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CO-PLANAR P-CHANNEL AND N-CHANNEL GALLIUM NITRIDE-BASED
TRANSISTORS ON SILICON AND TECHNIQUES FOR FORMING SAME

BACKGROUND

Typical two-dimensional planar transistor architectures include a single silicon surface

over which a gate is provided. A gate dielectric is normally provided between the gate and the

underlying silicon. A source and a drain are normally provided adjacent the gate, over the

silicon surface, which serves as the channel of the planar transistor.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a block diagram illustrating an example gallium nitride-on-silicon (GaN-on-

Si) system, in accordance with an embodiment of the present disclosure.

Figures 2-6 illustrate an integrated circuit (IC) fabrication process flow for forming an

IC, in accordance with an embodiment of the present disclosure.

Figures 7A-7D illustrate several example ICs provided via the process flow of Figures 2-

6, in accordance with some embodiments of the present disclosure.

Figure 8 illustrates a cross-sectional side view of an IC configured in accordance with

another embodiment of the present disclosure.

Figures 9A-9B illustrate partial cross-sectional side views of several ICs configured in

accordance with some other embodiments of the present disclosure.

Figure 10 is a cross-sectional image of a portion of an IC configured as in Figure 2, in

accordance with an embodiment of the present disclosure.

Figure 11 is a cross-sectional image of a portion of an IC configured as in Figure 6, in

accordance with an embodiment of the present disclosure.

Figure 12 is a top-down perspective image of an IC configured in accordance with an

embodiment of the present disclosure.

Figure 13 illustrates a computing system implemented with IC structures or devices

formed using the disclosed techniques in accordance with an example embodiment.

These and other features of the present embodiments will be understood better by reading

the following detailed description, taken together with the figures herein described. In the

drawings, each identical or nearly identical component that is illustrated in various figures may

be represented by a like numeral. For purposes of clarity, not every component may be labeled

in every drawing. Furthermore, as will be appreciated, the figures are not necessarily drawn to

scale or intended to limit the described embodiments to the specific configurations shown. For



instance, while some figures generally indicate straight lines, right angles, and smooth surfaces,

an actual implementation of the disclosed techniques may have less than perfect straight lines

and right angles, and some features may have surface topography or otherwise be non-smooth,

given real-world limitations of fabrication processes. In short, the figures are provided merely to

show example structures.

DETAILED DESCRIPTION

Techniques are disclosed for fabricating co-planar p-channel and n-channel gallium

nitride (GaN)-based transistors on silicon (Si). In accordance with some embodiments, a Si

substrate may be patterned with recessed trenches or other features located under corresponding

openings formed in a dielectric layer disposed over the substrate. Within each recessed feature, a

stack including a buffer layer, a GaN or indium gallium nitride (InGaN) layer over the buffer

layer, and a polarization layer over the GaN or InGaN layer may be selectively formed, in

accordance with some embodiments. The stack for the p-channel transistor further may include

another GaN or InGaN layer disposed over its polarization layer, and source/drain (S/D) portions

may be disposed adjacent the m-plane or a-plane sidewalls of that GaN or InGaN layer, in

accordance with some embodiments. For the n-channel transistor, S/D portions may be disposed

over its GaN or InGaN layer, within its polarization layer, in accordance with some

embodiments. Gate stack placement can be customized to provide any desired combination of

enhancement and depletion modes for the resultant neighboring p-channel and n-channel

transistor devices. Numerous configurations and variations will be apparent in light of this

disclosure.

General Overview

Power management integrated circuits (PMICs) and other power delivery applications

typically utilize logic and controller circuits that may benefit from the use of high-performance,

low-leakage p-channel devices. Although gallium nitride (GaN) has very high bandgap and

simultaneously high mobility thereby making n-channel GaN devices suitable for power delivery

applications, power delivery and radio frequency (RF) communications applications further

require logic circuitry and controller circuits that tend to work best when implemented with high-

performance, low-leakage p-channel devices along with n-channel devices. However, p-channel

GaN devices are not particularly adequate in this regard. Furthermore, co-integration of high-

performance GaN transistors with silicon (Si) is complicated by their lattice mismatch (about

41%) and mismatch in coefficient of thermal expansion (about 116%), which would tend to

produce high densities of threading dislocation defects, as well as surface cracks at upper active



epitaxial layers that negatively impact the ability to fabricate quality GaN-on-Si devices. To this

end, there are unresolved non-trivial issues.

Thus, and in accordance with some embodiments of the present disclosure, techniques are

disclosed for fabricating co-planar p-channel and n-channel gallium nitride (GaN)-based

transistors on silicon (Si). In accordance with some embodiments, a Si substrate may be

patterned with recessed trenches or other features located under corresponding openings formed

in a dielectric layer disposed over the substrate. Within each recessed feature, a stack including a

buffer layer, a GaN or indium gallium nitride (InGaN) layer over the buffer layer, and a

polarization layer over the GaN or InGaN layer may be selectively formed, in accordance with

some embodiments. The stack for the p-channel transistor further may include another GaN or

InGaN layer disposed over its polarization layer, and source/drain (S/D) portions may be

disposed adjacent the m-plane or a-plane sidewalls of that GaN or InGaN layer, in accordance

with some embodiments. For the n-channel transistor, S/D portions may be disposed over its

GaN or InGaN layer, within its polarization layer, in accordance with some embodiments. Gate

stack placement can be customized to provide any desired combination of enhancement and

depletion modes for the resultant neighboring p-channel and n-channel transistor devices. As

will be appreciated in light of this disclosure, numerous III-N transistor configurations can be

implemented using GaN, aluminum nitride (A1N), indium nitride (InN), and compounds thereof.

The recessed silicon effectively traps or otherwise reduces defects to provide a device-quality

interface at the silicon/III-N interface.

In accordance with some embodiments, the disclosed techniques can be used, for

example, to fabricate monolithic architectures including side-by-side, high-density GaN-on-Si or

InGaN-on-Si p-channel and n-channel transistor devices on or in a single Si substrate. These

architectures can be used in any of a wide range of high-voltage and high-frequency system-on-

chip (SoC) applications, such as, for example, power management ICs (PMICs), integrated

voltage regulators, and radio frequency (RF) power amplifiers and R frontends, among others.

In some cases, transistor architectures provided via the disclosed techniques can be utilized, for

instance, for control logic circuits for integrated voltage regulators, as well as for on-board logic

for switching on/off GaN-based light-emitting diodes (LEDs) and laser diodes, among other

solid-state emitter devices. In a more general sense, the disclosed techniques can be used to

fabricate high-performance GaN-based transistor devices that can be utilized, for example, in

power management and communications for computing devices, mobile or otherwise (e.g., such

as PCs, smartphones, and tablets, to name a few). Numerous suitable uses and applications will

be apparent in light of this disclosure.



As will be appreciated in light of this disclosure, provision of neighboring co-planar p-

channel and n-channel transistor devices via the disclosed techniques may serve to facilitate

lithography processes and logic device formation. In some cases, devices fabricated via the

disclosed techniques may exhibit improved breakdown voltages as compared to traditional

device architectures. In some cases, the disclosed techniques can be used to fabricate GaN-based

p-channel and n-channel transistors, for example, proximate a GaN-based power train in voltage

regulators or RF power amplifiers, helping to minimize (or otherwise reduce) losses and permit

package-level integration schemes.

In accordance with some embodiments, use of the disclosed techniques may be detected,

for example, by any one, or combination, of scanning electron microscopy (SEM), transmission

electron microscopy (TEM), chemical composition analysis, energy-dispersive X-ray (EDX)

spectroscopy, and secondary ion mass spectrometry (SIMS) of a given IC or other semiconductor

structure having co-planar p-channel and n-channel GaN-on-Si or InGaN-on-Si transistors

configured as variously described herein. Any number of III-N-on-Si transistor configurations

can be employed.

Methodology and Structure

Figure 1 is a block diagram illustrating an example gallium nitride-on-silicon (GaN-on-

Si) system 10, in accordance with an embodiment of the present disclosure. The example system

10 includes: GaN-based controller circuit(s) 12; GaN transistor(s) 14; and a GaN power train 16.

As will be appreciated in light of this disclosure, these example elements can be utilized, for

instance, to provide a fully integrated, GaN-based voltage regulator circuit on Si. The GaN-

based controller circuits 12 of the integrated voltage regulators may utilize logic elements such

as, for example, p-channel and n-channel GaN transistors 14. In accordance with some

embodiments, the disclosed techniques can be utilized, for example, in fabrication of GaN-based

controller circuit(s) 12, as well as GaN transistor(s) 14, among other IC devices.

Figures 2-6 illustrate an integrated circuit (IC) fabrication process flow for forming an IC

100, in accordance with an embodiment of the present disclosure. The process may begin as in

Figure 2, which is a cross-sectional view of an integrated circuit (IC) 100 configured in

accordance with an embodiment of the present disclosure. Figure 10 is a cross-sectional image

of a portion of an IC 100 configured as in Figure 2, in accordance with an embodiment of the

present disclosure. As can be seen, IC 100 includes a semiconductor substrate 102, which may

have any of a wide range of configurations. For instance, semiconductor substrate 102 may be a

bulk semiconductor substrate, a semiconductor-on-insulator (XOI, where X represents a

semiconductor material) structure, a semiconductor wafer, or a multi-layered structure.



Semiconductor substrate 102 may be formed from any one, or combination, of silicon (Si),

germanium (Ge), and silicon-germanium (SiGe), among other semiconductor materials. In an

example case, semiconductor substrate 102 may be formed, at least in part, from Si having a

crystal orientation of < 111>, hereinafter referred to as Si(l l l). Other suitable materials and

configurations for semiconductor substrate 102 will depend on a given application and will be

apparent in light of this disclosure.

IC 100 also includes a dielectric layer 104, which can be formed from any of a wide

range of suitable dielectric material(s). For instance, in some cases, dielectric layer 104 may be

formed from an oxide or carbon (C)-doped oxide, such as silicon dioxide (Si0 2), aluminum

oxide (A1 20 3), hafnium oxide (Hf0 2), zirconium dioxide (Zr0 2), tantalum pentoxide (Ta20 ),

titanium dioxide (Ti0 2), or lanthanum oxide (La20 3) . In other cases, dielectric layer 104 may be

formed from a nitride, such as silicon nitride (Si 3N4), and oxynitride, such as silicon oxynitride

(SiON), or a carbide, such as silicon carbide (SiC). In other cases, dielectric layer 104 may be

formed from a combination of any one or more of the aforementioned materials. In some cases,

dielectric layer 104 may be configured to provide shallow trench isolation (STI) or otherwise

serve as an inter-layer dielectric (ILD). Dielectric layer 104 can be formed over semiconductor

substrate 102 via any suitable standard, custom, or proprietary technique(s), as will be apparent

in light of this disclosure. The dimensions of dielectric layer 104 can be customized, as desired

for a given target application or end-use. In some cases, dielectric layer 104 may have a

thickness, for example, in the range of about 50-150 nm (e.g., about 50-100 nm, about 100-

150 nm, or any other sub-range in the range of about 50-150 nm). It may be desirable, in some

instances, to ensure that dielectric layer 104 is sufficiently thick so as to elevate the p-channel

transistor device 101 -P from the n-channel transistor device 101-N (each discussed below) to be

fabricated. Other suitable materials, formation techniques, and dimensions for dielectric layer

104 will depend on a given application and will be apparent in light of this disclosure.

In accordance with some embodiments, dielectric layer 104 may be patterned with one or

more openings 106, and underlying semiconductor substrate 102 may be patterned with one or

more features 108. Patterning of openings 106 and features 108 may be performed via any

suitable standard, custom, or proprietary lithography and etching technique(s), as will be

apparent in light of this disclosure. In an example case, an anisotropic wet etch process may be

employed in patterning features 108, and the etch chemistry can be customized based, at least in

part, on the material composition of semiconductor layer 102. Other suitable techniques for

patterning dielectric layer 104 and semiconductor substrate 102 will depend on a given

application and will be apparent in light of this disclosure.



The dimensions and geometry of a given feature 108 can be customized, as desired for a

given target application or end-use. In some cases, a given feature 108 may be configured, for

instance, as a recessed trench (e.g., such as is generally depicted via Figure 2). A given feature

108 may have a depth (Dj), for example, in the range of about 0.2-2 µ (e.g., about 0.2-0.5 µπ ,

about 0.5-1.0 µπ , about 1.0-1.5 µπ , about 1.5-2.0 µπ , or any other sub-range in the range of

about 0.2-2 µ ) . It may be desirable, in some instances, to ensure that a given feature 108 is

dimensioned to accommodate, for example, a buffer layer 114, a III-N semiconductor layer 116,

and a polarization layer 118, each discussed below. Also, it may be desirable, in some instances,

to ensure that the bottom surface 110 of a given feature 108 is substantially flat and smooth (e.g.,

within a given tolerance for a given target application or end-use) to provide smooth, recessed

semiconductor surfaces over which the material stacks of p-channel transistor device 101 -P and

n-channel transistor device 101-N can be formed. The patterned semiconductor substrate 102,

with its recessed trench feature(s) 108 underlying patterned dielectric layer 104, may facilitate

provision of a substantially co-planar p-channel transistor device 101 -P and n-channel transistor

device 101-N, in accordance with some embodiments.

In patterning feature(s) 108, one or more semiconductor bodies 112 may remain

extending from semiconductor substrate 102. In some cases, a given semiconductor body 112

may be, in a general sense, a fin-like prominence extending from the upper surface

semiconductor substrate 102, such as is generally shown in Figure 2 . The dimensions of a given

semiconductor body 112 may be customized, as desired for a given target application or end-use,

and may depend, at least in part, on the particular dimensions of the adjacent features 108

associated therewith. In accordance with some embodiments, by virtue of the particular

configuration of semiconductor substrate 102, a given semiconductor body 112 may serve to

physically separate neighboring features 108, and thus neighboring p-channel transistor device

101-P and n-channel transistor device 101-N formed within those features 108, from one

another. In some cases, sidewall portion(s) of a given semiconductor body 112 may be

substantially perpendicular (e.g., within about 2°) to bottom surface 110 of semiconductor

substrate 102. In some other cases, sidewall portion(s) of a given semiconductor body 112 may

be slanted or otherwise extend from bottom surface 110 of semiconductor substrate 102 in a non-

perpendicular manner. For instance, consider Figure 10, which illustrates an example case in

which sidewalls of a semiconductor body 112 are angled (e.g., Θ less than 90°; Θ more than 90°)

with respect to bottom surface 110. The angling (if any) of a given sidewall portion can be

customized, as desired.

In accordance with some embodiments, a given semiconductor body 112 optionally may

be oxidized via any suitable standard, custom, or proprietary oxidation process(es), as will be



apparent in light of this disclosure. Oxidation of a given semiconductor body 112 may provide

for greater electrical isolation between p-channel transistor device 101-P and adjacent n-channel

transistor device 101-N, improving I0 EF and reducing the possibility of junction breakdown.

The process may continue as in Figure 3, which is a cross-sectional view of the IC 100 of

Figure 2 after forming a buffer layer 114, a III-N semiconductor layer 116, and a polarization

layer 118 for each of p-channel transistor device 101-P and n-channel transistor device 101-N, as

well as a III-N semiconductor layer 122 for p-channel transistor device 101-P, in accordance

with an embodiment of the present disclosure. Buffer layer 114 can be formed from any of a

wide range of materials, including any one, or combination, of: nitrides, such as aluminum

nitride (A1N), aluminum gallium nitride (AlGaN), titanium nitride (TiN), and hafnium nitride

(HfN); and oxides, such as titanium oxide (TiO) and hafnium oxide (HfO). Buffer layer 114 can

be formed over semiconductor substrate 102 via any one, or combination, of a metal -organic

chemical vapor deposition (MOCVD) process, a molecular beam epitaxy (MBE) process, an

atomic layer deposition (ALD) process, or any other suitable standard, custom, or proprietary

selective area deposition technique(s), as will be apparent in light of this disclosure. The

thickness of buffer layer 114 can be customized, as desired for a given target application or end-

use. In some cases, buffer layer 114 may have a thickness, for example, in the range of about

10-100 nm (e.g., about 10-50 nm, about 50-100 nm, or any other sub-range in the range of

about 10-100 nm). In some embodiments, such as that generally shown via Figure 3, buffer

layer 114 may be formed over only bottom surface 110 of a given feature 108, extending only

partially up the full height of a sidewall of an adjacent semiconductor body 112. In other

embodiments, however, buffer layer 114 may be conformal to the sidewalls and top of one or

more semiconductor bodies 112, as generally shown via Figure 8, which illustrates a cross-

sectional side view of an IC 100 configured in accordance with another embodiment of the

present disclosure. Other suitable materials, formation techniques, and configurations for buffer

layer 114 will depend on a given application and will be apparent in light of this disclosure.

III-N semiconductor layer 116 can be formed from any of a wide range of materials,

including any one, or combination, of: gallium nitride (GaN); and indium gallium nitride

(InGaN) (e.g., with an In concentration in the range of about 1-10% by weight). III-N

semiconductor layer 116 can be formed over buffer layer 114 via any one, or combination, of a

MOCVD process, an MBE process, or any other suitable standard, custom, or proprietary

selective area deposition technique(s), as will be apparent in light of this disclosure. The

thickness of III-N semiconductor layer 116 can be customized, as desired for a given target

application or end-use. In some cases, III-N semiconductor layer 116 may have a thickness, for

example, in the range of about 0.1-3 µ (e.g., about 0.1-1.0 µπ , about 1.0-2.0 µπ , about 2.0-



3.0 µη , or any other sub-range in the range of about 0.1-3 µιη) . In some embodiments, such as

that generally shown via Figure 3, III-N semiconductor layer 116 may be formed over

underlying buffer layer 114, within a given feature 108, extending only partially up the full

height of a sidewall of an adjacent semiconductor body 112. It should be noted that III-N

semiconductor layer 116 is not intended to be limited only to a layer-type configuration, as in

some other instances, III-N semiconductor layer 116 may be provided with an island-like

configuration. Other suitable materials, formation techniques, and configurations for III-N

semiconductor layer 116 will depend on a given application and will be apparent in light of this

disclosure.

Polarization layer 118 may be formed from any of a wide range of materials, including

any one, or combination, of: aluminum indium nitride (AlInN) (e.g., having a concentration of

about 82% Al and 18% In by weight); and aluminum gallium nitride (AlGaN) (e.g., having a

concentration of about 30% Al and 70% Ga by weight). Polarization layer 118 can be formed

over III-N semiconductor layer 116 via any one, or combination, of a MOCVD process, an MBE

process, or any other suitable standard, custom, or proprietary selective area deposition

technique(s), as will be apparent in light of this disclosure. The thickness of polarization layer

118 can be customized, as desired for a given target application or end-use. In some cases,

polarization layer 118 may have a thickness, for example, in the range of about 10-30 nm (e.g.,

about 10-20 nm, about 20-30 nm, or any other sub-range in the range of about 10-30 nm). The

geometry of polarization layer 118 may depend, at least in part, on the geometry of a given

feature 108 in which it is formed (e.g., a first portion of polarization layer 118 may be wider than

a second portion thereof, such as in the case of polarization layer 118 extending out from feature

108, up through a corresponding opening 106 in overhead dielectric layer 104). Other suitable

materials, formation techniques, and configurations for polarization layer 118 will depend on a

given application and will be apparent in light of this disclosure.

In some embodiments, an optional interface layer may be disposed between III-N

semiconductor layer 116 and polarization layer 118. The optional interface layer may be, for

example, aluminum nitride (A1N) or any other suitable interface material(s), as desired for a

given target application or end-use. The optional interface layer can be formed using any

suitable standard, custom, or proprietary technique(s), as will be apparent in light of this

disclosure. The thickness of the optional interface layer can be customized, as desired for a

given target application or end-use, and in some cases may be in the range of about 0.5-2 nm

(e.g., about 0.5-1.0 nm, about 1.0-1.5 nm, about 1.5-2.0 nm, or any other sub-range in the range

of about 0.5-2 nm). Other suitable materials, formation techniques, and dimensions for the



optional interface layer will depend on a given application and will be apparent in light of this

disclosure.

As can be seen further from Figure 2, p-channel transistor device 101-P also includes a

III-N semiconductor layer 122 over its polarization layer 118. III-N semiconductor layer 122

may be formed from any suitable III-N semiconductor material, as desired for a given target

application or end-use. For instance, in some cases, III-N semiconductor layer 122 may be

formed from any one, or combination, of gallium nitride (GaN) and indium gallium nitride

(InGaN) (e.g., having an In concentration in the range of about 1-12% by weight). III-N

semiconductor layer 122 can be formed using any suitable standard, custom, or proprietary

technique(s), as will be apparent in light of this disclosure. For instance, in some cases, III-N

semiconductor layer 122 may be formed using any one, or combination, of a CVD process such

as an MOCVD process and an epitaxial process such as an MBE process. Polarization layer 118

of n-channel transistor device 101 -N may be masked off to help prevent III-N semiconductor

layer 122 from forming there over. The thickness of III-N semiconductor layer 122 can be

customized, as desired for a given target application or end-use. In some cases, III-N

semiconductor layer 122 may have a thickness, for example, in the range of about 5-25 nm (e.g.,

about 5-15 nm about 15-25 nm, or any other sub-range in the range of about 5-25 nm). It

should be noted that III-N semiconductor layer 122 (or, for that matter, any other layer of IC

100) is not intended to be limited only to a layer-type configuration, as in some other instances,

III-N semiconductor layer 122 (or other layer of IC 100) may be provided with an island-like

configuration, including a single or a plurality of island structures of a given size and cross-

sectional profile, as desired for a given target application or end-use. Other suitable materials,

formation techniques, and configurations for III-N semiconductor layer 122 will depend on a

given application and will be apparent in light of this disclosure.

As will be appreciated in light of this disclosure, gallium nitride (GaN), for example, has

a wurtzite crystal structure and hence has polarization properties. Thus, if III-N semiconductor

layer 116 is a GaN layer formed, for example, in the c-axis configuration, then the discontinuity

in polarization between polarization layer 118 and III-N semiconductor layer 116 may result in

the formation of a two-dimensional electron gas (2DEG) 116 at their interface (e.g., within III-N

semiconductor layer 116). As will be further appreciated, 2DEG 120 may be, in a general sense,

a gas of electrons that is free to move in two dimensions but tightly confined in a third

dimension. In accordance with some embodiments, the n-channel transistor device 101-N may

utilize 2DEG layer 120 induced at the bottom interface for its channel.

Similarly, if III-N semiconductor layer 122 is a GaN layer formed, for example, in the c-

axis configuration, then the discontinuity in polarization between polarization layer 118 and III-



N semiconductor layer 122 may result in the formation of a two-dimensional hole gas (2DHG)

124 at their interface (e.g., within III-N semiconductor layer 122). As will be further appreciated

in light of this disclosure, 2DHG 124 may be, in a general sense, a gas of holes that is free to

move in two dimensions but tightly confined in a third dimension. In accordance with some

embodiments, p-channel transistor device 101-P may utilize 2DHG layer 124 induced at the top

interface for its channel.

The process may continue as in Figure 4, which is a cross-sectional view of the IC 100 of

Figure 3 after forming a hardmask layer 126 over IC 100, in accordance with an embodiment of

the present disclosure. Hardmask layer 126 may be configured to protect portion(s) of IC 100

where no growth of source/drain (S/D) portions 128 (discussed below) is desired (e.g., on top of

III-N semiconductor layer 122; on top of polarization layer 118 of n-channel transistor device

101-N). To that end, hardmask layer 126 may be formed any one, or combination, of a nitride,

an oxide, and a metal, or any other suitable hardmask material(s), as will be apparent in light of

this disclosure. Also, hardmask layer 126 can be formed using any suitable standard, custom, or

proprietary formation technique(s), as will be apparent in light of this disclosure. Furthermore,

the thickness of hardmask layer 126 can be customized, as desired for a given target application

or end-use. Other suitable materials, formation techniques, and thicknesses for hardmask layer

126 will depend on a given application and will be apparent in light of this disclosure.

The process may continue as in Figure 5, which is a cross-sectional view of the IC 100 of

Figure 4 after forming S/D portions 128 for p-channel transistor device 101-P, in accordance

with an embodiment of the present disclosure. P-type S/D portions 128 can be formed from any

suitable S/D material, as desired for a given target application or end-use. For instance, in some

cases, p-type S/D portions 128 can be formed from any one, or combination, of gallium nitride

(GaN), indium gallium nitride (InGaN), and silicon carbide (SiC). In some cases, p-type S/D

portions 128 may be doped, for example, with magnesium (Mg). As will be appreciated in light

of this disclosure, to ensure sufficient electronic contact, it may be desirable to provide

sufficiently highly doped S/D portions 128, and the dopant concentration and doping profile can

be customized to that end, as desired for a given target application or end-use.

P-type S/D portions 128 can be formed using any suitable standard, custom, or

proprietary technique(s), as will be apparent in light of this disclosure. For instance, in some

cases, p-type S/D portions 128 may be formed using any one, or combination, of a CVD process

such as an MOCVD process and an epitaxial process such as an MBE process. The geometry

and dimensions of a given p-type S/D portion 128 can be customized, as desired for a given

target application or end-use. In some cases, a given p-type S/D portion 128 may have a height

( ), for example, in the range of about 5-25 nm (e.g., about 5-15 nm, about 15-25 nm, or any



other sub-range in the range of about 5-25 nm). In some cases, a given p-type S/D portion 128

may have a width (D ), for example, in the range of about 50-100 nm (e.g., about 50-75 nm,

about 75-100 nm, or any other sub-range in the range of about 50-100 nm). In some cases, a

given p-type S/D portion 128 may have a slope length (D 4), for example, in the range of about

50-70 nm (e.g., about 50-60 nm, about 60-70 nm, or any other sub-range in the range of about

50-70 nm). Other suitable materials, formation techniques, and dimensions for p-type S/D

portions 128 will depend on a given application and will be apparent in light of this disclosure.

As can be seen from the figures, p-type S/D portions 128 may be formed on the sidewalls

of III-N semiconductor layer 122, over dielectric layer 104. In some cases, p-type S/D portions

128 may be formed over the m-plane of III-N semiconductor layer 122, as generally shown by

Figure 5 . In some other cases, p-type S/D portions 128 may be formed over the a-plane of III-N

semiconductor layer 122, as generally shown by each of Figures 9A-9B, which illustrate partial

cross-sectional side views of several ICs 100 configured in accordance with some other

embodiments of the present disclosure.

In some instances, growth of p-type S/D portions 128 from the m-plane or the a-plane of

III-N semiconductor layer 122 may result in hole concentrations of about 20 or greater for

2DHG 124 than in cases where a different facet/surface of III-N semiconductor layer 122 is

selected. In some instances, growth of p-type S/D portions 128 from the m-plane or the a-plane

of III-N semiconductor layer 122 may result in greater p-type dopant concentrations (e.g., about

20x or more) than in cases where a different facet/surface of III-N semiconductor layer 122 is

selected. Higher dopant incorporation may result in lower channel contact resistance, which can

help to realize a good logic transistor for ION Also, in the m-plane or a-plane of III-N

semiconductor layer 122, the acceptor activation energy may be reduced as compared to other

planes thereof. Furthermore, dielectric layer 104 may provide electronic isolation of p-type S/D

portions 128, III-N semiconductor layer 122 (e.g., the p-channel), and 2DHG 124 from III-N

semiconductor layer 118 (e.g., the n-channel) and 2DEG 120, allowing for a low IOEF for the p-

channel transistor device 101 -P, which can help to realize a good logic transistor for I0 FF-

The process may continue as in Figure 6, which is a cross-sectional view of the IC 100 of

Figure 5 after removing hardmask layer 126 and forming n-type S/D portions 130, in accordance

with an embodiment of the present disclosure. Figure 11 is a cross-sectional image of a portion

of an IC 100 configured as in Figure 6, in accordance with an embodiment of the present

disclosure. Portions of dielectric layer 104 and polarization layer 118 of n-channel transistor

device 101-N may be removed, and n-type S/D portions 130 may be formed within the resultant

openings. N-type S/D portions 130 can be formed from any suitable S/D material, as desired for

a given target application or end-use. For instance, in some cases, n-type S/D portions 130 can



be formed from any one, or combination, of gallium nitride (GaN) and indium gallium nitride

(InGaN). In some cases, n-type S/D portions 130 may be doped, for example, with silicon (Si).

As will be appreciated in light of this disclosure, to ensure sufficient electronic contact, it may be

desirable to provide sufficiently highly doped S/D portions 130, and the dopant concentration

and doping profile can be customized to that end, as desired for a given target application or end-

use.

N-type S/D portions 130 can be formed using any suitable standard, custom, or

proprietary technique(s), as will be apparent in light of this disclosure. For instance, in some

cases, n-type S/D portions 130 may be formed using any one, or combination, of a CVD process

such as an MOCVD process and an epitaxial process such as an MBE process. The geometry

and dimensions of a given n-type S/D portion 130 can be customized, as desired for a given

target application or end-use. In some cases, a given n-type S/D portion 130 may have a height

(J ), for example, in the range of about 50-200 nm (e.g., about 50-125 nm, about 125-200 nm,

or any other sub-range in the range of about 50-200 nm). In some cases, a given n-type S/D

portion 130 may have a width (D 6), for example, in the range of about 50-300 nm (e.g., about

50-175 nm, about 175-300 nm, or any other sub-range in the range of about 50-300 nm). Other

suitable materials, formation techniques, and dimensions for n-type S/D portions 130 will

depend on a given application and will be apparent in light of this disclosure.

As can be seen further from Figure 6, dielectric layer 104 may be configured to provide

underfill isolation between p-type S/D portions 128 of p-channel transistor device 101 -P and

polarization layer 118 (e.g., the n-channel) of n-channel transistor device 101-N, in accordance

with some embodiments. In some embodiments, dielectric layer 104 may be configured to serve,

at least in part, as a spacer 104a between polarization layer 118 and n-type S/D portions 130 for

n-channel transistor device 101-N.

At this point in the process flow of Figures 2-6, IC 100 may include most (or all) of the

various material stacks for the fabrication of a p-type transistor device 101-P (e.g., GaN PMOS

device) and a neighboring n-type transistor device 101-N (e.g., GaN NMOS device), both

formed over a commonly shared semiconductor substrate 102 (e.g., Si substrate) patterned with

one or more semiconductor bodies 112 (e.g., fin-like prominences). For instance, consider

Figure 12, which is a top-down perspective image of an IC 100 configured in accordance with an

embodiment of the present disclosure. Further processing may be performed, for example, to

include additional layer(s), as desired for a given target application or end-use. For instance,

consider Figures 7A-7D, which illustrate several example ICs 100A-100D provided via the

process flow of Figures 2-6, in accordance with some embodiments of the present disclosure.

For consistency and ease of understanding of the present disclosure, ICs 100A-100D may be



collectively referred to herein generally as an IC 100, except where separately enumerated.

Other suitable uses of the process flow of Figures 2-6 will be apparent in light of this disclosure.

In accordance with some embodiments, the process flow of Figures 2-6 may continue

with forming S/D contacts 132 for p-channel transistor device 101-P and S/D contacts 134 for n-

channel transistor device 101 -N. In accordance with some embodiments, S/D contacts 132 may

be configured to provide ohmic contact to underlying p-type S/D portions 128 (e.g., providing p-

ohmic contact to GaN S/D portions 128), and S/D contacts 134 may be configured to provide

ohmic contact to underlying n-type S/D portions 130 (e.g., providing n-ohmic contact to GaN

S/D portions 130). To these ends, S/D contacts 132 and 134 can be formed from any suitable

electrically conductive material(s), as will be apparent in light of this disclosure. For instance, in

some cases, S/D contacts 132 of p-channel transistor device 101-P may be formed from any one,

or combination, of nickel (Ni), gold (Au), and platinum (Pt). In some cases, S/D contacts 134 of

n-channel transistor device 101 -N may be formed from any one, or combination, of titanium

(Ti), aluminum (Al), and tungsten (W). The dimensions of S/D contacts 132 and 134 can be

customized, as desired for a given target application or end-use. Also, S/D contacts 132 and 134

can be formed using any suitable standard, custom, or proprietary technique(s), as will be

apparent in light of this disclosure. Other suitable materials, formation techniques, and

configurations for S/D contacts 132 and 134 will depend on a given application and will be

apparent in light of this disclosure.

In accordance with some embodiments, the process flow of Figures 2-6 may continue

with forming a gate stack 136 for p-channel transistor device 101-P and a gate stack 138 for n-

channel transistor device 101-N. Gate stacks 136 and 138 each may include a gate and a gate

dielectric layer (e.g., disposed between the gate and an underlying layer). The gate and gate

dielectric layer of a given gate stack 136 or gate stack 138 may be formed from any suitable gate

and gate dielectric material(s), respectively. For instance, in some cases, the gate dielectric layer

of each of gate stacks 136 and 138 may be formed from any one, or combination, of high-κ

dielectric materials, such as aluminum oxide (A120 3), hafnium oxide (Hf0 2), silicon dioxide

(Si0 2), silicon nitride (Si 3N4), and zirconium dioxide (Zr0 2), among others. In some cases, the

gate of gate stack 136 may be formed from any one, or combination, of metals or metal nitrides,

such as titanium (Ti), aluminum (Al), and titanium nitride (TiN), among others. In some cases,

the gate of gate stack 138 may be formed from any one, or combination, of metals or metal

nitrides, such as nickel (Ni), gold (Au), platinum (Pt), and titanium nitride (TiN), among others.

Gate stacks 136 and 138 can be formed via any suitable standard, custom, or proprietary

technique(s), as will be apparent in light of this disclosure. Also, the dimensions of each gate

stack 136 and 138 can be customized, as desired for a given target application or end-use. In



some cases, the gate dielectric layer of gate stacks 136 and 138 may have a thickness, for

example, in the range of about 1-5 nm (e.g., about 1-2.5 nm, about 2.5-5.0 nm, or any other

sub-range in the range of about 1-5 nm). Other suitable materials, formation techniques, and

dimensions for gate stacks 136 and 138 will depend on a given application and will be apparent

in light of this disclosure.

The placement of gate stacks 136 and 138 can be customized, as desired for a given

target application or end-use, and numerous suitable configurations will be apparent in light of

this disclosure. Figure 7A illustrates a cross-sectional view of an IC 100A configured in

accordance with another embodiment of the present disclosure. As can be seen there, (1) gate

stack 136 of p-channel transistor device 101-P may be disposed within III-N semiconductor layer

122, over polarization layer 118, and (2) gate stack 138 of n-channel transistor device 101-N

may be disposed within polarization layer 118, over III-N semiconductor layer 116. In such

instances, p-channel transistor device 101-P may be considered to be configured for p-channel

enhancement mode, and n-channel transistor device 101-N may be considered to be configured

for n-channel enhancement mode.

Figure 7B illustrates a cross-sectional view of an IC 100B configured in accordance with

another embodiment of the present disclosure. As can be seen there, (1) gate stack 136 of p-

channel transistor device 101-P may be disposed over III-N semiconductor layer 122, and (2)

gate stack 138 of n-channel transistor device 101B may be disposed over polarization layer 118.

In such instances, p-channel transistor device 101-P may be considered to be configured for p-

channel depletion mode, and n-channel transistor device 101-N may be considered to be

configured for n-channel depletion mode.

Figure 7C illustrates a cross-sectional view of an IC lOOC configured in accordance with

another embodiment of the present disclosure. As can be seen there, (1) gate stack 136 of p-

channel transistor device 101A may be disposed within III-N semiconductor layer 122, over

polarization layer 118, and (2) gate stack 138 of n-channel transistor device 10 IB may be

disposed over polarization layer 118. In such instances, p-channel transistor device 101-P may

be considered to be configured for p-channel enhancement mode, and n-channel transistor device

101-N may be considered to be configured for n-channel depletion mode.

Figure 7D illustrates a cross-sectional view of an IC 100D configured in accordance with

another embodiment of the present disclosure. As can be seen there, (1) gate stack 136 of p-

channel transistor device 101A may be disposed over III-N semiconductor layer 122, and (2)

gate stack 138 of n-channel transistor device 10 IB may be disposed within polarization layer

118, over III-N semiconductor layer 116. In such instances, p-channel transistor device 101-P



may be considered to be configured for p-channel depletion mode, and n-channel transistor

device 101-N may be considered to be configured for n-channel enhancement mode.

As can be seen from Figures 7A-7D, in some cases, gate stack 136 and S/D contacts 132

may be substantially co-planar with each other (e.g., so that their top surfaces are substantially in

the same plane), and gate stack 138 and S/D contacts 134 may also be substantially co-planar

with each other. In some instances, co-planarity may be provided for all (or any sub-set) of those

elements of IC 100, such as the case where the top surfaces of gate stack 136, S/D contacts 132,

gate stack 138, and S/D contacts 134 are substantially in the same plane. The present disclosure

is not intended to be so limited, however, and in accordance with other embodiments, any one, or

combination, of gate stack 136, gate stack 138, S/D contacts 132, and S/D contacts 134 may be

of different height(s) with respect to one another. In a more general sense, the particular

arrangement of gate stacks 136 and 138 and S/D contacts 132 and 134 can be customized, as

desired for a given target application or end-use, and co-planarity thereof optionally may be

provided.

Example System

Figure 13 illustrates a computing system 1000 implemented with integrated circuit

structures or devices formed using the disclosed techniques in accordance with an example

embodiment. As can be seen, the computing system 1000 houses a motherboard 1002. The

motherboard 1002 may include a number of components, including, but not limited to, a

processor 1004 and at least one communication chip 1006, each of which can be physically and

electrically coupled to the motherboard 1002, or otherwise integrated therein. As will be

appreciated, the motherboard 1002 may be, for example, any printed circuit board, whether a

main board, a daughterboard mounted on a main board, or the only board of system 1000, etc.

Depending on its applications, computing system 1000 may include one or more other

components that may or may not be physically and electrically coupled to the motherboard 1002.

These other components may include, but are not limited to, volatile memory (e.g., DRAM),

non-volatile memory (e.g., ROM), a graphics processor, a digital signal processor, a crypto

processor, a chipset, an antenna, a display, a touchscreen display, a touchscreen controller, a

battery, an audio codec, a video codec, a power amplifier, a global positioning system (GPS)

device, a compass, an accelerometer, a gyroscope, a speaker, a camera, and a mass storage

device (such as hard disk drive, compact disk (CD), digital versatile disk (DVD), and so forth).

Any of the components included in computing system 1000 may include one or more integrated

circuit structures or devices formed using the disclosed techniques in accordance with an

example embodiment. In some embodiments, multiple functions can be integrated into one or



more chips (e.g., for instance, note that the communication chip 1006 can be part of or otherwise

integrated into the processor 1004).

The communication chip 1006 enables wireless communications for the transfer of data

to and from the computing system 1000. The term "wireless" and its derivatives may be used to

describe circuits, devices, systems, methods, techniques, communications channels, etc., that

may communicate data through the use of modulated electromagnetic 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. The communication chip 1006 may implement

any of a number of wireless standards or protocols, including, but not limited to, Wi-Fi (IEEE

802.1 1 family), WiMAX (IEEE 802.16 family), IEEE 802.20, long term evolution (LTE), Ev-

DO, HSPA+, HSDPA+, HSUPA+, EDGE, GSM, GPRS, CDMA, TDMA, DECT, Bluetooth,

derivatives thereof, as well as any other wireless protocols that are designated as 3G, 4G, 5G,

and beyond. The computing system 1000 may include a plurality of communication chips 1006.

For instance, a first communication chip 1006 may be dedicated to shorter range wireless

communications such as Wi-Fi and Bluetooth and a second communication chip 1006 may be

dedicated to longer range wireless communications such as GPS, EDGE, GPRS, CDMA,

WiMAX, LTE, Ev-DO, and others.

The processor 1004 of the computing system 1000 includes an integrated circuit die

packaged within the processor 1004. In some embodiments, the integrated circuit die of the

processor includes onboard circuitry that is implemented with one or more integrated circuit

structures or devices formed using the disclosed techniques, as variously described herein. The

term "processor" may refer to any device or portion of a device that processes, for instance,

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.

The communication chip 1006 also may include an integrated circuit die packaged within

the communication chip 1006. In accordance with some such example embodiments, the

integrated circuit die of the communication chip includes one or more integrated circuit

structures or devices formed using the disclosed techniques as described herein. As will be

appreciated in light of this disclosure, note that multi -standard wireless capability may be

integrated directly into the processor 1004 (e.g., where functionality of any chips 1006 is

integrated into processor 1004, rather than having separate communication chips). Further note

that processor 1004 may be a chip set having such wireless capability. In short, any number of

processor 1004 and/or communication chips 1006 can be used. Likewise, any one chip or chip

set can have multiple functions integrated therein.



Computing system 1000 further may include a power management integrated circuit

(PMIC), which may include any one or more of the elements discussed above with respect to

GaN-on-Si system 10 in Figure 1 . In some cases, the PMIC may be, for example, a voltage

controller chip. The PMIC may be a stand-alone component on the motherboard or it may be

integrated, in part or in whole, with processor 1004, as desired for a given target application or

end-use. Numerous configurations and variations will be apparent in light of this disclosure.

In various implementations, the computing device 1000 may be a laptop, a netbook, a

notebook, a smartphone, a tablet, a personal digital assistant (PDA), an ultra-mobile PC, a

mobile phone, a desktop computer, a server, a printer, a scanner, a monitor, a set-top box, an

entertainment control unit, a digital camera, a portable music player, a digital video recorder, or

any other electronic device that processes data or employs one or more integrated circuit

structures or devices formed using the disclosed techniques, as variously described herein.

Further Example Embodiments

The following examples pertain to further embodiments, from which numerous

permutations and configurations will be apparent.

Example 1 is an integrated circuit including: a semiconductor substrate; an n-type

transistor at least one of over and in the semiconductor substrate and including: a first buffer

layer disposed over the semiconductor substrate; a first III-N semiconductor layer disposed over

the first buffer layer; and a first polarization layer disposed over the first III-N semiconductor

layer; and a p-type transistor at least one of over and in the semiconductor substrate, adjacent to

the n-type transistor, and including: a second buffer layer disposed over the semiconductor

substrate; a second III-N semiconductor layer disposed over the second buffer layer; a second

polarization layer disposed over the second III-N semiconductor layer, wherein at least a portion

of the second polarization layer is co-planar with at least a portion of the first polarization layer;

and a third III-N semiconductor layer disposed over the second polarization layer.

Example 2 includes the subject matter of any of Examples 1 and 3-17, wherein the first,

second, and third III-N semiconductor layers each include at least one of gallium nitride (GaN)

and indium gallium nitride (InGaN).

Example 3 includes the subject matter of any of Examples 1-2 and 4-17 and further

includes n-type source/drain (S/D) portions disposed over the first III-N semiconductor layer and

extending through the first polarization layer; S/D contacts disposed over the n-type S/D

portions; p-type S/D portions extending from sidewalls of the third III-N semiconductor layer;

and S/D contacts disposed over the p-type S/D portions.



Example 4 includes the subject matter of Example 3, wherein the n-type S/D portions:

include at least one of gallium nitride (GaN) and indium gallium nitride (InGaN); and are doped

with silicon (Si).

Example 5 includes the subject matter of Example 3, wherein the p-type S/D portions:

include at least one of gallium nitride (GaN), indium gallium nitride (InGaN), and silicon carbide

(SiC); and are doped with magnesium (Mg).

Example 6 includes the subject matter of Example 3, wherein: the S/D contacts disposed

over the n-type S/D portions include at least one of titanium (Ti), aluminum (Al), and tungsten

(W); and the S/D contacts disposed over the p-type S/D portions include at least one of nickel

(Ni), gold (Au), and platinum (Pt).

Example 7 includes the subject matter of any of Examples 1-6 and 9-17, wherein the p-

type S/D portions extend from m-plane sidewalls of the third III-N semiconductor layer.

Example 8 includes the subject matter of any of Examples 1-6 and 9-17, wherein the p-

type S/D portions extend from a-plane sidewalls of the third III-N semiconductor layer.

Example 9 includes the subject matter of any of Examples 1-8 and 10-17 and further

includes a first gate stack disposed over the first III-N semiconductor layer; and a second gate

stack disposed over the second III-N semiconductor layer; wherein either: the first gate stack is

disposed within the first polarization layer, and the second gate stack is disposed within the third

III-N semiconductor layer; the first gate stack is disposed over the first polarization layer, and the

second gate stack is disposed over the third III-N semiconductor layer; the first gate stack is

disposed over the first polarization layer, and the second gate stack is disposed within the third

III-N semiconductor layer; or the first gate stack is disposed within the first polarization layer,

and the second gate stack is disposed over the third III-N semiconductor layer.

Example 10 includes the subject matter of any of Examples 1-9 and 11-17, wherein the

first and second buffer layers each: include at least one of aluminum nitride (A1N), aluminum

gallium nitride (AlGaN), titanium nitride (TiN), hafnium nitride (HfN), titanium oxide (TiO),

and hafnium oxide (HfO); and have a thickness in the range of about 10-100 nm.

Example 11 includes the subject matter of any of Examples 1-10 and 12-17, wherein the

first and second buffer layers together constitute a single, unitary layer that is conformal to the

semiconductor substrate.

Example 12 includes the subject matter of any of Examples 1-1 1 and 13-17, wherein the

first and second polarization layers each: include at least one of aluminum indium nitride

(AlInN) and aluminum gallium nitride (AlGaN); and have a thickness in the range of about 10-

30 nm.



Example 13 includes the subject matter of any of Examples 1-12 and 14-17 and further

includes a first interface layer disposed between the first III-N semiconductor layer and the first

polarization layer; and a second interface layer disposed between the second III-N semiconductor

layer and the second polarization layer.

Example 14 includes the subject matter of Example 13, wherein the first and second

interface layers each: include aluminum nitride (A1N); and have a thickness in the range of about

0.5-2 nm.

Example 15 includes the subject matter of any of Examples 1-14 and 16-17, wherein the

first III-N semiconductor layer and the first polarization layer interface such that a two-

dimensional electron gas (2DEG) exists at their interface, and the n-channel transistor device is

configured to use the 2DEG as its channel; and the second polarization layer and the third III-N

semiconductor layer interface such that a two-dimensional hole gas (2DHG) exists at their

interface, and the p-channel transistor device is configured to use the 2DHG as its channel.

Example 16 includes the subject matter of any of Examples 1-15 and 17, wherein the

semiconductor substrate includes silicon (Si).

Example 17 includes the subject matter of any of Examples 1-16, wherein the

semiconductor substrate includes silicon (Si) having a crystal orientation of < 111>.

Example 18 is an integrated circuit including: a semiconductor substrate; a dielectric

layer disposed over the semiconductor substrate; first and second features disposed in the

semiconductor substrate, under corresponding first and second openings disposed in the

dielectric layer, wherein: the first and second openings are narrower in width than the first and

second features, respectively; and the first and second features are separated by a portion of the

semiconductor substrate; an n-channel transistor device including: a first buffer layer disposed

over the semiconductor substrate, within the first feature; a first III-N semiconductor layer

disposed over the first buffer layer, within the first feature; and a first polarization layer disposed

over the first III-N semiconductor layer, within the first feature and extending through the first

opening such that at least a portion of the first polarization layer is co-planar with an upper

surface of the dielectric layer; and a p-channel transistor device including: a second buffer layer

disposed over the semiconductor substrate, within the second feature; a second III-N

semiconductor layer disposed over the second buffer layer, within the second feature; a second

polarization layer disposed over the second III-N semiconductor layer, within the second feature

and extending through the second opening such that at least a portion of the second polarization

layer is co-planar with the upper surface of the dielectric layer; and a third III-N semiconductor

layer disposed over the at least a portion of the second polarization layer that is co-planar with

the upper surface of the dielectric layer.



Example 19 includes the subject matter of any of Examples 18 and 20-38, wherein the

first, second, and third III-N semiconductor layers each include at least one of gallium nitride

(GaN) and indium gallium nitride (InGaN).

Example 20 includes the subject matter of any of Examples 18-19 and 21-38, wherein:

the first and second III-N semiconductor layers each have a thickness in the range of about 0.1-

3 µ ; and the third III-N semiconductor layer has a thickness in the range of about 5-25 nm.

Example 2 1 includes the subject matter of any of Examples 18-20 and 22-38 and further

includes: n-type source/drain (S/D) portions disposed over the first III-N semiconductor layer

and extending through the first polarization layer and the dielectric layer; S/D contacts disposed

over the n-type S/D portions; p-type S/D portions disposed over the dielectric layer, extending

from sidewalls of the third III-N semiconductor layer; and S/D contacts disposed over the p-type

S/D portions.

Example 22 includes the subject matter of Example 21, wherein the n-type S/D portions:

include at least one of gallium nitride (GaN) and indium gallium nitride (InGaN); and are doped

with silicon (Si).

Example 23 includes the subject matter of Example 21, wherein the p-type S/D portions:

include at least one of gallium nitride (GaN), indium gallium nitride (InGaN), and silicon carbide

(SiC); and are doped with magnesium (Mg).

Example 24 includes the subject matter of Example 21, wherein: the S/D contacts

disposed over the n-type S/D portions include at least one of titanium (Ti), aluminum (Al), and

tungsten (W); and the S/D contacts disposed over the p-type S/D portions include at least one of

nickel (Ni), gold (Au), and platinum (Pt).

Example 25 includes the subject matter of Example 21, wherein the dielectric layer

physically separates the n-type S/D portions from the at least a portion of the first polarization

layer that is co-planar with the upper surface of the dielectric layer.

Example 26 includes the subject matter of any of Examples 18-25 and 28-38, wherein

the p-type S/D portions extend from m-plane sidewalls of the third III-N semiconductor layer.

Example 27 includes the subject matter of any of Examples 18-25 and 28-38, wherein

the p-type S/D portions extend from a-plane sidewalls of the third III-N semiconductor layer.

Example 28 includes the subject matter of any of Examples 18-27 and 29-38 and further

includes: a first gate stack disposed over the first III-N semiconductor layer; and a second gate

stack disposed over the second III-N semiconductor layer; wherein either: the first gate stack is

disposed within the first polarization layer, and the second gate stack is disposed within the third

III-N semiconductor layer; the first gate stack is disposed over the first polarization layer, and the

second gate stack is disposed over the third III-N semiconductor layer; the first gate stack is



disposed over the first polarization layer, and the second gate stack is disposed within the third

III-N semiconductor layer; or the first gate stack is disposed within the first polarization layer,

and the second gate stack is disposed over the third III-N semiconductor layer.

Example 29 includes the subject matter of any of Examples 18-28 and 30-38, wherein

the first and second buffer layers each: include at least one of aluminum nitride (A1N), aluminum

gallium nitride (AlGaN), titanium nitride (TiN), hafnium nitride (HfN), titanium oxide (TiO),

and hafnium oxide (HfO); and have a thickness in the range of about 10-100 nm.

Example 30 includes the subject matter of any of Examples 18-29 and 31-38, wherein

the first and second buffer layers together constitute a single, unitary layer that is conformal to

the first and second features and the portion of the semiconductor substrate that separates the

first and second features.

Example 3 1 includes the subject matter of any of Examples 18-30 and 32-38, wherein

the first and second polarization layers each: include at least one of aluminum indium nitride

(AlInN) and aluminum gallium nitride (AlGaN); and have a thickness in the range of about 10-

30 nm.

Example 32 includes the subject matter of any of Examples 18-31 and 33-38 and further

includes: a first interface layer disposed between the first III-N semiconductor layer and the first

polarization layer; and a second interface layer disposed between the second III-N semiconductor

layer and the second polarization layer.

Example 33 includes the subject matter of Example 32, wherein the first and second

interface layers each: include aluminum nitride (A1N); and have a thickness in the range of about

0.5-2 nm.

Example 34 includes the subject matter of any of Examples 18-33 and 35-38, wherein

the dielectric layer: includes at least one of silicon dioxide (Si0 2), aluminum oxide (A1 20 3),

hafnium oxide (Hf0 2), zirconium dioxide (Zr0 2), tantalum pentoxide (Ta20 ), titanium dioxide

(Ti0 2), lanthanum oxide (La20 3), silicon nitride (Si3N4), silicon oxynitride (SiON), and silicon

carbide (SiC); and has a thickness in the range of about 50-150 nm.

Example 35 includes the subject matter of any of Examples 18-34 and 36-38, wherein:

the first III-N semiconductor layer and the first polarization layer interface such that a two-

dimensional electron gas (2DEG) exists at their interface, and the n-channel transistor device is

configured to use the 2DEG as its channel; and the second polarization layer and the third III-N

semiconductor layer interface such that a two-dimensional hole gas (2DHG) exists at their

interface, and the p-channel transistor device is configured to use the 2DHG as its channel.

Example 36 includes the subject matter of any of Examples 18-35 and 37-38, wherein

the semiconductor substrate includes silicon (Si).



Example 37 includes the subject matter of any of Examples 18-36 and 38, wherein the

semiconductor substrate includes silicon (Si) having a crystal orientation of < 111>.

Example 38 includes the subject matter of any of Examples 18-37, wherein the portion of

the semiconductor substrate that separates the first and second features at least one of: is

oxidized; and has a sidewall portion that is slanted with respect to a bottom surface of at least

one of the first and second features.

Example 39 is a method of fabricating an integrated circuit, the method including:

providing a semiconductor substrate; providing a dielectric layer disposed over the

semiconductor substrate; providing first and second features disposed in the semiconductor

substrate, under corresponding first and second openings disposed in the dielectric layer,

wherein: the first and second openings are narrower in width than the first and second features,

respectively; and the first and second features are separated by a portion of the semiconductor

substrate; providing an n-channel transistor device including: a first buffer layer disposed over

the semiconductor substrate, within the first feature; a first III-N semiconductor layer disposed

over the first buffer layer, within the first feature; and a first polarization layer disposed over the

first III-N semiconductor layer, within the first feature and extending through the first opening

such that at least a portion of the first polarization layer is co-planar with an upper surface of the

dielectric layer; and providing a p-channel transistor device including: a second buffer layer

disposed over the semiconductor substrate, within the second feature; a second III-N

semiconductor layer disposed over the second buffer layer, within the second feature; a second

polarization layer disposed over the second III-N semiconductor layer, within the second feature

and extending through the second opening such that at least a portion of the second polarization

layer is co-planar with the upper surface of the dielectric layer; and a third III-N semiconductor

layer disposed over the at least a portion of the second polarization layer that is co-planar with

the upper surface of the dielectric layer.

Example 40 includes the subject matter of any of Examples 39 and 41-59, wherein the

first, second, and third III-N semiconductor layers each include at least one of gallium nitride

(GaN) and indium gallium nitride (InGaN).

Example 4 1 includes the subject matter of any of Examples 39-40 and 42-59, wherein

the first and second III-N semiconductor layers each have a thickness in the range of about 0.1-

3 µ ; and the third III-N semiconductor layer has a thickness in the range of about 5-25 nm.

Example 42 includes the subject matter of any of Examples 39-41 and 43-59 and further

includes: providing n-type source/drain (S/D) portions disposed over the first III-N

semiconductor layer and extending through the first polarization layer and the dielectric layer;

providing S/D contacts disposed over the n-type S/D portions; providing p-type S/D portions



disposed over the dielectric layer, extending from sidewalls of the third III-N semiconductor

layer; and providing S/D contacts disposed over the p-type S/D portions.

Example 43 includes the subject matter of Example 42, wherein the n-type S/D portions:

include at least one of gallium nitride (GaN) and indium gallium nitride (InGaN); and are doped

with silicon (Si).

Example 44 includes the subject matter of Example 42, wherein the p-type S/D portions:

include at least one of gallium nitride (GaN), indium gallium nitride (InGaN), and silicon carbide

(SiC); and are doped with magnesium (Mg).

Example 45 includes the subject matter of Example 42, wherein the S/D contacts

disposed over the n-type S/D portions include at least one of titanium (Ti), aluminum (Al), and

tungsten (W); and the S/D contacts disposed over the p-type S/D portions include at least one of

nickel (Ni), gold (Au), and platinum (Pt).

Example 46 includes the subject matter of Example 42, wherein the dielectric layer

physically separates the n-type S/D portions from the at least a portion of the first polarization

layer that is co-planar with the upper surface of the dielectric layer.

Example 47 includes the subject matter of Example 42, wherein the p-type S/D portions

extend from m-plane sidewalls of the third III-N semiconductor layer.

Example 48 includes the subject matter of Example 42, wherein the p-type S/D portions

extend from a-plane sidewalls of the third III-N semiconductor layer.

Example 49 includes the subject matter of any of Examples 39-48 and 50-59 and further

includes providing a first gate stack disposed over the first III-N semiconductor layer; and

providing a second gate stack disposed over the second III-N semiconductor layer; wherein

either: the first gate stack is disposed within the first polarization layer, and the second gate stack

is disposed within the third III-N semiconductor layer; the first gate stack is disposed over the

first polarization layer, and the second gate stack is disposed over the third III-N semiconductor

layer; the first gate stack is disposed over the first polarization layer, and the second gate stack is

disposed within the third III-N semiconductor layer; or the first gate stack is disposed within the

first polarization layer, and the second gate stack is disposed over the third III-N semiconductor

layer.

Example 50 includes the subject matter of any of Examples 39-49 and 51-59, wherein

the first and second buffer layers each: include at least one of aluminum nitride (A1N), aluminum

gallium nitride (AlGaN), titanium nitride (TiN), hafnium nitride (HfN), titanium oxide (TiO),

and hafnium oxide (HfO); and have a thickness in the range of about 10-100 nm.

Example 5 1 includes the subject matter of any of Examples 39-50 and 52-59, wherein

the first and second buffer layers together constitute a single, unitary layer that is conformal to



the first and second features and the portion of the semiconductor substrate that separates the

first and second features.

Example 52 includes the subject matter of any of Examples 39-51 and 53-59, wherein

the first and second polarization layers each: include at least one of aluminum indium nitride

(AlInN) and aluminum gallium nitride (AlGaN); and have a thickness in the range of about 10-

30 nm.

Example 53 includes the subject matter of any of Examples 39-52 and 54-59 and further

includes: providing a first interface layer disposed between the first III-N semiconductor layer

and the first polarization layer; and providing a second interface layer disposed between the

second III-N semiconductor layer and the second polarization layer.

Example 54 includes the subject matter of Example 53, wherein the first and second

interface layers each: include aluminum nitride (AIN); and have a thickness in the range of about

0.5-2 nm.

Example 55 includes the subject matter of any of Examples 39-54 and 56-59, wherein

the dielectric layer: includes at least one of silicon dioxide (Si0 2), aluminum oxide (A1 20 3),

hafnium oxide (Hf0 2), zirconium dioxide (Zr0 2), tantalum pentoxide (Ta20 ), titanium dioxide

(Ti0 2), lanthanum oxide (La20 3), silicon nitride (Si3N4), silicon oxynitride (SiON), and silicon

carbide (SiC); and has a thickness in the range of about 50-150 nm.

Example 56 includes the subject matter of any of Examples 39-55 and 57-59, wherein:

the first III-N semiconductor layer and the first polarization layer interface such that a two-

dimensional electron gas (2DEG) exists at their interface, and the n-channel transistor device is

configured to use the 2DEG as its channel; and the second polarization layer and the third III-N

semiconductor layer interface such that a two-dimensional hole gas (2DHG) exists at their

interface, and the p-channel transistor device is configured to use the 2DHG as its channel.

Example 57 includes the subject matter of any of Examples 39-56 and 58-59, wherein

the semiconductor substrate includes silicon (Si).

Example 58 includes the subject matter of any of Examples 39-57 and 59, wherein the

semiconductor substrate includes silicon (Si) having a crystal orientation of < 111>.

Example 59 includes the subject matter of any of Examples 39-58, wherein the portion of

the semiconductor substrate that separates the first and second features at least one of: is

oxidized; and has a sidewall portion that is slanted with respect to a bottom surface of at least

one of the first and second features.

Example 60 is an integrated circuit including: a silicon (Si) substrate; a dielectric layer

disposed over the Si substrate; first and second recessed trenches disposed in the Si substrate,

under corresponding first and second openings disposed in the dielectric layer, wherein the first



and second recessed trenches are separated from one another by a prominence extending from

the Si substrate; first and second buffer layers disposed on the semiconductor substrate, within

the first and second recessed trenches, respectively; first and second gallium nitride (GaN) or

indium gallium nitride (InGaN) layers disposed on the first and second buffer layers,

respectively, within the first and second recessed trenches, respectively; first and second

aluminum gallium nitride (AlGaN) or indium aluminum nitride (InAlN) layers disposed over the

first and second GaN or InGaN layers, respectively, within the first and second recessed

trenches, respectively, and extending through the first and second openings, respectively, of the

dielectric layer such that at least a portion of each of the first and second AlGaN or InAlN layers

is co-planar with an upper surface of the dielectric layer; and a third GaN or InGaN layer

disposed over the at least a portion of the second AlGaN or InAlN layer that is co-planar with the

upper surface of the dielectric layer.

Example 6 1 includes the subject matter of any of Examples 60 and 62-69 and further

includes: n-type source/drain (S/D) portions disposed over the first GaN or InGaN layer and

extending through the first AlGaN or InAlN layer and the dielectric layer; S/D contacts disposed

over the n-type S/D portions; p-type S/D portions disposed over the dielectric layer, extending

from sidewalls of the third GaN or InGaN layer; and S/D contacts disposed over the p-type S/D

portions.

Example 62 includes the subject matter of any of Examples 60-61 and 63-69, wherein

the p-type S/D portions extend from either m-plane or a-plane sidewalls of the third III-N

semiconductor layer.

Example 63 includes the subject matter of any of Examples 60-62 and 64-69 and further

includes: a first gate stack disposed over the first GaN or InGaN layer; and a second gate stack

disposed over the second GaN or InGaN layer; wherein either: the first gate stack is disposed

within the first AlGaN or InAlN layer, and the second gate stack is disposed within the third

GaN or InGaN layer; the first gate stack is disposed over the first AlGaN or InAlN layer, and the

second gate stack is disposed over the third GaN or InGaN layer; the first gate stack is disposed

over the first AlGaN or InAlN layer, and the second gate stack is disposed within the third GaN

or InGaN layer; or the first gate stack is disposed within the first AlGaN or InAlN layer, and the

second gate stack is disposed over the third GaN or InGaN layer.

Example 64 includes the subject matter of any of Examples 60-63 and 65-69, wherein

the first and second buffer layers together constitute a single, unitary layer that is conformal to

the first and second recessed trenches and the prominence extending from the Si substrate.

Example 65 includes the subject matter of any of Examples 60-64 and 66-69 and further

includes: a first aluminum nitride (A1N) layer disposed between the first GaN or InGaN layer



and the first AlGaN or InAIN layer; and a second A1N layer disposed between the second GaN

or InGaN layer and the second AlGaN or InAIN layer.

Example 66 includes the subject matter of any of Examples 60-65 and 67-69, wherein

the prominence extending from the Si substrate at least one of: is oxidized; and has a sidewall

portion that is not perpendicular with respect to a bottom surface of at least one of the first and

second recessed trenches.

Example 67 is a power management integrated circuit (PMIC) including the subject

matter of any of Examples 60-66.

Example 68 is a radio frequency (RF) power amplifier including the subject matter of any

of Examples 60-66.

Example 69 is a voltage regulator power train including the subject matter of any of

Examples 60-66.

The foregoing description of example embodiments has been presented for the purposes

of illustration and description. It is not intended to be exhaustive or to limit the present

disclosure to the precise forms disclosed. Many modifications and variations are possible in

light of this disclosure. It is intended that the scope of the present disclosure be limited not by

this detailed description, but rather by the claims appended hereto. Future-filed applications

claiming priority to this application may claim the disclosed subject matter in a different manner

and generally may include any set of one or more limitations as variously disclosed or otherwise

demonstrated herein.



CLAIMS

s claimed is:

1. An integrated circuit comprising:

a semiconductor substrate;

an n-type transistor at least one of over and in the semiconductor substrate and

comprising:

a first buffer layer disposed over the semiconductor substrate;

a first III-N semiconductor layer disposed over the first buffer layer; and

a first polarization layer disposed over the first III-N semiconductor layer; and

a p-type transistor at least one of over and in the semiconductor substrate, adjacent to the

n-type transistor, and comprising:

a second buffer layer disposed over the semiconductor substrate;

a second III-N semiconductor layer disposed over the second buffer layer;

a second polarization layer disposed over the second III-N semiconductor layer,

wherein at least a portion of the second polarization layer is co-planar with

at least a portion of the first polarization layer; and

a third III-N semiconductor layer disposed over the second polarization layer.

2 . The integrated circuit of claim 1, wherein at least one of:

the semiconductor substrate comprises silicon (Si) having a crystal orientation of < 111>;

and

the first, second, and third III-N semiconductor layers each comprise at least one of

gallium nitride (GaN) and indium gallium nitride (InGaN).

3 . The integrated circuit of claim 1 further comprising:

n-type source/drain (S/D) portions disposed over the first III-N semiconductor layer and

extending through the first polarization layer;

S/D contacts disposed over the n-type S/D portions and comprising at least one of

titanium (Ti), aluminum (Al), and tungsten (W);

p-type S/D portions extending from sidewalls of the third III-N semiconductor layer; and

S/D contacts disposed over the p-type S/D portions and comprising at least one of nickel

(Ni), gold (Au), and platinum (Pt).

4 . The integrated circuit of claim 3, wherein at least one of:



the n-type S/D portions:

comprise at least one of gallium nitride (GaN) and indium gallium nitride

(InGaN); and

are doped with silicon (Si); and

the p-type S/D portions:

extend from either m-plane or a-plane sidewalls of the third III-N semiconductor

layer;

comprise at least one of gallium nitride (GaN), indium gallium nitride (InGaN),

and silicon carbide (SiC); and

are doped with magnesium (Mg).

5 . The integrated circuit of any of claims 1-4 further comprising:

a first gate stack disposed over the first III-N semiconductor layer; and

a second gate stack disposed over the second III-N semiconductor layer;

wherein either:

the first gate stack is disposed within the first polarization layer, and the second

gate stack is disposed within the third III-N semiconductor layer;

the first gate stack is disposed over the first polarization layer, and the second gate

stack is disposed over the third III-N semiconductor layer;

the first gate stack is disposed over the first polarization layer, and the second gate

stack is disposed within the third III-N semiconductor layer; or

the first gate stack is disposed within the first polarization layer, and the second

gate stack is disposed over the third III-N semiconductor layer.

6 . An integrated circuit comprising:

a semiconductor substrate;

a dielectric layer disposed over the semiconductor substrate;

first and second features disposed in the semiconductor substrate, under corresponding

first and second openings disposed in the dielectric layer, wherein:

the first and second openings are narrower in width than the first and second

features, respectively; and

the first and second features are separated by a portion of the semiconductor

substrate;

an n-channel transistor device comprising:



a first buffer layer disposed over the semiconductor substrate, within the first

feature;

a first III-N semiconductor layer disposed over the first buffer layer, within the

first feature; and

a first polarization layer disposed over the first III-N semiconductor layer, within

the first feature and extending through the first opening such that at least a

portion of the first polarization layer is co-planar with an upper surface of

the dielectric layer; and

a p-channel transistor device comprising:

a second buffer layer disposed over the semiconductor substrate, within the

second feature;

a second III-N semiconductor layer disposed over the second buffer layer, within

the second feature;

a second polarization layer disposed over the second III-N semiconductor layer,

within the second feature and extending through the second opening such

that at least a portion of the second polarization layer is co-planar with the

upper surface of the dielectric layer; and

a third III-N semiconductor layer disposed over the at least a portion of the second

polarization layer that is co-planar with the upper surface of the dielectric

layer.

7 . The integrated circuit of claim 6, wherein the first, second, and third III-N

semiconductor layers each comprise at least one of gallium nitride (GaN) and indium gallium

nitride (InGaN).

8 . The integrated circuit of claim 6 further comprising:

n-type source/drain (S/D) portions disposed over the first III-N semiconductor layer and

extending through the first polarization layer and the dielectric layer;

S/D contacts disposed over the n-type S/D portions;

p-type S/D portions disposed over the dielectric layer, extending from sidewalls of the

third III-N semiconductor layer; and

S/D contacts disposed over the p-type S/D portions.

9 . The integrated circuit of claim 8, wherein at least one of:

the n-type S/D portions:



comprise at least one of gallium nitride (GaN) and indium gallium nitride

(InGaN); and

are doped with silicon (Si); and

the p-type S/D portions:

comprise at least one of gallium nitride (GaN), indium gallium nitride (InGaN),

and silicon carbide (SiC); and

are doped with magnesium (Mg).

10. The integrated circuit of claim 9, wherein the dielectric layer physically separates

the n-type S/D portions from the at least a portion of the first polarization layer that is co-planar

with the upper surface of the dielectric layer.

11 . The integrated circuit of claim 6, wherein the p-type S/D portions extend from

either m-plane or a-plane sidewalls of the third III-N semiconductor layer.

12. The integrated circuit of claim 6 further comprising:

a first gate stack disposed over the first III-N semiconductor layer; and

a second gate stack disposed over the second III-N semiconductor layer;

wherein either:

the first gate stack is disposed within the first polarization layer, and the second

gate stack is disposed within the third III-N semiconductor layer;

the first gate stack is disposed over the first polarization layer, and the second gate

stack is disposed over the third III-N semiconductor layer;

the first gate stack is disposed over the first polarization layer, and the second gate

stack is disposed within the third III-N semiconductor layer; or

the first gate stack is disposed within the first polarization layer, and the second

gate stack is disposed over the third III-N semiconductor layer.

13. The integrated circuit of claim 6, wherein the first and second buffer layers

together constitute a single, unitary layer that is conformal to the first and second features and

the portion of the semiconductor substrate that separates the first and second features.

14. The integrated circuit of any of claims 6-13, wherein the semiconductor substrate

comprises silicon (Si) having a crystal orientation of < 111>.



15. The integrated circuit of any of claims 6-13, wherein the portion of the

semiconductor substrate that separates the first and second features at least one of:

is oxidized; and

has a sidewall portion that is slanted with respect to a bottom surface of at least one of the

first and second features.

16. A method of fabricating an integrated circuit, the method comprising:

providing a semiconductor substrate;

providing a dielectric layer disposed over the semiconductor substrate;

providing first and second features disposed in the semiconductor substrate, under

corresponding first and second openings disposed in the dielectric layer, wherein:

the first and second openings are narrower in width than the first and second

features, respectively; and

the first and second features are separated by a portion of the semiconductor

substrate;

providing an n-channel transistor device comprising:

a first buffer layer disposed over the semiconductor substrate, within the first

feature;

a first III-N semiconductor layer disposed over the first buffer layer, within the

first feature; and

a first polarization layer disposed over the first III-N semiconductor layer, within

the first feature and extending through the first opening such that at least a

portion of the first polarization layer is co-planar with an upper surface of

the dielectric layer; and

providing a p-channel transistor device comprising:

a second buffer layer disposed over the semiconductor substrate, within the

second feature;

a second III-N semiconductor layer disposed over the second buffer layer, within

the second feature;

a second polarization layer disposed over the second III-N semiconductor layer,

within the second feature and extending through the second opening such

that at least a portion of the second polarization layer is co-planar with the

upper surface of the dielectric layer; and



a third III-N semiconductor layer disposed over the at least a portion of the second

polarization layer that is co-planar with the upper surface of the dielectric

layer.

17. The method of claim 16, wherein the first, second, and third III-N semiconductor

layers each comprise at least one of gallium nitride (GaN) and indium gallium nitride (InGaN).

18. The method of claim 16 further comprising:

providing n-type source/drain (S/D) portions disposed over the first III-N semiconductor

layer and extending through the first polarization layer and the dielectric layer;

providing S/D contacts disposed over the n-type S/D portions;

providing p-type S/D portions disposed over the dielectric layer, extending from

sidewalls of the third III-N semiconductor layer; and

providing S/D contacts disposed over the p-type S/D portions.

19. The method of claim 18, wherein at least one of:

the n-type S/D portions:

comprise at least one of gallium nitride (GaN) and indium gallium nitride

(InGaN); and

are doped with silicon (Si); and

the p-type S/D portions:

comprise at least one of gallium nitride (GaN), indium gallium nitride (InGaN),

and silicon carbide (SiC); and

are doped with magnesium (Mg).

20. The method of claim 18, wherein the dielectric layer physically separates the n-

type S/D portions from the at least a portion of the first polarization layer that is co-planar with

the upper surface of the dielectric layer.

21. The method of claim 18, wherein the p-type S/D portions extend from either m-

plane or a-plane sidewalls of the third III-N semiconductor layer.

22. The method of claim 16 further comprising:

providing a first gate stack disposed over the first III-N semiconductor layer; and

providing a second gate stack disposed over the second III-N semiconductor layer;



wherein either:

the first gate stack is disposed within the first polarization layer, and the second

gate stack is disposed within the third III-N semiconductor layer;

the first gate stack is disposed over the first polarization layer, and the second gate

stack is disposed over the third III-N semiconductor layer;

the first gate stack is disposed over the first polarization layer, and the second gate

stack is disposed within the third III-N semiconductor layer; or

the first gate stack is disposed within the first polarization layer, and the second

gate stack is disposed over the third III-N semiconductor layer.

23. The method of any of claims 16-22, wherein the semiconductor substrate

comprises silicon (Si) having a crystal orientation of < 111>.

24. The method of any of claims 16-22, wherein the portion of the semiconductor

substrate that separates the first and second features at least one of:

is oxidized; and

has a sidewall portion that is slanted with respect to a bottom surface of at least one of the

first and second features.

25. An integrated circuit comprising:

a silicon (Si) substrate;

a dielectric layer disposed over the Si substrate;

first and second recessed trenches disposed in the Si substrate, under corresponding first

and second openings disposed in the dielectric layer, wherein the first and second

recessed trenches are separated from one another by a prominence extending from

the Si substrate;

first and second buffer layers disposed on the semiconductor substrate, within the first

and second recessed trenches, respectively;

first and second gallium nitride (GaN) or indium gallium nitride (InGaN) layers disposed

on the first and second buffer layers, respectively, within the first and second

recessed trenches, respectively;

first and second aluminum gallium nitride (AlGaN) or indium aluminum nitride (InAIN)

layers disposed over the first and second GaN or InGaN layers, respectively,

within the first and second recessed trenches, respectively, and extending through

the first and second openings, respectively, of the dielectric layer such that at least



a portion of each of the first and second AlGaN or InAIN layers is co-planar with

an upper surface of the dielectric layer; and

a third GaN or InGaN layer disposed over the at least a portion of the second AlGaN or

InAIN layer that is co-planar with the upper surface of the dielectric layer.

26. The integrated circuit of claim 25 further comprising:

n-type source/drain (S/D) portions disposed over the first GaN or InGaN layer and

extending through the first AlGaN or InAIN layer and the dielectric layer;

S/D contacts disposed over the n-type S/D portions;

p-type S/D portions disposed over the dielectric layer, extending from sidewalls of the

third GaN or InGaN layer; and

S/D contacts disposed over the p-type S/D portions.

27. The integrated circuit of claim 26, wherein the p-type S/D portions extend from

either m-plane or a-plane sidewalls of the third III-N semiconductor layer.

28. The integrated circuit of claim 26, wherein the first and second buffer layers

together constitute a single, unitary layer that is conformal to the first and second recessed

trenches and the prominence extending from the Si substrate.

29. The integrated circuit of claim 25 further comprising:

a first aluminum nitride (A1N) layer disposed between the first GaN or InGaN layer and

the first AlGaN or InAIN layer; and

a second A1N layer disposed between the second GaN or InGaN layer and the second

AlGaN or InAIN layer.

30. The integrated circuit of claim 25, wherein the prominence extending from the Si

substrate at least one of:

is oxidized; and

has a sidewall portion that is not perpendicular with respect to a bottom surface of at least

one of the first and second recessed trenches.



















A. CLASSIFICATION OF SUBJECT MATTER

HOIL 29/78(2006.01)i, HOIL 21/336(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HOIL 29/78; HOIL 27/06; HOIL 29/88; HOIL 21/203; H01L 21/20; H01L 21/764; H01L 21/761; H01L 27/12; H01L 21/336

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
eKOMPASS(KIPO internal) & keywords: trench, coplanar, GaN, feature, HEMT

DOCUMENTS CONSIDERED TO BE RELEVANT

Category' Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

W0 2015-047355 Al (INTEL CORPORATION) 02 April 2015 1-30

See abstract, page 5 , line 8 - page 11, line 14 and figures 1-11.

US 2013-0337626 Al (INTERNATIONAL RECTIFIER CORPORATION) 19 December 2013 1-30

See abstract, paragraph [0026] and figure 2B.

US 2008-0073641 Al (ZHIYUAN CHENG et al.) 27 March 2008 1-30

See abstract, paragraphs [0004]-[0005] and figures 4-5.

US 2001-0008299 Al (KEVIN J . L INTH ICUM et al.) 19 July 2001 1-30

See abstract, paragraphs [0006]-[0017] and figures 1-6.

US 2009-0121312 Al (HOWARD HAO CHEN et a l .) 14 May 2009 1-30

See abstract, claim 1 and figures 12-15.

I IFurther documents are listed in the continuation of Box C . See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand

to b e of particular relevance the principle or theory underlying the invention
"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot b e

filing date considered novel or cannot be considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone

cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot b e
special reason (as specified) considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art

"P" document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report

17 August 2016 (17.08.2016) 18 August 2016 (18.08.2016)

Name and mailing address of the ISA/KR Authorized officer
/ International Application Division

Korean Intellectual Property Office CHO, KI YUN
189 Cheongsa-ro, Seo-gu, Daejeon, 35208, Republic of Korea

Facsimile No. +82-42-481-8578 Telephone No. +82-42-481-5655

Form PCT/ISA /210 (second sheet) (January 2015)



Information on patent family members PCT/US2015/065291

Patent document Publication Patent family Publication
cited in search report date member(s) date

WO 2015-047355 Al 02/04/2015 T W 201528336 A 16/07/2015

US 2013-0337626 Al 19/12/2013 EP 2333827 A2 15/06/2011
EP 2333827 A3 13/08/2014
JP 2011-151369 A 04/08/2011
JP 5357134 B2 04/12/2013
US 2011-0140176 Al 16/06/2011
us 2013-0334574 Al 19/12/2013
us 2014-0008663 Al 09/01/2014
us 8530938 B2 10/09/2013
us 9105566 B2 11/08/2015

US 2008-0073641 Al 27/03/2008 us 2011-0086498 Al 14/04/2011
us 2012-0309113 Al 06/12/2012
us 2014-0167098 Al 19/06/2014
us 2015-0001469 Al 01/01/2015
us 2015-0311911 Al 29/10/2015
us 7875958 B2 25/01/2011
us 8216951 B2 10/07/2012
us 8629047 B2 14/01/2014
us 8860160 B2 14/10/2014
us 9105522 B2 11/08/2015
wo 2008-039534 A2 03/04/2008
wo 2008-039534 A3 24/07/2008

US 2001-0008299 Al 19/07/2001 AT 420458 T 15/01/2009
AU 2000-23491 Al 19/06/2000
CA 2347425 Al 08/06/2000
CA 2347425 C 02/06/2009
CN 1155993 C 30/06/2004
CN 1348603 A 08/05/2002
DE 1138063 Tl 02/10/2002
EP 1138063 Al 04/10/2001
EP 1138063 Bl 07/01/2009
ES 2169015 Tl 01/07/2002
H 1036360 Al 21/08/2009
JP 2002-531945 A 24/09/2002
JP 4790909 B2 12/10/2011

R 10-0608996 Bl 03/08/2006
MY 129562 A 30/04/2007
US 2002-0179911 Al 05/12/2002
us 6177688 Bl 23/01/2001
us 6376339 B2 23/04/2002
us 6462355 Bl 08/10/2002
us 7378684 B2 27/05/2008
wo 00-33365 Al 08/06/2000
wo 00-33365 A8 24/01/2002

US 2009-0121312 Al 14/05/2009 us 2007-0048975 Al 01/03/2007

Form PCT/ISA/2 10 (patent family annex) (January 20 15)



Information on patent family members PCT/US2015/065291

Patent document Publication Patent family Publication
cited in search report date member(s) date

US 2007-0087525 Al 19/04/2007
US 7335599 B2 26/02/2008
US 7399686 B2 15/07/2008
US 7947566 B2 24/05/2011

Form PCT/ISA/2 10 (patent family annex) (January 20 15)


	abstract
	description
	claims
	drawings
	wo-search-report

