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(57) ABSTRACT

A field effect transistor including a dielectric layer on a
substrate, a nano-structure material (NSM) layer on the
dielectric layer, a source electrode and a drain electrode
formed on the NSM layer, a gate dielectric formed on at least
a portion of the NSM layer between the source electrode and
the drain electrode, a T-shaped gate electrode formed
between the source electrode and the drain electrode, where

Int. CL the NSM layer forms a channel of the FET, and a doping
HOIL 51/05 (2006.01) layer on the NSM layer extending at least from the sidewall
HOIL 29/423 (2006.01) of the source electrode to a first sidewall of the gate
HOIL 51/00 (2006.01) dielectric, and from a sidewall of the drain electrode to a
HOIL 29/78 (2006.01) second sidewall of the gate dielectric.
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FABRICATION OF NANOMATERIAL T-GATE
TRANSISTORS WITH CHARGE TRANSFER
DOPING LAYER

BACKGROUND
[0001] Technical Field
[0002] The present invention relates to a semiconductor

device structures and more particularly to the fabrication of
a ftransistor structure including nano-structure material
(NSM) technology.

[0003] Description of the Related Art

[0004] Various semiconductor devices have typically been
fabricated from silicon and III-V semiconductor materials. A
Field Effect Transistor (FET) typically has a source, a
channel, and a drain, where current flows from the source to
the drain, and the gate controls the flow of current through
the channel. Field Effect Transistors (FETs) can have a
variety of different structures, for example, FETs have been
formed with the source, channel, and drain formed in the
substrate material itself, where the current flows horizontally
(i.e., in the plane of the substrate), and FinFETs have been
formed with the channel extending outward from the sub-
strate, but where the current also flows horizontally. The
channel for the FET can be a thin region of silicon or I1I-V
semiconductor with a planar gate on the channel. Depending
on the choice of material and doping for the source, channel,
and drain, an n-FET or a p-FET may be formed.

SUMMARY

[0005] A nanostructure material (NSM) field effect tran-
sistor (FET) including a dielectric layer on at least a portion
of a substrate, a nano-structure material (NSM) layer on at
least a portion of the dielectric layer, a source electrode and
a drain electrode formed on at least a portion of the NSM
layer, a gate dielectric formed on at least a portion of the
NSM layer between the source electrode and the drain
electrode, a T-shaped gate electrode formed between the
source electrode and the drain electrode on the gate dielec-
tric, wherein the NSM layer forms a channel of the FET, and
a doping layer formed directly on the NSM layer extending
at least from the sidewall of the source electrode to a first
sidewall of the gate dielectric, and at least from a sidewall
of the drain electrode to a second sidewall of the gate
dielectric.

[0006] A method of fabricating a nanostructure material
field effect transistor (INSM FET) including forming a NSM
layer on at least a portion of dielectric layer, forming a
source electrode and a drain electrode on at least a portion
of the NSM layer, forming a gate dielectric on at least a
portion of the NSM layer between the source electrode and
the drain electrode, forming a T-shaped gate electrode
between the source electrode and the drain electrode on the
gate dielectric, wherein the NSM layer forms a channel of
the FET, and forming a doping layer directly on the surface
of the NSM layer, where the doping layer extends at least
from a sidewall of the source electrode to a first sidewall of
the gate dielectric, and at least from a sidewall of the drain
electrode to a second sidewall of the gate dielectric.
[0007] A method of fabricating a nanostructure material
field effect transistor (NSM FET) including forming a
dielectric layer on at least a portion of a substrate; forming
a NSM layer on at least a portion of dielectric layer, wherein
the NSM layer includes single-walled carbon nanotubes
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(SWNTs), double-walled carbon nanotubes (DWNTs),
multi-walled carbon nanotubes (MWNTs), chemically
modified carbon nanotubes, or graphene; patterning the
NSM layer to leave gaps between adjacent sections of NSM
material to form a plurality of isolated active areas; forming
a source electrode and a drain electrode on at least a portion
of the NSM layer forming an isolated active area; forming
a gate dielectric on the portion of the NSM layer between the
source electrode and the drain electrode; forming a T-shaped
gate electrode between the source electrode and the drain
electrode on the gate dielectric, wherein the NSM layer
forms a channel of the FET; and forming a doping layer
directly on the surface of the NSM layer, where the doping
layer extends at least from a sidewall of the source electrode
to a first sidewall of the gate dielectric, and at least from a
sidewall of the drain electrode to a second sidewall of the
gate dielectric.

[0008] These and other features and advantages will
become apparent from the following detailed description of
illustrative embodiments thereof, which is to be read in
connection with the accompanying drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0009] The disclosure will provide details in the following
description of preferred embodiments with reference to the
following figures wherein:

[0010] FIG. 1 is a cross-sectional diagram of a NSM FET
in accordance with an exemplary embodiment;

[0011] FIG. 2 is a cross-sectional diagram of the NSM
FET device showing an enlarged view of the source-gate-
drain portion in accordance with an exemplary embodiment;
[0012] FIG. 3 is a cross-sectional diagram of a NSM FET
illustrating electrical aspects of the structure in accordance
with an exemplary embodiment;

[0013] FIG. 4 is a side view of a substrate and a dielectric
layer formed on the substrate in accordance with an exem-
plary embodiment;

[0014] FIG. 5 is a side view of a substrate and dielectric
layer with a nano-structure material (NSM) layer on the
surface of dielectric layer, as shown in FIG. 4, in accordance
with an exemplary embodiment;

[0015] FIG. 6 is a side view of a substrate, dielectric layer,
and NSM layer with a source electrode and a drain electrode
on the NSM layer, as shown in FIG. 5, in accordance with
an exemplary embodiment;

[0016] FIG. 7 is a side view of a partially fabricated NSM
FET, as shown in FIG. 6, in accordance with an exemplary
embodiment;

[0017] FIG. 8 is a side view of a partially fabricated NSM
FET, as shown in FIG. 7, in accordance with an exemplary
embodiment;

[0018] FIG. 9 is a side view of a partially fabricated NSM
FET, as shown in FIG. 8, in accordance with an exemplary
embodiment;

[0019] FIG.10is a side view of a partially fabricated NSM
FET, as shown in FIG. 9, in accordance with an exemplary
embodiment;

[0020] FIG. 11 is a side view of a partially fabricated NSM
FET, as shown in FIG. 10, in accordance with an exemplary
embodiment;

[0021] FIG. 12 is a side view of a partially fabricated NSM
FET, as shown in FIG. 11, in accordance with an exemplary
embodiment;
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[0022] FIG. 13 is a side view of a partially fabricated NSM
FET, as shown in FIG. 12, in accordance with an illustrative
embodiment; and

[0023] FIG. 14 is a cross-sectional diagram of a NSM FET
in accordance with an exemplary embodiment.

DETAILED DESCRIPTION

[0024] Principles and embodiments of the present disclo-
sure relate generally to a semiconductor structure including
nano-structure materials (NSM), where the NSMs form a
layer of the structure. The semiconductor structure may be
a part of an RF circuit or form a complete semiconductor
device (e.g., an RF transistor). In various embodiments, the
semiconductor device may be a transistor, or more particu-
larly a field effect transistor (FET). The NSM transistor may
be a radio frequency (RF) device. A plurality of RF devices
may form an RF circuit. It is also contemplated that two or
more semiconductor devices may also be combined to form
a logic device, for example, a CMOS device.

[0025] Principles and embodiments also relate to a field
effect transistor having a channel including carbon nano-
tubes, where the carbon nanotubes are in electrical connec-
tion with a source and a drain of the FET, and a gate is on
the channel between the source and drain. The gate of the
FET can be T-shaped to decrease parasitic capacitance
between the gate, source and drain. A doping layer may be
self-aligned with the gate.

[0026] It should be understood that reference to carbon
nanotubes (CNTs) is a non-limiting example for descriptive
purposes only and intended to encompass the different
varieties of 1-D and 2-D nano-structure materials, where the
nano-structures may be based on carbon and non-carbon
materials, including but not limited to single-walled nano-
tubes (SWNTs), double-walled nanotubes (DWNTs), multi-
walled nanotubes (MWNTs), chemically modified nano-
tubes (e.g., nitrogen-doped CNTs, functionalized CNTs),
semiconducting nanowires (e.g., Si—, SiGe—, GaSb—,
1I-VI1, III-V-nanowires), 2-dimensional lattices (e.g., gra-
phene, phosphorene, molybdenum sulfide (MoS,), tungsten
selenide (WSe,)), etc. In various embodiments, the nano-
structure material composition may include carbon (C),
boro-carbon nitrides (e.g., BC,N), black phosphorus (e.g.,
phosphorene), transition metal dichalcogenides (e.g., MoS,,
WS,, MoSe,, WSe,, MoTe,, NbSe,, etc.), group IV semi-
conductors (e.g., Si, Ge, SiGe), 1I-VI semiconductors (e.g.,
Zn0O, MgO), and III-V semiconductors (e.g., GaAs, InP,
InGaAs).

[0027] In one or more embodiments, a FET channel may
be formed by one or more CNTs longer than the distance
between the source and drain arranged in parallel, wherein
each nanotube bridges the source and drain directly without
crossing each other. In one or more embodiments, a FET
channel may be formed by one or more CNTs longer than
the distance between the source and drain arranged in
random, wherein each nanotube bridges the source and drain
directly but may cross each other. In various embodiments,
the CNTs may be individual CNTs, or a plurality of CNTs
may form one or more bundle(s) of adjacent CNTs.

[0028] In one or more embodiments, a FET channel may
be formed by many CNTs arranged in parallel tracks, where
each track comprises a series of connected CNTs shorter
than the distance between the source and drain that form a
relay bridging the source and drain. In one or more embodi-
ments, 1-D nanotubes may form a FET channel as a random
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arrangement (i.e., a mesh, a mat) that forms a connected
network that electrically bridges a source and drain. In
various embodiments, a sufficient quantity of nanotubes
shorter than the distance between the source and drain may
be deposited to reach a percolation threshold for current to
flow between a source and drain. A single nanotube spanning
the distance between the source and drain may be sufficient
to reach a percolation threshold.

[0029] In various embodiments, a combination of nano-
tubes shorter than the distance between the source and drain
and nanotubes longer than the distance between the source
and drain may form a FET channel that electrically bridges
the source and drain.

[0030] In one or more embodiments, a 2-D structure (e.g.,
graphene, phosphorene, etc.) in a single or multi-layer
arrangement may form a channel that electrically bridges the
source and drain.

[0031] Itis to be understood that the present invention will
be described in terms of a given illustrative architecture;
however, other architectures, structures, substrate materials
and process features and steps may be varied within the
scope of the present invention.

[0032] It will also be understood that when an element
such as a layer, region or substrate is referred to as being
“on” or “over” another element, it can be directly on the
other element or intervening elements may also be present.
In contrast, when an element is referred to as being “directly
on” or “directly over” another element, there are no inter-
vening elements present. It will also be understood that
when an element is referred to as being “connected” or
“coupled” to another element, it can be directly connected or
coupled to the other element or intervening elements may be
present. In contrast, when an element is referred to as being
“directly connected” or “directly coupled” to another ele-
ment, there are no intervening elements present.

[0033] The present embodiments may include a design for
an integrated circuit chip, which may be created in a
graphical computer programming language, and stored in a
computer storage medium (such as a disk, tape, physical
hard drive, or virtual hard drive such as in a storage access
network). If the designer does not fabricate chips or the
photolithographic masks used to fabricate chips, the
designer may transmit the resulting design by physical
means (e.g., by providing a copy of the storage medium
storing the design) or electronically (e.g., through the Inter-
net) to such entities, directly or indirectly. The stored design
is then converted into the appropriate format (e.g., GDSII)
for the fabrication of photolithographic masks, which typi-
cally include multiple copies of the chip design in question
that are to be formed on a wafer. The photolithographic
masks are utilized to define areas of the wafer (and/or the
layers thereon) to be etched or otherwise processed.
[0034] Methods as described herein may be used in the
fabrication of integrated circuit chips. The resulting inte-
grated circuit chips can be distributed by the fabricator in
raw wafer form (that is, as a single wafer that has multiple
unpackaged chips), as a bare die, or in a packaged form. In
the latter case the chip is mounted in a single chip package
(such as a plastic carrier, with leads that are affixed to a
motherboard or other higher level carrier) or in a multichip
package (such as a ceramic carrier that has either or both
surface interconnections or buried interconnections). In any
case the chip is then integrated with other chips, discrete
circuit elements, and/or other signal processing devices as
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part of either (a) an intermediate product, such as a moth-
erboard, or (b) an end product. The end product can be any
product that includes integrated circuit chips, ranging from
toys and other low-end applications to advanced computer
products having a display, a keyboard or other input device,
and a central processor.

[0035] Reference in the specification to “one embodi-
ment” or “an embodiment” of the present principles, as well
as other variations thereof, means that a particular feature,
structure, characteristic, and so forth described in connection
with the embodiment is included in at least one embodiment
of'the present principles. Thus, the appearances of the phrase
“in one embodiment” or “in an embodiment”, as well any
other variations, appearing in various places throughout the
specification are not necessarily all referring to the same
embodiment.

[0036] It is to be appreciated that the use of any of the
following “/”, “and/or”, and “at least one of”, for example,
in the cases of “A/B”, “A and/or B” and “at least one of A
and B”, is intended to encompass the selection of the first
listed option (A) only, or the selection of the second listed
option (B) only, or the selection of both options (A and B).
As a further example, in the cases of “A, B, and/or C” and
“at least one of A, B, and C”, such phrasing is intended to
encompass the selection of the first listed option (A) only, or
the selection of the second listed option (B) only, or the
selection of the third listed option (C) only, or the selection
of the first and the second listed options (A and B) only, or
the selection of the first and third listed options (A and C)
only, or the selection of the second and third listed options
(B and C) only, or the selection of all three options (A and
B and C). This may be extended, as readily apparent by one
of ordinary skill in this and related arts, for as many items
listed.

[0037] While exemplary embodiments have been shown
for a particular device, it should be understood that a
plurality of such devices may be arranged and/or fabricated
on a substrate to form integrated devices that may be
integrated onto a substrate, for example through very large
scale integration to produce complex devices such a central
processing units (CPUs) and application specific integrated
circuits (ASICs).

[0038] Referring now to the drawings in which like
numerals represent the same or similar elements and initially
to FIG. 1, which is a cross-sectional diagram of a NSM FET
having a T-shaped gate (also referred to herein as a T-gate)
in accordance with an exemplary embodiment.

[0039] In one or more embodiments, a nano-structure
material field effect transistor (NSM FET) 100 includes a
substrate 110 having a dielectric layer 120 on at least a
portion of the substrate 110 and a NSM layer 130 on at least
a portion of the dielectric layer 120, where the NSM layer
130 can form a NSM channel of the FET. In various
embodiments, the NSM may be carbon nanotube(s). A
source electrode 170 and a drain electrode 180 may be
physically on and in electrical contact with the NSM layer
130 to form a conductive path from the source electrode 170
to the drain electrode 180, where the NSM layer electrically
couples the source electrode 170 to the drain electrode 180.
[0040] In various embodiments, the gate electrode 160 is
formed on at least a portion of the NSM layer 130, where the
gate electrode 160 has a T-shape in which the bottom surface
162 of T-shaped gate electrode 160 on the NSM layer 130
has a smaller width and surface area than the top surface 168
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of the gate electrode to thereby form an overhang region(s)
165 and 166 on opposite sides of the vertical leg of the gate
electrode. Shadowed region(s) 147, 148 may occur on the
surface opposite the overhang region(s) 165, 166, where the
shadowed regions 147, 148 may not have a vertical line of
sight (as shown in FIG. 1) through gap opening(s) 195, 196
to the surface.

[0041] In one or more embodiments, the vertical leg of a
T-shaped gate electrode 160 does not extend laterally to the
source electrode 170 and/or drain electrode 180. In various
embodiments, the horizontal cap of the T-shaped gate elec-
trode 160 does not extend over the source electrode 170
and/or drain electrode 180. In some embodiments, the
horizontal cap of the T-shaped gate electrode 160 may
partially extend over the source electrode 170 and/or drain
electrode 180. There may be gap openings 195, 196 between
the T-shaped gate electrode 160 and the source electrode 170
and/or drain electrode 180.

[0042] Inone or more embodiments, a gate dielectric layer
150 may be located between the gate electrode 160 and the
NSM layer 130, where the gate dielectric 150 electrically
insulates the gate electrode 160 from the conductive NSM
layer 130. The gate dielectric 150 may extend up the
sidewall(s) of the gate electrode 160 to provide a physical
barrier and/or electrical insulation between the gate elec-
trode 160 and the doping layer 140 along these side surfaces.
[0043] In various embodiments, a doping layer 140 may
be on at least a portion of the exposed surfaces of the source
electrode 170, the drain electrode 180, the NSM layer 130,
and the gate electrode 160. The doping layer 140 may be
formed on the sidewall(s) of the gate electrode 160 and
cover at least a portion of the gate dielectric layer 150. The
doping layer 140 may be formed on at least a sidewall of the
source electrode 170 and at least a sidewall of the drain
electrode 180.

[0044] In various embodiments, the doping layer 140 may
include benzyl viologen, a silicon nitride (Si,N,) film, a
magnesium oxide film (MgO), a high-K dielectric metal
oxide film (e.g., Al,O;, HfO,), or combinations thereof. In
one or more embodiments, the doping layer 140 is benzyl
viologen or silicon nitride. The NSM layer 130 may be
n-doped or p-doped by the doping layer 140.

[0045] In various embodiments, the NSM layer 130 may
be n-type or p-type based on the associated work function of
the source and/or drain material (e.g., p-type formed by
un-doped CNT with Pd as the source/drain material, n-type
formed by un-doped CNT with Sc as the source/drain
material).

[0046] FIG. 2 is a side view of the cross-sectional diagram
of'the NSM FET device in FIG. 1 showing an enlarged view
of the source-gate-drain portion in accordance with an
exemplary embodiment of device 100.

[0047] In one or more embodiments, the bottom surface
162 of the T-shaped gate electrode 160 does not extend to the
source electrode 170 and/or drain electrode 180, such that
the NSM layer 130 may be covered only by doping layer 140
along extension portion(s) 145, 146 between source elec-
trode 170 and gate electrode 160, and/or drain electrode 180
and gate electrode 160 respectively. The doping layer 140
may cover the entire extension portion 145 of the NSM layer
130 between the source electrode 170 and gate electrode
160, where the doping layer 140 extends laterally at least
from the edge of the source electrode 170 to the gate
dielectric layer 150 on the sidewall of the gate electrode 160
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including the shadowed region 147. The doping layer 140
may cover the entire extension portion 146 of the NSM layer
130 between the drain electrode 180 and gate electrode 160,
where the doping layer 140 extends laterally at least from the
edge of the drain electrode 180 to the gate dielectric layer
150 on the side of the gate electrode 160 including the
shadowed region 148.

[0048] The overhanging region(s) 165, 166 also may not
extend over the source electrode 170 and/or drain electrode
180. There may be a gap region 190, 191 between and
bounded by the T-shaped gate electrode 160, NSM layer
130, and source electrode 170 on one side of the gate
electrode 160, and by the gate electrode 160, NSM layer
130, and drain electrode 180 on an opposite side of the gate
electrode 160. The doping layer 140 may cover portions of
the NSM layer 130, gate electrode 160, source electrode
170, and drain electrode 180.

[0049] In one or more embodiments, the bottom surface
162 of the T-shaped gate electrode 160 may have a width in
the range of about 5 nm to about 500 nm, or in the range of
about 5 nm to about 250 nm, or in the range of about 10 nm
to about 200 nm, thereby forming a gate length in the range
of'in the range of about 5 nm to about 500 nm, or in the range
of about 5 nm to about 250 nm, or in the range of about 10
nm to about 200 nm.

[0050] In one or more embodiments, the top surface 168
of the T-shaped gate electrode 160 may have a width and
surface area greater than the bottom surface 162 of the
T-shaped gate electrode, such that overhanging region(s)
165, 166 extend laterally a distance greater than the width of
the bottom surface 162 of the T-shaped gate electrode.
[0051] In various embodiment, the overhanging region(s)
165 extend about 2 nm to about 1000 nm, or about 2 nm to
about 500 nm, or about 2 nm to about 100 nm, or about 5 nm
to about 100 nm, or about 5 nm to about 50 nm beyond the
sidewall of the vertical leg of the T-shaped gate electrode
160. In various embodiments, the ratio of the width of the
top surface to the width of the bottom surface is in the range
of about 1.2:1 to about 20:1, or in the range of about 1.2:1
to about 10:1, or in the range of about 1.2:1 to about 5:1, or
in the range of about 1.4:1 to about 4:1, or in the range of
about 1.4:1 to about 3:1, or in the range of about 1.8:1 to
about 3:1 although other ratios achievable by fabrication
processes, as discussed herein, are contemplated.

[0052] In various embodiments, the overhanging region(s)
165, 166 extend laterally a distance less than the length of
extension portion(s) 145, 146, such that the overhanging
region(s) 165, 166 do not extend over source electrode 170
and/or drain electrode 180 to control capacitances. The
overhanging region 165 may be the same length as the
overhanging region 166, or the overhanging region 165 may
have a different length than the overhanging region 166,
where the difference in length between 165 and 166 may
depend on the control of the patterning process.

[0053] Inone or more embodiments, the vertical leg of the
T-shaped gate electrode 160 may have a height from the
bottom surface 162 to the overhang region(s) 165, 166 in the
range of about 5 nm to about 200 nm, or in the range of about
5 nm to about 100 nm, or in the range of about 10 nm to
about 50 nm. In various embodiments, the height of the
horizontal cap of the T-shaped gate electrode from the
overhang region(s) to the top surface 168 may be in the
range of about 2 nm to about 100 nm, or about 5 nm to about
75 nm, or about 10 nm to about 50 nm. In various embodi-
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ments, the ratio of the height of the horizontal cap to the
height of the vertical leg may be may be in the range of about
0.1:1 to about 5:1, or about 0.2:1 to about 2.5:1, or about
0.5:1to about 1.5:1, or about 0.75:1 to about 1.25:1, or about
1:1, although other ratios achievable by fabrication pro-
cesses, as discussed herein, are contemplated.

[0054] The extension portion(s) 145, 146 of doping layer
140 may have a length in the range of about 2 nm to 100 nm,
about 5 nm to 75 nm, or in the range of 10 nm to 50 nm, such
that there is a gap region 190 between the sidewall of source
electrode 170 and the sidewall of the vertical leg of the
T-shaped gate electrode 160 in the range of about 2 nm to
about 100 nm. The extension portion 145 may be the same
length as the extension portion 146, or the extension portion
145 may have a different length than the extension portion
146, where the difference in length between 145 and 146
may depend on the control of the patterning process. It
should be noted that the dimensions may be exaggerated in
the figures to illustrate particular features, such that the
figures should not be considered to be to scale, except where
expressly stated.

[0055] In various embodiments, the formation of gap
regions(s) 190, 191 and extension portion(s) 145, 146 may
reduce a parasitic capacitance of the source-gate and/or
drain-gate regions, since there is an added void, which may
be an ultra-low K gap (e.g., vacuum, air, airgap, aerogel,
xerogel, etc.), between the source electrode 170 and gate
electrode 160 and/or drain electrode 180 and gate electrode
160. In addition the wider top surface 168 of the gate
electrode 160 may reduce the gate resistance of a gate line.
[0056] FIG. 3 is a cross-sectional diagram of a NSM FET
illustrating electrical aspects of the structure in accordance
with an exemplary embodiment.

[0057] In various embodiments, the physical arrangement
of'the T-shaped gate electrode 160 with the source electrode
170 and drain electrode 180 determines the capacitances and
resistances between the components. Without being bound
by theory, it is believed that adjusting the lengths of the
extension portions 145, 146 and the height and widths of the
T-shaped gate, and thereby the dimensions of the gap regions
190, 190, the parasitic capacitances 375, 376, 385, 386 of the
device 100 can be reduce to improve high frequency per-
formance. In various embodiments, increasing the distances
between the gate electrode 160 and the source 170 and/or
drain electrode 180, either by locating the source electrode
170 and/or drain electrode 180 further away from the gate
electrode sidewalls, or reducing the width of the base of the
T-shaped gate electrode 160 to have a narrower bottom
surface 162, such that extension portion(s) 145, 146 are
longer, may decrease the capacitance(s) 375, 376. Adjusting
the width of the top of the T-shaped gate electrode may
adjust the parasitic capacitance(s) 385, 386. In various
embodiments, an air gap or an ultra-low K dielectric fill of
gap region 190 may be used to help decrease the capacitance
375. An air gap or an ultra-low K dielectric fill of gap region
191 may be used to help decrease the capacitance 376. In
addition, since the extension portions 145, 146 are not
directly gated, the conductance in the regions may be made
as high as possible. Decreasing the length and increasing the
conductance of the extension portions 145, 146 may reduce
the access resistances 345, 346. Having a wider top surface
168 of the T-shaped gate electrode 160 than the bottom
surface 162 may reduce the gate resistance of the T-shaped
gate electrode 160. Reducing the parasitic capacitances
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and/or gate resistance and/or access resistances may produce
an RF transistor that can operate at a higher frequency (i.e.,
a faster device).

[0058] In one or more embodiments, the doping layer 140
along extension portion(s) 145, 146 between source elec-
trode 170 and gate electrode 160 and/or drain electrode 180
and gate electrode 160 may reduce access (or external)
resistance(s) of the device 100.

[0059] In one or more embodiments, end-bonded contacts
to the CNTs may be formed at the source electrode 170
and/or drain electrode 180, which may act to largely reduce
the parasitic capacitance.

[0060] FIG. 4 is a side view of a substrate 110 and a
dielectric layer 120 formed on the substrate in accordance
with an exemplary embodiment.

[0061] In one or more embodiments, a substrate 110 may
be a semiconductor or an insulator. The substrate may be
crystalline, semi-crystalline, microcrystalline, or amor-
phous. The substrate may be essentially (i.e., except for
contaminants) a single element (e.g., silicon), primarily (i.e.,
with doping) of a single element, for example, silicon (Si) or
germanium (Ge), or the substrate may be a compound, for
example, Al,O;, SiO,, GaAs, SiC, or SiGe. The substrate
may also have multiple material layers, for example, a
semiconductor-on-insulator substrate (SeOl), a silicon-on-
insulator substrate (SOI), germanium-on-insulator substrate
(GeOI), or silicon-germanium-on-insulator  substrate
(SGOI). The substrate may also have other layers forming
the substrate, including high-k oxides and/or nitrides. In one
or more embodiments, the substrate 110 may be a silicon
wafer. In an embodiment, the substrate is a single crystal
silicon wafer.

[0062] The dielectric layer 120 may be formed on the
exposed surface 105 of the substrate 110, where the dielec-
tric layer 120 may be formed by thermal oxidation of the
substrate, one or more deposition processes (e.g., physical
vapor deposition, chemical vapor deposition, atomic layer
deposition), spin coating, or combinations thereof. The
dielectric layer 120 and exposed surface 105 of substrate 110
may form an interface, where the dielectric layer 120 and
exposed surface 105 are in contact.

[0063] FIG. 5 is a side view of a substrate 110 and
dielectric layer 120 with a nano-structure material (NSM)
layer 130 formed on the surface 125 of dielectric layer 120,
as shown in FIG. 4.

[0064] In one or more embodiments, the NSM layer 130
may be placed on the surface 125 of dielectric layer 120 by
a wet method, where NSM is deposited from a solution. The
NSM may be spin coated onto the surface 125, deposited by
a drop-and-dry method, or soaked in a solution containing
the NSM and rinsed to leave an NSM layer 130. The NSM
layer 130 may be deposited over the entire surface 125 of
dielectric layer 120, and portions subsequently removed, or
the NSM layer 130 may be selectively deposited onto
portions of the surface 125 of dielectric layer 120. In various
embodiments, the surface 125 of dielectric layer 120 and/or
CNTs forming the NSM layer 130 may be functionalized
prior to formation of the NSM layer 130 to control selec-
tivity of the CNT deposition and/or improve yield and/or
adhesion. In various embodiments, the functionalized sur-
face layer 127 may have a thickness in the range of about 0.5
nm to about 10 nm, or in the range of about 0.5 nm to about
5 nm, as shown in FIG. 14.
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[0065] In various embodiments, a wetting layer 133 may
be formed on at least a portion of the NSM layer 130 prior
to formation of the source electrode 170 and/or drain elec-
trode 180, where the wetting layer may be titanium or
molybdenum, as shown in FIG. 14. The wetting layer
formed on the NSM layer 130 may be positioned between
the NSM layer and the source electrode 170 and/or drain
electrode 180 to increase adhesion of the electrode(s) 170,
180 to the dielectric layer 120 and/or NSM layer 130. The
NSM layer 130 may have increase adhesion to the wetting
layer compared to the interaction of the NSM layer 130
directly with the electrode material. In various embodi-
ments, the surface of the dielectric layer 120 may be
functionalized to increase adhesion of the NSM layer 130,
and/or a wetting layer may be formed on at least a portion
of the NSM layer to increase adhesion of the source and
drain electrodes, where the wetting layer may also be on an
underlying portion of the dielectric surface if the NSM layer
is a sub-monolayer.

[0066] In various embodiments, the wetting layer may be
a sub-monolayer with have a thickness in the range of about
0.5 nm to about 2 nm. A wetting layer may be formed on at
least a portion of NSM layer 130 before subsequent mate-
rials are deposited on the NSM layer 130 to improve
adhesion.

[0067] In one or more embodiments, the NSM layer may
include carbon nanotubes (CNTs) or graphene. The carbon
nanotubes or graphene may be aligned or closely aligned in
a direction that will be parallel to the axis between a source
and drain of the CNT FET.

[0068] In an embodiment, a single CNT may span the
distance between the source electrode and the drain elec-
trode to provide a conductive path.

[0069] In an embodiment, a plurality of CNTs may be in
parallel, where each CNT spans the distance between the
source electrode and the drain electrode to provide a con-
ductive path.

[0070] In an embodiment, a plurality of CNTs may be
shorter than the length between the source electrode and the
drain electrode, but make up a random arrangement of the
CNTs that are in electrical contact to form a conductive
network between the source electrode and the drain elec-
trode. The CNTs have a sufficient density to reach a perco-
lation threshold.

[0071] In an embodiment, a FET channel may be formed
by a combination of CNTs having sufficient length to span
the distance between the source electrode and the drain
electrode, and shorter CNTs that form a conductive inter-
connected network.

[0072] In an embodiment, a FET channel may be formed
by a 2-dimensional material (e.g., graphene), in a single- or
multi-layer arrangement, spanning the distance between the
source electrode and the drain electrode to provide a con-
ductive path.

[0073] In various embodiments, the NSM layer 130 made
of CNTs may have a thickness in the range of about 0.5 nm
to about 10 nm, or in the range of about 0.5 nm to about 1.5
nm, or in the range of about 1 nm to about 3 nm, or in the
range of about 2 nm to about 5 nm. The thickness of the CNT
layer may depend on the type of nanotube structure depos-
ited, where a sub-monolayer of single walled carbon nano-
tubes may have a thickness of about 0.5 nm to about 1.5 nm
determined by the diameter of the CNTs used to form the
layer. In a sub-monolayer, nanotubes may only have elec-
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trical overlap in-plane without stacking or overlapping ver-
tically. A monolayer of nanotubes may have a thickness in
the range of about 1 nm to about 3 nm, where two or more
nanotubes may stack or overlap vertically, thereby increas-
ing the layer thickness. A CNT layer of multi-walled nano-
tubes may have a thickness in the range of about 2 nm to
about 5 nm, as determined by the diameter of the multi-
walled nanotubes and the extent of overlap. In various
embodiments, a tangled mesh of nanotubes may be depos-
ited having a thickness up to about 10 nm. In one or more
embodiments, CNTs having sufficient length to span the
distance between a source electrode and a drain electrode
may be deposited.

[0074] In one or more embodiments, the NSM layer 130
may be formed over most (e.g., 90%, 95%, 99%) of surface
125 of dielectric layer 120, and subsequently patterned to
form the active areas of one or more FETs. This can be
accomplished, for example, using a compatible resist (e.g.,
poly-methyl methacrylate (PMMA)) that may be patterned
over the NSM layer 130 to form exposed portions of the
NSM layer 130, where the PMMA may be patterned by an
electron beam. The exposed portions of the NSM layer 130
may be removed by cutting or selectively etching, and the
resist material subsequently removed. The NSM layer 130
may be patterned to leave gaps between adjacent sections of
NSM material to form a plurality of isolated pads or active
areas for individual devices. In various embodiments, a
hydrogen silsesquioxane (HSQ) material may be patterned
by an electron beam to form protected portions of the NSM
layer 130.

[0075] FIG. 6 is a side view of a substrate 110, dielectric
layer 120, and NSM layer 130 with a source electrode 170
and a drain electrode 180 formed on at least a portion of the
NSM layer 130, as shown in FIG. 5.

[0076] In one or more embodiments, the source electrode
170 and drain electrode 180 may be formed of the same
material. The source electrode 170 and/or drain electrode
180 may be titanium (Ti), titanium nitride (TiN), tungsten
(W), palladium (Pd), gold (Au), scandium (Sc), nickel (Ni),
molybdenum (Mo), etc., or combinations thereof. Nickel or
molybdenum may form carbides at the interface with a
carbon based NSM layer 130. In various embodiments, the
source electrode 170 and drain electrode 180 may be formed
by physical vapor deposition (PVD), chemical vapor depo-
sition (CVD), atomic layer deposition (ALD), or any of the
various modifications thereof, for example, plasma-en-
hanced chemical vapor deposition (PECVD), metal-organic
chemical vapor deposition (MOCVD), low pressure chemi-
cal vapor deposition (LPCVD), electron-beam physical
vapor deposition (EB-PVD), and plasma-enhanced atomic
layer deposition (PE-ALD). In one or more embodiments,
source electrode 170 and drain electrode 180 is deposited by
PECVD or PVD (e.g., sputtering).

[0077] In various embodiments, formation of a layer or
electrode may be by one or more deposition processes,
where, for example, a conformal layer or wetting layer may
be formed by a first process (e.g., ALD, PE-ALD, etc.) and
a fill or bulk deposition may be formed by a second process
(e.g., CVD, electrodeposition, PVD, etc.).

[0078] In various embodiments, the source electrode 170
and/or drain electrode 180 are formed directly on the CNT
layer 130 and have an electrical connection at the interface
with the CNT layer 130. The CNT layer 130 may be masked
prior to deposition of the source electrode 170 and drain
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electrode 180, such that areas for deposition of the elec-
trodes are exposed and the portions of the NSM layer 130
forming the channels are covered by a resist (e.g., PMMA).
The resist may be removed to expose the underlying NSM
layer 130 for forming a gate structure on the NSM layer 130.
The gate structure (e.g., gate dielectric and gate electrode)
may be patterned independently of the source electrode 170
and drain electrode 180.

[0079] FIG. 7 is a side view of a partially fabricated NSM
FET, as shown in FIG. 6.

[0080] In one or more embodiments, the source electrode
170 and drain electrode 180 and exposed surface of the NSM
layer 130 may be masked and patterned to leave portions of
the source electrode 170, drain electrode 180, and NSM
layer 130 available for deposition of a sacrificial spacer
material 310.

[0081] In one or more embodiments, a block of sacrificial
spacer material 310 may be patterned over the NSM layer
130, where the block covers at least a portion of the top
surface of the source electrode 170, while another block of
sacrificial spacer material 310 may be patterned over the
NSM layer 130, where the block covers at least a portion of
the top surface of and the drain electrode 180, thereby
forming a recess 315 between the two blocks. The sacrificial
spacer material 310 may form sacrificial blocks by selec-
tively curing portions of the sacrificial spacer material 310.
[0082] In one or more embodiments, the sacrificial spacer
material 310 may first be deposited over the source electrode
170, the exposed surface of the NSM layer 130, and drain
electrode 180. A recess 315 may then be created by remov-
ing the sacrificial spacer material 310 from a region of the
sacrificial spacer material 310. The gate structure is pat-
terned independently of the source electrode 170 and drain
electrode 180. As such, the extension distances 146, 146
may not necessarily be equal.

[0083] In various embodiments, sacrificial spacer material
310 may be hydrogen silsesquioxane (HSQ) having a chemi-
cal formula of HSiO,,, for example, H;Si,O,,. In various
embodiments, sacrificial spacer material 310 covers at least
a portion of the top surfaces of the source electrode 170 and
the drain electrode 180. In various embodiments, the HSQ
may be patterned via an electron beam, where the electron-
beam exposed regions form the sacrificial blocks, while
unexposed regions of the HSQ layer may be developed to
remove the unexposed material to form, for example, recess
315. The HSQ of the sacrificial spacer material 310 may be
further hardened (e.g., by annealing) to form SiO,.

[0084] FIG. 8 is a side view of a partially fabricated NSM
FET, as shown in FIG. 7.

[0085] In various embodiments, a gate dielectric layer 150
may be formed over the exposed surfaces of the source
electrode 170, drain electrode 180, sacrificial spacer material
310, and NSM layer 130. In various embodiments, gate
dielectric layer 150 may be silicon oxide (SiO,), silicon
nitride (e.g., Si;N,), or a high-k dielectric material, where
the high-k oxide may be HfO,, HfSiO,, HfSiON, La,O;,
Ta,0s, ZrO,, and/or SrTiO;, or combinations thereof. The
stoichiometry of the materials may vary.

[0086] In various embodiments, the gate dielectric layer
150 may be formed by ALD, CVD, or combinations thereof,
where the gate dielectric layer may be formed a tempera-
tures in the range of about 80° C. to about 600° C., or more
particularly at low temperatures in the range of about 80° C.
to about 150° C., or about 100° C. to about 130° C. The gate
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dielectric layer 150 may have a thickness in the range of
about 1 nm to about 5 nm, or about 1 nm to about 3 nm, or
about 2 nm. In various embodiments, the gate dielectric
layer 150 may subsequently be annealed.

[0087] FIG. 9 is a side view of a partially fabricated NSM
FET, as shown in FIG. 8.

[0088] In one or more embodiments, a gate electrode
material 161 may be formed over the gate dielectric layer
150, and fill in recess(es) 315 between sacrificial spacer
material 310. The gate electrode material 161 may extend
substantially above the surface of the gate dielectric layer to
provide sufficient material to be etched and/or chemically-
mechanically polished back to remove any dimpling caused
by the gate electrode recess between sacrificial spacer mate-
rial 310.

[0089] FIG. 10 is a side view of a partially fabricated NSM
FET, as shown in FIG. 9.

[0090] In various embodiments, the gate electrode mate-
rial 161 may be masked, patterned, and etched to form a gate
electrode 160, where gate material 161 may be removed to
form the top of the T-shaped gate electrode 160.

[0091] In various embodiments, the gate electrode 160
may be formed by patterning an opening in a temporary
resist (e.g., PMMA) and/or hard mask layer over the struc-
ture in FIG. 8 to position the top of the T-shaped gate
electrode 160 (i.e., the opening extends from over a portion
of sacrificial spacer 310 that is in contact with the source
electrode 170, the recess region 315, and over a portion of
sacrificial spacer 310 that is in contact to the drain electrode
180). The gate material 161 may then be deposited to fill in
this open area forming the vertical leg and horizontal cap of
the T-shaped gate electrode 160, while the material depos-
ited outside this region is removed with the removal of the
temporary resist (e.g., PMMA) and/or hard mask layer.
[0092] Since the masking, patterning, and etching to form
gate electrode 160 occurs independently from patterning of
sacrificial spacer material 310, positioning of the top of the
T-shaped gate electrode 160 may be unsymmetrical, so
overhang region 165 may have a different length than the
overhang region 166. In various embodiments, the overhang
region 165 may be the same length as the overhang region
166, or the overhang region 165 may have a different length
than the overhang region 166, where the difference in length
between 165 and 166 may depend on the lateral control of
the patterning process (e.g., e-beam, photolithography) of
the sacrificial spacer material 310 and masking and pattern-
ing of gate electrode material 161.

[0093] In various embodiments, the gate electrode mate-
rial may be doped silicon, silicides (e.g., NiSi, CoSi,, TiSi,,
PtSi, W8i,), Tungsten, (W), titanium (T1), titanium nitride
(TiN), palladium (Pd), gold (Au), nickel (Ni), molybdenum
(Mo), etc., or combinations thereof.

[0094] FIG. 11 is a side view of a partially fabricated NSM
FET, as shown in FIG. 10.

[0095] In various embodiments, after patterning the gate
electrode 160, the exposed gate dielectric layer 150 may be
removed, for example, by wet etching or an anisotropic etch
such as reactive ion etching (RIE), thereby exposing the
underlying sacrificial spacer material 310, the source elec-
trode 170, and the drain electrode 180.

[0096] FIG. 12 is a side view of a partially fabricated NSM
FET, as shown in FIG. 11.

[0097] In various embodiments, the sacrificial spacer
material 310 may be removed by wet etching after being
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exposed. Hydrogen fluoride (HF) solution may be used to
remove the SiO, formed by the cured HSQ. Removal of the
sacrificial spacer material from between the source electrode
170 and the gate electrode 160, and between the drain
electrode 180 and gate electrode forms voids exposing the
sidewalls of the electrodes and gate dielectric layer 150. The
voids may be gap regions 190, 191.

[0098] FIG. 13 is a side view of a partially fabricated NSM
FET, as shown in FIG. 12.

[0099] In various embodiments, a doping layer 140 may
be formed over the exposed surfaces of the source electrode,
gate electrode, and drain electrode, as well as in the gap
regions 190, 191, and over extension portions 145, 146. The
doping layer 140 may create defects (e.g., traps) at the
interface with the underlying NSM layer 130 that can trap
and/or release charge carriers in the NSM layer 130. The
doping layer 140 may dope the device to be n-type or p-type.
In various embodiments, there is no undoped portion of the
extension portions 145, 146. The n-type doping layer 140
may be benzyl viologen, silicon nitride (e.g., Si;N,), silicon
oxynitride (e.g., SION), magnesium oxide (MgO), alumi-
num oxide (Al,O;), hafnium oxide (e.g., HfO,), hatnhium
silicate (e.g., HfSiO), hafnium silicon oxynitride (e.g.,
HfSiON), or combinations thereof. The stoichiometry of the
materials may vary. The p-type doping layer 140 may be
triethyloxonium  hexachloroantimonate  ((CH;CH,)O™"
SbClg7), aluminum oxide (Al,O;), hafhium oxide (HfO,), or
combinations thereof.

[0100] In one or more embodiments, the doping layer 140
may be isotropically applied to the surfaces by ALD, CVD,
or a wet deposition. The doping layer 140 may be formed
directly on the NSM layer 130 extending at least from the
sidewall of the source electrode 170 to a first sidewall 153
of the gate dielectric 150, and from a sidewall of the drain
electrode 180 to a second sidewall 154 of the gate dielectric
150 opposite the first sidewall 153 of the gate dielectric. The
doping layer 140 may have a thickness in the range of about
0.5 nm to about 20 nm, or in the range of about 1 nm to about
10 nm, or in the range of about 1 nm to about 5 nm.
[0101] In various embodiments, the doping layer 140 may
be removed from the source electrode 170 and drain elec-
trode 180. The doping layer 140 may be removed by
masking portions of the device and etching the doping layer
from at least the source electrode 170 and drain electrode
180 using a suitable etching process depending on the
material composition of the doping layer 140.

[0102] FIG. 14 is a cross-sectional diagram of a NSM FET
in accordance with another exemplary embodiment.

[0103] In various embodiments, the surface 125 of dielec-
tric layer 120 may be functionalized to form functionalized
surface layer 127. In various embodiments, a wetting layer
133 may be formed on at least a portion of the NSM layer
130 between the NSM layer 130 and the source electrode
170 and/or drain electrode 180.

[0104] In a non-limiting example of an embodiments, an
NSM FET may be fabricated to have a gate electrode 160
with a bottom surface 162 having a width of about 100 nm
and a top surface 168 having a width of 200 nm, thereby
forming overhang regions 165, 166 each with lengths of
about 50 nm. The vertical leg of the gate electrode has a
height of about 50 nm and the horizontal cap has a height of
about 50 nm. The gate electrode 160 is formed on a gate
dielectric 150 having a thickness of 2 nm. The gate dielectric
is formed over a NSM layer 130 that is a CN'T monolayer



US 2017/0244054 Al

about 1 nm thick, and a doping layer 140 having a thickness
of about 3 nm is formed over at least the exposed portions
of'the NSM layer 130, and entirely covers extension portions
145, 146. The extension portions 145, 146 each have a
length of about 70 nm, such that shadowed regions 147, 148
have a length of about 50 nm. The NSM layer is formed on
dielectric layer 120, which is about 10 nm thick. A source
electrode 170 having a height of about 20 nm and a drain
electrode 180 having a height of about 20 nm are formed on
the CNTs of the NSM layer.

[0105] Having described preferred embodiments of nano-
structure material field effect transistor fabrication and
devices (which are intended to be illustrative and not lim-
iting), it is noted that modifications and variations can be
made by persons skilled in the art in light of the above
teachings. It is therefore to be understood that changes may
be made in the particular embodiments disclosed which are
within the scope of the invention as outlined by the
appended claims. Having thus described aspects of the
invention, with the details and particularity required by the
patent laws, what is claimed and desired protected by Letters
Patent is set forth in the appended claims.

1-9. (canceled)

10. A method of fabricating a nanostructure material field
effect transistor (NSM FET) comprising:

forming a NSM layer on at least a portion of a dielectric

layer;

forming a source electrode and a drain electrode on at

least a portion of the NSM layer;

forming a gate dielectric on at least a portion of the NSM

layer between the source electrode and the drain elec-
trode;
forming a T-shaped gate electrode between the source
electrode and the drain electrode on the gate dielectric,
wherein the NSM layer forms a channel of the FET, and
the T-shaped gate electrode is formed by forming
sacrificial spacer material on exposed portions of the
NSM layer; and

forming a doping layer directly on the surface of the NSM
layer, where the doping layer extends at least from a
sidewall of the source electrode to a first sidewall of the
gate dielectric, and at least from a sidewall of the drain
electrode to a second sidewall of the gate dielectric,
wherein the gate dielectric is deposited over the sacri-
ficial spacer material and the NSM layer, the T-shaped
gate electrode material is deposited on the gate dielec-
tric, the T-shaped gate electrode material and the gate
dielectric are patterned and removed to form a gate
electrode having a bottom surface with a width in the
range of about 5 nm to about 500 nm, and a top surface
with a width and surface area greater than the bottom
surface of the T-shaped gate electrode, and the sacrifi-
cial spacer material is removed.

11. The method of fabricating the NSM FET of claim 10,
wherein the NSM layer includes carbon (C), boro-carbon
nitrides (e.g., BC,N), transition metal dichalcogenides,
group IV semiconductors, II-VI semiconductors, or 11I-V
semiconductors.

12. The method of fabricating the NSM FET of claim 10,
wherein the NSM layer includes single-walled nanotubes
(SWNTs), double-walled nanotubes (DWNTs), multi-walled
nanotubes (MWNTs), chemically modified nanotubes, 2-di-
mensional lattice, or semiconducting nanowires.
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13. The field effect transistor of claim 12, wherein the
SWNTs, DWNTs, MWNTs, and chemically modified nano-
tubes are carbon SWNTs, carbon DWNTs, carbon MWNTs,
chemically modified carbon nanotubes, and the 2-dimen-
sional lattice is graphene.

14. The method of fabricating the NSM FET of claim 10,
wherein the NSM layer is formed by a wet method, where
nano-structure material is deposited from a solution.

15. The method of fabricating the NSM FET of claim 10,
further comprising functionalizing the surface of the dielec-
tric layer to increase adhesion of the NSM layer, and/or
forming a wetting layer on at least a portion of the NSM
layer to increase adhesion of the source and drain electrodes.

16. The method of fabricating the NSM FET of claim 10,
wherein the doping layer is isotropically applied by ALD,
CVD, or a wet deposition.

17. The method of fabricating the NSM FET of claim 15,
wherein the doping layer includes benzyl viologen, silicon
nitride, silicon oxynitride, magnesium oxide, aluminum
oxide, hafnium oxide, hafnium silicate, hafnium silicon
oxynitride, triethyloxonium hexachloroantimonate
((CH;CH,)O"SbCly"), or combinations thereof.

18. The method of fabricating the NSM FET of claim 10,
wherein a first extension region is formed between the
T-shaped gate electrode and the source electrode, and a
second extension region is formed between the T-shaped
gate electrode and the drain electrode, wherein the doping
layer covers the entire extension region between the source
electrode and the T-shaped gate electrode, and the entire
extension portion between the drain electrode and the
T-shaped gate electrode.

19. A method of fabricating a nanostructure material field
effect transistor (NSM FET) comprising:

forming a dielectric layer on at least a portion of a

substrate;

forming a NSM layer on at least a portion of dielectric

layer, wherein the NSM layer includes single-walled
carbon nanotubes (SWNTs), double-walled carbon
nanotubes (DWNTs), multi-walled carbon nanotubes
(MWNTs), chemically modified carbon nanotubes, or
graphene;

patterning the NSM layer to leave gaps between adjacent

sections of NSM material to form a plurality of isolated
active areas;

forming a source electrode and a drain electrode on at

least a portion of the NSM layer forming an isolated
active area;
forming a gate dielectric on the portion of the NSM layer
between the source electrode and the drain electrode;

forming a T-shaped gate electrode between the source
electrode and the drain electrode on the gate dielectric,
wherein the NSM layer forms a channel of the FET, and
the T-shaped gate electrode is formed by forming
sacrificial spacer material on exposed portions of the
NSM layer; and

forming a doping layer directly on the surface of the NSM
layer, where the doping layer extends at least from a
sidewall of the source electrode to a first sidewall of the
gate dielectric, and at least from a sidewall of the drain
electrode to a second sidewall of the gate dielectric,
wherein the gate dielectric is deposited over the sacri-
ficial spacer material and the NSM layer, the T-shaped
gate electrode material is deposited on the gate dielec-
tric, the T-shaped gate electrode material and the gate
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dielectric are patterned and removed to form a gate
electrode having a bottom surface with a width in the
range of about 5 am to about 500 nm, and a top surface
with a width and surface area greater than the bottom
surface of the T-shaped gate electrode, and the sacrifi-
cial spacer material is removed.

20. (canceled)



