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HIGH PERFORMANCE FIELD-EFFECT TRANSISTORS

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to U.S. Application Serial No. 61/468,993, filed
on March 29, 2011, and entitled “Design and scalable fabrication approach for high
performance field-effect transistors based on carbon nanomaterials,” and U.S. Application
Serial No. 13/430,457, filed on March 26, 2012, and entitled “HIGH PERFORMANCE

FIELD-EFFECT TRANSISTORS,” both of which are incorporated by reference herein.

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT
[0002] This invention was made with government support under Grant No. 53-4502-6301

awarded by the National Science Foundation. The government has certain rights in the

invention.

FIELD OF THE INVENTION

[0003] This invention is related to scalable high performance field-effect transistors.

BACKGROUND
[0004] Nanomaterials, such as graphene and carbon nanotubes (CNTs), hold great

potential as materials for electronic components, due to remarkable properties such as
extremely high charge carrier mobilities and current densities. Single atomic layer thickness
provides ultimate electrostatic geometry for scaling down field-effect transistors (FETs).
FETs fabricated with graphene and CNTs have shown improved performance compared to
conventional semiconductor devices of the same size, but the performance of FETs fabricated

with these carbon nanomaterials is far from their theoretical potential.
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SUMMARY
[0005] In a first aspect, fabricating a high performance self-aligned field-effect transistor

(FET) with a T-shaped gate clectrode includes forming a source electrode and a drain
electrode on a nanomaterial thin film, thereby defining a channel area between the source
electrode and the drain electrode. The nanomaterial thin film is disposed on a substrate, and
at least a portion of the nanomaterial thin film located outside the channel area is removed
from the substrate. A resist is disposed over the source electrode, the drain electrode, and the
nanomaterial thin film in the channel area, and a portion of the resist between the source
electrode and the drain electrode is removed, thereby forming an opening in the resist
between the source electrode and the drain electrode. The resist is developed, and an
electrically conductive material is applied over the developed resist, thereby forming a gate
clectrode in the opening. The gate electrode includes a head region and a foot region. The
foot region is in contact with a portion of the nanomaterial thin film in the channel area and
has a length parallel to the surface of the nanomaterial thin film shorter than the maximum
length of the head region parallel to the surface of the nanomaterial thin film. The developed
resist is removed, and a dielectric layer is formed on the outer surface of the gate electrode.
A metal layer is deposited over the source electrode, the drain electrode, the head region of
the gate electrode, and a second portion of the nanomaterial thin film in the channel area.
The head region of the gate electrode inhibits deposition of the metal layer over a third
portion of the nanomaterial thin film proximate the foot region of the gate electrode (e.g.,
when the metal is deposited in a direction normal to the surface of the nanomaterial thin
film.)

[0006] Implementations may include one or more of the following features. For example,

the opening in the resist is a T-shaped opening, and forming the gate electrode includes
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forming a T-shaped gate electrode. Forming the source electrode and the drain electrode on
the nanomaterial thin film includes depositing metal pads on the nanomaterial thin film.
Removing at least the portion of the nanomaterial thin film located outside of the channel
area includes etching the substrate. In some cases, disposing resist over the source electrode,
the drain electrode, and the nanomaterial thin film in the channel area includes forming a
bilayer resist mask or a trilayer resist mask. Removing the portion of the resist between the
source electrode and the drain electrode includes exposing the portion of the resist to
radiation. For example, exposing the portion of the resist to radiation includes exposing at
least some of the portion of the resist to a first dose of radiation, and exposing the rest of the
portion to a second dose of radiation, wherein the first dose of radiation is more energetic
than the second dose of radiation.

[0007] In some cases, applying the electrically conductive material over the developed
resist includes forming a unitary gate electrode in the opening. In certain cases, forming the
dielectric layer on the outer surface of the gate electrode includes allowing the gate electrode
to oxidize in air, and may include forming a dielectric layer between the foot region of the
gate electrode and the portion of the nanomaterial thin film in contact with the foot region.
Depositing the metal layer typically includes depositing the metal layer from a direction
normal to the surface of the nanomaterial thin film. However, the metal layer may also be
deposited from another angle. As described herein, depositing the metal layer over the source
clectrode, the drain electrode, the head region of the gate electrode, and a second portion of
the nanomaterial thin film in the channel area includes self-aligning the source electrode and
the drain electrode (e.g., the T-gate electrode is self-aligned). Fabricating a high performance

self-aligned FET with a T-shaped gate electrode may also include disposing the nanomaterial
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thin film on the substrate before forming the source electrode and the drain electrode on the
nanomaterial thin film.

[0008] Some implementations include a FET formed by the first aspect and/or a device
including the FET formed by the first aspect.

[0009] In a second aspect, a FET includes a substrate, a nanomaterial thin film disposed
on the substrate, a source electrode and a drain electrode formed on the nanomaterial thin
film, and a channel area defined between the source electrode and the drain electrode. A gate
electrode extends from the nanomaterial thin film in the channel area between the source
electrode and the drain electrode, the gate electrode having an outer dielectric layer and
comprising a foot region and a head region, the foot region in contact with a portion of the
nanomaterial thin film in the channel area and having a length parallel to the surface of the
nanomaterial thin film shorter than the maximum length of the head region parallel to the
surface of the nanomaterial thin film. A metal layer is disposed over the source electrode, the
drain electrode, the head region of the gate electrode, and portions of the nanomaterial thin
film proximate the source electrode and the drain electrode in the channel area, wherein the
portions of the nanomaterial thin film proximate the source electrode and the drain electrode
in the channel area are defined by the projection of the head region of the gate electrode onto
the nanomaterial thin film in the channel area (e.g., from a direction normal to surface of the
nanomaterial thin film).

[0010] Implementations may include one or more of the following features. For example,
the nanomaterial thin film may include conducting nanomaterials, semiconducting
nanomaterials, or a combination thereof, such as nanomaterials selected from the group
consisting of carbon nanotubes, graphene, graphene nanoribbons, and nanowires (e.g.,

conducting or semiconducting nanowires). The gate electrode is typically a unitary structure
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and/or T-shaped. In some cases, the channel length of the FET is at least 100 nm, 200 nm or
less, or between 100 nm and 200 nm. In certain cases, the gate clectrode includes aluminum,
and the outer dielectric layer includes an oxide of aluminum. The gate electrode is typically
self-aligned. In some cases, a current-gain cut-off frequency (fr) of the field-effect transistor
is in a range between 5 GHz and 25 GHz. Some implementations include a device including
the FET of the second aspect.

[0011] Self-aligned FETs with T-shaped gate electrodes described herein provide
advantages such as elimination of misalignment, reduction of access resistance by
minimizing ungated graphene, and reduced gate charging resistance. The use of large-area
nanomaterial thin film preparation, wafer scale transfer, and e-beam lithography to deposit T-
shaped gate electrodes allows high-yield, scalable fabrication.

[0012] These general and specific aspects may be implemented using a device, system or
method, or any combination of devices, systems, or methods. The details of one or more
embodiments are set forth in the accompanying drawings and the description below. Other
features, objects, and advantages will be apparent from the description and drawings, and

from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0013] FIGS. 1A-IF depict fabrication of a self-aligned field-effect transistor (FET) with

a T-shaped gate electrode. As used herein, “self-aligned FET” generally refers to a FET
having a self-aligned gate electrode that serves as a mask during fabrication of the FET. FIG.
1G is a perspective view of a self-aligned FET with a T-shaped gate clectrode. FIG. 1H is a
scanning electron microscope (SEM) image of a self-aligned FET with a T-shaped gate

electrode.
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[0014] FIG. 2A shows ultraviolet — visible — and near infrared absorption spectra of
mixed, 95% semiconducting, and 98% semiconducting nanotube solutions. FIG. 2B depicts
aminopropyltriethoxysilane assisted separated nanotube deposition on Si/SiO, substrate.
FIG. 2C is an SEM image of a thin film network of separated nanotubes using solution based
techniques.

[0015] FIGS. 3A-3D depict the synthesis of nanotube arrays on a first substrate and
transfer of the synthesized arrays to a second substrate.

[0016] FIG. 4A depicts formation of graphene by chemical vapor deposition (CVD) on
nickel. FIG. 4B depicts formation of graphene by CVD on copper. FIG. 4C shows a Raman
spectrum of a graphene film grown by CVD on copper and transferred to a Si/SiO, substrate.
[0017] FIG. 5A is a photograph of a 2 inch silicon wafer with fabricated self-aligned
graphene FETs having T-shaped gate electrodes. FIG. 5B is an SEM image of a self-aligned
graphene FET having a dual gate configuration.

[0018] FIG. 6A is a plot showing conductance of a self-aligned graphene FET with a T-
shaped gate electrode as a function of top gate and back gate voltages. FIG. 6B shows gate
leakage current of self-aligned graphene FETs with T-shaped gate electrodes. FIG. 6C shows
scaled resistance versus top gate voltage of a self-aligned graphene FET with a T-shaped gate
electrode.

[0019] FIGS. 7A-7C show DC output and transfer characteristics of a self-aligned
graphene FET with a T-shaped gate electrode and having a channel length of 170 nm. FIG.
7A shows scaled transistor current versus drain voltage. FIG. 7B shows scaled transistor
current versus gate voltage. FIG. 7C shows scaled transconductance versus gate voltage.
[0020] FIGS. 8A-8C show DC output and transfer characteristics of a self-aligned

graphene FET with a T-shaped gate electrode and having a channel length of 110 nm. FIG.
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8A shows scaled transistor current versus drain voltage. FIG. 8B shows scaled transistor
current versus gate voltage. FIG. 8C shows scaled transconductance versus gate voltage.
[0021] FIG. 9 shows RF performance of a self-aligned graphene FET with a T-shaped
gate electrode and having a channel length of 170 nm.

[0022] FIG. 10 shows RF performance of a self-aligned graphene FET with a T-shaped
gate electrode and having a channel length of 110 nm.

[0023] FIG. 11 shows plots of frequency and intrinsic gate delay versus gate bias for a
self-aligned graphene FET with a T-shaped gate electrode and having a channel length of 110
nm.

[0024] FIG. 12 is a flowchart describing a process for fabricating a self-aligned FET
having a T-shaped gate electrode.

DETAILED DESCRIPTION
[0025] FIGS. 1A-1E depict fabrication of a high performance field-effect transistor (FET)

with a T-shaped gate electrode (“T-gate electrode” or “T-gate™). FIG. 1A depicts source
electrode 102 and drain electrode 104 formed over nanomaterial thin film 106 on substrate
108. In subsequent figures, nanomaterial thin film 106 is understood to be present but not
shown between substrate 108 and source and drain electrodes 102 and 104. Substrate 108 is
formed by methods generally known in the art and may include one or more layers. As
shown in FIG. 1A, substrate 108 includes first layer 110 and second layer 112. First layer 110
is a high resistivity layer formed, for example, from silicon, quartz, sapphire, or an insulating
material. When first layer 110 is an insulating material, substrate 108 may include first layer
110 in the absence of second layer 112. When present, second layer 112 is an insulator
formed, for example, from silicon dioxide or another insulating material. In some instances,

second layer 112 is between about 100 nm and about 500 nm thick (e.g., about 300 nm thick).
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[0026] Nanomaterial thin film 106 may include conducting nanomaterials,
semiconducting nanomaterials, or a combination thereof, such as, for example, graphene,
graphene nanoribbons, carbon nanotubes (CNTs), nanowires, and the like, or a combination
thereof. Nanomaterial thin film 106 is formed by methods including solution-based
deposition, array transfer, chemical vapor deposition (CVD), or the like, and then transferred
to the surface of substrate 108. Source electrode 102 and drain electrode 104 are pads formed
from a metal such as titanium or palladium over nanomaterial thin film 106 on substrate 108
by methods generally known in the art (e.g., a lift-off process). After formation of source
clectrode 102 and drain electrode 104 on nanomaterial thin film 106, nanomaterial thin film
outside the channel area between the source electrode and the drain electrode is removed,
thereby defining the active area between the source and drain electrodes. In some cases, a
large number of active areas are defined with standard lithographical methods by depositing
metal pads for multiple source electrodes 102 and drain electrodes 104 on nanomaterial thin
film 106, and removing the nanomaterial thin film outside the channel areas (e.g., outside the
arca between each pair of source and drain electrodes) in, for example, an etching process.
FETs are then fabricated using a scalable self-aligned approach based on a T-shaped gate
stack.

[0027] In FIG. 1B, first polymeric layer 114 is formed on nanomaterial thin film 106 in
the channel area between source electrode 102 and drain electrode 104. Second polymeric
layer 116 is formed on first polymeric layer 114, covering source electrode 102 and drain
clectrode 104. First and second polymeric layers 114, 116 may be formed of resist (e.g.,
electron-beam resist, photoresist, or the like) in a lithographic method generally known in the
art, resulting in a bilayer resist mask 118. In some cases, a trilayer mask is used. In an

example of a bilayer mask, first polymeric layer 114 is poly(methyl methacrylate) (PMMA)
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with a molecular weight of about 950k, and second polymeric layer 116 is a copolymer of
PMMA and poly(methyl methacrylate-methacrylic acid) (PMMA), or PIMAA-MAA). A line
in the bilayer resist is exposed, for example, by a high dose electron beam zigh followed by
adjacent low dose electron beam Jow to form T-shaped opening 120, as shown in FIG. 1C,
with the high dose exposure area defining a foot portion of the T-shaped opening and the low
dose exposure defining a head portion (or T-cap) of the T-shaped opening. The resist is then
developed by a process generally known in the art (e.g., with a developer such as mixture of
4-methyl-2-pentanone and isopropanol in a 1 : 3 ratio).

[0028] A deposition process simultaneously forms layer 122 on bilayer resist mask 118 as
well as gate electrode 124 between source electrode 102 and drain electrode 104, as shown in
FIG. 1D. The deposition may be achieved by one of several processes, such as sputtering, e-
beam evaporation, or thermal evaporation of a metal with a self-limiting oxidation process
(e.g., aluminum). The side wall profile of the bilayer resist mask allows easy lift-off of
bilayer resist mask 118, leaving T-shaped gate electrode 124 between source electrode 102
and drain electrode 104, as shown in FIG. 1E. T-shaped gate eclectrode 124 includes foot 126
having length Lrat its base on nanomaterial thin film 106 and head 128 having maximum
length L in the cross section of FET 100 shown in FIG. 1E (i.c., a plane perpendicular to the
surface of nanomaterial thin film 106 and through the source and drain electrodes).
Maximum length L, is used herein to refer to the distance from a first outer surface to a
second outer surface of head 128 in a plane parallel to the surface of nanomaterial thin film
106, regardless of whether the head is continuous (solid) or discontinuous (with one or more
openings) across the length L;. As used herein, a “T-shaped gate electrode” generally refers
to an electrode having a first region and a second region, the first region (foot) extending

from the substrate (or nanomaterial thin film) and having length L, at its base smaller than
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maximum length L, of the second region (head) as shown in FIG. 1E. Thus, when viewed
from a direction above T-shaped gate electrode 124 and perpendicular to nanomaterial thin
film 106, head 128 serves as a shadow mask, covering part of the nanomaterial thin film 106
closest to the base of foot 126.

[0029] A cross-sectional shape of a “T-shaped” gate electrode in a plane perpendicular to
nanomaterial thin film 106 may have an appearance that resembles a Y-shape, a mushroom
shape, a T-shape, or any regular or irregular, symmetrical or asymmetrical shape that includes
the first region extending from the substrate and having a smaller length in a plane parallel to
the surface of nanomaterial thin film 106 than the second region. In some cases, as shown in
FIG. 1G, head 128 includes portions 128’ and 128’’ overlapping foot 126, with the maximum
length L. of head 128 measured from an outer surface of portion 128 to an outer surface of
portion 128’ (i.e., through an opening between portions 128 and 128°").

[0030] Referring back to FIG. 1E, subsequent oxidation of T-shaped gate electrode 124
forms a thin oxide layer 130 on outer surfaces of the T-shaped gate electrode, as well as
between foot 126 and nanomaterial thin film 106. For an aluminum T-shaped gate electrode,
oxidation occurs in air and is self-limiting. A thickness of the oxide layer can range between
about 1 nm and about 10 nm (e.g., between about 3 nm and about 5 nm). Formation of oxide
layer 130 between the bottom of foot 126 and nanomaterial thin film 106 is believed to occur
based at least in part on weak interactions (and thus poor wetting) between the metal used to
form T-shaped gate electrode 124 and nanomaterial thin film 106. The one-step fabrication
of T-shaped gate electrode 124 shown in FIG. 1D (i.e., fabrication of foot 126 and head 128
of the T-shaped gate electrode in a single deposition step) simplifies the fabrication process
by forming the T-shaped gate electrode as a unitary structure in one step (e.g., rather than

forming the foot in a first step, and forming the head on the foot in a second step). Oxidation

10
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in air of the T-shaped gate electrode provides excellent gate capacitance (e.g., dielectric
constant of about 6 to about 10 with an oxide thickness between about 3 nm and about 5 nm).
[0031] After formation of oxide layer 130, a thin source/drain metal layer 132 is formed
over source electrode 102, drain electrode 104, T-shaped gate electrode 124, and a portion of
nanomaterial thin film 106 in channel area 134 (between source electrode 102 and drain
clectrode 104) from a direction normal to the surface of the nanomaterial thin film 106 to
yield FET 100, as shown in FIG. 1F. Metal layer 132 may include, for example, palladium or
platinum. When the height % of foot 126 exceeds the thickness of the source/drain metal
layer, T-shaped gate electrode 124 provides electrical insulation and alignment between
source electrode 102, drain electrode 104, and T-shaped gate electrode 124. In some cases,
the height # of foot 126 may be in a range from 50 nm to 100 nm. In one example, a
thickness of source/drain metal layer 132 is about 10 nm. This thickness provides high
conductance to the external leads and also provides low contact resistance with nanomaterial
thin film 106.

[0032] Utilization of T-shaped gate electrode 124 as a shadow mask for deposition of
metal layer 132 aligns source electrode 102 and drain electrode 104 to the T-shaped gate
electrode, forming FET 100 with source to drain contact length Lsp and gate length L. As
described herein, FET channel length L« is equal to the gate length, since the gate dielectric
thickness is much thinner than the gate length. In some cases, channel length L is in a range
from 100 nm to 200 nm. A length L, of foot 126 can be selected (e.g., by selection of
exposure time to the high dose electron beam referred to with respect to FIG. 1B) to define
the FET channel Iength, and a length Z; of head 128 can be selected (e.g., by selection of
exposure time to the low dose electron beam referred to with respect to FIG. 1B) to define the

source-drain spacing. The alignment of source, drain, and gate electrodes and the selection of

11
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channel length and source-drain spacing allow for implementation of dimensions selected to
reduce parasitic capacitance. Parasitic resistance can be reduced by increasing the height of
the T-shaped electrode. The maximum height of the T-shaped electrode may range, for
example, from 120 nm to 200 nm (e.g., 150 nm).

[0033] FIG. 1G is a perspective view of self-aligned FET 100 with a T-shaped gate
electrode 124, showing source electrode 102, drain electrode 104, nanomaterial thin film 106,
and substrate 108 having first layer 110 and second layer 112. Source electrode 102 and
drain electrode 104 are self-aligned, with nanomaterial thin film 106 visible between metal
layer 132 and T-shaped gate electrode 124. FIG. 1H is an SEM image of a portion of a self-
aligned FET obtained after cleaving the substrate across the transistor channel, showing T-
shaped gate electrode 124, metal layer 132, and nanomaterial thin film 106. Although the
metal source electrode and drain electrode are not shown, these electrodes are precisely
aligned with T-shaped gate electrode 124, and well separated with short sections of ungated
nanomaterial thin film 106, forming an air gap or separation distance d (shown in FIG. 1H),
corresponding to the length of ungated nanomaterial sections, which leads to a reduction of
the parasitic fringe capacitance.

[0034] The separation distance d is controlled by the maximum length Z; of the T-gate
head or cap 128 relative to the length L,of the T-gate foot or base 126, which can be adjusted
by the bilayer exposure recipe. Maximum length Z; of the T-gate head or cap 128 may be in
a range of 50 nm to 250 nm (e.g., 75 nm to 250 nm, 100 nm to 200 nm, or 110 nm to 170
nm), and the length of the ungated nanomaterial sections d may be in a range between about
10 nm and 50 nm (e.g., 20 nm to 40 nm). Although a very wide head or T-cap can be used to
reduce gate charging resistance (e.g., with a trilayer resist), here a relatively narrow head or

T-cap is used, as a wide T-cap can lead to large area of ungated nanomaterial thin film and

12
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thus high access resistance between the self-aligned source/drain and gated nanomaterial thin
film. For T-shaped gated electrodes with geometries described herein, use of a bilayer resist
mask provides desirable results and is simpler to process than a trilayer recipe.

[0035] FETs as described herein allow simultaneous reduction of the access resistance,
fringe gate-source, gate-drain capacitance, and gate resistance. The length d of the ungated
sections can be further reduced by angle deposition of the source/drain metal film, which may
lead to a trade-off between further reduction of the access resistance and increase of the
parasitic fringe capacitance. Based on calculations using gate dimension and experimental
measurements, the gate charging resistance is estimated to be about 1 {/um of the gate width
for a FET having a channel length L of 100 nm.

[0036] Preparation of nanomaterial thin films. As noted with respect to FIG. 1A,

nanomaterial thin films used in the fabrication of FETs described herein can be prepared by a
number of processes. The prepared nanomaterial thin films are transferred to a substrate, and
active areas are defined with lithographical methods generally known in the art by depositing
metal pads (source and drain electrodes) and removing the nanomaterial thin films outside the
channel area between the source and drain electrodes. Preparation of large-area nanomaterial
thin films in this manner allows scalable, registration-free fabrication and integration of
nanomaterials into FETs.

[0037] Solution-based deposition. Semiconducting nanotubes used to form a

nanomaterial thin film can be separated from metallic nanotubes with solution methods (e.g.,
ultra-high speed centrifugation in a density gradient), as described in U.S. Patent Application
Publication No. 2011/0101302 and C. Wang et al., "Wafer-Scale Fabrication of Separated
Carbon Nanotube Thin-Film Transistors for Display Applications," Nano Letters, vol. 9, pp.

4285-4291, both of which are incorporated by reference herein. Plots 200, 202, and 204 in

13
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FIG. 2A show ultraviolet-visible-near infrared absorption spectra of mixed nanotubes, 95%
semiconducting nanotubes, and 98% conducting nanotubes, respectively. A semiconducting
nanotube thin film is deposited on a substrate through incubation in a separated nanotube
solution, followed by rinsing with deionized water. An adhesion layer may be disposed on
the substrate before the substrate is contacted with the nanotube solution to improve the
adhesion between nanotubes in the solution and the substrate. Suitable adhesive materials
include, for example, aminopropyltriethoxysilane (APTES) and poly-L-lysine solution. FIG.
2B depicts interaction between APTES 210 and silica substrate 212, in which condensation
reactions occur between hydroxyl groups on the substrate surface and alkoxy groups in the
silane. Nanotube density on the substrate can be selected by adjusting the concentration of
the nanotube solution. FIG. 2C shows an SEM image of nanotube network 220 formed by
deposition of a semiconducting nanotube solution on a substrate using this solution-based
approach.

[0038] Svnthesis and transfer of aligned dense arrays of nanotubes. In this method,

described in U.S. Patent Application Publication No. 2010/0133511, U.S. Patent Application
Serial No. 61/117,519, and K. Ryu et al., "CMOS-Analogous Wafer-Scale Nanotube-on-
Insulator Approach for Submicrometer Devices and Integrated Circuits Using Aligned
Nanotubes,” Nano Letters, vol. 9, pp. 189-197, all of which are incorporated by reference
herein, nanotubes are synthesized by chemical vapor deposition on top of a substrate (e.g.,
sapphire or quartz). The growth of nanotubes is guided by the crystal lattice of the substrate,
yielding dense arrays of long, highly aligned nanotubes. The nanotube arrays can be
transferred onto another substrate as shown in FIGS. 3A-3D. In FIG. 3A, nanotubes are
shown aligned in arrays 300 on substrate 302. In FIG. 3B, layer 304 (c.g., gold film or

PMMA) is deposited over nanotube arrays 300 (not shown). In FIG. 3C, metallic layer 304,
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with attached nanotube arrays 300, is peeled away from substrate 302. In FIG. 3D, nanotube
arrays 300 are transferred to a second substrate 306 (e.g., silicon or silicon dioxide) with a
high or nearly perfect yield.

[0039] Large-area graphene film synthesis by chemical vapor deposition and transfer. In

this method, described in U.S. Patent Application Serial No. 12/576,234 and Y. Zhang et al.,
"Comparison of Graphene Growth on Single-Crystalline and Polycrystalline Ni by Chemical
Vapor Deposition," Journal of Physical Chemistry Letters, vol. 1, pp. 3101-3107, both of
which are incorporated by reference herein, graphene films having one or more layers are
synthesized by catalytic chemical vapor deposition of carbohydrates on a transition metal
surface (e.g., nickel or copper). This method is suitable for large-area graphene synthesis, for
example, on a wafer having a diameter of 3 to 4 inches. FIG. 4A illustrates the formation of
graphene film 400 on nickel substrate 402. FIG. 4B illustrates the formation of graphene film
400 on copper substrate 412. Graphene films 400 can be released from substrates 402 and
412 by etching the substrate to release the graphene film, and then transferring the graphene
film to a second substrate (e.g., silicon or silicon dioxide). FIG. 4C shows a Raman spectrum
of a transferred graphene film, with peaks 420 and 422 corresponding to the G-band
(graphitic carbon) and (two phonon) 2D-band, respectively. The transferred graphene films
are uniform and continuous, with over 90% of the surface area having only a single graphene
layer.

[0040] Other methods. Other suitable preparation methods for nanomaterial thin films
including, for example, epitaxial graphene growth on silicon carbide substrates, described by
C. Dimitrakopoulos et al. in "Wafer-scale epitaxial graphene growth on the Si-face of

hexagonal SiC (0001) for high frequency transistors," Journal of Vacuum Science &
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Technology B, vol. 28, pp. 985-992, which is incorporated by reference herein, and
deposition of graphene films from solution, may also be used in the fabrication of FETs.
[0041] Example. An exemplary self-aligned graphene FET with T-shaped Al/Al,Os gate
electrode was fabricated as described with respect to FIGS. 1A-1F. Large area single-layer
graphene films were synthesized on copper foils by a low pressure CVD method and
subsequently transferred onto highly resistive silicon wafer (p > 5 kQ-cm) with 300 nm thick
top SiO; layer. Titanium/palladium (0.5/50 nm) probing pads were first patterned using
contact aligner and lift-off process. After this, bilayer electron beam resist, with the top layer,
a copolymer of methyl methacrylate and methacrylic acid POMMA-MAA), being more
sensitive than the bottom layer, polymethyl methacrylate (PMMA) with 950k molecular
weight, was used to fabricate a T-shaped top gate stack. The bilayer resist was exposed with
high dose electron beam radiation at the gate position center and low dose electron beam
radiation at the adjacent area in the same exposure run. After the deposition of aluminium
film (140 nm), a standard lift-off process was used to produce the T-shaped gate stack. The
Al gate electrodes were then oxidized in air, forming a thin dielectric layer between the
graphene and Al gate. Finally, a thin layer of palladium (12 nm) was deposited on top of the
T-shaped gate electrode to create aligned source and drain electrodes for the graphene FET.
[0042] The above-mentioned fabrication method facilitated highly scalable and reliable
fabrication of graphene transistors on complete Si wafers. CVD graphene synthesis on
copper foils is readily extendable to very large areas by rolling up the foil. Graphene
synthesis on copper foils as large as 12 inch in a 4 inch was achieved in a CVD chamber, and
the synthesized graphene was successfully transferred to 12 inch Si wafers. Fabrication of
self-aligned FETs with T-shaped gate electrodes was carried out on 2 inch Si wafers due to

the limitation of available lithography equipment. FIG. 5A is a photograph showing self-
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aligned graphene FETs 500 fabricated on a 2 inch Si wafer 508. FIG. 5B is a top-view SEM
image of a self-aligned graphene FET 500 having a dual gate configuration, showing source
electrode 502, drain electrode 504, graphene 506, and T-shaped gate electrode 524 of FET
500. The scale bar in FIG. 5B corresponds to 10 pm.

[0043] Performance of the T-shaped Al/Al,Os gate stack was characterized using
electrical measurements. Conductance of a graphene FET as a function of the top gate
voltage Vi and the back gate voltage Vg was assessed. By comparing the shift of the charge
neutrality point Venp (defined as the top gate voltage at the minimum conductance point) with
the change of the back gate voltage Vg, the ratio of top gate dielectric capacitance to the
bottom gate dielectric capacitance was found to be about 130, as calculated from plot 600 in
FIG. 6A. For a 300 nm thick SiO, back gate dielectric, the back gate and top gate
capacitances were estimated to be 11.8 nF/cm® and 1500 nF/cm?, respectively. This
capacitance corresponds to a dielectric with effective oxidation thickness (EOT) of 2.3 nm,
and hence the thickness of the Al,Os dielectric is estimated to be about 3 to 5 nm. The ALOs
dielectric exhibited excellent insulator behavior with nearly 100% yield across all the
devices. Plots 610 in FIG. 6B shows the gate leakage current (both source and drain grounded)
of several self-aligned graphene FETs with T-shaped gate electrodes, indicating that the
dielectric breakdown voltage is higher than 2.5 V.

[0044] This fabrication method provides a simple and reliable method to obtain gate
stacks with high-quality dielectric for graphene devices. The mobility u and contact
resistance Rc of a graphene FET can be extracted by fitting the source-drain linear resistance
Rps with the formula: RpsW =2RcW + L/[ue (no2 + nz)m], where L is the channel length or
gate length, W is the channel width, #y is the residual carrier density, and # is the carrier

density due to top gate modulation. Plot 620 in FIG. 6C shows the experimental data, and
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plot 630 shows the fit of scaled resistance versus top gate voltage of a graphene FET with
170 nm channel length, having a hole mobility equal to 1500 cm®/V-s, residual carrier
concentration ng of 5x10'! cm™, and scaled contact resistance RcJ of about 400 Q-pm.
[0045] FIGS. 7A-7C show the output and transfer characteristics of a graphene FET with
a channel length of 170 nm, and FIGS. 8A-8C show the output and transfer characteristics of
a graphene FET with a channel length of 110 nm. Back gate (substrate) voltage was kept
constant and equal to O V for all plots. For the output characteristics (FIG. 7A), the drain
voltage sweeps from 0 V to -1.2 V, with the top gate voltage step of +0.2 V starting from -1.6
V for plot 700. The transistors exhibit large drive current densities up to 1.3 mA/um and
~50% gate modulation, as well as appreciable current saturation with output conductance as
low as 0.2 mS/um. The transfer curves (FIG. 7B) and transconductance curves (FIG. 7C) are
obtained with gate voltage swept from -1.5 V to 1 V, and the drain voltage varied from -1.1 V
t0 -0.1 V (in -0.2 V steps) from the top to bottom curves starting from plots 710 and 720 in
FIGS. 7B and 7C, respectively. The saturation in /p-Vpgs curves at intermediate gate voltages
shown in FIG. 7A is believed to be a result of the presence of the minimal density point close
to the drain under the right combination of gate voltage and drain voltage. A peak scaled
transconductance g./W up to 0.5 mS/um was achieved for the 170 nm device.

[0046] FIGS. 8A-8C show similar data for a graphene FET with a 110 nm channel length.
For the output characteristics (FIG. 8A), the drain voltage sweeps from 0 V to -1.2 V, with
the top gate voltage step of +0.2 V starting from -1.6 V for plot 800. The transfer curves
(FIG. 8B) and transconductance curves (FIG. 8C) are obtained with gate voltage swept from -
1.5 Vto 1 V, and the drain voltage varied from -1.1 V t0 -0.1 V (in -0.2 V steps) from the top
to bottom curves starting from plots 810 and 820 in FIGS. 8B and 8C, respectively. As

shown in FIGS. 8A-8C, the on/off current ratio and transconductance of the FETs with 110
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nm channel length are lower than those of the transistors with 170 nm channel length. For
example, the peak transconductance, for 110 nm channel length is measured to be 0.27
mS/um (FIG. 8C). One possible reason is the significant contact resistance in the graphene
FETs has more pronounced influence on the performance of short channel transistors than
long channel transistors. Moreover, quasi-ballistic transport and strong interband tunneling in
graphene may exert influence on short channel transistors.

[0047] The high frequency performance of the graphene FETs was further characterized
by standard on-chip S-parameter measurements with a vector network analyzer over the
frequency range of 0.05 to 10 GHz. The measurements were first calibrated to the probe tips
using an off-chip calibration substrate by a standard short-open-load-through (SOLT)
procedure. A de-embedding procedure was then used to eliminate the effect of the co-planar
waveguide pads on the RF performance by measuring on-chip ‘open’ and ‘short’ test
structures. The ‘open’ test structure consisted of only large photolithography-defined pads
outside the active area of the transistors, while the short test structure has additional metal
film shorting the gate-source and drain-source pads. The S-parameters after this de-
embedding procedure are determined by the graphene transistor channel, top gate electrode
with gate interconnect, and ~1 um long metal source and drain electrodes outside the channel.
The de-embedded results are referred to as the ‘device’ performance, since it is the
performance that is accessible for actual integrated on-chip circuits.

[0048] Plots 900 and 902 in FIG. 9 show the current gain (H>; device and H,; measured,
respectively), and plot 904 shows maximum available gain (MAG) for a self-aligned
graphene FET with a channel length of 170 nm. The ‘measured’ and ‘device’ current gains
are the results before and after the de-embedding procedure, respectively. Plots 1000 and

1002 in FIG. 10 show the current gain (H»; device and H,; measured, respectively), and plot
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1004 shows maximum available gain (MAG) for a self-aligned graphene FET with a channel
length of 110 nm. A current-gain cut-off frequency (f) of 15 GHz and maximum oscillation
frequency (fmax) of 8 GHz were obtained for the 170 nm device, and fr of 23 GHz and f,.x of
10 GHz were obtained for the 110 nm device. Other FETs fabricated in a similar manner
showed fr in the range of 5 GHz to 25 GHz.

[0049] The highest achievable current-gain cut-off frequency in a FET is limited by the
intrinsic gate delay and given by fr = gn/2nCs, where Cj is the total gate capacitance. FIG. 11
shows frequency behavior versus gate bias (V) for the self-aligned graphene FET with a
channel length of 110 nm. Plots 1100, 1102, and 1104 show g,/2aCg, current-gain cut-off
frequency (f1), and maximum oscillation frequency (faax), respectively, versus gate bias,
allowing comparison of the intrinsic gate delay frequency which is evaluated from the DC
measurements of the transconductance and gate capacitance, and the ‘device’ current-gain
cut-off frequency and maximum oscillation frequency from the RF measurements. The
‘device’ current-gain cut-off frequency is relatively close to the intrinsic gate delay frequency
value, suggesting that the parasitic effects of the T-shaped gate transistor play a small role
and justifies the improved device design.

[0050] Owing at least in part to the T-shaped gate design, the FETs described herein
exhibit excellent microwave power gain with fn.x up to 10 GHz. It is believed that further
improvement of both fr and f,.x of the graphene FETSs can be achieved by using the T-gate
transistor design with metal-graphene junction and transferred graphene quality improved.
[0051] FIG. 12 is a flowchart describing process 1200 for fabricating a self-aligned FET
having a T-shaped gate electrode. In 1202, a nanomaterial thin film is disposed on a
substrate. The nanomaterial thin film may be prepared by methods generally known in the

art, including methods described herein. In 1204, the source and drain electrodes are formed
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on the nanomaterial thin film, and nanomaterial thin film outside of the active area is
removed from the substrate as described, for example, with respect to FIG. 1A. In 1206, a
resist coating is formed, exposed to radiation, and developed as described, for example, with
respect to FIGS. 1B-1C. In 1208, an electrically conductive layer is disposed on the
remaining resist and on the exposed portion of the nanomaterial thin film, thereby forming a
gate electrode as described, for example, with respect to FIG. 1D. In 1210, the resist is lifted
off, and in 1212 the gate electrode is allowed to oxidize in air to form a dielectric coating as
described, for example, with respect to FIG. 1E. In 1214, a metal layer is deposited on the
source, drain, and gate electrodes, with the gate electrode masking a portion of the
nanomaterial thin film near the foot of the gate electrode and the drain electrode as described,
for example, with respect to FIG. 1F, thereby forming self-aligned source and drain
electrodes. In some cases, portions of process 1200 may be omitted or performed in an order
other than that described in FIG. 12. In certain cases, operations may be added to process
1200.

[0052] Advantages of the fabrication process described herein include device dimension
scalability, in which gate length (and channel length, as described herein), determined by the
length of the foot of the T-shaped gate electrode, can be scaled down below 20 nm with
lithographic methods generally known in the art, yet can also be compatible with very large
scale device width and integration. Another advantage is that the gate resistance can be
readily reduced by increasing the cross-sectional area of the head of T-shaped gate electrode.
This reduction in gate resistance allows for improvement in the power gain of high frequency
(radiofrequency) FETs. Moreover, the described fabrication process offers a practical, cost-
effective, and reliable method for large scale fabrication and integration of nanomaterials in

FETs.
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[0053] The fabrication method described herein is reliable, allowing for high-yield
fabrication of large number of self-aligned FETs with T-shaped gate electrodes, and scalable,
suitable for further scaling down of device dimensions. While the FETs described herein are
analog RF transistors, such self-aligned T-gate fabrication can be combined with selected
nanomaterials (e.g., patterned or assembled graphene nanoribbons) with a bandgap to
produce high performance transistors with high on/off ratio for digital electronics. In addition,
self-aligned FETs with T-shaped gate electrodes having configurations other than those
described with respect to FIGS. 1A-1H and FIG. 5B may be fabricated by methods described
herein.

[0054] Further modifications and alternative embodiments of various aspects will be
apparent to those skilled in the art in view of this description. Accordingly, this description is
to be construed as illustrative only. It is to be understood that the forms shown and described
herein are to be taken as examples of embodiments. Elements and materials may be
substituted for those illustrated and described herein, parts and processes may be reversed,
and certain features may be utilized independently, all as would be apparent to one skilled in
the art after having the benefit of this description. Changes may be made in the elements
described herein without departing from the spirit and scope as described in the following

claims.
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WHAT IS CLAIMED IS:

1. A method comprising:

forming a source clectrode and a drain electrode on a nanomaterial thin film,
thereby defining a channel area between the source electrode and the drain electrode,
wherein the nanomaterial thin film is disposed on a substrate;

removing at least a portion of the nanomaterial thin film located outside of the
channel area from the substrate;

disposing resist over the source electrode, the drain electrode, and the
nanomaterial thin film in the channel area,

removing a portion of the resist between the source electrode and the drain
electrode, thereby forming an opening in the resist between the source electrode and the
drain electrode;

developing the resist;

applying an electrically conductive material over the developed resist, thereby
forming a gate electrode in the opening, the gate electrode comprising a head region and
a foot region, the foot region in contact with a portion of the nanomaterial thin film in the
channel area and having a length parallel to the surface of the nanomaterial thin film
shorter than the maximum length of the head region parallel to the surface of the
nanomaterial thin film;

removing the developed resist;

forming a dielectric layer on the outer surface of the gate electrode; and

depositing a metal layer over the source electrode, the drain electrode, the head

region of the gate electrode, and a second portion of the nanomaterial thin film in the
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channel area, wherein the head region of the gate electrode inhibits deposition of the
metal layer over a third portion of the nanomaterial thin film proximate the foot region of

the gate electrode.

2. The method of claim 1, wherein the opening in the resist is a T-shaped opening,

and forming the gate electrode comprises forming a T-shaped gate electrode.

3. The method of claim 1, wherein forming the source electrode and the drain
electrode on the nanomaterial thin film comprises depositing metal pads on the

nanomaterial thin film.

4. The method of claim 1, wherein removing at least the portion of the nanomaterial

thin film located outside of the channel area comprises etching the substrate.

5. The method of claim 1, wherein disposing resist over the source electrode, the
drain electrode, and the nanomaterial thin film in the channel area comprises forming a

bilayer resist mask.

6. The method of claim 1, wherein removing the portion of the resist between the
source electrode and the drain electrode comprises exposing the portion of the resist to

radiation.

7. The method of claim 6, wherein exposing the portion of the resist to radiation

comprises exposing at least some of the portion of the resist to a first dose of radiation,
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and exposing the rest of the portion to a second dose of radiation, wherein the first dose

of radiation is more energetic than the second dose of radiation.

8. The method of claim 1, wherein applying the electrically conductive material over

the developed resist comprises forming a unitary gate electrode in the opening.

9. The method of claim 1, wherein forming the dielectric layer on the outer surface

of the gate electrode comprises allowing the gate electrode to oxidize in air.

10.  The method of claim 1, further comprising forming a dielectric layer between the
foot region of the gate electrode and the portion of the nanomaterial thin film in contact

with the foot region.

11.  The method of claim 1, wherein depositing the metal layer comprises depositing

the metal layer from a direction normal to the surface of the nanomaterial thin film.

12. The method of claim 1, wherein depositing the metal layer over the source
electrode, the drain electrode, the head region of the gate electrode, and a second portion
of the nanomaterial thin film in the channel area comprises self-aligning the source

electrode and the drain electrode.

13.  The method of claim 1, further comprising disposing the nanomaterial thin film
on the substrate before forming the source electrode and the drain electrode on the

nanomaterial thin film.
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14. A field-effect transistor formed by the method of claim 1.

15. A device comprising the field-effect transistor formed by the method of claim 1.

16. A field-effect transistor comprising:

a substrate;

a nanomaterial thin film disposed on the substrate;

a source clectrode and a drain electrode formed on the nanomaterial thin film,

a channel area defined between the source electrode and the drain electrode;

a gate electrode extending from the nanomaterial thin film in the channel area
between the source electrode and the drain electrode, the gate electrode having an outer
dielectric layer and comprising a foot region and a head region, the foot region in contact
with a portion of the nanomaterial thin film in the channel area and having a length
parallel to the surface of the nanomaterial thin film shorter than the maximum length of
the head region parallel to the surface of the nanomaterial thin film;

a metal layer disposed over the source electrode, the drain electrode, the head
region of the gate electrode, and portions of the nanomaterial thin film proximate the
source clectrode and the drain electrode in the channel area, wherein the portions of the
nanomaterial thin film proximate the source electrode and the drain electrode in the
channel area are defined by the projection of the head region of the gate electrode onto

the nanomaterial thin film in the channel area.
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17. The ficld-effect transistor of claim 16, wherein the nanomaterial thin film
comprises conducting nanomaterials, semiconducting nanomaterials, or a combination

thereof.

18. The ficld-effect transistor of claim 16, wherein the nanomaterial thin film
comprises nanomaterials selected from the group consisting of carbon nanotubes,

graphene, graphene nanoribbons, and nanowires.

19.  The field-effect transistor of claim 16, wherein the gate electrode is a unitary

structure.

20.  The field-effect transistor of claim 16, wherein the gate electrode is T-shaped.

21. The field-effect transistor of claim 16, wherein a channel length of the field-effect

transistor is between 100 and 200 nm.

22.  The field-effect transistor of claim 16, wherein the gate electrode comprises

aluminum, and the outer dielectric layer comprises an oxide of aluminum.

23.  The field-effect transistor of claim 16, gate electrode is self-aligned.

24. The field-effect transistor of claim 16, wherein a current-gain cut-off frequency

(fr) of the field-effect transistor is in a range between 5 GHz and 25 GHz.

27



WO 2012/135380 PCT/US2012/031006

25. A device comprising the field-effect transistor of claim 16.
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