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1
METHOD FOR FORMING III-V
SEMICONDUCTOR STRUCTURES
INCLUDING ALUMINUM-SILICON NITRIDE
PASSIVATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

The instant application is a US national stage filing from,
and claims priority to, PCT/US2010/040137 filed Jun. 28,
2010, which claims priority from U.S. Provisional Applica-
tion Ser. No. 61/220,278, filed 26 Jun. 2009. This application
also relates to PCT Application Serial Number US 10/40136
entitled Chemical Vapor Deposition Process for Aluminum
Silicon Nitride, filed on an even date herewith, the contents
of which are incorporated herein by reference completely in
its entirety. This application also relates to PCT Application
Serial Number PCT/US2010/040129 entitled III-V Semi-
conductor Structures Including Aluminum-Silicon Nitride
Passivation, filed on an even date herewith, the contents of
which are incorporated herein by reference completely in its
entirety.

U.S. GOVERNMENT SPONSORSHIP

The invention was made with government support under
Grant No. N00014-03-1-0963 from the Office of Naval
Research. The Government has certain rights in the inven-
tion.

BACKGROUND

Field of the Invention

The invention relates generally to III-V based semicon-
ductor structures and semiconductor devices. More particu-
larly, the invention relates to dielectric passivation within
III-V based semiconductor structures and semiconductor
devices.

Description of the Related Art

1II-V based semiconductor structures and semiconductor
devices often provide superior performance in certain appli-
cations in comparison with silicon based semiconductor
structures and semiconductor devices. For example, gallium
arsenide III-V semiconductor structures and semiconductor
devices are particularly common within microwave appli-
cations.

In addition, group III nitride based semiconductor struc-
tures and semiconductor devices, and in particular group 111
nitride transistors, are desirable for high power electrical
circuit applications since group III nitride transistors are
capable of carrying a large current (i.e., greater than 1.5
amps/mm normalized to gate periphery) at a high operating
electric field strength (i.e., greater than several megavolts/
cm).

Group 111 nitride transistors comprise as an active semi-
conductor material at least one group III elemental nitride.
Since the common group III elemental nitrides include
aluminum, indium and gallium nitrides, several binary,
ternary and quaternary compositions exist for group III
nitride transistors.

Commonly, a group III nitride transistor comprises a
substrate over which is successively layered at least two
group III nitride material layers having different bandgap
characteristics. A buffer layer is located closer to the sub-
strate and a barrier layer is located upon the buffer layer and
generally has a wider bandgap. Due to the difference in
bandgaps a 2 dimensional electron gas (2DEG) is induced at
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the interface of the buffer layer and the barrier layer. The two
dimensional electron gas typically is highly localized near
the heterojunction interface, but largely within the buffer
layer that has a smaller bandgap.

While III-V transistors, including group III nitride tran-
sistors, provide many performance advantages, I1I-V tran-
sistors are nonetheless not entirely without problems. In that
regard, III-V transistors, like many other transistors, are
subject to improvement in operating performance.

Since III-V transistors are likely to remain popular within
several applications where the enhanced operating charac-
teristics of III-V transistors are primary considerations,
desirable are additional III-V transistors, and methods for
fabricating the I1I-V transistors, with enhanced performance.

SUMMARY

The invention provides, in-part, III-V semiconductor
structures and methods for fabricating the III-V semicon-
ductor structures. Each of the foregoing I11-V semiconductor
structures and related methods utilizes an aluminum-silicon
nitride layer located and formed upon at least a portion of a
1I1-V semiconductor layer surface within the III-V semicon-
ductor structure. The III-V semiconductor structure may
include a group III nitride transistor structure, such as but
not limited to a high electron mobility transistor (HEMT)
structure. The III-V semiconductor structure may alterna-
tively include a gallium arsenide transistor structure.

By locating and forming the aluminum-silicon nitride
layer upon at least the portion of the III-V semiconductor
layer surface within III-V semiconductor structure,
improved operating characteristics are realized within a
II1-V semiconductor device that comprises the III-V semi-
conductor layer, in comparison with a III-V semiconductor
structure that uses a silicon nitride layer in the alternative of
the aluminum-silicon nitride layer as a passivation layer.

While not necessarily being bound by any theory of
operation of the invention, it is believed that the presence of
the aluminum-silicon nitride layer, rather than the silicon
nitride layer, provides for superior passivation of the III-V
semiconductor surface due to a higher bandgap and a lower
permittivity in comparison with silicon nitride.

In that regard, FIG. 1 shows an energy band diagram for
the AISiIN dielectric deposited on an AlGaN/GaN HEMT
structure (Ga face) in accordance with the invention.

To be consistent with experimental observations a fixed
volumetric negative charge is introduced (denoted as Nin)
within the AISIN dielectric in addition to a fixed positive
interface charge (denoted as sigma_T). For LPCVD SiN
films, the interface charge is equal and opposite to the
polarization charge present on the AlGaN surface (denoted
as sigma_p1) which effectively eliminates the surface deple-
tion of channel electron charge (denoted as sigma_n) for
reasonably thick dielectric coatings (typically greater than
250 angstroms). For AlSiN films the fixed positive interface
charge is reduced by as much as 50%, and additional
negative charge is within the dielectric, both of which
re-establishes the surface depletion with the dielectric pres-
ent on the AlGaN surface (as opposed to the SiN coated
HEMT structure) thereby reducing the channel charge in
regions under the AISiN dielectric.

Using this band structure, and simple quantum mechanics
and electrostatics, the equations of FIG. 2A may be used to
predict the electron sheet charge present at the AlGaN/GaN
heterojunction with AISiN passivation present.

Within the equations, epsilon_in, epsilon_GaN, and epsi-
lon_AlGaN are the permittivities of the AISiN insulator, the

Exhibit 2005 Page 15 of 22



US 9,991,360 B2

3

GaN buffer layer, and the AlGaN barrier layer, respectively.
The thickness of the AISiN insulator, the GaN buffer layer,
and the AlGaN barrier layer are given as t_in, t_GaN, and
t_AlGaN, respectively. The potential phi_B is the surface
barrier height, and the potentials Delta E_C and
Delta_E _c¢"in are the conduction band offsets for GaN/
AlGaN interface and the AlGaN/AISiN interface respec-
tively.

The AIN molar fraction in the dielectric determines how
much distributed negative charge and fixed positive charge
is introduced. Controlling the composition of the AISiN and
its thickness allows for the engineering of the channel charge
in un-gated portions of the transistor channel. This in turn
allows the device designer to significantly reduce the lon-
gitudinal electric field strength on both the source and drain
ends of the gate for a given set of bias conditions. The sharp
reduction in these fields strengths can minimize or eliminate
undesirable characteristics of the device including non-
linear increase is the device source resistance with drain
current, and DC to RF dispersion which reduces the PAE of
the transistor amplifier as the drain bias is increased. Devices
were fabricated with 10 atomic % Al within the AISIN had
volumetric negative charge densities of roughly 1E18 cm-3
and a positive interface charge density which was 90% as
large as the AlGaN polarization surface charge density as
shown in FIG. 2B, where the measured data for SiN passi-
vation is shown as the dark squares and the measured data
for AISiN is shown as the open circles. The smooth curves
(i.e., reference numeral 201 for SiN passivation and refer-
ence numeral 202 for AISiN passivation) are produced using
equation (1) where sigma_T and N_in are adjusted to best fit
the measured data.

A particular method for fabricating a semiconductor struc-
ture in accordance with the invention includes forming a
semiconductor layer over a substrate. This particular method
also includes forming a passivation layer upon at least a
portion of the semiconductor layer. The passivation layer
comprises a passivation material having a bandgap from
about 4.5 to about 6 eV and a permittivity from about
6x10°-11 F/m to about 8x10"-11 F/m at a frequency from
about 1 to about 100 GHz.

Another particular method for fabricating a semiconduc-
tor structure includes forming at least one III-V semicon-
ductor layer over a substrate. This other particular method
also includes forming a passivation located upon the I1I-V
semiconductor layer. The passivation layer comprises an
aluminum-silicon nitride material.

A particular method for forming a high electron mobility
transistor structure includes forming a buffer layer compris-
ing a first group III nitride semiconductor material over a
substrate. This particular method also includes forming a
barrier layer comprising a second group I1I nitride semicon-
ductor material upon the buffer layer. This particular method
also includes forming a source contact and a drain contact at
least in-part contacting separated portions of the barrier
layer. This particular method also includes forming a first
dielectric passivation layer upon at least a portion of the
barrier layer interposed between the source contact and the
drain contact. The first dielectric passivation layer comprises
an aluminum-silicon nitride material. This particular method
also includes forming a gate interposed between the source
contact and the drain contact, and contacting the barrier
layer.

A particular method for forming a metal semiconductor
field effect transistor structure includes forming an undoped
gallium arsenide buffer layer over a substrate. The method
also includes forming a conducting gallium arsenide layer
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upon the undoped gallium arsenide layer. The method also
includes forming a source contact and a drain contact upon
separated portions of the conducting gallium arsenide layer.
The method also includes forming a first dielectric passiva-
tion layer located upon at least a portion of the conducting
gallium arsenide layer and interposed between the source
contact and the drain contact. The first dielectric passivation
layer comprises an aluminum-silicon nitride material. The
method also includes forming a gate interposed between the
source contact and the drain contact, and contacting the
conducting gallium arsenide layer.

BRIEF DESCRIPTION OF THE DRAWINGS

The objects, features and advantages of the invention are
understood within the context of the Description of the
Preferred Embodiments, as set forth below. The Description
of the Preferred Embodiments is understood within the
context of the accompanying drawings, that form a material
part of this disclosure, wherein:

FIG. 1 shows a bandgap diagram for an aluminum-silicon
nitride passivated AlGaN/GaN high electron mobility tran-
sistor (HEMT) in accordance with the invention.

FIG. 2A shows a series of equations that may be used for
determining surface charge characteristics for an aluminum-
silicon nitride layer in accordance with the invention, in
comparison with a silicon nitride layer.

FIG. 2B shows a charge density diagram illustrating
surface charge characteristics of aluminum-silicon nitride
passivation layers in accordance with the invention, in
comparison with silicon nitride passivation layers.

FIG. 3A, FIG. 3B and FIG. 3C show a series of schematic
cross-sectional diagrams illustrating three different high
electron mobility transistor structures that may be fabricated
in accordance with three particular embodiments of the
invention.

FIG. 4A and FIG. 4B show a pair of schematic cross-
sectional diagrams illustrating two different gallium
arsenide transistor structures that may be fabricated in
accordance with another two particular embodiments of the
invention.

FIG. 5A to FIG. 5P show a series of schematic cross-
sectional diagrams illustrating progressive stages in fabri-
cating a high electron mobility transistor in accordance with
yet another particular embodiment of the invention.

FIG. 6 shows a graph of Index of Refraction versus
Wavelength for an aluminum-silicon nitride layer in com-
parison with a silicon nitride layer and an aluminum nitride
layer

FIG. 7 shows a graph of Source Resistance versus Drain
Current for a high electron mobility transistor passivated
with an aluminum-silicon nitride layer in accordance with an
embodiment of the invention, in comparison with a high
electron mobility transistor passivated with a silicon nitride
layer.

FIG. 8 shows a graph summarizing 10 GHz load pull
characteristics for a high electron mobility transistor passi-
vated with an aluminum-silicon nitride layer in accordance
with an embodiment of the invention, in comparison with a
high electron mobility transistor passivated with a silicon
nitride layer.

FIG. 9 shows a graph summarizing 10 GHz power sweep
characteristics for a high electron mobility transistor passi-
vated with an aluminum-silicon nitride layer in accordance
with an embodiment of the invention, in comparison with a
high electron mobility transistor passivated with a silicon
nitride layer.
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FIG. 10 shows a graph summarizing 35 GHz load pull
characteristics for a high electron mobility transistor passi-
vated with an aluminum-silicon nitride layer in accordance
with an embodiment of the invention.

FIG. 11 shows a graph summarizing 35 GHz power sweep
characteristics for a high electron mobility transistor passi-
vated with an aluminum-silicon nitride layer in accordance
with an embodiment of the invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The invention, which includes a plurality of semiconduc-
tor structures (i.e., including I1I-V semiconductor structures)
and a related plurality of methods for fabricating the plu-
rality of semiconductor structures, is understood within the
context of the description set forth below. The description
set forth below is understood within the context of the
drawings described above. Since the drawings are intended
for illustrative purposes, at least some of the drawings are
not necessarily drawn to scale.

While the preferred embodiments illustrate the invention
within the context of a group III nitride high electron
mobility transistor and a III-V gallium arsenide transistor,
the embodiments of the invention are not necessarily
intended to be so limited.

Rather, in a broad application, the invention is understood
to provide superior performance characteristics for at least
III-V semiconductor devices insofar as an aluminum-silicon
nitride passivation layer in accordance with the invention is
understood to provide a controlled charge depletion of a
2DEG in ungated portions of a channel, in comparison with
a silicon nitride passivation which provides no surface
depletion of the 2DEG and thus results in a full channel
charge in the ungated portions of the channel.

It is anticipated that a passivation material operative
within the context of the invention will have: (1) a larger
bandgap than silicon nitride; and (2) a lower permittivity
than silicon nitride, within a particular microwave frequency
range to effect the foregoing results. Thus, the invention
broadly considers as candidate passivation dielectric mate-
rials those having: (1) a bandgap from about 4.5 eV to about
6.0 eV, more preferably from about 4.75 eV to about 5.5 eV
and most preferably from about 5 to about 5.25 eV; and (2)
a permittivity from about 6x10°-11 F/M to about 8x10"-11
F/m, more preferably from about 6.25x10"-11 F/m to about
7.75x10"-11 F/m and most preferably from about 6.5x10"-
11 F/m to about 7.5x10"-11 F/m, at a microwave frequency
from about 1 to about 100 GHz.

1I1-V semiconductor layers that may be passivated with an
aluminum-silicon nitride layer in accordance with the inven-
tion include, but are not limited to: (1) gallium nitride based
semiconductor layers including but not limited to aluminum
gallium nitride (AlGaN), gallium nitride (GaN), aluminum
indium nitride (AllnN), and gallium indium nitride (GalnN)
layers; (2) gallium arsenide based semiconductor layers
including but not limited to aluminum gallium arsenide
(AlGaAs), gallium arsenide (GaAs), aluminum gallium
indium phosphide (AlGalnP), gallium indium phosphide
(GalnP) layers; (3) indium-phosphide-based semiconductor
layers including aluminum indium arsenide (AllnAs), gal-
lium indium arsenide (GalnAs), indium phosphide (InP)
layers; and (4) gallium-phosphide-based semiconductor lay-
ers including but not limited to aluminum gallium phosphide
(AlGaP), gallium indium phosphide (GalnP) and gallium
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phosphide (GaP) layers. Also considered are pseudomorphic
or metamorphic III-V semiconductor compositions in accor-
dance with the above layers.

FIG. 3A shows a schematic cross-sectional diagram of a
high electron mobility transistor (HEMT) in accordance
with a particular embodiment of the invention that com-
prises a first embodiment of the invention.

FIG. 3A shows a substrate 10 upon which is located and
formed a buffer layer 12 (i.e., illustrated as gallium nitride
material, but not intended to be so limited). A barrier layer
14 is located and formed upon the buffer layer 12 (i.e.,
illustrated as a gallium aluminum nitride material but not
intended to be so limited). An aluminum-silicon nitride layer
16 is located and formed upon the barrier layer 14.

FIG. 3A also shows a source contact 18 and a drain
contact 18' located and formed embedded within separated
portions of the barrier layer 16 and laterally abutted by the
aluminum-silicon nitride layer 16. FIG. 3A finally shows a
gate 20 located and formed laterally abutted by the alumi-
num-silicon nitride layer 16 while penetrating through the
aluminum-silicon nitride layer 16 and partially into the
barrier layer 14 (i.e., the gate 20 comprises a recessed gate).

Each of the layers and structures that comprise the high
electron mobility transistor whose schematic cross-sectional
diagram is illustrated in FIG. 3A may comprise materials
and have dimensions that are otherwise generally conven-
tional in the group III nitride high electron mobility tran-
sistor design and fabrication art.

For example, the substrate 10 may comprise any of
several substrate materials that are generally conventional in
the group III nitride high electron mobility transistor design
and fabrication art. Such substrate materials may include,
but are not necessarily limited to silicon (Si), silicon carbide
(SiC), sapphire (A1203), gallium nitride (GaN), aluminum
nitride (AIN), germanium (Ge), gallium arsenide (GaAs),
gallium phosphide (GaP), and indium phosphide (InP) sub-
strate materials. Alternatively, any single crystal semicon-
ductor host substrate may also be used for the substrate 10.

An insulating buffer layer located and formed on the
substrate 10 may also be included as a surface portion of the
substrate 10. This insulating buffer layer may include a thin
wide bandgap substrate isolation material (i.e., AIN for
GaN-based devices and AlGalnP for GaAs based devices, as
examples).

Each of the buffer layer 12 and the barrier layer 14
comprises a group III nitride semiconductor material, albeit
with a different bandgap. Generally, a bandgap of the buffer
layer 12 is lower than a bandgap of the barrier layer 14.
Thus, several choices exist for a group III nitride semicon-
ductor material for the buffer layer 12 and the barrier layer
14. Commonly, the buffer layer 12 comprises a gallium
nitride group III nitride semiconductor material that has a
thickness from about 100 to about 3000 nanometers and the
barrier layer 14 comprises an aluminum gallium nitride
group III nitride semiconductor material that has a thickness
from about 1 to about 100 nanometers.

The source contact 18 and the drain contact 18' desirably
provide ohmic contact to at least the barrier layer 14, and as
a result of that consideration the source contact 18 and the
drain contact typically comprise a metal material or a stack
of metal materials. Typically and preferably, each of the
source contact 18 and the drain contact 18' comprises a
metallization stack that includes in a layered succession
tantalum, titanium, aluminum, molybdenum and gold. The
metallization stack has a thickness that allows for an eleva-
tion above the aluminum-silicon nitride layer 16.
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Analogously with the source contact 18 and the drain
contact 18' the gate 20 also typically comprises a metal
material, or a metallization stack, but typically a different
metal or metallization stack in comparison with the source
contact 18 and the drain contact 18'. While by no means
limiting the embodiment, the gate 20 may comprise a
successively layered metallization stack including a nickel
material upon which is located and formed a gold material.

Finally, FIG. 3 A illustrates a two dimensional electron gas
(2DEG) region located and formed at the interface of the
buffer layer 12 and the barrier layer 14. This 2DEG is a result
of the difference in bandgap between the buffer layer 12 and
the barrier layer 14, and this two dimensional electron gas
2DEG is integral to operation of the group III nitride high
electron mobility transistor whose schematic cross-sectional
diagram is illustrated in FIG. 3A.

The instant embodiment and the invention derive from an
influence that the aluminum-silicon nitride layer 16 has with
respect to operation of the high electron mobility transistor
of FIG. 3A.

The aluminum-silicon nitride layer 16 comprises an alu-
minum-silicon nitride material that has a bandgap from
about 4.5 to about 6 eV, more preferably from about 4.75 eV
to about 5.5 eV and most preferably from about 5 to about
5.25 eV; and (2) a permittivity from about 6x10"-11 F/m to
about 8x10"-11 F/m, more preferably from about 6.25x10"—
11 F/m to about 7.75x10"-11 F/m and most preferably from
about 6.5x10"-11 F/m to about 7.5x10"-11 F/m, at a micro-
wave frequency from about 1 to about 100 GHz.

The aluminum-silicon nitride layer has an aluminum
content from about 0.1 to about 25 atomic percent, a silicon
content from about 25 to about 55 atomic percent and a
nitrogen content from about 40 to about 60 atomic percent.

The aluminum-silicon nitride layer 16 may be deposited
using a low pressure chemical vapor deposition method
using dichlorosilane, ammonia and trimethylaluminum as a
silicon precursor, a nitrogen precursor and an aluminum
precursor. Typical deposition conditions include: (1) a reac-
tor chamber pressure from about 1 to about 3 torr; (2) a
substrate temperature from about 500 to about 800 degrees
centigrade; (3) a dichlorosilane silicon precursor flow from
about 50 to about 200 standard cubic centimeters per minute
in a nitrogen carrier gas flow from about 500 to about 20000
standard cubic centimeters per minute; (4) an ammonia
nitrogen precursor flow from about 50 to about 2000 stan-
dard cubic centimeters per minute in a nitrogen carrier gas
flow from about 500 to about 20000 standard cubic centi-
meters per minute; and (5) a trimethylaluminum aluminum
precursor flow from about 1 to about 500 standard cubic
centimeters per minute in a nitrogen carrier gas flow from
about 10 to about 5000 standard cubic centimeters per
minute.

Typically, the aluminum-silicon nitride layer 16 has a
thickness from about 2 to about 5000 nanometers.

In order to fabricate the high electron mobility transistor
of FIG. 3A, one may simply start with a layered structure
including the substrate 10, the buffer layer 12, a precursor to
the barrier layer 14 and a precursor to the aluminum-silicon
nitride layer 16. This layered group III nitride semiconductor
structure may then be patterned in a first photolithographic
process step to pattern the precursor to the aluminum-silicon
nitride layer 16, and also form source and drain trenches
within the barrier layer 14. This first photolithographic
method may use a patterning photoresist mask that also
serves as a lift off mask when forming the source contact 18
and the drain contact 18'.

10

15

20

25

30

40

45

50

55

60

65

8

The group 111 nitride semiconductor structure that results
from the first photolithographic process step may then be
further patterned while using a second photolithographic
process step to form the aluminum-silicon nitride layer 16,
as well as an aperture within the barrier layer 14 within
which the gate 20 is located and formed.

Alternative process sequences are not precluded for fab-
ricating the high electron mobility transistor structure of
FIG. 3A.

FIG. 3B shows a schematic cross-sectional diagram illus-
trating a high electron mobility transistor in accordance with
an additional embodiment of the invention that comprises a
second embodiment of the invention.

The high electron mobility transistor of FIG. 3B corre-
sponds generally with the high electron mobility transistor
of FIG. 3A, but differs in a first instance insofar as an
aluminum-silicon nitride layer 16' covers only a portion of
the barrier layer 14 while abutting the gate 20 (i.e., the
aluminum-silicon nitride layer 16' serves as a field plate that
may be on either the source contact 18 or the drain contact
18' side of the gate 20), rather than completely covering the
portions of the barrier layer 14 interposed between the
source contact 18 and the drain contact 18' while abutting the
gate 20. Rather, within FIG. 3B a silicon nitride layer 17
covers those exposed portions of the barrier layer 14 while
bridging upon a top surface of the aluminum-silicon nitride
layer 16' and abutting the gate 20.

The high electron mobility transistor structure of FIG. 3B
may be fabricated similarly with the high electron mobility
transistor structure of FIG. 3A, but wherein the precursor to
the aluminum-silicon nitride layer 16 is further patterned to
form the aluminum-silicon nitride layer 16' prior to forming
the source contact 18 and the drain contact 18'. A precursor
layer to the silicon nitride layer 17 is also formed upon the
aluminum-silicon nitride layer 16' prior to forming the
source contact 18 and the drain contact 18'.

FIG. 3C shows a schematic cross-sectional diagram illus-
trating a high electron mobility transistor in accordance with
an additional embodiment of the invention that comprises a
third embodiment of the invention.

The high electron mobility transistor of FIG. 3C corre-
sponds otherwise generally with the high electron mobility
transistor of FIG. 3B, but includes a silicon nitride gate
dielectric 17' located and formed at the base of the aperture
in the barrier layer 14 into which is located and formed the
gate 20. Thus, the gate 20 as is illustrated in FIG. 3C has
both Schottky characteristics due to sidewall contact of the
gate 20 with the barrier layer 14 and metal-insulator-semi-
conductor characteristics due to the presence of the silicon
nitride layer 17" at the base of the aperture within which is
located and formed the gate 20.

The high electron mobility transistor whose schematic
cross-sectional diagram is illustrated in FIG. 3C may be
fabricated similarly with the high electron mobility transis-
tor whose schematic cross-sectional diagram is illustrated in
FIG. 3B, but wherein additional processing is provided after
forming the aperture within the barrier layer 14 into which
is located and formed the gate 20 to deposit the silicon
nitride layer 17, prior to locating and forming the gate 20
into that aperture.

FIG. 4A shows a schematic cross-sectional diagram of a
1I1-V semiconductor structure illustrating a gallium arsenide
transistor in accordance with yet another embodiment that
comprises a fourth embodiment of the invention.

As is illustrated within the schematic cross-sectional
diagram of FIG. 4A, the basic structural characteristics of
the gallium arsenide transistor structure correlate generally
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with the basic structural characteristics of the high electron
mobility transistor of FIG. 3A, but the buffer layer 12 and
the barrier layer 14 as illustrated in FIG. 3A are now
replaced by an undoped gallium arsenide layer 12' and a
doped conductive gallium arsenide layer 14'. Although FIG.
4A illustrates an n doped gallium arsenide layer 14', this
particular embodiment, and the following fifth embodiment,
are also operative with either polarity of a conductive
gallium arsenide layer.

FIG. 4B shows a schematic cross-sectional diagram of a
III-V semiconductor structure illustrating a gallium arsenide
transistor in accordance with a fifth embodiment of the
invention.

FIG. 4B shows a III-V gallium arsenide transistor struc-
ture that corresponds with the high electron mobility tran-
sistor of FIG. 3B, but similarly with the III-V gallium
arsenide transistor structure of FIG. 4A in accordance with
the fourth embodiment, the buffer layer 12 and the barrier
layer 14 as illustrated within FIG. 3B are now replaced by
an undoped gallium arsenide layer 12' and a conductive
gallium arsenide layer 14'.

Processing for fabricating the gallium arsenide transistor
structures of FIG. 4A and FIG. 4B parallels the processing
sequences for the high electron mobility transistors of FIG.
3A and FIG. 3B.

As is illustrated within the schematic cross-sectional
diagrams of FIG. 3A to FIG. 4B, an aluminum-silicon nitride
passivating layer 16/16' in accordance with the embodi-
ments is located and formed as a planar layer absent intru-
sion into the aperture within the barrier layer 14 (for a group
IIT nitride transistor) or the conductive gallium arsenide
layer 14' (for a gallium arsenide transistor) into which is
located and formed the gate 20. The aluminum-silicon
nitride passivating layer 16/16' within the embodiments is
thus not located and formed beneath a lower most portion of
the gate 20 that is recessed within the barrier layer 14 (within
FIG. 3A to FIG. 3C) or the conducting gallium arsenide
layer 14' (within FIG. 4A and FIG. 4B).

FIG. 5A to FIG. 5P show a series of schematic cross-
sectional diagrams illustrating the results of progressive
process stages in fabricating a high electron mobility tran-
sistor in accordance with a particular process sequence in
accordance with the invention.

FIG. 5A shows a substrate 501. A buffer layer 502 is
located and formed upon the substrate 501. A barrier layer
503 is located and formed upon the buffer layer 502. A mesa
mask 504 is located and formed upon the barrier layer 503.

The substrate 501, the buffer layer 502 and the barrier
layer 503 correspond generally with the substrate 10, the
buffer layer 12 and the barrier layer 14 within the high
electron mobility transistors of FIG. 3A to FIG. 3C.

The mesa mask 504 may comprise, but is not necessarily
limited to a hard mask material, a resist mask material or a
combination of a hard mask material and a resist mask
material.

FIG. 5A in particular illustrates the mesa mask 504 being
used as an etch mask with respect to etching a mesa within
the layered stack comprising the buffer layer 502 and the
barrier layer 503 located and formed over the substrate 501
of FIG. 5A, while using an inductively coupled plasma
reactive ion etch 505 comprising boron trichloride, chlorine
and argon gases as reactive species. Generally conventional
conditions may be used for the inductively coupled reactive
ion etch 505.

FIG. 5B shows a mesa that comprises a buffer layer 502'
and a barrier layer 503' that are etched from the correspond-
ing buffer layer 502 and barrier layer 503 that are illustrated
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in FIG. 5A. FIG. 5B also shows the results of stripping part
of the mesa mask 504 that is illustrated in FIG. 5A to yield
an intermediate thickness mesa mask 504' while using an
oxygen containing plasma 506. FIG. 5C shows the resulting
high electron mobility transistor structure after having com-
pletely stripped the mesa mask 504.

FIG. 5D shows an aluminum-silicon nitride layer 507
located and formed upon the high electron mobility transis-
tor structure of FIG. 5C. The aluminum-silicon nitride layer
507 corresponds generally with the aluminum-silicon nitride
layer 16/16' that is illustrated within the high electron
mobility transistor whose schematic cross-sectional diagram
is illustrated in FIG. 3A to FIG. 3C.

FIG. 5E shows a planarizing layer 508 located and formed
upon the aluminum-silicon nitride layer 507, A hard mask
509 is located and formed upon the planarizing layer 508
and an aperture mask 510 is located and formed upon the
hard mask 509. The planarizing layer 508 typically com-
prises an amorphous carbon material. The hard mask 509
typically comprises a dielectric hard mask material. The
aperture mask 510 typically comprises a resist material,
although alternative materials may be used for the planariz-
ing layer 508, the hard mask 509 and the aperture mask 510.
The foregoing amorphous carbon material, dielectric hard
mask material and resist materials are generally conven-
tional, and formed using generally conventional methods
and thicknesses.

FIG. 5F shows transfer of an aperture pattern from the
aperture mask 510 into a hard mask 509', while using a
trifluoromethane and oxygen based reactive ion etch plasma
511. The trifluoromethane and oxygen based reactive ion
etch plasma 511 may employ otherwise generally conven-
tional etching conditions and etchant parameters.

FIG. 5G shows further stripping of the aperture mask 510
from the hard mask 509' and extension of the aperture
through a planarizing layer 508' derived from the planarizing
layer 508 to reach the aluminum-silicon nitride layer 507,
while using an oxygen reactive ion etch plasma 512. This
oxygen reactive ion etch plasma 512 is generally similar to
prior oxygen reactive ion etch plasmas as illustrated within
the instant embodiment (see, e.g. FIG. 4B). FIG. 5H shows
in an aggregate: (1) stripping of the hard mask 509'; (2)
etching of the planarizing layer 508' to form a planarizing
layer 508"; (3) etching of the aluminum-silicon nitride layer
507 to form an aluminum-silicon nitride layer 507'; and (4)
an over etching into the barrier layer 503' to form a barrier
layer 503" that includes an aperture (i.e., a gate aperture),
while using a sulfur hexafluoride, boron trichloride and
argon based reactive ion etch plasma 513. This particular
sulfur hexafluoride, boron trichloride and argon based reac-
tive ion etch plasma 513 may employ otherwise generally
conventional process conditions and parameters.

FIG. 51 shows the results of completely stripping the
remaining planarizing layer 508" while using an oxygen
containing plasma 514 to provide an intermediate high
electron mobility transistor structure.

FIG. 5] shows a bilayer etch mask and source/drain
contact liftoff mask layer located and formed upon the high
electron mobility structure of FIG. 51. The bilayer mask
structure includes a lower layer 515 that is laterally isotro-
pically enlarged and an upper layer 516 of narrower and well
controlled linewidth. The lower layer 515 may often com-
prise an organic or inorganic planarizing material, while the
upper layer 516 may typically comprise a resist material.
Isotropic etching may provide the isotropic enlargement of
the lower layer 515.
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FIG. 5K shows an etching of the aluminum-silicon nitride
layer 507" to form an aluminum-silicon nitride layer 507"
while using the foregoing bilayer mask as an etch mask, in
conjunction with a trifluoromethane and oxygen based reac-
tive ion etch plasma 517. The foregoing etching leaves
exposed portions of the barrier layer 503".

FIG. 5L shows source and drain contact stacks 518
located and formed upon separated portions of the barrier
layer 503" that were exposed during the etch process step
illustrated in FIG. S5K. The source and drain contact stacks
518 are formed while using the bilayer mask 515/516 as a
liftoff mask. FIG. 5L also shows the results of stripping the
bilayer mask 515/516 after forming the source and drain
contact stacks 518.

FIG. 5M shows a similar high electron mobility transistor
structure of FIG. 5L, but wherein the source and drain
contact stacks 518 are thermally annealed to form source
and drain contact stacks 518'. Any of several thermal anneal-
ing methods may be used, including but not limited to
furnace annealing methods and rapid thermal annealing
methods.

FIG. 5N shows a bilayer gate liftoff mask comprising an
underlayer 519 and an overlayer 520 that is generally similar
to the source and drain contact mask that comprises the
underlayer 515 and the overlayer 516 that is illustrated in
FIG. 5J.

FIG. 50 illustrates a gate 521 located and formed into the
gate aperture within the barrier layer 503", and spanning on
a top surface of the aluminum-silicon nitride layer 507". The
gate 521 as illustrated in FIG. 50 is formed while using the
bilayer gate liftoff mask 519/520 as a lift off mask, as is
otherwise generally conventional, and otherwise also similar
with the source and drain contact stacks 518.

Finally, FIG. 5P shows source and drain contact pads 522
located and formed partially encapsulating the source and
drain contact stacks 518. Although not specifically illus-
trated within the schematic cross-sectional diagram of FIG.
5P, the source and drain contact pads 522 are similarly also
formed using a lift off process. FIG. 5P also shows dimen-
sions with respect to the gate 521 designates as L., where s
is source, d is drain, g is gate and of is overlap.

FIG. 5A to FIG. 5P show a series of schematic cross-
sectional diagrams illustrating results of progressive process
steps in fabricating an aluminum-gallium nitride/gallium
nitride high electron mobility transistor in accordance with
a particular methodology in accordance with the invention.
This particular methodology uses several liftoff process
steps for forming the gate 521, as well as source and drain
contact stacks 518 and source and drain contact pads 522.

EXPERIMENTAL

In order to illustrate the value of the invention, sample
transistors in accordance with the HEMT structure of FIG.
3A were fabricated using otherwise equivalent or identical
processing sequences and dimensions, but using either an
aluminum-silicon nitride layer 16 passivation as illustrated
in FIG. 3A, or alternatively a silicon nitride layer passiva-
tion.

To that end, thin films (30 nm) of AlxSiyNz and SiyNz
were used to passivate devices (fabricated side-by-side) and
their performance was compared in both small signal and
large signal measurement environments. Examination of
MIS structures with each dielectric by capacitance-voltage
measurements revealed the AlxSiyNz provides a net nega-
tive fixed charge density allowing controlled depletion of the
two dimensional electron gas (2DEG) in ungated regions of
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the channel. This is in contrast to SiyNz passivation where
the surface depletion of the 2DEG is almost completely
removed, which results in the full channel charge existing in
the ungated portions of the channel. Reducing the charge in
the ungated portions of the channel can be used to reduce the
electric field at high drain bias with small increases in source
and drain access resistance. Reduction of channel charge
using a MIS gate extension (field plate) is now commonly
used to increase the device performance at large drain bias.
The charged dielectric approach described herein allows for
the elimination of the field plate (and its associated parasitic
capacitances) while maintaining state-of-the-art perfor-
mance at drain biases up to 55 V for a device with a 0.2
micron gate length.

AlxSiyNz was explored as a passivation for AlGaN
HEMTs due to its greater bandgap and its expected lower
permittivity at microwave frequencies. The increase in
bandgap is evidenced by its lower IR index of refraction
when compared to SiyNz as measured by ellipsometry (i.e.,
see FIG. 6 where AlxSiyNz index of refraction 601 is
interposed between SiyNz index of refraction 602 and AIN
index of refraction 603).

AlxSiyNz and SiyNz films were deposited in a modified
low-pressure chemical vapor deposition (LPCVD) system
onto mesa-isolated AlGaN/GaN HEMT structures with 250
A Al10.30Ga0.70N barriers grown on semi-insulating SiC.
Dielectric deposition was performed at 750° C. at a pressure
of 2 Torr with Trimethlyaluminum, Dichlorosilane, and
Ammonia as precursors. The Aluminum fraction of the
deposited dielectric was measured to be ~12 at. % by X-Ray
Photoelectron Spectroscopy. SiyNz passivated structures
had a full channel charge of ~1.6x1013 cm-2 with a
corresponding sheet resistance of ~450 ohms/square. Ta/Ti/
Al/Mo/Au source/drain, and Ni/Au gate contacts were
placed in etched windows through the dielectric using CF4,
and SF6/BC13/Ar RIE etches, respectively, defined by elec-
tron beam lithography.

DC and small-signal RF measurements were performed
on dual-gate “U” configured devices with gate lengths
ranging from 0.075 to 0.25 microns using coplanar wave-
guide probes contacting Ti/Au probe pads. The pinch off
voltage for the SiyNz, and AlxSiyNz devices was -2.5 V and
-1.5 V respectively, indicating that the barrier layers were
recessed by the gate window etch. Both dielectrics yielded
nominal reverse gate current on the order of 10 pA/mm at
drain biases up to ~30 V, above which the gate current of the
AlxSiyNz devices was lower than the SiyNz devices. The fT
was optimized at a gate length of 75 nm, and fmax optimized
at gate lengths of 200 nm, with maximum extrinsic values of
87 GHz and 150 GHz, respectively. The AlxSiyNz coated
devices consistently had roughly 10% higher values of these
device bandwidth metrics for the same gate footprint due to
the reduction of key parasitic capacitances from a lower
permittivity. The extracted source-gate resistance showed a
large nonlinear dependence on drain current for the SiyNz
passivated devices. This effect is attributed to large longi-
tudinal electric fields existing between the source-gate
region. AlxSiyNz devices, with reduced channel charge in
the ungated regions show a source resistance nearly inde-
pendent with drain current (i.e., see FIG. 7, where reference
numeral 701 corresponds with AlxSiyNz data and reference
numeral 702 corresponds with SiyNz data).

Large signal measurements were performed at 10 and 35
GHz. At 10 GHz, a series of power sweeps (optimized for
PAE) was performed with drain biases ranging from 20 to 55
V (i.e., see FIG. 8 where reference numeral 801 corresponds
with AlxSiyNz data and reference numeral 802 corresponds

Exhibit 2005 Page 20 of 22



US 9,991,360 B2

13

with SiyNz data). Maximum PAE measured 82% with 20 V
on the drain, indicating that class-C operation was achieved
on the harmonic load-pull bench used. At 40 V on the drain
(beyond which the SiyNz devices failed) the AlxSiyNz and
SiyNz devices yielded PAEs of 68% and 48% and output
powers of 12.7 W/mm and 7.9 W/mm respectively (see FI1G.
9, where reference numeral 901 corresponds with AlxSiyNz
data and reference numeral 902 corresponds with SiyNz
data). At 55 V on the drain the SiyNz devices failed while
the AlxSiyNz passivated devices yielded a PAE of 61% and
a power density of 17.6 W/mm which represents the highest
performance values reported at 10 GHz for AlGaN/GaN
HEMTs.

At 35 GHz the AlxSiyNz devices were tested and the
corresponding results illustrated in FIG. 10 (see reference
numeral 1001 for the AlxSiyNz data) and FIG. 11 (see
reference numeral 1101 for the AlxSiyNz data). The experi-
ments were matched for output power and power sweeps
were performed with drain biases ranging from 20 to 40 V.
The devices had a maximum PAE of 35% at a drain bias of
20 V and a maximum output power density of 7.6 W/mm at
a drain bias of 40 V.

The preferred embodiments and experimental data in
accordance with the invention are illustrative of the inven-
tion rather than limiting off the invention. Revisions and
modifications may be made to semiconductor structures and
methods in accordance with the preferred embodiments
while still providing an embodiment in accordance with the
invention, further in accordance with the accompanying
claims.

What is claimed is:

1. A method for fabricating a high electron mobility
transistor structure comprising:

forming a buffer layer comprising a first group III nitride

semiconductor material over a substrate;
forming a barrier layer comprising a second group III
nitride semiconductor material upon the buffer layer;

forming a source contact and a drain contact at least
in-part contacting separated portions of the barrier
layer;

forming a first dielectric passivation layer located upon at

least a portion of the barrier layer interposed between
the source contact and the drain contact, the first
dielectric passivation layer comprising an aluminum-
silicon nitride material; and

forming a gate interposed between the source contact and

the drain contact, and contacting the barrier layer to
provide a high electron mobility transistor structure,
wherein the gate comprises a recessed gate that pen-
etrates through at least a portion of the barrier layer and
where:

a sidewall of the recessed gate contacts a semiconductor

material; and

a bottom of the recessed gate contacts an insulator mate-

rial.

2. The method of claim 1 wherein the substrate comprises
a material selected from the group consisting of silicon,
silicon carbide, sapphire, gallium nitride, aluminum nitride,
germanium, gallium arsenide, gallium phosphide, and
indium phosphide materials.

3. The method of claim 1 wherein an interface of the
buffer layer and the barrier layer includes a two dimensional
electron gas.

4. The method of claim 1 wherein:

the forming the source contact and the drain contact use

a first liftoff method; and
the forming the gate contact uses a second liftoff method.
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5. The method of claim 1 wherein the forming the first
dielectric passivation layer forms a planar first dielectric
passivation layer.

6. A method for fabricating a high electron mobility

5 transistor structure comprising:

forming a buffer layer comprising a first group III nitride

semiconductor material over a substrate;

forming a barrier layer comprising a second group III

nitride semiconductor material upon the buffer layer;
forming a source contact and a drain contact at least

in-part contacting separated portions of the barrier
layer;

forming a first dielectric passivation layer located upon

only a portion of the barrier layer interposed between

the source contact and the drain contact, the first
dielectric passivation layer comprising an aluminum-
silicon nitride material;

forming a second dielectric passivation layer comprising

a silicon nitride material located upon a portion of the

barrier layer not covered by the first dielectric passi-

vation layer, the first dielectric passivation layer serv-

ing as a gate extension that extends only a portion of a

distance from a gate towards only one of the source

contact and the drain contact; and

forming the gate interposed between the source contact

and the drain contact, and contacting the barrier layer.

7. The method of claim 6 wherein the second dielectric
passivation layer further extends above the first dielectric
passivation layer gate extension.

8. A method for forming a metal semiconductor field
effect transistor structure comprising:

forming an undoped gallium arsenide buffer layer over a

substrate;

forming a conducting gallium arsenide layer upon the

undoped gallium arsenide layer;

forming a source contact and a drain contact upon sepa-

rated portions of the conducting gallium arsenide layer;

forming a first dielectric passivation layer located upon a

portion of the conducting gallium arsenide layer and

interposed between the source contact and the drain
contact, the first dielectric passivation layer comprising
an aluminum-silicon nitride material;

forming a second dielectric passivation layer comprising

a silicon nitride material located upon a portion of the
conducting gallium arsenide layer not covered by the
first dielectric passivation layer, the first dielectric
passivation layer serving as a gate extension that
extends only a portion of a distance from a gate towards
only one of the source contact and the drain contact;
and

forming the gate located interposed between the source

contact and the drain contact, and contacting the con-

ducting gallium arsenide layer.

9. The method of claim 8 wherein the second dielectric
passivation layer further extends above the first dielectric
passivation layer gate extension.

10. A method for fabricating a high electron mobility
transistor structure comprising:

forming a buffer layer comprising a first group III nitride

semiconductor material over a substrate;

forming a barrier layer comprising a second group III

nitride semiconductor material upon the buffer layer;
forming a source contact and a drain contact at least

in-part contacting separated portions of the barrier
layer;

forming a first dielectric passivation layer located upon at

least a portion of the barrier layer interposed between
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the source contact and the drain contact, the first
dielectric passivation layer comprising a first dielectric
passivation material; and

forming a gate interposed between the source contact and
the drain contact, and

contacting the barrier layer, where the first dielectric
passivation material has a bandgap from about 4.5 to
about 6.0 eV and a permittivity from about 6x10"-11
F/m to about 8x10°-11 F/m at a frequency from about
1 to about 100 GHz, and where the first dielectric
passivation material comprises a aluminum-silicon
nitride material that has a composition of:

from about 0.1 to about 25 atomic percent aluminum;

from about 25 to about 55 atomic percent silicon; and

from about 40 to about 60 percent nitrogen.

11. A method for forming a metal semiconductor field

effect transistor structure comprising:

forming an undoped gallium arsenide buffer layer over a
substrate;

forming a conducting gallium arsenide layer upon the
undoped gallium arsenide layer;

10

15

16

forming a source contact and a drain contact upon sepa-
rated portions of the conducting gallium arsenide layer;

forming a first dielectric passivation layer located upon at
least a portion of the conducting gallium arsenide layer
and interposed between the source contact and the drain
contact, the first dielectric passivation layer comprising
a first dielectric passivation material; and

forming a gate located interposed between the source
contact and the drain contact, and contacting the con-
ducting gallium arsenide layer, where the first dielectric
passivation material has a bandgap from about 4.5 to
about 6.0 eV and a permittivity from about 6x10"-11
F/m to about 8x10°-11 F/m at a frequency from about
1 to about 100 GHz, and where the first dielectric
passivation material comprises an aluminum-silicon
nitride material that has a composition of:

from about 0.1 to about 25 atomic percent aluminum;

from about 25 to about 55 atomic percent nitrogen; and

from about 40 to about 60 percent nitrogen.
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