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HIGHELECTRON MOBILITY TRANSISTOR 
STRUCTURE AND METHOD 

FIELD 

0001 Embodiments of the present disclosure generally 
relate to the field of integrated circuits, and more particularly, 
to a high electron mobility transistor (HEMT) structure and 
method of fabrication. 

BACKGROUND 

0002. A high electron mobility transistor (HEMT) is a 
type of field effect transistor (FET) in which a heterojunction 
is generally formed between two semiconductor materials 
having different bandgaps. In HEMTs, high mobility charge 
carriers are generally generated using, for example, a hetero 
junction of a highly-doped wide bandgap n-type donor-Sup 
ply layer and a non-doped narrow bandgap channel layer. 
Current in a HEMT is generally confined to a very narrow 
channel at the junction, and flows between Source and drain 
terminals, the current being controlled by a Voltage applied to 
a gate terminal. 
0003. In general, a transistor may be classified as a deple 
tion mode transistor or an enhancement mode transistor. In 
various applications, it may be desirable to have an enhance 
ment mode Switch device having a pinch-off Voltage greater 
than 1 volt (V) and a relatively high maximum current den 

BRIEF DESCRIPTION OF THE DRAWINGS 

0004 Embodiments will be readily understood by the fol 
lowing detailed description in conjunction with the accom 
panying drawings. To facilitate this description, like refer 
ence numerals designate like structural elements. 
Embodiments are illustrated by way of example and not by 
way of limitation in the figures of the accompanying draw 
1ngS. 
0005 FIG. 1 schematically illustrates a cross-section view 
of an integrated circuit (IC) device, according to various 
embodiments. 
0006 FIG.2 schematically illustrates a cross-section view 
of another integrated circuit (IC) device, according to various 
embodiments. 
0007 FIG.3 schematically illustrates a cross-section view 
of yet another integrated circuit (IC) device, according to 
various embodiments. 
0008 FIG. 4 is a flow diagram of a method for fabricating 
an integrated circuit device, according to various embodi 
mentS. 

0009 FIG. 5 schematically illustrates an example system 
including an IC device, according to various embodiments. 

DETAILED DESCRIPTION 

00.10 Embodiments of the present disclosure provide 
structural configurations of an integrated circuit (IC) device 
Such as, for example, a high electron mobility transistor 
(HEMT) switch device, and method of fabrication. In the 
following detailed description, reference is made to the 
accompanying drawings which form a part hereof, wherein 
like numerals designate like parts throughout, and in which is 
shown by way of illustration embodiments in which the sub 
ject matter of the present disclosure may be practiced. It is to 
be understood that other embodiments may be utilized and 
structural or logical changes may be made without departing 
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from the scope of the present disclosure. Therefore, the fol 
lowing detailed description is not to be taken in a limiting 
sense, and the scope of embodiments is defined by the 
appended claims and their equivalents. 
0011 For the purposes of the present disclosure, the 
phrase “A and/or B' means (A), (B), or (A and B). For the 
purposes of the present disclosure, the phrase "A, B, and/or 
C’ means (A), (B), (C), (A and B), (A and C), (B and C), or 
(A, B and C). 
0012. The description may use the phrases “in an embodi 
ment,” or “in embodiments, which may each refer to one or 
more of the same or different embodiments. Furthermore, the 
terms "comprising.” “including "having, and the like, as 
used with respect to embodiments of the present disclosure, 
are synonymous. The term “coupled may refer to a direct 
connection, an indirect connection, or an indirect communi 
cation. 
0013 The term “coupled with along with its derivatives, 
may be used herein. “Coupled may mean one or more of the 
following. “Coupled may mean that two or more elements 
are in direct physical or electrical contact. However, 
“coupled may also mean that two or more elements indi 
rectly contact each other, but yet still cooperate or interact 
with each other, and may mean that one or more other ele 
ments are coupled or connected between the elements that are 
said to be coupled with each other. 
0014. In various embodiments, the phrase “a first layer 
formed on a second layer may mean that the first layer is 
formed over the second layer, and at least a part of the first 
layer may be in direct contact (e.g., direct physical and/or 
electrical contact) or indirect contact (e.g., having one or 
more other layers between the first layer and the second layer) 
with at least a part of the second layer. 
0015 FIG. 1 schematically illustrates a cross-section view 
of an integrated circuit (IC) device 100, according to various 
embodiments. The IC device 100 may be, for example, a 
HEMT device. 
(0016. The IC device 100 may be fabricated on a substrate 
102. The substrate 102 generally includes a support material 
upon which a stack 101 of layers is deposited. In an embodi 
ment, the substrate 102 includes silicon (Si), silicon carbide 
(SiC), aluminum oxide (Al2O) or 'sapphire.” gallium nitride 
(GaN), and/or aluminum nitride (AIN). Other materials 
including Suitable group II-VI and group III-V semiconduc 
tor material systems can be used for the substrate 102 in other 
embodiments. In an embodiment, the substrate 102 includes 
any material upon which GaN can be epitaxially grown. 
(0017. The stack of layers 101 (or simply “stack 101) 
formed on the substrate 102 may include epitaxially depos 
ited layers of different material systems that form one or more 
heterojunctions/heterostructures. In one embodiment, the 
stack 101 of the IC device 100 includes a buffer layer 104 
formed on the substrate 102. The buffer layer 104 may pro 
vide a crystal structure transition between the substrate 102 
and other components (e.g., channel layer 106) of the IC 
device 100, thereby acting as a buffer or isolation layer 
between the substrate 102 and other components of the IC 
device 100. For example, the buffer layer 104 may provide 
stress relaxation between the substrate 102 and other lattice 
mismatched materials (e.g., the channel layer 106). The 
buffer layer 104 may be epitaxially coupled with the substrate 
102. 

0018. In some embodiments, the buffer layer 104 may 
include aluminum gallium nitride (AlGaN), where X is a 
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value between 0 and 1 that represents relative quantities of 
aluminum and gallium. In some embodiments, X has a value 
between about 0.05 (e.g., 5% A1) and about 1 (e.g., 100% A1). 
A value for X may be selected based on a desired pinch-off 
voltage for the IC device 100. For example, increasing a 
percentage (%) of Al in the AlGaN may correspond with 
decreasing a pinch-off voltage of the IC device 100. In some 
embodiments, a 5% change in the Al composition results in 
about a 1 volt (V) shift of the pinch-off voltage. The buffer 
layer 104 may have a thickness between about 0.1 microns 
and about 2 microns in a direction that is substantially per 
pendicular to a surface of the substrate 102 upon which the 
buffer layer 104 is formed. The buffer layer 104 may include 
other suitable materials such as AlInGaN and/or thicknesses 
in other embodiments. 
0019. The stack 101 may further include a channel layer 
106 formed on the buffer layer 104. The channel layer 106 
may provide a pathway for current flow of mobile charge 
carriers between a source terminal, hereinafter source 112, 
and a drain terminal, hereinafter drain 114, of the IC device 
100. The difference in bandgap values for various layers of 
the IC device 100 creates a heterojunction that is generally at 
the interface of a wider bandgap donor-Supply layer (e.g., 
spacer layer 108 and/or barrier layer 110), which may be 
doped, and a narrower bandgap layer (e.g., the channel layer 
106), which may not be doped. While in operation, a two 
dimensional electron gas (2 DEG) may form at the hetero 
junction allowing, for example, electrons to flow in a Substan 
tially two-dimensional plane through the channel layer 106. 
The channel layer 106 may be epitaxially coupled with the 
buffer layer 104. 
0020. In some embodiments, the channel layer 106 may 
include gallium nitride (GaN). The channel layer 106 may 
have a thickness between about 50 angstroms and about 150 
angstroms in a direction that is substantially perpendicular to 
a surface of the buffer layer 104 upon which the channel layer 
106 is formed. A thickness of the channel layer 106 may be 
selected based on a desired pinch-off voltage for the IC device 
100. For example, decreasing a thickness of the channel layer 
106 may correspond with increasing a pinch-off voltage of 
the IC device 100. The channel layer 106 may include other 
suitable materials such as InGaN and/or thicknesses in other 
embodiments. 
0021. The stack 101 of layers may further include a spacer 
layer 108 formed on the channel layer 106. The spacer layer 
108 may be epitaxially coupled with the channel layer 106. 
0022. In some embodiments, the spacer layer 108 may 
include aluminum nitride (AIN) and have a thickness between 
about 5 angstroms and 30 angstroms in a direction that is 
Substantially perpendicular to a Surface of the channel layer 
106 upon which the spacer layer 108 is formed. The spacer 
layer 108 may include other suitable materials and/or thick 
nesses in other embodiments. In some embodiments, the 
spacer layer 108 is a growth layer or seed layer that facilitates 
crystalline formation of the barrier layer 110. 
0023 The stack 101 of layers may further include a barrier 
layer 110 formed on the spacer layer 108. The barrier layer 
110 may be epitaxially coupled with the spacer layer 108. 
0024. In some embodiments, the barrier layer 110 may 
include aluminum (Al), nitrogen (N), and at least one of 
indium (In) and/or gallium (Ga). In an embodiment, the bar 
rier layer 110 includes indium aluminum nitride (InAl-N), 
where y is a value between 0 and 1 that represents relative 
quantities of indium and aluminum. The composition of the 
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barrier layer 110 may complement the composition of the 
channel layer 106. For example, in some embodiments, the 
composition of indium in the barrier layer 110 may be 
reflected by y=0.18. This indium concentration provides the 
barrier layer 110 with a lattice structure that matches a lattice 
structure of the channel layer 106. Such matching may result 
in relatively low stress, which may provide the IC device 100 
with increased reliability through operation. While variance 
from an 18% concentration of indium may increase lattice 
structure mismatch, such variance may also provide desirable 
operating characteristics for particular embodiments. For 
example, decreasing the concentration of indium to 13%, for 
example, may induce more charge (current) but may also 
increase the stress in the IC device 100. Conversely, increas 
ing the concentration of indium to 21%, for example, may 
induce less charge but may also reduce the overall stress in the 
IC device 100. In some embodiments, y has a value between 
about 0.13 and about 0.21. Other values for y can be used in 
other embodiments. 
0025. In some embodiments, the barrier layer 110 may 
include indium gallium nitride (In GaN) wherey is a value 
between 0 and 1 that represents a relative quantity of indium 
and gallium. In other embodiments, the barrier layer 110 may 
include indium gallium aluminum nitride (InGaAl-N), 
wherey and Z are each a value between 0 and 1 that represents 
a relative quantity of indium and gallium, respectively. The 
relative quantity of aluminum can be calculated based on the 
relative quantities of indium and gallium. 
0026. The barrier layer 110 may have a thickness between 
about 50 angstroms and about 150 angstroms in a direction 
that is substantially perpendicular to a Surface of the spacer 
layer 108 upon which the barrier layer 110 is formed. The 
barrier layer 110 may include other suitable materials and/or 
thicknesses in other embodiments. 

(0027. The IC device 100 further includes a gate structure 
120 having a gate terminal 118 and a gate dielectric 116. The 
gate terminal 118 serves as a connection terminal for the IC 
device 100 and the gate dielectric 116 reduces current flow in 
the IC device 100 to substantially zero when the IC device 100 
is switched off. 

0028. The gate dielectric 116 may beformed on the spacer 
layer 108. For example, the barrier layer 110 can be selec 
tively recessed to form an opening that allows deposition of 
an electrically insulative material to form the gate dielectric 
116 on the spacer layer 108. In an embodiment, the gate 
dielectric is directly coupled with the spacer layer 108. In 
Some embodiments, the gate dielectric 116 includes alumi 
num oxide (AlO4), silicon nitride (SiN), hafnium oxide 
(H?O), silicon dioxide (SiO) or silicon oxy-nitride (SiON). 
In some embodiments, the gate dielectric 116 has a thickness 
between about 20 angstroms and 200 angstroms. Other mate 
rials and/or thicknesses can be used for the gate dielectric 116 
in other embodiments including, for example, other stoichi 
ometries or relative quantities of the elements for the example 
materials listed above. 

0029. The gate terminal 118 may be formed on the gate 
dielectric 116 and directly coupled with the gate dielectric 
116. In some embodiments, a portion of the gate terminal 118 
is formed in the opening of the barrier layer 110. The portion 
of the gate terminal 118 formed in the opening of the barrier 
layer 110 may be part of a trunk or bottom portion of the gate 
terminal 118, as can be seen. A top portion of the gate terminal 
118 may extend away from the trunk portion of the gate 
terminal 118 in opposing directions that are substantially 
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perpendicular to a lengthwise direction of the trunk portion of 
the gate terminal 118, as can be seen. Such configuration of 
the trunk portion and top portion of the gate terminal 118 may 
be referred to as a T-shaped gate. In some embodiments, the 
gate terminal 118 may include a field-plate gate, which may 
increase a breakdown Voltage and/or reduce an electric field 
between the gate terminal 118 and the drain 114. 
0030 The gate terminal 118 generally includes an electri 
cally conductive material Such as a metal. In some embodi 
ments, the gate terminal 118 includes nickel (Ni), platinum 
(Pt), iridium (Ir), molybdenum (Mo), gold (Au), and/or alu 
minum (Al). In an embodiment, the gate terminal 118 
includes material deposited in the following order: Ni fol 
lowed by Pt, which is followed by Ir, which is followed by 
Mo, which is followed by Au. In an embodiment, a material 
including Ni/Pt/Ir/Mo is disposed in the trunk portion of the 
gate terminal 118 to provide a gate contact with the gate 
dielectric 116 material and a material including Au is dis 
posed in the top portion of the gate terminal 118 to ensure 
conductivity and low resistance of the gate terminal 118. 
0031. In some embodiments, the gate terminal 118, the 
gate dielectric 116, and the spacer layer 108 are respective 
components of a metal-insulator-semiconductor (MIS) struc 
ture. The gate terminal 118 may be capacitively coupled with 
the spacer layer 108 and/or channel layer 106 through the gate 
dielectric 116. The MIS structure that includes the gate 
dielectric 116 may provide an effective switch device for 
power-switch applications including power conditioning 
applications such as, for example, Alternating Current (AC)- 
Direct Current (DC) converters, DC-DC converters, DC-AC 
converters, and the like. A Schottky-type barrier between the 
gate terminal 118 and the spacer layer 108 or channel layer 
106 may not be ideal or effective in such switch applications 
owing to more persistent current flow/leakage when an off 
voltage is applied to the Schottky-type barrier. 
0032. In some embodiments, the IC device 100 may 
include an enhancement mode (e-mode) Switch device, which 
uses a positive gate Voltage of gate terminal 118 with respect 
to source voltage of source 112 in order for current to flow in 
the IC device 100. This is in contrast to a depletion mode 
(d-mode) device, which uses a negative gate Voltage with 
respect to source Voltage in order to pinch-off current flow in 
the IC device 100. The ability to operate the IC device 100 as 
an e-mode Switch, as opposed to a d-mode Switch, may be due 
in part to the material systems described and used for the stack 
101 and/or the tuning of the pinch-off voltage by varying the 
thickness and/or materials (e.g., Al) of the buffer layer 104 
and/or the channel layer 106 as described herein. Configura 
tions described herein for the IC device 100 may provide an 
e-mode Switch device having a pinch-off voltage greater than 
1 volt (V) and a relatively high maximum current density of 
about 2.5 amperes (A)/millimeter (mm) of gate width. 
0033. The IC device 100 may include a source 112 and 
drain 114 formed on the barrier layer 110. Each of the source 
112 and the drain 114 may extend through the barrier layer 
110 and the spacer layer 108 into the channel layer 106, as can 
be seen. According to various embodiments, the source 112 
and the drain 114 are ohmic contacts. The source 112 and the 
drain 114 may include re-grown contacts that may provide a 
relatively lower contact resistance than standard grown con 
tacts. In embodiments, the contact resistance of the Source 
112 and the drain 114 is about 0.01 ohmmm. 

0034. The source 112 and the drain 114 may each include 
an electrically conductive material such as metal. In an 
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embodiment, each of the source 112 and the drain 114 include 
titanium (Ti), aluminum (Al), molybdenum (Mo), gold (Au), 
or silicon (Si), or combinations thereof. Other materials can 
be used in other embodiments. 

0035. In an embodiment, a distance D1 between the drain 
114 and the gate 118 is greater than a distance S1 between the 
source 112 and the gate 118. The distance D1 may be a 
shortest distance between the drain 114 and the gate 118 and 
the distance S1 may be a shortest distance between the source 
112 and the gate 118 in some embodiments. Providing a 
shorter distance S1 than distance D1 may increase a gate 118 
to drain 114 breakdown voltage and/or reduce source 112 
resistance. 
0036. A dielectric layer 122 may be formed on the barrier 
layer 110 in some embodiments. The dielectric layer 112 may 
include, for example, silicon nitride (SiN). Other materials 
can be used for the dielectric layer 122 in other embodiments. 
0037 FIG. 2 schematically illustrates a cross-section view 
of another integrated circuit (IC) device 200, according to 
various embodiments. The IC device 200 of FIG. 2 may 
comport with embodiments described in connection with the 
IC device 100 of FIG. 1 except that the gate structure 120 of 
the IC device 200 extends into the spacer layer 108. In some 
embodiments, the gate dielectric 116 may extend into the 
spacer layer 108. For example, the spacer layer 108 may be 
recessed, at least in part, using a process that is similar or the 
same as the process used to recess the barrier layer 110. The 
gate dielectric 116 may be formed in the recessed portion of 
the spacer layer 108 and the gate 118 may be formed on the 
gate dielectric 116. 
0038 FIG.3 schematically illustrates a cross-section view 
of yet another integrated circuit (IC) device 300, according to 
various embodiments. The IC device 300 of FIG. 3 may 
comport with embodiments described in connection with the 
IC device 100 of FIG. 1 except that the gate structure 120 of 
the IC device 300 extends into the channel layer 106. In some 
embodiments, the gate dielectric 116 may extend into the 
channel layer 108. For example, the spacer layer 108 and the 
channel layer 106 may be recessed using a process that is 
similar or the same as the process used to recess the barrier 
layer 110. The gate dielectric 116 may be formed in the 
recessed portion of the channel layer 106 and the gate 118 
may be formed on the gate dielectric 116. In other embodi 
ments, the gate dielectric 116 may be formed on the buffer 
layer 104 by recessing through the channel layer 106 or may 
be formed to extend into the buffer layer 104 by recessing a 
portion of the buffer layer 104. 
0039 FIG. 4 is a flow diagram of a method 400 for fabri 
cating an IC device (e.g., the IC device 100 of FIG. 1), 
according to various embodiments. The method 400 may 
include forming a buffer layer (e.g., buffer layer 104 of FIG. 
1) on a substrate (e.g., substrate 102 of FIG.1) at 402, forming 
a channel layer (e.g., channel layer 106 of FIG. 1) on the 
buffer layer at 404, forming a spacer layer (e.g., spacer layer 
108 of FIG. 1) on the channel layer at 406, and forming a 
barrier layer (e.g., barrier layer 110 of FIG. 1) on the spacer 
layer at 408. According to various embodiments, each of the 
buffer layer, the channel layer, the spacer layer, and the barrier 
layer is epitaxially deposited by molecular beam epitaxy 
(MBE), atomic layer epitaxy (ALE), chemical beam epitaxy 
(CBE) and/or metal-organic chemical vapor deposition 
(MOCVD). Other suitable deposition techniques can be used 
in other embodiments. The forming of layers at 402,404, 406, 
and 408 may provide a stack (e.g., stack 101 of FIG. 1) of 
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epitaxially coupled layers. Materials and/or thicknesses for 
the layers of the stack may comport with embodiments 
already described in connection with the IC device 100 of 
FIG 1. 

0040. At 410, the method 400 may further include forming 
a source (e.g., Source 112 of FIG. 1) and drain (e.g., drain 114 
of FIG. 1). The source and drain may beformed on the barrier 
layer. In an embodiment, materials such as one or more metals 
are deposited on the barrier layer in an area where the source 
and drain are to be formed using, e.g., an evaporation process. 
The materials used to form the source and the drain can 
include metals deposited in the following order: titanium (Ti) 
followed by aluminum (Al), which is followed by molybde 
num (Mo), which is followed by titanium (Ti), which is fol 
lowed by gold (Au). The deposited materials are heated (e.g., 
to about 850° C. for about 30 seconds using a rapid thermal 
anneal process) to cause the materials to penetrate and fuse 
with underlying material of the barrier layer, the spacer layer, 
and/or the channel layer. In embodiments, each of the Source 
and the drain extends through the barrier layer and the spacer 
layer into the channel layer. A thickness of the source and the 
drain can be between about 1000 angstroms and 2000 ang 
stroms. Other thicknesses for the source and the drain can be 
used in other embodiments. 

0041. The source and the drain may be formed by a re 
growth process to provide ohmic contacts having a reduced 
contact resistance or reduced on resistance. In the re-growth 
process, material of the barrier layer, the spacer layer, and the 
channel layer is selectively removed (e.g., etched) in areas 
where the source and the drain are to be formed. A highly 
doped material (e.g., n++ material) is deposited in the areas 
where the barrier layer, the spacer layer, and the channel layer 
have been selectively removed. The highly doped material of 
the source and drain may be a similar material as the material 
used for the channel layer. For example, in a system where the 
channel layer includes GaN, a GaN-based material that is 
highly doped with silicon (Si) may be epitaxially deposited in 
the selectively removed areas to a thickness between about 
400 angstroms and 700 angstroms. The highly doped material 
can be epitaxially deposited by molecular beam epitaxy 
(MBE), atomic layer epitaxy (ALE), chemical beam epitaxy 
(CBE), or metal-organic chemical vapor deposition 
(MOCVD), or suitable combinations thereof. Other materi 
als, thicknesses, or deposition techniques for the highly 
doped material can be used in other embodiments. One or 
more metals including, e.g., titanium (Ti) and/or gold (Au) 
can be formed/deposited on the highly doped material at a 
thickness between about 1000 angstroms and 1500 angstroms 
using, e.g., a lift-off process. Other materials, thicknesses, 
and/or techniques for the one or more metals can be used in 
other embodiments. 

0042. In some embodiments, the source and the drain may 
be formed by an implantation process that uses implantation 
techniques to introduce an impurity (e.g., silicon) to provide 
a highly doped material in the source and the drain. After 
implantation, the Source and the drain are annealed at a high 
temperature (e.g., 1100-1200° C.). The re-growth process 
may preferably avoid the high temperature associated with 
the post-implantation anneal. 
0043. At 412, the method 400 may further include forming 
a gate structure (e.g., the gate structure 120 of FIG. 1). The 
gate structure may include an electrically conductive portion 
orgate (e.g., gate 118 of FIG. 1) and an electrically insulative 
portion or gate dielectric (e.g., gate dielectric 116 of FIG. 1). 
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0044) The gate dielectric may be formed on the spacer 
layer. A portion of the barrier layer may be selectively 
recessed to provide an opening through the barrier layer. In an 
embodiment, an etch process selectively removes material of 
the barrier layer to expose the spacer layer. 
0045. In some embodiments, a dielectric layer (e.g., 
dielectric layer 122 of FIG. 1) is formed on the barrier layer 
and photoresist is deposited on the dielectric layer and pat 
terned to provide an opening that corresponds with the open 
ing to be formed in the barrier layer. In an embodiment, an 
anisotropic etch process may selectively remove material 
from the dielectric layer and underlying barrier layer to 
expose the spacer layer for deposition of the gate dielectric 
material. The spacer layer may be treated and/or cleaned to 
minimize trap density between the gate dielectric and the 
spacer layer. 
0046. In other embodiments, an anisotropic etch process 
may remove material from the dielectric layer, the barrier 
layer, the spacer layer (e.g., the spacer layer 108 of FIG. 2), 
the channel layer (e.g., the channel layer 106 of FIG. 3), 
and/or the buffer layer to allow the formation of the gate 
dielectric Such that the gate dielectric extends into the spacer 
layer, the channel layer, and/or the buffer layer as described in 
connection with FIGS. 2 and 3. Similar treatment and/or 
cleaning may be used to minimize trap density between the 
gate dielectric and the channel layer or between the gate 
dielectric and the buffer layer in some embodiments. 
0047. The gate dielectric material may be deposited on the 
spacer layer by any suitable deposition technique including, 
for example, atomic layer deposition (ALD) or chemical 
vapor deposition (CVD). Other deposition techniques can be 
used in other embodiments. Thicknesses and/or materials for 
the gate dielectric may comport with embodiments already 
described in connection with FIG. 1. 
0048. The gate may be formed on the gate dielectric by 
depositing a gate material on the gate dielectric in the opening 
of the barrier layer. The gate material can be deposited by any 
Suitable deposition process including, for example, evapora 
tion, ALD and/or CVD. In an embodiment, Nickel (Ni) is 
deposited first on the gate dielectric followed by sequential 
deposition of platinum (Pt), iridium (Ir), and molybdenum 
(Mo). Gold (Au) may be sequentially deposited on the molyb 
denum. In an embodiment where the gate is a T-shaped gate, 
a trunk portion of the T-gate may beformed by depositing one 
or more metals to fill the opening formed in the barrier layer 
and in the dielectric layer to facilitate formation of the gate 
dielectric. A top portion of the T-gate may beformed by metal 
deposition/etch processes or a lift-off process. 
0049 Various operations are described as multiple dis 
crete operations in turn, in a manner that is most helpful in 
understanding the claimed subject matter. However, the order 
of description should not be construed as to imply that these 
operations are necessarily order dependent. In particular, 
these operations may not be performed in the order of pre 
sentation. Operations described may be performed in a dif 
ferent order than the described embodiment. Various addi 
tional operations may be performed and/or described 
operations may be omitted in additional embodiments. 
0050 Embodiments of an IC device 100 described herein, 
and apparatuses including Such IC device 100, may be incor 
porated into various other apparatuses and systems. A block 
diagram of an example system 500 is illustrated in FIG. 5. As 
illustrated, the system 500 includes a power amplifier (PA) 
module 502, which may be a Radio Frequency (RF) PA 
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module in some embodiments. The system 500 may include 
a transceiver 504 coupled with the power amplifier module 
502 as illustrated. The power amplifier module 502 may 
include an IC device (e.g., the IC device 100, 200, or 300 of 
FIGS. 1-3) described herein. 
0051. The power amplifier module 502 may receive an RF 
input signal, RFin, from the transceiver 504. The power 
amplifier module 502 may amplify the RF input signal, RFin, 
to provide the RF output signal, RFout. The RF input signal, 
RFin, and the RF output signal, RFout, may both be part of a 
transmit chain, respectively noted by Tx-RFinand Tx-RFout 
in FIG. 5. 
0052. The amplified RF output signal, RFout, may be pro 
vided to an antenna switch module (ASM) 506, which effec 
tuates an over-the-air (OTA) transmission of the RF output 
signal, RFout, via an antenna structure 508. The ASM 506 
may also receive RF signals via the antenna structure 508 and 
couple the received RF signals, Rx, to the transceiver 504 
along a receive chain. 
0053. In various embodiments, the antenna structure 508 
may include one or more directional and/or omnidirectional 
antennas, including, e.g., a dipole antenna, a monopole 
antenna, a patchantenna, a loop antenna, a microStrip antenna 
or any other type of antenna suitable for OTA transmission/ 
reception of RF signals. 
0054 The system 500 may be any system including power 
amplification. The IC device 100, 200, or 300 may provide an 
effective switch device for power-switch applications includ 
ing power conditioning applications such as, for example, 
Alternating Current (AC)-Direct Current (DC) converters, 
DC-DC converters, DC-AC converters, and the like. In vari 
ous embodiments, the system 500 may be particularly useful 
for power amplification at high radio frequency power and 
frequency. For example, the system 500 may be suitable for 
any one or more of terrestrial and satellite communications, 
radar systems, and possibly in various industrial and medical 
applications. More specifically, in various embodiments, the 
system 500 may be a selected one of a radar device, a satellite 
communication device, a mobile handset, a cellular telephone 
base station, a broadcast radio, or a television amplifier sys 
tem. 

0055 Although certain embodiments have been illus 
trated and described herein for purposes of description, a 
wide variety of alternate and/or equivalent embodiments or 
implementations calculated to achieve the same purposes 
may be substituted for the embodiments shown and described 
without departing from the scope of the present disclosure. 
This application is intended to cover any adaptations or varia 
tions of the embodiments discussed herein. Therefore, it is 
manifestly intended that embodiments described herein be 
limited only by the claims and the equivalents thereof. 

1. An apparatus comprising: 
a buffer layer formed on a substrate, the buffer layer being 

epitaxially coupled with the substrate; 
a channel layer formed on the buffer layer to provide a 

pathway for current flow in a transistor device, the chan 
nel layer being epitaxially coupled with the buffer layer; 

a spacer layer formed on the channel layer, the spacer layer 
being epitaxially coupled with the channel layer, 

a barrier layer formed on the spacer layer, the barrier layer 
being epitaxially coupled with the spacer layer, the bar 
rier layer including aluminum (Al), nitrogen (N), and at 
least one of indium (In) or gallium (Ga); 
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a gate dielectric directly coupled with the spacer layer or 
the channel layer, and 

a gate formed on the gate dielectric, the gate being directly 
coupled with the gate dielectric. 

2. The apparatus of claim 1, wherein: 
the buffer layer includes aluminum gallium nitride 
(AlGaN), where x is a value between 0 and 1 that 
represents relative quantities of aluminum and gallium; 

the channel layer includes gallium nitride (GaN); 
the spacer layer includes aluminum nitride (AIN); and 
the barrier layer includes indium aluminum nitride (InAll 

N), where y is a value between 0 and 1 that represents 
relative quantities of indium and aluminum. 

3. The apparatus of claim 2, wherein: 
the buffer layer has a thickness between 0.1 microns and 2 

microns and X has a value between 0.05 and 1: 
the channel layer has a thickness between 50 angstroms 

and 150 angstroms; 
the spacer layer has a thickness between 5 angstroms and 

about 30 angstroms; and 
the barrier layer has a thickness between 50 angstroms and 

150 angstroms and y has a value between 0.13 and 0.21. 
4. The apparatus of claim 1, wherein: 
the gate dielectric includes aluminum oxide (Al2O), sili 

con nitride (SiN), hafnium oxide (H?O), silicon dioxide 
(SiO) or silicon oxy-nitride (SiON); and 

the gate dielectric has a thickness between 20 angstroms 
and 200 angstroms. 

5. The apparatus of claim 4, wherein: 
the gate is a T-shaped field plate gate; and 
the gate includes nickel (Ni), platinum (Pt), iridium (Ir), 
molybdenum (Mo), or gold (Au). 

6. The apparatus of claim 1, further comprising: 
a source formed on the barrier layer; and 
a drain formed on the barrier layer, wherein each of the 

source and the drain extend through the barrier layer and 
the spacer layer into the channel layer. 

7. The apparatus of claim 6, wherein: 
the source is an ohmic contact; 
the drain is an ohmic contact; and 
a shortest distance between the drain and the gate is greater 

than a shortest distance between the Source and the gate. 
8. The apparatus of claim 1, further comprising: 
the Substrate, the Substrate including silicon (Si), silicon 

carbide (SiC), sapphire (Al2O). gallium nitride (GaN), 
or aluminum nitride (AIN). 

9. The apparatus of claim 1, further comprising: 
a dielectric layer formed on the barrier layer. 
10. The apparatus of claim 1, wherein the gate is part of an 

enhancement mode (emode) high electron mobility transistor 
(HEMT) switch device. 

11. A method, comprising: 
epitaxially depositing a buffer layer on a Substrate; 
epitaxially depositing a channel layer on the buffer layer, 

the channel layer to provide a pathway for current flow in 
a transistor device; 

epitaxially depositing a spacer layer on the channel layer, 
epitaxially depositing a barrier layer on the spacer layer, 

the barrier layer including aluminum (Al), nitrogen (N), 
and at least one of indium (In) or gallium (Ga); 

selectively removingaportion of the barrier layer to expose 
the spacer layer; 
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depositing a gate dielectric material on the exposed spacer 
layer to form a gate dielectric that is directly coupled 
with the spacer layer, and 

depositing a gate material on the gate dielectric to form a 
gate of the transistor device that is directly coupled with 
the gate dielectric. 

12. The method of claim 11, wherein: 
the buffer layer includes aluminum gallium nitride 
(AlGaN), where x is a value between 0 and 1 that 
represents relative quantities of aluminum and gallium; 

the channel layer includes gallium nitride (GaN); 
the spacer layer includes aluminum nitride (AIN); and 
the barrier layer includes indium gallium aluminum nitride 
(InGaAll-N), where y and Z are values between 0 
and 1 that represents relative quantities of indium and 
gallium. 

13. The method of claim 12, wherein: 
the buffer layer has a thickness between 0.1 microns and 2 

microns and X has a value between 0.05 and 1: 
the channel layer has a thickness between 50 angstroms 

and 150 angstroms; 
the spacer layer has a thickness between 5 angstroms and 

about 30 angstroms; and 
the barrier layer has a thickness between 50 angstroms and 

150 angstroms and y has a value between 0.13 and 0.21. 
14. The method of claim 11, wherein: 
the portion of the barrier layer is selectively removed using 

an etch process; 
the gate dielectric is deposited using an atomic layer depo 

sition (ALD) process; 
the gate dielectric includes aluminum oxide (Al2O), sili 

con nitride (SiN), hafnium oxide (H?O), silicon dioxide 
(SiO) or silicon oxy-nitride (SiON); and 
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the gate dielectric has a thickness between 20 angstroms 
and 200 angstroms. 

15. The method of claim 14, wherein: 
the gate is a T-shaped field plate gate; and 
the gate includes nickel (Ni), platinum (Pt), iridium (Ir), 
molybdenum (Mo), or gold (Au). 

16. The method of claim 11, further comprising: 
forming a source on the barrier layer, and 
forming a drain on the barrier layer, 

wherein each of the source and the drain extend through 
the barrier layer and the spacer layer into the channel 
layer, 

wherein a shortest distance between the drain and the 
gate is greater than a shortest distance between the 
Source and the gate, and 

wherein each of the source and the drain is an ohmic 
COntact. 

17. The method of claim 11, further comprising: 
providing the Substrate, the Substrate including silicon (Si), 

silicon carbide (SiC), Sapphire (Al2O). gallium nitride 
(GaN), or aluminum nitride (AIN). 

18. The method of claim 11, further comprising: 
forming a dielectric layer on the barrier layer. 
19. The method of claim 11, wherein the channel layer is 

configured to provide a pathway for current flow in an 
enhancement mode (e-mode) high electron mobility transis 
tor (HEMT) switch device. 

20. The method of claim 11, wherein each of the buffer 
layer, the channel layer, the spacer layer, and the barrier layer 
is epitaxially deposited by molecular beam epitaxy (MBE), 
atomic layer epitaxy (ALE), chemical beam epitaxy (CBE) or 
metal-organic chemical vapor deposition (MOCVD). 
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