric layers of the intercon-
nect structure, through the GaN epi-layer stack, and
into a surface region of the silicon substrate to a depth
below the interface region between the silicon substrate
and the GaN epi-layer stack.

Another aspect of the invention provides a nitride semi-

conductor device comprising:

a GaN die comprising a silicon substrate and a GaN epi-
layer stack formed thereon comprising a GaN/AlGaN het-
ero-layer structure defining a two dimensional electron gas
(2DEG) active layer for a lateral GaN transistor;

a conductive metallization layer formed thereon defining
source and drain electrodes of the lateral GaN transis-
tor, and a gate electrode formed on a channel region
between respective source and drain electrodes of the
lateral GaN transistor; said source, drain and gate
electrodes being provided on a front-side of the epi-
layer stack over an active area of the die, an inactive
area of the GaN epi-layer stack surrounding said active
area of each die; and an overlying interconnect struc-
ture comprising metallization and dielectric layers
formed thereon;

a trench structure formed around the periphery (all sides) of
the GaN die extending through any layers of the overlying
interconnect structure, through layers of the GaN epi-layer
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stack, and into a surface region of the silicon substrate to a
depth below the interface between the silicon substrate and
the epi-layer stack.

In a preferred embodiment, the trench structure is laterally
spaced from the adjacent dicing streets, that is, the trench
lies in the inactive region, between the dicing street and the
active region of the epi-layer stack.

In another embodiment, the trench extends into the dicing
street and is laterally spaced from a scribe line of the dicing
street.

In another embodiment, the trench structure extends
across the dicing street between adjacent die.

In some embodiments, the pre-dicing trench structure
further comprising a trench cladding, the trench cladding
comprising at least one passivation layer extending over the
inner (proximal) sidewalls of the trench and sealing exposed
surfaces of any overlying layers of the interconnect struc-
ture, layers of the GaN epi-layer stack and the interface
region of the GaN epi-layers and the silicon substrate.

In some embodiments, the device structure further com-
prises at least one overlying passivation layer, the at least
one overlying passivation layer extending conformally over
surfaces of the die and extending into the trench to form a
trench cladding, the trench cladding extending over the inner
(proximal) sidewalls of the trench and sealing exposed
surfaces of layers of the interconnect structure, layers of the
GaN epi-layer stack and the interface region of the GaN
epi-layers and the silicon substrate.

In some embodiments, the pre-dicing trench structure
further comprises a trench cladding, the trench cladding
comprising a metal layer and an overlying passivation layer,
the trench cladding extending over the inner (proximal)
sidewalls of the trench and sealing exposed surfaces of
layers of the interconnect structure, layers of the GaN
epi-layer stack and the interface region of the GaN epi-
layers and the silicon substrate.

When the die further comprises a seal ring formed over
the inactive region of the GaN epi-layer stack and surround-
ing the lateral GaN transistor, the trench structure is formed
in the inactive region between the sealing ring and the dicing
street.

In some embodiments, the metal layer of the trench lining
is conductive and connects the silicon substrate to the source
of the transistor. When the die further comprise a seal ring
formed over the inactive region of the GaN epi-layer stack
and surrounding the lateral GaN transistor, the trench struc-
ture being formed between the sealing ring and the dicing
street, and wherein the conductive metal layer of the trench
lining connects the silicon substrate to a metallization layer
of the seal ring.

The trench structure serves to protect exposed edges of
layers of the epi-layer stack, the interface region around the
interface between the GaN epi-layers and the silicon sub-
strate, and the basal planes of the GaN epi-layer stack, where
delamination due to intrinsic stress can be a problem. The
trench structure separates the active region of the GaN
power transistor with its surrounding inactive region, from
the dicing street, to protect edges of the epi-layers, including
the interface region, from dicing damage.

The passivation layer of the pre-dicing trench structure
comprises one or more layers of dielectric passivation, e.g.
silicon dioxide, silicon nitride or other suitable dielectric
material. Beneficially, the protective trench structure further
comprises a layer of conductive metallization. The latter is
preferably a metal layer that forms a diffusion barrier for
electro-migration of contaminant ions, such as sodium or
other mobile ions. Thus, firstly the protective trench struc-
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tures serve to reduce risk of dicing induced damage to the
interface region near the interface between the GaN epi-
layers and the silicon substrate, and particularly to reduce
the risk of cracking of the GaN epi-layers during or after
dicing. Secondly, when the protective trench structure com-
prises a protective metal layer extending over the interface
region near the interface between the GaN epi-layers and the
silicon substrate, the metal layer serves to protect the inter-
face region from mechanical damage, and also acts as a
diffusion barrier to protect the active region of the GaN
device from electro-migration of mobile ions or contami-
nants. The protective trench structure separates the cut edges
of the die from the inactive region surrounding the active
2DEG region of the device, that is, the trench is located
outside the active area of the die, in the inactive region
adjacent to, or close to, the scribe street. This further reduces
the risk that any dicing induced damage or defects will
migrate through the GaN epi-layer stack as far as the active
2DEG region of the transistor.

Accordingly, another aspect of the invention provides a
method of fabrication of a nitride semiconductor device
structure, such as described above, comprising steps of:
providing a silicon substrate having formed thereon a GaN
epi-layer stack for a plurality of GaN die, the GaN die being
arranged as an array and spaced apart by dicing streets
therebetween;
each GaN die comprising:

a part of the GaN epi-layer stack comprising a GaN/
AlGaN hetero-layer structure defining a two dimen-
sional electron gas (2DEG) active layer for a lateral
GaN transistor;

a conductive metallization layer formed thereon defining
source and drain electrodes of the lateral GaN transis-
tor, and a gate electrode formed on a channel region
between respective source and drain electrodes of the
lateral GaN transistor, and said source, drain and gate
electrodes being provided on a front-side of the epi-
layer stack, an inactive region of the epi-layer stack
surrounding the active region of the lateral GaN tran-
sistor; and an overlying interconnect structure compris-
ing metallization and dielectric layers formed thereon;

defining a trench structure extending around the periphery of
each die in the inactive region, and spaced laterally from the
active region, the trench structure comprising a trench
extending through any layers of the overlying interconnect
structure, through the GaN epi-layers, and into a surface
region of the silicon substrate to a depth below the interface
of the GaN-epi-layers and the silicon substrate.

The method may further comprise: providing on proxi-
mal/inner sidewalls of the trench a trench lining (trench
cladding) comprising as least one of a passivation layer.

Optionally, the trench cladding comprises a conductive
metal layer and an overlying dielectric passivation layer The
trench lining or cladding extends over an interface region of
the GaN epi-layers and silicon substrate and seals exposed
edges of the GaN epi-layers and the overlying dielectric
layers of the interconnect structure. The trench provides a
gap between the device area and the respective adjacent
dicing streets.

For example, the step of defining the protective trench
comprises:

providing a trench mask to protect at least active areas of
each GaN die and part of the surrounding inactive
areas;

performing a sequence of dry etching steps comprising:
removing any layers within the trench extending over

the GaN epi-layers,
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removing the GaN epi-layers within the trench, and

removing a surface region of the silicon substrate
within the trench to a depth below the interface of the
silicon substrate and the GaN epi-layers.

The method may further comprise dicing along the dicing
streets, e.g. by any one of sawing, laser ablation, plasma
dicing, stealth dicing, laser induced splitting/cleaving, or a
combination thereof.

Preferably, the metal layer of the trench lining provides a
metal barrier layer against to electro-migration of contami-
nant ions. Optionally, the metal layer of the trench lining is
conductive and is also configured to ground the silicon
substrate to the source, i.e. provides a connection between
the transistor source contact area and the substrate at the
bottom of the trench, or alternatively connects the substrate
to a metallization layer of a protective seal ring.

In some embodiments, trenches of the pre-dicing trench
structure may extend across dicing streets, i.e. between die
to provide stress-relief across the wafer.

In some embodiments, e.g. wherein the lateral GaN
transistor comprises a large area, multi-island transistor, the
device structure further comprises a plurality of trenches
defined through the die area, i.e. etched through the GaN
epi-layers, in the x and y directions to divide the GaN
epi-layers within the pre-dicing trench into a plurality of
smaller areas or regions. This plurality of x and y trenches
thereby provide intra-die stress relief across the die area.

Another aspect of the invention provides a wafer scale

nitride semiconductor device structure comprising:
a silicon substrate having formed thereon an Il-nitride
semiconductor epi-layer stack for a plurality of IIl-nitride
semiconductor-on-silicon die (die), said plurality of die
being arranged as an array with dicing streets therebetween;
each die comprising:

a part of the epi-layer stack, the epi-layer stack compris-
ing a hetero-layer structure comprising a first and
second nitride semiconductor layers of different band-
gaps defining a two dimensional electron gas (2DEG)
active layer for a lateral nitride semiconductor transis-
tor or a lateral nitride semiconductor diode;

a conductive metallization layer formed thereon elec-
trodes of the transistor or diode; said electrodes being
provided on a front-side of the epi-layer stack over an
active area of the die, an inactive area of the epi-layer
stack surrounding said active area of each die, and an
overlying interconnect structure comprising metalliza-
tion and dielectric layers formed thereon; and

a (pre-dicing) trench structure formed around the periphery
of each die in said inactive area, the (pre-dicing) trench
structure comprising a trench etched through any overlying
dielectric layers of the interconnect structure, through the
GaN epi-layer stack, and into a surface region of the silicon
substrate to a depth below the interface region between the
silicon substrate and the epi-layer stack. Optionally a trench
lining is provided on proximal (inner) sidewalls of the
trench, comprising at least one passivation layer, and option-
ally a metal layer, sealing exposed edges of the epi-layer
stack and any overlying layers.

Thus, the present invention provides a nitride semicon-
ductor device structure and a method of fabrication thereof,
applicable for GaN power devices, such as lateral GaN/
AlGaN HEMTs, which provides a trench structure to protect
the interface region of the GaN epi-layers and silicon
substrate, and thereby reduce the risk of creation of defects
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and/or cracks in the GaN epi-layers during wafer dicing, for
improved yield and device reliability.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, identical or corresponding elements in
the different Figures have the same reference numeral, or
corresponding elements have reference numerals incre-
mented by 100 in successive Figures.

FIG. 1 (Prior Art) shows a simplified schematic diagram
of a plan view of part of a silicon wafer comprising a
plurality of GaN-on-Si die with dicing streets for dicing of
the wafer along lines x-x and y-y;

FIG. 2 (Prior Art) shows a simplified schematic cross-
sectional diagram of part of a GaN-on-Si die comprising a
lateral GaN power transistor comprising a GaN/AlGaN
heterostructure;

FIG. 3 (Prior Art) shows a simplified schematic cross-
sectional diagram of part of a GaN-on-Si wafer comprising
a die, and parts of neighbouring die, e.g. through line A-A
of'die 10 in FIG. 1, wherein each die comprises a lateral GaN
power transistor comprising a GaN/AlGaN heterostructure,
to illustrate schematically dicing induced defects and crack
propagation, such as may be caused by conventional wafer
sawing;

FIG. 4 (Prior Art) shows a simplified schematic cross-
sectional diagram of part of a GaN-on-Si wafer comprising
a die, and parts of neighbouring die, e.g. through line A-A
of'die 10 in FIG. 1, wherein each die comprises a lateral GaN
power transistor comprising a GaN/AlGaN heterostructure
and a surrounding seal ring, to illustrate schematically
dicing induced defects and crack propagation, such as may
be caused by conventional wafer sawing;

FIG. 5 shows a simplified schematic diagram of a plan
view part of a silicon wafer comprising a plurality of
GaN-on-Si die with dicing streets for dicing of the wafer
along lines x-x and y-y, and further comprising a pre-dicing
trench according to an embodiment of the present invention;

FIG. 6 shows a simplified schematic cross-sectional dia-
gram of part of a GaN-on-Si wafer comprising a die, and
parts of neighbouring die, e.g. through line A-A of die 110
in FIG. 5, wherein each die comprises a lateral GaN power
transistor comprising a GaN/AlGaN heterostructure and a
pre-dicing trench formed around the periphery of the die,
according to a first embodiment of the present invention;

FIG. 7 shows a simplified schematic cross-sectional dia-
gram of part of a GaN-on-Si wafer comprising a die, and
parts of neighbouring die, wherein each die comprises a
lateral GaN power transistor comprising a GaN/AlGaN
heterostructure, a pre-dicing trench formed around the
periphery of the die and a protective edge sealing layer
formed on inner (proximal) sidewalls of the pre-dicing
trench, according to a second embodiment of the present
invention;

FIG. 8 shows a simplified schematic cross-sectional dia-
gram of part of a GaN-on-Si wafer comprising a die, and
parts of neighbouring die, wherein each die comprises a
lateral GaN power transistor comprising a GaN/AlGaN
heterostructure and pre-dicing trench formed around the
periphery of the die, and a protective edge sealing layer
formed conformally over the active region of the die and
extending over the inner (proximal) sidewalls of the pre-
dicing trench, according to a third embodiment of the
present invention;

FIGS. 9 to 13 shows a series of simplified schematic
cross-sectional diagrams through part of a GaN-on-Si wafer
to illustrate a process flow for fabrication of a GaN device
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structure comprising a lateral GaN power transistor com-
prising a GaN/AlGaN heterostructure with a surrounding
seal ring, and pre-dicing trench, according to fourth embodi-
ment of the present invention;

FIG. 14 shows a simplified schematic cross-sectional
diagram of part of a GaN-on-Si wafer comprising a lateral
GaN ftransistor, according to another embodiment of the
present invention; and

FIG. 15 shows a simplified schematic cross-sectional
diagram of part of a GaN-on-Si wafer comprising a lateral
GaN transistor according to yet another embodiment of the
present invention.

The foregoing and other features, aspects and advantages
of'the present invention will become more apparent from the
following detailed description, taken in conjunction with the
accompanying drawings, of preferred embodiments of the
invention, which description is by way of example only.

DETAILED DESCRIPTION OF EMBODIMENTS

FIG. 1 (Prior Art) shows a simplified schematic diagram
of a plan view of part of a GaN-on-silicon wafer 1 com-
prising a silicon substrate 2 on which is defined a plurality
of GaN-on-Si die 10, each comprising a GaN semiconductor
device such as a GaN HEMT. The GaN-on Si-die 10 are
arranged as an array, with dicing streets 8 in between each
die, for die singulation by dicing of the wafer along scribe
lines 16, i.e. lines in directions x-x and y-y, between adjacent
die. Each die 10 comprises an active device area 4, i.e. the
hetero-layer structure defining the 2DEG region on which
the source, drain and gate electrodes of the GaN HEMT are
formed, surrounded by an inactive area 6 which separates
the active area from edges of the die 17. Optionally, a
protective structure, such as a seal ring 14, may be provided
around the die, in the inactive area 6, near the die edge 17.
By way of example, a GaN semiconductor device structure
100, comprising a lateral GaN power transistor, is illustrated
in a simplified schematic cross-sectional view shown in FIG.
2. The GaN transistor is fabricated on a silicon substrate 102.
The GaN semiconductor layers 112 comprise one or more
buffer layers or intermediate layers 104, a GaN layer 106,
and an overlying AlGaN layer 108, which are formed
epitaxially on the native silicon substrate 102. The latter may
be referred to as the growth substrate. The GaN/AlGaN
heterostructure layers 106/108 create a 2DEG active region
111 in device regions of the GaN-on-Si substrate. The stack
of GaN epitaxial layers that is formed on the silicon sub-
strate, i.e. intermediate layers 104, GaN layer 106, and
AlGaN layer 108, and any intervening layers not actually
illustrated, will be referred to below as the “epi-layer stack”
or “epi-stack” 112. After formation of the epi-stack 112,
source, drain and gate electrodes (S, G, D) are formed. For
example, a conductive metal layer, e.g. a layer of aluminum/
titanium (AlTi) which forms an ohmic contact with the
underlying GaN heterostructure layer, is deposited to define
a source electrode 120 and a drain electrode 122. A gate
electrode 126, is also defined over the channel region
between the source and drain electrodes, e.g. a gate electrode
comprising a Schottky metal such as palladium (Pd). This
device structure can be fabricated as a depletion mode
(D-mode) device which is normally on, or as an enhance-
ment mode (E-mode) device, which is normally off. For
example, for a D-mode HEMT, the GaN heterostructure may
comprises a layer of undoped GaN and a layer of undoped
AlGaN, with the gate electrode formed on the AlGaN layer;
and for an enhancement mode (E-mode) HEMT, the GaN
hetero-structure would further include a p-type layer pro-
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vided in the region under the gate electrode, e.g. p-type GaN
or p-type AlGaN under the gate. Alternatively, a similar
epi-layer stack comprising a GaN/AlGaN heterostructure,
with anode and cathode electrodes provided thereon, may be
used to form a high voltage/high current diode.

For simplicity, in the GaN transistor structure illustrated
in FIG. 2, only a single source electrode, drain electrode and
gate electrode is illustrated, and overlying interconnect
layers, i.e. one or more metallization layers and intervening
dielectric layers, are not shown.

For more details of device structures, layout topologies
and methods of fabrication of large area, high voltage/high
current lateral GaN transistors, reference is made, for
example, to U.S. Pat. No. 9,153,509 to Klowak et al. entitled
“Fault Tolerant Design for Large Area Nitride Semiconduc-
tor Devices”, issued Oct. 6, 2015 to GaN Systems Inc., and
related references cited therein, having common ownership
with this application. These references are incorporated
herein by reference in their entirety.

FIG. 3 (Prior Art) shows a simplified schematic cross-
sectional diagram of a device structure 200-1 comprising
part of the GaN-on-Si wafer 1 shown in FIG. 1, ie. a
cross-section through line A-A of FIG. 1, showing die 10 and
parts of neighbouring die. Each die 10 comprises a lateral
GaN power transistor 214 formed on a silicon substrate 202.
The GaN transistor structure 214 comprises a plurality of
GaN epitaxial layers, i.e. GaN epi-layer stack 212. The GaN
epi-layer stack 212 includes a GaN/AlGaN heterostructure
providing a 2DEG active region 210. Source electrode S,
drain electrode D and gate electrode G of the lateral GaN
transistor are formed on the 2DEG active region 210. Also
shown are overlying Back End of the Line (BEOL) layers
230, i.e. comprising first and second metallization layers,
M1 and M2, which define source contacts 232 and 234 and
drain contacts 242 and 244, and intervening dielectric layers
236 and 238. Conductive vias 240 interconnect the source
and drain electrodes (S, D) to respective overlying metalli-
zation layers M1 and M2, and M2 provides external source
and drain contact pads 242, 244. For simplicity, similar to
FIG. 2, only a single source electrode S and drain electrode
D are shown, and the interconnections from the gate elec-
trode G to an external gate contact pad are not illustrated.

Although only one transistor element is illustrated for die
10 in the simplified schematic cross-sectional view in FIG.
3, it will be appreciated that large area, multi-island lateral
GaN HEMTs may be provided, e.g. as disclosed in the above
mentioned U.S. Pat. No. 9,153,509 As is conventional, many
GaN-on-Si die are patterned on a single, large area silicon
substrate wafer and the wafer is then diced to provide
separate individual GaN-on-Si die, as illustrated schemati-
cally in FIG. 1.

As shown schematically in FIG. 3, the die area 201
comprises an active area of the device 204 surrounded by an
inactive area 206. The latter extends into dicing streets 208
along each of the four sides of the die 10. During die
singulation, the wafer is diced along scribe lines 216, e.g.
using conventional sawing or laser grooving, a combination
thereof, to cut through all layers of the wafer as indicated by
line 250, representing the kerf of a saw blade or laser groove.
Thus, when die are separated as indicated at 260, the diced
edges 217 of the die expose edges of the BEOL layers 230
and expose edges of the plurality of layers forming the GaN
epi-layer stack 212. As mentioned above, interlayer stresses
due to lattice mismatch of the GaN epi-layers and the silicon
substrate can cause propagation of dicing induced defects
and cracking of both the epi-layer stack and the BEOL
dielectric layers, i.e. causing cracks 282 in the epi-layers 212



US RE49,603 E

11

and cracks 284 in the dielectric layers 236 and 238. If these
dicing induced defects and cracks are not detected during
device testing, these defects and/or cracks can potentially
migrate into active regions 204 of the device, and the
reliability of the device is then compromised.

Optionally, the die 10 further comprises a seal ring 280
extending around the periphery of the die, as illustrated
schematically for the device structure 200-2 in FIG. 4. Many
elements of FIG. 4 are similar to those of FIG. 3 and are
labelled with the same part numbers. The seal ring 280
comprises part of the BEOL layers 230 and is formed over
the inactive device area 206 which surrounds the active
device area 204. The seal ring structure 280 helps to reduce
crack propagating into active areas of the device intercon-
nect layers, and also helps to block electro-migration of
contaminant ions. However, as illustrated, the diced edges
217 of the epi-layer stack are exposed after wafer singula-
tion. As described with respect to the structure shown in
FIG. 3, any dicing induced defects and cracks 282 can
potentially migrate into active regions of the transistor,
leading to reliability issues.

In FIGS. 2 to 4, the thicknesses and other dimensions of
the layers are not shown to scale. Typically the GaN epi-
layer stack has a thickness of about 2 pm to 6 um, while the
silicon substrate may have a thickness of 200 pm to 500 um
or more. The silicon substrate may be thinned somewhat
during wafer post-processing after fabrication of the semi-
conductor layers is completed. For a large area high voltage/
high current lateral GaN transistor, the die size may be in the
range from ~10 mm?® to ~100 mm?, e.g. about 2 mmx6 mm
or 10 mmx10 mm. The dicing streets between the die may
be 60 um to 120 um wide, for example. An inactive region,
e.g. having a width of in a range from about 25 pum to about
80 um, typically extends around the active 2DEG region of
the transistor, to separate the active region of the transistor
from the diced edges of the die. Where a seal ring 280 is
provided, as illustrated in FIG. 4, it may similarly have a
width in a range from about 20 pm to 30 um, and provides
further lateral separation between the die edge and the active
region of the lateral GaN transistor. Typically the seal ring
would be spaced about 20 pm to 30 um from the die edge,
and spaced at least 5 pm, and perhaps 20 pm to 30 um, from
the active region.

FIG. 5 shows a simplified schematic diagram of a device
structure comprising part of a GaN-on-silicon wafer 300
according to an embodiment of the present invention, com-
prising a silicon substrate 302 on which is defined a plurality
of GaN-on-Si die 110, arranged as an array, with dicing
streets 308 in between each die, for die singulation by dicing
of'the wafer along scribe lines 316, i.e. lines in directions x-x
and y-y, between adjacent die. Each die 110 comprises an
active device area 304 surrounded by an inactive area 306.
Optionally, a protective structure such as a seal ring 380 may
be provided around the die in inactive area 306, near the die
edge 317.

A pre-dicing trench 388 is formed around the periphery of
the chip, i.e. around all edges of the die, on the inactive area
adjacent to, or close, to the die edge. As illustrated sche-
matically, the trench lies between the seal ring 380 and the
die edge 317.

FIG. 6 shows a simplified schematic cross-sectional dia-
gram of a device structure 300-1 comprising part of the
GaN-on-Si wafer 300 of the first embodiment, e.g. a cross
section through A-A of FIG. 5 showing die 110 and parts of
neighbouring die.

Many elements of FIG. 6 are similar to those of FIG. 3 and
are labelled with the same part numbers incremented by 100.
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That is, each die 110 comprises a lateral GaN power
transistor 314 formed on a silicon substrate 302. The GaN
transistor structure 314 comprises a plurality of GaN epi-
taxial layers, i.e. GaN epi-layer stack 312. The GaN epi-
layer stack 312 includes a GaN/AlGaN heterostructure pro-
viding a 2DEG active region 310. Source electrode S, drain
electrode D and gate electrode G of the lateral GaN tran-
sistor are formed on the 2DEG active region 310. Also
shown are overlying Back End of the Line (BEOL) layers
330, i.e. comprising first and second metallization layers M1
and M2, which define source contacts 332 and 334 and drain
contacts 342 and 344, and intervening dielectric layers 336
and 338. Conductive vias 340 interconnect the source and
drain electrodes (S, D) to respective overlying metallization
layers M1 and M2, and M2 provides external source and
drain contact pads 342, 344.

The device structure of this embodiment further com-
prises a trench 388 etched around the periphery of each die
area 301. The trenches 388 extend into the silicon substrate
and are formed prior to wafer dicing. These trenches will be
referred to as pre-dicing trenches. The trenches separate the
active area of each die 304, and part of the surrounding
inactive area 306, from the dicing street 316. For example,
the trenches 388 have a width in the range of about 15 pm
to 20 um, to provide an aspect ratio of 3:1 or 4:1. Thus, as
illustrated schematically in FIG. 6, after dicing, any dicing
induced defects or cracks 382, 384 are blocked by the trench
from propagation or migration into the active area 304 of the
device structure.

As illustrated in FIG. 7, a device structure 300-2 accord-
ing to a second embodiment is similar to that shown in FIG.
6, and similar elements are labelled with the same references
numerals as FIG. 6. Additionally, in the device structure of
this embodiment, a trench cladding 390 (trench lining)
comprising an edge sealing layer or protective layer, is
provided on at least the inner or proximal side walls 392 of
the pre-dicing trenches 388, surrounding each die. The
trench cladding 390 may comprise one or more conformal
dielectric layers, and optionally a metal layer, provided on
the inner (proximal) sidewalls 392 of the trench, which seal
any exposed edges of the epi-layer stack and overlying
BEOL layers. In referring to inner sidewalls 392 of the
trench 388, this means the sidewalls which are proximal to
the centre of the die. The outer (distal) sidewalls 394 are
closer to the edge of the die.

As illustrated in FIG. 8, in a device structure 300-3
according to a third embodiment, the cladding 390 is pro-
vided as a conformal layer or layers extending over the
surface of the GaN-on-Si die, and extending over inner
sidewalls of the pre-dicing trenches. Other elements of the
device structure 300-3 shown in FIG. 8 are similar to those
shown in FIGS. 6 and 7 and are labelled with the same
reference numerals. The cladding 390 may comprise, e.g.
one or more dielectric layers such as silicon dioxide SiO, or
silicon nitride Si;N,. Optionally, the cladding further com-
prises a metal layer. The metal layer preferably acts as a
barrier against electro-migration of contaminant ions. If a
metal layer is provided, there would also be an overlying
dielectric passivation layer, e.g. silicon nitride to protect the
metal layer against mechanical and environmental damage.
The structures shown in FIGS. 6 to 8 may optionally include
a seal ring, such as illustrated schematically in FIG. 4.

If required, the metal layer of the trench cladding 390
connects the substrate within the trench to a source electrode
of the transistor, or, if a seal ring is provided, connects the
substrate to metal layers of the seal ring.
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FIGS. 9 to 13 show a series of simplified schematic
cross-sectional diagrams to illustrate an exemplary process
flow for fabrication of a nitride semiconductor device struc-
ture 400 comprising a lateral GaN transistor 414 according
to an embodiment of the present invention, similar to that
illustrated in FIG. 8, and further comprising a seal ring 480.
The seal ring is similar to that illustrated in FIG. 4.

As illustrated for the device structure 400-1 shown sche-
matically in FIG. 9, a GaN epi-layer stack 412 is provided
on a substrate 402, and device fabrication proceeds as
conventionally, to completion of the BEOL layers 430
forming the on-chip interconnect structure comprising the
on-chip metallization layers M1 and M2 and intervening
dielectric layers 436 and 438 forming the interconnect
metallization for the GaN transistor 414, including source
442 (S), drain 444 (D) and the surrounding seal ring 480.
Then, for structures 400-2 and 400-3, as shown in FIGS. 10
and 11 respectively, a pre-dicing trench structure 488 is
defined in the inactive region 406 between seal ring 480 and
the edge of the GaN die. The pre-dicing trench structure is
formed by dry etching through to the silicon substrate, using
a sequence of dry etch steps. For example, a first etch
process removes any layers overlying the GaN epi-layers in
the trench, as illustrated in FIG. 10, forming a first portion
of'the trench 488-1. Then a second etch process removes the
GaN epi-layers in the trench, and removes a surface region
of the silicon substrate, e.g. to etch several microns into the
silicon substrate, to form a deeper trench structure 488-2 as
illustrated in FIG. 11.

As illustrated in FIGS. 9 to 13, an inactive region 406 of
the GaN epi-layers surrounds the 2DEG active regions 404
in the GaN epi-layers of the transistor structure, and as
shown in FIG. 13 the trench 488 extends through the
inactive region of the GaN epi-layers. Thus, the trench 488
is separated from the edge of the active 2DEG region by the
inactive area 406, and is positioned between the active
region/area 404 of the GaN transistor and the dicing street
408 at the die edge.

In this embodiment, the trench is shown as having tapered
or sloping sides formed by a first etch process and steep
sides, e.g. as formed by an anisotropic etch, towards the
bottom of the trench. At least part of the sides of the trench
may alternatively be straight sided and/or tapered (sloped),
depending on the type of etchant and etch process.

The trench lining or cladding 490 is then formed, as
illustrated by device structure 400-4 shown in FIG. 12,
comprising at least one passivation layer and optionally a
conductive metal layer. The trench lining covers at least the
inner sidewalls 492 or “proximal sidewalls” of the trench
surrounding and spaced from the active region of the tran-
sistor. As illustrated schematically in FIG. 12, the trench
lining 490 comprises a plurality of conformally deposited
passivation layers 490-1, 490-2 and 490-3, such as a layer of
silicon dioxide and/or a layer of silicon nitride, which are
provided all over the exposed surfaces of the wafer, to seal
the surface of the wafer. As illustrated schematically for the
device structure 400-5 in FIG. 13, the conformal layers 490
are then selectively removed to expose source and drain
contact pads 484, and the conformal layers are also removed
to expose part of the bottom of the trench and the trench
sidewalls 494 and die area closest to the dicing street 408.
This clears the passivation dielectrics from the scribe street
prior to wafer dicing, and leaves the layers of passivation
dielectric conformally coating and sealing edges of the
exposed backend dielectric layers and the exposed edges of
the epi-layer stack. The wafer is subsequently diced, to
singulate individual die, i.e. cut through any overlying
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BEOL layers, the GaN epi-layers and the silicon substrate
between the pre-dicing trenches, using any suitable dicing
method. For conventional wafer sawing, the remaining
portion of the BEOL layers and epi-layers in the dicing street
serve as sacrificial layers during dicing, to reduce risk of
surface chipping or other dicing induced damage into the
silicon substrate at the sawn edge 418.

As shown schematically, propagation of any dicing dam-
age or cracks 482 near the sawn or cut edge of the die is
blocked by the gap resulting from placement of trench near
the die edge.

The passivation layers which protect exposed surfaces of
the GaN epi-layers may be a dielectric such as silicon nitride
or silicon dioxide. If provided, a conductive metal layer may
be the same as that used for other on-chip metallization
layers, and preferably provides a barrier layer against elec-
tro-migration of mobile ions. Thus, the trench lining or
cladding forms a barrier layer to reduce risk of contaminant
ions penetrating the active region and causing device para-
metric shifts over long term.

Where the trench lining comprises a conductive metal
layer, the metal layer may be extended to connect the source
of the transistor to the substrate, i.e. to ground the substrate.
Alternatively, if the die comprises a seal ring, the metal layer
may connect the substrate to metallization layers of a seal
ring. Preferably a passivation layer of dielectric, e.g. silicon
nitride is provided over the metal layer. Thus, the trench
lining forms a protective layer over edges of the GaN
epi-layer, and over edges of the BEOL layers, which would
otherwise be exposed during conventional wafer dicing.

In the process flow described above, since the pre-dicing
trench structure, and its protective trench lining, are formed
after completion of on-chip interconnect and dielectric lay-
ers, wafer fabrication of the GaN-on-Si die can proceed as
is conventional up to that point.

The additional steps required to form the trench structure
comprise providing a suitable etch mask over the active
device areas, exposing the areas to be trenched, and then
removing layers of material within the trench by one or more
Reactive lon Etching (RIE) steps. For example a first etch
step is performed to remove all oxide layers, etch stopping
on the top of the GaN epi-layer stack. Then a second etch is
performed to remove the GaN epi-layer stack within the
trench. This etch is stopped well into the silicon substrate,
e.g. 2 um or more below the interface between the silicon
substrate and layer of the epi-layer stack. By way of
example, the step of removing the GaN epi-layers from the
trench uses an etching process, such as RIE, or preferably
ICP (Inductively Coupled Plasma) or ECR (Electron Cyclo-
tron Resonance) etching with a chlorine containing gas
mixture, such as BCl;, SiCl, plus an inert gas such as Ar,
wherein gas mixtures and energies are selected to control the
isotropy/anisotropy of the etch to produce steep or sloped
sidewalls, as required. Preferably, the etch process is capable
of cleanly exposing edges of the GaN epi-layers in the
sidewalls of the trench without creating significant defects or
etch damage, i.e. so as to avoid initiating cracks in the GaN
epi-layers. As mentioned above, the sidewalls of the pre-
dicing trench may have steep sides or be tapered, as appro-
priate, depending on the materials used for the trench lining.
The trench lining may extend partly over the bottom of the
trench. Alternatively, the trench lining may be provided only
on the proximal (inner) sidewalls of the trench, and/or the
trench lining may be removed from the bottom of the trench
before subsequent dicing of the silicon substrate.

In a device structure 1000 comprising a lateral GaN
transistor 1014 according to another embodiment, as shown
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in FIG. 14, the device structure has some elements similar to
those shown in FIGS. 5 and 6, i.e. active area 1004 of the
device area 1001 is surrounded by an inactive region 1006,
and the transistor 1014 comprises electrodes for the source
S, drain D, and gate G and respective contacts formed by
first and second metal layers M1 and M2. However, instead
of a pre-dicing trench being formed around the periphery of
each individual die, in this embodiment, a single pre-dicing
trench 1088 is etched along the scribe line 1016 between
each die, and shared between adjacent die. If required, the
trench may be etched across a substantial part of the width
of'the dicing street. 1008, each side of scribe line 1016. After
providing a trench cladding 1090 on proximal sidewalls of
each die, i.e. as described with reference to device structures
of the embodiments described above, e.g. with reference to
FIGS. 9 to 13, the individual die are then singulated using
any suitable dicing process, e.g. laser grooving through the
substrate within the pre-dicing trench 1088.

As illustrated schematically in FIG. 15, a GaN-on-Si
device structure 1100, according to yet another embodiment,
comprises a large area high voltage/high current lateral GaN
transistor which provides a trench structure for stress relief
across the wafer, and within each die area. That is, the die
comprises an active area 1104, surrounding inactive region
1106, pre-dicing trench 1188 and scribe lines 1116, and the
pre-dicing trench 1188 around the periphery of each die is
extended to run through the dicing streets 1108 to relieve
stress across the wafer, and reduce wafer bowing. Option-
ally, and in addition to the trench 1188 around the periphery
of each die, a plurality of intra-die stress-relieving trenches
1191 are etched in x and y directions across each die. The
intra-die stress relieving trenches are similarly structured to
the pre-dicing trenches described above, in that they extend
through the GaN epi-layer stack, several microns into the
silicon substrate, and trench cladding is preferably provided
to seal exposed edges of the layers of the GaN epi-layer
stack. Each transistor die is thereby divided into a number of
smaller areas, e.g. 4x5=20 areas, as illustrated schemati-
cally. For example, where the GaN device comprises a large
area, multi-island transistor, such as described in U.S. Pat.
No. 9,153,509, each smaller area defined trenches may
accommodate a plurality of GaN transistor islands, or an
individual transistor island. One or more overlying metalli-
zation layers, e.g. an on-chip metal layer and/or a post-
processing layer such as copper Redistribution Layer (Cu
RDL) is provided to interconnect individual islands.

In this structure, the inter-die and intra-die stress relieving
trenches may be formed earlier in the process flow, e.g.
before formation of the overlying BEOL metallization and
dielectric layers. The trenches then divide the epi-layer stack
into multiple smaller areas, so that the total integrated tensile
stress across the wafer is relieved, and beneficially, wafer
bowing is reduced. Wafer bowing tends to increase with
increasing thickness of the GaN epi-layers, and this can
create issues for focussing, alignment and registration in
subsequent photo-lithography steps, particularly for large
diameter substrate wafers. By mitigating wafer bowing,
ideally substantially eliminating wafer bowing so the wafer
lies flat, subsequent photo-lithography steps are facilitated.

Thus, nitride semiconductor device structures comprising
high voltage, high current GaN power transistors, and meth-
ods of fabrication thereof, according to embodiments of the
present invention are disclosed, wherein a GaN semicon-
ductor device comprises a GaN epi-layer stack on a silicon
substrate (GaN-on-Si die) and wherein pre-dicing trench
structure are provided around each die, to reduce risk of
GaN epi-layer cracking during die singulation and for
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improved device yield and reliability. Advantageously, a
trench lining or cladding on inner sidewalls of the trench,
comprising one or more dielectric layers, and optionally a
metal layer, seals edges of the layers of the epi-layer stack,
and edges of the back-end dielectric layers. Additionally,
and optionally, further stress relieving intra-die trenches are
provided to divide the epi-layer stack of each die into a
plurality of regions, each comprising one or more transistor
islands.

While nitride semiconductor device structures, according
to embodiments of the present invention, have been
described in detail with reference to lateral GaN transistors,
such as a high voltage/high current GaN HEMTs, compris-
ing GaN/AlGaN hetero-layer structures, it will be apparent
that nitride semiconductor device structures according to
alternative embodiments may comprise lateral GaN power
transistors and/or diodes. More generally, a nitride semicon-
ductor device comprises a [lI-nitride semiconductor, that is,
a compound semiconductor which includes nitrogen and at
least one group III element, such as GaN, AlGaN, AIN,
InGaN, InAlGaN, and the nitride semiconductor device
structure comprises a hetero-layer structure comprising first
and second nitride semiconductor layers of different band-
gaps, that forms an active region comprising a two dimen-
sional electron gas (2DEG) region for transistors and/or
diodes.

The device structures, and methods of fabrication thereof,
described herein are particularly applicable to large area
lateral GaN transistors and diodes for high current and high
voltage applications, e.g. where it may be desirable to
provide a relatively thick GaN epi-layer-stack, e.g. 6 um for
increased breakdown voltage, on a low cost silicon sub-
strate. The trench structure helps to reduce interlayer stresses
resulting from lattice mismatch between the silicon substrate
and the overlying GaN epi-layers, and which can cause
significant wafer bowing (microns) over large diameter
substrates. For large area die, e.g. 2 mmx6 mm, or 10
mmx10 mm or more, where significant tensile stresses may
be present across the die area itself, intra-die trenches may
also be provided for stress relief, i.e. to divide the die area
into a plurality of smaller area, facilitate subsequent fabri-
cation steps and to further reduce risk that defects can
potentially propagate and cause cracking and/or delamina-
tion of the epi-layers from the substrate.

Although embodiments of the invention have been
described and illustrated in detail, it is to be clearly under-
stood that the same is by way of illustration and example
only and not to be taken by way of limitation, the scope of
the present invention being limited only by the appended
claims.

The invention claimed is:

1. A wafer scale nitride semiconductor device structure

comprising:

a silicon substrate having formed thereon a GaN epi-layer
stack for a plurality of GaN die, said plurality of GaN
die being arranged as an array with dicing streets
therebetween;

each of at least one of the GaN die comprising:

a part of the GaN epi-layer stack, the GaN epi-layer
stack comprising a GaN/AlGaN hetero-layer struc-
ture defining a two dimensional electron gas (2DEG)
active layer [for] of a lateral GaN transistor;

source, drain and gate electrodes of the lateral GaN
transistor being provided on [a front-side] an upper
side of the GaN epi-layer stack over an active area of
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the GaN die, an inactive area of the GaN epi-layer
stack surrounding said active area of [each] the GaN
die[, and];
an overlying interconnect structure that overlies a
portion of the GaN epi-layer stack, the overlying
interconnect structure comprising metallization and
one or move dielectric layers;
the metallization [and dielectric layers, defining
respective source, drain and gate connections and
contact areas] defining a source contact, a drain
contact, and a gate contact of the lateral GaN
transistor, the metallization electrically connect-
ing and shorting the source contact with the
source electrode, the drain contact with the drain
electrode, and the gate contact with the gate
electrode,

an upmost dielectric layer of the one or more dielec-
tric layers having an upper surface that, together
with an upper surface of the source and drain
contacts, defines at least part of an upper surface
of the overlying interconnect structure; and

a trench structure formed around a periphery of [each]
the GaN die in said inactive area, the trench structure
comprising a trench and a trench cladding;

the trench etched through layers of the overlying inter-
connect structure, through the GaN epi-layer stack,
and into a surface region of the silicon substrate to a
depth below an interface between the silicon sub-
strate and the GaN epi-layer stack;

[the trench structure further comprising a trench clad-
ding,] the trench cladding comprising a metal layer
and an overlying passivation layer that overlies the
metal layer, the trench cladding extending confor-
mally over at least an inner [sidewalls] sidewall of
the trench [and sealing exposed surfaces of layers of
the overlying interconnect structure, layers of the
GaN epi-layer stack, and] to thereby seal at least
layers of the GaN epi-layer stack at the inner side-
wall and to thereby seal at least the interface [of]
between the silicon substrate and the GaN epi-layer
stack [and the silicon substrate] at the inner sidewall,
the trench cladding also extending conformally from
the inner sidewall of the trench and over at least a
portion of the upper surface of the overlying inter-
connect structure and contacting the source contact,

wherein the metal layer of the trench cladding is
conductive and connects the silicon substrate to [a]
the source contact [area] of the lateral GaN transistor
such that the source contact is electrically connected
and shorted to the silicon substrate through the metal
layer.

2. The device structure of claim 1, wherein the trench
structure is laterally spaced from the dicing street.

3. The device structure of claim 1, wherein the trench
structure [is laterally spaced from a scribe line of] extends
into the dicing street.

4. The device structure of claim 1, wherein the trench
structure extends across the dicing street between adjacent
GaN die.

5. The device structure of claim 1, wherein the GaN die
further comprises a seal ring formed over the inactive
[region] area of the GaN epi-layer stack and surrounding the
lateral GaN transistor, the trench structure being formed
between the seal ring and the dicing street, and wherein the
metal layer of the trench cladding connects the silicon
substrate to a metallization layer of the seal ring.
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6. A nitride semiconductor device comprising:

a GaN die comprising:

a silicon substrate and a GaN epi-layer stack formed
thereon, the GaN epi-layer stack comprising a GaN/
AlGaN hetero-layer structure defining a two dimen-
sional electron gas (2DEG) active layer [for] of a lateral
GaN transistor;

source, drain and gate eclectrodes of the lateral GaN
transistor being provided on [a front-side] an upper
side of the GaN epi-layer stack over an active area of
the GaN die, an inactive area of the GaN epi-layer stack
surrounding said active area of [each] the GaN die;
[and]
an overlying interconnect structure that overlies a

portion of the GaN epi-layer stack, the overlying

interconnect structure comprising metallization and

one or move dielectric layers;

the metallization [and dielectric layers, defining
respective source, drain and gate connections and
contact areas] defining a source contact, a drain
contact, and a gate contact of the lateral GaN
transistor, the metallization electrically connect-
ing and shorting the source contact with the
source electrode, the drain contact with the drain
electrode, and the gate contact with the gate
electrode,

an upmost dielectric layer of the one or more dielec-
tric layers having an upper surface that, together
with an upper surface of the source and drain
contacts, defines at least part of an upper surface
of the overlying interconnect structure;

a trench structure formed around a periphery of the
GaN die, the trench structure comprising a trench
and a trench cladding;

the trench etched through layers of the overlying inter-
connect structure, through layers of the GaN epi-
layer stack, and into a surface region of the silicon
substrate to a depth below the interface between the
silicon substrate and the GaN epi-layer stack;

[the trench structure further comprising a trench clad-
ding,] the trench cladding comprising a conductive
metal layer and an overlying passivation layer that
overlies the metal layer, the trench cladding extend-
ing conformally over at least an inner [sidewalls]
sidewall of the trench [and sealing exposed surfaces
of layers of the interconnect structure, layers of the
GaN epi-layer stack, and] to thereby seal at least
layers of the GaN epi-layer stack at the inner side-
wall and to thereby seal at least the interface [of]
between the silicon substrate and the GaN epi-layer
stack [and the silicon substrate] at the inner sidewall,
the trench cladding also extending conformally from
the inner sidewall of the trench and over at least a
portion of the upper surface of the overlying inter-
connect structure and contacting the source contact,

wherein the conductive metal layer of the trench clad-
ding connects the silicon substrate to [a] the source
contact [area] of the lateral GaN transistor such that
the source comtact is electrically connected and
shorted to the silicon substrate through the conduc-
tive metal layer.

7. The device of claim 6, wherein the trench structure is

laterally spaced from edges of the GaN die.

8. The device of claim 6, wherein the trench structure

extends to edges of the GaN die.

9. The device of claim 6, wherein the GaN die further

comprises a seal ring formed over the inactive [region] area
of the GaN epi-layer stack and surrounding the lateral GaN
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transistor, the trench structure being formed between the seal
ring and edges of the GaN die, and wherein the conductive
metal layer of the trench cladding connects the silicon
substrate to a metallization layer of the seal ring.

10. The device [structure] of claim 6, wherein the lateral
GaN transistor comprises a plurality of transistor islands of
a multi-island transistor, and further comprising a plurality
of trenches dividing the active [device] area of the transistor
into a plurality of areas, each of said plurality of areas
accommodating a plurality of transistor islands.

11. The device [structure] of claim 6, wherein the lateral
GaN transistor comprises a plurality of transistor islands of
a multi-island transistor, and further comprising a plurality
of trenches dividing the active [device] area of the transistor
into a plurality of areas, each of said plurality of areas
accommodating an individual transistor island.

12. A method of fabrication of a wafer scale nitride
semiconductor device structure[as defined in claim 6], com-
prising steps of:

providing [the] a silicon substrate having formed thereon

a GaN epi-layer [structure] szack for a plurality of GaN

die, the plurality of GaN die being arranged as an array

with dicing streets therebetween;

each of at least one of the GaN die comprising:

a part of the GaN epi-layer stack, the GaN epi-layer
stack comprising [the] a GaN/AlGaN hetero-layer
structure defining the two dimensional electron gas
(2DEG) active layer [for] of the lateral GaN transis-
tor;

[the] source, drain and gate electrodes of the lateral
GaN transistor being provided on [the front-side] an
upper side of the GaN epi-layer stack over the active
area of the GaN die, the inactive area of the GaN
epi-layer stack surrounding said active area of [each]
the GaN die; [and

the] ar overlying interconnect structure[,] that overlies
a portion of the GaN epilayer stack, the overlying
interconnect structure comprising metallization and
one or move dielectric layers;
the metallization [and dielectric layers, defining

respective the source, drain and gate connections
and contact areas] defining a source contact, a
drain contact, and a gate contact of the lateral
GaN transistor, the metallization electrically con-
necting and shorting the source contact with the
source electrode, the drain contact with the drain
electrode, and the gate contact with the gate
electrode,
an upmost dielectric layer of the one or more dielec-
tric layers having an upper surface that, together
with an upper surface of the source and drain
contacts, defines at least part of an upper surface
of the overlying interconnect structure; and
providing stress relief prior to dicing, comprising etching
[the] @ trench structure around all sides of each GaN
die, the trench structure extending through the ore or
more layers of the overlying interconnect structure,
through the layers of the GaN epi-layer stack, and into
the surface region of the silicon substrate to the depth
below the interface of the GaN epi-layer stack and the
silicon substrate, the trench structure being laterally
spaced from a dicing street of each edge of the GaN die;
providing [the] a trench cladding comprising the conduc-
tive metal layer and the overlying passivation layer, the
trench cladding extending conformally over at least the
inner sidewalls of the trench structure and sealing at
least the exposed surfaces of the overlying interconnect
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structure, the layers of the GaN epi-layer stack, and the
interface of the GaN epi-layer stack and the silicon
substrate; and wherein the conductive metal layer of the
trench cladding connects the silicon substrate to the
source contact [area] of the lateral GaN transistor such
that the source contact is electrically connected and
shorted to the silicon substrate through the metal layer.

13. The method of claim 12, wherein etching the trench
structure comprises:

masking at least active areas of each GaN die and part of

a surrounding inactive region exposing areas to be
trenched,

in said areas, performing a sequence of dry etching steps

comprising:

removing layers [within the trench extending over the

GaN epi-layer stack] of the overlying interconnect
Sstructure,

removing the [layers of the] GaN [epi-stack within the

trench] epi-layer stack, and

removing the surface region of the silicon substrate

[within the trench] to the depth below the interface of
the GaN epi-layer stack epi-layers and the silicon
substrate.

14. The method of claim 12, further comprising dicing
[the silicon substrate along scribe lines laterally spaced from
each trench] along the dicing streets to singulate the plu-
rality of GaN die.

15. The method of claim [12] /4, wherein dicing com-
prises any one of sawing, laser ablation, plasma dicing,
stealth dicing, laser induced splitting/cleaving, and a com-
bination thereof.

16. The method of claim 12, wherein providing the
conductive metal layer of the trench cladding comprises
providing a metal barrier layer against electro-migration of
contaminant ions.

17. The device of claim 6, wherein the overlying passi-
vation layer of the trench cladding comprises at least one of
a layer of a dielectric oxide and a layer of a dielectric
nitride.

18. A wafer scale nitride semiconductor device structure
comprising: a silicon substrate having formed thereon a
GaN epi-layer stack for a plurality of GaN die, said plurality
of GaN die being arranged as an array with dicing streets
therebetween;

each of at least one of the GaN die comprising:

an area of the GaN epi-layer stack, the GaN epi-layer
stack comprising a GaN/AlGaN hetero-layer struc-
ture defining a two-dimensional electron gas
(2DEG) active layer of a lateral GaN transistor;
source, drain and gate electrodes of the lateral GaN
transistor being provided on an upper side of the
GaN epi-layer stack over an active area of the GaN
die, an inactive area of the GaN epi-layer stack
surrounding said active area of the GaN die;
an overlying structurve that overlies a portion of the
GaN epi-layer stack, the overlying structure com-
prising metallization and one or morve dielectric
layers,
the metallization defining a source contact, a drain
contact, and a gate contact of the lateral GaN
transistor, the metallization electrically connect-
ing and shorting the source contact with the
source electrode, the drain contact with the drain
electrode, and the gate contact with the gate
electrode,
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the one or more dielectric layers defining respective
source, drain and gate connections and contact
areas,
the metallization and the one or more dielectric
layers defining a seal ring formed on the inactive
area of the GaN die, the seal ving surrounding the
active area of the GaN die; and
a trench formed around a periphery of the GaN die in
said inactive area, the trench surrounding the seal
ring and laterally spaced from the seal ring; the
trench being etched through the one or more dielec-
tric layers of the overlying structure, through the
GaN epi-layer stack, and into a surface region of the
silicon substrate to a depth below an interface
between the silicon substrate and the GaN epi-layer
stack; and
at least one layer of dielectric extending from the active
area over the seal ring, and into the trench to form
a dielectric trench cladding extending conformally
over at least inner sidewalls of the trench and sealing
at least surfaces of dielectric layers of the overlying
structure, layers of the GaN epi-layer stack, and the
interface of the GaN epi-layer stack and the silicon
substrate.

19. The device structure of claim 18, wherein the at least
one layer of dielectric of the dielectric trench cladding
comprises at least one of a dielectric oxide and a dielectric
nitride.

20. The device structure of claim 18, wherein the at least
one layer of dielectric of the dielectric trench cladding
comprises a layer of silicon dioxide and an overlying
passivation layer of silicon nitride.

21. The device structure of claim 18, wherein the trench
is laterally spaced from the dicing streets between adjacent
GaN die.

22. The device structure of claim 18, wherein the trench
extends across dicing streets between adjacent GaN die.

23. A nitride semiconductor device comprising:

a GaN die comprising:

a silicon substrate and a GaN epi-layer stack formed
thereon, the GaN epi-layer stack comprising a GaN/
AlGaN hetero-layer structure defining a two-dimen-
sional electron gas (2DEG) active layer of a lateral
GaN transistor;

source, drain and gate electrodes of the lateral GaN
transistor being provided on an upper side of the GaN
epi-layer stack over an active area of the GaN die, an
inactive area of the GaN epi-layer stack surrounding
said active area of the GaN die;
an overlying structure that overlies a portion of the

GaN epi-layer stack, the overlying structure com-

prising metallization and one or more dielectric

layers:

the metallization defining a source contact, a drain
contact, and a gate contact of the lateral GaN
transistor, the metallization electrically connect-
ing and shorting the source contact with the
source electrode, the drain contact with the drain
electrode, and the gate contact with the gate
electrode,

the one or more dielectric layers defining respective
source, drain and gate connections and contact
areas,

the metallization and the one or more dielectric
layers defining a seal ring formed on the inactive
area of the GaN die, the seal ving surrounding the
active area of the GaN die;
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a trench formed around a periphery of the GaN die, the
trench surrounding the seal ring, the trench being
etched through the one or more dielectric layers of
the overlying structure, through layers of the GaN
epi-layer stack, and into a surface region of the
silicon substrate to a depth below an interface
between the silicon substrate and the GaN epi-layer
stack; and

at least one layer of dielectric extending from the active
area, over the seal ring, and into the trench to form
a dielectric trench cladding extending conformally
over at least inner sidewalls of the trench and sealing
at least surfaces of dielectric layers of the overlying
structure, layers of the GaN epi-layer stack, and the
interface of the GaN epi-layer stack and the silicon
substrate.

24. The nitride semiconductor device of claim 23, wherein
the at least one layer of dielectric of the dielectric trench
cladding comprises at least one of a dielectric oxide and a
dielectric nitride.

25. The nitride semiconductor device of claim 23, wherein
the at least one layer of dielectric of the dielectric trench
cladding comprises a layer of silicon dioxide and an over-
lying passivation layer of silicon nitride.

26. The nitride semiconductor device of claim 23, wherein
the trench extends avound the peviphery of the GaN die,
spaced from diced edges of the GaN die.

27. The nitride semiconductor device of claim 23, wherein
the trench extends to diced edges of the GaN die.

28. A method of fabricating a wafer scale nitride semi-
conductor device, comprising steps of-

providing a silicon substrate having formed thereon a

GaN epi-layer stack for a plurality of GaN die

arranged as an array with dicing streets therebetween;

each of at least one of the GaN die comprising:
an area of the GaN epi-layer stack comprising a
GaN/AlGaN hetero-layer structure defining a two-
dimensional electron gas (2DEG) active layer of a
lateral GaN transistor;
source, drain and gate electrodes of the lateral GaN
transistor being provided on an upper side of the
GaN epi-layer stack over an active area of the GaN
die, an inactive area of the GaN epi-layer stack
surrounding said active area of the die;
an overlying structurve that overlies a portion of the
GaN epi-layer stack, the overlying structure com-
prising metallization and one or morve dielectric
layers;
the metallization defining a source contact, a drain
contact, and a gate contact of the lateral GaN
transistor, the metallization electrically connect-
ing and shorting the source contact with the
source electrode, the drain contact with the drain
electrode, and the gate contact with the gate
electrode,

the one or more dielectric layers defining respective
source, drain and gate connections and contact
areas,

the metallization and the one or more dielectric
layers defining a seal ving formed on the inactive
area and surrounding the active area of the die,
and the dielectric layers of the overlying structure
extending over the inactive area;

providing stress relief prior to dicing, comprising etching

a trench around a periphery of each GaN die, the

trench extending through the one or more dielectric

layers of the overlying structure, through layers of the
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GaN epi-layer stack, and into the surface vegion of the
silicon substrate to a depth below an interface of the
GaN epi-layer stack and the silicon substrate, the
trench surrounding the seal ring, between the seal ring
and a dicing street of each edge of the GaN die; and

providing at least one layer of dielectric extending from
the active area, over the seal ring, and into the trench
to form a dielectric trench cladding extending confor-
mally over at least inner sidewalls of the trench and
sealing at least surfaces of the overlying structure, the
layers of the GaN epi-layer stack, and the interface of
the GaN epi-layer stack and the silicon substrate.

29. The method of claim 28, wherein said trench around
the periphery of each GaN die is laterally spaced from the
dicing streets or extends across the dicing streets, and
comprising dicing along said dicing streets to singulate the
plurality of GaN die, wherein dicing comprises any one of
sawing, laser ablation, plasma dicing, stealth dicing, laser
induced splitting/cleaving, and a combination thereof.

5
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30. The method of claim 28, wherein etching the trench

structure comprises.

masking at least active areas of each GaN die and part of
a surrounding inactive arvea exposing arveas to be
trenched;

in said aveas, performing a sequence of dry etching steps
comprising:

removing layers of the overlying structure,

removing the GaN epi-layer stack, and

removing the surface region of the silicon substrate to the
depth below the interface of the GaN epi-layer stack
and the silicon substrate,

providing at least one layer of dielectric extending from

the active area, over the seal ring, and into the trench
to form a dielectric trench cladding extending confor-
mally over inner sidewalls of the trench and sealing
surfaces of the overlying structure, the layers of the
GaN epi-layer stack, and the interface of the GaN
epi-layer stack and the silicon substrate.
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