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TUNNEL POLARIZATION JUNCTION III-N
TRANSISTORS

TECHNICAL FIELD

[0001] Embodiments of the invention generally relate to
III-N semiconductor transistors, and more particularly relate
to tunnel polarization junction III-N transistors having
improved performance.

BACKGROUND

[0002] Power management integrated circuits (PMIC) and
radio frequency integrated circuits (RFIC) are critical func-
tional blocks in system on a chip (SoC) implementations.
Such SoC implementations may be found in mobile com-
puting platforms such as smartphones, tablets, laptops, net-
books, and the like. In such implementations, the PMIC and
RFIC are important factors for power efficiency and form
factor (and can be as or more important than logic and
memory circuits).

[0003] In some implementations, III-N material based
transistors, such as gallium nitride (GaN) based transistors
may be used for high voltage and/or high frequency appli-
cations. For example, gallium nitride based devices may be
advantageous in some implementations because GaN has a
wide band gap (~3.4 eV) as compared to silicon (Si; ~1.1
eV). The wide band gap may allow a GaN transistor to
withstand a larger electric field (e.g., applied voltage, V)
before suffering breakdown as compared to Si transistors of
similar dimensions. Furthermore, GaN transistors may be
scaled to even smaller dimensions while operating at the
same Vcc.

[0004] While GaN has a high electron mobility (e.g.,
about 1000 cm?/(Vs)), its hole mobility (with zero strain) is
an order of magnitude weaker (e.g., about 100 cm?/(Vs)).
Such a hole mobility is still comparable to unstrained Si hole
mobility and provides for a feasible GaN p-channel transis-
tor. However, fabricating p-channel GaN transistors and
p-channel I1I-N transistors in general faces many challenges.
Current GaN n-channel transistors employ 2 D electron gas
(2 DEG) while GaN p-channel transistors employ a 2 D hole
gas (2 DHQG) for their respective transport channels. Some of
the challenges in fabricating a p-channel III-N transistors
stem from the inability to achieve high p-doping in III-N
source and drain materials. The highest active dopant
achieved in GaN, for example, is about 5x10*7/cm®. Such
relatively low doping in sources and drains of the p-MOS
device results in poor source and drain contact resistance
and poor contact between the source and drain and the 2
DHG. Furthermore, the fabrication of p-channel III-N tran-
sistors face problems in integration with n-channel transis-
tors.

[0005] The ability to fabricate high performance p-chan-
nel III-N transistors including GaN transistors and would
enable all III-N (e.g., all GaN) CMOS implementations of
circuits including logic, digital, and analog circuitries span-
ning low Vce to high Vee.

[0006] As such, existing techniques do not provide for
high performance p-channel III-N transistors. Such prob-
lems may become critical in PMIC or RFIC implementa-
tions, as well as in other applications that may utilize I[II-N
transistors implementations.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The material described herein is illustrated by way
of example and not by way of limitation in the accompa-
nying figures. For simplicity and clarity of illustration,
elements illustrated in the figures are not necessarily drawn
to scale. For example, the dimensions of some elements may
be exaggerated relative to other elements for clarity. Further,
where considered appropriate, reference labels have been
repeated among the figures to indicate corresponding or
analogous elements. In the figures:

[0008] FIG. 1A is a cross-sectional view of an example
transistor structure;

[0009] FIG. 1B is a cross-sectional view of a portion of the
example transistor structure of FIG. 1A;

[0010] FIG. 2A illustrates an example orientation of a
gallium nitride crystal;

[0011] FIG. 2B illustrates another example orientation of
a gallium nitride crystal;

[0012] FIG. 3A is a cross-sectional view of an example
transistor structure;

[0013] FIG. 3B is a cross-sectional view of a portion of the
example transistor structure of FIG. 3A;

[0014] FIG. 4 is a flow diagram illustrating an exemplary
process for forming transistors having crystalline III-N
material layers with inverted crystal orientations;

[0015] FIGS. 5A, 5B, 5C, 5D, SE, 5F, 5G, 5H, 51, 571, 5K,
5L, 5M, and 5N are side views of example transistor
structures as particular fabrication operations are performed;
[0016] FIG. 6 is a cross-sectional view of an example
integrated device including a p-channel transistor structure
and an n-channel transistor structure;

[0017] FIG. 7 is an illustrative diagram of a mobile
computing platform employing an IC with transistor(s) or
transistor structure(s) having crystalline I1I-N material lay-
ers with inverted crystal orientations; and

[0018] FIG. 8 is a functional block diagram of a comput-
ing device, all arranged in accordance with at least some
implementations of the present disclosure.

DETAILED DESCRIPTION

[0019] One or more embodiments or implementations are
now described with reference to the enclosed figures. While
specific configurations and arrangements are discussed, it
should be understood that this is done for illustrative pur-
poses only. Persons skilled in the relevant art will recognize
that other configurations and arrangements may be
employed without departing from the spirit and scope of the
description. It will be apparent to those skilled in the
relevant art that techniques and/or arrangements described
herein may also be employed in a variety of other systems
and applications other than what is described herein.

[0020] Reference is made in the following detailed
description to the accompanying drawings, which form a
part hereof, wherein like numerals may designate like parts
throughout to indicate corresponding or analogous elements.
It will be appreciated that for simplicity and/or clarity of
illustration, elements illustrated in the figures have not
necessarily been drawn to scale. For example, the dimen-
sions of some of the elements may be exaggerated relative
to other elements for clarity. Further, it is to be understood
that other embodiments may be utilized and structural and/or
logical changes may be made without departing from the
scope of claimed subject matter. It should also be noted that
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directions and references, for example, up, down, top, bot-
tom, over, under, and so on, may be used to facilitate the
discussion of the drawings and embodiments and are not
intended to restrict the application of claimed subject matter.
Therefore, the following detailed description is not to be
taken in a limiting sense and the scope of claimed subject
matter defined by the appended claims and their equivalents.
[0021] In the following description, numerous details are
set forth. However, it will be apparent to one skilled in the
art, that the present invention may be practiced without these
specific details. In some instances, well-known methods and
devices are shown in block diagram form, rather than in
detail, to avoid obscuring the present invention. Reference
throughout this specification to “an embodiment” or “one
embodiment” means that a particular feature, structure,
function, or characteristic described in connection with the
embodiment is included in at least one embodiment of the
invention. Thus, the appearances of the phrase “in an
embodiment” or “in one embodiment” in various places
throughout this specification are not necessarily referring to
the same embodiment of the invention. Furthermore, the
particular features, structures, functions, or characteristics
may be combined in any suitable manner in one or more
embodiments. For example, a first embodiment may be
combined with a second embodiment anywhere the particu-
lar features, structures, functions, or characteristics associ-
ated with the two embodiments are not mutually exclusive.

[0022] As used in the description of the invention and the
appended claims, the singular forms “a”, “an” and “the” are
intended to include the plural forms as well, unless the
context clearly indicates otherwise. It will also be under-
stood that the term “and/or” as used herein refers to and
encompasses any and all possible combinations of one or

more of the associated listed items.

[0023] The terms “coupled” and “connected,” along with
their derivatives, may be used herein to describe structural
relationships between components. It should be understood
that these terms are not intended as synonyms for each other.
Rather, in particular embodiments, “connected” may be used
to indicate that two or more elements are in direct physical
or electrical contact with each other. “Coupled” may be used
to indicated that two or more elements are in either direct or
indirect (with other intervening elements between them)
physical or electrical contact with each other, and/or that the
two or more elements co-operate or interact with each other
(e.g., as in a cause an effect relationship).

[0024] The terms “over,” “under,” “between,” “on”, and/
or the like, as used herein refer to a relative position of one
material layer or component with respect to other layers or
components. For example, one layer disposed over or under
another layer may be directly in contact with the other layer
or may have one or more intervening layers. Moreover, one
layer disposed between two layers may be directly in contact
with the two layers or may have one or more intervening
layers. In contrast, a first layer “on” a second layer is in
direct contact with that second layer. Similarly, unless
explicitly stated otherwise, one feature disposed between
two features may be in direct contact with the adjacent
features or may have one or more intervening features.
Furthermore, the terms “substantially,” “close,” “approxi-
mately,” “near,” and “about,” generally refer to being within
+/-10% of a target value. The term layer as used herein may
include a single material or multiple materials. As used in
throughout this description, and in the claims, a list of items
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joined by the term “at least one of” or “one or more of” can
mean any combination of the listed terms. For example, the
phrase “at least one of A, B or C” can mean A; B; C; A and
B; Aand C, B and C; or A, B and C.

[0025] Transistors, devices, apparatuses, computing plat-
forms, and methods are described below related to tunnel
polarization junction III-N transistors.

[0026] As described above, it may be advantageous to
provide improved III-N transistors including tunnel polar-
ization junction III-N transistors. In an embodiment, a
transistor structure includes a first crystalline III-N material
layer, a second crystalline III-N material layer, and an
intervening layer other than a III-N material therebetween
such that the first crystalline I1I-N material has a first crystal
orientation and the second crystalline III-N material has a
second crystal orientation inverted with respect to the first
crystal orientation. As used herein the term inverted is used
to indicate the directionality and/or polarity of the crystals or
crystal structures are substantially aligned but in opposite
directions. For example, the polarity of the crystals along
their ¢ axes may be inverted such that the c¢ axes are
substantially aligned but with the crystals having +c polari-
ties that are in opposite directions. Such a layer structure
provides a high density 2 D electron gas (2 DEG) or 2 D hole
gas (2 DHG) (depending on the orientations of the III-N
crystalline materials) within the crystalline III-N material
layers at the interface of the first crystalline III-N material
and the intervening layer and at the interface of the second
crystalline III-N material and the intervening layer. By
inverting the crystal orientations of the first and second
crystalline III-N materials, the polarization properties of the
crystalline I1I-N materials, as discussed further herein, pro-
vide the high density 2 DEG or 2 DHG (depending on the
polarization orientations of the first and second crystalline
IT1-N materials) within the first and second crystalline IT1I-N
materials. Furthermore, the transistor includes a source, a
drain, and a gate between the source and drain that are all
electrically coupled to the first crystalline III-N material
layer.

[0027] In some embodiments, the coupling of the source
and the drain to the first crystalline III-N material layer
provides a tunnel junction therebetween. The first and sec-
ond crystalline III-N material layers may include any suit-
able III-N crystalline materials such as gallium nitride,
aluminum nitride, indium nitride, or ternary alloys thereof.
In an embodiment, the first and second crystalline I1I-N
material layers comprise gallium nitride such that the first
crystalline III-N material has a group IlI-face (such as a
Ga-face) adjacent to the intervening layer and a nitrogen
(N)-face opposite (or distal to) the intervening layer and the
second crystalline I1I-N material comprises a group I1I-face
(such as a Ga-face) adjacent to the intervening layer and a
nitrogen (N)-face opposite (or distal to) the intervening
layer. Such an embodiment provides for a 2 DHG within the
first crystalline III-N material layer for the implementation
of a p-MOS transistor structure. The source and the drain
coupled to the first crystalline III-N material layer may then
include an N+ doped crystalline material such as N+ doped
InGaN to provide the discussed tunnel junctions between the
first crystalline I1I-N material layer and the N+ doped source
and drain. Details of such embodiments and additional
embodiments are discussed further herein.

[0028] FIG. 1A is a cross-sectional view of an example
transistor structure 100 and FIG. 1B is a cross-sectional view
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of a portion of transistor structure 100 including a material
stack 121, arranged in accordance with at least some imple-
mentations of the present disclosure. As shown in FIG. 1A,
transistor structure 100 includes a substrate 101, a III-N
crystalline material layer 102, an intervening layer 103, a
III-N crystalline material layer 104, a source 105, a drain
106, a gate dielectric 109, a gate electrode 110, a source
contact 107, a drain contact 108, and a dielectric layer 111.
Also as shown, a 2 D hole gas (2 DHG) 112 is provided
within III-N crystalline material layer 102 (e.g., within III-N
crystalline material layer 102 and adjacent to its interface
with intervening layer 103) and a 2 DHG 113 is provided
within III-N crystalline material layer 104 (e.g., within III-N
crystalline material layer 104 and adjacent to its interface
with intervening layer 103) due to the material selection and
crystal orientations of III-N crystalline material layers 102,
104.

[0029] As shown in FIG. 1B, material stack 121 of tran-
sistor structure 100 includes III-N crystalline material layer
102, intervening layer 103, and III-N crystalline material
layer 104 such that 2 DHG 113 is provided within III-N
crystalline material layer 104 and 2 DHG 112 is provided
within III-N crystalline material layer 102 as discussed.
Material stack 121 may be characterized as a p-type polar-
ization junction, a polarization junction, or the like. III-N
crystalline material layer 102 may include any suitable I1I-N
crystalline material such as GaN, AIN, InN, or ternary alloys
thereof such as aluminum indium nitride (Al In, ,N) or
aluminum gallium nitride (Al Ga,_N), where x is less than
1. Similarly, ITI-N crystalline material layer 104 may include
any III-N crystalline material such as GaN, AIN, InN,
Al In, N, or Al,Ga, N such that the crystal orientation of
III-N crystalline material layer 104 is inverted with respect
to the crystal orientation of III-N crystalline material layer
102. In some embodiments, III-N crystalline material layer
102 and III-N crystalline material layer 104 are the same
materials. In other embodiments, III-N crystalline material
layer 102 and III-N crystalline material layer 104 are dif-
ferent III-N crystalline materials having the discussed
inverted crystal orientations. Although described herein as
III-N crystalline material layers 102, 104, layers 102, 104
may include other suitable materials, impurities, etc. For
example, layers 102, 104 include III-N crystalline materials
such as those described above but layers 102, 104 may also
include dopants, other materials, etc. For example, I1I-N
crystalline material layers 102, 104 may be characterized as
layers, I1I-N material layers, III-N material regions, epitaxial
III-N material regions, or the like, such that the character-
ized layers include a crystalline III-N material.

[0030] As shown in FIG. 1B with respect to polarity P1 of
III-N crystalline material layer 104 and polarity P2 of 1II-N
crystalline material layer 102, the crystal orientations of
III-N crystalline material layers 102, 104 are provided such
that high density 2 DHG 112 and 2 DHG 113 are formed or
provided within III-N crystalline material layers 102, 104 at
the interface of III-N crystalline material layers 102, 104
with intervening layer 103. For example, as is described
further below, III-N crystalline material layer 104 has a
c-axis that is out of plane with respect to III-N crystalline
material layer 104 such that III-N crystalline material layer
104 has a group IlI-face (such as a Ga-face) adjacent to
intervening layer 103 and a nitrogen (N)-face opposite
intervening layer 103 (or distal to intervening layer). Fur-
thermore, III-N crystalline material layer 102 has a c-axis
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that is out of plane with respect to III-N crystalline material
layer 102 and has an opposite direction or orientation with
respect to the c-axis of III-N crystalline material layer 104
such that III-N crystalline material layer 102 has a nitrogen
(N)-face adjacent to intervening layer 103 and a group
III-face (such as a Ga-face) opposite intervening layer 103
(or distal to intervening layer). The c-axes of III-N crystal-
line material layers 102, 104 are substantially aligned but of
opposite directions.

[0031] FIG. 2A illustrates an example orientation of a
gallium nitride crystal 200, arranged in accordance with at
least some implementations of the present disclosure. Gen-
erally, gallium nitride crystal 200 has a wurtzite crystal
structure. GaN and other group I1I-nitrides described herein
may be formed with the illustrated wurtzite structure. As
shown in FIG. 2A, gallium nitride crystal 200 has a nitrogen
(N)-face 201 and a gallium (Ga)-face 202. Gallium nitride
crystal 200 is non-centrosymmetric such that gallium nitride
crystal 200 lacks inversion symmetry, and, more particu-
larly, the (0001) and (000-1) planes are not equivalent. As
shown, for gallium nitride crystal 200, the (0001) plane is
typically referred to as Ga-face 202 (+c polarity or in the
<0001> direction) and the (000-1) plane is referred to as
N-face 201 (-c polarity, or in the <0001> direction). The
orientation in FIG. 2A is therefore referred to or character-
ized as N-face, N-face GaN, N—GaN, (000-1)-GaN, or the
like. That is, for group III-N crystalline structures, one or the
other of the (0001) and (000-1) planes (i.e., the Ga-face or
the N-face) is often more proximate to a substrate surface
(e.g., a surface 116 of substrate 101 from which the device
extends) and so the GaN crystal may be referred to as Ga
polarity (+c) if the Ga-face (or other group III element-face)
is distal from the substrate surface or N polarity (-c) if the
Ga-face (or other group III element-face) is proximal to the
substrate. With reference to FIGS. 1A and 1B, III-N crys-
talline material layer 104 is N-face GaN or, more generally
an N-face group III-N crystalline material layer such that the
N-face of III-N crystalline material layer 104 is furthest
from surface 116 of substrate 101 (and the Ga-face of I1I-N
crystalline material layer 104 is proximal to surface 116).
Although illustrated with respect to gallium nitride crystal
200, IT1I-N crystalline material layer 104 may include any
IT1-N material(s) discussed herein. For example, III-N crys-
talline material layer 104 may be N-face AIN or N-face InN
such that Al or In replace Ga in gallium nitride crystal 200
or a ternary crystalline structure such that III-N crystalline
material layer 104 may be N-face aluminum indium nitride
or aluminum gallium nitride.

[0032] FIG. 2B illustrates another example orientation of
a gallium nitride crystal 210, arranged in accordance with at
least some implementations of the present disclosure. As
shown in FIG. 2B, gallium nitride crystal 210 has a gallium
(Ga)-face 211 and a nitrogen (N)-face 212. As will be
appreciated, gallium nitride crystal 210 is inverted with
respect to gallium nitride crystal 200 and, as discussed with
respect to gallium nitride crystal 200, gallium nitride crystal
210 is non-centrosymmetric. As shown, for gallium nitride
crystal 210, the (0001) plane is referred to as Ga-face 211
(+c polarity, or in the <0001> direction) and the (000-1)
plane is referred to as N-face 212 (-c polarity, or in the
negative <0001> direction). The orientation in FIG. 2B is
therefore referred to or characterized as Ga-face, Ga-face
GaN, Ga—GaN, (0001), or the like. As discussed, when the
Ga-face (or other group III element-face) is distal to surface



US 2020/0194312 Al

116 of substrate 101 (as is the case in FIGS. 1A, 1B, and 2B),
the GaN crystal may be referred to as polarity +c. With
reference to FIGS. 1A and 1B, III-N crystalline material
layer 102 is Ga-face GaN or, more generally a group I1I-face
III-N crystalline material layer. Although illustrated with
respect to gallium nitride crystal 210, III-N crystalline
material layer 102 may include any III-N material(s) dis-
cussed herein. For example, III-N crystalline material layer
104 may be Al-face AIN or In-face InN such that Al or In
replace Ga in gallium nitride crystal 200 or a ternary
crystalline structure such that I1I-N crystalline material layer
102 may be a group Ill-face aluminum indium nitride or
aluminum gallium nitride.

[0033] For example, although illustrated with respect to
gallium nitride crystals 200, 210 having opposing orienta-
tions as described, the III-N crystalline material layers
discussed herein such as III-N crystalline material layers
102, 104 may include any suitable group III-N semiconduc-
tor material having similar crystal structures to those dis-
cussed with respect to gallium nitride crystals 200, 210. For
example, the III-N crystalline material layers discussed
herein may include any of GaN, AIN, InN, Al In, N, or
Al Ga,_N. As used herein, the term group IlI-face is used to
indicate the (0001) plane (i.e., in analogy to the Ga-face
discussed above) and the corresponding orientation and
N-face is used to indicate the (000-1) plane. For example,
both the (0001) and the (000-1) planes include seven group
IIT atoms with the (000-1) plane group III atoms each being
bonded to a corresponding N atom while the (0001) plane
group III atoms share bonds among three N atoms as
illustrated in FIGS. 2A and 2B.

[0034] Returning to FIGS. 1A and 1B, as discussed, I1I-N
crystalline material layer 104 is an N-face crystal and II1I-N
crystalline material layer 102 is a group Ill-face crystal. As
shown in FIG. 1B, when such an orientation of the crystals
of III-N crystalline material layers 102, 104 is provided, the
polarization properties of those materials as indicated by
polarization P1 and polarization P2 (e.g., having opposite
directions or polarities) invoke 2 DHG 112 and 2 DHG 113
within III-N crystalline material layers 102, 104. Intervening
layer 103 may be any suitable material or materials other
than a III-N material that provides for, invokes, or elicits 2
DHG 112 and 2 DHG 113 within III-N crystalline material
layers 102, 104 having the crystal orientation discussed
above. Intervening layer 103 may be crystalline, polycrys-
talline, or amorphous and may have any suitable thickness.

[0035] For example, intervening layer 103 may be a
crystalline material or materials other than a III-N material
having any suitable thickness such as a thickness (e.g., in the
z direction) of not more than 5 nm. In some embodiment,
intervening layer 103 is a crystalline material having a
thickness of not more than 3 nm. In an embodiment,
intervening layer 103 is a crystalline material including less
than 10, less than 7, or less than 5 monolayers. In an
embodiment, intervening layer 103 is a crystalline material
including oxygen. In an embodiment, intervening layer 103
is or includes a crystalline aluminum oxide (AlO,) material
(e.g., sapphire). In an embodiment, intervening layer 103 is
or includes a crystalline scandium oxide (Sc,0O,) material. In
an embodiment, intervening layer 103 is or includes a
crystalline scandium nitride (Sc,N,) material. In an embodi-
ment, intervening layer 103 is or includes a crystalline
aluminum scandium oxide material. In an embodiment,
intervening layer 103 includes a first crystalline aluminum
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nitride layer adjacent to III-N crystalline material layer 102,
a second crystalline aluminum nitride layer adjacent to I1I-N
crystalline material layer 104, and a layer of aluminum oxide
between the first and second crystalline aluminum nitride
layers. That is, intervening layer 103 may include an alu-
minum oxide layer sandwiched between crystalline alumi-
num nitride layers. For example, intervening layer 103 may
include oxidized surface of the first crystalline aluminum
nitride layer adjacent to the second crystalline aluminum
nitride layer.

[0036] In an embodiment, another layer (not shown) is
provided between intervening layer 103 and III-N crystalline
material layer 104 such that the additional layer is or
includes a crystalline III-N material having a different
composition than the either or both of III-N crystalline
material layers 102, 104 such that the crystal orientation of
the additional layer is inverted with respect to III-N crys-
talline material layer 102 (and in line with respect to III-N
crystalline material layer 104). For example III-N crystalline
material layer 104 may be on the additional layer. Such an
additional layer may provide for or aid in the discussed
crystal orientation inversion between III-N crystalline mate-
rial layers 102, 104. The additional layer may include any
suitable III-N crystalline material such as a crystalline
aluminum nitride.

[0037] In other embodiments, intervening layer 103 is an
amorphous material other than a III-N material having any
suitable thickness such as a thickness of not more than 5 nm.
For example, intervening layer 103 may be any suitable
amorphous material such as amorphous aluminum oxide,
amorphous silicon oxide, amorphous silicon nitride, amor-
phous silicon oxynitride, amorphous hafnium oxide, amor-
phous zirconium oxide, amorphous hafnium silicon oxide,
amorphous titanium silicon oxide, or the like. As is dis-
cussed further herein, in embodiments where intervening
layer 103 is an amorphous material, III-N crystalline mate-
rial layer 104 may be formed on another substrate, physi-
cally inverted, brought into contact with intervening layer
103, and the substrate may be removed via etch or grind
operations to provide III-N crystalline material layer 104
over or on intervening layer 103.

[0038] With continued reference to FIG. 1A, as shown,
III-N crystalline material layer 102 may be on or over
substrate 101. Substrate 101 may include any suitable mate-
rial or materials. For example, substrate 101 may be a
substrate substantially aligned along a predetermined crystal
orientation (e.g., (100), (111), (110), or the like). In some
examples, substrate 101 may include a semiconductor mate-
rial such as monocrystalline silicon (Si), germanium (Ge),
silicon germanium (SiGe), a III-V materials based material
(e.g., gallium arsenide (GaAs)), a silicon carbide (SiC), a
sapphire (Al,O;), or any combination thereof. In some
examples, substrate 101 may include silicon having a (100)
crystal orientation with a 4°-11° miscut (with 4°-6° being
particularly advantageous). Examples using silicon having a
crystal orientation of (110) may offer the advantage of
having a smaller mismatch for subsequent epitaxial growth.
In various examples, substrate 101 may include metalliza-
tion interconnect layers for integrated circuits or electronic
devices such as transistors, memories, capacitors, resistors,
optoelectronic devices, switches, or any other active or
passive electronic devices separated by an electrically insu-
lating layer, for example, an interlayer dielectric, a trench
insulation layer, or the like.
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[0039] As discussed, III-N crystalline material layer 102
may include any suitable III-N crystalline material such as
GaN, AIN, InN, Al In, N, or AL Ga, N. Furthermore, I1I-N
crystalline material layer 102 may include any suitable
thickness (e.g., in the z-direction) such as a thickness in the
range of about 40-100 nm or the like. Intervening layer 103
may include any suitable materials, thicknesses, character-
istics, etc. as discussed above. III-N crystalline material
layer 104 may include any suitable I1I-N crystalline material
such as GaN, AIN, InN, Al In, N, or Al Ga, ,N such that a
crystal orientation of III-N crystalline material layer 104 is
inverted with respect to a crystal orientation of III-N crys-
talline material layer 102. III-N crystalline material layer
102 may include any suitable thickness (e.g., in the z-direc-
tion) such as a thickness in the range of about 5-10 nm or the
like.

[0040] As shown, in an embodiment, III-N crystalline
material layer 104 includes a region 114 under a gate
structure 117 including gate dielectric 109 and gate electrode
110 that is thinner than a bulk region or portion of III-N
crystalline material layer 104. Such a recess, notch, or cut
out or the like formed in III-N crystalline material layer 104
may provide for a discontinuity in 2 DHG 113 in region 114
of III-N crystalline material layer 104 and/or a discontinuity
in 2 DHG 112 in region 115 of III-N crystalline material
layer 102 such that transistor structure 100 may be in a
typically OFF state when no bias is applied to gate electrode
110. Transistor structure 100 may be transitioned to an ON
state by applying a negative bias to gate electrode 110 to
complete a conductive path between source 105 and drain
106 via 2 DHG 113. In another embodiment, no recess,
notch, or cut out is provided in III-N crystalline material
layer 104 and III-N crystalline material layer 104 may have
a similar thickness in region 114 with respect to regions
under source 105 and drain 106 such that 2 DHG 113 and/or
2 DHG 114 extend under gate structure 117. In such embodi-
ments, transistor structure 100 may be in a typically ON
state when no bias is applied to gate electrode 110. In such
embodiments, transistor structure 100 may be transitioned to
an OFF state by applying a positive bias to gate electrode
110 to impede or eliminate the conductive path between
source 105 and drain 106.

[0041] As shown, transistor structure 100 includes source
105, drain 106, and gate structure 117 between source 105
and drain 106 such that source 105, drain 106, and gate
dielectric 109 of gate structure 117 are on III-N crystalline
material layer 104 and source 105, drain 106, and gate
structure 117 are coupled (i.e., electrically coupled) to III-N
crystalline material layer 104. In an embodiment, an inter-
vening layer or layers may be between one or more of source
105, drain 106, and gate structure 117 and III-N crystalline
material layer 104, however electrical coupling must be
provided. Gate structure 117 may include gate dielectric 109
and gate electrode 110 or gate electrode 110 alone may be
characterized as a gate. For example, as used herein the term
gate indicates a gate electrode with or without a gate
dielectric.

[0042] As shown, source 105 and drain 106 are on III-N
crystalline material layer 104 and within optional recesses
118, 119 of III-N crystalline material layer 104. Source 105
and 106 may include any suitable material or materials at
any suitable dimensions. In an embodiment, source 105 and
drain 106 are n-doped materials. In an embodiment, source
105 and drain 106 include an n-doped group III-N semicon-
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ductor material such as but not limited to an n-doped GaN
or n-doped In Ga, N, where x is between 0.01 and 0.1. In
an embodiment, source 105 and drain 106 are n-doped
In, ,Ga, oN. In an embodiment, the GaN or n-doped In Ga,
*N of source 105 and drain 106 is doped with an n-type
dopant such as Si or Ge having a dopant density that is at
least 1e18/cm?. In some embodiments, source 105 and drain
106 are the same materials. In other embodiments, source
105 and drain 106 are different materials. Source 105 and
drain 106 may have any suitable thicknesses such as thick-
nesses in the range of about 60-120 nm.

[0043] Also as shown, a portion of gate dielectric 109 is on
III-N crystalline material layer 104 within a notch, cut out,
or recess of III-N crystalline material layer 104 as discussed
above. In the illustrated embodiment, gate dielectric 109
lines an opening 120 of dielectric layer 111. In other
embodiments, gate dielectric 109 extends along sidewalls of
source 105 and 106 and top portions of III-N crystalline
material layer 104 between source 105 and gate electrode
110 and between drain 106 and gate electrode 110. Gate
dielectric 109 may be characterized as a gate dielectric layer,
a dielectric layer or the like and gate dielectric 109 may
include any suitable material or material stack of any
suitable thickness. In an embodiment, gate dielectric 109
includes a gate dielectric material such as but not limited to
aluminum oxide (Al,0;), hathium oxide (HfO,), zirconium
oxide (ZrQ,), titanium silicon oxide (TiSiO), hatnium sili-
con oxide (HfSiO) or silicon nitride (Si;N,). In an embodi-
ment, gate dielectric 109 has a thickness in the range of 2-10
nm. In an embodiment, gate dielectric 109 is a composite
stack including two separate and distinct layers of gate
dielectric materials chosen from the above group of gate
dielectric materials. In one such embodiment, a layer of gate
dielectric material of one type is disposed on a layer of gate
dielectric material of a different type to form the composite
stack.

[0044] Gate electrode 110 is within opening 120 and gate
electrode 110 may be any suitable material or materials. In
an embodiment, gate electrode 110 includes a work function
layer or material such as but not limited to platinum (Pt),
nickel (Ni), titanium nitride (TiN), or tantalum nitride (TaN).
In an embodiment, gate electrode 110 includes a gate cap
metal on the work function layer or material. In one such
embodiment, the gate cap metal is tungsten. In an embodi-
ment, when gate electrode 110 includes a work function
layer or material and a gate cap metal, the work function
layer or material has a thickness of at least 20 nm. In the
illustrated embodiment, the distance between gate electrode
110 and source 105 (i.e., in the x-direction) is the same as or
approximately the same as the distance between gate elec-
trode 110 and drain 106 (in the same x-direction). In another
embodiment, the distance between gate electrode 110 and
source 105 is less than the distance between gate electrode
110 and source 105. Dielectric layer 111 may include any
suitable insulating material or material such as a silicon
oxide, silicon oxynitride, or silicon carbide.

[0045] As discussed, transistor structure 100 may be con-
tacted by vias, metallization layers and the like to form an
integrated circuit including many transistor structures 100,
n-channel transistor structures, other devices, or the like. As
is discussed further herein with respect to FIG. 6, in an
embodiment, transistor structure 100 is integrated with an
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n-channel transistor structure having a polarization layer on
a III-N crystalline material layer to invoke an 2 D electron
gas (2 DEG) therein.

[0046] With continued reference to FIG. 1A, source con-
tact 107 and drain contact 108 may contact respective
portions of source 105 and drain 106 to provide electrical
coupling to source 105 and drain 106. Source contact 107
and drain contact 108 may include any suitable material or
materials such as nickel, titanium, platinum, or tungsten. As
will be appreciated, source contact 107, drain contact 108,
and gate electrode 110 may be electrically coupled to vias,
metallization layers, and the like to provide routing from
transistor structure 100 to higher level circuitry.

[0047] Transistor structure 100 provides a p-channel tran-
sistor structure including a GaN, AIN, InN, or ternary alloys
thereof channel (e.g., within III-N crystalline material layer
104). Transistor structure 100, along with n-channel tran-
sistor structures may advantageously provide for all-III-N
material CMOS integrated circuits such as logic circuits,
digital circuits, and analog circuits that span low Vec to high
Vee applications. As discussed, transistor structure 100
forms a high mobility 2 DHG in the III-N crystalline
material using a polarization induced charge mechanism.
Furthermore, the use of n-doped source 105 and n-doped
drain 106 provides for tunnel junction structures between the
n-doped source 105 and III-N crystalline material layer 104
and the n-doped source 106 and III-N crystalline material
layer 104, which allows for conduction in electrons until
transition to conduction in holes as well as excellent metal
contact to source contact 107 and drain contact 108. Such
advantages provide improved transistor performance, effi-
ciency, and density.

[0048] Discussion now turns to an n-channel transistor
structure similar to p-channel transistor structure 100.
[0049] FIG. 3A is a cross-sectional view of an example
transistor structure 300 and FIG. 3B is a cross-sectional view
of a portion of transistor structure 300 including a material
stack 321, arranged in accordance with at least some imple-
mentations of the present disclosure. As shown in FIG. 3A,
transistor structure 300 includes substrate 101, a III-N
crystalline material layer 302, an intervening layer 303, a
III-N crystalline material layer 304, a source 305, a drain
306, a gate dielectric 309, a gate electrode 310, a source
contact 307, a drain contact 308, and a dielectric layer 311.
Also as shown, a 2 D electron gas (2 DEG) 312 is provided
within III-N crystalline material layer 302 (e.g., within III-N
crystalline material layer 302 and adjacent to its interface
with intervening layer 303) and a 2 DEG 313 is provided
within III-N crystalline material layer 304 (e.g., within III-N
crystalline material layer 304 and adjacent to its interface
with intervening layer 303) due to the material selection and
crystal orientation of III-N crystalline material layers 302,
304.

[0050] As shown in FIG. 3B, material stack 321 of tran-
sistor structure 300 includes III-N crystalline material layer
302, intervening layer 303, and III-N crystalline material
layer 304. Material stack 321 may be characterized as an
n-type polarization junction, a polarization junction, or the
like. IT1I-N crystalline material layer 302 may include any
suitable N-face III-N crystalline material such as GaN, AIN,
InN, or ternary alloys thereof such as aluminum indium
nitride (Al In; N) or aluminum gallium nitride (Al,Ga,_
xN), where x is less than 1. ITII-N crystalline material layer
304 may include any group IlI-face III-N crystalline mate-
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rial such as GaN, AIN, InN, Al In, N, or Al,Ga, N such
that the crystal orientation of III-N crystalline material layer
304 is inverted with respect to the crystal orientation of I1I-N
crystalline material layer 302. In some embodiments, I1I-N
crystalline material layer 302 and III-N crystalline material
layer 304 are the same materials. In other embodiments,
III-N crystalline material layer 302 and III-N crystalline
material layer 304 are different III-N crystalline materials.
Although described herein as III-N crystalline material
layers 302, 304, layers 302, 304 may include other suitable
materials, impurities, etc. For example, layers 302, 304
include III-N crystalline materials such as those described
above but layers 302, 304 may also include dopants, other
materials, etc. For example, I1I-N crystalline material layers
302, 304 may be characterized as layers, III-N material
layers, III-N material regions, epitaxial III-N material
regions, or the like, such that the characterized layers
include a crystalline III-N material.

[0051] In the embodiment of transistor structure 300, the
crystal orientation of III-N crystalline material layer 302 is
that of gallium nitride crystal 200 as discussed herein such
that the N-face of III-N crystalline material layer 302 is
opposite surface 116 of substrate 101 and adjacent to inter-
vening layer 303 while the Ga-face (or group Ill-face) of
II1-N crystalline material layer 302 is adjacent to surface 116
of substrate 101. Furthermore, the crystal orientation of
ITI-N crystalline material layer 304 is that of gallium nitride
crystal 210 as discussed herein such that the Ga-face (or
group Ill-face) of III-N crystalline material layer 302 is
opposite surface 116 of substrate 101 (and intervening layer
303) and the N-face of III-N crystalline material layer 302
is adjacent to intervening layer 303 and toward surface 116
of substrate 101. Although discussed with respect to gallium
nitride crystals 200, 210, III-N crystalline material layers
302, 304 may be any III-N crystalline materials discussed
above.

[0052] As discussed, III-N crystalline material layer 302 is
an N-face crystal and III-N crystalline material layer 304 is
a group III-face crystal. As shown in FIG. 3B, when such an
orientation of the crystals of III-N crystalline material layers
302, 304 is provided, the polarization properties of those
materials as indicated by polarization P1 and polarization P2
(e.g., having opposite directions or polarities) invoke 2 DEG
312 and 2 DEG 313 within III-N crystalline material layers
102, 104. Intervening layer 303 may be any suitable material
or materials other than a III-N material that provides for,
invokes, or elicits 2 DEG 312 and 2 DEG 313 within II1I-N
crystalline material layers 302, 304 having the crystal ori-
entation discussed above. Intervening layer 303 may be
crystalline, polycrystalline, or amorphous and may have any
suitable thickness.

[0053] For example, intervening layer 303 may have any
characteristics as discussed with respect to intervening layer
103. In an embodiment, intervening layer 303 is or includes
a crystalline material or materials other than a I1I-N material
having a thickness (e.g., in the z direction) of not more than
5 nm or not more than 3 nm. In some embodiments,
intervening layer 303 is a crystalline material including less
than 10, less than 7, or less than 5 monolayers. In an
embodiment, intervening layer 303 is a crystalline material
including oxygen. In some embodiments, intervening layer
303 is or includes a crystalline aluminum oxide material, a
crystalline scandium oxide material, a crystalline scandium
nitride material, or a crystalline aluminum scandium oxide
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material. In an embodiment, intervening layer 303 includes
a first aluminum nitride layer adjacent to III-N crystalline
material layer 302, a second aluminum nitride layer adjacent
to III-N crystalline material layer 304, and a layer of
aluminum oxide between the first and second aluminum
nitride layers such that intervening layer 303 includes an
aluminum oxide layer sandwiched between aluminum
nitride layers. In an embodiment, another layer (not shown)
is provided between intervening layer 303 and III-N crys-
talline material layer 304 such that the additional layer is or
includes a crystalline III-N material having a different
composition than the either or both of III-N crystalline
material layers 102, 104 and such that the crystal orientation
of the additional layer is inverted with respect to III-N
crystalline material layer 302 (and in line with respect to
III-N crystalline material layer 304). For example, III-N
crystalline material layer 104 may be on the additional layer.
Such an additional layer may provide for or aid in the
discussed crystal orientation inversion between III-N crys-
talline material layers 302, 304. The additional layer may
include any suitable III-N crystalline material such as a
crystalline aluminum nitride. In other embodiments, inter-
vening layer 303 is an amorphous material other than a III-N
material having a thickness of not more than 5 nm. In some
embodiments, intervening layer 103 is amorphous alumi-
num oxide, amorphous silicon oxide, amorphous silicon
nitride, amorphous silicon oxynitride, amorphous hafnium
oxide, amorphous zirconium oxide, amorphous hafnium
silicon oxide, amorphous titanium silicon oxide, or the like.

[0054] As shown in FIG. 3A, III-N crystalline material
layer 302 is on or over substrate 101, which may have any
characteristics discussed herein with respect to FIG. 1A.
III-N crystalline material layer 302, intervening layer 303,
and III-N crystalline material layer 304 may have any
characteristics discussed above. Also as shown, in an
embodiment, III-N crystalline material layer 304 includes a
region 314 under a gate structure 317 including gate dielec-
tric 309 and gate electrode 310 that is thinner than a bulk
region or portion of III-N crystalline material layer 304.
Such a recess, notch, or cut out or the like formed in III-N
crystalline material layer 304 may, as discussed with respect
to III-N crystalline material layer 104 provide for a discon-
tinuity in 2 DEG 313 in region 314 of III-N crystalline
material layer 304 and/or a discontinuity in 2 DEG 312 in
region 315 of III-N crystalline material layer 302 such that
transistor structure 300 may be in a typically OFF state when
no bias is applied to gate electrode 310 and transistor
structure 100 may be transitioned to an ON state by applying
a positive bias to gate electrode 310 to complete a conduc-
tive path between source 305 and drain 306 via 2 DEG 312.
In another embodiment, no recess, notch, or cut out is
provided in III-N crystalline material layer 304 and III-N
crystalline material layer 304 may have a similar thickness
in region 314 with respect to regions under source 305 and
drain 306 such that 2 DEG 312 and/or 2 DEG 314 extend
under gate structure 317 such that transistor structure 300
may be in a typically ON state when no bias is applied to
gate electrode 310. In such embodiments, transistor structure
300 may be transitioned to an OFF state by applying a
positive bias to gate electrode 310 to impede or eliminate the
conductive path between source 305 and drain 306.

[0055] As shown, transistor structure 300 includes gate
structure 317 between source 305 and drain 306 such that
source 305, drain 306, and gate dielectric 309 of gate
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structure 317 are on III-N crystalline material layer 304 and
source 305, drain 306, and gate structure 317 are coupled to
III-N crystalline material layer 304. Gate structure 317 may
include gate dielectric 309 and gate electrode 310 or gate
electrode 110 alone may be characterized as a gate. As
shown, source 305 and drain 306 are on III-N crystalline
material layer 304 and within optional recesses 318, 319 of
III-N crystalline material layer 304. Source 305 and drain
306 may include any suitable material or materials such as
n-doped materials. In some embodiments, source 305 and
drain 306 include an n-doped group III-N semiconductor
material such as but not limited to an n-doped GaN or
n-doped In Ga, N, where x is between 0.01 and 0.1 such as
n-doped In,,;Gayo N. In an embodiment, the GaN or
n-doped In Ga, N of source 305 and drain 306 is doped
with Si or Ge having a dopant density that is at least
lel8/cm®. Source 305 and drain 306 may be the same
materials or they may be different. Furthermore, source 305
and drain 306 may have any suitable thicknesses such as
thicknesses in the range of about 60-120 nm.

[0056] As shown, in an embodiment, gate dielectric 309
lines an opening 320 of dielectric layer 311. In other
embodiments, gate dielectric 309 extends along sidewalls of
source 305 and 306 and top portions of III-N crystalline
material layer 304 between source 305 and gate electrode
310 and between drain 306 and gate electrode 310. Gate
dielectric 309 may be characterized as a gate dielectric layer,
a dielectric layer or the like and gate dielectric 309 may
include any suitable material or material stack such as a
layer or layers of any of aluminum oxide, hafnium oxide,
zirconium oxide, titanium silicon oxide, hafnium silicon
oxide, silicon nitride, or a stack or such materials of any
suitable thickness such as a thickness in the range of 2-10
nm. Gate electrode 310 is within opening 320 and gate
electrode 310 may be any suitable material or stack of
materials such as a work function layer or material (e.g.,
having thickness of at least 20 nm) of platinum, nickel,
titanium nitride, or tantalum nitride and a gate cap metal
such as tungsten on the work function layer or material. In
the illustrated embodiment, the distance between gate elec-
trode 310 and source 305 (i.e., in the x-direction) is the same
as or approximately the same as the distance between gate
electrode 310 and drain. In another embodiment, the dis-
tance between gate electrode 310 and source 305 is less than
the distance between gate electrode 310 and source 305.
Dielectric layer 311 may include any suitable insulating
material or material such as a silicon oxide, silicon oxyni-
tride, or silicon carbide.

[0057] Source contact 307 and drain contact 308 may
contact respective portions of source 305 and drain 306 to
provide electrical coupling to source 305 and drain 306.
Source contact 307 and drain contact 308 may include any
suitable material or materials such as nickel, titanium,
platinum, or tungsten. As will be appreciated, source contact
307, drain contact 308, and gate electrode 310 may be
electrically coupled to vias, metallization layers, and the like
to provide routing from transistor structure 300 to higher
level circuitry. Such routing and higher level circuitry may
connect n-channel transistor structure 300 to other devices to
form an integrated circuit. In an embodiment, the integrated
circuit includes p-channel transistor structure 100 and
n-channel transistor structure 300. Transistor structure 100
and/or transistor structure 300 may be characterized as
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inverted III-N crystal transistors, transistors having inverted
III-N crystals, transistors having inverted I1I-N crystal mate-
rial layers, or the like.

[0058] FIG. 4 is a flow diagram illustrating an exemplary
process 400 for forming transistors having crystalline I1I-N
material layers with inverted crystal orientations, arranged
in accordance with at least some implementations of the
present disclosure. For example, process 400 may be imple-
mented to fabricate transistor structure 100 or transistor
structure 300 as discussed herein. In the illustrated imple-
mentation, process 400 may include one or more operations
as illustrated by operations 401-404. However, embodi-
ments herein may include additional operations, certain
operations being omitted, or operations being performed out
of the order provided.

[0059] Process 400 begins at operation 401, where a
substrate may be received for processing. The substrate may
include any suitable substrate as discussed herein such as a
silicon wafer or the like. In some embodiments, the substrate
includes underlying devices or electrical interconnects. In
some embodiments, substrate 101 may be received and
processed as discussed with respect to FIGS. 5A-5M.
[0060] Process 400 continues at operation 402, where a
first layer including a first crystalline III-N material is
formed over the substrate. The first layer including the first
crystalline III-N material may be characterized as a first
crystalline II1I-N material layer or the like. The first crystal-
line ITI-N material layer formed over the substrate may be or
include any crystalline I1I-N material discussed herein hav-
ing either orientation—group Il1-face or N-face—depending
on whether the transistor structure being formed is a p-chan-
nel transistor structure (as illustrated with respect to tran-
sistor structure 100) or an n-channel transistor structure (as
illustrated with respect to transistor structure 300). For the
formation of a p-channel transistor structure, the first crys-
talline I1I-N material layer is group Ill-face (i.e., having a
group IlI-face distal from or opposite the substrate and an
N-face adjacent to and/or on the substrate). For the forma-
tion of an n-channel transistor structure, the first crystalline
III-N material layer is N-face (i.e., having an N-face distal
from or opposite the substrate and a group Ill-face adjacent
to and/or on the substrate). The first crystalline I1I-N mate-
rial layer may be formed over the substrate using any
suitable technique or techniques. In some embodiments, at
operation 402, crystalline I1I-N material layer 503 is formed
over substrate 101 as is discussed with respect to FIG. 5B.
[0061] Process 400 continues at operation 403, where an
intervening layer that is a material other than a I1I-N material
is disposed over or on the first crystalline III-N material
layer and a second layer including a second crystalline I1I-N
material is disposed over or on the intervening layer. The
intervening layer may be characterized as a layer, an inter-
face layer, or the like and the second layer including the
second crystalline I1I-N material may be characterized as a
second crystalline III-N material layer or the like.

[0062] As provided in operation 403 of FIG. 4, the second
crystalline I1I-N material layer has an inverted crystal ori-
entation with respect to the first crystalline III-N material
layer as discussed herein. In an embodiment, to form a
p-channel transistor structure, the second crystalline III-N
material layer is N-face (i.e., having an N-face distal from or
opposite the substrate and a group I1I-face adjacent to and/or
on the intervening layer). In an embodiment, to form an
n-channel transistor structure, the second crystalline III-N
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material layer is group IIl-face (i.e., having a group III-face
distal from or opposite the substrate and an N-face adjacent
to and/or on the intervening layer).

[0063] The intervening layer may be disposed over or on
the first crystalline III-N material layer and the second
crystalline I1I-N material layer may be disposed over or on
the intervening layer using any suitable technique or tech-
niques. In some embodiments, at operation 403, disposing
the intervening layer over or on the first crystalline III-N
material layer and disposing the second crystalline III-N
material layer over or on the intervening layer includes
epitaxial growth of each of the intervening layer and the
second crystalline I1I-N material layer as is discussed with
respect to FIGS. 5C and 5D. In some embodiments, dispos-
ing the intervening layer over or on the first crystalline I1I-N
material layer and disposing the second crystalline III-N
material layer over or on the intervening layer includes
epitaxial growth of the intervening layer over or on the first
crystalline III-N material layer, epitaxial growth of the
second crystalline III-N material layer on a sacrificial sub-
strate, bringing the second crystalline III-N material layer
into contact with the intervening layer, and removing the
sacrificial substrate as is discussed with respect to FIGS. 5C,
5E, 5F, and 5G.

[0064] Process 400 continues at operation 404, where a
source, a drain, and a gate coupled to the first layer are
formed. The source, drain, and gate may include any suitable
material or materials. For example, the gate may include a
gate dielectric including aluminum oxide, hafnium oxide,
zirconium oxide, titanium silicon oxide, hafnium silicon
oxide, or silicon nitride and a gate electrode including a
work function layer of platinum, nickel, titanium nitride, or
tantalum nitride and a tungsten gate cap metal. The source
and drain, in either the p-channel embodiment or the n-chan-
nel embodiment may include an n-doped group III-N semi-
conductor material as discussed herein. The source, drain,
and gate may be formed using any suitable technique or
techniques. In some embodiments, the source, drain, and
gate are formed as discussed with respect to FIGS. SH-5M.
[0065] As discussed, process 400 may be implanted to
fabricate transistor structure 100 or transistor structure 300.
Further details associated with such fabrication techniques
are discussed herein and in particular, with respect to FIGS.
5A-5N. Any one or more of the operations of process 400 (or
the operations discussed herein with respect to FIGS.
5A-5N) may be undertaken in response to instructions
provided by one or more computer program products. Such
program products may include signal bearing media provid-
ing instructions that, when executed by, for example, a
processor, may provide the functionality described herein.
The computer program products may be provided in any
form of computer readable medium. Thus, for example, a
processor including one or more processor core(s) may
undertake one or more of the described operations in
response to instructions conveyed to the processor by a
computer readable medium.

[0066] FIGS.5A, 5B, 5C, 5D, 5E, 5F, 5G, 5H, 51, 57, 5K,
5L, 5M, and 5N are side views of example transistor
structures as particular fabrication operations are performed,
arranged in accordance with at least some implementations
of the present disclosure. As shown in FIG. 5A, transistor
structure 501 includes a substrate 101. For example, sub-
strate 101 may be a substrate substantially aligned along a
predetermined crystal orientation (e.g., (100), (111), (110),
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or the like). In some examples, substrate 101 may include a
semiconductor material such as monocrystalline silicon (Si),
germanium (Ge), silicon germanium (SiGe), a 1I1I-V mate-
rials based material (e.g., gallium arsenide (GaAs)), a silicon
carbide (SiC), a sapphire (Al,O;), or any combination
thereof. In various examples, substrate 101 may include
metallization interconnect layers for integrated circuits or
electronic devices such as transistors, memories, capacitors,
resistors, optoelectronic devices, switches, or any other
active or passive electronic devices separated by an electri-
cally insulating layer, for example, an interlayer dielectric, a
trench insulation layer, or the like.

[0067] FIG. 5B illustrates a transistor structure 502 similar
to transistor structure 501, after the formation or growth of
III-N crystalline material layer 503. III-N crystalline mate-
rial layer 503 may be formed using any suitable epitaxial
growth technique such as, for example, an epitaxial growth
via chemical vapor deposition (CVD), metal organic chemi-
cal vapor deposition (MOCVD), atomic layer deposition
(ALD), molecular beam epitaxy (MBE), or any other epi-
taxial growth technique, with MOCVD and MBE being
particularly advantageous. III-N crystalline material layer
503 may include any suitable III-N material such as, for
example, GaN, AIN, InN, Al In, N, or Al Ga, N. Further-
more. III-N crystalline material layer 503 includes a crystal
orientation (either N-face or group I1I-face depending on the
type of transistor to be fabricated).

[0068] In some embodiments, III-N crystalline material
layer 503 is a group IlI-face III-N crystalline material layer
(as discussed with respect to FIG. 2B and elsewhere herein)
such that III-N crystalline material layer 503 has an N-face
adjacent to or on substrate 101 and a group IlI-face opposite
substrate 101. As discussed herein, such embodiments pro-
vide for the fabrication of a p-channel transistor structure. In
such embodiments where III-N crystalline material layer
503 is GaN, III-N crystalline material layer 503 may be
characterized as Ga—GaN or Ga-face GaN.

[0069] In other embodiments, III-N crystalline material
layer 503 is an N-face III-N crystalline material layer (as
discussed with respect to FIG. 2A and elsewhere herein)
such that III-N crystalline material layer 503 has a group
III-face adjacent to or on substrate 101 and an N-face
opposite substrate 101. As discussed herein, such embodi-
ments provide for the fabrication of an n-channel transistor
structure. In such embodiments where III-N crystalline
material layer 503 is GaN, III-N crystalline material layer
503 may be characterized as N—GaN or N-face GaN.

[0070] As discussed, III-N crystalline material layer 503
may be formed using any suitable technique or techniques.
For example, III-N crystalline material layer 503 may be
grown by an MOCVD process at a temperature in the range
01 900-1050° C. III-N crystalline material layer 503 may be
formed with the discussed crystal orientation (i.e., group
III-face or N face) using selective process conditions for the
formation thereof. Such techniques are known in the art and
are not discussed further herein.

[0071] FIG. 5C illustrates a transistor structure 504 similar
to transistor structure 503, after the formation (e.g., growth
or deposition) of intervening layer 505. Intervening layer
503 may be formed using any suitable growth technique
such as, for example, CVD, MOCVD, ALD, MBE, or any
other deposition technique. Intervening layer 503 may

Jun. 18, 2020

include any suitable material or materials other than a III-N
material and intervening layer 503 may be crystalline or
amorphous.

[0072] In some embodiments, intervening layer 505 is or
includes a crystalline material or materials. In such crystal-
line intervening layer 505 embodiments, processing may
continue as discussed with respect to FIG. 5D such that a
second III-N crystalline material layer having an inverted
crystal structure with respect to III-N crystalline material
layer 503 is formed directly on crystalline intervening layer
505 or on an another layer on crystalline intervening layer
505.

[0073] Insome embodiments, crystalline intervening layer
505 includes a crystalline material other than a III-N mate-
rial having a thickness (e.g., in the z direction) of not more
than 5 nm or not more than 3 nm or including less than 10,
less than 7, or less than 5 monolayers. In an embodiment,
intervening layer 505 is a crystalline material including
oxygen. In some embodiments, intervening layer 505 is or
includes a crystalline aluminum oxide material, a crystalline
scandium oxide material, a crystalline scandium nitride
material, or a crystalline aluminum scandium oxide material.
In an embodiment, intervening layer 505 includes a first
aluminum nitride layer adjacent to III-N crystalline material
layer 503, a second aluminum nitride layer opposite I1I-N
crystalline material layer 503, and a layer of aluminum oxide
between the first and second aluminum nitride layers such
that intervening layer 505 includes an aluminum oxide layer
sandwiched between aluminum nitride layers. For example,
forming intervening layer 503 may include forming a first
aluminum nitride layer, oxidizing surface of the first alumi-
num nitride layer (AIN) opposite III-N crystalline material
layer 503 to form an aluminum oxide at the surface, and
forming a second aluminum nitride layer on the aluminum
oxide (or oxidized) surface. In another embodiment, inter-
vening layer 503 includes the first aluminum nitride layer
and the aluminum oxide (or oxidized) surface and the
second aluminum nitride layer is not formed.

[0074] In other embodiments, intervening layer 505 is an
amorphous material other than a III-N material having a
thickness of not more than 5 nm. In some embodiments,
intervening layer 505 is amorphous aluminum oxide, amor-
phous silicon oxide, amorphous silicon nitride, amorphous
silicon oxynitride, amorphous hafnium oxide, amorphous
zirconium oxide, amorphous hafnium silicon oxide, amor-
phous titanium silicon oxide, or the like. In such amorphous
intervening layer 505 embodiments, processing may con-
tinue as discussed with respect to FIGS. 5E-5G) such that a
second III-N crystalline material layer is formed over a
sacrificial substrate. The second III-N crystalline material
layer is formed such that it has the same crystal orientation
with respect to the sacrificial substrate that III-N crystalline
material layer 503 has with respect to substrate 101. The
second III-N crystalline material layer is then physically
inverted and brought into contact with intervening layer 505
and the sacrificial substrate is removed resulting in the
second III-N crystalline material layer being over or on
intervening layer 505 and having a crystal orientation that is
inverted with respect to the crystal orientation of III-N
crystalline material layer 503.

[0075] FIG. 5D illustrates a transistor structure 506 similar
to transistor structure 504, after the formation (e.g., growth)
of III-N crystalline material layer 507 such that III-N crys-
talline material layer 507 has a crystal orientation that is
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inverted with respect to the crystal orientation of III-N
crystalline material layer 504. III-N crystalline material
layer 507 may be formed using any suitable growth tech-
nique such as, for example, an epitaxial growth via chemical
vapor deposition (CVD), metal organic chemical vapor
deposition (MOCVD), atomic layer deposition (ALD),
molecular beam epitaxy (MBE), or any other epitaxial
growth technique, with MOCVD and MBE being particu-
larly advantageous. III-N crystalline material layer 503 may
include any suitable III-N material such as, for example,
GaN, AIN, InN, Al In, N, or Al Ga,  N. Furthermore, III-N
crystalline material layer 507 includes a crystal orientation
(either N-face or group IlI-face as depending on the type of
transistor to be fabricated) that is inverted with respect to the
crystal orientation of III-N crystalline material layer 503. In
some embodiments, the discussed materials of intervening
layer 505 cause the crystal orientation of III-N crystalline
material layer 507 to be inverted with respect to the crystal
orientation of III-N crystalline material layer 503. In an
embodiment, prior to the formation of III-N crystalline
material layer 507, another III-N crystalline material layer
(not shown) is provided such that the III-N crystalline
material layer has a different composition than either or both
of III-N crystalline material layers 504, 507 and such that the
III-N crystalline material layer has a crystal orientation that
is inverted with respect to III-N crystalline material layer
503 (and in line with respect to III-N crystalline material
layer 507). III-N crystalline material layer 507 is then
formed on the additional III-N crystalline material layer
having the differing composition. The additional III-N crys-
talline material layer may include any material or materials
that supports the discussed crystal inversion such as alumi-
num nitride. The additional III-N crystalline material layer
may be characterized as a layer separate from III-N crys-
talline material layer 507 or as a part of III-N crystalline
material layer 507.

[0076] In embodiments where III-N crystalline material
layer 503 is a group IlI-face III-N crystalline material layer
such that III-N crystalline material layer 503 has an N-face
adjacent to or on substrate 101 and a group IlI-face opposite
substrate 101 (i.e., a p-channel transistor structure is being
fabricated), I1I-N crystalline material layer 507 is an N-face
III-N crystalline material layer such that III-N crystalline
material layer 507 has a group Ill-face adjacent to or on
intervening layer 505 and an N-face opposite intervening
layer 505. In such embodiments where III-N crystalline
material layer 507 is GaN, III-N crystalline material layer
507 may be characterized as N—GaN or N-face GaN.

[0077] In embodiments where III-N crystalline material
layer 503 is an N-face III-N crystalline material layer such
that I1I-N crystalline material layer 503 has a group III-face
adjacent to or on substrate 101 and an N-face opposite
substrate 101 (i.e., an n-channel transistor structure is being
fabricated), III-N crystalline material layer 507 is a group
IlI-face III-N crystalline material layer such that III-N
crystalline material layer 507 has an N-face adjacent to or on
intervening layer 505 and a group Ill-face opposite inter-
vening layer 505. In such embodiments where III-N crys-
talline material layer 507 is GaN, III-N crystalline material
layer 507 may be characterized as Ga—GaN or Ga-face
GaN.

[0078] As discussed below, transistor structure 506 may
be provided for further processing for the formation of
source, drain, gate, etc. as is discussed with respect to FIG.
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5H. Discussion now turns to the formation of an intervening
layer and a III-N crystalline material layer over or on the
intervening layer using layer transfer techniques.

[0079] FIG. 5E, illustrates a structure 508 including a
sacrificial substrate 509 and a III-N crystalline material layer
510. For example, sacrificial substrate 509 may be a sub-
strate substantially aligned along a predetermined crystal
orientation (e.g., (100), (111), (110), or the like). In some
examples, sacrificial substrate 509 may include a semicon-
ductor material such as monocrystalline silicon (Si), germa-
nium (Ge), silicon germanium (SiGe), a III-V materials
based material (e.g., gallium arsenide (GaAs)), a silicon
carbide (SiC), a sapphire (Al,O,), or any combination
thereof. I1I-N crystalline material layer 510 may be formed
using any suitable epitaxial growth technique such as, for
example, an epitaxial growth via chemical vapor deposition
(CVD), metal organic chemical vapor deposition
(MOCVD), atomic layer deposition (ALD), molecular beam
epitaxy (MBE), or any other epitaxial growth technique,
with MOCVD and MBE being particularly advantageous.
III-N crystalline material layer 510 may include any suitable
IT1-N material such as, for example, GaN, AIN, InN, Al In, _
*N, or Al Ga, ,N. Furthermore, III-N crystalline material
layer 510 includes a crystal orientation (either N-face or
group IlI-face as depending on the type of transistor to be
fabricated).

[0080] As will be discussed further below, structure 508
will be inverted with respect to transistor structure 504 and
sacrificial substrate 509 will be removed. Therefore, for
III-N crystalline material layer 503 and eventual III-N
crystalline material layer 507 to be inverted, III-N crystalline
material layer 510 is fabricated with the same crystal ori-
entation with respect to sacrificial substrate 509 that I1I-N
crystalline material layer 503 has with respect to substrate
101. For example, for the eventual formation of p-channel
transistor structures, I1I-N crystalline material layer 510 is a
group IlI-face III-N crystalline material layer such that IT1I-N
crystalline material layer 510 has an N-face adjacent to or on
sacrificial substrate 509 and a group Ill-face opposite sac-
rificial substrate 509. Alternatively, for the eventual forma-
tion of n-channel transistor structures, III-N crystalline
material layer 510 is an N-face III-N crystalline material
layer such that III-N crystalline material layer 510 has a
group IlI-face adjacent to or on sacrificial substrate 509 and
an N-face opposite sacrificial substrate 509. As discussed,
IT1-N crystalline material layer 510 may be formed using any
suitable technique or techniques. For example, III-N crys-
talline material layer 510 may be grown by an MOCVD
process at a temperature in the range of 900-1050° C. III-N
crystalline material layer 510 may be formed with the
discussed crystal orientation (i.e., group IlI-face or N face)
using selective process conditions for the formation thereof.

[0081] FIG. 5F, illustrates a structure 511 after structure
508 has been inverted with respect to transistor structure 504
(please refer to FIG. 5C) and, as shown, after inversion,
III-N crystalline material layer 510 is brought into contact
with intervening layer 505. Such techniques may be per-
formed using any suitable technique or techniques. For
example, substrate 101 and sacrificial substrate 509 may
each be attached to a chuck and III-N crystalline material
layer 510 is brought into physical contact with intervening
layer 505. Such techniques may be used, for example, when
intervening layer 505 is an amorphous material.
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[0082] FIG. 5G illustrates a transistor structure 512 similar
to transistor structure 511, after III-N crystalline material
layer 510 is brought into contact with intervening layer 505
and sacrificial substrate 509 is removed. Sacrificial substrate
509 may be removed using any suitable technique or tech-
niques such as back side grind techniques, etch techniques,
or the like. As will be appreciated, I1I-N crystalline material
layer 510 may be secured to intervening layer 505 via Van
der Waals forces therebetween. For example, FIGS. S5E-5G
illustrate exemplary layer transfer techniques for transfer-
ring III-N crystalline material layer 510 onto intervening
layer 505.

[0083] As discussed, III-N crystalline material layer 510 is
physically inverted with respect to III-N crystalline material
layer 504 prior to layer transfer such that the crystal orien-
tation off IT1I-N crystalline material layer 510 is inverted with
respect to the crystal orientation of ITI-N crystalline material
layer 503. In embodiments where I1II-N crystalline material
layer 503 is a group IlI-face III-N crystalline material layer
such that III-N crystalline material layer 503 has an N-face
adjacent to or on substrate 101 and a group IlI-face opposite
substrate 101 (i.e., a p-channel transistor structure is being
fabricated), I1I-N crystalline material layer 510 is an N-face
III-N crystalline material layer such that III-N crystalline
material layer 510 has a group Ill-face adjacent to or on
intervening layer 505 and an N-face opposite intervening
layer 505. In such embodiments where III-N crystalline
material layer 510 is GaN, III-N crystalline material layer
510 may be characterized as N—GaN or N-face GaN.
[0084] In embodiments where III-N crystalline material
layer 503 is an N-face III-N crystalline material layer such
that I1I-N crystalline material layer 503 has a group III-face
adjacent to or on substrate 101 and an N-face opposite
substrate 101 (i.e., an n-channel transistor structure is being
fabricated), III-N crystalline material layer 510 is a group
IlI-face III-N crystalline material layer such that III-N
crystalline material layer 510 has an N-face adjacent to or on
intervening layer 505 and a group Ill-face opposite inter-
vening layer 505. In such embodiments where III-N crys-
talline material layer 510 is GaN, III-N crystalline material
layer 510 may be characterized as Ga—GaN or Ga-face
GaN.

[0085] Furthermore, transistor structure 512 is substan-
tially similar to transistor structure 506 (please refer to FIG.
5D) with the exceptions that, for example, intervening layer
505 of transistor structure 506 may be crystalline while
intervening layer 505 of transistor structure 512 may be
amorphous and transistor structure 506 includes III-N crys-
talline material layer 507 while transistor structure 512
includes III-N crystalline material layer 510. In subsequent
FIGS. 5H-5M, processing is illustrated with respect to I1I-N
crystalline material layer 507 and transistor structure 506,
however, such processing may be performed with III-N
crystalline material layer 510 and transistor structure 512.
[0086] FIG. 5H illustrates a transistor structure 513 similar
to transistor structure 506 (please refer to FIG. 5D), after
formation of a patterned layer 514. Patterned layer 514 may
include any suitable material or materials such as silicon
oxide or the like and patterned layer 514 may be formed
using any suitable technique or techniques such as by
providing a bulk layer or material and patterning the bulk
layer or material to provide patterned layer 514.

[0087] FIG. 51 illustrates a transistor structure 515 similar
to transistor structure 513, following the formation of source
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and drain trenches 516 in I1I-N crystalline material layer 507
adjacent to edges or sidewalls of patterned layer 514. Source
and drain trenches 516 may be characterized as trenches,
recesses, or the like and source and drain trenches 516 may
be formed using any suitable technique or techniques. In an
embodiment, source and drain trenches 516 are formed in
ITI-N crystalline material layer 507 by a plasma etch process.
In an embodiment, the plasma etch process utilizes medium
to low energy ions and radicals (<0.5 eV ion energy) to form
source and drain trenches 516 with substantially sidewalls as
shown, In other embodiments, etched sidewalls of source
and drain trenches 516 have a tapered profile.

[0088] FIG. 5] illustrates a transistor structure 517 similar
to transistor structure 515, following the formation of source
518 and drain 519. Source 518 and drain 519 may be formed
using any suitable technique or techniques. In an embodi-
ment, source 518 and drain 519 are n-doped source and drain
structures. In an embodiment, source 518 and drain 519 are
epitaxially grown with in situ doping with silicon and/or
germanium. In an embodiment, source 518 and drain 519 are
grown using MOCVD techniques such as by performing
MOCVD processing at a temperature in the range of 700-
800° C. In the illustrated embodiment, source 518 and drain
519 are grown to a height substantially in line with a top
surface of patterned layer 514. However, in other embodi-
ments, source 518 and drain 519 have a height that is less
than or greater than the top surface of patterned layer 514.
Also, in the illustrated embodiment, source 518 and drain
519 are selectively not grown on sidewalls of patterned layer
514. In other embodiments source 518 and drain 519 are
grown over (from III-N crystalline material layer 507) at
least portions of patterned layer 514. Source 518 and drain
519 may include any materials discussed herein with respect
to source 105 and drain 106 and/or source 305 and drain 306
such as an n-doped group I1I-N semiconductor material such
as but not limited to an n-doped GaN or n-doped In, Ga, N,
where x is between 0.01 and 0.1. As will be appreciated,
such n-doped source 518 and drain 519 may be incorporated
into either or both of p-channel devices and n-channel
devices as discussed herein.

[0089] FIG. 5K illustrates a transistor structure 520 similar
to transistor structure 517, following the removal of pat-
terned layer 514 and the formation of dielectric layer 521.
Dielectric layer 521 may include any suitable insulating
material or materials such as one or more of silicon oxide,
silicon oxynitride, or silicon carbide and dielectric layer 521
may be formed using any suitable technique or techniques
such as plasma enhanced chemical vapor deposition
(PECVD), CVD, or physical vapor deposition (PVD) pro-
cessing followed by planarization operations. In the dis-
cussed embodiment, dielectric layer 521 is formed following
the removal of patterned layer 514. In another embodiment,
dielectric layer 521 may be formed while patterned layer
514 is in place such that no removal of patterned layer 514
is required.

[0090] FIG. 5L illustrates a transistor structure 522 similar
to transistor structure 520, following the patterning of
dielectric layer 521 to form patterned dielectric layer 525
having opening 523 therein and the optional patterning of
III-N crystalline material layer 507 to form recess 524
therein. Dielectric layer 521 and III-N crystalline material
layer 507 may be patterned using any suitable technique or
techniques. In an embodiment, a pattern such as a photore-
sist pattern having an opening analogous to opening 523 is
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formed over the top surface of dielectric layer 521, source
518, and drain 519. Subsequently, opening 523 may be
formed in dielectric layer 521 via etch techniques to provide
patterned dielectric layer 525. Furthermore, recess 524 may
be etched into III-N crystalline material layer 507. The
photoresist or the like may then be removed. As discussed
with respect to FIGS. 1A and 3A, recess 524 (which may
also be characterized as a notch or cut out) may provide for
a discontinuity in a 2 DHG (for a p-channel transistor) or 2
DEG (for an n-channel transistor) in III-N crystalline mate-
rial layer 507 such that the resultant transistor structure may
be in a typically OFF state when no bias is applied to a gate
electrode of the transistor structure.

[0091] FIG. 5M illustrates a transistor structure 526 simi-
lar to transistor structure 522, following the formation of
gate dielectric 527 and gate electrode 528. Gate dielectric
527 may include any suitable material or materials such as
aluminum oxide, hafnium oxide, zirconium oxide, titanium
silicon oxide, hafnium silicon oxide, silicon nitride, or a
stack thereof and gate dielectric 527 may be formed using
any suitable technique or techniques. In an embodiment,
gate dielectric 527 is blanket deposited on the exposed
portions III-N crystalline material layer 507, sidewalls of
opening 523 within patterned dielectric layer 525, top sur-
faces of patterned dielectric layer 525, and source 518, and
drain 519 and then removed from the top surfaces of
patterned dielectric layer 525, and source 518, and drain 519
using planarization and/or etch techniques.

[0092] Gate electrode 528 may include any suitable mate-
rial or materials such as a work function layer or material of
platinum, nickel, titanium nitride, or tantalum nitride and a
gate cap metal such as tungsten on the work function layer
and gate electrode 528 may be formed using any suitable
technique or techniques. In an embodiment, a work function
layer and/or a gate cap metal layer are deposited by a blanket
deposition process onto gate dielectric 527 and top surfaces
of patterned dielectric layer 525, and source 518, and drain
519 and then removed from the top surfaces of gate dielec-
tric 527, patterned dielectric layer 525, and source 518, and
drain 519 using planarization techniques. In an embodiment,
the planarization and/or etch of portions of gate dielectric
527 is performed after the planarization of portions of gate
electrode 528.

[0093] FIG. 5N illustrates a transistor structure 529 similar
to transistor structure 526, following the formation of source
contact 530 and drain contact 531. Source contact 530 and
drain contact 531 may include any material or materials
discussed herein such as nickel, titanium, platinum, or
tungsten. Furthermore, source contact 530 and drain contact
531 may be formed using any suitable technique or tech-
niques. In an embodiment, a bulk material layer is formed by
deposition processing and patterned via patterning and etch
processing to form source contact 530 and drain contact 531.
[0094] As discussed, operations 401-404 of process 400
and those discussed with respect to FIGS. 5A-5N may be
used to fabricate transistor structure 529 such that transistor
structure 529 is a p-channel device as illustrated and dis-
cussed with respect to transistor structure 100 of FIGS. 1A
and 1B or an n-channel device as illustrated and discussed
with respect to transistor structure 300 of FIGS. 3A and 3B.
[0095] Discussion now turns to integration of a p-channel
transistor structure with an n-channel transistor.

[0096] FIG. 6 is a cross-sectional view of an example
integrated device 600 including a p-channel transistor struc-
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ture 601 and an n-channel transistor structure 621, arranged
in accordance with at least some implementations of the
present disclosure. As shown in FIG. 6, integrated device
600 is formed on a shared monolithic substrate 101 such that
p-channel transistor structure 601 includes III-N crystalline
material layer 102, intervening layer 103, III-N crystalline
material layer 104, source 105, drain 106, gate dielectric
109, gate electrode 110, source contact 107, drain contact
108, and dielectric layer 111 and n-channel transistor struc-
ture 621 includes a III-N crystalline material layer 602, a
polarization layer 603, a source 605, a drain 606, a gate
dielectric 609, a gate electrode 610, a source contact 607, a
drain contact 608, and a dielectric layer 611. Furthermore,
p-channel transistor structure 601 and an n-channel transis-
tor structure 621 are separated by a gap 620, which may be
filled or partially filled by a dielectric material for example.
Also as shown, 2 DHG 112 is provided within III-N crys-
talline material layer 102 and 2 DHG 113 is provided within
III-N crystalline material layer 104 due to the material
selection and crystal orientation of III-N crystalline material
layers 102, 104 as discussed herein. Furthermore a 2 DEG
612 is provided within III-N crystalline material layer 602
due to the material selection and crystal orientation of I1I-N
crystalline material layer 602 and the material selection of
polarization layer 603.

[0097] P-channel transistor structure 601 may have any
characteristics as discussed with respect to transistor struc-
ture 100. For example, I1I-N crystalline material layer 102 of
p-channel transistor structure 601 is a group III-face III-N
crystalline material layer such that IT1I-N crystalline material
layer 102 has an N-face adjacent to or on substrate 101 and
a group Ill-face opposite substrate 101 and adjacent to
intervening layer 103. Furthermore, II1I-N crystalline mate-
rial layer 104 of p-channel transistor structure 601 is an
N-face III-N crystalline material layer such that III-N crys-
talline material layer 104 has a group IlI-face adjacent to or
on intervening layer and an N-face opposite intervening
layer.

[0098] As shown, n-channel transistor structure 621
includes III-N crystalline material layer 602, which is a
group IlI-face III-N crystalline material layer such that IT1I-N
crystalline material layer 602 has an N-face adjacent to or on
substrate 101 and a group I11-face opposite substrate 101 and
adjacent to polarization layer 603. As will be appreciated,
III-N crystalline material layer 102 and III-N crystalline
material layer 602 therefore have the same crystal orienta-
tion. III-N crystalline material layer 602 may include any
material or material discussed with respect to III-N crystal-
line material layer 102. For example, III-N crystalline mate-
rial layer 602 may include any III-N crystalline material
such as GaN, AIN, InN, Al In, N, or Al Ga, N.

[0099] Also as shown, n-channel transistor structure 621
includes a polarization layer 603 on III-N crystalline mate-
rial layer 602. Polarization layer 603 may include any
material or materials that invokes 2 DEG 612 in III-N
crystalline material layer 602 such as AIN, AllnN or Al Ga,_
+N, where y is 0.24-0.36. Furthermore, as shown, in an
embodiment, n-channel transistor structure 621 includes
source 605 and drain 606 on and coupled to portions of
polarization layer 603. In an embodiment, portions of polar-
ization layer 603 may be removed and source 605 and drain
606 may be disposed on III-N crystalline material layer 602.
Source 605 and drain 606 may include any suitable material
or materials such as an n-doped group III-N semiconductor
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material such as but not limited to an n-doped GaN or
n-doped In Ga,_ N, where x is between 0.01 and 0.1. In an
embodiment, source 605 and drain 606 are n-doped In,
1Ga, oN. In an embodiment, the GaN or n-doped In Ga, N
of source 605 and drain 606 is doped with an n-type dopant
such as Si or Ge having a dopant density that is at least
lel8/cm’.

[0100] With continued reference to FIG. 6, n-channel
transistor structure 621 includes a gate structure including a
gate dielectric 609 on polarization layer 603 and a gate
electrode 610 on gate dielectric such that gate electrode 610
(i.e., the gate) is between source 605 and drain 606 and on
polarization layer 603 and such that gate electrode 610 is
coupled (i.e., electrically coupled) to III-N crystalline mate-
rial layer 602. As shown, each of source 605, gate electrode
610, and drain 606 is coupled (i.e., electrically coupled) to
III-N crystalline material layer 602. Also as shown, dielec-
tric layer 611 is provided between gate electrode 610 and
source 605 and between gate electrode 610 and drain 606.
Gate dielectric 609 and gate electrode 610 may include any
suitable material or materials. For example, gate dielectric
609 may include one or more of aluminum oxide, hathium
oxide, zirconium oxide, titanium silicon oxide, hafnium
silicon oxide, or silicon nitride and gate electrode 610 may
include a work function layer or material of platinum,
nickel, titanium nitride, or tantalum nitride and a gate cap
metal such as tungsten on the work function layer or
material.

[0101] Furthermore, n-channel transistor structure 621
includes source contact 607 on a portion of source 605 and
drain contact 608 on a portion of drain 606. Source contact
607 and drain contact 608 may include any suitable material
or materials such as nickel, titanium, platinum, or tungsten.
Source contacts 107, 307, drain contacts 108, 308, and gate
electrodes 110, 610 may be electrically coupled to vias,
metallization layers, and the like to provide routing from
transistor structures 601, 621 to higher level circuitry. Such
routing and higher level circuitry may connect p-channel
transistor structure 601 to n-channel transistor 621 as well as
other devices to form an integrated circuit.

[0102] The integration of p-channel transistor structure
601 and n-channel transistor 621 into integrated device 600
may advantageously provide an all-III-N material (e.g.,
all-GaN, etc.) CMOS device that may be employed in a wide
variety of applications such as logic, digital, and analog
circuitries spanning low Vce to high Vee.

[0103] In some embodiments, a device or system includes
a memory or other device and an integrated circuit including
integrated device 600. The integrated circuit may be incor-
porated into any device such as a PMIC, an RFIC, a logic
device, or any device or component discussed with respect
to FIGS. 7 and 8 herein. For example a system may include
a memory and an integrated circuit coupled to the memory
such that the integrated circuit includes p-channel transistor
structure 601 (e.g., a PMOS transistor structure) and n-chan-
nel transistor 621 (e.g., an NMOS transistor structure). As
discussed, p-channel transistor structure 601 includes II1I-N
crystalline material layer 102, III-N crystalline material
layer 104, and intervening layer 103 other than a III-N
material between III-N crystalline material layers 102, 104
such that the crystalline III-N material of III-N crystalline
material layer 102 has a first crystal orientation and the
crystalline III-N material of III-N crystalline material layer
104 has a second crystal orientation inverted with respect to
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the first crystal orientation, and source 105, drain 106, and
gate 119 coupled to III-N crystalline material layer 104.
Furthermore, n-channel transistor 621 includes III-N crys-
talline material layer 602, polarization layer 603 on III-N
crystalline material layer 602, and source 605, drain 605,
gate 610 coupled to (e.g., electrically coupled to) III-N
crystalline material layer 602.

[0104] Insome embodiments, the integration of p-channel
transistor structure 601 and n-channel transistor 621 into
integrated device 600 may include forming certain analo-
gous components thereof simultaneously. For example,
III-N crystalline material layer 102 and III-N crystalline
material layer 602 may be formed simultaneously under the
same operating conditions as they may include the same
material having the same crystal orientation as discussed
above. For example, III-N crystalline material layer 102 and
III-N crystalline material layer 602 may be formed as
discussed with respect to crystalline III-N material layer
503. After such processing, one of p-channel transistor
structure 601 or n-channel transistor 621 may be masked
using a patterned mask of, for example, silicon oxide, while
the other is exposed.

[0105] For example, if p-channel transistor structure 601
is masked first, polarization layer 603 is formed on the
exposed portion of III-N crystalline material layer 602 of
n-channel transistor 621. Polarization layer 603 may be
formed using any suitable technique or techniques such as
MOCVD techniques or the like. The p-channel transistor
structure 601 may then be exposed while n-channel transis-
tor 621 is masked. During the masking of n-channel tran-
sistor 621, intervening layer 103 and III-N crystalline mate-
rial layer 104 are formed using any suitable technique or
techniques discussed with respect to intervening layer 505
and III-N crystalline material layer 507 such that III-N
crystalline material layer 104 has an inverted crystal struc-
ture with respect to the crystal structure of III-N crystalline
material layer 102. Alternatively, n-channel transistor struc-
ture 621 may be masked first such that intervening layer 103
and III-N crystalline material layer 104 are formed on the
exposed portion of III-N crystalline material layer 102 of
p-channel transistor structure 601. Subsequently p-channel
transistor structure 601 may be masked and polarization
layer 603 is formed on the exposed portion of III-N crys-
talline material layer 602 of n-channel transistor 621.
[0106] Subsequent processing may also be performed
such that other analogous components are formed at least
partially simultaneously. For example, sources 105, 605 and
drains 106, 606 may be formed simultaneously as discussed
with respect to source 518 and drain 519, gate dielectrics
109, 609 and gate electrodes 110, 610 may be formed
simultaneously as discussed with respect to gate dielectric
527 and gate electrode 528, and/or source contacts 107, 607
and drain contacts 108, 608 may be formed simultaneously
as discussed with respect to source contact 530 and drain
contact 531 herein.

[0107] Such integration and simultaneous processing may
provide advantageous integrated devices as discussed above
as well as complexity and cost savings in fabrication.
[0108] FIG. 7 is an illustrative diagram of a mobile
computing platform 700 employing an IC with transistor(s)
or transistor structure(s) having III-N crystalline material
layers with inverted crystal orientations, arranged in accor-
dance with at least some implementations of the present
disclosure. A transistor having III-N crystalline III-N mate-
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rial layers with inverted crystal orientations may be any
transistors as discussed herein such as transistor structure
100 or transistor structure 300. Mobile computing platform
700 may be any portable device configured for each of
electronic data display, electronic data processing, wireless
electronic data transmission, or the like. For example,
mobile computing platform 700 may be any of a tablet, a
smart phone, a netbook, a laptop computer, etc. and may
include a display screen 705, which in the exemplary
embodiment is a touchscreen (e.g., capacitive, inductive,
resistive, etc. touchscreen), a chip-level (SoC) or package-
level integrated system 710, and a battery 715.

[0109] Integrated system 710 is further illustrated in the
expanded view 720. In the exemplary embodiment, pack-
aged device 750 (labeled “Memory/Processor” in FIG. 7)
includes at least one memory chip (e.g., RAM), and/or at
least one processor chip (e.g., a microprocessor, a multi-core
microprocessor, or graphics processor, or the like). In an
embodiment, the package device 750 is a microprocessor
including an SRAM cache memory. Packaged device 750
may be further coupled to (e.g., communicatively coupled
to) a board, a substrate, or an interposer 760 along with, one
or more of a power management integrated circuit (PMIC)
730, RF (wireless) integrated circuit (RFIC) 725 including a
wideband RF (wireless) transmitter and/or receiver (TX/
RX) (e.g., including a digital baseband and an analog front
end module further comprises a power amplifier on a
transmit path and a low noise amplifier on a receive path),
and a controller thereof 735. In general, packaged device
750 may be also be coupled to (e.g., communicatively
coupled to) display screen 705. As shown, one or both of
PMIC 730 and RFIC 725 may employ transistor(s) or
transistor structure(s) having II1-N crystalline I1I-N material
layers with inverted crystal orientations. For example, an
employed transistor may include a first layer comprising a
first crystalline III-N material, a second layer comprising a
second crystalline III-N material, an intervening layer other
than a ITI-N material between the first layer and the second
layer, such that the first crystalline I1I-N material has a first
crystal orientation and the second crystalline I1I-N material
has a second crystal orientation inverted with respect to the
first crystal orientation, and a source, a drain, and a gate
coupled to the first layer, and any other feature(s) as dis-
cussed herein. In an embodiment, an IC includes the
employed transistor such that the employed transistor is a
PMOS transistor and a second transistor such the second
transistor is an NMOS transistor on a shared substrate with
the PMOS transistor such that the NMOS transistor includes
a third layer on the substrate, the third layer comprising a
third crystalline 1II-N material, a polarization layer on the
third layer, and a second source, a second drain, and a
second gate coupled to the third layer.

[0110] Functionally, PMIC 730 may perform battery
power regulation, DC-to-DC conversion, etc., and so has an
input coupled to battery 715 and with an output providing a
current supply to other functional modules. In an embodi-
ment, PMIC 730 may perform high voltage operations. As
further illustrated, in the exemplary embodiment, RFIC 725
has an output coupled to an antenna (not shown) to imple-
ment any of a number of wireless standards or protocols,
including but not limited to Wi-Fi (IEEE 802.11 family),
WIiMAX (IEEE 802.16 family), IEEE 802.20, long term
evolution (LTE), Ev-DO, HSPA+, HSDPA+, HSUPA+,
EDGE, GSM, GPRS, CDMA, TDMA, DECT, Bluetooth,
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derivatives thereof, as well as any other wireless protocols
that are designated as 3G, 4G, 5G, and beyond. In alternative
implementations, each of these board-level modules may be
integrated onto separate ICs coupled to the package sub-
strate of packaged device 750 or within a single IC (SoC)
coupled to the package substrate of the packaged device 750.
[0111] FIG. 8 is a functional block diagram of a computing
device 800, arranged in accordance with at least some
implementations of the present disclosure. Computing
device 800 may be found inside platform 700, for example,
and further includes a motherboard 802 hosting a number of
components, such as but not limited to a processor 801 (e.g.,
an applications processor) and one or more communications
chips 804, 805. Processor 801 may be physically and/or
electrically coupled to motherboard 802. In some examples,
processor 801 includes an integrated circuit die packaged
within the processor 801. In general, the term “processor”
may refer to any device or portion of a device that processes
electronic data from registers and/or memory to transform
that electronic data into other electronic data that may be
stored in registers and/or memory. A device or component of
computing device 800 may include transistor(s) or transistor
structure(s) having III-N crystalline III-N material layers
with inverted crystal orientations as discussed herein.
[0112] In various examples, one or more communication
chips 804, 805 may also be physically and/or electrically
coupled to the motherboard 802. In further implementations,
communication chips 804 may be part of processor 801.
Depending on its applications, computing device 800 may
include other components that may or may not be physically
and electrically coupled to motherboard 802. These other
components may include, but are not limited to, volatile
memory (e.g., DRAM) 807, 808, non-volatile memory (e.g.,
ROM) 810, a graphics processor 812, flash memory, global
positioning system (GPS) device 813, compass 814, a chip-
set 806, an antenna 816, a power amplifier 809, a touch-
screen controller 811, a touchscreen display 817, a speaker
815, a camera 803, and a battery 818, as illustrated, and
other components such as a digital signal processor, a crypto
processor, an audio codec, a video codec, an accelerometer,
a gyroscope, and a mass storage device (such as hard disk
drive, solid state drive (SSD), compact disk (CD), digital
versatile disk (DVD), and so forth), or the like.

[0113] Communication chips 804, 805 may enables wire-
less communications for the transfer of data to and from the
computing device 800. The term “wireless” and its deriva-
tives may be used to describe circuits, devices, systems,
methods, techniques, communications channels, etc., that
may communicate data through the use of modulated elec-
tromagnetic radiation through a non-solid medium. The term
does not imply that the associated devices do not contain any
wires, although in some embodiments they might not. Com-
munication chips 804, 805 may implement any of a number
of wireless standards or protocols, including but not limited
to those described elsewhere herein. As discussed, comput-
ing device 800 may include a plurality of communication
chips 804, 805. For example, a first communication chip
may be dedicated to shorter range wireless communications
such as Wi-Fi and Bluetooth and a second communication
chip may be dedicated to longer range wireless communi-
cations such as GPS, EDGE, GPRS, CDMA, WiMAX, LTE,
Ev-DO, and others.

[0114] As used in any implementation described herein,
the term “module” refers to any combination of software,
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firmware and/or hardware configured to provide the func-
tionality described herein. The software may be embodied as
a software package, code and/or instruction set or instruc-
tions, and ‘“hardware”, as used in any implementation
described herein, may include, for example, singly or in any
combination, hardwired circuitry, programmable circuitry,
state machine circuitry, and/or firmware that stores instruc-
tions executed by programmable circuitry. The modules
may, collectively or individually, be embodied as circuitry
that forms part of a larger system, for example, an integrated
circuit (IC), system on-chip (SoC), and so forth.

[0115] While certain features set forth herein have been
described with reference to various implementations, this
description is not intended to be construed in a limiting
sense. Hence, various modifications of the implementations
described herein, as well as other implementations, which
are apparent to persons skilled in the art to which the present
disclosure pertains are deemed to lie within the spirit and
scope of the present disclosure.

[0116] The following examples pertain to further embodi-
ments.
[0117] In one or more first embodiments, a transistor

structure comprises a first layer comprising a first crystalline
III-N material, a second layer comprising a second crystal-
line I1I-N material, an intervening layer other than a III-N
material between the first layer and the second layer, such
that the first crystalline III-N material has a first crystal
orientation and the second crystalline III-N material has a
second crystal orientation inverted with respect to the first
crystal orientation, and a source, a drain, and a gate coupled
to the first layer.

[0118] In one or more second embodiments, for any of the
first embodiments, the first and second crystalline III-N
materials comprise gallium nitride.

[0119] In one or more third embodiments, for any of the
first or second embodiments, the first crystal orientation
comprises a first c-axis out of plane with respect to the first
layer, the second crystal orientation comprises a second
c-axis out of plane with respect to the second layer, and the
first c-axis and the second c-axis are substantially aligned.
[0120] In one or more fourth embodiments, for any of the
first through third embodiments, the first crystalline IT1I-N
material comprises a group II1-face adjacent to the interven-
ing layer and a nitrogen (N)-face opposite the intervening
layer and the second crystalline I1I-N material comprises a
group III-face adjacent to the intervening layer and a nitro-
gen (N)-face opposite the intervening layer.

[0121] In one or more fifth embodiments, for any of the
first through fourth embodiments, the first crystalline IT1I-N
material comprises a nitrogen (N)-face adjacent to the
intervening layer and a group III-face opposite the interven-
ing layer and the second crystalline I1I-N material comprises
a nitrogen (N)-face adjacent to the intervening layer and a
group IlI-face opposite the intervening layer.

[0122] In one or more sixth embodiments, for any of the
first through fifth embodiments, the intervening layer com-
prises a third crystalline material having a thickness of not
more than 5 nm.

[0123] Inone or more seventh embodiments, for any of the
first through sixth embodiments, the third crystalline mate-
rial comprises oxygen and one or both of aluminum and
scandium.

[0124] In one or more eighth embodiments, for any of the
first through seventh embodiments, the transistor structure
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further comprises a third layer on the intervening layer, such
that the third layer comprises a third crystalline III-N
material having a different composition than the first crys-
talline I1I-N material and the third crystalline III-N material
has a third crystal orientation that is inverted with respect to
the second crystal orientation, such that the first layer is on
the third layer.

[0125] In one or more ninth embodiments, for any of the
first through eighth embodiments, the intervening layer
comprises an amorphous material having a thickness of not
more than 5 nm.

[0126] In one or more tenth embodiments, for any of the
first through ninth embodiments, the amorphous material
comprises at least one of aluminum oxide, silicon oxide,
silicon nitride, or silicon oxynitride.

[0127] In one or more eleventh embodiments, for any of
the first through tenth embodiments, the first crystalline
ITI-N material comprises gallium nitride having a gallium-
face adjacent to the intervening layer and a nitrogen-face
opposite the intervening layer, the second crystalline I1I-N
material comprises gallium nitride having a gallium-face
adjacent to the intervening layer and a nitrogen-face oppo-
site the intervening layer, the intervening layer comprises a
third crystalline material comprising oxygen and aluminum,
and the source and the drain comprise n-doped indium
gallium nitride.

[0128] In one or more twelfth embodiments, a system
includes a memory and an integrated circuit coupled to the
memory, the integrated circuit including a transistor struc-
ture according to any of the first through eleventh embodi-
ments.

[0129] In one or more thirteenth embodiments, for any of
the twelfth embodiments, the system further includes an
antenna coupled to the processor and a battery coupled to the
processor.

[0130] In one or more fourteenth embodiments, a system
includes a means for storing data including and a means for
processing the stored data coupled to the means for storing
data, the means for processing including a transistor struc-
ture according to any of the first through eleventh embodi-
ments.

[0131] In one or more fifteenth embodiments, for any of
the fourteenth embodiments, the system further includes a
means for transmitting wireless data coupled to the means
for processing the stored data.

[0132] In one or more sixteenth embodiments, a system
comprises a memory and an integrated circuit coupled to the
memory, the integrated circuit including a transistor struc-
ture comprising a first layer comprising a first crystalline
ITI-N material, a second layer comprising a second crystal-
line I1I-N material, an intervening layer other than a III-N
material between the first layer and the second layer, such
that the first crystalline III-N material has a first crystal
orientation and the second crystalline III-N material has a
second crystal orientation inverted with respect to the first
crystal orientation, and a source, a drain, and a gate coupled
to the first layer.

[0133] In one or more seventeenth embodiments, for any
of the sixteenth embodiments, the transistor structure com-
prises a PMOS transistor structure and the integrated circuit
further comprises a substrate, such that the first layer is on
the substrate, and an NMOS transistor structure comprising
a third layer on the substrate, the third layer comprising a
third crystalline 1II-N material, a polarization layer on the
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third layer, and a second source, a second drain, and a
second gate coupled to the third layer.

[0134] In one or more eighteenth embodiments, for any of
the sixteenth or seventeenth embodiments, the first crystal-
line ITI-N material comprises a group I1I-face adjacent to the
intervening layer and a nitrogen (N)-face opposite the inter-
vening layer and the second crystalline III-N material com-
prises a group IlI-face adjacent to the intervening layer and
a nitrogen (N)-face opposite the intervening layer.

[0135] In one or more nineteenth embodiments, for any of
the sixteenth through eighteenth embodiments, the third
crystalline I1I-N material comprises a group Ill-face adja-
cent to the polarization layer and a nitrogen (N)-face oppo-
site the polarization layer.

[0136] In one or more twentieth embodiments, for any of
the sixteenth through nineteenth embodiments, the first,
second, and third crystalline I1I-N materials comprise gal-
lium nitride and the source, the drain, the second source, and
the second drain comprise n-doped indium gallium nitride.
[0137] In one or more twenty-first embodiments, for any
of the sixteenth through twentieth embodiments, the inter-
vening layer comprises a fourth crystalline material having
a thickness of not more than 5 nm and the fourth crystalline
material comprises oxygen and aluminum.

[0138] In one or more twenty-second embodiments, for
any of the sixteenth through twenty-first embodiments, the
integrated circuit comprises one of a power management
integrated circuit (PMIC) or a radio frequency integrated
circuit (RFIC).

[0139] In one or more twenty-third embodiments, a
method for fabricating a transistor structure comprises form-
ing a first layer comprising a first crystalline III-N material
over a substrate, disposing a second layer other than a IT1I-N
material over the first layer and a third layer comprising a
second crystalline III-N material over the second layer, such
that the first crystalline III-N material has a first crystal
orientation and the second crystalline III-N material has a
second crystal orientation inverted with respect to the first
crystal orientation, and forming a source, a drain, and a gate
coupled to the third layer.

[0140] Inone or more twenty-fourth embodiments, for any
of the twenty-third embodiments, the second crystalline
III-N material comprises a group IlI-face adjacent to the
second layer and a nitrogen (N)-face opposite the second
layer and the first crystalline III-N material comprises a
group III-face adjacent to the second layer and a nitrogen
(N)-face opposite the second layer.

[0141] In one or more twenty-fifth embodiments, for any
of the twenty-third or twenty-fourth embodiments, forming
the first layer, disposing the second layer, and disposing the
third layer each comprises an epitaxial growth of the first
layer, the second layer, and the third layer, respectively.
[0142] In one or more twenty-sixth embodiments, for any
of the twenty-third through twenty-fifth embodiments, dis-
posing the third layer over the second layer comprises
forming the third layer by epitaxial growth on a second
substrate, contacting the third layer with the second layer,
and removing the second substrate.

[0143] In one or more twenty-seventh embodiments, for
any of the twenty-third through twenty-sixth embodiments,
the second layer comprises an amorphous material having a
thickness of not more than 5 nm.

[0144] In one or more twenty-eighth embodiments, for
any of the twenty-third through twenty-seventh embodi-
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ments, the method further comprises forming a fourth layer
on the second layer, such that the fourth layer comprises a
third crystalline III-N material having a different composi-
tion than the second crystalline III-N material, and the third
crystalline II1I-N material has a third crystal orientation that
is inverted with respect to the first crystal orientation, such
that disposing the third layer over the second layer com-
prises an epitaxial growth of the third layer from the third
crystalline III-N material.

[0145] In one or more twenty-ninth embodiments, for any
of the twenty-third through twenty-eighth embodiments, the
third crystalline III-N material comprises gallium nitride
having a gallium-face adjacent to the second layer and a
nitrogen-face opposite the second layer, the first crystalline
ITI-N material comprises gallium nitride having a gallium-
face adjacent to the second layer and a nitrogen-face oppo-
site the second layer, the second layer comprises a third
crystalline material comprising oxygen and aluminum, and
the source and the drain comprise n-doped indium gallium
nitride.

[0146] It will be recognized that the invention is not
limited to the embodiments so described, but can be prac-
ticed with modification and alteration without departing
from the scope of the appended claims. For example, the
above embodiments may include specific combination of
features. However, the above embodiments are not limited in
this regard and, in various implementations, the above
embodiments may include the undertaking only a subset of
such features, undertaking a different order of such features,
undertaking a different combination of such features, and/or
undertaking additional features than those features explicitly
listed. The scope of the invention should, therefore, be
determined with reference to the appended claims, along
with the full scope of equivalents to which such claims are
entitled.

1-25. (canceled)
26. A transistor structure comprising:
a first layer comprising a first crystalline I1I-N material;
a second layer comprising a second crystalline III-N
material;
an intervening layer other than a III-N material between
the first layer and the second layer, wherein the first
crystalline IT1I-N material has a first crystal orientation
and the second crystalline III-N material has a second
crystal orientation inverted with respect to the first
crystal orientation; and
a source, a drain, and a gate coupled to the first layer.
27. The transistor structure of claim 26, wherein the first
and second crystalline III-N materials comprise gallium
nitride.

28. The transistor structure of claim 26, wherein the first
crystal orientation comprises a first c-axis out of plane with
respect to the first layer, the second crystal orientation
comprises a second c-axis out of plane with respect to the
second layer, and the first c-axis and the second c-axis are
substantially aligned.

29. The transistor structure of claim 26, wherein the first
crystalline I1I-N material comprises a group IlI-face adja-
cent to the intervening layer and a nitrogen (N)-face oppo-
site the intervening layer and the second crystalline III-N
material comprises a group II1-face adjacent to the interven-
ing layer and a nitrogen (N)-face opposite the intervening
layer.
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30. The transistor structure of claim 26, wherein the first
crystalline III-N material comprises a nitrogen (N)-face
adjacent to the intervening layer and a group IlI-face oppo-
site the intervening layer and the second crystalline III-N
material comprises a nitrogen (N)-face adjacent to the
intervening layer and a group III-face opposite the interven-
ing layer.

31. The transistor structure of claim 26, wherein the
intervening layer comprises a third crystalline material hav-
ing a thickness of not more than 5 nm.

32. The transistor structure of claim 31, wherein the third
crystalline material comprises oxygen and one or both of
aluminum and scandium.

33. The transistor structure of claim 26, further compris-
ing:

a third layer on the intervening layer, wherein the third

layer comprises a third crystalline I1I-N material having
a different composition than the first crystalline III-N
material and the third crystalline 11I-N material has a
third crystal orientation that is inverted with respect to
the second crystal orientation, wherein the first layer is
on the third layer.

34. The transistor structure of claim 26, wherein the
intervening layer comprises an amorphous material having a
thickness of not more than 5 nm.

35. The transistor structure of claim 34, wherein the
amorphous material comprises at least one of aluminum
oxide, silicon oxide, silicon nitride, or silicon oxynitride.

36. The transistor structure of claim 26, wherein the first
crystalline III-N material comprises gallium nitride having a
gallium-face adjacent to the intervening layer and a nitro-
gen-face opposite the intervening layer, the second crystal-
line III-N material comprises gallium nitride having a gal-
lium-face adjacent to the intervening layer and a nitrogen-
face opposite the intervening layer, the intervening layer
comprises a third crystalline material comprising oxygen
and aluminum, and the source and the drain comprise
n-doped indium gallium nitride.

37. A system comprising:

a memory; and

an integrated circuit coupled to the memory, the integrated

circuit including a transistor structure comprising:

a first layer comprising a first crystalline III-N material;

a second layer comprising a second crystalline III-N
material;

an intervening layer other than a I[II-N material between
the first layer and the second layer, wherein the first
crystalline I1I-N material has a first crystal orienta-
tion and the second crystalline III-N material has a
second crystal orientation inverted with respect to
the first crystal orientation; and

a source, a drain, and a gate coupled to the first layer.
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38. The system of claim 37, wherein the transistor struc-
ture comprises a PMOS transistor structure and the inte-
grated circuit further comprises:

a substrate, wherein the first layer is on the substrate; and

an NMOS transistor structure comprising:

a third layer on the substrate, the third layer comprising
a third crystalline III-N material;

a polarization layer on the third layer; and

a second source, a second drain, and a second gate
coupled to the third layer.

39. The system of claim 37, wherein the first crystalline
III-N material comprises a group IlI-face adjacent to the
intervening layer and a nitrogen (N)-face opposite the inter-
vening layer and the second crystalline III-N material com-
prises a group Ill-face adjacent to the intervening layer and
a nitrogen (N)-face opposite the intervening layer.

40. The system of claim 37, wherein the third crystalline
III-N material comprises a group IlI-face adjacent to the
polarization layer and a nitrogen (N)-face opposite the
polarization layer.

41. The system of claim 37, wherein the first, second, and
third crystalline I1I-N materials comprise gallium nitride and
the source, the drain, the second source, and the second drain
comprise n-doped indium gallium nitride.

42. The system of claim 37, wherein the intervening layer
comprises a fourth crystalline material having a thickness of
not more than 5 nm, the fourth crystalline material com-
prising oxygen and aluminum.

43. The system of claim 37, wherein the integrated circuit
comprises one of a power management integrated circuit
(PMIC) or a radio frequency integrated circuit (RFIC).

44. A method for fabricating a transistor structure com-
prising:

forming a first layer comprising a first crystalline III-N

material over a substrate;

disposing a second layer other than a III-N material over

the first layer and a third layer comprising a second
crystalline III-N material over the second layer,
wherein the first crystalline I1I-N material has a first
crystal orientation and the second crystalline III-N
material has a second crystal orientation inverted with
respect to the first crystal orientation; and

forming a source, a drain, and a gate coupled to the third

layer.

45. The method of claim 44, wherein the second crystal-
line I1I-N material comprises a group I1I-face adjacent to the
second layer and a nitrogen (N)-face opposite the second
layer and the first crystalline III-N material comprises a
group Ill-face adjacent to the second layer and a nitrogen
(N)-face opposite the second layer.
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