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HIGH-PERFORMANCE GATE OXIDES SUCH
AS FOR GRAPHENE FIELD-EFFECT
TRANSISTORS OR CARBON NANOTUBES

CLAIM OF PRIORITY

This patent application claims the benefit of priority, under
35 U.S.C. Section 119(e), to Meric et al., U.S. Provisional
Patent Application Ser. No. 61/271,465, entitled “High-Per-
formance Gate Oxides such as for Graphene Field-Effect
Transistors or Carbon Nanotubes,” filed on Jul. 21, 2009,
which is hereby incorporated by reference herein in its
entirety.

STATEMENT REGARDING
FEDERALLY-SPONSORED RESEARCH OR
DEVELOPMENT

This invention was made with government support under
award number 523522 from the Defense Advanced Research
Projects Agency (DARPA). The government has certain
rights in this invention.

COPYRIGHT NOTICE

A portion of the disclosure of this patent document con-
tains material that is subject to copyright protection. The
copyright owner has no objection to the facsimile reproduc-
tion by anyone of the patent document or the patent disclo-
sure, as it appears in the Patent and Trademark Office patent
files or records, but otherwise reserves all copyright rights
whatsoever. The following notice applies to the drawings and
photographs that form a part of this document: Copyright
2010, The Trustees of Columbia University in the City of New
York, All Rights Reserved.

BACKGROUND

Graphene can be described as a two-dimensional sheet of
covalently-bonded carbon atoms. For example, three-dimen-
sional graphite can include sheets of graphene, and a one-
dimension carbon nanotube can include a graphene wall (e.g.,
forming a single-wall carbon nanotube). An obstacle to devel-
opment of a graphene-based electronic device, such as a
graphene field-effect transistor (GFET), can be the inert
nature of the covalently-bonded hexagonal carbon lattice of
graphene.

SUMMARY

Graphene’s inert nature can inhibit deposition or bonding
of certain dielectric materials onto graphene. Such dielectric
materials can otherwise be suitable for use as a gate dielectric
in a graphene field-eftect transistor (GFET). The present
inventors have recognized, among other things, that a func-
tionalization approach can enable the deposition of a high-x
dielectric layer upon graphene, where K can represent a rela-
tive dielectric constant. Such a functionalization approach
can also reduce or eliminate doping effects on the graphene.
For example, the present inventors have recognized, among
other things, that graphene can be chemically functionalized
with polyvinyl alcohol (PVA) before a deposition of an oxide
layer. In an example, the oxide deposition can include an
atomic layer deposition (ALD) technique, and the deposited
oxide layer can include a relatively thin, relatively high-k
dielectric material, such as hafnium oxide.
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In one approach, deposition of an oxide on graphene using
ALD can involve an initial deposition of a noncovalent func-
tionalization layer, including NO,, such as used at the initial
stage of ALD growth. In another approach, one or more thin
layers of Al can be thermally evaporated, and allowed to
subsequently oxidize. But, the present inventors have recog-
nized that such noncovalent functionalization or evaporative
techniques can have limitations, such as resulting in signifi-
cant mobility degradation within the graphene, strong doping
of the graphene channel, or resulting in non-uniform dielec-
tric coverage (e.g, precluding forming a pinhole-free thin-
layer dielectric film). The present inventors have recognized,
among other things, that the chemical functionalization
approach, such as using PVA, can avoid at least some of the
issues associated with the noncovalent or evaporative
approaches.

In an example, an apparatus or method can include forming
a graphene layer including a working surface, forming a
polyvinyl alcohol (PVA) layer upon the working surface of
the graphene layer, and forming a dielectric layer upon the
PVA layer. In an example, the PVA layer can be activated and
the dielectric layer can be deposited on an activated portion of
the PVA layer.

Example 1 includes subject matter (such as an apparatus)
comprising an electronic device. The electronic device com-
prises a graphene layer including a working surface, a poly-
vinyl alcohol (PVA) layer formed upon the working surface
of'the graphene layer, and a dielectric layer formed upon the
PVA layer.

In Example 2, the subject matter of Example 1 can option-
ally include a PVA layer comprising a portion activated for
deposition of the dielectric layer upon the PVA layer.

In Example 3, the subject matter of one or any combination
of Examples 1-2 can optionally include a dielectric layer
comprising hafnium oxide.

In Example 4, the subject matter of one or any combination
of Examples 1-3 can optionally include a silicon substrate, the
graphene layer located upon an oxide layer included as a
portion of the silicon substrate.

In Example 5, the subject matter of one or any combination
of Examples 1-4 can optionally include a first electrode and a
second electrode, both located upon, and conductively
coupled to, the working surface of the graphene layer.

In Example 6, the subject matter of one or any combination
of Examples 1-5 can optionally include first and second elec-
trodes laterally separated along the working surface of the
graphene layer, at least a portion of the PVA layer located
upon the working surface of the graphene layer between the
first and second electrodes, and the dielectric layer formed
upon the first and second electrodes and formed laterally
between the first and second electrodes upon the portion of
the PVA layer located between the first and second electrodes.

In Example 7, the subject matter of one or any combination
of Examples 1-6 can optionally include a third electrode
formed upon the dielectric layer in a lateral region between
the first and second electrodes.

In Example 8, the subject matter of one or any combination
of Examples 1-7 can optionally include a silicon substrate, the
graphene layer located upon an oxide layer included as a
portion of the silicon substrate, the silicon substrate compris-
ing a fourth electrode.

In Example 9, the subject matter of one or any combination
of Examples 1-8 can optionally include a field effect transis-
tor including at least a portion of the graphene layer, at least
aportion of the PVA layer, at least a portion of the oxide layer,
and at least a portion of the respective first, second, third, and
fourth electrodes, the first and second electrodes configured
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as a respective source electrode and a respective drain elec-
trode, the third electrode configured as a top-gate electrode,
the fourth electrode is configured as a back-gate electrode,
and comprising a channel length of the transistor determined
atleast in part by a lateral width of the third electrode between
the first and second electrodes.

Example 10 can include, or can optionally be combined
with the subject matter of one or any combination of
Examples 1-9 to include, subject matter (such as a method, a
means for performing acts, or a machine-readable medium
including instructions that, when performed by the machine,
cause the machine to perform acts) comprising forming a
graphene layer including a working surface, forming a poly-
vinyl alcohol (PVA) layer upon the working surface of the
graphene layer, and forming a dielectric layer upon the PVA
layer.

In Example 11, the subject matter of Example 10 can
optionally include forming the dielectric layer upon the PVA
layer, including activating at least a portion of the PVA layer
and depositing the dielectric layer upon the activated portion
of the PVA layer.

In Example 12, the subject matter of one or any combina-
tion of Examples 10-11 can optionally include activating the
PVA layer, including exposing at least a portion of the PVA
layer to a combination of ultraviolet light and ozone.

In Example 13, the subject matter of one or any combina-
tion of Examples 10-12 can optionally include forming the
dielectric layer, including depositing a hafnium oxide layer.

In Example 14, the subject matter of one or any combina-
tion of Examples 10-13 can optionally include forming the
graphene layer, including transferring the graphene layer
onto an oxide layer included as a portion of a silicon substrate.

In Example 15, the subject matter of one or any combina-
tion of Examples 10-14 can optionally include forming a first
electrode and a second electrode, both located upon, and
conductively coupled to, the working surface of the graphene
layer.

In Example 16, the subject matter of one or any combina-
tion of Examples 10-15 can optionally include forming the
first and second electrodes, including forming the electrodes
laterally separated along the working surface of the graphene
layer, the forming the PVA layer including forming at least a
portion of the PVA layer upon the working surface of the
graphene layer between the first and second electrodes, the
forming the dielectric layer including forming the dielectric
layer upon the first and second electrodes and laterally
between the first and second electrodes upon the portion of
the PVA layer located between the first and second electrodes.

In Example 17, the subject matter of one or any combina-
tion of Examples 10-16 can optionally include forming a third
electrode upon the dielectric layer in a lateral region between
the first and second electrodes.

In Example 18, the subject matter of one or any combina-
tion of Examples 10-17 can optionally include forming the
graphene layer upon an oxide layer included as a portion of a
silicon substrate, the silicon substrate configured as a fourth
electrode.

In Example 19, the subject matter of one or any combina-
tion of Examples 10-18 can optionally include forming an
electronic device configured to operate as a field effect tran-
sistor, the electronic device including at least a portion of the
graphene layer, at least a portion of the PVA layer, at least a
portion of the oxide layer, and at least a portion of the respec-
tive first, second, third, and fourth electrodes, the first and
second electrodes configured as a respective source electrode
and a respective drain electrode, the third electrode config-
ured as a top-gate electrode, the fourth electrode configured
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as a back-gate electrode, and including a channel length of the
transistor determined at least in part by a lateral width of the
third electrode between the first and second electrodes.

Example 20 can include, or can optionally be combined
with the subject matter of one or any combination of
Examples 1-19 to include, subject matter (such as a method,
a means for performing acts, or a machine-readable medium
including instructions that, when performed by the machine,
cause the machine to perform acts) comprising forming a
graphene layer including a working surface, forming a poly-
vinyl alcohol (PVA) layer upon the working surface of the
graphene layer, forming a dielectric layer upon the PVA layer,
including activating at least a portion of the PVA layer and
depositing the dielectric layer upon the activated portion of
the PVA layer.

These examples can be combined in any permutation or
combination. This overview is intended to provide an over-
view of subject matter of the present patent application. It is
not intended to provide an exclusive or exhaustive explana-
tion of the invention. The detailed description is included to
provide further information about the present patent applica-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates generally a section view of an apparatus
that can include an electronic device having a graphene layer,
a polyvinyl alcohol (PVA) layer, and a dielectric layer.

FIG. 2 illustrates generally an example of an apparatus,
shown schematically, such as included as a portion of an
electronic device.

FIG. 3 includes an illustrative example of an image gener-
ated using atomic force microscopy (AFM) on a sample that
can include a graphene portion and a silicon dioxide portion,
the graphene portion without a PVA layer.

FIG. 4 includes an illustrative example of an image gener-
ated using AFM on a sample that can include a graphene
portion and a silicon dioxide portion, the graphene portion
including a PVA layer, such as prepared and shown in the
examples of FIGS. 1-2, and in contrast to FIG. 3.

FIG. 5 includes an illustrative example of an image gener-
ated using scanning electron microscopy (SEM) on an appa-
ratus (e.g., similar to a portion of the apparatus of FIGS. 1-2)
that can include one or more gate, source, or drain electrode
portions.

FIG. 6 illustrates generally an example that can include
forming a graphene layer, forming a PVA layer upon the
graphene layer, and forming a dielectric layer upon the PVA
layer.

FIG. 7 includes plots of measured relationships between
back-gate voltage and resistivity corresponding to an illustra-
tive example of an apparatus similar to the example of FIG. 1,
but lacking a top-gate electrode.

FIG. 8 includes plots of measured relationships between
top-gate voltage and resistivity for an illustrative example of
an apparatus similar to the example of FIG. 1, with each plot
corresponding to a specified back gate biasing condition.

FIGS. 9A-B include plots of measured current-voltage (“I-
V) relationships for an illustrative example of an apparatus
similar to the examples of FIG. 1, 2, 4, or 5, such as plotted in
milliamps flowing from the drain to the source versus a volt-
age across the drain-source electrode combination, using
various specified gate biasing conditions.

FIG. 10 includes a photo of an illustrative example of an
apparatus that can include a graphene layer, a PVA layer, and
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a dielectric layer, similarly prepared or configured as in the
examples of FIG. 1-2, or 4-5, but including a four-probe
electrode configuration.

FIG. 11 includes plots of predicted and measured relation-
ships between resistivity and temperature for an illustrative
example of an apparatus such as shown in the example of FIG.
10.

In the drawings, which are not necessarily drawn to scale,
like numerals may describe similar components in different
views. Like numerals having different letter suffixes may
represent different instances of similar components. The
drawings illustrate generally, by way of example, but not by
way of limitation, various embodiments discussed in the
present document.

DETAILED DESCRIPTION

FIG. 1 illustrates generally a section view of an apparatus
100 that can include an electronic device having a graphene
layer 106, a polyvinyl alcohol (PVA) layer 110A-C, and a
dielectric layer 112. In the example of FIG. 1, the graphene
layer can include a working surface 108, and the PVA layer
110A-C can be bonded with or otherwise formed upon the
graphene layer 106, such as on the working surface 108. In an
example, the PVA layer can be activated, such as by exposure
to ultraviolet light or ozone. In the example of FIG. 1, the
dielectric layer 112 can be deposited or otherwise formed on
one or more activated portions of the PVA layer 110A-C, or
elsewhere.

In an example, one or more electrodes can be lithographi-
cally fabricated or otherwise formed as a portion of the appa-
ratus 100. For example, in FIG. 1, a first electrode 114 and a
second electrode 118 can be located on the working surface
108 of the graphene layer 106, such as spaced apart laterally
along the working surface 108. In the example of FIG. 1, the
graphene layer 106 can be transferred to or otherwise affixed
or grown on an oxide layer 104. For example, such an oxide
layer 104 can include silicon dioxide such as can be epitaxi-
ally grown on a silicon substrate 102, or including one or
more other oxide or semiconductor materials.

In an example, such as after deposition of the dielectric
layer 112, a third electrode 116 can be located in a lateral
region between the first electrode 114 and the second elec-
trode 118, such as located above the dielectric layer 112.

In an example, the apparatus 100 can be configured as a
field-effect transistor (FET) device, such as using the first
electrode 114 as a source (or drain) electrode, using the sec-
ond electrode 118 as a corresponding drain (or source) elec-
trode, and using one or more of the silicon substrate 102 or the
third electrode 116 as a gate electrode. For example, the
substrate 102 can be a fourth electrode or “back gate,” and the
third electrode 116 can be a “top gate.” In an example, the
third electrode 116 can be omitted, and the substrate 102 can
be used to control the conduction state of the apparatus 102.
The example of FIG. 1 can be fabricated such as using one or
more processing techniques or structures as discussed below
in the examples of FIGS. 2-8, 9A-B, and 10-11.

FIG. 2 illustrates generally an example of an apparatus 200,
shown schematically, such as included as a portion of an
electronic device. The apparatus 200 can include a graphene
layer 206 including one or more carbon atoms 209, a PVA
layer 210, and a hafhium oxide layer 212 such as deposited on
or otherwise bonded to the PVA layer 210. In an example,
such as during fabrication of one or more of the examples of
FIG. 1, 4-8, 9A-B, or 10-11, polyvinyl alcohol PVA can be
used as an absorption layer. For example, the hydrophobicity
of the PVA carbon chain can lead to its adsorption on the
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graphene surface with hydroxyl groups facing “up,” (e.g., the
hydroxyl groups including an oxygen atom 207, and a hydro-
gen atom 211, shown schematically in FIG. 2), such as facili-
tating ALD growth as shown in FIG. 1. Since PVA has a
relatively high dielectric constant (e.g., k~6), it can be used as
a portion of a dielectric layer, such as for a portion of gate
dielectric as shown in the example of FIG. 1, above.

In an example, a single-layer graphene sample can be pre-
pared (e.g., the graphene layer 206), such as by mechanical
exfoliation onto a silicon wafer (e.g., a wafer including a
silicon dioxide layer 204). In an illustrative example, the
wafer including the graphene layer 206, can be dipped into
about an 0.5% aqueous solution of about 85,000-125,000
molecular weight PVA (e.g., provided by Sigma-Aldrich Co.
or one or more other sources, or including one or more other
molecular weight ranges). In an example, one or more other
concentrations of PVA can be used (e.g., from about 0.5% to
about 2% aqueous PVA can be used, among other ranges).

In an example, the PVA dipped sample can then be rinsed
using a second dip, such as into deionized water, and then the
sample can be gently blown dry, such as with nitrogen. Such
a technique can provide an approximately 2.5 nanometer
(nm) thick PVA layer 210. In an example, one or more layers,
such as the PVA layer 210, can be spin-coated onto the
sample, in addition to or instead of dipping the sample in
aqueous PVA. In an example, a brief ultraviolet light treat-
ment (e.g., about 5 minutes in duration) and ozone treatment
can be used, such as to one or more of activate the —OH
groups on the PVA layer 210 or cross-link the PVA layer 210.
In an example, such as after activation of at least a portion of
the PVA layer 210, atomic layer deposition (ALD) can be
used to provide the hafnium oxide layer, such as including
deposition at 150° C. using [(CH,),N] ,Hf and H,O, such as
for about 50 cycles. Such ALD of hathium oxide can provide
about a 5 nm-thick hafnium oxide film layer 212. In an
example, one or more other materials can be deposited, such
as one or more materials that can relay on the —OH groups on
the surface of the PVA layer 210, such as using ALD.

FIG. 3 includes an illustrative example of an image gener-
ated using atomic force microscopy (AFM) on a sample that
can include a graphene portion 306 and a silicon dioxide
portion 304, the graphene portion 306 without a PVA layer.
The example of FIG. 3 can be similar in preparation and
structure to the apparatus of the examples of FIGS. 1-2,
except lacking the PVA layer. In FIG. 3, without a PVA layer,
ALD growth generally proceeds only on the SiO, portion
304, leaving only small patches of oxide at nucleation sites
formed by surface contamination on the graphene portion
306. Such nucleation sites can result in the stippled appear-
ance of the graphene portion 306 in the AFM image of FIG. 3.

FIG. 4 includes an illustrative example of an image gener-
ated using AFM on a sample that can include a graphene
portion 406 and a silicon dioxide portion 404, the graphene
portion 406 including a PVA layer, such as prepared and
shown in the examples of FIGS. 1-2, and in contrast to FIG. 3.
In the example of FIG. 4, the graphene portion can be coated
with a PVA layer prior to the deposition of an oxide layer.
When the PVA layer is included before oxide deposition, the
oxide film can grow more uniformly on the SiO, portion 404
and the graphene portion 406. Such uniform coverage can
provide a surface roughness across both portions 404 and 406
of'about £3A°, in an illustrative example.

FIG. 5 includes an illustrative example of an image gener-
ated using scanning electron microscopy (SEM) on an appa-
ratus (e.g., similar to a portion of the apparatus of FIGS. 1-2)
that can include one or more gate, source, or drain electrode
portions. The present inventors have also recognized that
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oxide films can characterized such as by fabricating an elec-
tronic device such as shown and prepared similarly to the
examples of FIGS. 1-2, such as using or including one or
more graphene FETs (GFETs). In an illustrative example,
similarto FIG. 1, a graphene film can be prepared, such as by
exfoliation of graphene onto about a 285-300 nm-thick SiO,
layer on an 0.01-Q-cm Si wafer, such as allowing “back-
gating” through the Si wafer substrate. In the example of FIG.
5, one or more source or drain contacts, such as including
Cr/Au, can be e-beam deposited (e.g., providing about 1
nm-thick Cr and about 70-80 nm-thick Au metallization, or
one or more other thicknesses). In an example, such as fol-
lowing e-beam deposition (or using one or more other tech-
niques), the source or drain contacts can be exposed to about
350° C. Ar anneal, such as for about 210 minutes, such as to
remove contamination that might result from one or more
lithographic steps.

After forming one or more source or drain contact, an H{O,
film can be grown, such as using ALD after PVA functional-
ization, such as to provide a roughly 10-13 nm-thick dielec-
tric film. In an example, a thicker film can be formed to ensure
the absence of pin-hole defects at >90% yield, but at the cost
of throughput. In an example, such an oxide film as thin as
about 7-nm can be fabricated, but with a correspondingly
lower yield (e.g., a higher defect rate). After deposition of the
film layer, one or more gate contacts can be fabricated (e.g.,
formed or deposited) upon the dielectric film, such as one or
more top gates shown in the example of FIG. 5. As shown in
FIG. 5, the source or drain can be assigned somewhat arbi-
trarily when the devices are laterally-symmetric with respect
to the gate. Thus, in the illustrative example of FI1G. 5, one or
more GFET devices including differing top gate channel
lengths can be fabricated, such as including one or more
commonly-shared source or drain electrodes.

FIG. 6 illustrates generally an example 600 that can include
forming a graphene layer, forming a PVA layer upon the
graphene layer, and forming a dielectric layer upon the PVA
layer. For example, at 602, the example 600 can include one
or more techniques of forming a single-layer graphene layer,
such as using exfoliation onto a rigid substrate as discussed
above in the examples of FIGS. 1-5. At 604, a PVA layer can
formed upon at least a portion of the graphene layer. Such a
PVA layer can be used, at least in part, as a dielectric material
to isolate a gate electrode from the graphene. Such a PVA
layer can also be used to provide a functionalized layer suit-
able as a substrate for deposition of one or more dielectric
layers onto the PVA layer.

For example, at 606, at least a portion of the PVA layer can
be activated, such as discussed above in the examples of
FIGS.1-2,and 4. At 608, a diclectric layer can then be formed
upon the activated (e.g., functionalized) portion of the PVA
layer. Such a dielectric layer can include a hafnium oxide
layer deposited using ALD, or one or more other oxide mate-
rials deposited or otherwise formed.

FIG. 7 includes plots of measured relationships between
back-gate voltage and resistivity corresponding to an illustra-
tive example of an apparatus similar to the example of FIG. 1,
but lacking a top-gate electrode. For example, an apparatus as
shown below in the example of FIG. 10 can be measured
using a two-probe approach to provide one or more resistivity
plots as shown in FIG. 7. In FIG. 7, the resistivity plots
correspond to an illustrative example having a PVA layer 704
(e.g., similar to FIG. 4), and an illustrative example without a
PVA layer 702 (e.g., similar to FIG. 3). In FIG. 7, the plotted
resistivities can be represented by p=1/g, (e.g., an inverse of
drain-source conductance), in kiloOhms, and measured as a

function of V.1 Vs paer €an represent an applied back

20

25

30

35

40

45

50

55

60

65

8

gate bias voltage, while V,, can represent a drain-to-source
voltage that can be around zero volts. The field-effect mobil-
ity of an electronic device (e.g, as constructed similarly in
FIGS. 1-2) can remain about the same after the PVA func-
tionalization (e.g., as observed consistently over dozens of
samples), as compared to a device without the PVA layer, as
shown in the resistivity plots of the illustrative examples of
FIG. 7.

FIG. 8 includes plots of measured relationships between
top-gate voltage and resistivity for an illustrative example of
an apparatus similar to the example of FIG. 1, with each plot
corresponding to a specified back gate biasing condition.

In an example, similar to the examples of FIGS. 1-2, 4, and
5, aroughly 40-nm-thick top-gate metal can be patterned onto
the dielectric layer (e.g., upon a hathium oxide layer). In the
illustrative examples of FIG. 8, similar to the examples of
FIG. 7, a resistivity can be represented by p, and can be
measured using a two-probe approach and plotted as a func-
tion of V., the top-gate bias. Each plot included in FIG. 8
can correspond to a specified value of V... In FIG. 8, a
first resistivity 802 can represent a V. of around 0 volts,
withV, ., swept from around -3 volts to around +3 volts. A
second resistivity 804 can represent a V. ., of around +15
volts, with V., similarly swept from around -3 volts to
around +3 volts. A third resistivity 806 can represent a
Vs-pacr0Taround —15 volts, withV, ., similarly swept from
around -3 volts to around +3 volts. A fourth resistivity 808
can represent 808 canrepresentaV, , . . ofaround -30 volts,
with V., similarly swept from around -3 volts to around
+3 volts.

In the illustrative example of FIG. 8, a Dirac point at
different values of V. ;. can be determined, and can indi-
cate a ratio of top-gate to back-gate capacitances of about
Costop!Caspaci=30. Such a ratio can indicate a top-gate
capacitance per unit area of about 600 nanoFarads/centime-
ter” (nF/cm?) such as including an effect of a quantum capaci-
tance of the graphene layer. Such a capacitance per unit area
can be almost twice the magnitude of a capacitance per unit
area provided using other approaches involving other dielec-
tric films (e.g., such other approaches including a dielectric
film deposition or evaporation process lacking a PVA layer or
other functionalization of the graphene). Also, the HfO,
dielectric film, such as included the examples of FIGS. 1-2, 4,
6, and 8, can have a break down voltage of about 6 megavolts/
centimeter or more.

FIGS. 9A-B include plots of measured current-voltage (“I-
V) relationships for an illustrative example of an apparatus
similar to the examples of FIG. 1, 2, 4, or 5, such as plotted in
milliamps flowing from the drain to the source versus a volt-
age across the drain-source electrode combination, using
various specified gate biasing conditions.

In the examples of FIGS. 9A-B, the SEM image of the
example of FIG. 5 can be characterized such as using a high-
bias transistor characterization technique, such as corre-
sponding to an illustrative example of a GFET having an
8-micrometer(ium) channel length in FIG. 9A, and a GFET
having a 1-um channel length in FIG. 9B. In the examples of
both FIGS. 9A and 9B, a saturation behavior and a “kink”
characteristic of the transition to an ambipolar channel can be
observed.

In FIG. 9A, a first I-V plot 902 includes a -1.5V top-gate
voltage, and a OV back-gate voltage, a second 1-V plot 904
includes a —1.0V top-gate voltage, and a OV back-gate volt-
age, a third I-V plot 906 includes a -0.5V top-gate voltage,
and a OV back-gate voltage, a fourth I-V plot 908 includes a
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0V top-gate voltage, and a OV back-gate voltage, and a fifth
1-V plot 910 includes a +0.5V top-gate voltage, and a OV
back-gate voltage.

In FIG. 9B, a sixth I-V plot 912 includes a -1.5V top-gate
voltage, and a OV back-gate voltage, a seventh I-V plot 914
includes a —1.0V top-gate voltage, and a OV back-gate volt-
age, a eighth [-V plot 916 includes a —0.5V top-gate voltage,
and a OV back-gate voltage, a ninth [-V plot 918 includes a OV
top-gate voltage, and a OV back-gate voltage, and a tenth [-V
plot 920 includes a +0.5V top-gate voltage, and a OV back-
gate voltage.

FIG. 10 includes a photo of an illustrative example of an
apparatus that can include a graphene layer, a PVA layer, and
a dielectric layer, similarly prepared or configured as in the
examples of FIG. 1-2, or 4-5, but including a four-probe
configuration. To further understand SPOP eftects on trans-
portin the graphene channel, a temperature dependence of the
triode region resistivity of the graphene channel (around zero
V ;) can be measured, as shown in the illustrative example of
FIG. 11, such as using the apparatus of the illustrative
example of FIG. 10.

FIG. 11 includes plots of predicted and measured relation-
ships between resistivity and temperature for an illustrative
example of an apparatus such as shown in the example of FIG.
10. A resistivity provided by an electronic device, such as a
GFET, can vary as a function of temperature. In the illustra-
tive example of FIG. 10, a four-probe GFET structure can be
fabricated, and a resistivity can be measured such as using
V es-baca=30V, such as yielding a roughly 3.75x10'%-cm™
hole channel. Such a temperature-dependent resistivity can
be represented (e.g., fit or modeled), such as by p(T)=p,+p
(D+pgps(T), where p, can represent a zero-temperature-
limit component, p, can represent a component associated
with acoustic phonon scattering, and pzps can represent a
component due to remote phonon scattering. A first plot 1102
shows a relatively poor data fit (e.g., model) that can result
when only the two lowest SiO, surface phonon modes are
considered (59 meV and 155 meV). A second plot 1104 can
include a fit (e.g., model) in which HfO, modes (e.g., at 21
meV and 55 meV) can be taken into account. The second plot
1104 can represent a significant improvement, such as more
closely modeling a measured resistivity, such as shown in the
illustrative example of a third plot 1106. The examples of
FIG. 11 can suggest that the inclusion of the PVA layer may
have a minimal effect on the coupling of the surface polar
optical phonons of HfO,. In an example, to achieve higher
performance, GFETs can include additional engineering of
surface dielectrics, such as to reduce or minimize the effects
of remote phonon coupling.

The above description has particularly emphasized
examples in which PVA is used to functionalize graphene for
forming a dielectric thereupon, such as for use in a graphene
field-effect or other transistor, capacitor, or other graphene-
based electronic device. However, the present inventors have
also recognized that such techniques can also be applied to a
carbon nanotube or like graphene nanostructure. This can be
used to form an electronic device, in an illustrative example.

The above detailed description includes references to the
accompanying drawings, which form a part of the detailed
description. The drawings show, by way of illustration, spe-
cific embodiments in which the invention can be practiced.
These embodiments are also referred to herein as “examples.”
Such examples can include elements in addition to those
shown or described. However, the present inventors also con-
template examples in which only those elements shown or
described are provided. Moreover, the present inventors also
contemplate examples using any combination or permutation
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of'those elements shown or described (or one or more aspects
thereof), either with respect to a particular example (or one or
more aspects thereof), or with respect to other examples (or
one or more aspects thereof) shown or described herein.

All publications, patents, and patent documents referred to
in this document are incorporated by reference herein in their
entirety, as though individually incorporated by reference. In
the event of inconsistent usages between this document and
those documents so incorporated by reference, the usage in
the incorporated reference(s) should be considered supple-
mentary to that of this document; for irreconcilable inconsis-
tencies, the usage in this document controls.

In this document, the terms “a” or “an” are used, as is
common in patent documents, to include one or more than
one, independent of any other instances or usages of “at least
one” or “one or more.” In this document, the term “or” is used
to refer to a nonexclusive or, such that “A or B” includes “A
but not B,” “B but not A,” and “A and B,” unless otherwise
indicated. In the appended claims, the terms “including” and
“in which” are used as the plain-English equivalents of the
respective terms “comprising” and “wherein.” Also, in the
following claims, the terms “including” and “comprising” are
open-ended, that is, a system, device, article, or process that
includes elements in addition to those listed after such a term
in a claim are still deemed to fall within the scope of that
claim. Moreover, in the following claims, the terms “first,”
“second,” and “third,” etc. are used merely as labels, and are
not intended to impose numerical requirements on their
objects.

Method examples described herein can be machine or
computer-implemented at least in part. Some examples can
include a computer-readable medium or machine-readable
medium encoded with instructions operable to configure an
electronic device to perform methods as described in the
above examples. An implementation of such methods can
include code, such as microcode, assembly language code, a
higher-level language code, or the like. Such code can include
computer readable instructions for performing various meth-
ods. The code may form portions of computer program prod-
ucts. Further, the code can be tangibly stored on one or more
volatile or non-volatile tangible computer-readable media,
such as during execution or at other times. Examples of these
tangible computer-readable media can include, but are not
limited to, hard disks, removable magnetic disks, removable
optical disks (e.g., compact disks and digital video disks),
magnetic cassettes, memory cards or sticks, random access
memories (RAMs), read only memories (ROMs), and the
like.

The above description is intended to be illustrative, and not
restrictive. For example, the above-described examples (or
one or more aspects thereof) may be used in combination with
each other. Other embodiments can be used, such as by one of
ordinary skill in the art upon reviewing the above description.
The Abstract is provided to comply with 37 C.E.R. §1.72(b),
to allow the reader to quickly ascertain the nature of the
technical disclosure. It is submitted with the understanding
that it will not be used to interpret or limit the scope or
meaning of the claims. Also, in the above Detailed Descrip-
tion, various features may be grouped together to streamline
the disclosure. This should not be interpreted as intending that
an unclaimed disclosed feature is essential to any claim.
Rather, inventive subject matter may lie in less than all fea-
tures of a particular disclosed embodiment. Thus, the follow-
ing claims are hereby incorporated into the Detailed Descrip-
tion, with each claim standing on its own as a separate
embodiment, and it is contemplated that such embodiments
can be combined with each other in various combinations or
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permutations. The scope of the invention should be deter-
mined with reference to the appended claims, along with the
full scope of equivalents to which such claims are entitled.

The claimed invention is:

1. An electronic device comprising:

a graphene layer including a working surface;

a polyvinyl alcohol (PVA) layer formed upon the working

surface of the graphene layer;

a dielectric layer formed upon the PVA layer; and

a first electrode and a second electrode, both located upon,

and conductively coupled to, the working surface of the
graphene layer.

2. The electronic device of claim 1, wherein the PVA layer
includes an activated portion functionalized for deposition of
the dielectric layer upon the PVA layer.

3. The electronic device of claim 1, wherein the dielectric
layer comprises hafnium oxide.

4. The electronic device of claim 1, comprising a silicon
substrate, and wherein the graphene layer is located upon an
oxide layer included as a portion of the silicon substrate.

5. The electronic device of claim 1, wherein the first and
second electrodes are laterally separated along the working
surface of the graphene layer;

wherein at least a portion of the PVA layer is located upon

the working surface of the graphene layer between the
first and second electrodes; and

wherein the dielectric layer is formed upon the first and

second electrodes, and is formed laterally between the
first and second electrodes upon the portion of the PVA
layer located between the first and second electrodes.

6. The electronic device of claim 5, comprising a third
electrode formed upon the dielectric layer in a lateral region
between the first and second electrodes.

7. The electronic device of claim 6, comprising a silicon
substrate, and wherein the graphene layer is located upon an
oxide layer included as a portion of the silicon substrate; and

wherein the silicon substrate comprises a fourth electrode.

8. The electronic device of claim 7, comprising a field
effect transistor including at least a portion of the graphene
layer, at least a portion of the PVA layer, at least a portion of
the oxide layer, and at least a portion of the respective first,
second, third, and fourth electrodes;

wherein the first and second electrodes are configured as a

respective source electrode and a respective drain elec-
trode;

wherein the third electrode is configured as a top-gate

electrode;

wherein the fourth electrode is configured as a back-gate

electrode; and

wherein a channel length of the transistor is determined at

least in part by a lateral width of the third electrode
between the first and second electrodes.

9. The electronic device of claim 1, wherein the first and
second electrodes include one or more of Chromium (Cr) or
Gold (Aw).

10. The electronic device of claim 1, comprising a gate
electrode, wherein at least a portion of the graphene layer, at
least a portion of the PVA layer, at least a portion of the
dielectric layer, and at least a portion of the respective first,
second, and gate electrodes comprise a field-effect transistor
wherein the first and second electrodes are configured as a
respective source electrode and a respective drain electrode,
and wherein a channel length of the transistor is determined at
least in part by a lateral width of the gate electrode between
the first and second electrodes.
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11. The electronic device of claim 10, comprising a con-
ductive substrate, wherein the gate electrode comprises a
third electrode formed upon the dielectric layer in a lateral
region between the first and second electrodes, the third elec-
trode configured as a top-gate of the field effect transistor,
wherein the graphene layer is located upon an oxide layer
included as a portion of the conductive substrate, and wherein
the conductive substrate comprises a fourth electrode config-
ured as a back-gate electrode of the field-effect transistor.

12. The electronic device of claim 11, wherein the conduc-
tive substrate comprises silicon.

13. The electronic device of claim 1, comprising a conduc-
tive substrate, wherein the graphene layer is located upon an
oxide layer included as a portion of the conductive substrate,
wherein at least a portion of the graphene layer, at least a
portion of the PVA layer, at least a portion of the oxide layer,
at least a portion of the respective first, second, and at least a
portion of the conductive substrate comprise a field-effect
transistor, wherein the first and second electrodes are config-
ured as a respective source electrode and a respective drain
electrode, and the conductive substrate is configured as a
back-gate of the field-effect transistor.

14. The electronic device of claim 13, wherein the conduc-
tive substrate comprises silicon.

15. An electronic device comprising:

a graphene layer including a working surface;

a polyvinyl alcohol (PVA) layer formed upon the working
surface of the graphene layer, the PVA layer including an
activated portion functionalized for deposition of a
dielectric layer upon the PVA layer;

a dielectric layer formed upon the PVA layer; and

a first electrode and a second electrode, both located upon,
and conductively coupled to, the working surface of the
graphene layer.

16. The electronic device of claim 15, wherein the dielec-

tric layer comprises hafnium oxide.

17. The electronic device of claim 15, comprising a silicon
substrate, and wherein the graphene layer is located upon an
oxide layer included as a portion of the silicon substrate.

18. An electronic device comprising:

a graphene layer including a working surface;

a polyvinyl alcohol (PVA) layer formed upon the working

surface of the graphene layer; and

a dielectric layer including hafnium oxide, the dielectric
layer formed upon the PVA layer;

a first electrode and a second electrode, both located upon,
and conductively coupled to, the working surface of the
graphene layer, the first and second electrodes laterally
separated along the working surface of the graphene
layer;

a third electrode formed upon the dielectric layer in a
lateral region between the first and second electrodes;
and

a silicon substrate comprising a fourth electrode;

wherein the graphene layer is located upon an oxide layer
included as a portion of the silicon substrate;

wherein at least a portion of the PVA layer is located upon
the working surface of the graphene layer between the
first and second electrodes; and

wherein the dielectric layer is formed upon the first and
second electrodes, and is formed laterally between the
first and second electrodes upon the portion of the PVA
layer located between the first and second electrodes.
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