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DIGITAL ALLOY BASED BACK BARRIER FOR P-CHANNEL NITRIDE TRANSISTORS

TECHNICAL FIELD

{0001} The present discloswre is divected in general to the area of HH-Nitride transistors and

in particular to the design and fabrication of P-Channel GaN Transistors,

BACKGROUND OF THE DISCLOSURE

{0002] GaN power integrated circuits (JC) bave the potential of dramatically reducing the
size and weight of power electronic systems, thereby substantially reducing the cost of power
electronic devices. P-channel GaN-transistor is a ontical component tor making GaN power [Cs.
Such power electromic systens are widely needed in electnichybrid vehicles, more-electric
airerafts, as well as many consumer electronic products,

{0003] A variety of GaN wansistors are known and thev include P-Channel transistors in
conjunciion with N-Channel trapsistors using an analog alloy to improve conductivity, The use
of a tertiary alloy such as AlGaN (Aluminum-Gallium-Nitride) 13 often referred to as analog
alloy in the art. To merease power handling capacity of GaN transistors, several techniques have
been exploited to increase channel conductivity.

{0004] It is important 1o achieve low channel resistance so that the total power consumption
can be reduced as well as the device speed can be unproved. Increasing the carnier density 1s one
conunon option that 1s explotted often. This can be achieved by using high Alummum (Al
compositions such as AlGaN as back barrier beneath the GalN channel. Higher the sluminum
content, hugher s the channel conductivity. However thick analog AlGaN with high Al content
cannot be grown on GalN butfer due to the lattice mismaich. This is a fundamental Hmit of using
analog AlGaN alloys as the back-barrier.

{0005} The proposed technology overcomes this Hmitation by proposing a new way t©

increase channel conductivity while managing the sivess related to lattice mismateh.

SUMMARY OF THE DISCLOSURE

[0806] To address one or more of the above-deficiencies of the prior art, one

embodiment described in this disclosure provides for a power handling device comprising, a Ul-
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nitride channel tayer, a Hl-nitride cap laver on the channel laver, where the cap layver has higher
level of p-type doping than the channel laver, and a Hl-nitride digital allov back barrier below
the channel layer cowmprising a superlattice or saperlattice structure. According o an
embadiment of the present disclosure, a superlattice is a layer consisting of at least three
altemnating layers of a material A and a material B each layer of material A and each layer of
material B having a thickness of less than 10 nanometer.

{6007] Another embodiment described n this disclosure provides for a process of making a
power handling device comprising the steps of depositing a buffer layver on a substrate,
depositing a digital alloy back barrier layer on the buffer laver, depositing a Hi-nitride channel
on the digial alloy layer, depositing a Ill-nitride p-doped cap layer on the channel laver, etching
a gate recess n the cap laver exposing the channel layer, depositing a gate dieleciric inside the
gate recess and depositing a gate metal mside the gate recess and on the gate dielectric wherein,
the digital alloy laver is made up of supedlattice structure.

{6008] An embodiment of this disclosure comprises a power handling device having: a Hil-
nitride channel laver, a Hi-nitride cap laver on the channel layer, where the cap layer has higher
fevel of potype doping than the channe! layer, and a Hi-navide digital alloy back barrier below
the channel laver; the H-ntride digital alloy back barrier comprising a superiattice structure.

{6009} According to an embodiment of this disclosure, the power handhing device further
comprises a buffer layer below the digital alloy back barrier laver.

Gathium Ninde {GaN} channel layer.

{0011} According to an embodiment of this disclosure, the cap layer is a Magnesium {(Mg)
doped GaN.

{8012} According to an embodiment of this disclosure, the digital alloy back bagrier is a
binary alloy.

{0013] According to an embodiment of this disclosure, the superlattice structure comprises
alternating Ahummiman Nitride {AIN) and GaN layers.

{0014] According to an embodiment of this disclosure, the superlattice structure comprises
ternary alloys.

{0015] According to an embodiment of this disclosure, the superlattice structure comprises
alternating GaN and Aluminum-Gallium-Nitride {AIGaN) lavers.

[6016] According to an embodiment of thix disclosure, the superlattics structure comprises
alternating AlGaN and AlGaN lavers with different Alaminum percentages.

{0017} According to an embodiment of this disclosure, the digiial slloy 1z designed to
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mitigate strain due to lattice mismatch between the channel layer and the digital alloy back
barrier layer.

{0018} An embodiment of this discloswre alse comprises a of making a power handling
device comprising: depositing a buffer layer on a substrate; depositing a digital alloy back barrter
laver on the buffer laver; depositing a Hi-nitride channel on the digital alloy layer; depositing a
Mi-nitride p-doped cap laver on the channel layer; etching a gate recess in the cap laver exposing
the channel layer; depositing a gate dielectnic inside the gate recess; and depositing the gate
metal inside the gate recess and on the gate dielectric, wherein the digital alloy layer is made up
of superiattice structure.

{0019} According 10 an embodiment of this disclosure, the Hi-nitride channel is GaN and
the cap laver is a Magnesium (Mg} doped GaN,

{0028] According to an embodiment of this disclosure, the digital alloy back barrier is 8
binary alloy.

{0021} According to an embodiment of this discloswre, the saperlatiice structure comprises
alternating Aluminum Nitride (AIN) and GaN layers.

{22] According to an embodiment of this disclosure, the superlattice strocture comprises
ternary alloys.

{6023} According to an embodiment of this disclosure, the superlattice structure comprises
alternating GaN and Aluminum-Gallism-Nitride {AlGaN) lavers.

{0024} According to an embodiment of this disclosure, the superlattice structure comprises
atternating AlGaN and AlGaN layers with different Alaminum percentages.

{8025] According to an embodiment of this disclosure, the digital alloy is designed to
mitigate the stramn due to lattice mismaich between the channel laver and the digital alloy back
barrier layer.

{8026] According to an embodiment of this discloswre, the digital alloy laver is between 1
nucrometer and 2 micrometer thick.

{6027] An embodiment of this disclosere comprises a P-channel Hi-nitride transistor
having: a lll-nitride channel laver, and a Hl-nitride digital alloy back barrier below the channel

layer; the Hl-nitride digital alloy back barrier comprising a superdattice structure.

{0028} Centain embodiments may provide various technical advantages depending on the
implementation. For example, a technical advantage of some embodiments may wmchude the use
of binary digital alloy such as stacked up layers of Aluminum Nitride and Gallivun Nitride. Other

embodiments may ase stack up of ternary digital alloys.
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{0029] Although specific advantages have been enumerated above, vanious embodunents

may include some, none, or all of the enumerated advantages. Additionally, other technical
advantages may become readily apparent to one of ordinary skill in the art after review of the

following figures and description.

{0038} For a more complete understanding of the present disclosare and s advantages,
reference is now made to the following description taken in conjunction with the accompanying
drawings, i which hike reference numerals represent like parts:

{0031} Figure 1 illustrates a conventional p~channel (GaN structure with analog AlGaN back
bamier;

{8032] Figwre 2 illustrates a p-channel GaN device containing digital AIN-GaN super lattice
structure altoys as the back barrier, according to an embodiment of the present disclosure;

{0033} Figures 3a, 3b and 3¢ illustrate the first set of steps involved in the fabrication of a p-
channel GaN transistor contaming digital AIN-GaN super lattice alloys as the back barrier,
according to an embodiment of the present disclosure;
channel GaN transistor containing digital AIN-GaN super lattce alloys as the back barrer,
according to an embodiment of the presemt disclosure;

{0035] Figure Sa illustrates a p-channel GaN transistor structure according fo an
embodiment of the present disclosure;

{6036] Figure Sb illustrates the channel conductivity characteristics for the p-channel GaN
transistor structure Hustrated m Figore Sa;

{0037} Figuwre 5S¢ illustrates a p-channel GaN wansistor structure according to an
embodiment of the present disclosure;

{0038} Figure 5d illustrates the channel conductivity characteristics for the p-channel GaN
transistor structure ilustrated m Figore S¢;

{0039] Figwee 63 illustrates a p-channel GaN transistor structure according to an
embodiment of the present disclosure;

{0040] Figure 6b illustrates the channel conductivity characteristics for the p-channel GaN

transistor structure itlustrated in Figore 6a;
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{0041] Figwre 6¢ illostrates a p-channel GaN transistor  structire according {0 an

embodiment of the present disclosure; and
{00421 Figure 6d illustrates the chanpel conductivity charactenstics for the p-channel GaN

transistor structure itlustrated i Figure 6c¢.

DETAILED DESCRIPTION

{0043] It should be understood at the outset that, although example embodiments are
iflustrated below, the present technology mayv be implemented using any number of techniques,
whether currently known or not. The present technology should in no way be limited to the
example implementations, drawings, and technigues illustrated below. Additionally, the
drawings are not necessarily drawn to scale.

{8044} Recently, GaN transistors have revolutionized high power and high speed switching
electronics and there 15 a constant push, driven by the application demands, for higher and higher
power handling capacities. GaN transistor’s power handling capacity depends directly on the
chanuel conductivity.

{0045] Ui-Niride semiconductor materials (Aluminum,  Indium,  GallivmNitride  are
excellent wide band gap semiconductors very suitable for modern electronic and optoelectronic
applications. Though this disclosure describes the technology using GaN, the proposed
technology applies 10 any of the IH-Nitride senuconductor materials.

{0046} Figure 1 lustrates a conventional p-channel GalN transistor structure. it containg &
ternary alloy (102) Aluminum-Gallium Nitride (AIGaN), which is normally referved to as analog
AlGaN, as the back barrier. This back barrier 102 is directly under the GaN channel 103 as the
back barrier laver helps to improve the p-type carrier concentration in the GaN channel, utilizing
the polarization effect mtroduced by the back bamer AlGaN layver 102 In other words, the
higher conduction band _epergy in the large bandgap AlGaN bamier lavers improves the
confinernent of carniers in the low bandgap GaN channel compared to the sare strocture withow
the AlGaN barrier underneath the GaN channel. The AlGaN layer 102 is built on top of a budfer
layer 101 and the baffer laver helps mtroducing more holes from the ptype GaN. A laver of
GaN can serve as the buffer layer 101 and can be mounted on a substrate such as a Sapphire (not
shown)}. A layer 104 of p-doped GaN, (such as Magnesinm {Mg) doped GaN) on top of the GaN
channe! 103 completes the formation of a device that can be used to make a typical GaN
transistor. A typical GaN tansistor using the structure tlustrated i Figure 1 uses the

polarization effect of the back barrier 102 to mcrease the channel conductivity. Polarization
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mdaced hole density 1s a known phenomenon 1 the arl, as the p-type carriers tend 1o crowd near

the polarized barrier,

[0047] To improve the GaN chanuel conductivity, there are typically two approaches; either
increase the carrier density or improve the carnier mobility. The carrier mobility depends the
interface roughness, film quality, and other fundamental material properties which are hard to
modify. Thus, mereasing the carrier density is a more promising approach. The polarization
effect in the AlGaN back bamier has a direct effect over the carnier density in the GaN channel.
The density increases with Increasing the polarization in AlGaN, which can be realized by
increasing the percentage of Aluminum in the back barrier.

{0048] To provide enough polarization effect, AlGalN with reasonable thickness 13 required.
However, most of the time the AlGaN back barrier 1s grown on GaN buffer, which bas a larger
lattice constant compared to AlGaN. This mtroduces a tensile sfrain m the AlGaN fim.
Increasing the percentage of Alummum leads to larger tensile strain, which eventually results m
cracks in the AIGaN film. Thas, the higher the alumimen concentration in the AlGaN, smaller
the AlGaN thickness would be, to provide the needed polarization effect. The use of AlGaN as a
back barrier iz often referred to as analog back barvier alloy.

{8049] To overcome this bmitation due to lattice nusmatch and increased strain as we
increase the alominum concentration in the back bamier, this disclosure proposes a new
technology, where the back-barnier layers use digital alloy instead of the analog alloy to improve
the channel conductivity while minimizing the stress related 1o the lattice mismatch. Super
lattices such as comprised of stacked wp AIN/GaN (Alummum nitnde / Galliom Nitride)
alternating lavers are referred o as digital alloys.

{0050] Figwre 2 ithestrates a GaN device 200, according to an embodiment of the present
disclosure. It uses alternating AIN/GaN layers forming & superlattice structure 205, which is
referred to as a digital AlGaN alloy, to serve as the back barrier. Superlattice structures help
reduce the cracking issues due to lattice mismatches. At the same time, superlattice structures
can provide a polarization effect similar to what the p-type carrier requires to be formed in the
(GaN channel.

{0051} The GaN device 200 comprises of & buffer layer 201, typically abouot 1.5 micrometer
thick and a digital superlattice alloy 205 back barrier mounted over the buffer layer 201. The
super lattice back barrier 205 comprises alternating lavers of AIN (205by.,) and GaN (205a44).
This structure Is also called as binary alloy. Each of the AIN layers (205by.,} are typically about 2
to 3 nanometer thick, while the GaN lavers (2058, can each be typically 2 to 10 nancmeter

thick. The superlattice {SL} back barnier 205 typically has more than two; preferably 30 to 40
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pairs of alternating AIN and GaN layers. An alternative SL stvpcture is an alternating AlGaN and
GaN stack up 205 or AlGaN/AIGaN stack up 205 where the AlGaN lavers have different amount
Aluminum percentages {(by weight or volume).
{0052]  According to an embodiment of the present discloswre, the superlattice comprises
at least three alternating layvers of AIN and GaN; each layer having a thickness of less than 10

nanometer.

{0033] The GaN channel layer 203 15 fabricated over the digital allov layer 205, In a typical
device, the GaN channel laver can be 30 nanometer to 300 nanometer thick. The Magnesium
{Mg) doped GaN cap laver 204 serves to supply the holes to the channel and is fabricated on top
of the (GaN channel 203. The p-doped GaN cap layer 204 is typically about 100 nanometer to
200 nanometer thick. In this embodiment, the cap layer 204 can have much higher Mg doping
dug to the higher polanization effect of the digital alloy laver 205 The overall total device
thickness s typreatly less than 3 muicrometer.

{0054} The buffer laver 201 can be GaN or AlGaN. The AlGaN/GaN high-electron-mobality
teansistor requires a thermally conducting, semi-insulating substrate to achieve the best possible
performance. The senu-insulating S1C0 substrate is corrently the best choice for this device
technology; however, frinping fiekls which penetrate the GaN buffer layer at pinch-off mtroduce
significant substrate conduction at modest drain bias if chaonel electrons are not well confined to
the nitride structure. The addition of an nsulating buffer on the semi-insulating SiC substrate
suppresses this parasitic conduction, which results in dramatic improvements m the AlGaN/GaN
transistor performance. A pronounced reduction in both the gate-lag and the gate-leakage current
are observed for structures with the butier layer,

{0055] The digital SL alloy back barner layer 203 provides the necessary polarization effect
along the mterface with the GaN channel layer 203. Holes crowd along this interface to provide
for the necessary channel conductivity. The digital alloy belps providing a thick back bamier
with a strong polarization maintained, which helps introduce more holes into the GaN channel
laver 203. A transistor made using GaN device 200 was evaluated for performance and found to
have substantially higher switching speeds, lower switching loss and a substantially reduced
parasitic value.

{0036} The process of making a transistor using the GaN device 200 can comprise
fabricating the layers as structred tn Figore 3b, followed by the process steps illustrated m

Figure 3¢ and 4a through dc. The digital alloy 365 can be fabricated as illustrated in Figore 3a.
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The alloy 3035 can either be fabricated first or altematively fabricated as part of fabricating the
stack as Hlustrated 1n Figare 3b.

[00587] The digital alloy 3035 can be formed by stacking up alternative lavers of GaN and
AIN. A GaN layer is formed using one of many known techniques in the art. One such technigue
is molecular beam epitaxy {MBE). Alternatively, a GaN layer can also be formed by a spultering
process af a high substiate temperature — for example greater than 700-degree Celstus. Smee
Galliam is a haqwd at aroend 30-degree Celsius, mitial nitridation of Galliem ligoid metal surface
needs to be done in this sputtering process using pure Ga as target surface. A horizontal water
cooled stainless steel trough can be used for the growth of GaN epilaver. A reactive Direct
Current (DC) magnetron sputter epitaxy can be used. In fabricating the digital alloy 305, a GaN
layer is first formed to the required thickness of between 2 nanometer to 10 nanometer, followed
by an AIN {(Alummuom Nimde) layer formed on top of this GaN layer by several konown
techniques, such as sputtering, electroplating or MBE. Typically, a 2 nanometer to 3 nanometer
thick AIN layer is formed. The process is repeated for subsequent pair of GaN and AIN layers. It
1s not vnusual to form 38 to 40 paus of GaN/AIN lavers by repeating this process, yielding a
digiial alloy that is Jess than 3 micrometer thick,

{0058} The process of making the device 200 comprises forming a buffer laver 301 on a
substrate 306 of choice, such as Silicon Carbide (S10) or Saphure, as ilustrated in Figure 3b. The
buffer laver 301 can be any suitable material, such as GaN or AlGaN., The buffer layer is
typically about 1 to 2 micrometer thick and preferably 1.5 micrometer thick. The digial alloy
308 is formed on top of this buffer laver as described earlier. Altemnatively, the digital alloy ean
be fabricated separately and deposited on top of the buffer laver by any known techuiques such
as MBE or a sputtering process. Typically, the digital alloy will be between 1 to 2 micrometer
thick and preferably about 1.5 micrometer thick. The GaN channel is fabricated on top of the
digital alloy using techniques described eatlier. The GaN channel is typically between 50
nanometer to 300 nanometer thick, and preferably 100 napometer thick. The p-doped GaN layer
is formed on top of the GaN channel by any known process, such as MBE or spottering. In 2
preferred embodiment, Magnesium (Mg) 1s used as the p-dopant.

{0039] The next step m the process 1s to etch a gate recess 307 that exposes the GaN channel
303 as lustrated m Figure 3c. This etching process typically comprises masking the area around
and exposing the etching area and using known eiching technigues {such as using chemical or
gas of laser / molecular beams) to etch out the gate area and exposing a part of the GaN channel
303, Next, a suitable gate dislectric 408 such as Silicon dioxide is deposited as ilustrated in

Figure 4a by any known technigues, such as depositing Silicon by spuottering followed by
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oxidation or any other suitable technique depending oun the chosen gate dielecinic.

{0060} Figure 4b tllustrates the next step of forming the ohmic contacts 409a and 409b on
the p-channel, This step comprises of depositing the contact electrode of the device, such as
gold, copper or silver and is typically done using electroplating or sputtering process. The final
step s to form the gate metal in the cavity of the dislectiic as iHustrated in Figure 4o, The gate
metal can be gold, silver or copper or any other suitable pate material. Depending on the chosen
gate material, process such as electroplating or sputtering can be used. The surfaces can be
polished, cleaned and separated from the substrate to foro the device 200

{0861} In the process steps described above, any of the steps illustrated can be changed,
modified or elimunated to better suit the materials chosen or as known to one i the art
Additional steps may be added as needed 1o perfect the device fabrication per specification.

{0062] Several test f{abrications and characterization of the proposed technology were
cartied out to characterize and quantify the benefits of the proposed technology. Since the
density of hole along the channel 15 one of the prume factor deciding the power handling capacity
of the device, the tests measure current flow as a function of applied voltage for various device
strictures. Figures Sa-8d and Figures da-6d illastrate the results of this study. The structures are
itlustrated on the lefl (Figuves Sa, Sc, & and 6¢) while the performance characteristics of the
respective structures are ilostrated on the night (Figures 3b, 54, 6b and 64).

{0063] Figure Sa illustrates a GaN transistor structwre having an epi structure without the
back barrier. It comprises of the Buffer layer 501 and having a GaN channel 503 on top. The p-
doped GaN layer 504 using Mg as the dopant 15 deposited on top of the GaN channel 303, The
phmic contacts 30%a and 509b is used 1o apply & voltage 1o the device and current through the
structore is measured. On the right is the measured performance characteristics of this stracture
as shown m Figwre Sh. The X-axis 512 is the voltage applied in Volts between the ohmic
contacts 509a and 309b. The Y-axis 511 15 the measured current through the device in g amps. it
can be noted that as the voltage is varied between -10v to +10v, the current through the device as
shown by the curve 521 linearly increases between ~150 p amps to + 150 ¢ amps. This baseline
performance can be compared with the performance of the subsequent improvements in the
device structore.

{0064} Figure Sc lustrates a revised device structure where an analog alloy 302 is added to
the device. This analog alloy 502 creates the polarization effect along the GaN channel boundary
causing hele crowding and increased current flow. Figure 5d illustrates the performance of this
structure i Figure Se. For the same range of apphied voltage (-10v to +10v), the current

mereases to ~410 y amps to + 410 y amps as shown by the performance curve 522, This 1s almost
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a threefold increase in the device conductivity, primarily caused by the mtroduction of the analog

alloy 502,

[0065] Next, we compare the performance of having a AIN spacer 612, which is primarily
introduced between the GaN channel 503 and the AlGaN laver 302 as ilustrated i Figwre 03, to
mitigate the stress due to the lattice mismatch, This spacer 612 marginally increases the curvent
flow as shown by the curve 623 to about -580 g amps to +380 p amps as the applied voltage
between the ohmic contacts s varied in the same range of ~10v to +10v. The structure in Figore
6a has a marginally better performance 623 in Figure 6b compared with the performance curves
S21and 522. The spacer 612 also helps mitigate the stress due to lattice mismatch between the
GaN layer M3 and the analog allov 302

{0066} Finally, we illustrate the substantial performance improvement of the proposed
technology. Figure 6c dlustrates the digital alloy layver 605 replacing the analog alloy 302,
located between the Buffer layer 301 and the GaN channpel 503. The corresponding performance
curve 624 in Figare 6d shows the current through the device in the range of -1.0 milliamps to
+1.0 milliamps as the applied voltage is varied between the same voltage range of ~10v to +10v,
as shown by Figure 6d. Thig is almost a 3X performance in device conductivity compared to the
analog alloy performance 322 in Figure 3d. One can titrate the thickness of the digital alloy 605
and / or the material and / or wdividual alloy material thicknesses of the alloy compositions to
increase the conductivity further, while mitigating the stress due to lattice mismatch between the
GaN channel 503 and the digital alloy layer 603,

{0067} In particular configurations, 1t may be desirable to have the AIN/GaN alloy to create
the polanization effect to enbance hole crowding. In other configurations, oune can use
AlGaN/GaN alloy 1o create the polarization effect. The device stack wp can be varied to suit the
mtended applications. Thickness of sach lavers as well as the digital alloy thickness can be
varied to meet particolar performance needs. Though this disclosure describes the technology
using GaN, the proposed technology applies to any of the Hi-Nitride semiconductor materials
{Al, Tn, Ga)N or the combinations thereof

{0068] Modifications, additions, or omissions may be made to the systems, apparatuses,
and methods described herein without departing from the scope of the inventive concepts. The
components of the systems and apparatuses may be integrated or separated. Moreover, the
operations of the svstems and apparatuses may be performed by more, fewer, or other
components. The methods may include more, fewer, or other steps. Additfonally, steps may be
performed in any suitable order. As used m this document, "each” refers to each member of a set

or each member of g suhset of a set.
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{0069] To aid the Patent Office, and any readers of any patent 1ssued on thys application
in interpreting the claims appended hereto, applicants wish to note that they do not mtend any of
the appended claims or claim elements 1o invoke paragraph 6 of 35 US.C Section 112 as it
exists on the date of filing hereof unless the words "mieans for™ or "step for" are explicitly used m
the particular clam.

{08701 All elements, pasts and steps described herein are preferably included. It is to be
understood that any of these elements, parts and steps may be replaced by other elements, pants
and steps or deleted altogether as will be obvious to those skilled in the art,

j0071] Broadly, this writing discloses at least the following: A Hl-nitride power handling
device and the process of making the I-niiride power handling device are disclosed that use
digital alloys as back barrier layer to mitigate the stratn due to lattice mismaich between the
channel layer and the back barvier layer and to provide mcereased channel conductivity. An
smbodiment discloses a GaN transistor using a superlattice binary digital alloy as back barner
comprising alternative lavers of AIN and GaN. Other embodiments include using superlattice
structures with layers of GaN and AlGaN as well as structures using AlGaN/AlGaN stackups
that have different Aluminwn concentrations. The disclosed device has substantially increased

channel conductivity compared to traditional analog alloy back barrier devices.
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This writing also presents at least the following Conceplis:
1. A power handling device comprising:
a Hi-nitride channel layer,
a IH-nitride cap layer on the channel layer, where the cap layer has higher level of p-type
doping than the channel fayer, and
a Hl-nitnde digital alloy back barrier below the channel laver; the Hinitride digital alloy

back barrier comprising a superlattice structure.

2. The power handling device of Concept {, further comprising a buffer layer below

the digital alloy back barrier layer.

3. The power handling device of Concept 1, wherein the Hl-nitride channel layver s a

Galhiwm Nitnde (GaN} channel layer.

4. The power handling device of Congept 1, wherein the cap laver is 3 Magnesium

{Me) doped GaN,

5. The power handling device of Concept 1, wherein the digital alloy back barrier is

a binary alloy.

6. The power handling device of Concept 1, wherein the superlaitice structure

comprises alternating Aluminum Nitride {AIN) and GaN layers.

7. The power handhing device of Concept 1, wherein the superlattice structure

comprises terpary alloys.

8. The power handling device of Concept 1, wherein the superlattice strocture

comprizes alternating GaN and Aluminum-Gallium-Nitride {AlGaN) layers.

9 The power handling device of Concept 1, wherein the superlaftice structure

comprises alternating AIGaN and AlGaN layers with different Aluminum percentages.

10. The power handling device of Concept 1, wheremn the digital alloy is designed 10

mitigate strain due to lattice musmatch between the channel layer and the digital alloy back
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barrier layer.
11 A process of makmg a power handhing device comprising;

depositing a buffer laver on a subsirate;

depositing a digital alloy back barrier layer on the buffer layer;

depositing a Hi-nitride channel on the digital alloy layer;

depositing a Hl-nitride p-doped cap layer on the channel laver;

efching a gate recess in the cap laver exposing the channel layer;

depositing a gate dielectric inside the gate recess; and

depositing the gate metal inside the gate recess and on the gate dielectric wherein,

the digtial alloy layer is made up of superlattice structure,

12, The process of making the power handling device of Concept 11, wherein

the -nitnide channel 15 GaN and wherein the cap layer 18 a Magnestum (Mg) doped GaN.

13 The process of making the power handling device of Coucept 11, wherein the

digital alloy back barrier is a binary alloy.

14, The process of making the power handlmg device of Concept 11, wherein the

superlattice stracture comprises alternating Alununum Nitride (AIN) and GaN layers.

15 The process of meking the power handling device of Concept 11, wherein the

superlattice structure comprises ternary alloys.

16. The process of making the power handling device of Concept 11, wherein the
superlattice structure comprises alternating GaN and  Alunimen-Galliwm-Nitride  (AlGaN)}

lavers.

17. The process of making the power handling device of Concept 11, wherein the

superlattice structure comprises alternating AlGaN and AlGaN layers with different Alummum

percentages.
I8. The process of making the power handling device of Concept 11, wherein the

digital allov 1s designed to mutigate the strain due 1o latiice mismatch between the channel layer
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14
and the digital alloy back barrier laver.
19, The process of making the power handling device of Concept 11, wherein the

digital alloy laver is between 1 micrometer and 2 micrometer thick.

20 A P-chamnel Hi-nitride transistor comprismg:

eV

a Hi-nitride channel layer, and

back barrier comprising a superlattice stracture.
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What is claimed 18
1. A power handling device comprising

a [H-nitride channel laver,

a Hl-nitride cap layer on the channel laver, where the cap laver has higher level of p-type
doping than the channel layer, and

a [{I-nitnde digital alloy back barrier below the channel layer; the Hl-nitride digital alloy

back barrier comprising a superlattice structure.

2. The power handling device of Claim 1, further comprising a buffer layer below

the digital alloy back barrier layer.

3 The power handling device of Clann 1, wherein the H-nitride channel laveris a

Gallium Nitride {GaN) channel laver.

4. The power handling device of Claim 1, wherein the cap layer is a Magnestam

{Mg} doped GaN,

3. The power handling device of Claim 1, wherein the digital alloy back barrier is a

binary alloy.

6. The power handling device of Claim 1, wherein the superlsitice strpcture

comprises alternating Aluminum Nitride (AIN) and GaN lavers.

7. The power handling device of Clamm 1, wheram the superlattice structure

comprises ternary alloys.

8. The power handling device of Clann 1, whercin the superlattice structure

comprises alternating GaN and Alonvnum-Gallium-Nitride (A1GaN} layers.

9. The power handling device of Clamm 1, wherein the superlatice structure

comprises alternating AlGaN and AlGaN lavers with different Aluminum percentages.

16 The power handling device of Claim 1, wherein the digital alloy 1s designed fo

mitigate strain doe to lattice mismaich between the chanpel laver and the digital alloy back
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barrier layer.
11 A process of makmg a power handhing device comprising;

depositing a buffer laver on a subsirate;

depositing a digital alloy back barrier layer on the buffer layer;

depositing a Hi-nitride channel on the digital alloy layer;

depositing a Hl-nitride p-doped cap layer on the channel laver;

efching a gate recess in the cap laver exposing the channel layer;

depositing a gate dielectric inside the gate recess; and

depositing the gate metal inside the gate recess and on the gate dielectric wherein,

the digtial alloy layer is made up of superlattice structure,

12, The process of making the power handling device of Claim 11, wherein

the -nitnide channel 15 GaN and wherein the cap layer 18 a Magnestum (Mg) doped GaN.

13 The process of making the power handling device of Clanm 11, wherein the

digital alloy back barrier is a binary alloy.

14, The process of making the power handling device of Claim 11, wherein the

superlattice stracture comprises alternating Alununum Nitride (AIN) and GaN layers.

15 The process of making the power handling device of Claim 11, wherein the

superlattice structure comprises ternary alloys.

16. The process of making the power handling device of Claim 11, wherein the
superlattice structure comprises alternating GaN and  Alunimen-Galliwm-Nitride  (AlGaN)}

lavers.

17. The process of making the power handhing device of Clann 11, wherem the

superlattice structure comprises alternating AlGaN and AlGaN layers with different Alummum

percentages.
I8. The process of making the power handling device of Claim 11, wherein the

digital allov 1s designed to mutigate the strain due 1o latiice mismatch between the channel layer
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and the digital alloy back barrier laver.
19, The process of making the power handling device of Claim 11, wherein the

digital alloy laver is between 1 micrometer and 2 micrometer thick.

20 A P-chamnel Hi-nitride transistor comprismg:

eV

a Hi-nitride channel layer, and

back barrier comprising a superlattice stracture.
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AMENDED CLAIMS
received by the International Bureau on 11 April 2018 (11.04.2018)

1. A P-channel power handling device comprising:

a lI-nitride channel layer,

a [lI-nitride cap layer on the channel layer, where the cap layer has higher level of p-type
doping than the channel layer and supplies holes to the channel layer for the channel
conductivity, and

a IlI-nitride digital alloy back barrier below the channel layer; the II-nitride digital alloy

back barrier comprising a superlattice structure.

2. The P-channel power handling device of Claim 1, further comprising a buffer

layer below the digital alloy back barrier layer.

3. The P-channel power handling device of Claim 1, wherein the IlI-nitride channel

layer is a Gallium Nitride (GaN) channel layer.

4. The P-channel power handling device of Claim 1, wherein the cap layer is a
Magnesium (Mg) doped GaN.

5. The P-channel power handling device of Claim 1, wherein the digital alloy back

barrier is a binary alloy.

6. The P-channel power handling device of Claim 1, wherein the superlattice

structure comprises alternating Aluminum Nitride (AIN) and GaN layers.

7. The P-channel power handling device of Claim 1, wherein the superlattice

structure comprises ternary alloys.

8. The P-channel power handling device of Claim 1, wherein the superlattice

structure comprises alternating GaN and Aluminum-Gallium-Nitride (AlGaN) layers.

9. The P-channel power handling device of Claim 1, wherein the superlattice

structure comprises alternating AlGaN and AlGaN layers with different Aluminum percentages.

10. The P-channel power handling device of Claim 1, wherein the digital alloy is

AMENDED SHEET (ARTICLE 19)
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designed to mitigate strain due to lattice mismatch between the channel layer and the digital

alloy back barrier layer.

11. A process of making a P-channel power handling device comprising:

depositing a buffer layer on a substrate;

depositing a digital alloy back barrier layer on the buffer layer;

depositing a [ll-nitride channel on the digital alloy layer;

depositing a Ill-nitride p-doped cap layer on the channel layer, such that said cap layer
supplies holes to said channel for the channel conductivity [0053] & [0055];

etching a gate recess in the cap layer exposing the channel layer;

depositing a gate diclectric inside the gate recess; and

depositing athe gate metal inside the gate recess and on the gate dielectric wherein,

the digital alloy layer is made up of superlattice structure.

12. The process of making the P-channel power handling device of Claim 11, wherein

the Hl-nitride channel is GaN and wherein the cap layer is a Magnesium (Mg) doped GaN.

13. The process of making the P-channel power handling device of Claim 11, wherein

the digital alloy back barrier is a binary alloy.

14. The process of making the P-channel power handling device of Claim 11, wherein

the superlattice structure comprises alternating Aluminum Nitride (AIN) and GaN layers.

15. The process of making the P-channel power handling device of Claim 11, wherein

the superlattice structure comprises ternary alloys.

16. The process of making the P-channel power handling device of Claim 11, wherein
the superlattice structure comprises alternating GaN and Aluminum-Gallium-Nitride (AlGaN)

layers.
17. The process of making the P-channel power handling device of Claim 11, wherein

the superlattice structure comprises alternating AlGaN and AlGaN layers with different

Aluminum percentages.

AMENDED SHEET (ARTICLE 19)
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18. The process of making the P-channel power handling device of Claim 11, wherein
the digital alloy is designed to mitigate the strain due to lattice mismatch between the channel

layer and the digital alloy back barrier layer.

19. The process of making the P-channel power handling device of Claim 11, wherein

the digital alloy layer is between 1 micrometer and 2 micrometer thick.

20. A P-channel II-nitride transistor comprising;
a lI-nitride channel layer, and
a IlI-nitride digital alloy back barrier below the channel layer; the II-nitride digital alloy

back barrier comprising a superlattice structure.

AMENDED SHEET (ARTICLE 19)
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