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STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH AND DEVELOPMENT

[0011] This invention was made with Government support
under Grant No. N00014-01-10764 (ONR). The Government
has certain rights in this invention.

BACKGROUND OF THE INVENTION

[0012] 1. Field of the Invention

[0013] The present invention relates to an improved
enhancement mode field effect transistor (FET).

[0014] 2. Description of the Related Art

[0015] (Note: This application references a number of dif-
ferent publications as indicated throughout the specification
by one or more reference numbers within brackets, e.g., [x]. A
list of these different publications ordered according to these
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reference numbers can be found below in the section entitled
“References.” Each of these publications is incorporated by
reference herein.)

[0016] Enhancement mode (E-mode), or normally-off
devices, based on Gallium Nitride (GaN) technology are
interesting for a variety of applications, for example, in inte-
gration of control circuitry and for the added safety of a
normally-off device in power switching applications.
Enhancement mode operation is commonly achieved using
an AlGaN/GaN bufter structure, by etching away some of the
AlGaN under the gate region until all the charge is depleted
[1], or by exposing the AlGaN under the gate with fluoride-
based plasma until negatively charged fixed fluorine ions
screen all the charge in the channel [2]. These devices suffer
from threshold voltage non-uniformity and repeatability, due
to the processes requiring gate recess etch or plasma treat-
ment. Also, these devices have a low Schottky gate turn-on
voltage (of at most 2 V) due to low Schottky barriers. If a
threshold voltage of 1 V is required, these devices are left with
a maximum modulation of 1 V. Because high-power switch-
ing applications require a threshold voltage of over 1 V for
gate signal noise immunity, increasing the gate turn-on volt-
age is crucial.

[0017] Utilization of p-GaN barrier below the gate [3,4]
depletes the channel and increases the gate turn-on voltage to
3V, rendering it attractive for high-power applications. How-
ever, such field effect devices suffer from high on-resistance.
The present invention seeks to reduce the on-resistance.

SUMMARY OF THE INVENTION

[0018] To overcome the limitations in the prior art
described above, and to overcome other limitations that will
become apparent upon reading and understanding the present
specification, the present invention discloses a novel
enhancement mode High Electron Mobility Transistor
(HEMT) structure with a p-GaN cap layer for high gate turn-
on plus an aluminum nitride (AIN) interlayer for low on-
resistance.

[0019] Under the gate, this transistor has a p-GaN/AlGaN/
AIN/GaN epilayer structure. The high barrier of the p-GaN
layer depletes the electron gas at the AIN/GaN interface under
zero gate bias, and also increases the gate turn-on voltage.
Furthermore, changing the aluminum (Al) composition and
the thickness of the AlGaN layer controls the threshold volt-
age over a wide range.

[0020] Under the access and contact regions, the epilayer is
AlGaN/AIN/GaN. Without the high barrier of p-GaN, polar-
ization fields in the AlGaN and AIN layers allow a charge
sheet to form at the AIN/GaN interface, thus leading to low
on-resistance. The on-resistance is further reduced due to
increased mobility of the 2DEG charge at the AIN/GaN inter-
face compared to the mobility of 2DEGs at AlGaN/GaN
interfaces. The AIN layer is required to maintain low on-
resistance especially when high threshold voltage is desired.
Because threshold voltage can be controlled over a wide
range while maintaining low on-resistance, this device can be
used as a normally-off, or enhancement mode FET, for dif-
ferent applications. The idea of using high p-GaN barrier to
reduce the electron population under the gate, plus the idea of
using AIN interlayer to reduce on resistance is the basic
principle behind this device.

[0021] The present invention discloses a method for fabri-
cating a field effect transistor, comprising using a [II-nitride
barrier layer to control a threshold voltage of a gate of the
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transistor and confine a two dimensional electron gas (2DEG)
to a channel layer of the transistor; and using a polarization
induced electric field of a IlI-nitride interlayer between the
2DEG and the Ill-nitride barrier layer to induce a larger
2DEG charge density as compared to without the III-nitride
interlayer, thereby reducing an on-resistance of the transistor
and controlling the on-resistance independently of the thresh-
old voltage.

[0022] The method may further comprise selecting a thick-
ness and material composition of the III-nitride barrier layer
to obtain a desired threshold voltage of the transistor, wherein
the thickness of the I1I-nitride barrier layer does not substan-
tially decrease the on-resistance of the transistor.

[0023] The IlI-nitride barrier layer may be AlGaN, and the
material composition may be Al content, and the transistor
may be an enhancement mode High Electron Mobility Tran-
sistor (HEMT).

[0024] The thickness and material composition may be
selected to obtain a threshold voltage of 1 V or greater. The
obtained threshold voltage may be at least 1 V and the on-
resistance may correspond to a charge density in the 2DEG in
excess of 7x10"2 cm™ or allow a current density in the 2DEG
in excess of 0.3 A/mm. The thickness and composition may
be selected to maximize the threshold voltage.

[0025] The method may further comprise using a thickness
of p-I1I-nitride cap layer between the gate and the III-nitride
barrier layer to increase a gate turn-on of the transistor’s gate,
wherein the p-IlI-nitride layer depletes the 2DEG under the
gate at zero gate bias. The gate turn-on may be at least 3 V.

[0026] The method may further comprise removing the
p-11I-nitride cap layer from in and under contact regions and
access regions of the transistor, wherein the thickness of the
III-nitride barrier layer is smaller than a thickness of the
III-nitride barrier layer in a transistor without the III-nitride
barrier layer. The transistor may be an enhancement mode
HEMT, wherein the IlI-nitride barrier layer is AlGaN and the
p-1I-nitride layer is p-GaN.

[0027] The present invention further discloses a nitride
based enhancement mode High Electron Mobility Transistor
(HEMT), comprising a Ill-nitride channel layer having a
channel potential energy for containing a two dimensional
electron gas (2DEG), wherein the 2DEG has a resistance; a
III-nitride barrier layer positioned for, and having a barrier
potential energy for, confining the 2DEG in the channel layer,
wherein a polarization coefficient of the barrier layer is larger
than a polarization coefficient of the channel layer; a III-
nitride interlayer between the barrier layer and the channel
layer, wherein the Ill-nitride interlayer has a polarization
coefficient higher than the polarization coefficient of the bar-
rier layer; a source for supplying a current to the 2DEG; a
drain for supplying an output current, wherein the current
flows from the source, through the 2DEG and then to the drain
to produce the output current; a gate for controlling the cur-
rent’s flow through the 2DEG; and a p-type Ill-nitride layer
between the [I1-nitride barrier layer and the gate for depleting
the 2DEG under the gate at zero bias.

[0028] The HEMT may further comprise a thickness and
material composition of the I1I-nitride barrier layer, wherein
the thickness and the material composition is selected to
obtain a desired threshold voltage of the HEMT. The HEMT
may further comprise a thickness of the p-type Ill-nitride
layer, wherein the thickness of the p-type IlI-nitride layer is
selected to obtain a turn-on voltage of the gate of 3 V or
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greater. The thickness of the III-nitride barrier layer may not
substantially reduce an on-resistance of the HEMT or resis-
tance of the 2DEG.

[0029] The thickness and the material composition of the
III-nitride barrier may be selected to obtain the threshold
voltage of at least 1V and a charge density of the 2DEG in
excess of 7x10'2 cm™2 or a current density in the 2DEG is in
excess of 0.3 A/mm.

[0030] The HEMT may further comprise a first access
region between the source and the gate and a second access
region between the drain and the gate, wherein the p-type
III-nitride layer is not present under the source, drain, first
access region and second access region; and the thickness of
the IIl-nitride barrier layer which is smaller than a thickness
of the Ill-nitride barrier layer in a HEMT without the III-
nitride interlayer.

[0031] The Ill-nitride barrier layer may be AlGaN, the
material composition may be an Al content, and the III-nitride
interlayer may be AIN. A thickness of the AIN may be thin
enough such that the AIN is not relaxed but is strained, due to
alattice mismatch with the barrier layer and the channel layer,
or the thickness of the AIN may be less than 20 nm. The
III-nitride interlayer may interface the III-nitride barrier layer
and the IlI-nitride channel layer. The channel layer may be
GaN and the p-type llI-nitride layer may be p-GaN.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032] Referring now to the drawings in which like refer-
ence numbers represent corresponding parts throughout:
[0033] FIG. 1(a) shows a schematic of an enhancement
mode device, and band diagrams of the enhancement mode
device under the gate (FIG. 1(b)) and under the access region
and contact region (FIG. 1(¢)), wherein the two dimensional
electron gas (2DEG) is depleted beneath the gate at zero bias.
[0034] FIG. 2(a) shows a graph (calculation) of AlGaN
thickness vs. threshold voltage, and FIG. 2(b) shows a graph
(calculation) of sheet charge vs. AlGaN thickness, for a
p-GaN/AlIGaN/AIN/GaN structure, wherein sheet charge
density is high (approximately 7 to 8x10' cm™2) atan AlGaN
thickness required for high threshold voltages.

[0035] FIG. 3 is a graph plotting the measured drain-source
current I, as a function of drain-source voltage V .5, wherein
the gate-source voltage V ¢ is ramped from V ;~0.5V (bot-
tom curve) to V=3V (top curve) inincrements of AV ;~0.5
V.

[0036] FIG. 4 is a graph plotting the measured [, as a
function of V 5 and plotting the measured transconductance
(g,,) as a function of V.

[0037] FIG. 5 is a graph plotting gain as a function of
frequency of V 4.

[0038] FIG. 6 is a graph plotting I, as a function of Vg,
for a DC signal, 80 us pulsed V 5, and 200 ns pulsed V 5,
wherein V 4 is ramped from Vo~0V 10 V=3V in 0.5V
steps

[0039] FIG. 7 is a graph plotting measured threshold volt-
age V ,; as a function of AlGaN barrier thickness.

[0040] FIG. 8 is a graph plotting measured gate-source
current [ ;¢ as a function of V 4.

[0041] FIG. 9 is a graph plotting measured gate leakage
current I ; as a function of gate-drain voltage V.

[0042] FIG. 10 is a graph plotting measured 1,5 as a func-
tion of V5, for V=0.5V and 1.5V.
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[0043] FIG. 11 is a graph plotting measured breakdown
voltage Vg, ofa HEMT as a function of the distance between
source and drain L, for L =L ;0.6 pm.

[0044] FIG. 12(a) is a graph (calculation) of AlGaN thick-
ness vs. threshold voltage, and FIG. 12(5) is a graph (calcu-
lation) of sheet charge vs. AlGaN thickness for a p-GaN/
AlGaN/GaN structure, wherein sheet charge density is very
low (approximately 4 to 5 el12 cm™) at an AlGaN thickness
required for high threshold voltages.

[0045] FIG. 13 shows a schematic of an enhancement mode
device.
[0046] FIG. 14 is a graph plotting measured 1,5 as a func-

tion of Vg, and g, as a function of V¢, for V=5 V and
showing V ,~=0.5 V.

[0047] FIG. 15 is a graph plotting measured 1 (gate leak-
age) as a function of V 4.

[0048] FIG. 16 is a graph plotting I, as a function of V
for a DC signal, 80 ps pulsed Vg, and 200 ns pulsed V 4,
wherein V 4 is ramped from Vo~0 V1o V=3V in 0.5V
steps.

[0049] FIG. 17 is a graph plotting measured gain as a func-
tion of frequency of V 4.

[0050] FIG. 18 is a flowchart illustrating a method of the
present invention.

[0051] FIG. 19 is a flowchart illustrating a method of the
present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0052] In the following description of the preferred
embodiment, reference is made to the accompanying draw-
ings which form a part hereof, and in which is shown by way
of illustration a specific embodiment in which the invention
may be practiced. It is to be understood that other embodi-
ments may be utilized and structural changes may be made
without departing from the scope of the present invention.
[0053] Technical Description

[0054] The present invention comprises a device structure
with a p-GaN cap layer and an AIN interlayer which does not
have the drawbacks seen in the above mentioned devices. The
structure for this device 100 is shown in FIG. 1(a). Under the
gate 102, the epilayer stack comprises (from top to bottom)
p-GaN 104, Al Gal, N 106 (with O<x<1), AIN 108 and a
GaN-bufter 110. The high barrier of the p-GaN 104 layer
fully depletes the electron gas 112 at the portion 114 of the
interface 116 (between the AIN 108 and GaN-buffer 110)
which is under the gate 102 (under zero gate bias, see FIG.
1(a)), lowers gate leakage, and also increases the gate turn-on
voltage (to at least 3V). Furthermore, changing the Al com-
position and the thickness ofthe AlGaN 106 layer controls the
threshold voltage over a wide range.

[0055] FIG. 1(b) is a band diagram (showing conduction
band E, valence band E,- and Fermi level E) through the
layers 104-110 of the enhancement mode device 100 under
the gate 102, wherein the two dimensional electron gas
(2DEG) 112 is depleted beneath the gate 102 at zero bias,
distance=0 corresponds to the surface 104a of the p-GaN
layer 104, and the position of the layers 104-110 is indicated.
FIG. 1(5) illustrates a method for fabricating an enhancement
mode transistor, comprising using one or more first barrier
layers 104 between a second barrier layer 106 and a gate 102
(positioned on the surface at distance=0) to raise a potential
energy E . (or create a high barrier 1045) in a region between
the channel 110 and the gate such that a potential energy E
of'the channel 110 (or channel potential energy) is larger than
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a Fermi level E. of the transistor at zero gate bias, thereby
depleting the 2DEG 112 (or eliminating/depleting charge)
from a portion 114 of the channel 110 under the gate 102.
[0056] Under the access regions 118 and contact regions
120,122, the epilayer is (from top to bottom) AlGaN 106, AIN
108 and GaN-buffer 110. Etching away the p-GaN 104 in
these regions 118, 120, 122 induces a high electron density
112 (up to at least 7 to 8 12 cm™) at the portions 124, 126 of
the interface 116 (between the AIN 108 and the GaN-buffer
110) which are under the access region 118 and contact
regions 120,122, due to polarization fields. The 2DEG 112
under the gate 102 (not shown) is induced when the gate 102
is forward biased (not shown), while the charge 112 in the
access regions 118 is always present (FIG. 1(5)).

[0057] FIG. 1(c) is a graph showing band diagram (show-
ing E., E; and Fermi level E.) as a function of distance
through the layers 106-110 of the enhancement mode device
100 under the access regions 118 and contact regions 120,
122, as well as electron population 1124 of the 2DEG 112 as
a function of distance, wherein the removal of p-GaN 104¢
induces the 2DEG 112 charge density 112a, distance=0 cor-
responds to the surface 1064 of the AlGaN layer 106, and the
position of the layers 106-110 is indicated. FIG. 1(c) illus-
trates a method of using a IlI-nitride interlayer 108 between
the 2DEG 112 and the second barrier 106 to reduce an on
resistance of the transistor 100. A polarization induced poten-
tial barrier 1084 (which is the potential energy E_. of the
III-nitride interlayer 108) reduces overlap of the electron
population 112a (and consequently the 2DEG) with the bar-
rier 106, thereby reducing alloy scattering with the barrier
layer 106, and/or increasing mobility of the charge 112 as
compared to without the III-nitride layer 108. The polariza-
tion induced electric field associated with the polarization
induced potential barrier 1084 induces a larger electron popu-
lation 112a than would be possible without the AIN layer 108.
[0058] FIG. 1(a) also illustrates the source to gate distance
L5128, agatelength [.; 130 and a gate to drain distance L5,
132.

[0059] FIG. 2(a) shows a graph (calculation) of AlGaN
thickness vs. threshold voltage, and FIG. 2(b) shows a graph
(calculation) of sheet charge vs. AlGaN thickness, for the
device structure of FIG. 1(a), for Al contents of the AlGaN
106 of 5%, 10%, 15% and 20%, wherein sheet charge density
is high (approximately 7 to 8x10"% cm™?) at an AlGaN thick-
ness required for high threshold voltages (e.g., an Al content
of 20% and an AlGaN thickness of 10 nm. The inset 200
shows the p-GaN 202/AlGaN 204/AIN 206/GaN 208 layer
structure used to measure the data of FIG. 2(a), and inset 210
shows the AlGaN 204/AIN 206/GaN 208 layer structure used
to measure the data of FIG. 2(5).

[0060] FIG. 2(a) shows how changing the Al composition
and the thickness of the AlGaN 106 layer controls the thresh-
old voltage over a wide range.

[0061] The threshold voltage in these devices 100 is not
affected by processing since it is controlled by the epitaxial
structure 104-110.

[0062] FIGS. 3-6 are graphs of the performance of for a
device with an epitaxial structure as illustrated in FIG. 1(a),
but with a source to gate distance [.;=0.5 pum, a gate length
Ls=0.6 um and a gate to drain distance L ;,=2.3 um. FIG. 3
shows [ ,~0.55 A/mmatV =3V, FIG. 4 shows peak g,,~250
mS/mm, FIG. 5 shows f~20 GHz and f,,,,~38 GHz, and
FIG. 6 shows akink in pulsed IV curve, possibly due to traps
at the p-GaN/AlGaN interface.
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[0063] FIG.7is measured V ;- as a function of thickness of
the AlGaN layer 106, for one example of a device structure,
grown by MOCVD, where the p-GaN layer 104 is 10 nm
thick, the AlGaN layer 106 is 10 nm or 12 nm thick, and the
AN layer 108 is 0.6 nm thick.

[0064] Table 1 shows various parameters for the device of
FIG. 5 as a function of AlGaN layer 106 thickness.

AlGaN Thickness Resistivity Sheet density Mobility
(nm) Q/m n (x102cm™) (em?V-1is7h
10 665 4.7 2133
12 533 5.6 2160
[0065] FIGS. 8-11 are measurements of various parameters

for devices fabricated using the structure of FIG. 1, wherein
FIG. 8 shows the gate turn on and that gate forward current is
below 1 mA/mm at V=3 V, FIG. 9 shows gate leakage
below 1 mA/m even forV ,; inthe range 60-80V (for a device
processed with [ ;=0.6 um, L. =0.6 um, and L,=2.3 um)
and FIGS. 10-11 show breakdown voltages ~900 V for L,
without field plates (wherein L;=.;5=0.6 um in FIG. 11).
[0066] FIG. 12(a) is a graph (calculation) of AlGaN thick-
ness vs. threshold voltage, and FIG. 12(5) is a graph (calcu-
lation) of sheet charge vs. AlGaN thickness for a p-GaN/
AlGaN/GaN structure, wherein the inset 1200 shows the
p-GaN 1202/A1GaN 1204/GaN 1206 layer structure used to
measure the data of FIG. 12(a), inset 1208 shows the AlGaN
1204/GaN 1206 layer structure used to measure the data of
FIG. 12(b), the data is measured for Al contents of the AlGaN
1204 of 20%, 15%, 10% and 5%, wherein sheet charge den-
sity is very low (approximately 4 to 5 e12 cm™2) at an AlIGaN
thickness required for high threshold voltages (e.g., Al con-
tent 20% and AlGaN thickness of 10 nm).

[0067] While enhancement mode devices without the AIN
108 layer are possible, such devices with high threshold volt-
age will suffer from high on-resistance due to the large
AlGaN 106 thickness required, as shown in FIGS. 12(a) and
12(b). However, with an AIN 108 layer, devices 100 with high
threshold voltage and low access resistance can be obtained
due to the high polarization field in the AIN 108 layer, as
shown in FIG. 2(a).

EMBODIMENT WITHOUT AN AIN LAYER

[0068] FIG. 13 shows a HEMT or FET device 1300 fabri-
cated on material grown by RF plasma-assisted molecular
beam epitaxy, comprising a 2DEG 1302 confined in a GaN
layer 1304 by an AlGaN layer 1306, and a p-GaN layer 1308
between the AlGaN layer 1306 and the gate 1310. Si, N, 1312
is deposited in the access regions 1314, 1316 between the gate
1310 and the source 1318 and between the gate 1310 and the
drain 1320 (and partially on the source 1318 and drain 1320).
For the device 1300, L.;=0.7 pm, L =0.7 um, and L. ;,,=2.0
um. The Mg doping concentration in the 10 nm-thick p-GaN
layer 1308 is approximately 1x10"® and the thickness of the
Al, ,,Ga, ;4N layer 1306 is 12 nm. The p-GaN 1308 in the
source 1318 and drain regions 1320 was etched away prior to
ohmic metal deposition using a self-aligned dry etch while
the p-GaN in the access regions 1314, 1316 was etched away
using the ohmic contacts and the gate electrode as masks.
Peak g,, of 160 mS/mm is reached atV 5, 0f 1.4 V, the thresh-
old voltage is ~0.5 V, and maximum 1,~300 mA/mm at
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Va3V, as shown in FIG. 14. The 3 V turn-on of the gate
diode is approximately 1 V higher than standard Schottky
gates as shown in FIG. 15.

[0069] The DC, 80 us, and 200 ns-pulsed I-V output char-
acteristics of the device 1300 are shown in FIG. 16. The
maximum output current of the device is the highest reported
among p-GaN gated E-mode HEMTs. The kink in the pulsed
1-V (FIG. 16, which may be caused by traps in the p-GaN/
AlGaN interface, is currently under investigation. Conse-
quently, the device exhibits f,of 12 GHz and f,,,, of 35 GHz
which are lower than that of depletion-mode (D-mode)
devices with similar dimensions (FIG. 17). Similar behavior
has been observed and solved in other GaN-based HEMTs
that have GaN/AlGaN interfaces with net a negative polar-
ization charge [5]. Application of similar solutions is cur-
rently being evaluated as well.

[0070] In order to realize a p-GaN gated device with a
threshold voltage of 1 V and high current density, calculations
indicate the need for an AIN interlayer due to trade-off
between threshold voltage and access resistance as shown in
FIG. 12(a), FIG. 12(b), FIG. 2(a) and FIG. 2(b). Without an
AIN interlayer, threshold voltage of 1 V can be achieved, but
the device will exhibit extremely low current due to high
access resistance (FIG. 12(a) and FIG. 12(4)). With an AIN
interlayer, threshold voltage of 1 V can be achieved with
much lower access resistance (FIG. 2(a) and FIG. 2(5)).
Compare, for example, the maximum 2DEG density of
4x10 " cm™? in FIG. 12(b) with the maximum 2DEG density
of 7x10'? cm™2 in FIG. 2(b). Thus, the present invention may
develop a p-GaN/AlGaN/AIN/GaN E-mode HEMTs with a
threshold voltage of at least 1 V and high current density, for
example, a gate turn on voltage of atleast 3 V, and a maximum
output current in excess of 0.3 A/mm.

[0071] Process Steps

[0072] FIG. 18 is a flowchart illustrating a method for fab-
ricating an E-mode field effect transistor 1800, such as a
HEMT. The method comprises one or more of the following
steps:

[0073] FIG. 18(a) illustrates the step of depositing an AIN
interlayer 1802 on a GaN layer 1804 (wherein the GaN 1804
is for containing a 2DEG 18044), an AlGaN layer 1806 on the
AN layer 1802, and a p-GaN layer 1808 on the AlGaN layer
1806. A thickness 18064 and material composition (e.g., Al
content) of the IlI-nitride barrier layer 1806 may be selected
to obtain a desired threshold voltage V ,; of the HEMT,
wherein the thickness 18064 does not substantially reduce an
on-resistance of the HEMT or resistance of the 2DEG 1804a.
The thickness 1806a of the I1l-nitride barrier 1806 may be
selected to obtain the threshold voltage of at least 1V and a
charge density of the 2DEG 1804a in excess of 7x10'? cm™>
or a current density in the 2DEG 1804a is in excess of 0.3
A/mm. A thickness 1808a of the p-type Ill-nitride layer 1808
may be selected to obtain a turn-on voltage of the gate G of 3
V or greater.

[0074] FIG. 18(b) illustrates the step of etching contact
windows 1810, 1812 in the p-GaN 1808.

[0075] FIG. 18(c) illustrates the step of depositing source S
and drain D contacts in the windows 1810, 1812 respectively,
on the AlGaN 1806 and annealing the contacts S and D to
form ohmic contacts S and D.

[0076] FIG.18(d) illustrates the step of depositing a gate G
on the p-GaN layer 1808.

[0077] FIG. 18(e) illustrates the step of etching the p-GaN
1808 in the access regions 1814, 1816 to achieve a device
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1800. FIG. 18(e) illustrates a nitride based E-mode HEMT or
Field Effect Transistor (FET) 1800, comprising a [II-nitride
channel layer 1804 having a channel potential energy for
containing a 2DEG 1804q; a Ill-nitride barrier layer 1806
positioned for, and having a barrier potential energy for, con-
fining the 2DEG 18044 in the channel layer 1804, wherein a
polarization coefficient of the barrier layer 1806 is larger than
the polarization coefficient of the channel layer 1804; a III-
nitride interlayer 1802 between the barrier layer 1806 and the
channel layer 1804, wherein the III-nitride interlayer 1802
has a thickness 1802a and a polarization coefficient greater
higher than a polarization coefficient of the channel layer
1804; a source S for supplying a current to the 2DEG 1804a;
adrain D for supplying an output current, wherein the current
flows from the source S, through the 2DEG 18044 and then to
the drain D to produce the output current; a gate G for con-
trolling the current’s flow through the 2DEG 18044; and a
p-type ll-nitride layer 1808 between the barrier layer 1806
and the gate G having a thickness 18084 to raise a potential
energy in a region between the channel 1804 and the gate G
for depleting 1818 the 2DEG 18044 under the gate G at zero
bias.

[0078] The HEMT may further comprise a first access
region 1814 between the source S and the gate G and a second
access region 1816 between the drain D and the gate G,
wherein the p-type nitride layer 1808 is not present under the
source S, drain D, first access region 1814 and second access
region 1816. The thickness 1806a of the IlI-nitride barrier
layer 1806 may be smaller than a thickness 1806a of the
III-nitride barrier layer 1806 in a HEMT without the III-
nitride interlayer 1808.

[0079] The barrier layer 1806 may AlGaN and the inter-
layer 1802 may be AIN. The thickness 1802a of the AIN layer
1802 may be thin enough such that the AIN is not relaxed but
is strained, due to a lattice mismatch with the barrier layer
1806 and the channel layer 1804, for example, the thickness
18024 may be less than 20 nm. The AIN interlayer 1802 may
interface the barrier layer 1806 and the channel layer 1804.
[0080] FIG. 18(f) illustrates the step of depositing a SiN,,
passivation layer in the access regions 1814, 1816 and par-
tially on the contacts S and D.

[0081] FIG. 19 is a flowchart illustrates a method for fab-
ricating a field effect transistor, comprising one or more of the
following steps:

[0082] Block 1900 represents the step of using a thickness
of a Ill-nitride barrier layer to control a threshold voltage of
the transistor’s gate and confine a 2DEG in a channel layer of
the transistor. The step may comprise selecting a thickness
and material composition of the Ill-nitride barrier layer to
obtain a desired threshold voltage of the transistor, wherein
the thickness of the I1I-nitride barrier layer does not substan-
tially decrease the on-resistance of the transistor, or substan-
tially decrease the 2DEG resistance. The IlI-nitride barrier
layer may be AlGaN, and the material composition may be Al
content, and the transistor may be an E-mode HEMT. The
thickness and material composition may be selected to obtain
the threshold voltage of 1 V or greater, or maximize the
threshold voltage. The obtained threshold voltage may be at
least 1V and the on-resistance may correspond to a charge
density in the 2DEG in excess of 7x10'% cm™ or allow a
current density in the 2DEG in excess of 0.3 A/mm.

[0083] Block 1902 represents the step of using a polariza-
tion induced electric field of a I1I-nitride interlayer between
the 2DEG and the III-nitride barrier layer to induce a larger
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2DEG charge density as compared to without the III-nitride
interlayer, thereby reducing an on-resistance of the transistor
and controlling the on-resistance independently of the thresh-
old voltage. The thickness and composition of the III-nitride
barrier layer may be selected to maximize the threshold volt-
age independently (or without affecting) the resistance or
charge density of the 2DEG, or the on-resistance of the tran-
sistor. The magnitude of the polarization induced electric
field is proportional to the thickness of the I1I-nitride barrier
layer, i.e. the polarization induced electric field increases as
the thickness of the AIN layer increases.

[0084] Block 1904 represents the step of using a thickness
of p-II-nitride cap layer between the gate and the III-nitride
barrier layer to increase a gate turn-on of the transistor’s gate,
wherein the p-IlI-nitride layer depletes the 2DEG under the
gate at zero gate bias. The gate turn-on may be at least 3 V.
[0085] Block 1906 represents the step of removing the
p-1lI-nitride cap layer from contact regions and access
regions of the transistor, wherein the thickness of the III-
nitride barrier layer is smaller than a thickness of the III-
nitride barrier layer in a transistor without the IIl-nitride
barrier layer.

[0086] Block 1908 represents the step of obtaining a tran-
sistor, for example, an enhancement mode HEMT, wherein
the l-nitride barrier layer is AlGaN and the p-IlI-nitride
layer is p-GaN.

[0087] Possible Modifications and Variations

[0088] Insertion of an insulator (any combination of Si Oy,
SiyN,, AlLO,, and/or any other insulator, thickness ranging
from 0.1 A to 5000 A) beneath the gate electrode 102 (and
above the p-type layer 104) can further reduce gate leakage
and increase the gate turn-on.

[0089] Moreover, the p-GaN 104 and/or GaN-buffer 110
layer can be substituted by p-AlGalnN, and AlGalnN, respec-
tively.

[0090] Also, the p-GaN 104, AlGaN 106, and AIN 108

layers do not have to be abrupt, as they can be gradually
graded (in terms of Al composition).

[0091] The on-resistance (or access resistance) can be fur-
ther reduced by increasing the thickness of AlGaN 106 in the
access regions 118 (by regrowth of AlGaN in the access
region 118 or by selectively regrowing the p-GaN 104 below
the gate after etching away some of the AlGaN below the
gate). The on-resistance can also be reduced by ion-implant-
ing the access regions with donor species. These two methods
can be used together or separately.

[0092] Throughout this disclosure, (Al,Ga,In)N, AlGalnN,
and [I-nitride refer to II-nitride compounds. On resistance
refers to the resistance of the entire device, and access resis-
tance refers to the resistance of the access regions only. The
access region is between the contacts and the gate region. It
extends on each side of the gate to the contacts.
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CONCLUSION
[0099] This concludes the description of the preferred

embodiment of the present invention. The foregoing descrip-
tion of one or more embodiments of the invention has been
presented for the purposes of illustration and description. Itis
not intended to be exhaustive or to limit the invention to the
precise form disclosed. Many modifications and variations
are possible in light of the above teaching. It is intended that
the scope of the invention be limited not by this detailed
description, but rather by the claims appended hereto.

What is claimed is:

1. A method for fabricating a field effect transistor, com-
prising:

(a) using a Ill-nitride barrier layer to control a threshold
voltage of a gate of the transistor and confine a two
dimensional electron gas (2DEG) to a channel layer of
the transistor; and

(b) using a polarization induced electric field of a III-
nitride interlayer between the 2DEG and the III-nitride
barrier layer to induce a larger 2DEG charge density as
compared to without the IlI-nitride interlayer, thereby
reducing an on-resistance of the transistor and control-
ling the on-resistance independently of the threshold
voltage.

2. The method of claim 1, further comprising selecting a
thickness and material composition of the IIl-nitride barrier
layer to obtain a desired threshold voltage of the transistor,
wherein the thickness of the III-nitride barrier layer does not
substantially decrease the on-resistance of the transistor.

3. The method of claim 2, wherein the III-nitride barrier
layer is AlGaN, and the material composition is Al content,
and the transistor is an enhancement mode High Electron
Mobility Transistor (HEMT).

4. The method of claim 2, wherein the thickness and mate-
rial composition is selected to obtain the threshold voltage of
1V or greater.

5. The method of claim 2, wherein the obtained threshold
voltage is at least 1V and the on-resistance corresponds to a
charge density in the 2DEG in excess of 7x10™* cm™ or
allows a current density in the 2DEG in excess of 0.3 A/mm.

6. The method of claim 2, wherein the thickness and com-
position are selected to maximize the threshold voltage.

7. The method of claim 2, further comprising using a thick-
ness of p-Ill-nitride cap layer between the gate and the III-
nitride barrier layer to increase a gate turn-on of the transis-
tor’s gate, wherein the p-IlI-nitride layer depletes the 2DEG
under the gate at zero gate bias.

8. The method of claim 7, wherein the gate turn-on is at
least 3 V.

9. The method of claim 7, further comprising removing the
p-11I-nitride cap layer from in and under contact regions and
access regions of the transistor, wherein the thickness of the
III-nitride barrier layer is smaller than a thickness of the
III-nitride barrier layer in a transistor without the III-nitride
barrier layer.

10. The method of claim 9, wherein the transistor is an
enhancement mode HEMT, the Il-nitride barrier layer is
AlGaN and the p-IlI-nitride layer is p-GaN.
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11. A nitride based enhancement mode High Electron
Mobility Transistor (HEMT), comprising:

(a) a IlI-nitride channel layer having a channel potential
energy for containing a two dimensional electron gas
(2DEG), wherein the 2DEG has a resistance;

(b) a IlI-nitride barrier layer positioned for, and having a
barrier potential energy for, confining the 2DEG in the
channel layer, wherein a polarization coefficient of the
barrier layer is larger than a polarization coefficient of
the channel layer;

(c) a [II-nitride interlayer between the barrier layer and the
channel layer, wherein the IlI-nitride interlayer has a
polarization coefficient higher than the polarization
coefficient of the barrier layer;

(d) a source for supplying a current to the 2DEG;

(e) a drain for supplying an output current, wherein the
current flows from the source, through the 2DEG and
then to the drain to produce the output current;

(f) a gate for controlling the current’s flow through the
2DEG; and

(g) a p-type IlI-nitride layer between the I1I-nitride barrier
layer and the gate for depleting the 2DEG under the gate
at zero bias.

12. The HEMT of claim 11, further comprising a thickness
and material composition of the Ill-nitride barrier layer,
wherein the thickness and the material composition is
selected to obtain a desired threshold voltage of the HEMT.

13. The HEMT of claim 12, further comprising a thickness
of the p-type Ill-nitride layer, wherein the thickness of the
p-type Ill-nitride layer is selected to obtain a turn-on voltage
of the gate of 3 V or greater.
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14. The HEMT of claim 12, wherein the thickness of the
I1II-nitride barrier layer does not substantially reduce an on-
resistance of the HEMT or resistance of the 2DEG.

15. The HEMT of claim 12, wherein the thickness and the
material composition of the I1I-nitride barrier is selected to
obtain the threshold voltage of at least 1V and a charge
density of the 2DEG in excess of 7x10'2 cm™ or a current
density in the 2DEG is in excess of 0.3 A/mm.

16. The HEMT of claim 12, further comprising:

(a) afirst access region between the source and the gate and

a second access region between the drain and the gate,
wherein the p-type [lI-nitride layer is not present under
the source, drain, first access region and second access
region; and

(b) the thickness of the IlI-nitride barrier layer which is

smaller than a thickness of the [1I-nitride barrier layer in
a HEMT without the I1I-nitride interlayer.

17. The HEMT of claim 12, wherein the III-nitride barrier
layer is AlGaN, the material composition is an Al content, and
the III-nitride interlayer is AIN.

18. The HEMT of claim 17, wherein a thickness of the AIN
is thin enough such that the AIN is not relaxed but is strained,
due to a lattice mismatch with the barrier layer and the chan-
nel layer, or is less than 20 nm.

19. The HEMT of claim 12, wherein the III-nitride inter-
layer interfaces the I1I-nitride barrier layer and the III-nitride
channel layer.

20. The HEMT of claim 12, wherein the channel layer is
GaN and the p-type II-nitride layer is GaN.
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