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(57) ABSTRACT 

A lateral Ill-N device has a vertical gate module with Ill-N 
material orientated in an N-polar or a group-Ill polar ori-
entation. A Ill-N material structure has a Ill-N buffer layer, 
a Ill-N barrier layer, and a Ill-N channel layer. A composi-
tional difference between the Ill-N barrier layer and the 
Ill-N channel layer causes a 2DEG channel to be induced in 
the Ill-N channel layer. A p-type Ill-N body layer is disposed 
over the Ill-N channel layer in a source side access region 
but not over a drain side access region. A n-type Ill-N 
capping layer over the p-type Ill-N body layer. A source 
electrode that contacts the n-type Ill-N capping layer is 
electrically connected to the p-type Ill-N body layer and is 
electrically isolated from the 2DEG channel when the gate 
electrode is biased relative to the source electrode at a 
voltage that is below a threshold voltage. 
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LATERAL Ill-NITRIDE DEVICES 
INCLUDING A VERTICAL GATE MODULE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

10001] This application claims priority to U.S. Patent 
Application Ser. No. 62/745,213, filed Oct. 12, 2018, the 
disclosure of which is incorporated by reference. 

TECHNICAL FIELD 

10002] The disclosed technologies relate to semiconductor 
devices, in particular Ill-Nitride transistors and switches. 

BACKGROUND 

10003] Currently, typical power semiconductor devices, 
including devices such as transistors, diodes, power MOS-
FETs and insulated gate bipolar transistors (IGBTs), are 
fabricated with silicon (Si) semiconductor material. More 
recently, wide-bandgap materials (SiC, Ill-N, 111-0, dia-
mond) have been considered for power devices due to their 
superior properties. Ill-Nitride or Ill-N semiconductor 
devices, such as gallium nitride (GaN) devices, are now 
emerging as attractive candidates to carry large currents, 
support high voltages and provide very low on-resistance 
and fast switching times. Although high voltage Ill-N 
diodes, transistors and switches are beginning to be com-
mercialized, further improvements are needed in order to 
improve the performance, efficiency, reliability and cost of 
these devices. The term device will be used in general for 
any transistor or switch or diode when there is no need to 
distinguish between them. 

10004] Cross-sectional views of a group-Ill polar lateral 
Ill-N device 100A and an N-Polar lateral Ill-N device 100B 
are illustrated in FIGS. 1A and 1B, respectively. Devices 
100A and 100B each include a source contact 21, a drain 
contact 22, a gate contact 23, and access regions 82 and 83. 
As used herein, the "access regions" of a device refer to the 
two regions between the source and gate contacts, and 
between the gate and drain contacts of the device, i.e., 
regions 82 and 83, respectively, in FIGS. 1A and lB. Region 
82, the access region on the source side of the gate, is 
typically referred to as the source side access region, and 
region 83, the access region on the drain side of the gate, is 
typically referred to as the drain side access region. As used 
herein, the "gate region" 81 of a device refers to the portion 
of the transistor between the two access regions 82 and 83 
in FIGS. 1A and lB. The gate module of the device refers 
to the portion of the layers and materials of the device that 
are in or adjacent to the gate region of the device, and within 
which the electric field is modulated through application of 
gate voltages in order to modulate the channel conductivity 
in the gate region of the device. The device channel refers to 
the conductive region that serves as the current path of the 
device between the source contact and drain contact when 
the device is biased in the ON state. The source contact 21 
and the drain contact 22 are electrically connected to a 
lateral two-dimensional electron gas (2DEG) channel 19 
(indicated by the dashed line in FIG. 1A) which is induced 
in a Ill-N channel layer 16 adjacent the interface between a 
Ill-N barrier layer 14 and the Ill-N channel layer 16 and 
serves as the device channel. The device channel in the gate 

Apr. 16, 2020 

region 81 of the devices of FIGS. 1A and 1 B is formed in 
a lateral direction from the portion of the 2DEG channel 
below the gate contact 23. 
10005] Typical Ill-N high electron mobility transistors 
(HEMTs) and related devices are formed on Ill-Nitride 
materials grown in a group-Ill polar (e.g., Ga-polar) orien-
tation, such as the [0 0 0 1] (C-plane) orientation, as shown 
in FIG. 1A. That is, the source, gate, and drain contacts of 
the HEMT are formed over the group-Ill face (e.g., [0 00 1] 
face) of the Ill-N material layers, which is typically on an 
opposite side of the Ill-N material layers from the substrate 
on which the Ill-N layers are formed. Alternatively, Ill-N 
HEMTs can be formed on Ill-Nitride materials grown in an
N-Polar (i.e., N-face) orientation, such as the [0 0 0-1] 
orientation, as shown in FIG. lB. In this case, the source, 
gate, and drain contacts of the HEMT are formed over the 
N-face (e.g., [0 0 0-1] face) of the Ill-N material layers. 
N-polar Ill-N materials have polarization fields with oppo-
site direction than group-Ill polar Ill-N materials, thus can 
enable the implementation of Ill-N devices which cannot be 
fabricated using group-Ill polar structures. N-polar Ill-N 
devices can in some cases exhibit superior characteristics 
when compared to group-Ill polar devices, including lower 
static and dynamic on-resistance, with higher current den-
sity, higher power density, and higher reliability. 
10006] Furthermore, Ill-N HEMTs are typically depletion-
mode (D-mode) devices, which means they are normally-on, 
i.e., they conduct current when zero voltage is applied to the 
gate relative to the source and a positive voltage is applied 
to the drain relative to the source. However, in power 
electronics, it is more desirable to have normally-off 
devices, called enhancement mode (E-mode) devices, which 
do not conduct substantial current at zero gate voltage and 
require a sufficiently positive voltage applied to the gate 
relative to the source in order to be turned on. In power 
electronics, the use of E-mode devices can help to increase 
safety and to reduce the potential for damage to the device, 
to other circuit components, or to the entire power system by 
preventing accidental turn on of the device in case of circuit 
failure. However, improvements in the electrical perfor-
mance of E-mode devices are still needed to further increase 
market adaptation. 

SUMMARY 

10007] Described herein are lateral Ill-N (e.g., GaN) 
devices having a vertical gate module, for which the Ill-N 
material is orientated in an N-polar or a group-Ill polar 
orientation. The device structures can be configured to have 
stable threshold-voltage, low leakage current, and high
breakdown voltages while maintaining a small separation 
between the gate and the drain ensuring low on-resistance. 
The details of one or more embodiments of the subject 
matter described in this specification are set forth in the 
accompanying drawings and the description below. Other 
features, aspects, and advantages of the subject matter will 
become apparent from the description, the drawings, and the 
claims. 
10008] In a first aspect, a Ill-N device is described. The 
Ill-N device comprises a Ill-N material structure over a 
substrate. The Ill-N material structure comprises a Ill-N 
buffer layer, a Ill-N barrier layer, and a Ill-N channel layer, 
where a compositional difference between the Ill-N barrier 
layer and the Ill-N channel layer causes a 2DEG channel to 
be induced in the Ill-N channel layer. The Ill-N device 
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further comprises a p-type Ill-N body layer over the Ill-N 
channel layer in a source side access region of the device but 
not over the Ill-N channel layer in a drain side access region 
of the device, and n-type Ill-N capping layer over the p-type 
Ill-N body layer. The Ill-N device further comprising a 
source electrode, a gate electrode, and a drain electrode. The 
source electrode contacts the n-type Ill-N capping layer and 
is electrically connected to the p-type Ill-N body layer, and 
the drain electrode contacts the Ill-N channel layer, where 
the source electrode is electrically isolated from the 2DEG 
channel when the gate electrode is biased relative to the 
source electrode at a voltage that is below a threshold 
voltage of the device. 
10009] In a second aspect, a Ill-N transistor is described. 
The transistor comprises a Ill-N material structure, and a 
drain electrode connected to a lateral 2DEG channel in the 
Ill-N material structure. The Ill-N transistor further com-
prises a source electrode separated from the lateral 2DEG 
channel by a current blocking layer. The Ill-N transistor 
further comprising a gate electrode configured to modulate 
current flowing in a slanted or vertical channel between the 
source electrode and the lateral 2DEG channel, where a 
threshold voltage of the transistor is greater than OV. 
10010] In a third aspect, an electronic device is described. 
The electronic device comprises an N-polar Ill-N material 
structure. The Ill-N material structure comprises a Ill-N 
channel layer, a p-type GaN body layer, and an n-type GaN 
capping layer. The device further comprises a gate contact 
between a source contact and a drain contact, where the 
p-type GaN body layer is between the source contact and the 
Ill-N channel layer and the drain contact directly contacts 
the Ill-N channel layer. The device further comprising a 
Ill-N layer structure between the gate contact and a sidewall 
of the p-type GaN body layer, where the Ill-N layer structure 
contacts the n-type GaN capping layer in a first region 
between the source contact and the gate contact and contacts 
the Ill-N channel layer in a second region between the gate 
contact and the drain contact. 
10011] In a fourth aspect, an electronic device is described. 
The device comprises an N-polar Ill-N material structure 
comprising a first n-type GaN layer with a first doping 
density over a first p-type GaN layer with a second doping 
density. The device further comprises an electrode at least 
partially over the n-type GaN layer, where the electrode is 
electrically connected to the p-type layer through a tunnel 
junction. The tunnel junction comprises an AlGa1_N layer 
with O<y~1 in an interface between the p-type GaN layer 
and the n-type GaN layer. 
10012] In a fifth aspect, a method of operating a Ill-N 
device is described. The method comprises biasing a gate 
contact relative to a source contact at a voltage greater than 
a threshold voltage, where an inversion channel forms at a 
vertical interface between a gate insulator layer and a p-type 
Ill-N layer, thereby electrically connecting the source con-
tact to a lateral 2DEG channel. The method further com-
prising biasing a drain contact at a positive voltage relative 
to the source contact, where electrons flow from the source 
contact through the inversion channel to the lateral 2DEG 
channel, and a continuous device channel is formed between 
the source contact and the drain contact. 
10013] In a sixth aspect, an electronic device is described. 
The device comprises a substrate and a Ill-N material 
structure over the substrate. The device further comprises a 
gate electrode and a gate insulating layer, where the gate 
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insulating layer is between the Ill-N material structure and 
the gate electrode. The device further comprising a source 
electrode and a drain electrode, the source electrode com-
prises a portion contacting the Ill-N material structure. The 
source electrode and the drain electrode being on a side of 
the Ill-N material structure opposite the substrate, where the 
portion of the source electrode in contact with the Ill-N 
material structure is formed between the gate electrode and 
the drain electrode. 

10014] In a seventh aspect, an electronic device is 
described. The device comprises a Ill-N material structure 
over a substrate. The Ill-N material structure comprises a 
Ill-N channel layer over a Ill-N buffer layer. The Ill-N 
material structure further comprises a Ill-N barrier layer 
over the Ill-N channel layer, where a compositional differ-
ence between the Ill-N barrier layer and the Ill-N channel 
layer causes a lateral 2DEG channel to be induced in the 
Ill-N channel layer. The device further comprises a source 
contact, a gate contact, and a drain contact over the Ill-N 
material structure on a side opposite the substrate. The 
device further comprises a p-type Ill-N body layer over the 
Ill-N barrier layer in a source side access region but not over 
the Ill-N channel layer in a drain side access region, and a 
n-type Ill-N capping layer over the p-type Ill-N body layer. 
The source contact is contacting the n-type capping layer 
and electrically connected to the p-type Ill-N body layer, 
where the drain is electrically connected to the 2DEG 
channel and the source is electrically isolated from the 
2DEG channel when the device is biased below a threshold 
voltage. 

10015] In an eighth aspect, an electronic device is 
described. The electronic device comprises a Ill-N material 
structure over a substrate. The Ill-N material structure 
comprises a Ill-N buffer layer and a p-type layer over the 
Ill-N buffer layer in a source side access region but not over 
the buffer layer in a drain side access region. The device 
further comprising a source contact, a gate contact, and a 
drain contact over the Ill-N buffer layer on a side opposite 
the substrate. The device further comprising a Ill-N channel 
layer and a Ill-N barrier layer formed over the Ill-N material 
structure extending between the source contact and the drain 
contact, where a compositional difference between the Ill-N 
barrier layer and the Ill-N channel layer causes a 2DEG 
channel to be induced in the Ill-N channel layer, the source 
contact is connected to the p-type layer and a sidewall angle 
of the p-type layer forms a semi-polar crystal orientation of 
the Ill-N channel layer in a region below the gate contact. 

10016] In a ninth aspect, an N-polar Ill-N device is 
described. The Ill-N device comprises a Ill-N material 
structure over a substrate. The Ill-N material structure 
comprises a Ill-N barrier layer over a Ill-N buffer layer, and 
a Ill-N channel layer over the Ill-N barrier layer, where a 
compositional difference between the Ill-N barrier layer and 
the Ill-N channel layer causes a lateral 2DEG channel to be 
induced in the Ill-N channel layer. The device further 
comprises a p-type Ill-N body layer over the Ill-N channel 
layer in a source side access region, the p-type Ill-N body 
layer having a sidewall at a non-zero angle relative to a top 
surface of the Ill-N channel layer. The device further com-
prising a n-type Ill-N capping layer over the p-type Ill-N 
body layer. A source contact contacting the n-type Ill-N 
capping layer. A drain contact contacting the Ill-N channel 
layer. A gate insulator layer contacting a gate contact, and 
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the gate insulator layer contact in the sidewall of the p-type 
111-N body layer at the non-zero angle. 
10017] Each of the electronic devices, and transistors 
described herein can include one or more of the following 
features. The device can be N-polar device, where the 111-N 
barrier layer is between the 111-N channel layer and the 111-N 
buffer layer. The device can comprise a gate insulator layer, 
where the gate insulator is formed over a vertical or slanted 
sidewall of the p-type layer. The device can be confgured 
such that an inversion channel is formed in the p-type 111-N 
body layer or the 111-N layer structure adjacent to the gate 
insulator layer when the gate electrode is biased relative to 
the source electrode at a voltage greater than a threshold 
voltage of the device. The device can comprise a 111-N layer 
structure between the gate insulator layer and the 111-N body 
layer, where the 111-N layer structure contacts the 111-N 
capping layer in the source side access region and contacts 
the 111-N channel layer in the drain side access region. The 
angle between the vertical or slanted sidewall of the 111-N 
body layer and the 111-N material structure is between 
200800. The device can comprise a tunnel junction between 
the source electrode and the p-type 111-N body layer, where 
the tunnel junction further comprises a second n-type GaN 
layer between a first n-type GaN layer and an AlGal_N 
layer, and a second p-type GaN layer between a first p-type 
GaN layer and an AlGa1_N layer, where the second n-type 
GaN layer and the second p-type GaN layer have a doping 
density greater than a first and second doping densities. 
10018] As used herein, the terms 111-Nitride or 111-N 
materials, layers, devices, etc., refer to a material or device 
comprised of a compound semiconductor material according 
to the stoichiometric formula BAlIiGaN, where w+x+ 
y+z is about 1 with 0~w~1, O~x~1, O~y~1, and 0~z~1. 
111-N materials, layers, or devices, can be formed or pre-
pared by either directly growing on a suitable substrate (e.g., 
by metal organic chemical vapor deposition), or growing on 
a suitable substrate, detaching from the original substrate, 
and bonding to other substrates. 
10019] As used herein, two or more contacts or other items 
such as conductive channels or components are said to be 
"electrically connected" if they are connected by a material 
which is sufficiently conducting to ensure that the electric 
potential at each of the contacts or other items is intended to 
be the same, e.g., is about the same, at all times under any 
bias conditions. 
10020] As used herein, "blocking a voltage" refers to the 
ability of a transistor, device, or component to prevent 
significant current, such as current that is greater than 0.001 
times the operating current during regular conduction, from 
flowing through the transistor, device, or component when a 
voltage is applied across the transistor, device, or compo-
nent. In other words, while a transistor, device, or compo-
nent is blocking a voltage that is applied across it, the total 
current passing through the transistor, device, or component 
will not be greater than 0.001 times the operating current 
during regular conduction. Devices with off-state currents 
which are larger than this value exhibit high loss and low 
efficiency, and are typically not suitable for many applica-
tions, especially power switching applications. 
10021] As used herein, a "high-voltage device", e.g., a 
high-voltage switching transistor, HEMT, bidirectional 
switch, or four-quadrant switch (FQS), is an electronic 
device which is optimized for high-voltage applications. 
That is, when the device is off, it is capable of blocking high 
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voltages, such as about 300V or higher, about 600V or 
higher, or about 1200V or higher, and when the device is on, 
it has a sufficiently low on-resistance (RON) for the appli-
cation in which it is used, e.g., it experiences sufficiently low 
conduction loss when a substantial current passes through 
the device. A high-voltage device can at least be capable of 
blocking a voltage equal to the high-voltage supply or the 
maximum voltage in the circuit for which it is used. A 
high-voltage device may be capable of blocking 300V, 600V, 
1200V, 1700V, 2500V, 3300V or other suitable blocking 
voltage required by the application. In other words, a 
high-voltage device can block all voltages between OV and 
at least V, , where V, is the maximum voltage that can 
be supplied by the circuit or power supply, and V,, can for 
example be 300V, 600V, 1200V, 1700V, 2500V, 3300V or 
other suitable blocking voltage required by the application. 
For a bidirectional or four quadrant switch, the blocked 
voltage could be of any polarity less a certain maximum 
when the switch is OFF (±Vm such as ±300V or ±600V, 
+1200V and soon), and the current can be in either direction 
when the switch is ON. 
10022] As used herein, a "Ill-N device" is a device based 
on or essentially including Ill-N materials, including Ill-N 
heterostructures. The Ill-N device can be designed to oper-
ate as a transistor or switch in which the state of the device 
is controlled by a gate terminal or as a two terminal device 
that blocks current flow in one direction and conducts in 
another direction without a gate terminal. The Ill-N device 
can be a high-voltage device suitable for high voltage 
applications. In such a high-voltage device, when the device 
is biased off (e.g., the voltage on the gate relative to the 
source is less than the device threshold voltage), it is at least 
capable of supporting all source-drain voltages less than or 
equal to the high-voltage in the application in which the 
device is used, which for example may be 100V, 300V, 
600V, 1200V, 1700V, 2500V, or higher. When the high 
voltage device is biased on (e.g., the voltage on the gate 
relative to the source or associated power terminal is greater 
than the device threshold voltage), it is able to conduct 
substantial current with a low on-voltage (i.e., a low voltage 
between the source and drain terminals or between opposite 
power terminals). The maximum allowable on-voltage is the 
maximum on-state voltage that can be sustained in the 
application in which the device is used. 
10023] As used herein, a "Ill-polar" or "group-Ill polar" 
Ill-N material is a Ill-N material for which the group-Ill face 
(i.e., the [0 00 1] face) is opposite the substrate on which the 
material is grown. In a "Ill-polar" or "group-Ill polar" 
lateral Ill-N device, at least some of the device contacts 
(e.g., the source and/or drain contacts) are typically formed 
on a [0 0 0 1] face of the Ill-N material (e.g., on a side 
opposite the [0 0 0-1] face). 
10024] As used herein, an "N-polar" Ill-N material is a 
Ill-N material for which the Nitrogen face (i.e., the [0 0 0-11 
face) is opposite the substrate on which the material is 
grown. In an "N-polar" lateral Ill-N device, at least some of 
the device contacts (e.g., the source and/or drain contacts) 
are typically formed on a [000-11 face of the Ill-N material 
(e.g., on a side opposite the [0 0 0 1] face). 
10025] As used herein, a "regrown" Ill-N layer structure or 
Ill-N material structure, refers to an additional material 
deposition process which is performed after previous mate-
rial deposition processes. Between subsequent growth and 
regrowth processes, the device can be unloaded from the 
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deposition tool and the vacuum environment can be inter-
rupted. As such, a regrown 111-N material structure can 
require a separate insertion into the 111-N material structure 
deposition equipment from the initial 111-N material struc-
ture insertion. For example, a regrown 111-N layer can be 
deposited after a removal of at least a portion of an initial 
111-N material structure. The removal of a portion of the 
initial 111-N material structure typically occurs in an envi-
ronment outside the primary 111-N material structure depo-
sition equipment. 
10026] The terms "over," "under," "between," and "on" as 
used herein refer to a relative position of one layer with 
respect to other layers. As such, for example, one layer 
disposed over or under another layer may be directly in 
contact with the other layer or may have one or more 
intervening layers. Moreover, one layer disposed between 
two layers may be directly in contact with the two layers or 
may have one or more intervening layers. In contrast, a first 
layer "on" a second layer is in contact with that second layer. 
Additionally, the relative position of one layer with respect 
to other layers is provided assuming operations are per-
formed relative to a substrate without consideration of the 
absolute orientation of the substrate. 
10027] The details of one or more disclosed implementa-
tions of the subject matter described in this specification are 
set forth in the accompanying drawings and the description 
below. Additional features and variations may be included in 
the implementations as well. Other features, aspects, and 
advantages will become apparent from the description, the 
drawings and the claims. 

DESCRIPTION OF DRAWINGS 

10028] FIGS. lAand lB are cross-sectional views of Ill-N 
devices of the prior art. 
10029] FIG. 2 is a cross-sectional view of a Ill-N device 
having an N-polar orientation and a vertical gate channel. 
10030] FIG. 3 illustrates the current conduction channel of 
the Ill-N device of FIG. 2 when the gate is biased in the ON 
state. 
10031] FIG. 4 is a cross-sectional view of a Ill-N device 
having an N-Polar orientation and a regrown Ill-N material 
layer structure in a gate region. 
10032] FIG. S is a cross-sectional view of a Ill-N device 
having an N-polar orientation and a slanted Ill-N material 
layer structure in a gate region. 
10033] FIG. 6 is alternative embodiment of the Ill-N 
device of FIG. S. 
10034] FIG. 7 is a cross-sectional view of a Ill-N device 
having a group-Ill polar orientation and a Gate-Source-
Drain (G-S-D) configuration. 
10035] FIG. 8 is a cross-sectional view of a Ill-N device 
having a group-Ill polar orientation and multiple Ill-N 
channel layers. 
10036] FIG. 9 is a cross-sectional view of a Ill-N device 
having a group-Ill polar orientation and a vertical gate 
channel. 
10037] FIG. 10 is a cross-sectional view of a depletion 
mode Ill-N device having a group-Ill polar orientation and 
a regrown Ill-N channel layer. 
10038] FIG. hA and FIG. 11B are cross-sectional views of 
two different embodiments of a hybrid Ill-N device, in each 
case incorporating a low voltage enhancement mode Ill-N 
module and a high voltage depletion mode Ill-N module. 
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10039] FIG. 12 is a top-view of a first layout for the 
devices of FIGS. 2-6. 
10040] FIGS. 13A-E show a top-view of a second layout 
for the devices of FIGS. 2-6. 
10041] FIGS. 14A-B show a top-view of a third layout for 
the devices of FIG. 2-6. 
10042] FIGS. 14C-D show a top-view of a fourth layout 
which is rotated 900 compared to the third layout shown in 
FIG. 14A-B. 
10043] FIG. iSA is a detailed cross sectional view of the 
material layer structures forming a tunnel junction. 
10044] FIGS. 1SB-D show current-voltage curves detail-
ing the characteristics of a tunnel junction contact 
10045] FIGS. 16A-C show current-voltage curves detail-
ing the characteristics of a mobility enhancement layer. 
10046] FIGS. 17A-C shows current-voltage curves detail-
ing the characteristics of alternative gate layout structures. 
10047] FIG. 18 is a current-voltage transfer curve of a 
device with high threshold voltage stability. 
10048] FIG. 19 details a device's positive threshold volt-
age stability over time. 
10049] FIG. 20 details a device's negative threshold volt-
age stability over time. 

DETAILED DESCRIPTION 

10050] Described herein are lateral Ill-N devices that have 
a vertical gate module, and in particular enhancement-mode 
(E-mode) Ill-N devices, for which the Ill-N material is 
orientated in an N-Polar or a group-Ill polar (e.g., a Ga-
polar) orientation. Specifically, the channel of the device in 
the access regions conducts current in a lateral direction, 
while the channel of the device in a gate region conducts 
current in a substantially vertical direction when the device 
is biased ON. 
10051] Devices that function as a normally-off high volt-
age transistor can be realized by connecting a low-voltage 
E-mode FET and a high voltage D-mode FET in a cascode 
configuration. The low voltage E-mode FET can be either a 
discrete component (e.g., a silicon-based MOSFET) wire-
bonded to a high-voltage D-mode Ill-N FET or a low 
voltage E-mode Ill-N device integrated monolithically with 
a high-voltage D-mode Ill-N device to create an integrated 
Ill-N device. In some cases, a monolithically integrated 
device on a single chip can be preferred to improve design 
flexibility, packaging, cost, and scalability to attain very 
high-power operations. 
10052] In both D-mode and E-mode Ill-N devices, the 
design of the gate module is critical to the device perfor-
mance and reliability. The devices described herein incor-
porate gate modules that can ensure low on-resistance, stable 
threshold-voltages (VTH), low gate-leakage, high break-
down voltages, and high short-circuit survivability. These 
requirements are not currently met to commercial satisfac-
tion with conventional group-Ill polar lateral Ill-N device 
architectures. In conventional lateral Ill-N device architec-
tures, the gate-module is formed over a thick (>500 nm) 
unintentionally doped (UID) GaN channel layer and an
insulating or semi-insulating Ill-N (e.g., GaN) buffer layer 
(>2 tm). In these architectures, the potential of the device 
channel is controlled through the capacitive coupling of the 
gate contact to the device channel from the top side of the 
device, represented in FIG. hA as capacitance 9. This 
coupling may not be sufficient to ensure reliable device 
operations under high-voltage and/or high-temperature con-
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ditions. Under high-voltage and/or high-temperature opera-
tion, the 111-N material structure of the device can be 
susceptible to high electric field effects which cannot be 
controlled by conventional field-plating structures and can 
result in damage to the gate region of the device. These high 
electric field effects can include drain-induced barrier low-
ering (DIBL), impact ionization and hole generation, and 
fast or slow charge-trapping. These high electric field effects 
can result in undesirable effects such as threshold voltage 
instabilities, excessive leakage current, and premature 
device breakdown. 

10053] One way to reduce the high electric field effects is 
to introduce an additional field-plating structure buried in 
the gate region, in proximity to the back side of the device 
channel. This buried field-plating structure is referred to as 
the "body" layer, and is further described below in reference 
to FIG. 2. Due to the very high capacitive coupling between 
the body layer and the device channel, the field-plating of 
the gate region can be improved, reducing the impact from 
high-voltage operation. To maintain low capacitance 
between the drain and the source, as well as good switching 
performance, the body layer can be located only where 
strictly necessary, e.g., only in the vertical gate module. 

10054] FIGS. 2-10 illustrate hybrid Ill-N devices that 
integrate a conventional lateral high-voltage gate module 
(low capacitance) with a vertical (or semi-vertical or 
slanted) gate module employing a protective body layer 
(e.g., a current blocking layer), which can here forth be 
referred to as Lateral Trench MOSFETs (i.e., LT-MOS). 
Referring to FIG. 2, an N-Polar Ill-N enhancement mode 
device 200 is shown. The Ill-N device 200 includes a Ill-N 
buffer layer 12, for example GaN or AlGaN, grown on a 
suitable substrate 10, which can for example be silicon (Si), 
silicon carbide (SiC), sapphire, A1N, or GaN. The substrate 
can be electrically conductive (e.g., p-type Si), electrically 
semi-insulating (e.g., SiC), or electrically insulating (e.g., 
sapphire). The substrate can have high thermal conductivity 
(e.g., SiC) or low thermal conductivity (e.g., sapphire); in 
the latter case, the substrate can be thinned to improve 
thermal dissipation. The substrate can have a similar or 
different lattice constant and/or thermal expansion coefli-
cient than that of any of the material layers of the Ill-N 
structure. When the lattice constant and/or thermal expan-
sion coefficient between the substrate and the Ill-N layers 
are different, a nucleation and/or stress-relief management 
layer can be introduced between the substrate 10 and the 
buffer layer 12 (not shown). The substrate 10 can be either 
floating (i.e., no fixed potential) or grounded (i.e., the 
substrate potential is fixed at the same voltage of the source). 
In some implementations the substrate 10 may be omitted. 

10055] The buffer layer 12 can be rendered insulating or 
substantially free of unintentional n-type mobile carriers by 
including dislocations or point defects in the layer, or by 
doping the layer with compensating elements, such as Fe, C, 
and/or Mg. The buffer layer can have a substantially uniform 
composition throughout, or the composition can vary. For 
example, in some implementations the buffer layer is com-
positionally graded, such as by grading the aluminum com-
position along a vertical axis in the buffer layer. The buffer 
layer 12 can be substantially thicker than any of the other 
Ill-Nitride layers in the structure. For example, buffer layer 
12 may have a thickness that is at least 10 times, but 
typically at least 30 times, the combined thickness of the 
Ill-N layers between buffer layer 12 and the gate 23. 
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10056] The Ill-N device 200 further includes a Ill-N 
back-barrier layer 14, for example AlGa1_N, over the Ill-N 
buffer layer 12, and a Ill-N channel layer 16, for example 
unintentionally doped (TJID) GaN, over the Ill-N back-
barrier layer 14. The bandgap of the Ill-N back-barrier layer 
14 is greater than that of the Ill-N channel layer 16. The 
Ill-N channel layer 16 has a different composition than the 
Ill-N back-barrier layer 14, and the thickness and compo-
sition of each of the Ill-N back-barrier layer 14 and Ill-N 
channel layer 16 is selected such that a conductive layer of 
electrons is induced in the Ill-N channel layer 16. The 
interface between the Ill-N back-barrier layer 14 and the 
Ill-N channel layer 16 can be abrupt. In that case, a 
conductive two-dimensional electron gas (2DEG) channel 
19 (indicated by the dashed line in FIG. 2) is induced in the 
Ill-N channel layer 16 adjacent the interface between layers 
14 and 16. The composition of the Ill-N back-barrier layer 
14 and Ill-N channel layer 16 can be constant or can be 
varied throughout. For example, the layer 14 can have a first 
portion that is a graded AlGaN portion with an increasing Al 
concentration (for example with the lowest Al concentration 
on the side nearest the substrate), and a second AlGaN 
portion that has a constant Al concentration. In another 
example, the Ill-N back barrier layer has a first portion that 
is n-type GaN or AlGaN and a second portion that is 
undopedAlGaN. The Ill-N back barrier layer 14 can include 
a first portion (near the substrate) that is an n-type Ill-N 
portion, a second portion over the first portion that is a 
graded Ill-N portion (e.g., the aluminum composition is 
graded) and a third portion over the second portion that has 
a constant composition. Furthermore, the graded portion or 
the n-type portion of the Ill-N back-barrier layer 14 can be 
doped with Si or any other dopant that prevents the forma-
tion of holes. The doping concentration per unit area can be 
in a range of 1 eli donors/cm2 to 1 ci 4 donors/cm2. Prefer-
ably, the doping concentration is selected such that the 
magnitude is similar to (e.g., within 50% of) the areal 
polarization charge concentration in the Ill-N back-barrier 
layer 14. 

10057] The different portions of the Ill-N back barrier 
layer 14 can act to prevent the formation of a parasitic 
two-dimensional hole-gas near the bottom of the back-
barrier layer. For example, if holes accumulate near the 
bottom of the back-barrier, the device may suffer from 
parasitic leakage current and threshold voltage instabilities 
due to hole-trapping. If the doping of the layer is too low, 
parasitic hole accumulation can occur; however if the dop-
ing is too high, parasitic electron accumulation can occur 
near the bottom of the back-barrier layer 14. 

10058] The back-barrier layer 14 can have a thickness 
between 5 nm and 50 nm. The back-barrier layer 14 can have 
a thickness greater than 20 nm. The channel layer 16 can 
have a thickness between 2 nm and 300 nm. The channel 
layer 16 can have a thickness that is greater than 20 nm. In 
addition, a 0.5-5 nm A1N interlayer (not shown) can be 
disposed between the barrier layer 14 and the channel layer 
16. This A1N interlayer can help to increase the polarization 
charge and reduce electron scattering at the interface 
between the Ill-N back-barrier layer 14 and the Ill-N chan-
nel layer 16, improving the 2DEG channel sheet-resistance. 

10059] In another example, a portion of the Ill-N channel 
layer 16 can have bulk n-type conductivity generated 
through either impurity doping (e.g., silicon incorporation) 
and/or polarization-doping. To achieve polarization-doped 
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n-type conductivity, the composition of the Ill-N channel 
layer 16 is graded such that the gradient of the polarization 
field is negative in the [000-1] direction. For example, the 
Ill-N channel layer 16 in the Ill-N device 200 can be formed 
of AlGa1_N (0~y~1), where y is equal to they in the Ill-N 
back-barrier layer 14 and decreases (e.g., continuously 
decreases) from the side adjacent the Ill-N back-barrier 
layer 14 to the side opposite the Ill-N back-barrier layer 14. 
Alternatively, the Ill-N channel layer 16 can be formed of 
InGa1_N (0~z~1), where z increases (e.g., continuously 
increases) from the side adjacent the Ill-N back-barrier layer 
14 to the side opposite the Ill-N back-barrier layer 14. 
10060] A Ill-N body layer 17 is formed over at least a 
portion of the Ill-N channel layer 16. As shown in FIG. 2, 
the Ill-N body layer 17 can be over the channel in a laterally 
extending region between a gate contact 23 and the source 
contact 21, but not between the gate contact 23 and the drain 
contact 22. As a result, the Ill-N body layer 17 is at least over 
the Ill-N channel layer 16 in the source side access region 
82 but not over the Ill-N channel layer in the drain side 
access region 83. For example, the Ill-N body layer 17 can 
be formed over the entire Ill-N channel layer and then 
removed (e.g., by dry and/or wet etching) everywhere except 
between where the gate contact 23 and the source contact 21 
are subsequently deposited. 

10061] The Ill-N body layer 17 can be a p-type doped 
Ill-N layer (e.g., p-GaN). The p-type doped Ill-N body layer 
17 can be doped with an active acceptor concentration 
density greater than lxl0'6 cm 3 and lower than 2x102°
cm 3, for example greater than lxl0'8/cm 3 such that it is 
not fully depleted when the drain is biased at or below the 
maximum rated voltage of the device. If the Ill-N body layer 
17 is p-type GaN doped with Mg, the device can be treated 
with high temperature annealing to render Mg dopants 
electrically active, and have a p-type doping concentration 
lower than 2x10'9 cm 3 to avoid excessive incorporation of 
impurities (such as carbon and hydrogen) and to reduce 
electron scattering. In addition, a 0.5-5 nm AlGaN or A1N 
interlayer (not shown) can be disposed between the Ill-N 
body layer 17 and the channel layer 16. This AlGaN or A1N 
interlayer can help prevent undesired Mg diffusion from the 
Mg-doping of the p-type Ill-N body layer into the Ill-N 
channel layer 16. This AlGaN or A1N interlayer can also 
serve as selective etch stop-layer to improve the control and 
the accuracy of the etching process used to remove the Ill-N 
body layer 17 in the drain side access region. The Ill-N body 
layer 17 can have a thickness between 20 nm and 5 tim. The 
Ill-N body layer 17 can have a thickness greater than 50 nm. 
The Ill-N body layer 17 can have a thickness greater than 
200 nm. 

10062] Additionally, while in some cases the entire layer 
17 is doped p-type, in other cases only a portion of the layer 
is doped p-type. For example, the layer 17 can include a 
series of p-doped portions in the vertical direction, each 
separated by undoped portions. When the Ill-N body layer 
17 is doped p-type, the body layer will deplete out the 
electrons in the vertical channel in the gate region 81, thus 
causing the threshold voltage of the device to be positive. A 
positive voltage (with respect to the source contact) must be 
applied to the gate contact in order to connect the source 
contact to the 2DEG channel, therefore achieving E-mode 
operation mode. In addition, when the p-type doped body 
layer is electrically connected to the source contact 21, the 
source potential (i.e., the ground plane) can be very close 
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(e.g., less than 20 rim) to the vertical channel. As such, the 
body layer 17 functions as a buried source-connected field 
plate structure, thus shielding the gate region from high-
voltage stress, mitigating short-channel effects such as drain 
induced barrier lowering (i.e., DIBL) and suppressing VTH 

instabilities. The p-type body can collect holes generated in 
the high-voltage section of the Ill-N device preventing them 
from being trapped under the gate, reducing VTH instabili-
ties. The p-type body can also enable the design and 
integration of electrostatic discharge (ESD) protection struc-
tures, which can improve device reliability. 

10063] Alternatively, the p-type of the Ill-N body layer 17 
can be achieved by polarization-induced doping (e.g., by 
grading the bandgap of the layer without introducing any 
dopant impurities). In this case, an aluminum or indium 
composition of the Ill-N body layer 17 is graded to induce 
a bulk negative polarization-charge which can attract holes, 
rendering the Ill-N body layer 17 p-type. A graded Ill-N 
body layer 17 has a composition that is graded (e.g., 
continuously graded), from the side adjacent the Ill-N 
channel layer 16 to the side opposite the Ill-N channel layer 
16. The composition of a graded p-type Ill-N body layer 17 
is selected such that the gradient of the polarization field is 
positive in the [000-1] direction. For example, the Ill-N 
body layer 17 in the Ill-N device 100 can be formed of 
Al),Gal_N (0~y~1), where y is equal to the y of the Ill-N 
channel layer 16 and increases (e.g., continuously increases) 
from the side adjacent the Ill-N channel layer 16 to the side 
opposite the Ill-N channel layer 16. Alternatively, the Ill-N 
body layer 17 can be formed of InGa1_N (0~z~1), where 
z decreases (e.g., continuously decreases) from the side 
adjacent the Ill-N channel layer 16 to the side opposite the 
Ill-N channel layer 16. 
10064] Alternatively, the Ill-N body layer 17 can be 
formed using a semi-insulating or insulating GaN layer (e.g., 
i-GaN). The i-GaN layer can be rendered semi-insulating, 
insulating or substantially free of n-type mobile carriers by 
including dislocations or point defects in the layer, or by 
doping the layer with compensating elements, such as Fe 
and/or C. The implementation of an i-GaN body layer 
instead of a p-type GaN body layer can simplify the fabri-
cation process because there is no need to control the Mg 
doping profile and the Mg activation of a p-type GaN body 
layer or the grading profile. However, because of the insu-
lating nature of the i-GaN body, an electrical connection to 
the source contact cannot be used to control the voltage 
potential of the body layer 18, and hence an i-GaN body may 
not provide the same benefits in terms of threshold voltage 
and field-plating when compared to the implementation of 
the p-type Ill-N body layer. 

10065] A Ill-N capping layer 18, for example an n-type 
GaN layer, is formed over the Ill-N body layer 17 between 
the gate 23 and the source 21. The Ill-N capping layer 
provides a current path in the source side access region 82 
between the source contact 21 and the gate region 81. The 
thickness of the Ill-N capping layer can be between 10 nm 
and 1 tm. The Ill-N capping layer can have a thickness 
greater than 10 nm. The Ill-N capping layer 18 can be doped 
with silicon (donor). The doping concentration of the Ill-N 
capping layer can be high enough to yield an electron 
concentration density greater than lxi 0' 6 cm 3. The thick-
ness and net n-type doping of the Ill-N capping layer 18 can 
be sufficiently high such that layer 18 is not fully depleted 
of free electrons by the Ill-N body layer 17, for example 
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thickness can be greater than 50 nm and average n-type greater than 50 nm. More than 50% of the thickness of 111-N 
doping greater than lxi 018 cm 3. The n-type doping can be channel layer can be removed during the overetch process of 
greater than ix iO' cm 3. the 111-N body layer 17. 

10066] The thickness and n-type doping of the 111-N 
capping layer 18 can be sufficiently high to yield very low 
sheet-resistance. The sheet-resistance of the 111-N capping 
layer 18 can be lower than i00-200Q/ . The sheet-resis-
tance of the 111-N capping layer 18 can be lower than the 
sheet-resistance of the 111-N channel layer 16. This repre-
sents an unusual advantage of this device architecture: the 
source side access region 82 is realized on a fully indepen-
dent layer with respect to the drain side access region 83. 
Therefore, the Ill-N capping layer 18 in the source side 
access region can be engineered to attain very small source 
access resistance, yielding lower device on-resistance, with-
out compromising the electric field-management of the 
high-voltage section in the drain side access region 83 of the 
device. Traditional lateral device architectures have not been 
able to incorporate this feature, where the sheet resistance in 
the source side access region is lower than compared to the 
sheet resistance in the drain side access region. 

10067] The Ill-N capping layer 18 and Ill-N body layer 17 
are removed in a portion of the gate region 81 and in the 
drain side access region 83 to create a vertical (or semi-
vertical or slanted) gate module. The removal of the Ill-N 
material structure in these regions can herein be referred to 
as a "trench recess" indicated as area 35. The process of 
forming the trench recess 35 can be optimized to minimize 
damage to the surfaces of the exposed Ill-N materials in the 
gate region 81, and drain side access region 83. The selective 
removal process can be carried out by means of dry-etch 
techniques (e.g., RIE or ICP) using unselective etch agents 
(e.g., Cl2, BC13/C12) or selective etch agents (e.g., SF6, 
BC13/SF6). The removal of the Ill-N capping layer 18 and 
Ill-N body layer 17 can be carried out by means of wet-etch 
techniques. The removal of the Ill-N capping layer 18 and 
Ill-N body layer 17 can be carried out by a combination of 
dry-etch and wet-etch techniques. For example, a low-power 
dry-etch can be used to remove the bulk of the Ill-N capping 
layer 18 Ill-N body layer 17, followed by an acid wet-etch 
treatment to remove a remaining portion of the Ill-N mate-
rial structure. 

10068] The process of removing the Ill-N body layer 17 
can involve the partial removal of the Ill-N channel layer 16. 
The partial removal of the Ill-N channel layer 16 can be 
carried out by over-etching of the Ill-N body layer in a 
continuous dry etching step, or carried out by a combination 
of multiple dry and wet etching steps. The remaining thick-
ness of the Ill-N channel layer 16 determines the capaci-
tance between the channel (e.g., 2DEG) and the foot of the 
gate contact. The foot of the gate contact is indicated by the 
dashed region 202, in FIG. 2 and defined as the portion of 
the gate contact which is closest to the Ill-N channel layer 
16 and parallel to the 2DEG channel 19. The foot of the gate 
contact functions as a gate-connected field-plate at the base 
of the lateral device section 102, therefore determining the 
pinch-off voltage of the 2DEG channel in the gate region 81. 
Before the trench etch processing, the Ill-N channel layer 16 
can be, for example, thicker than 150 nm. In the region 
where the Ill-N body layer 17 has been removed, the 
overetch of the Ill-N channel layer can be 20-100 nm. In the 
region where the Ill-N body layer 17 has been removed, the 
thickness of the Ill-N channel layer 16 remaining can be 

10069] In another example, the Ill-N body layer 17 can be 
selectively regrown only in the source and gate regions 85, 
82, and 81. The selective regrowth of the Ill-N body layer 
17 can be realized by means of dielectric-based hard mask. 
The selective growth Ill-N body layer 17 can have the 
advantage of maintaining a high-quality gate sidewall 201 
and on the surface of the Ill-N channel layer 16 in the drain 
side access region 83, free from etch damage. A substantially 
vertical sidewall 201 (i.e., not parallel to the substrate) is 
formed at a non-zero angle along the drain-side edge of the 
Ill-N body layer 17 having a slope at an average angle a 
relative to a top surface of the Ill-N channel layer 16, where 
the top surface of the Ill-N channel layer is opposite the 
substrate 10. A vertical device section 101 and a lateral 
device section 102 are formed in the device 200 as defined 
by the vertical sidewall 201 of the Ill-N body layer 17 in the 
gate region 81. The gate-length (LG) of the device is defined 
by the thickness of the Ill-N body layer 17 divided by the 
sine of the angle a. As seen in FIG. 2, the angle a is 
approximately 90° (e.g., between 80°-90°). However, as 
shown in later embodiments, the sidewall 201 of the Ill-N 
body layer 17 can be slanted at an angle a<90°, for example 
between 20°-80° relative to the top surface of the Ill-N 
channel layer 16 (e.g., relative to the lateral 2DEG channel 
formed in the Ill-N channel layer). Although not clearly 
indicated in FIG. 2 due to scale, the length of the gate contact 
23 which is parallel to the side wall 201 is at least equal to 
or greater than the thickness of the Ill-N body layer 17 
divided by the sine of the angle a. 

10070] The Ill-N layers 12, and 14, 16, 17, and 18 are 
N-polar Ill-N layers, orientated as shown in the [0 0 0-1] 
direction which form an N-Polar Ill-N material structure. 
The N-polar (i.e., N-face) Ill-N material structure can be 
prepared either by (i) directly growing N-polar Ill-N layers 
on a suitable substrate such as silicon, Silicon Carbide (SiC), 
sapphire, Aluminum Nitride (A1N), or Gallium Nitride 
(GaN), by exposing the substrate surface to nitridation to 
promote the nucleation of N-polar Ill-N epitaxy, (ii) by 
growing an initial Ill-polar layer and inverting the crystal 
orientation from Ill-polar to N-polar with the insertion of a 
thin (e.g., less than 300 nm) Ill-N layer with very high 
magnesium doping (e.g., greater than 1x102° cm 3) such that 
the subsequently grown layers are N-polar oriented, (iii) by 
growing an initial Ill-polar layer and inverting the crystal 
orientation from Ill-polar to N-polar with the insertion of a 
thin (e.g., less than 20 nm) A120 3 layer and exposing the 
surface to nitridation to promote the subsequent growth of 
N-polar epitaxy such that the subsequently grown layers are 
N-polar oriented or (iv) by growing the layers in reverse 
order in a group-Ill polar orientation and then accessing an
N-face of the Ill-N material structure from the reverse side 
of the direction of growth, for example by removing the 
growth substrate and optionally by removing a portion of the 
Ill-N material that was directly adjacent to the growth 
substrate. 

10071] A gate insulator layer 34 (e.g., a gate dielectric 
layer), is grown or deposited, at least in the gate region 81, 
conformally over the vertical sidewall 201 of the Ill-N body 
layer 17. The gate insulator layer 34 can be over the top 
surface of the Ill-N capping layer 18 and have a first portion 
which extends towards the source 21. The gate insulator 34 
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can be over the top surface of the 111-N channel layer 16 and 
have a second portion which extends towards the drain 22. 
Alternatively, the gate insulator layer 34 can extend con-
tinuously between the source contact 21 and the drain 
contact 22 (not shown), such that the entire top surface of the 
111-N material structure is passivated by the insulator layer. 

10072] The gate insulator 34 can, for example, be formed 
of or include aluminum oxide (A120 3), silicon dioxide 
(SiO2), silicon nitride (SiN), Al1_SiN, Al1_SiO, A11_ 
xSiON or any other wide bandgap insulator. In some 
examples, the gate insulator 120 is anAl1_SiO layer, e.g., 
an amorphous Al1_SiO layer or a polycrystalline A11_ 
xSiO layer, where x and (1 —x) represent the relative frac-
tional compositions of non-oxygen elements in the A11_ 
xSiO layer. That is, (1—x) is the percent of non-oxygen 
elements in the Al1_SiO layer that are constituted by 
aluminum, x is the percent of non-oxygen elements in the 
Al1_SiO layer that are constituted by silicon, and (1—x)/x 
is the ratio of aluminum to silicon in the Al1_SiO layer. For 
example, the gate insulator layer 34 can be an amorphous 
Al1_SiO layer that provides high threshold voltage and low 
gate leakage. In some implementations, an Al1_SiO layer 
also includes a low concentration of nitrogen. That is, during 
the formation of Al1_SiO layer, a low concentration of 
nitrogen can be incorporated into the layer, wherein the 
nitrogen concentration is substantially lower than the con-
centrations of the primary elements (for example, Al, Si, and 
o for a Al1_SiO layer). Preferably, the dielectric material 
of the gate insulator layer 34 has a high density which is 
more immune to mobile ion drift (more stable Vth) and 
inhibits the formation of traps. An Al1_SiO gate insulator 
layer can have improved enhancement mode device char-
acteristics compared to other gate insulator layers, for 
example SiN, A120 3, 5i02, or Al1_SiN. The gate insulator 
34 can have a thickness of between about 1 nm and 100 nm, 
for example between 10 nm and 60 nm. The gate insulator 
can be deposited either ex-situ, (e.g., with a different tool 
than that used for the growth of underlying Ill-N material), 
or in-situ, (i.e., with the same tool and during the same 
growth session used to growth the underlying Ill-N mate-
rial). In case of in-situ deposition, the device surface is not 
exposed to air, thus not exposed to oxidizing elements (e.g., 
oxygen) and undesired impurities/contaminates. For this 
reason, in-situ deposition can result in superior interface 
qualities compared to ex-situ deposition (e.g., lower scat-
tering, higher mobility, lower charge-trapping effects, more 
stable VTH) resulting in superior electrical performance. 

10073] A gate contact 23 (i.e., gate electrode) is formed 
conformally over the gate insulator layer 34 and the vertical 
sidewall portion of the Ill-N body layer 17. The gate contact 
23 can be over the top surface of the Ill-N capping layer 18 
and have a first portion which extends towards the source 21. 
The gate contact 23 can be over the top surface of the Ill-N 
channel layer 16 and have a second portion which extends 
towards the drain 22 with similar or different lengths as the 
first and second extending portions of the gate insulator 
layer 34. The second portion of the gate contact 23 can be 
longer than the first portion. The second portion of the gate 
contact 23 which extends towards the drain is referred to as 
the foot of the gate contact, and is indicated by the dashed 
region 202 in FIG. 2. The second portion acts as the first field 
plate of a gate-connected field plate structure. The length of 
the second portion of the gate contact 23 in region 202 can 
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be critical to device performance and impact the break down 
voltage and long term reliability of the device. 

10074] The gate contact 23 can be formed of suitable 
conducting materials such as metal stacks, e.g., aluminum 
(Al), titaniumlaluminum (Ti/Al) or nickel/gold (Ni/Au), and 
can be deposited by metal evaporation or sputtering or 
chemical vapor deposition or various atomic layer deposi-
tions (ALD). The gate contact 23 may alternatively be 
another conductive material or material stack including one 
or more materials having a large work function, such as a 
semiconductor material having a large work function (e.g., 
p-type poly-silicon, indium tin oxide, tungsten nitride, 
indium nitride, or titanium nitride). A post-gate deposition 
annealing process may optionally be performed after depo-
sition of the gate contact 23. The post-gate deposition anneal 
may be performed in a gas ambient including oxygen or a 
forming gas (H2+N2). The post gate deposition anneal 
temperature can be greater than 300° C., or greater than 400° 
C. Finally, the gate contact 23 can be used as an etch mask 
to etch the gate insulator layer 34, such that the gate insulator 
layer 34 remains directly beneath the gate contact 23 but is 
etched away, or partially etched away (not shown), every-
where else. 

10075] Source and drain contacts 21 and 22 (i.e., source 
and drain electrodes), respectively, are on opposite sides of 
the gate contact 23. The source contact 21 is formed over the 
Ill-N capping layer 18. The source contact 21 can be in 
ohmic electrical contact with the Ill-N capping layer 18 to 
provide current during the on-state, and the source 21 can 
make an electrical connection with the Ill-N body layer 17. 
The source contact 21 (i.e., source electrode) is electrically 
isolated from the 2DEG channel when the gate electrode is 
biased relative to the source electrode at a voltage that is 
below a threshold voltage of the device. When the source 
contact makes an electrical connection to the Ill-N body 17, 
the Ill-N body layer 17 is held at the same voltage as the 
source, maximizing the benefit of the buried field-plating 
effects of the Ill-N body layer 17, as previously described. 
In addition, charging and discharging of the reactive ele-
ments of the gate-module during switching operations can 
be improved. 

10076] The electrical connection to the Ill-N body layer 17 
can be implemented by using different methods. A first 
method includes forming a recess into the Ill-N capping 
layer 18 sufficiently deep as to allow at least a portion of the 
source contact to be in direct contact with the Ill-N body 
layer 17 (not shown). The recess forming can be carried out 
by dry-etch and/or wet-etch processes. For example, the 
recess can be fully realized by means of dry-etch techniques 
or a combination of dry-etch and wet-etch techniques. For 
example most of the Ill-N capping layer 18 can be removed 
by dry-etch and a remaining portion of the Ill-N capping 
layer 18 can be removed by wet-etch techniques. The 
wet-etch can be used to ensure that the surface of the Ill-N 
body layer 17 is smooth and free from dry-etch damage. 
After the source contact recess in the Ill-N capping layer is 
formed, a high temperature anneal can be performed to 
improve the morphology and the composition of etched 
surface. High temperature annealing can be carried out in 
nitrogenloxygen (N2/02), nitrogenlammonia (N2/NH3), 
forming gas (N2/H2). Temperature can range between 300 C 
to 1000 C, preferably between 700 C to 900 C. A body metal 
stack can be deposited to make physical ohmic contact to the 
Ill-N body layer 17 in the recess. The body metal stack can 
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be a high work function metal to ensure ohmic contact to the 
Ill-N body layer 17 (e.g., Al, Ti/Al, Pd, Pt, Ni/Au or the 
like). The contact between the body metal and the Ill-N body 
layer 17 can be improved by introducing a thin highly doped 
p-type layer (e.g., between 2 nm and 50 nm thick with a 
doping density greater than 5x10'9 cm 3) at the top of the 
Ill-N body layer 17. After the body metal stack is formed, 
the source contact metal is deposited over the body metal 
stack to ensure ohmic contact to the Ill-N capping layer 18. 
The source metal-stack can be Al, Ti/Al, Ti/Al/Ni/Au, Ni/Au 
or the like. 

10077] If the source contact 21 is not in physical contact 
with the Ill-N body layer 17 (as shown in FIG. 2) through 
a recess in the Ill-N capping layer 18, an electrical connec-
tion between the source contact 21 and the Ill-N body layer 
17 can be implemented with a tunnel junction contact 
between the Ill-N body layer 17 and the source contact 21. 
The tunnel junction contact can be formed by introducing a 
highly doped p-type GaN region (i.e., p++ GaN) at the top 
surface of the Ill-N body layer 17 (e.g., between 2 nm and 
50 nm thick with a doping density greater than 5x 1 o' cm 3) 
and a highly doped n-type GaN region (i.e., n++ GaN) at the 
bottom surface of the Ill-N capping layer 18 (e.g., between 
2 nm and 50 nm thick with a doping density greater than 
5x10'9 cm 3). The doping density of the highly doped 
regions should be such that the depletion width at the 
junction formed between the Ill-N capping layer 18 and the 
Ill-N body layer 17 is not more than a few nanometers (e.g., 
less than 10 nm), thus comparable to electron tunneling 
distance. Here, electrons can tunnel from the conduction-
band of the Ill-N capping layer 18 and recombine with holes 
in the valence-band of the Ill-N body layer 17, creating an 
electrical connection between the source contact 21 and the 
Ill-N body layer 17. 

10078] Although not shown in FIG. 2, the quality of the 
tunnel junction in N-polar Ill-N materials can further be 
improved, e.g., as shown in FIG. iSA, by inserting a thin 
AlGa1_N (0<y~1) layer between the Ill-N body layer 17 
and the Ill-N capping layer 18 (such that the interface region 
is p++ GaN/AlGa1_N/n++ GaN). In N-polar Ill-N mate-
rials, the polarization charge of the inserted thin AlGal_N 
layer further increase the accumulation of holes at the 
interface with the Ill-N body layer 17 and of electrons at the 
interface with the Ill-N capping layer 18, facilitating tun-
neling and recombination processes. The thickness of the 
thin AlGa1_N layer can be between 0.5 nm to 5 nm, 
preferably between 0.5 nm and 2 nm, to facilitate tunneling. 
The thin AlGal_N layer can also act to suppress the 
diffusion of the Mg (p-type dopant) in the Ill-N body layer 
17 to the Ill-N capping layer 18, resulting in sharper doping 
profile and improved junction between the Ill-N body layer 
17 and the Ill-N capping layer 18. Preferably, the thin 
AlGa1_N layer has high aluminum composition to (i) 
improve the Mg diffusion barrier, and (ii) increase the 
polarization charge and the accumulation of carriers at the 
tunnel junction resulting in better tunnel-junction contact 
resistance. The aluminum composition (y) can be greater 
than 50% (i.e., y>0.5). In addition, a thin layer of InGa1_N 
(0<z~1) can be inserted between the AlGa1_N layer and 
the n++ layer at the bottom of the Ill-N capping layer 18 can 
be used to further improve electron accumulation at the 
tunnel junction interface. The indium composition in the 
InGa1_N (0<z~1) layer can be greater than 5% (i.e., 
z>0.05). The source contact metal stacks can be Al, Ti/Al, 
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Ti/Al/Ni/Au, or the like. The source contact 21 can be 
formed by metal evaporation and post-deposition annealing 
processes. Other ohmic contact processes can also be used 
including sputtering and dry etch processing. Furthermore, a 
combination of the first and second method can be used to 
create the source connection to the Ill-N material structure, 
where the source contact metal layer is in physical contact 
with the Ill-N body layer 17, and a tunnel junction is formed 
through the sidewall connection of the source metal 21 in the 
recess of the Ill-N capping layer 18. 
10079] The drain 22 contacts the device 2DEG channel 19 
that is formed in layer 16. The drain contact 22, e.g., a drain 
electrode, can be formed by metal stacks. The drain 22 
contacts the channel layer 16. A recess can be at least 
partially formed in the Ill-N channel layer 16 to allow for 
improved contact of the drain electrode to the 2DEG channel 
19. A portion of the channel layer 16 in a drain region 86 can 
be doped n-type, or an additional n-type layer can be 
inserted between the drain contact and the channel layer 16 
to improve the contact of the drain metal to the 2DEG. The 
metal stacks can be Al, Ti/Al, Ti/Al/Ni/Au, or the like. The 
drain contact 22 can be formed by metal evaporation and 
post-deposition annealing processes. Other ohmic contact 
processes can also be used including sputtering and dry etch 
processing. 
10080] The portion of the Ill-N material structure below 
the gate contact 23, in region 81, is referred to as the gate 
region of the device. The portions of the Ill-N material 
structure directly below the source and drain 21 and 22, 
regions 85 and 86, are respectively referred to as the source 
and drain regions of the device. The portions of Ill-N 
material between the gate region 83 and the source region 
85, and between the gate region 83 and the drain region 86, 
are referred to as the device access regions, where region 82 
is the source side access region and region 83 is the drain 
side access region. 
10081] The material properties of the Ill-N material struc-
ture of FIG. 2 can be selected to ensure that the device is an
enhancement-mode device, such that the device has a thresh-
old voltage greater than OV, for example greater than 2V or 
greater than 5V. That is, when OV is applied to the gate 23 
relative to the source 21 and a positive voltage is applied to 
the drain 22 relative to the source 23, channel charge in the 
gate region is depleted such that the source 21 is electrically 
isolated from the 2DEG channel 19, and the device is in a 
non-conductive state. The Ill-N body layer 17 can be a 
current blocking layer, such that the current blocking layer 
separates the source contact from the 2DEG channel when 
the device is biased below the threshold voltage. When a 
sufficiently positive voltage higher than the threshold volt-
age is applied to the gate 23 relative to the source 21, a 
channel charge in the gate region is induced, and the device 
becomes conductive between the source 21 and the drain 22, 
as described in further detail below. 
10082] FIG. 2 depicts the Ill-N device 200 in an unbiased 
state (i.e., when there is no voltage applied to the device 
electrodes) and the 2DEG channel extends continuously 
through the Ill-N channel layer 16, but a conductive channel 
does not extend continuously from the source 21 to the drain 
22. Next, FIG. 3 depicts the Ill-N devices 200 biased in an
ON state (i.e., when the gate 23 is biased above the threshold 
voltage of the device), and a conductive channel extends 
continuously from the source 21 to the drain 22. The Ill-N 
device 200 operates as follows: when the gate contact 23 is 
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biased relative to the source 21 at a voltage that is greater 
than the threshold voltage of the device, an inversion chan-
nel 39 forms at the vertical interface between the gate 
insulator layer 34 and the 111-N body layer 17 in the gate 
region 81 of the device, thereby electrically connecting the 
source contact 21 to the 2DEG channel 19. When a positive 
voltage is applied to the drain 22, electrons flow from the 
source 21, through a source side channel 29 which is present 
in the conductive n-type 111-N capping layer 18, through the 
inversion channel 39 formed near the vertical interface 
between the gate insulator layer 34 and the 111-N body layer 
17 in the gate region 81, into the 2DEG channel 19, and to 
the drain 22 forming a continuous device channel between 
the source contact 21 and the drain contact 22. A conven-
tional current flows from the drain 22 to the source 21, and 
the device is considered to be ON. 

10083] When the gate 23 is biased relative to the source 21 
at a voltage that is lower than the threshold voltage of the 
device, the p-type dopants of the 111-N body layer 17 fully 
deplete the charge between the vertical interface between of 
the gate insulator layer 34 and the 111-N body layer 17 such 
that there is no inversion channel formed in the gate region 
81 land therefore the device channel is discontinuous 
between the source contact 21 and the 2DEG channel 19. 
Furthermore, when a positive voltage is applied to the drain, 
the 2DEG channel 19 in the 111-N channel layer 16 will 
become depleted (i.e., pinched-off). The drain-bias required 
to pinch-off the 2DEG in the gate-region 81 is set by 
capacitive coupling between the 2DEG channel and the foot 
of the gate (region 202), which acts as a gate-connected 
field-plate. The capacitance between the 2DEG and the foot 
of the gate region 202 can be tailored by the thickness of 
111-N channel layer 16 under the gate-foot metal and the 
thickness and dielectric constant of the gate oxide layer 
under the gate-foot metal. These components can be 
designed such that the minimum drain bias voltage required 
to fully deplete (pinch-oil) the 2DEG in the gate region 81 
can be relatively low (e.g., less than 30V). The minimum 
voltage required to fully deplete the 2DEG channel 19 in the 
gate region 81 represents the maximum voltage that the gate 
module of the device is exposed to during device operation. 
As the drain-bias is further increased beyond the pinch-off 
voltage of the 2DEG in the gate-region 81, the depletion of 
the 2DEG further extends into the drain side access region 
83. The depletion region starts in the source side access 
region 82 at low drain voltages and expands gradually 
towards the drain side access region 83 as the drain voltage 
is increased. This results in a low stress on the gate region 
81, enhanced VTH stability, and very low DIBL. 

10084] Once the 2DEG is fully depleted in the source side 
access region, any additional voltage applied to the drain is 
held entirely by the lateral portion of the drain side access 
region. The lateral portion of the drain side access region can 
be constructed using field plates and/or charge-balancing 
structures to withstand high voltages, for example greater 
than 200V, greater than 300V, greater than 600V, greater 
than 900V, greater than 1200V, greater than 3300V, or 
greater than 10 kV. The high voltage held by the lateral 
portion of the drain side access region 83 does not affect the 
gate region 81. When the substrate is grounded, the maxi-
mum voltage experience by the Ill-N body layer 17 is the 
low voltage required to pinch-off the 2DEG in the source 
side access region 82 (e.g., less than 30V). When the 
substrate is floating (i.e., when the substrate potential is not 

Apr. 16, 2020 

fixed by any external voltage source, but it is internally 
determined by the capacitive coupling with the source and 
the drain), the 111-N body layer in the source side access 
region 82 can be exposed to additional voltages. As such the 
doping and the thickness of the 111-N body layer 17 can be 
configured to withstand high voltages, for example, voltages 
greater than 300V, greater than 600V, or greater than 900V. 
The doping and thickness of the 111-N body layer 17 can be 
configured such that the 111-N body layer 17 does not fully 
deplete when exposed to off-state high-voltage in a floating 
substrate configuration. 
10085] The 111-N device 200 can be a transistor, a bidi-
rectional switch or four quadrant switch (FQS), and/or any 
suitable semiconductor device. Traditional 111-N devices 
with a lateral 2DEG gate region typically exhibit a shift in 
threshold voltage (Vth) after being stressed under continu-
ous use, as previously described. However, in the device 200 
of FIG. 2, the use of the 111-N body layer 17 can reduce the 
VTH shift of the device closer to OV, when compared to a 
traditional lateral 111-N device without the a 111-N body 
layer. 
10086] Furthermore, when the gate 23 is biased relative to 
the source 21 at a voltage that is lower than the threshold 
voltage of the device, and a sufficient reverse (i.e., positive) 
voltage bias is applied to the source contact relative to the 
drain contact, a body diode is formed between the 111-N 
body layer 17 and the 111-N channel layer 16, and current can 
flow through the body diode in the reverse direction from the 
source contact 21 to the drain contact 22. This is referred to 
as reverse conduction mode. 
10087] Referring now to FIG. 4, a cross-sectional view of 
an N-Polar 111-N device 400 is shown. The 111-N device 400 
of FIG. 4 is similar to the 111-N device 200 of FIG. 2, except 
that device 400 includes an additional 111-N layer structure 
(e.g., a regrown 111-N layer structure) between the gate 
insulator layer 34 and the device 111-N material structure at 
least in the gate region 81 of the device. Hereafter, this 
additional 111-N layer structure is referred to as a mobility 
enhancement layer. 
10088] As seen in FIG. 4, the mobility enhancement layer 
structure can include multiple layers, for example a GaN 
mobility enhancement layer 31 and an AlGaN mobility 
enhancement layer 32 over the GaN mobility enhancement 
layer 31. The GaN layer 31 and the AlGaN layer 32 can be 
grown conformally over the vertical sidewall of the 111-N 
body layer 17 in the gate region 81. The mobility enhance-
ment layer can extend continuously over the top surface and 
be directly contacting of the 111-N capping layer 18 extend-
ing to the source contact 21, and over the top surface of the 
111-N channel layer 16 extending to the drain contact 22 (not 
shown). The mobility enhancement layers can be in direct 
contact with the 111-N napping layer 18 in the source-side 
access region 82, and in direct contact with the 111-N channel 
layer 16 in the drain-side access region 83. Alternatively, the 
gate contact 23 can be used as an etch mask to etch the 
AlGaN layer 32 and the GaN layer 31, such that the regrown 
111-N layer structure remains directly beneath the gate con-
tact 23 but is etched away, or partially etched away, every-
where else. 
10089] The GaN mobility enhancement layer 31 can be 
unintentionally doped (UID) GaN or the GaN mobility 
enhancement layer 31 can be doped (e.g., with Si, Fe, C, 
Mg) to compensate any undesired UID n-type or UID p-type 
conductivity. The thickness and composition of the GaN 
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layer 31 and AlGaN layer 32 can be selected to optimize 
mobility and threshold voltage. The GaN layer 31 can have 
a thickness on the vertical sidewall region of the 111-N body 
layer 17 of between 0.5 nm and 50 nm, preferably between 
2 nm and 10 nm. If the GaN layer 31 thickness is too low, 
electron scattering can negatively affect the channel mobil-
ity. If the GaN layer 31 thickness is too high, the threshold 
voltage may become too low because the ionized acceptors 
in the Ill-N body layer 17 are no longer able to fully deplete 
the vertical channel. The AlGaN layer 34 can have a 
thickness between 0.2 nm and 20 nm, preferably between 
0.5 nm and 3 nm. If the AlGaN layer 34 thickness is too low, 
similar electron scattering mechanisms as mentioned above, 
can negatively affect channel mobility. Alternatively, if the 
AlGaN thickness is too high, a parasitic channel may form 
at the interface between the AlGaN layer and the gate 
insulator compromising the device operation. The AlGaN 
layer can have an aluminum composition between 20% and 
100%, preferably between 50% and 100%. An Aluminum 
composition greater than 50% (relative to the total group-Ill 
composition in layer 32) can result in a greater barrier height 
between GaN layer 31 and AlGaN layer 32, thus improving 
carrier confinement, preventing carriers from reaching the 
gate insulator where they can be trapped, causing VTH 

instabilities. 

10090] Although not shown in FIG. 4, either the GaN layer 
31 or the AlGaN layer 32 can be omitted from the mobility 
enhancement layer structure. The device 400 can be advan-
tageous over the device 200 because in device 400, the 
inversion channel forms at the interface between GaN layer 
31 and AlGaN layer 32, thus avoiding electron scattering 
from the ionized acceptors of Ill-N body layer 17 and 
defects from the gate insulator layer 34, increasing the 
electron mobility. The increased electron mobility can 
decrease the on-resistance in the gate region, decrease 
over-all device size and reduce manufacturing costs. In 
addition, the higher electron mobility in the gate region can 
achieve the same on-state resistance by using longer gate 
lengths, therefore preventing short-channel effects (e.g., 
DIBL) and improving VTH stability. 

10091] Alternatively, the thickness and composition of the 
mobility enhancement layer can be such that the device is a 
depletion-mode (D-mode) device. To form a D-mode 
device, the AlGaN layer 32 can be doped with silicon, 
preferably with a silicon delta doping profile close to the 
interface between GaN layer 31 and AlGaN layer 32. The 
silicon doped region in the AlGaN layer 32 is between 1-10 
nm away from the interface. The positive charge from 
ionized donors in the silicon delta doping profile attracts 
electrons at the interface between the regrown AlGaN/GaN 
layers, thus forming a channel in the gate region 81 even 
when no voltage (i.e., OV) is applied to the gate contact 23 
relative to the source contact 21 (D-mode operation). For the 
embodiment of a D-mode device, the thickness of the 
AlGaN layer 32 can be preferably between 2 nm and 50 nm. 

10092] The device 400 operates as follows: when the gate 
contact 23 is biased relative to the source contact 21 at a 
voltage that is greater than the threshold voltage of the 
device, an inversion layer forms an electron channel in the 
GaN layer 31 in the gate region 81 of the device, thereby 
electrically connecting the Ill-N capping layer 18 to the 
2DEG channel 19. When a positive voltage is applied to the 
drain 22, electrons flow from the source 21, through the 
conductive Ill-N capping layer 18, through the electron 
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channel in the GaN layer 31 in the gate region 81, into the 
2DEG channel 19, and to the drain 22 forming a continuous 
device channel between the source contact 21 and the drain 
contact 22, as shown in FIG. 4. 
10093] When the gate contact 23 is biased relative to the 
source contact 21 at a voltage that is lower than the threshold 
voltage of the device, the p-type dopants in the Ill-N body 
layer 17 fully depletes the GaN layer 31 and AlGaN layer 32 
such that there is no channel in the gate region 81 of the 
device, and therefore the device channel is discontinuous 
between the source 21 and the drain 22. When a positive 
voltage is applied to the drain, the voltage blocking mecha-
nism of device 300 in the off-state is the same as the voltage 
blocking mechanism of device 200, as previously described. 
10094] Now, referring to FIG. 5, a cross-sectional view of 
an N-Polar Ill-N device 500 is shown. The Ill-N device 500 
of FIG. S is similar to the Ill-N device 400 of FIG. 4, except 
that device 500 depicts an embodiment where the average 
sidewall angle a of the Ill-N body layer 17 in the gate region 
81 relative to the top surface of Ill-N channel layer 16 
(opposite the substrate) is <90°, for example between 20°-
80°, e.g., 30°-80° or 30°-70°. This angle a can be for 
example less than 70° relative to the Ill-N channel layer 16. 
The device 500 can have several performance advantages 
over the device 400. Due to the semi-polar crystal orienta-
tion of the regrown Ill-N mobility enhancement layers (layer 
31 and 32) on the sidewall in the gate region 81, a net 
negative polarization charge can arise in the GaN layer 31, 
therefore increasing the threshold voltage of the device. The 
angle a, the thickness and the composition of the GaN layer 
31 and the AlGaN layer 32 are selected to optimize the net 
polarization charge at the interface between the GaN layer 
31 and AlGaN layer 32. As the angle a decreases, the closer 
the sidewall of the GaN layer 31 is to the N-polar plane, 
which increases the net negative polarization charge, and in 
turn increases the VTH of the device. In addition, the higher 
the Aluminum composition of the AlGaN layer 32, the 
higher is the net negative polarization charge, which also 
increases the VTH. This allows the device 500 to have an
increased threshold voltage compared to device 400 while 
still maintaining a high channel mobility, low on-resistance, 
and high breakdown voltage. 
10095] FIG. S also depicts an n-type GaN:Si layer 13 
disposed between the Ill-N buffer layer 12 and the Ill-N 
back-barrier layer 14. The GaN:Si layer 13 acts to prevent 
the formation of a parasitic two-dimensional hole-gas near 
the bottom of the back-barrier layer 14. If holes accumulate 
near the bottom of the back-barrier, the device may suffer 
from parasitic leakage current and VTH instabilities due to 
hole-trapping. If the doping of the GaN:Si layer is too low, 
parasitic hole accumulation can occur, however if the doping 
is too high, parasitic electron accumulation can occur near 
the bottom of the back-barrier layer 14. The GaN:Si layer 13 
can have a thickness between 1 nm and 50 nm, for example 
the GaN:Si layer 13 can have a thickness greater than 1 nm 
and less than 20 nm. Although not shown in FIGS. 2-4, the 
GaN:Si layer 13 can also be included as the first or second 
portion of the Ill-N back barrier layer 14, as described in 
device 200-400. The gate, drain, and source contact con-
figurations can be similar to those described in device 100. 
10096] Now, referring to FIG. 6, a cross-sectional view of 
an N-Polar Ill-N device 600 is shown. The Ill-N device 600 
of FIG. 6 is similar to the Ill-N device 500 of FIG. S except 
that device 600 depicts an embodiment where the additional 
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(e.g., regrown) 111-N mobility enhancement layer structure 
(including the AlGaN layer 32 and the GaN layer 31) 
extends continuously between the source contact 21 and the 
drain contact 22. The regrown GaN layer 31 and AlGaN 
layer 32 in the source side and drain side access regions can 
improve the device 600 over device 500 for the following 
reasons: (i) the regrown Ill-N layer 31 and 32 will recon-
struct and passivate the etched top surface of the Ill-N 
channel layer 16 in the drain side access region, (ii) due to 
the net negative polarization charge at the interface of the 
AlGaN layer 32 and the GaN layer 31 in N-polar structures, 
the electric-field can decrease in the off-state, resulting in a 
lower off-state leakage and higher breakdown voltage, and 
(iii) the regrown AlGaN layer 32 can act as a selective 
etch-stop layer, which is required for the realization of 
high-voltage field-plating structures in the drain side access 
region. Alternatively, the mobility enhancement layers of the 
embodiment of FIG. 6 can omit the AlGaN layer 32, and be 
solely comprised of the GaN layer 31. 

10097] A method of forming the device 600 of FIG. 6 is as 
follows. An N-polar Ill-N material structure is formed. 
Forming the N-polar Ill-N material structure includes form-
ing a Ill-N buffer layer 12 on a suitable substrate 10, for 
example on a miscut sapphire substrate. The Ill-N buffer 
layer 12 can consist of forming a thin N-polar GaN nucle-
ation layer on the substrate and a carbon-doped GaN buffer 
layer on the nucleation layer. Next, a Ill-N back-barrier layer 
is formed over the buffer layer where a first portion 13 is a 
silicon doped graded AlGaN layer and a second portion 14 
is an unintentionally doped constant composition AlGaN 
layer. A Ill-N channel layer 16 is formed over the Ill-N back 
barrier layer 14, and a 2 dimensional electron gas (i.e., 
2DEG layer) 19 is formed at the interface between layer 14 
and layer 16. Next, a p-type Ill-N body layer 17 is formed 
over the Ill-N channel layer 16 and an n-type Ill-N capping 
layer 18 is formed over of the Ill-N body layer 17. The 
interface of the between the Ill-N body layer 17 and the 
Ill-N capping layer 18 can be formed through a tunnel 
junction. Forming the tunnel junction can comprise forming 
a p'/AlN/n material layer structure, for example, a 20 nm 
thick p++ layer (e.g., doped with magnesium with a con-
centration of 2x10'9 cm 3) at the top surface of the Ill-N 
body layer 17, forming a thin A1N or AlGaN inter-layer (for 
example 1.5 nm thick) over the p++ layer, and forming a n++ 
layer, for example, a 20 nm thick n++ layer (e.g., doped with 
silicon with a concentration of 2x10'9 cm 3) at the bottom 
surface of the Ill-N capping layer 18. Next, forming the 
device 600 comprises removing the Ill-N capping layer 18, 
the Ill-N body layer 17 and a portion of the Ill-N channel 
layer 16 in the drain-side access region 83 of the device, for 
example by dry-etching, exposing a surface of the Ill-N 
material structure, forming a trench recess 35. An exposed 
sidewall of the removed Ill-N material layers is formed in 
the gate region 81, where the angle of the exposed sidewall 
relative to the top surface of the Ill-N channel layer 16 is 
between 30 and 70 degrees. Next, a regrown Ill-N mobility 
enhancement layer is formed over the exposed surface of the 
Ill-N material structure and a gate dielectric 34 is formed 
over the mobility enhancement layer. Next, the mobility 
enhancement layer and the gate dielectric are removed in the 
source and drain regions 85 and 86 respectively and option-
ally at least a portion of the Ill-N capping layer 18 in the 
source region 85. Next, forming the device comprises anneal 
the device at high temperature to electrically activate the 
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p-type Ill-N body layer 17. Next, source and drain ohmic 
contacts are formed by depositing metal stack containing 
aluminum (Al), Ti/Al or the like, in the source and drain 
regions. Finally, a gate metal stack 33 (e.g., Ti/Al) is formed 
in the gate region 81 of the device. 

10098] Referring now to FIG. 7, a group-Ill Polar Ill-N 
enhancement mode (E-mode) device 700 is shown. The 
Ill-N device 700 includes a Ill-N buffer layer 62, for 
example GaN or AlGaN, grown on a suitable substrate 60, 
which can for example be silicon, silicon carbide, sapphire, 
A1N, or GaN. The Ill-N buffer layer 62 and substrate 60 can 
have similar properties to or be the same as layer 10 and 12 
of device 200. The Ill-N device 700 further includes a Ill-N 
channel layer 66, for example unintentionally doped (TJID) 
GaN, over the Ill-N buffer layer 62, and a Ill-N barrier layer 
64, for example AlGa1_N, over the Ill-N channel layer 66. 
The bandgap of the Ill-N barrier layer 64 is typically greater 
than that of the Ill-N channel layer 66. The Ill-N channel 
layer 66 has a different composition than the Ill-N barrier 
layer 64, and the thickness and composition of Ill-N barrier 
layer 64 is selected such that a two-dimensional electron gas 
(2DEG) channel 69 (indicated by the dashed line in FIG. 6) 
is induced in the Ill-N channel layer 66 adjacent the inter-
face between layers 64 and 66. 

10099] A Ill-N body layer 67 is formed over at least a 
portion of the Ill-N barrier layer 64. The Ill-N body layer 67 
is formed at least between a gate contact 63 and a source 
contact 21 and removed (typically by dry or wet etching) in 
at least a portion of the device access region 683 between the 
source contact 21 and the drain contact 22, as shown in FIG. 
7. A vertical or substantially vertical side wall is formed 
along the drain side edge of the Ill-N body layer 67 at an
average angle a relative to a top surface of the Ill-N barrier 
layer 64, where the top surface is opposite the substrate 60. 
As seen if FIG. 7, the angle a is approximately 90° (e.g., 
between 80°-90°). However, the sidewall of the Ill-N body 
layer 67 can be slanted at an angle a<90°, for example 
between 20°-80° relative to the top surface of the Ill-N 
barrier layer 64 opposite the substrate 60. The Ill-N body 
layer 67 can be either a p-doped layer or a semi-insulating/ 
insulating layer (i-GaN) with similar properties as layer 17 
of FIG. 2. An n-type doped Ill-N capping layer 68 is formed 
over the Ill-N body layer 67 and can have similar properties 
to or be the same as the Ill-N capping layer 18 of FIG. 2. The 
source 21 can contact the n-type Ill-N capping layer 68 
and/or can be recessed into the Ill-N capping layer such that 
the source 21 is in contact with the Ill-N body layer 67 (not 
shown). The methods of connecting the source to the Ill-N 
body layer, as well as the structural configuration, can be the 
same as that described for device 200. 

10100] A portion of the Ill-N material structure layers 64, 
67, and 68 are removed on a side of the source contact 21 
opposite the drain contact 22 such that a top surface of the 
Ill-N channel layer 66 is exposed in a gate region 681. A 
vertical sidewall of the Ill-N layers 64, 67, and 68 is formed 
in the gate region 681 at an angle €3 relative to a top surface 
of the Ill-N barrier layer 64, where the top surface is 
opposite the substrate 60. As seen if FIG. 7, the angle €3 can 
be approximately 90° (e.g., between 80°-90°). However, the 
sidewall of the Ill-N layers can be slanted at an angle 0<90°, 
for example between 20°-80°. The sidewall of the Ill-N 
material structure in the gate region of the device can be 
substantially vertical (90°, i.e., non-polar plane), or the 
sidewall can be slanted at an angle 0<90° (i.e., semi-polar 
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plane). Preferably, the angle €3 can be close to 900 (vertical) 
to ensure the gate channel is formed on the non-polar plane. 
If the angle €3 is lower than 90°, for example less than 70°, 
and the gate stack comprises a regrown Ill-N material 
structure which includes an AlGaN/GaN layer, the semi-
polar plane on Ill-N polar structure can induce a net positive 
polarization charge at the AlGaN/GaN interface, causing an 
undesirable decrease in device threshold voltage. The angle 
€3 can be substantially the same as the angle a, or the two 
angles can be substantially different. One angle may be 
vertical, while the other angle is slanted, for example, the 
angle a can be approximately 90° and the angle B can be 
between 45°-90° (or vice versa). Although not shown, each 
of the material layers 64, 67, and 68 may have different 
angles due to the different compositional and etching prop-
erties of each layer. For the sake of clarity, the angles B and 
a specifically refer to the angle of the Ill-N body layer 67 
relative to the top surface of Ill-N barrier layer 64 (opposite 
the substrate). 

10101] A gate contact 63 and a gate insulator layer 34 are 
formed over the exposed vertical sidewall of the Ill-N 
material structure, as shown in FIG. 7. The device 700 of 
FIG. 7 has a Gate-Source-Drain (G-S-D) confguration, that 
is to say the source contact 21 is between the gate contact 63 
and the drain contact 22. In addition, any source connected 
field plate structures (not shown) that could be disposed on 
the device are also located between gate contact 63 and the 
drain contact 22 such that all portions of the source electrode 
are disposed between the gate and the drain (i.e., the source 
is entirely contained between the gate contact 21 and the 
drain contact 22). 

10102] Furthermore, a regrown Ill-N gate mobility 
enhancement layer 65 can be disposed between the gate 
insulator layer 34 and the sidewall portion of the exposed 
Ill-N material structure in the gate region 681, as shown in 
FIG. 7. The Ill-N gate enhancement layer 65 can be, for 
example a combination of multiple Ill-N layers (e.g., GaN 
and AlGaN) with similar properties as the mobility enhance-
ment layers 31 and 32 respectively of FIG. 4; however, for 
the device of FIG. 7, the gate mobility enhancement layer 65 
is grown in a Ill-polar orientation if the angle B is less than 
90°. Alternatively, the regrown Ill-N gate mobility enhance-
ment layer 65 can be formed with properties such that the 
device 700 is a depletion mode device. Furthermore, a 
depletion-mode (D-mode) device can be fabricated when the 
Ill-N gate mobility enhancement layer 65 is doped with Si, 
similar to the depletion mode regrown Ill-N layer structure 
described in device 400 or by decreasing the angle B (e.g., 
less than 70°), forming a semi-polar plane in layer 65 such 
that the magnitude of the induced net positive polarization 
charge in layer 65 causes the threshold voltage to be less 
than OV. A continuous 2DEG channel layer 69 exists in a 
region of the Ill-N channel layer 66 near the interface of the 
Ill-N barrier layer 64 which has not been removed in the 
gate region of the device. 

10103] Now, referring to FIG. 8, a cross-sectional view of 
a group-Ill Polar Ill-N device 800 is shown. The Ill-N 
device 800 of FIG. 8 is similar to the Ill-N device 700 of 
FIG. 7, except that device 800 depicts an embodiment with 
a primary 2DEG channel 69 and a secondary 2DEG channel 
69'. A second Ill-N barrier layer 64' and a second Ill-N 
channel layer 66' are formed below the Ill-N channel layer 
66. The second Ill-N barrier layer 64' and second Ill-N 
channel layer 66' can have similar composition and thick-
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ness as layers 64 and 66 respectively or they can be different. 
For example, the composition and thickness of the second 
Ill-barrier layer 64' and second Ill-N channel layer 66' can 
be selected such that charge induced in the secondary 2DEG 
channel 69' is less than the charge induced in the primary 
2DEG channel 69. Furthermore, the device 800 of FIG. 8 
can be confgured to have 3 or more 2DEG channels, such 
that alternating AlGaN/GaN (barrier/channel) layers -times 
in the device will induce i-number of 2DEG channels. Here, 

can be greater than 5. For example, each 2DEG channel 
can be configured such that the induced charge is reduced 
with each subsequent layer, with the lowest charge being in 
the channel proximal to the substrate 10 and the highest 
charge being in the channel distal to the substrate 10. 
Forming multiple channels in the device 700 allows the 
2DEG charge to be optimize for mobility by adding addi-
tional channels as needed. Furthermore, by tailoring the 
2DEG charge density for each channel, the 2DEG charge of 
each channel can be tuned to optimize field-plating. The 
deeper the channel is in the Ill-N material structure, the 
more difficult the channel is to field-plate, for this reason it 
can be preferable to decrease the 2DEG charge from the 
channel distal the substrate to the channel proximal the 
substrate. In addition, FIG. 8 shows the components of the 
regrown Ill-N gate mobility enhancement layer 65 disposed 
as multiple layers with a first, regrown Ill-N channel layer 
65(a) and a second, regrown Ill-N barrier layer 65(b), which 
can also be present in device 700. 

10104] The devices 700 and 800 of FIGS. 7 and 8 work as 
follows: the threshold voltage of the device (i.e., the voltage 
required to turn on the channel in the gate region) is 
determined by the material stack between the Ill-N body 
layer 67, the Ill-N regrown layers 65(a) and 65(b), the gate 
insulator layer 34 and the gate contact 63. When the gate 
contact 63 is biased relative to the source contact 21 at a 
voltage that is greater than the threshold voltage of the 
device, an electron channel forms in the regrown Ill-N gate 
mobility enhancement layer 65 in the gate region of the 
device 681. The electron channel formed in the gate region 
681 connects to the n-number of 2DEG channels. When a 
positive voltage is applied to the drain 22, electrons flow 
from the source 21, through the conductive n-type Ill-N 
capping layer 68, through the electron channel in the gate 
region, into the n-number of 2DEG channels, and to the 
drain 22 forming a continuous device channel between the 
source contact 21 and the drain contact 22. 

10105] When the gate contact 63 is biased relative to the 
source contact 21 at a voltage that is lower than the first 
threshold voltage of the device, the p-type dopants in the 
Ill-N body layer 67 fully depletes the interface of the Ill-N 
layer 65(a) and the Ill-N layer 65(b) such that there is no 
mobile charge and no electron channel in the gate region 681 
between the gate 63 and the Ill-N body layer 67, and 
therefore the device channel is not continuous between the 
source 21 and the drain 22. When a positive voltage is 
applied to the drain, the current blocking mechanism is 
similar to that previously described for device 200. 

10106] Now, referring to FIG. 9, a cross-sectional view of 
a group-Ill polar Ill-N device 900 is shown. The Ill-N 
device 900 of FIG. 9 is similar to the Ill-N device 700 of 
FIG. 7, except that device 900 depicts an embodiment with 
a Source-Gate-Drain (S-G-D) configuration, that is to say 
the gate contact 63 is between the source contact 21 and the 
drain contact 22. In order to fabricate the device 800, a 
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recess is formed through the Ill-N barrier layer 64 to expose 
a top surface of the Ill-N channel layer 66, and the recess can 
partially extend into the channel layer 66. The region of the 
Ill-N channel layer 66 below the recess can optionally be 
doped n-type (e.g., doped with silicon) to increase the 
mobility of the device channel in the recessed region. The 
recess in the Ill-N barrier layer 64 is between the vertical 
sidewall edge of the Ill-N body layer 67 and the drain 
contact 21 in the gate region 681 of the device. A regrown 
Ill-N gate mobility enhancement layer 65, a gate insulator 
layer 34, and a gate contact 63 are formed conformally over 
the vertical sidewall of the Ill-N body layer 67 and in the 
recess formed in the Ill-N barrier layer 64, as shown in FIG. 
7. The Ill-N gate enhancement layer 65 can be, for example 
a combination of multiple Ill-N layers (e.g., GaN and 
AlGaN) with similar properties as the mobility enhancement 
layers 65(a) and 65(b) respectively of FIG. 8. The mobility 
enhancement layer 65 can extend continuously over the top 
surface of the Ill-N capping layer 68 extending to the source 
contact 21, and over the top surface of the Ill-N barrier layer 
64 extending to the drain contact 22, or the gate contact 23 
can be used as an etch mask to etch the mobility enhance-
ment layer 65, such that the regrown mobility enhancement 
layer remains directly beneath the gate contact 23 but is 
etched away, or partially etched away, everywhere else (not 
shown). The device 900 of FIG. 9 can have a reduced drain 
side access region length (i.e., lower on-resistance) and 
lower peak electric fields between the source and the drain 
contacts compared to the device 700 of FIG. 7, however 
additional processing steps and photomask layers may be 
required to form the recess in the Ill-N barrier layer 64. 

10107] Referring now to FIG. 10, a group-Ill polar Ill-N 
depletion mode device 1000 is shown. The Ill-N device 
1000 includes a Ill-N buffer layer 182, for example GaN, 
AlGaN, or unintentionally doped (TJID) GaN, grown on a 
suitable substrate 80, which can for example be silicon, 
silicon carbide, sapphire, A1N, or GaN. The Ill-N buffer 
layer 182 and substrate 80 can have similar properties to or 
be the same as layers 12 and 10, respectively, of device 100. 
A Ill-N body layer 87 is can be between the gate contact 23 
and the source contact 21 but not between the gate contact 
23 and the drain contact 22. For example, the Ill-N body 
layer 87 can be formed over the entire Ill-N buffer layer and 
then removed (e.g., by dry and/or wet etching) everywhere 
except between where the gate contact 23 and the source 
contact 21 are subsequently deposited, as shown in FIG. 10. 
The Ill-N body layer 87 can be a p-doped layer with similar 
properties to layer 17 of FIG. 2. An n+ doped Ill-N capping 
layer 88 is formed over the Ill-N body layer 87 and can have 
similar properties to the Ill-N capping layer 18 of FIG. 2. 
The source 21 can contact the n+ Ill-N capping layer 88 or 
be recessed into the Ill-N capping layer such that the source 
21 is in contact with the Ill-N body layer 87, as previously 
shown. A portion of the Ill-N material structure layers 87, 
88, are removed in the drain side access region 883 and at 
least partially removed in the gate region 881, as shown in 
FIG. 10, such that a top surface of the Ill-N buffer layer 82 
is exposed. 

10108] A Ill-N channel layer 181 (e.g., a regrown GaN 
layer) and a Ill-N barrier layer 183 (e.g., a regrown AlGaN 
layer) over the channel layer 81, can be formed (e.g., 
deposited) over the exposed top surface of the Ill-N material 
structure. The channel layer 181 and the barrier layer 182 
extend continuously between the source contact 21 and the 
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drain contact 22, which are subsequently formed. The 
regrown Ill-N layers 181 and 183 can be disposed over a top 
surface of the n+ Ill-N capping layer 88, conformally over 
the vertical sidewall portion of the Ill-N body layer 87 in the 
gate region 881, and over the top surface of the Ill-N buffer 
layer 182 in the drain side access region 883, as shown in 
FIG. 10. The bandgap of the regrown Ill-N barrier layer 183 
is typically greater than that of the regrown Ill-N channel 
layer 181. The channel layer 181 has a different composition 
than the barrier layer 183, and the thickness and composition 
of barrier layer 183 is selected such that a two-dimensional 
electron gas (2DEG) channel 89 (indicated by the dashed 
line in FIG. 10) is induced in the regrown Ill-N channel layer 
181 adjacent the interface between layers 181 and 183. The 
thickness of the channel layer 181 can be between 10 nm and 
300 nm, for example 50 nm. The thickness of the barrier 
layer 183 can be between 1 nm and 100 nm, for example 30 
nm. The thickness of the channel layer 181 can be sufli-
ciently thick such that the p-doped Ill-N body layer 87 does 
not fully deplete the 2DEG channel in the gate region 881 of 
the device, when the gate electrode is biased above the 
threshold voltage of the device. 
10109] A gate insulator layer 34 and gate contact 23 can be 
deposited in a gate region 881 of the device conformally 
over the top surface of the regrown Ill-N barrier layer 83. 
The gate insulator layer 34 and the gate contact 23 can have 
similar properties to or be the same as described in device 
200 of FIG. 2. Source contact 21 and drain contact 22 are 
formed in a source region 885 and drain region 886 respect-
fully. The source contact 21 and drain contact 22 can be 
configured similar to the source and drain contacts of device 
200 of FIG. 2. The drain 22 contacts the regrown Ill-N 
channel layer 181. A recess can be formed in the Ill-N 
channel layer 181 to allow for improved contact of the drain 
electrode to the 2DEG channel 89. 
10110] The depletion mode Ill-N device 1000 of FIG. 10 
operates as follows: when the gate electrode 23 is biased 
relative to the source 21 at a voltage that is greater than the 
threshold voltage of the device, the 2DEG channel 89 
extends continuously through the regrown Ill-N channel 
layer 81 between the source contact 21 and the drain contact, 
and the device is considered to be in the ON state. When the 
gate 23 is biased relative to the source 21 at a voltage that 
is lower than the threshold voltage of the device, the 2DEG 
channel 19 is depleted of charge in the gate region 881 of the 
device, and therefore the device channel is discontinuous 
between the source 21 and the drain 22 and the device is 
considered to be in the OFF state. 
10111] Traditional Ill-N devices with a lateral gate region 
typically exhibit a shift in threshold voltage (Vth) after being 
stressed under continuous use, as previously described. 
However, in the device 1000 of FIG. 10, the Ill-N body layer 
87 can reduce the VTH shift of the device closer to OV, when 
compared to a lateral Ill-N device without the Ill-N body 
layer 87. The benefit of the Ill-N body layer has been 
previously described in device 200. 
10112] FIG. hA shows an example embodiment cross-
sectional view of a low voltage E-mode FET integrated 
monolithically with a high voltage D-mode FET to create an
integrated Ill-N device 1100 capable of operating at high 
voltages, such as greater than 600V or greater than 1200V. 
The device 1100 of FIG. hA is constructed using the low 
voltage enhancement mode gate-module of device similar to 
device 600 of FIG. 6, in combination with field-plating 
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structures 36 in a traditional depletion mode module 
designed to control the high voltage portion of the device. 
The enhancement mode gate-module of the device is shown 
as region 901, and the depletion mode high voltage module 
with field-plating structures 36 is shown as region 902. 

10113] FIG. 11 B shows an example embodiment cross-
sectional view of a low voltage E-mode FET integrated 
monolithically with a high voltage D-mode FET to create an 
integrated Ill-N device 1200 capable of operating at high 
voltages, such as greater than 600V or greater than 1200V, 
greater than 3300V, or greater than 10 kV. The device 1200 
of FIG. 11B is constructed using the low voltage enhance-
ment mode gate-module 901 which is similar to device 600 
of FIG. 6, in combination with a charge-balancing module 
designed to control the high voltage portion of the device. 
The enhancement mode gate-module of the device is shown 
as region 901, and the depletion mode high voltage module 
with charge balancing structures is shown as region 903. 

10114] The charge-balancing region 903 can be defined by 
a Ill-N charge-balancing layer 905 positioned in the drain-
side access-region of device 1200. The Ill-N charge balanc-
ing layer 905 material structure can be formed (e.g., 
regrown) after the trench recess 35 in the drain-side access 
region is formed. The Ill-N charge-balancing layer 905 can 
be connected to the source electrode through a charge-
balancing contact region 904 and electrically isolated from 
the drain electrode. The charge-balancing contact region 904 
can be formed on a side of the charge-balancing region 903 
closest to the gate-module, therefore protecting the contact 
region 904 from high voltage near the drain electrode. For 
example, the area of the Ill-N charge balancing layer 905 
between the charge-balancing contact region 904 and the 
drain contact 22 is greater than the area of Ill-N charge 
balancing layer 905 between the charge-balancing contact 
region 904 and the source contact 21. 

10115] The Ill-N charge-balancing layer 905 can be real-
ized by a single Ill-N layer or by multiple Ill-N layers with 
varying Al, In, or GaN composition. The charge-balancing 
layer stack can be p-type Ill-N layer. The composition of the 
p-type doping can be provided by impurity incorporation 
(e.g., magnesium) or by polarization doping (e.g., positive 
polarization field gradient in the [000-1] direction). The 
p-type doping density concentration across the Ill-N charge-
balancing layer 905 can have a uniform profile, a multiple 
graded profiles, a multiple box-function-like profile, or a 
multiple delta-function-like profile. The charge balancing 
layer 905 can be a high-k dielectric material layer. 

10116] The charge-balancing layer can be designed such 
that, in the off-state, the density of the net-negative polar-
ization-charge in layer 905 is sufficiently similar (e.g., 
within 50%) of the density of the net-positive polarization-
charge in the Ill-N channel layer 16. The charge-balancing 
layer 905 can be designed such that the 2DEG 19 in the GaN 
channel 16 and any positive carriers (i.e., holes) in the 
charge-balancing layer stack can deplete simultaneously 
across the entire charge-balancing region 903 when a small 
off-state drain-bias voltage is applied (e.g., less than 30V). 
The thickness and composition of the charge-balancing 
module can be selected such that when in the off-state, the 
charge-balancing is able to block high voltages while main-
taining a uniform lateral and vertical electric field in the 
drain side access region. The distance between the charge-
balancing region 903 and the drain contact 23 can be large 
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enough to prevent the depletion region from fully extending 
to the drain contact 23, for example, greater than 2 tm. 
10117] High hole-mobility in the charge balancing layer 
905 can be achieved with p-type modulation doping Ill-N 
heterostructures, for example, the charge-balancing layer 
905 can be formed of an AlGa1_N layer (where x can be 
greater than 0.5). In another example, the charge-balancing 
layer 905 can be realized with a thin GaN layer deposited on 
top of a thin AlGa1_N layer (where x can be greater than 
0.5). In another example, the charge-balancing layer 905 can 
be realized with a periodic repetition of thin GaN layers 
deposited on top of thin AlGa1_N layers (where x can be 
greater than 0.5). The p-type doping distribution in the Ill-N 
heterostructure can have a uniform profile, or it can have a 
single or multiple box-function-like profile or it can have a 
single or multiple delta-function-like profile. The length of 
the charge balancing layer 905 can be greater than 10 um, 
can be greater than 25 um or can be greater than 45 um. 
10118] The contact between the source electrode and the 
charge-balancing layer 905 can be formed through a con-
ventional metal-semiconductor ohmic contact or through a 
tunnel-junction contact (similar to the tunnel junction in 
device 200 of FIG. 2), shown in the charge balancing contact 
region 904 of FIG. 11B. For an embodiment where the 
charge-balancing contact is formed with a tunnel-junction, 
an n-type Ill-N layer 906 can be formed between the 
charge-balancing layer 905 and the source electrode metal-
lization. Additionally, the n-type layer 906 can be removed 
outside the charge balancing contact region 904. 
10119] The charge balancing layer 905 can also be formed 
in a depletion mode Ill-N device. When used in a depletion 
mode Ill-N device, the charge balancing layer 905 can be 
electrically connected to the gate contact 23 of the depletion 
mode device instead of electrically connected to the source 
electrode of an enhancement mode device. 
10120] Layouts for implementing the devices of FIGS. 2-6 
and 9-10 are illustrated in top-view in FIGS. 12, 13A, 13B, 
13C, 13D, 13E, 14A, 14B, 14C, and 14D. FIG. 12 shows a 
top-view section of a first device layout, hereafter referred to 
as "plain-layout." A vertical device section 101 and a lateral 
device section 102 are defined by the vertical sidewall 201 
of the Ill-N body layer 17 in the gate region 81, as shown 
in FIG. 2. The width of this region (along the width of the 
gate 23) as seen from the top-view of FIG. 12 is a straight 
region and corresponds to the gate-width (WG) of the device. 
In the "plain-layout," the plane-vector of the vertical side-
wall is parallel to the direction of the current-flow in the 
lateral device section 102. The cross-sectional view of 
devices 200-600 and 900-1000 shown in FIGS. 2-6 and 9-10 
can be indicated by the dashed line 6' as shown in FIG. 12. 
10121] FIGS. 13A and 13B show the top-view section of 
a second device layout, hereafter referred as "comb-layout", 
where the boundary between the vertical device section 101 
and the lateral device section 102 is defined by a sequence 
of segments or curves forming an array of features hereafter 
referred to as "teeth," labeled as 121. The teeth 121 can be 
designed such that the spacing between adjacent teeth (di-
mension "a" in FIG. 13B) can be between 20 nm and 20 tim; 
the width of each tooth (dimension "b" in FIG. 13B) can be 
between 20 nm and 20 tim; the length of each tooth 
(dimension "c" in FIG. 13B) can be between 0 im and 20 
tm; the angle at the base of the tooth (angle "ö" In FIG. 13B) 

can be between 10 and 350 degrees; the angle at the side of 
the tooth (angle "0" in FIG. 13B) can be between 10 and 170 
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degrees; the angle at the top of the tooth (angle "cp" in FIG. 
13B) can be between 10 and 350 degrees. Preferably, the 
angle ö can be between 100 and 200 degrees. Preferably, the 
angle cp can be between 100 and 200 degrees. 
10122] Alternatively, the corners of the teeth can be 
rounded as seen in FIG. 13C and FIG. 13D. The rounding of 
the corners can be a result of the photolithography step used 
to define the teeth or as a result of the etching process used 
to remove the Ill-N material structure in the lateral device 
section 102. The end of the tooth can have a radius rl while 
the inside corner of the tooth can have a radius r2 as shown 
in FIG. 13D. The sequence of segments represents the 
vertical sidewall edge of the Ill-N body layer 17 in the gate 
region 81 as seen from the top-view and corresponds to the 
gate-width (WG) of device 100-500 and 800-900. The gate 
contact 23 is deposited over the gate region 81 such that it 
covers the vertical sidewall along the entire gate-width. 
10123] An advantage of the "comb-layout" compared to 
the "plain-layout" is an increase of the gate-width for the 
same chip-area. For example, the gate-width of the comb 
layout can be increased 2x, can be increased 5x, or more, 
relative to the plain layout. This can reduce the gate channel 
resistance, and the overall on-state resistance of the device. 
Another advantage of the "comb-layout" is the ability to 
arbitrarily orient the plane-vector of the vertical gate-side-
wall without changing the direction of the current flow in the 
lateral device section 102. This design parameter is benefi-
cial when the crystallographic plane required to achieve the 
best electrical properties of vertical gate-sidewall and the 
crystallographic plane required to achieve the best electrical 
properties of the lateral device section 102 are distinct or 
different. The cross-sectional view of devices 200-600 and 
900-1000 shown in FIGS. 2-6 and 9-10 can be indicated by 
the dashed line 7' as shown in FIG. 13A. 
10124] FIG. 13E shows the top-view section of an alter-
native device layout, hereafter referred as "fractal-layout." 
The end of the tooth can have a radius rl while the inside 
corner of the tooth can have a radius r2 as shown in FIG. 
13D. The perimeter of the tooth can be a "fractal," i.e., being 
self-similar at increasingly small scales, as seen in FIG. 13E. 
The self-similar scaling of the teeth can be repeated up to a 
reasonable fabrication limit determined by the photolithog-
raphy equipment used, for example up to five times at 
increasingly smaller scales. The sequence of segments rep-
resents the vertical sidewall edge of the Ill-N body layer 17 
in the gate region 81 as seen from the top-view and corre-
sponds to the gate-width (WG) of device 200-600 and 
900-1000. 
10125] FIG. 14A, FIG. 14B, FIG. 14C, and FIG. 14D show 
the top-view section of a third device layout, hereafter 
referred as "island-layout", where the boundaries between 
the vertical device section 101 and the lateral device section 
102 are defined by an array of closed shapes, hereafter 
referred to as "islands". The array of islands can be one-
dimensional, i.e., the islands are repeated in the transverse 
direction (i.e., parallel to the drain contact) only in FIG. 14A 
or bi-dimensional, i.e., the islands are repeated both in the 
transverse and longitudinal directions as seen in FIG. 14B. 
The diameter of each island can be between 1 im and 100 
tim. The spacing between each island can be between 1 im 
and 100 tim. The island can have the shape of a regular 
polygon, an irregular polygon, a circle, or any other appro-
priate shape. The island can have the shape of a regular 
hexagon. The island can have any orientation. If the island 
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is a regular hexagon, the orientation of the island can be such 
that the hexagon flat is perpendicular to the drain contact, as 
seen in FIG. 14A and FIG. 14B or parallel to the drain 
contact, as seen in FIG. 14C and FIG. 14D. The perimeter 
of each island represents the vertical gate-sidewall seen from 
top-view. The sum of the perimeters of all islands corre-
sponds to the gate-width of the device. The gate contact 23 
is deposited over the gate region 81 such that it covers the 
vertical sidewall along the island perimeter. The source 
contact 21 is deposited in a sector of each island such that 
to ensure the electrical connections to the Ill-N body layer 
17 and Ill-N capping layer 18. The cross-sectional view of 
devices 200-600 and 900-1000 shown in FIGS. 2-6 and 9-10 
can be indicated by the dashed line 8(a)' and 8(b)' as shown 
in FIGS. 14A and 14B. The advantages of the "island-
layout" are similar to the advantage of the "comb-layout" 
such as reducing the gate channel resistance, and the overall 
on-state resistance of the device. 

10126] FIG. iSA shows an example Ill-N material struc-
ture embodiment (such as the material structure of device 
600 of FIG. 6) with the detailed Ill-N material layer struc-
ture used to form a tunnel junction between the source 
contact 21 and the p-type Ill-N body layer 17 indicated by 
the dashed region 151 in FIG. iSA, and the body diode 
formed between the source and the drain. As previously 
described in FIG. 2, as the interface between the p-type GaN 
body layer 17 and the n-type GaN capping layer 18, a 
tunnel-junction contact can be formed by introducing a 
highly doped p-type GaN region 154 (i.e., p++ GaN) at the 
top surface of the Ill-N body layer 17 (e.g., between 2 nm 
and 50 nm thick with a doping density greater than 5x10'9
cm 3) and a highly doped n-type GaN region 152 (i.e., n++ 
GaN) at the bottom surface of the Ill-N capping layer 18 
(e.g., between 2 nm and 50 nm thick with a doping density 
greater than 5x1 o' cm 3). The quality of the tunnel junction 
in N-polar Ill-N materials can further be improved by 
inserting a thin AlGa1_N (0<y~1) layer 153 between the 
layer 152 and layer 154 (such that the tunnel junction 
interface region 151 is p+ GaN/p++ GaN/ALGa1_N/n++ 
GaN/n+ GaN). The thickness of the thin AlGa1_N layer 
153 can be between 0.5 nm to 5 nm, preferably between 0.5 
nm and 2 nm. Preferably, the AlGa1_N layer 153 has high 
aluminum composition, for example the composition of 
aluminum (y) can be greater than 50% (i.e., y>0.5). The 
aluminum composition can be near 100% (i.e., y=1) such 
that the layer is A1N. The p++ layer 154 and n' layer 152 
can be 10-30 nm thick and have a Mg and Si concentration 
of greater than 5x10'9 cm 3, respectively. 

10127] The tunnel-junction 151 has been introduced to 
improve the electrical contact between the metal of the 
source contact 21 and the p-type Ill-N body layer 17. In 
order to verify the current blocking properties of the p-type 
Ill-N body layer 17, the material structure of FIG. iSA was 
characterized as shown by FIG. 15B as a two terminal 
body-diode between the source and drain contacts 21 and 22. 
Here, the current-voltage curve AA shows the rectifying 
behavior of the body diode. When the anode (i.e., source 
contact) is forward-biased (in voltage range AB), the body-
diode operates in conduction-mode (with current density of 
.50 Alcm2), and when the anode is reverse-biased (in 
voltage range Ac), the body diode operates in blocking 
mode (with leakage current up to 200 pAlcm2), as shown 
in FIG. 1SB. 
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10128] FIG. 15C shows a current-voltage curve for a 
p++in++ tunnel junction and FIG. 1SD shows a current-
voltage curve for a p++/A1N/n++ tunnel junction such as the 
structure shown in the dashed region 151 of FIG. iSA. The 
contact resistance of the tunnel junction with an inserted 
A1N inter-layer 153 at the interface between the highly 
doped p-type GaN layer 154 and the highly doped n-type 
GaN layer 152 in FIG. 15D is much lower than the contact 
resistance of the tunnel junction structure of FIG. 15C where 
the A1N inter-layer 153 is omitted, as indicated by the slope 
of the curves in the aforementioned figures. 
10129] Characterization of a transistor device fabricated 
without a mobility enhancement layer and a transistor device 
fabricated with a 2.6 nm GaN mobility enhancement layer is 
shown in FIG. 16A (such as the GaN mobility enhancement 
layer 31 in FIG. 6). For the device without mobility enhance-
ment layer, indicated by curve 162, threshold-voltage at 10 
iAImm (Vth), subthreshold slope (55), and estimated ver-
tical channel mobility (t) are +3.5 V 360 mV/dec and 4.3 
cm2/Vs, respectively. For the device with mobility enhance-
ment layer, indicated by curve 161, the threshold-voltage at 
10 pAlmm (Vth), subthreshold slope (SS) and estimated 
vertical channel mobility (p) are +2.2 228 mV/dec and 26 
cm2/Vs. The threshold voltage of the device with the 
mobility enhancement layer is shifted lower, as expected, by 
moving the channel in the gate region further away from the 
p-type body layer. The beneficial role of the mobility 
enhancement layer can be also observed in output-curves 
(Id -vs-Vd acquired at Vg=OV, +2.5V +5V +7.5V) illus-
trated in FIG. 16B and FIG. 16C. The devices fabricated 
with a mobility enhancement layer (shown in FIG. 16C) 
have lower sidewall channel R0,(20.0 Qir vs 4.25 Qmm) 
and higher drain saturation current (42 mA vs 5 mAlmm at 
Vg=+7.5V) than devices fabricated without the mobility 
enhancement layer (shown in FIG. 16B). 
10130] Next, devices fabricated with the mobility 
enhancement layer as shown in FIG. 16C were further 
characterized using different gate structures such as those 
shown in FIG. 12 and FIG. 13C. Current-voltage output 
curves for devices with gate sidewall designs of the "plain-
layout," of the 2x "comb-layout," and of the 5x "comb-
layout" are shown in FIG. 17A, FIG. 17B, and FIG. 17C, 
respectively. The output curves show the devices exhibiting 
an on-resistance of 22.9 Qmm, 6.6 Qmn and 3.8 Qmm, 
respectively, and a drain saturation current at Vg=+7.5V of 
42 mAlmm, 115 mAlmm and 189 mAlmm, respectively. 
Significant on-resistance improvements can be achieved by 
implementing a gate structure with the "comb-layout" com-
pared to devices fabricated with the "plain-layout." No 
detrimental impact on threshold voltage, subthreshold slope 
and mobility has been observed in "comb layout" transistors 
compared to the "plain-layout". 
10131] FIG. 18 shows current-voltage curves acquired 
from a device similar to device 600 fabricated with a 5x 
"comb layout" and a 2.6 nm GaN mobility enhancement 
layer, at sequentially increasing drain biases of 1V, 5V and 
10V, respectively. The device of FIG. 18 has a Vth greater 
than 2V with no observable Vth shift when biased at sequen-
tially higher drain voltages, indicating negligible Drain-
Induced Barrier Lowering (DIBL) and excellent blocking 
properties of the gate module equipped with p-type GaN 
body layer. 
10132] To further assess the devices threshold stability, Vth
has been tested during high-temperature off-state stress and 
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high-temperature negative gate-bias stress. High-tempera-
ture off-state stress is performed at 130° C. with (Vg; 
Vd)—(OV, 10V) for greater than 120 hours. At logarithmic 
time intervals, gate-voltage is swept in a positive direction 
to acquire a current-voltage transfer curve. The variance of 
Vth is plotted as a logarithmic function of time in FIG. 19. 
After more than 120 hours of gate stress, Vth experienced a 
relatively small negative Vth shift .-0. 14V, and the device 
remained normally off (i.e., Vth>OV) throughout the stress 
period. 
10133] High-temperature negative-bias stress has been 
carried out at 130° C. with (Vg; Vd)=(-4V; 0. 1V) for greater 
than 120 hours. At logarithmic time intervals, gate-voltage is 
swept in a negative direction to acquire a current-voltage 
transfer curve. The variance of Vth is plotted as a logarithmic 
function of time in FIG. 20. After more than 120 hours, the 
threshold voltage indicated a relatively small negative Vth
shift 0.12V. 
10134] Under both stress conditions (off-state and negative 
gate-bias), the devices maintain normally-off properties 
throughout the stress period. No degradation of subthreshold 
slope and subthreshold leakage has been observed. Rela-
tively stable Vth under off-state and negative gate-bias fur-
ther demonstrates the excellent electrostatic characteristics 
of the gate module equipped with p-type GaN body layer. 
10135] A number of implementations have been described. 
Nevertheless, it will be understood that various modifica-
tions may be made without departing from the spirit and 
scope of the techniques and devices described herein. 

Embodiments 

10136] Although the present invention is defined in the 
attached claims, it should be understood that the present 
invention can also (alternatively) be defined in accordance 
with the following embodiments: 
10137] Al. An embodiment can include a Ill-N device, 
comprising: a Ill-N material structure over a substrate, 
wherein the Ill-N material structure comprises a Ill-N buffer 
layer, a Ill-N barrier layer, and a Ill-N channel layer, 
wherein a compositional difference between the Ill-N barrier 
layer and the Ill-N channel layer causes a 2DEG channel to 
be induced in the Ill-N channel layer; a p-type Ill-N body 
layer over the Ill-N channel layer in a source side access 
region of the device but not over the Ill-N channel layer in 
a drain side access region of the device; and an n-type Ill-N 
capping layer over the p-type Ill-N body layer; a source 
electrode, a gate electrode, and a drain electrode each over 
the Ill-N material structure on a side opposite the substrate; 
wherein the source electrode contacts the n-type Ill-N 
capping layer and is electrically connected to the p-type 
Ill-N body layer, and the drain electrode contacts the Ill-N 
channel layer; and wherein the source electrode is electri-
cally isolated from the 2DEG channel when the gate elec-
trode is biased relative to the source electrode at a voltage 
that is below a threshold voltage of the device. 
10138] A2. The embodiment of Al, wherein the Ill-N 
device is an N-polar device. 
10139] A3. The embodiment of A2, wherein the Ill-N 
barrier layer is between the Ill-N channel layer and the Ill-N 
buffer layer. 
10140] A4. The embodiment of any of Al -A3, further 
comprising a gate insulator layer, wherein the gate insulator 
layer and the gate electrode are formed over a vertical or 
slanted sidewall of the p-type layer in a gate region of the 
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device, the gate electrode further comprising a first portion 
extending towards the source electrode and a second portion 
extending towards the drain electrode. 
10141] A5. The embodiment of A4, wherein the 111-N 
device is configured such that an inversion channel is 
formed in the p-type 111-N body layer adjacent to the gate 
insulator layer when the gate electrode is biased relative to 
the source electrode at a voltage greater than the threshold 
voltage of the device, and the inversion channel electrically 
connects the source electrode to the 2DEG channel while a 
positive voltage is applied to the drain electrode. 
10142] A6. The embodiment of A4 or A5, wherein the 
111-N device is configured such that while the gate electrode 
is biased relative to the source electrode at a voltage greater 
than the threshold voltage of the device, a conductive device 
channel including the 2DEG channel extends continuously 
from the source electrode to the drain electrode, and while 
the gate electrode is biased relative to the source electrode 
at a voltage less than the threshold voltage and the drain 
electrode has a positive voltage bias relative to the source 
electrode, the device channel is depleted of mobile charge in 
the gate region of the 111-N device. 
10143] A7. The embodiment of A4, A5 or A6, further 
comprising a 111-N layer structure between the gate insulator 
layer and the 111-N body layer. 
10144] A8. The embodiment of A7, wherein the 111-N 
layer structure contacts the 111-N capping layer in the source 
side access region and contacts the 111-N channel layer in the 
drain side access region. 
10145] A9. The embodiment of A7 or A8, wherein the 
111-N layer structure extends continuously between the 
source electrode and the drain electrode. 
10146] A1O. The embodiment ofA7, A8 orA9, wherein 
the 111-N layer structures at least comprises a GaN layer in 
contact with the 111-N body layer. 
10147] All. The embodiment of A1O, wherein the 111-N 
layer structure further comprises an AlGa1_N layer 
between the gate insulator layer and the GaN layer, wherein 
xis between 0.5 and 1. 
10148] Al2. The embodiment of any ofA4-All, wherein 
an angle between the vertical or slanted sidewall of the 111-N 
body layer and a top surface of the 111-N material structure 
opposite is between 200 and 80°. 
10149] A13. The embodiment of any ofAl-Al2, further 
comprising anAlN layer having a thickness in a range of 0.5 
nm to 5 nm between the 111-N body layer and the 111-N 
material structure. 
10150] A14. The embodiment of any ofAl-A13, further 
comprising anAlN layer having a thickness in a range of 0.5 
nm to 5 nm between the Ill-N body layer and the Ill-N 
capping layer. 
10151] A15. The embodiment of any ofAl-A14, wherein 
the source electrode is directly contacting and electrically 
connected to the p-type Ill-N body layer. 
10152] Bl. An embodiment can include a Ill-N transistor 
comprising: a Ill-N material structure; a drain electrode 
connected to a lateral 2DEG channel in the Ill-N material 
structure; a source electrode separated from the lateral 
2DEG channel by a current blocking layer; and a gate 
electrode configured to modulate current flowing in a slanted 
or vertical channel between the source electrode and the 
lateral 2DEG channel; wherein a threshold voltage of the 
transistor is greater than OV. 
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10153] B2. The embodiment of Bl, wherein the current 
blocking layer has a thickness greater than 50 nm. 
10154] B3. The embodiment of Bl or B2, wherein the 
current blocking layer is doped p-type, and the vertical 
channel of the transistor is substantially depleted of elec-
trons when the gate electrode is biased relative to the source 
electrode at a voltage that is below the threshold voltage of 
the transistor. 
10155] B4. The embodiment of Bl, B2 or B3, wherein an
angle between the slanted or vertical channel and the lateral 
2DEG channel is between 20° and 80°. 
10156] B5. The embodiment of any of Bl-B4, further 
comprising a Ill-N layer structure between the current 
blocking layer and the gate electrode. 
10157] Cl. An embodiment can include an electronic 
device, comprising: an N-polar Ill-N material structure, 
wherein the Ill-N material structure comprises a Ill-N 
channel layer, a p-type GaN body layer, and an n-type GaN 
capping layer; a gate contact between a source contact and 
a drain contact, wherein the p-type GaN body layer is 
between the source contact and the Ill-N channel layer and 
the drain contact directly contacts the Ill-N channel layer; 
and a Ill-N layer structure between the gate contact and a 
sidewall of the p-type GaN body layer, wherein the Ill-N 
layer structure contacts the n-type GaN capping layer in a 
first region between the source contact and the gate contact 
and contacts the Ill-N channel layer in a second region 
between the gate contact and the drain contact. 
10158] C2. The embodiment of Cl, wherein the 111-N layer 
structure is continuous between the source and drain contact. 
10159] C3. The embodiment of Cl or C2, wherein the 
Ill-N layer structure comprises a GaN layer. 
10160] C4. The embodiment C3, wherein the Ill-N layer 
structure further comprises an AlyGal—yN layer, wherein y 
is greater than 0.5. 
10161] CS. The embodiment of C3 or C4, wherein the 
thickness of the GaN layer is between 2 nm and 10 nm. 
10162] C6. The embodiment of any of Cl-CS, wherein the 
sheet-resistance of the n-type GaN capping layer is lower 
than the sheet-resistance of the Ill-N channel layer. 
10163] C7. The embodiment of any of Cl-C6, wherein the 
p-type GaN body layer has a thickness between 2 nm and S 
im and a doping density less than Sxl0'9 cm 3. 
10164] C8. The embodiment of any of Cl-C7, wherein the 
thickness of the Ill-N channel layer in the second region is 
less than the thickness of the Ill-N channel layer in the first 
region. 
10165] C9. The embodiment of any of Cl-C8, wherein the 
composition of the Ill-N channel layer is graded such that 
the gradient of the polarization field is negative in the [0 0 
0-1] direction. 
10166] C1O. The embodiment of any of Cl-C9, wherein 
the Ill-N material structure further comprises a Ill-N back-
barrier layer where the Ill-N channel layer is between the 
p-type GaN body layer and the Ill-N back-barrier layer. 
10167] Cll. The embodiment of C1O, wherein the Ill-N 
back-barrier layer comprises a first portion, a second portion 
and a third portion; wherein the first portion comprises 
n-type GaN, the second portion comprises AlGaN with a 
varying composition, and the third portion comprises AlGaN 
with a constant composition. 
10168] C12. The embodiment of Cll, wherein the n-type 
GaN is doped with silicon. 
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10169] Dl. An embodiment can include an electronic 
device, comprising: an N-polar 111-N material structure 
comprising a first n-type GaN layer with a first doping 
density over a first p-type GaN layer with a second doping 
density; and an electrode at least partially over the n-type 
GaN layer; wherein the electrode is electrically connected to 
the p-type layer through a tunnel junction; and the tunnel 
junction comprises an AlyGal—yN layer with 0<y~l in an 
interface between the p-type GaN layer and the n-type GaN 
layer. 
10170] D2. The embodiment of Dl, further comprising a 
recess in the n-type layer, wherein the electrode is at least 
partially in the recess. 
10171] D3. The embodiment of D2, wherein at least a 
portion of the recess extends to a top surface of the p-type 
GaN layer, and a portion of the electrode is directly con-
tacting the p-type GaN layer, wherein the tunnel junction is 
formed between the electrode and the p-type GaN layer 
through a sidewall of the recess in the n-type layer. 
10172] D4. The embodiment of any of Dl-D3, wherein y 
is greater than 0.5, and the thickness ofAlyGal—yN layer is 
between 0.5 nm and 5 nm. 
10173] D5. The embodiment of any ofDl-D4, wherein the 
tunnel junction further comprises a second n-type GaN layer 
between the first n-type GaN layer and the AlyGal—yN 
layer, and a second p-type GaN layer between the first p-type 
GaN layer and the AlyGal—yN layer, wherein the second 
n-type GaN layer and the second p-type GaN layer have a 
doping density greater than the first and second doping 
densities. 
10174] D6. The embodiment of D5, wherein the second 
p-type GaN layer and the second n-type GaN layer each 
have a thickness between 2 nm and 50 nm and a doping 
density greater than 5x10'9 cm 3. 
10175] D7. The embodiment of any ofDl-D6, wherein the 
first p-type GaN layer has a thickness between 2 nm and 5 
im and a doping density less than 5x10'9 cm 3. 
10176] El. An embodiment can include a method of oper-
ating a Ill-N device, the method comprising: biasing a gate 
contact relative to a source contact at a voltage greater than 
a threshold voltage, wherein an inversion channel forms at 
a vertical interface between a gate insulator layer and a 
p-type 111-N layer, thereby electrically connecting the source 
contact to a lateral 2DEG channel; and biasing a drain 
contact at a positive voltage relative to the source contact; 
wherein electrons flow from the source contact through the 
inversion channel, and into the lateral 2DEG channel; and a 
continuous device channel is formed between the source 
contact and the drain contact. 
10177] E2. The embodiment of El, further comprising 
biasing the gate contact relative to the source contact at a 
voltage less than the threshold voltage; wherein the p-type 
Ill-N layer fully depletes any charge at the vertical interface 
between the p-type Ill-N layer and the gate insulator layer 
such that there is no inversion channel and the device 
channel is discontinuous between the source contact and the 
lateral 2DEG channel. 

10178] E3. The embodiment of El or E2, further compris-
ing: biasing the drain contact at a positive voltage greater 
than a minimum voltage; wherein the 2DEG channel is fully 
depleted of charge in a source side access region. 

10179] E4. The embodiment of claim E3, wherein the 
minimum voltage is less than by. 
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10180] Fl. An embodiment can include an electronic 
device, comprising: a substrate and a Ill-N material structure 
over the substrate; and a gate electrode and a gate insulating 
layer, the gate insulating layer being between the Ill-N 
material structure and the gate electrode; and a source 
electrode and a drain electrode, the source electrode com-
prising a portion contacting the Ill-N material structure, the 
source electrode and the drain electrode being on a side of 
the Ill-N material structure opposite the substrate; wherein 
the portion of source electrode in contact with the Ill-N 
material structure is formed between the gate electrode and 
the drain electrode. 
10181] F2. The embodiment of Fl, further comprising: a 
gate region and an access region, that gate region being 
under the gate electrode, and the access region being 
between the gate electrode and the drain; and the Ill-N 
material structure comprises a primary Ill-N channel layer 
and a primary Ill-N barrier layer wherein a compositional 
difference induces a primary 2DEG channel extending 
between the gate region and the drain. 
10182] F3. The embodiment of Fl or F2, the Ill-N material 
structure comprising: an insulating GaN layer over the Ill-N 
channel layer; and the insulating GaN layer being between 
the portion of the source electrode contacting the Ill-N 
material structure and the 2DEG channel. 
10183] F4. The embodiment of Fl or F2, the Ill-N material 
structure comprising a p-type GaN layer over the Ill-N 
channel layer; and the p-type GaN layer being between the 
portion of the source electrode contacting the Ill-N material 
structure and the 2DEG channel. 
10184] F5. The embodiment of F4, the device further 
comprising: a n-type GaN layer over the p-type GaN layer, 
the source electrode is connected to the n-type GaN layer 
and the p-type GaN layer; and the n-type GaN layer and the 
p-type GaN layer extend between the source electrode and 
the gate region. 
10185] F6. The embodiment of F4 or F5, the device further 
comprising: a regrown Ill-N layer structure comprising a 
GaN/AlGaN layer, the regrown Ill-N layer formed between 
the gate insulating layer and the p-type GaN layer; wherein 
a current conducting channel in the gate region extends 
through the regrown Ill-N layer when the device is biased 
above a threshold voltage. 
10186] F7. The embodiment of any of Fl -F6, wherein the 
Ill-N material structure comprises: a secondary Ill-N chan-
nel layer and a secondary Ill-N barrier layer formed between 
the substrate and the primary Ill-N channel layer, wherein a 
compositional difference induces a secondary 2DEG chan-
nel extending between the gate region and the drain. 
10187] F8. The embodiment of F7, wherein alternating 
Ill-N channel and Ill-N barrier layer in the Ill-N material 
structure n-times in the device will induce i-number of 
2DEG channels. 
10188] F9. The embodiment of F8, wherein the composi-
tion of each Ill-N barrier layer is configured such that the 
induced charge is reduced with each subsequent layer, with 
the lowest charge being in the 2DEG channel proximal to the 
substrate and the highest charge being in the channel distal 
to the substrate charge. 
10189] Gb. An embodiment can include an electronic 
device, comprising: a Ill-N material structure over a sub-
strate, wherein the Ill-N material structure comprises: a 
Ill-N channel layer over a Ill-N buffer layer; a Ill-N barrier 
layer over the Ill-N channel layer, wherein a compositional 
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difference between the 111-N barrier layer and the 111-N 
channel layer causes a lateral 2DEG channel to be induced 
in the 111-N channel layer; a source contact, a gate contact, 
and a drain contact over the 111-N material structure on a side 
opposite the substrate; and a p-type 111-N body layer over the 
111-N barrier layer in a source side access region but not over 
the 111-N barrier layer in a drain side access region; and the 
source contact is electrically connected to the p-type 111-N 
body layer; and the drain is electrically connected to the 
2DEG channel and the source is electrically isolated from 
the 2DEG channel when the device is biased below a 
threshold voltage. 
10190] G2. The embodiment of Gi, the device further 
comprising a gate insulator layer; wherein the gate insulator 
layer and the gate contact are formed over a vertical sidewall 
of the p-type 111-N body layer in a gate region, the gate 
contact comprising a first portion extending towards the 
source contact and a second portion extending towards the 
drain contact. 
10191] G3. The embodiment of Gi or G2, the device 
further comprising a recess formed through the 111-N barrier 
layer in the gate region exposing a top surface of the 111-N 
channel layer in a region between the vertical sidewall of the 
p-type 111-N body layer and the drain contact. 
10192] G4. The embodiment of G3, further comprising an 
additional 111-N layer structure formed between the gate 
insulator layer and the 111-N body layer; and the additional 
111-N layer structure is at least partially formed in the recess. 
10193] G5. The embodiment of G3 or G4, wherein the gate 
insulator layer and the gate contact are at least partially 
formed in the recess. 
10194] G6. The embodiment of G3, G4 and G5, wherein 
the region of the 111-N channel layer below the recess is 
doped with silicon. 
10195] G7. The embodiment of any of G4-G6, wherein an 
electron channel is formed in the additional 111-N layer 
structure in the gate region of the device when the device is 
biased at a voltage greater than the threshold voltage; and the 
electron channel electrically connects the source contact to 
the 2DEG channel when a positive voltage is applied to the 
drain. 
10196] G8. The embodiment of G7, wherein the threshold 
voltage is greater than OV. 
10197] G9. The embodiment of any of G4-G8, wherein the 
additional 111-N layer structure extends continuously 
between the source contact and the drain contact. 
10198] Gb . The embodiment of any of G4-G9, wherein 
the additional 111-N layer structures comprises a GaN mobil-
ity enhancement layer in contact with the 111-N body layer 
and an AlGaN mobility enhancement layer in contact with 
the GaN mobility enhancement layer. 
10199] Gil. The embodiment of Gb , wherein an alumi-
num composition of the AlGaN mobility enhancement layer 
is greater than 50% aluminum compared to the total group-
III material composition. 
10200] Gi2. The embodiment of any of Gi-Gi0, wherein 
the vertical side wall of the Ill-N body layer in the gate 
region contains an angle relative to a top surface of the Ill-N 
barrier layer opposite the substrate; wherein the angle is 
between 200 and 80°. 
10201] Gi3. The embodiment of any ofGi-Gii, wherein 
the device further comprises an A1N layer disposed between 
the 111-N body layer and the 111-N barrier layer, and the A1N 
layer has a thickness between 0.5 nm and 5.0 nm. 
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10202] Gi4. The embodiment of any of Gi-Gi2, wherein 
the device further comprises an A1N layer disposed between 
the 111-N body layer and a 111-N capping layer, and the A1N 
layer has a thickness between 0.5 nm and 5.0 nm. 
10203] Hi. An embodiment can include a 111-N device, 
comprising: a 111-N material structure over a substrate; the 
111-N material structure comprising a 111-N buffer layer and 
a p-type layer over the 111-N buffer layer in a source side 
access region but not over the 111-N buffer layer in a drain 
side access region; and a source contact, a gate contact, and 
a drain contact over the 111-N buffer layer on a side opposite 
the substrate; and a 111-N channel layer and a 111-N barrier 
layer formed over the 111-N material structure extending 
between the source contact and the drain contact; wherein a 
compositional difference between the 111-N barrier layer and 
the 111-N channel layer causes a 2DEG channel to be induced 
in the 111-N channel layer; and the source contact is con-
nected to the p-type layer and a sidewall angle of the p-type 
layer forms a semi-polar crystal orientation of the 111-N 
channel layer in a region below the gate contact. 
10204] H2. The embodiment of Hi, wherein the 111-N 
channel layer has a thickness between 10 nm and 300 nm. 

10205] H3. The embodiment of Hi or H2, wherein the 
111-N barrier layer has a thickness between 1 nm and 100 nm. 

10206] H4. The embodiment of Hi, H2 or H3, wherein the 
device is a depletion mode device. 

10207] Ii. An embodiment can include an electronic 
device, comprising: an N-polar 111-N material structure over 
a substrate, wherein the 111-N material structure comprises a 
111-N barrier layer over a 111-N buffer layer, and a 111-N 
channel layer over the 111-N barrier layer, wherein a com-
positional difference between the 111-N barrier layer and the 
111-N channel layer causes a lateral 2DEG channel to be 
induced in the 111-N channel layer; a p-type 111-N body layer 
over the 111-N channel layer in a source side access region, 
the p-type 111-N body layer having a sidewall at a non-zero 
angle relative to a top surface of the 111-N channel layer; a 
n-type 111-N capping layer over the p-type 111-N body layer; 
a source contact contacting the n-type 111-N capping layer; 
a drain contact contacting the 111-N channel layer; a gate 
insulator layer contacting a gate contact; and the gate 
insulator layer contacting the sidewall of the p-type 111-N 
body layer at the non-zero angle. 

10208] 12. The embodiment of Ii, further comprising an
additional Ill-N layer structure formed between the gate 
insulator layer and the Ill-N body layer. 

1. A Ill-N device, comprising: 

a Ill-N material structure over a substrate, wherein the 
Ill-N material structure comprises a Ill-N buffer layer, 
a Ill-N barrier layer, and a Ill-N channel layer, wherein 
a compositional difference between the Ill-N barrier 
layer and the Ill-N channel layer causes a 2DEG 
channel to be induced in the Ill-N channel layer; 

a p-type Ill-N body layer over the Ill-N channel layer in 
a source side access region of the device but not over 
the Ill-N channel layer in a drain side access region of 
the device; and 

an n-type Ill-N capping layer over the p-type Ill-N body 
layer; 

a source electrode, a gate electrode, and a drain electrode 
each over the Ill-N material structure on a side opposite 
the substrate; 
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wherein the source electrode contacts the n-type 111-N 
capping layer and is electrically connected to the p-type 
111-N body layer, and the drain electrode contacts the 
111-N channel layer; and 

wherein the source electrode is electrically isolated from 
the 2DEG channel when the gate electrode is biased 
relative to the source electrode at a voltage that is below 
a threshold voltage of the device. 

2. The device of claim 1, wherein the 111-N device is an 
N-polar device. 

3. The device of claim 2, wherein the 111-N barrier layer 
is between the 111-N channel layer and the 111-N buffer layer. 

4. The device of claim 1, further comprising a gate 
insulator layer, wherein the gate insulator layer and the gate 
electrode are formed over a vertical or slanted sidewall of 
the p-type layer in a gate region of the device, the gate 
electrode further comprising a first portion extending 
towards the source electrode and a second portion extending 
towards the drain electrode. 

5. The device of claim 4, wherein the 111-N device is 
configured such that an inversion channel is formed in the 
p-type 111-N body layer adjacent to the gate insulator layer 
when the gate electrode is biased relative to the source 
electrode at a voltage greater than the threshold voltage of 
the device; and 

the inversion channel electrically connects the source 
electrode to the 2DEG channel while a positive voltage 
is applied to the drain electrode. 

6. The device of claim 4; wherein 
the 111-N device is configured such that while the gate 

electrode is biased relative to the source electrode at a 
voltage greater than the threshold voltage of the device, 
a conductive device channel including the 2DEG chan-
nel extends continuously from the source electrode to 
the drain electrode; and 

while the gate electrode is biased relative to the source 
electrode at a voltage less than the threshold voltage 
and the drain electrode has a positive voltage bias 
relative to the source electrode, the device channel is 
depleted of mobile charge in the gate region of the 111-N 
device. 

7. The device of claim 4, further comprising a 111-N layer 
structure between the gate insulator layer and the 111-N body 
layer. 

8. The device of claim 7, wherein the 111-N layer structure 
contacts the 111-N capping layer in the source side access 
region and contacts the 111-N channel layer in the drain side 
access region. 

9. The device of claim 7, wherein the 111-N layer structure 
extends continuously between the source electrode and the 
drain electrode. 

10. The device of claim 7, wherein the 111-N layer 
structures at least comprises a GaN layer in contact with the 
111-N body layer. 

11. The device of claim 10, wherein the 111-N layer 
structure further comprises an AlGa1 _N layer between the 
gate insulator layer and the GaN layer, wherein x is between 
0.5 and 1. 

12. The device of claim 4, wherein an angle between the 
vertical or slanted sidewall of the Ill-N body layer and a top 
surface of the Ill-N material structure is between 200 and 
80°. 
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13. The device of claim 1, further comprising an A1N 
layer having a thickness in a range of 0.5 nm to 5 nm 
between the Ill-N body layer and the Ill-N material struc-
ture. 

14. The device of claim 1, further comprising an A1N 
layer having a thickness in a range of 0.5 nm to 5 nm 
between the Ill-N body layer and the Ill-N capping layer. 

15. The device of claim 1, wherein the source electrode is 
directly contacting and electrically connected to the p-type 
Ill-N body layer. 

16. A Ill-N transistor comprising: 
a Ill-N material structure; 
a drain electrode connected to a lateral 2DEG channel in 

the Ill-N material structure; 
a source electrode separated from the lateral 2DEG chan-

nel by a current blocking layer; and 
a gate electrode configured to modulate current flowing in 

a slanted or vertical channel between the source elec-
trode and the lateral 2DEG channel; wherein 

a threshold voltage of the transistor is greater than OV. 
17. The transistor of claim 16, wherein the current block-

ing layer has a thickness greater than 50 nm. 
18. The transistor of claim 17, wherein the current block-

ing layer is doped p-type, and the vertical channel of the 
transistor is substantially depleted of electrons when the gate 
electrode is biased relative to the source electrode at a 
voltage that is below the threshold voltage of the transistor. 

19. The transistor of claim 16, wherein an angle between 
the slanted or vertical channel and the lateral 2DEG channel 
is between 20° and 80°. 

20. The transistor of claim 16, further comprising a Ill-N 
layer structure between the current blocking layer and the 
gate electrode. 

21. An electronic device, comprising: 
an N-polar Ill-N material structure, wherein the Ill-N 

material structure comprises a Ill-N channel layer, a 
p-type GaN body layer, and an n-type GaN capping 
layer; 

a gate contact between a source contact and a drain 
contact, wherein the p-type GaN body layer is between 
the source contact and the Ill-N channel layer and the 
drain contact directly contacts the Ill-N channel layer; 
and 

a Ill-N layer structure between the gate contact and a 
sidewall of the p-type GaN body layer, wherein the 
Ill-N layer structure contacts the n-type GaN capping 
layer in a first region between the source contact and 
the gate contact and contacts the Ill-N channel layer in 
a second region between the gate contact and the drain 
contact. 

22. The device of claim 21, wherein the Ill-N layer 
structure is continuous between the source and drain contact. 

23. The device of claim 21, wherein the Ill-N layer 
structure comprises a GaN layer. 

24. The device of claim 23, wherein the Ill-N layer 
structure further comprises anAlGa1_N layer, wherein y is 
greater than 0.5. 

25. The device of claim 23, wherein the thickness of the 
GaN layer is between 2 nm and 10 nm. 

26. The device of claim 21, wherein the sheet-resistance 
of the n-type GaN capping layer is lower than the sheet-
resistance of the Ill-N channel layer. 
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27. The device of claim 21, wherein the p-type GaN body 
layer has a thickness between 2 nm and 5 im and a doping 
density less than 5x10'9 cm 3. 

28. The device of claim 21, wherein the thickness of the 
111-N channel layer in the second region is less than the 
thickness of the 111-N channel layer in the first region. 

29. The device of claim 21, wherein the composition of 
the 111-N channel layer is graded such that the gradient of the 
polarization field is negative in the [0 0 0-11 direction. 

30. The device of claim 21, wherein the 111-N material 
structure further comprises a 111-N back-barrier layer where 
the 111-N channel layer is between the p-type GaN body 
layer and the 111-N back-barrier layer. 

31. The device of claim 30, wherein the 111-N back-barrier 
layer comprises a first portion, a second portion and a third 
portion; wherein 

the first portion comprises n-type GaN, the second portion 
comprises AlGaN with a varying composition, and the 
third portion comprises AlGaN with a constant com-
position. 

32. The device of claim 31, wherein the n-type GaN is 
doped with silicon. 

33. An electronic device, comprising: 
an N-polar Ill-N material structure comprising a first 

n-type GaN layer with a first doping density over a first 
p-type GaN layer with a second doping density; and 

an electrode at least partially over the n-type GaN layer; 
wherein 

the electrode is electrically connected to the p-type layer 
through a tunnel junction; and 
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the tunnel junction comprises an ALGa1_N layer with 
0<y~1 in an interface between the p-type GaN layer 
and the n-type GaN layer. 

34. The device of claim 33, further comprising a recess in 
the n-type layer, wherein the electrode is at least partially in 
the recess. 

35. The device of claim 34, wherein at least a portion of 
the recess extends to a top surface of the p-type GaN layer, 
and a portion of the electrode is directly contacting the 
p-type GaN layer, wherein the tunnel junction is formed 
between the electrode and the p-type GaN layer through a 
sidewall of the recess in the n-type layer. 

36. The device of claim 33, wherein y is greater than 0.5, 
and the thickness ofAlGa1_N layer is between 0.5 nm and 
5 nm. 

37. The device of claim 36, wherein the tunnel junction 
further comprises a second n-type GaN layer between the 
first n-type GaN layer and the Al),Gal_N layer, and a second 
p-type GaN layer between the first p-type GaN layer and the 
Al),Gal_N layer, wherein the second n-type GaN layer and 
the second p-type GaN layer have a doping density greater 
than the first and second doping densities. 

38. The device of claim 37, wherein the second p-type 
GaN layer and the second n-type GaN layer each have a 
thickness between 2 nm and 50 nm and a doping density 
greater than 5x10'9 cm 3. 

39. The device of claim 38, wherein the first p-type GaN 
layer has a thickness between 2 nm and 5 im and a doping 
density less than 5x10'9 cm 3. 

* * * * * 


	Bibliography
	Drawings
	Description
	Claims



