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FABRICATION OF GRAPHENE 
NANO RIBBONS AND NANOWIRES USING A 

MENISCUS AS AN ETCH MASK 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority to U.S. Provisional Patent 
Application No. 61/759,730, filed on Feb. 1, 2013. The 
entirety of the aforementioned application is incorporated 
herein by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

2 
embodiments, the methods of the present disclosure also 
include a step of removing the second protective layer from 
the surface. 

In further embodiments, the present disclosure pertains to 
5 methods of preparing wires (e.g., nanowires) from a film 

(e.g., a metallic film) that is associated with a meniscus. In 
some embodiments, the method comprises patterning the film 
while the meniscus acts as a mask above a region of the film 
(i.e., a meniscus-masked region). In some embodiments, the 

10 patterning results in formation of a wire from the meniscus
masked region of the film. In some embodiments, the menis
cus-masked region of the film is located near the edges of the 
film. In some embodiments, the patterning of the film sepa-

15 rates the meniscus-masked region from the film. In some 
embodiments, the patterning of the film occurs by etching the 
film. 

This invention was made with government support under 
Grant No. FA9550-09-l-0581, awarded by the U.S. Depart
ment of Defense; Grant No. N00014-09-l-1066, awarded by 
the U.S. Department of Defense; and Grant No. FA9550-12-
l-0035, awarded by the U.S. Department of Defense. The 20 

government has certain rights in the invention. 

In more specific embodiments, the present disclosure per
tains to methods of preparing wires by one or more of the 
following steps: (1) associating a surface with a film; (2) 
forming a pattern on the film by selectively covering regions 
of the film with a first protective layer; (3) etching the uncov
ered regions of the film on the surface to lead to the formation 
of an etched pattern on the surface, where the etched pattern 

BACKGROUND 

Current methods of fabricating narrow graphene nanorib
bons and narrow nanowires at precise locations on a surface 
suffer from numerous limitations, including the ability to 
control width, shape, size, and pattern. Therefore, a need 
exists for more scalable and controllable methods of fabricat
ing graphene nanoribbons and nanowires. 

SUMMARY 

25 includes edges surrounded by film; (4) depositing a second 
protective layer (e.g., a metal) on the etched pattern, where the 
second protective layer becomes associated with the film 
surrounding the edges of the etched pattern; ( 5) removing the 
first protective layer, where the removing of the first protec-

30 tive layer leads to the formation of a meniscus-masked region 
between the second protective layer and the film; (6) pattern
ing the film on the surface, where the patterning retains the 
meniscus-masked region of the film on the surface that rep-

In some embodiments, the present disclosure pertains to 
methods of preparing graphene nanoribbons from a graphene 35 

film that is associated with a meniscus. In some embodi-

resents the formed wire, and where the formed wire follows 
the edges of the etched pattern. In some embodiments, the 
methods of the present disclosure also include a step of 

ments, the method comprises patterning the graphene film removing the second protective layer from the surface. 
while the meniscus acts as a mask above a region of the In some embodiments, the wires formed by the methods of 
graphene film (i.e., a meniscus-masked region). In some the present disclosure may be conducting, semiconducting or 
embodiments, the patterning results in formation of graphene 40 insulating. In some embodiments, the properties of the 
nanoribbons from the meniscus-masked region of the formed wires can depend on the film material used. 
graphene film. In some embodiments, the meniscus-masked Additional embodiments of the present disclosure pertain 
region of the graphene film is located near the edges of the to alternative chemical methods of preparing wires. In some 
graphene film. In some embodiments, the patterning of the embodiments, such methods include the following steps: (1) 
graphene film separates the meniscus-masked region from 45 depositing a hydrophilic material (e.g., a metal, such as Au) 
the graphene film. In some embodiments, the patterning of on a surface to lead to the formation of a hydrophilic layer 
the graphene film occurs by etching the graphene film. ( e.g., a hydrophilic mask layer) on the surface; and (2) expos-

In more specific embodiments, the present disclosure per- ing the surface to a water-reactive material ( e.g., TiC14 ) to 
tains to methods of preparing graphene nanoribbons by one or form a second layer that follows the edges of the hydrophilic 
more of the following steps: (1) associating a surface with a 50 layer on the surface. In some embodiments, the water-reactive 
graphene film; (2) forming a pattern on the graphene film by material is in gaseous form. In some embodiments, the sec-
selectively covering regions of the graphene film with a first ond layer represents the formed wire. In some embodiments, 
protective layer; (3) etching the uncovered regions of the the second layer forms through a chemical reaction between 
graphene film on the surface to lead to the formation of an the water reactive material and the liquid (e.g., water) 
etched pattern on the surface, where the etched pattern 55 adsorbed between the hydrophilic layer and the substrate. In 
includes edges surrounded by graphene film; ( 4) depositing a some embodiments, the methods of the present disclosure 
second protective layer ( e.g., a metal layer) on the etched also include a step of annealing of the surface to result in the 
pattern, where the second protective layer becomes associ- solidification of the formed wire (e.g., by further chemical 
ated with the graphene film surrounding the edges of the transformation). In further embodiments, the methods of the 
etched pattern; ( 5) removing the first protective layer, where 60 present disclosure also include a step of removing the hydro-
the removing of the first protective layer leads to the forma- philic layer from the surface. 
tion of a meniscus-masked region between the second pro
tective layer and the graphene film; and (6) patterning the 
graphene film on the surface, where the patterning retains the 
meniscus-masked region of the graphene film on the surface, 65 

and where the meniscus masked region follows the edges of 
the etched pattern and forms graphene nanoribbons. In some 

BRIEF DESCRIPTION OF FIGS. 

FIG. 1 provides schemes of methods for fabricating 
graphene nanoribbons (GNRs) (FIG. lA) and wires (FIGS. 
18-C). 
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FIG. 2 provides data and illustrations relating to the fabri
cation of GNRs and wires by meniscus-mask lithography 
(MML). FIG. 2A shows an MML-based scheme for fabrica
tion ofGNRs and wires. FIGS. 2B-I show scanning electron 
microscopy (SEM) images of individual GNRs at different 5 

magnifications, including ox-GNRs on Si/Si02 (FIGS. 28 
and F), ox-GNRs on BN (FIGS. 2C and G); ar-GNRs on 
Si/Si02 (FIGS. 2D and H), and ar-GNRs on BN (FIGS. 2E 
and I). The scale bar for images in FIGS. 2F-I is 100 nm. FIG. 

4 
FIG.11 shows SEM images ofGNRs width dependence on 

thickness of Al metal layer, including 20 nm (FIG. llA) and 
60 nm (FIG. l1B) Al metal layers. Scale bar for both images 
is 100nm. 

FIG. 12 shows samples processed with nitrogen reactive 
ion etching (RIE) after being heated and cooled under 
vacuum (FIG. 12A) and immediately after sample loading 
(FIG. l2B). The arrow in FIG. 12A shows the expected GNR 
position. 

FIG.13 shows SEM images of samples processed with RIE 
with water displaced by acetone at low magnification (FIG. 
13A) and high magnification (FIG. l3B). Arrows show 
expected GNR positions. 

2J shows an SEM image of a Pt wire on Si/Si02 . FIG. 2K 10 

shows an SEM image of the letter R patterned with ar-GNRs. 
The inset in FIG. 2K is a magnified image of a part of the 
ar-GNR comprising the letter R. The mean width is 9.2±1.1 
nm. FIG. 2L shows a scheme of an alternative chemical 
method of fabricating wires. 

FIG.14 provides a scheme of the continuum model menis-
15 cus cross-section that is orthogonal to the GNR/nanowire 

direction. In this scheme, x and y are meniscus linear param
eters. a and~ are contact angles. 

FIG. 3 shows the Raman spectra and room temperature 
transport measurements of GNRs prepared by the MML
based fabrication schemes. FIG. 3A shows the following 
Raman spectra: ar-GNR on Si/Si02 in blue (top), ox-GNR on 
Si/Si02 in red (middle), and the starting CVD graphene in 
black (bottom). The spectra are normalized so that the G peak 
height is approximately the same for all three spectra. FIG. 38 

FIG. 15 shows modeling of adsorbed water profiles (ob
tained from equation 6 in Example 1.10 .2) for different values 

is a scheme of the device used for transport measurements. 
FIG. 3C is an SEM image of an ar-GNR device on a BN 
substrate. The GNR is situated vertically between the hori
zontal top and bottom electrodes. FIG. 3D shows room tem
perature gating curves (for source-drain voltage 0.1 V) for 
individual ar-GNR FETs on Si/Si02 (in black) and BN (in 
red) substrates. a is the planar conductivity and n is the linear 
charge carrier concentration (positive for electrons). 

20 of 1;! llE,, including 1;/ llEs =2.25 layers (FIG. 15A), 
1;! llEs =2.75 layers (FIG.15B), 1;/ llEs =3.25 layers (FIG.15C), 
and 1;/ llEs =3.75 layers (FIG. 15D). Red arrows denote where 
a first additional water layer appears. 

FIG. 16 shows SEM images ofGNRs fabricated via pho-
25 tolithography. The scale bars are 1 µmin FIG. 16A and 100 

nm in FIG. l6B. 

FIG. 4 shows data relating to temperature-dependent elec
tronic properties for typical ar-GNR FETs. Gating curves at 
different temperatures for GNR FETs on Si/Si02 substrate 
(FIG. 4A) or BN substrate (FIG. 48). The green line at 10-12 

30 

FIG. 17 shows 4-peak (FIG. 17A) and 5-peak (FIG. l7B) 
deconvolutions of the spectral region around the G and D 
peaks for ar-GNRs on a Si/Si02 substrate. 

FIG. 18 shows the electronic properties of individual ox
GNRs on Si/Si02 (FIG. 18A) and BN substrates (FIG. l8B). 
Different colors denote different devices. 

FIG. 19 shows SEM images of fabricated W nanowires at 
different magnifications. 

FIG. 20 shows images of Au nanowires, including a high 
magnification SEM image (FIG. 20A), an atomic force 
microscopy (AFM) image with a height range of 50 nm (FIG. 
20B), and a low magnification SEM image (FIG. 20C). 

A in (FIG. 48) depicts the approximate instrument noise 35 

level. The source-drain voltage was 0.1 V. I,d is source-drain 
current, V g is gate voltage, a is planar conductivity and n is 
linear charge carrier concentration (positive for electrons). 
FIG. 4C shows temperature dependence of minimal conduc
tivity averaged for 6 devices for each substrate type. 

FIG. 21 shows images of Si nanowires, including SEM 
40 images (FIGS. 21A-C) and an AFM image with a height 

FIG. 5 shows the atomic force microscopy (AFM) image 
(height mode) of GNRs and the height profile perpendicular 
to the GNR axis. Height range in the image is 15 nm. 

range of 50 nm (FIG. 21D). 
FIG. 22 shows SEM images ofSi02 nanowires. 
FIG. 23 shows AFM images of Si02 nanowires. 

FIG. 6 provides width distributions for GNRs fabricated 
via the MML technique described, including ar-GNRs on 
Si/Si02 substrate (FIG. 6A); ar-GNRs on BN substrate (FIG. 
68); ox-GNRs on Si/Si02 substrate (FIG. 6C); and ox-GNRs 

FIG. 24 shows images ofSi02 nanowire crossbars, includ-
45 ing an SEM image (FIG. 24A), an AFM 3D model of the 

surface (FIG. 248), and anAFM image with a height range of 
50 nm (FIG. 24C). 

on BN substrate (FIG. 6D). 
FIG. 7 shows fabricated platinum wires. FIG. 7A shows 

low magnification SEM image of the platinum wires. The 50 

inset in FIG. 7A shows the width distribution for Pt wires, 
with a bin size of2 nm. FIG. 78 shows the high magnification 
SEM image of the Pt wires. FIG. 7C shows the AFM height 
image of Pt wires. The scale range is 75 nm. The inset in FIG. 
7C shows the height profile averaged perpendicular to the 55 

Wife axis. 
FIG. 8 shows transport properties of Pt wires. FIG. SA 

shows an SEM image of an individual device with the mag
nified wire image in the inset. FIG. SB shows overall SEM 
image of a device set. FIG. SC shows two terminal (black) and 60 

four terminal (red) measurements for the same device. 
FIG. 9 shows GNRs patterned in different shapes. FIG. 9A 

shows 2 µm separated lines (inset is a magnified GNR). FIG. 

FIG. 25 illustrates the formation of steps in multi step Si02 

nanowJres. 
FIG. 26 shows an SEM image of a Si02 nanowire with four 

steps. The etching was interrupted on the second RIE stage. 
FIG. 27 provides a scheme relating to the fabrication of 

Ti02 nanowires by chemical conversion of meniscus water. 
FIG. 28 provides SEM images ofTi02 nanowires formed 

by TiC14 decomposition in meniscus. 

DETAILED DESCRIPTION 

It is to be understood that both the foregoing general 
description and the following detailed description are illus
trative and explanatory, and are not restrictive of the subject 
matter, as claimed. In this application, the use of the singular 
includes the plural, the word "a" or "an" means "at least one", 
and the use of"or" means "and/or", unless specifically stated 98 shows a 90° spiral. FIG. 9C shows a 90° angle formed by 

GNRs. 
FIG. 10 shows mean GNR widths for Al, Pt and Pd sacri

ficial metal layers in a wide range of lithography dosages. 

65 otherwise. Furthermore, the use of the term "including", as 
well as other forms, such as "includes" and "included", is not 
limiting. Also, terms such as "element" or "component" 
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encompass both elements or components comprising one unit 
and elements or components that include more than one unit 
unless specifically stated otherwise. 

The section headings used herein are for organizational 
purposes and are not to be construed as limiting the subject 
matter described. All documents, or portions of documents, 
cited in this application, including, but not limited to, patents, 
patent applications, articles, books, and treatises, are hereby 
expressly incorporated herein by reference in their entirety 
for any purpose. In the event that one or more of the incorpo
rated literature and similar materials defines a term in a man
ner that contradicts the definition of that term in this applica
tion, this application controls. 

6 
tions thereof. In some embodiments, the one or more gases 
that are used for etching can control the content of edge 
termination moieties on the formed graphene nanoribbons. 
For instance, in some embodiments, atoms from one or more 

5 of the gases can functionalize the edges of the formed 
graphene nanoribbons. 

In some embodiments, the meniscus is a liquid selected 
from the group consisting of water, organic solvents, poly
mers, salts, and combinations thereof. In some embodiments, 

10 the meniscus is water. 

Fabrication of narrow high aspect ratio objects allows both 
miniaturization and control of size-dependent properties of 15 

materials. For instance, the patterning of graphene or wires 
can yield sub-10 nm objects with varied band gaps that 
depend on their width and edge configurations. 

Various steps and methods may be utilized to prepare 
graphene nanoribbons from a graphene film that is associated 
with a meniscus. With reference to the scheme in FIG. lA and 
the illustration in FIG. 2A, non-limiting examples of methods 
of preparing graphene nanoribbons can include one or more 
of the following steps: (1) associating a surface 10 with a 
graphenefilm12 (step 10 inFIG. lAandimagel in FIG. 2A); 
(2) forming a pattern 13 on the graphene film 12 by selectively 
covering regions of the graphene film 12 with a first protective 
layer 14, where the selective coverage leaves uncovered 
regions of graphene film 12 on the surface 10 (step 12 in FIG. 
lA and image 1 in FIG. 2A); (3) etching the uncovered 
regions of the graphene film 12 on the surface 10, where the 
etching leads to formation of an etched pattern 15 on the 
surface 10, and where the etched pattern 15 includes edges 16 
surrounded by graphene film 12 (step 14 in FIG. lA and 
image 2 in FIG. 2A); ( 4) depositing a second protective layer 
17 (e.g., a metal layer) on the etched pattern 15, where the 

There are a number of graphene nanoribbon (GNR) fabri
cation methods, including: graphene patterning using various 20 

lithography methods; shadowing techniques including shad
owing by co-polymer masks; processing of carbon nanotubes 
and graphite; growth on pre-patterned substrates; and direct 
organic synthesis. Similar methods exist for fabricating 
wires. However, only a few methods enable both scalable 25 

fabrication and controlled positioning of graphene nanorib
bons and wires. Such characteristics are currently required for 
industrial use in microelectronics and nanoelectronics. Vari
ous embodiments of the present disclosure address the above 
limitations. 30 second protective layer 17 becomes associated with the 

graphene film 12 that surrounds the edges 16 of the etched 
pattern 15 (step 16 in FIG. lA and image 3 in FIG. 2A); (5) 
removing the first protective layer 14 (step 18 in FIG. lA and 
image 4 in FIG. 2A), where the removing of the first protec-

In some embodiments, the present disclosure pertains to 
methods of preparing graphene nanoribbons. In some 
embodiments, the present disclosure pertains to methods of 
preparing various types of wires, such as nanowires. 

Methods of Preparing Graphene Nanoribbons 
In some embodiments, the present disclosure pertains to 

methods of preparing graphene nanoribbons from a graphene 
film that is associated with a meniscus. In some embodi
ments, the meniscus is a liquid meniscus, such as a water
based meniscus. In some embodiments, the meniscus acts as 
a mask (i.e., cover) above a region of the graphene film. In 
some embodiments, the region on the graphene film that is 
masked by the meniscus is referred to as a meniscus-masked 
region. 

35 tive layer leads to the formation of a meniscus-masked region 
18 between the second protective layer 17 and the graphene 
film 12; and (6) patterning the graphene film 12 on the surface 
10, where the patterning retains the meniscus-masked region 
of the graphene film 20 on the surface 10 that follows the 

40 edges 16 of the etched pattern 15 (step 20 in FIG. lA and 
image 5 in FIG. 2A). In some embodiments, the methods of 
the present disclosure also include a step of (7) removing the 
second protective layer 17 from the surface 10 (step 22 in 
FIG. lA and image 5 in FIG. 2A). 

In some embodiments, the methods of the present disclo- 45 

sure include a step of patterning the graphene film while the 
meniscus acts as a mask above a region of the graphene film. 

As illustrated in image 6 of FIG. 2A, the methods of the 
present disclosure result in formation of graphene nanorib
bons 22 from the meniscus-masked region of graphene film 
20. In some embodiments, the formed graphene nanoribbons 
22 follow the edges 16 of etched pattern 15 on surface 10. 

In some embodiments, the patterning results in formation of 
graphene nanoribbons from the meniscus-masked region of 
the graphene film. In some embodiments, the meniscus
masked region of the graphene film is located near one or 
more edges of the graphene film. In some embodiments, the 
meniscus-masked region of the graphene film is located near 
an edge of a graphene film, where the edge is associated with 
a layer ( e.g., a protective layer, such as a metal layer). In some 
embodiments, the patterning of the graphene film separates 
the meniscus-masked region from the graphene film. 

In some embodiments, the patterning of the graphene film 
occurs by etching the graphene film. In some embodiments, 
etching occurs by a method selected from the group consist
ing of reactive ion etching, physical sputtering, gas phase 
chemical etching, and combinations thereof. In some 
embodiments, the etching occurs in the presence of one or 
more gases. 

In some embodiments, the one or more gases are selected 
from the group consisting of CF 4 , CHF 3 , SF 6 , Cl2 , BC13 , 

oxygen, argon, hydrogen, nitrogen, halogens, and combina-

50 Without being bound by theory or mechanism, Applicants 
envision that, upon removing the first protective layer 14 (step 
18 in FIG. lA and image 4 in FIG. 2A), water or other liquids 
adsorb near the edges 16 of etched pattern 15 to lead to the 
formation of a meniscus between second protective layer 17 

55 and graphene film 12. This results in the formation of a 
meniscus-masked region 18 on graphene film 12. Without 
again being bound by theory, Applicants envision that the 
meniscus can protect the meniscus-masked region 18 of 
graphene film 12 from destruction during a subsequent pat-

60 terning step (step 20 in FIG. lA and image 5 in FIG. 2A). 
Thereafter, meniscus-masked region 18 of graphene film 12 
forms graphene nanoribbons 22 (image 6 in FIG. 2A). 

As set forth in more detail herein, the methods of the 
present disclosure have numerous embodiments. In particu-

65 lar, each of the aforementioned steps can be carried in various 
ways to lead to the formation of different types of graphene 
nanoribbons. 
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Association of a Surface with a Graphene Film 
Various methods may be utilized to associate surfaces with 

graphene films. In some embodiments, the association occurs 
by placing a pre-formed graphene film on the surface. In some 
embodiments, the association occurs by forming a graphene 
film on the surface. In some embodiments, a graphene film is 
formed on the surface through chemical vapor deposition 
(CVD). Additional methods of forming graphene films on 
various surfaces can also be envisioned. 

In addition, various types of graphene films may be asso
ciated with surfaces. In some embodiments, the graphene film 
is a mono-layer graphene film. In some embodiments, the 
graphene film is a multi-layer graphene film, such as a bi
layer or tri-layer graphene film. In some embodiments, the 
graphene film is a mono-crystalline graphene film. In some 
embodiments, the graphene film is a polycrystalline graphene 
film. 

The graphene films of the present disclosure may be asso
ciated with various types of surfaces. In some embodiments, 
the surfaces include a silicon wafer. In some embodiments, 
the silicon wafers contain combinations of Si and Si02 (Si/ 
Si02 ). In some embodiments, the silicon wafers include 
p-doped Si wafers, such as silicon wafers with 300 nm ther
mal oxide layer from Silicon Quest International ( denoted as 
Si/Si02 substrates). In some embodiments, the silicon wafers 
have a Si3 N4 layer on their surfaces. 

In some embodiments, the surface is a sapphire wafer. In 
some embodiments, the surface is a highly oriented pyrolithic 
graphite. In some embodiments, the surface is glass. 

In some embodiments, the surfaces utilized to form 
graphene nanoribbons may be patterned. In more specific 
embodiments, the surfaces include pre-patterned silicon-on
insulator (SOI) wafers. 

In some embodiments, the surfaces utilized in the methods 

8 
the present disclosure may include one or more polymers 
selected from the group consisting of poly(methacrylates), 
poly( esters), poly( ethers), poly( olefins ), poly( styrenes), and 
combinations thereof. In some embodiments, the first protec-

5 tive layers of the present disclosure may include poly(methyl 
methacrylate) (PMMA). 

In some embodiments, the first protective layers of the 
present disclosure may include a metal layer. In some 
embodiments, the metal layer may include one or more met-

10 als. In some embodiments, the one or more metals may 
include, without limitation, Pd, Pt, Cr, Al, Au, and combina
tions thereof. In some embodiments, the first protective layers 
of the present disclosure may be derived from the same com
position as the second protective layer. The utilization of 

15 additional first protective layers can also be envisioned. 
The first protective layers of the present disclosure may 

have various thicknesses. For instance, in some embodi
ments, the first protective layers of the present disclosure have 
thicknesses ranging from about 20 nm to about 2000 nm. In 

20 some embodiments, the first protective layers of the present 
disclosure have thicknesses ranging from about 20 nm to 
about 60 nm. In some embodiments, the first protective layers 
of the present disclosure have a thickness of about 30 nm. In 
some embodiments, the first protective layers of the present 

25 disclosure have thicknesses ranging from about 250 nm to 
about 2000 nm. In some embodiments, the first protective 
layers of the present disclosure have thicknesses of about 250 
nm. In some embodiments, the first protective layers of the 
present disclosure have thicknesses of about 400 nm. In some 

30 embodiments, the first protective layers of the present disclo
sure have thicknesses of about 2000 nm. 

Formation of Etched Patterns on a Surface 

of the present disclosure include surfaces containing boron 35 

nitride (BN). The use of additional surfaces can also be envi
sioned. 

In general, an etched pattern forms on uncovered regions of 
a graphene film on a surface by etching the uncovered regions 
(e.g., formation of etched pattern 15 on surface 10, as shown 
in image 2 of FIG. 2A). Generally, an etched pattern includes 
edges that are surround by un-etched graphene films (e.g., 
edges 16 surrounded by graphene film 12, as also shown 
image 2 of FIG. 2A). In some embodiments, the graphene 
film is completely removed from the etched pattern. In some 
embodiments, the graphene film is partially removed from the 

Formation of a Pattern on the Graphene Film 
Various methods may also be used to form patterns on a 

graphene film. In general, a pattern is formed on a graphene 40 

film by selectively covering regions of the graphene film with 
a first protective layer (e.g., first protective layer 14 in FIG. 
2A). Generally, such selective coverage leaves uncovered 
regions of graphene film on the surface (e.g., regions 13 in 
FIG. 2A). Such regions represent a pattern on the graphene 45 

film. 
The methods of the present disclosure may utilize various 

types of first protective layers to form patterns on graphene 
films. For instance, in some embodiments, the first protective 
layer is in the form of a mask. In some embodiments, the mask 50 

may contain stripes and gaps that form a pattern. For instance, 
in some embodiments, a mask may be patterned with 4 
µmxl 00 µm stripes separated by 4 µm gaps. Additional mask 
patterns can also be envisioned. 

etched pattern. 
Various etching methods may be utilized to form etched 

patterns on a surface. For instance, in some embodiments, the 
etching occurs by at least one of reactive ion etching, physical 
sputtering, gas phase chemical etching, and combinations 
thereof. In some embodiments, etched patterns are formed on 
a surface through layer-by-layer graphene removal by various 
methods, such as metal sputtering. 

In more specific embodiments, the etching occurs by reac-
tive ion etching. In some embodiments, the reactive ion etch
ing occurs under the flow of one or more gases. In some 
embodiments, the gases may include, without limitation, 
CF 4 , CHF 3 , SF 6 , Cl 2, BC13 , oxygen, argon, hydrogen, nitro-

The first protective layers of the present disclosure may be 
derived from various compositions. In some embodiments, 
the first protective layers may be hydrophobic. In some 
embodiments, the first protective layer is hydrophilic. In 
some embodiments, the first protective layer is hydrophobic 
while the second protective layer is hydrophilic. In some 
embodiments, the first protective layer is hydrophilic while 
the second protective layer is hydrophobic. In some embodi
ments, both the first and the second protective layers are 
hydrophilic. 

55 gen, halogens, and combinations thereof. In some embodi
ments, reactive ion etching occurs under the flow of argon. In 
some embodiments, reactive ion etching occurs under the 
flow of CF 4 . In some embodiments, reactive ion etching 
occurs under the flow of oxygen. In some embodiments, 

In some embodiments, the first protective layers of the 
present disclosure may be polymers, such as hydrophobic 
polymers. In some embodiments, the first protective layers of 

60 reactive ion etching occurs under the flow of nitrogen. In 
some embodiments, reactive ion etching occurs under the 
flow of an argon-hydrogen mixture. 

In some embodiments, the gas that is used for etching can 
control the content of edge termination moieties on the 

65 formed graphene nano rib bans. For instance, in some embodi
ments, one or more atoms from gases that are used during 
etching can functionalize the edges of formed graphene nan-
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some embodiments, the polymers may include, without limi
tation, poly(methacrylates), poly(esters), poly(ethers), poly 
(olefins), poly(styrenes), and combinations thereof. In some 
embodiments, the second protective layers of the present 

oribbons. For example, if a gas used during an etching step 
contains oxygen, then the edges of the formed graphene nan
oribbons can have oxygen groups. Likewise, if a gas used 
during an etching step contains hydrogen, then the edges of 
the formed graphene nanoribbons can have hydrogen groups. 
Likewise, if a gas used during an etching step contains halo
gens, then the edges of the graphene nanoribbons can contain 
halogens. 

5 disclosure may include poly(methyl methacrylate) (PMMA). 

The methods of the present disclosure may utilize various 
types of etching parameters. For instance, in some embodi- 10 

ments, etching may last anywhere from about 20 seconds to 
about 120 seconds. In some embodiments, etching may last 
for about 20 seconds, about 60 seconds, about 90 seconds, or 
about 120 seconds. 

In some embodiments, the second protective layers of the 
present disclosure may have the same composition as the first 
protective layer. The utilization of additional materials as 
second protective layers can also be envisioned. 

The formed second protective layers of the present disclo-
sure may have various thicknesses. For instance, in some 
embodiments, the second protective layers of the present 
disclosure may have a thickness ranging from about 20 nm to 
about 60 nm. In some embodiments, the second protective 

In some embodiments, etching occurs under a gas flow rate 
( e.g., argon, CF 4 , CHF 3 , SF 6 , Cl 2, BC13 , hydrogen, nitrogen, 
or oxygen). In some embodiments, the gas flow rate ranges 
from about 15 seem to about 100 seem. In some embodi
ments, the gas flow rate may be about 15 seem, about 20 seem, 
about 50 seem, or about 100 seem. In some embodiments, the 
gas flow rate may be from about 50 seem to about 100 seem. 

15 layers of the present disclosure have a thickness of about 30 
nm. In some embodiments, the second protective layers of the 
present disclosure have thicknesses ranging from about 250 
nm to about 2000 nm. In some embodiments, the second 
protective layers of the present disclosure have thicknesses of 

20 about 250 nm. In some embodiments, the second protective 
layers of the present disclosure have thickness of about 2000 
nm. Additional second protective layer thicknesses can also 
be envisioned. 

In some embodiments, the etching occurs under various 
gas pressures. In some embodiments, the gas pressure may 
range from about 15 mTorr to about 200 mTorr. In some 
embodiments, the gas pressure may be about 15 mTorr, about 25 

100 mTorr, or about 20 mTorr. 
In addition, the etched patterns may have various shapes. 

For instance, in some embodiments, the etched patterns may 

Removal of First Protective Layer 
In general, a first protective layer is removed from a 

graphene film after the deposition of a second protective layer 
on an etched pattern of a surface ( e.g., removal of first pro
tective layer 14 from graphene film 12 on surface 10, as 
shown in images 3-4 in FIG. 2A). Various methods may be be in the form of lines, letters, cross-bars, and combinations 

thereof. Additional etched pattern shapes can also be envi
sioned. 

30 utilized to remove a first protective layer from a graphene 
film. 

Deposition of a Second Protective Layer In some embodiments, the removing of the first protective 
layer from a graphene film occurs by lifting off the first 
protective layer from a surface. In some embodiments, the 
first protective layer is lifted off by the use of an object, such 
as tweezers. In some embodiments, the removal of the first 
protective layer occurs by etching. In some embodiments, the 
removal of the first protective layer occurs by dissolving. 
Additional methods of removing a first protective layer from 
a graphene film on a surface can also be envisioned. 

In some embodiments, the removal of the first protective 
layer from a graphene film on a surface leads to adsorption of 
a liquid ( e.g., water) near the edges of an etched pattern that 
surround the graphene film (e.g., adsorption of water near 

In general, second protective layers form on a surface ( e.g., 
etched pattern of a surface) when a protective material is 
deposited on a surface ( e.g., depositing of a protective mate- 35 

rial on etched pattern 15 of surface 10 to form second protec
tive layer 17, as shown in image 3 of FIG. 2A). In some 
embodiments, this results in the association of the second 
protective layer with the graphene films that surround the 
edges of an etched pattern on a surface ( e.g., association of 40 

second protective layer 17 with graphene film 12 near edges 
16, as shown in image 3 in FIG. 2A). In some embodiments, 
the second protective layer becomes associated with the 
graphene film surrounding the edges of the etched pattern 
through direct contact with the graphene film. 

Various methods may be utilized to deposit second protec
tive layers on surfaces. In some embodiments, second protec
tive layers are deposited on surfaces by depositing one or 
more protective materials on the surface. In some embodi
ments, the depositing of protective materials on a surface 50 

occurs by sputtering. In some embodiments, the depositing of 
protective materials on a surface occurs by spraying. In some 
embodiments, the depositing of protective materials on a 
surface occurs bye-beam evaporation. In some embodiments, 
the depositing of protective materials on a surface occurs by 55 

spin-coating. Additional modes of depositing protective 
materials on surfaces can also be envisioned. 

45 edges 16 of etched pattern 15, as shown in image 4 in FIG. 
2A). In some embodiments, such adsorption of a liquid ( e.g., 
water) can in turn lead to the formation of a meniscus-masked 
region between the second protective layer on the etched 

In addition, various protective materials may be utilized to 
form second protective layers on surfaces. For instance, in 
some embodiments, the protective materials may include one 60 

or more metals. In some embodiments, the metals may 
include, without limitation, Pd, Pt, Cr, Al, Au, and combina
tions thereof. In some embodiments, the protective material is 
Al. In some embodiments, the protective material is Au. The 
use of additional protective materials can also be envisioned. 65 

In some embodiments, the second protective layers of the 
present disclosure may include one or more polymers. In 

pattern and the graphene film associated with the second 
protective layer ( e.g., formation of meniscus-masked region 
18 between second protective layer 17 and graphene film 12, 
as shown in image 4 in FIG. 2A). 

In more specific embodiments, the formed meniscus in the 
meniscus-masked region is a flat meniscus that reaches the 
top of a second protective layer. In some embodiments, the 
meniscus may extend to the horizontal plane. In more specific 
embodiments, the meniscus may extend for more than about 
50 nm on the horizontal plane. In some embodiments, the 
meniscus can protect a portion of the graphene film during the 
patterning of the graphene film. 

Patterning of the Graphene Film 
In general, the patterning of the graphene film refers to a 

step where a graphene film is patterned after it becomes 
associated with a meniscus that forms a meniscus-masked 
region on the graphene film. In some embodiments, the pat
terning results in formation of graphene nanoribbons from the 
meniscus-masked region of the graphene film. In some 
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embodiments, the patterning of the graphene film separates 
the meniscus-masked region of the graphene film from the 
rest of the graphene film. 

In some embodiments, the patterning of a graphene film on 

12 
embodiments, the gas pressure may be about 15 m Torr, about 
100 mTorr, or about 20 mTorr. 

a surface occurs after the removal of the first protective layer 5 

from an etched pattern on the surface ( e.g., patterning of 
graphene film 12 on surface 10 after removal of first protec
tive layer 14, as shown in images 3-5 of FIG. 2A). 

In some embodiments, the patterning retains a meniscus
masked region of a graphene film on a surface (e.g., retain
ment of meniscus-masked region 18 as graphene film 20 on 
surface 10, as shown in images 4-5 of FIG. 2A). In some 
embodiments, the meniscus-masked region of the graphene 
film follows the edges of the etched pattern ( e.g., meniscus 

In some embodiments, the patterning of the graphene film 
occurs by etching the graphene film. In such embodiments, 10 

the patterning the graphene film may also be referred to as 
re-etching the graphene film. 

masked region 18 as graphene film 20 following edges 16 of 
etched pattern 15, as shown in image 5 of FIG. 2A). In some 
embodiments, the meniscus-masked region of a graphene 
film forms a graphene nanoribbon that also follows the edges 
of an etched pattern ( e.g., formation of graphene nanoribbon 

The patterning of the graphene film by re-etching may also 
occur by the same methods described previously. For 
instance, in some embodiments, the re-etching occurs by at 15 

least one of reactive ion etching, physical sputtering, gas 
phase chemical etching, and combinations thereof. In some 
embodiments, graphene layers are removed through layer
by-layer graphene removal by various methods, such as metal 
sputtering. In more specific embodiments, the re-etching 20 

occurs by reactive ion etching. In some embodiments, the 
reactive ion etching occurs under the flow of one or more 
gases. 

22, as shown in image 6 of FIG. 2A). 
Removal of Second Protective Layer 
In some embodiments, a second protective layer is option-

ally removed from a surface after the patterning of a graphene 
film ( e.g., removal of second protective layer 17 from surface 
10 after patterning of the graphene film, as shown in images 
5-6 of FIG. 2A). Various methods may be utilized to remove 
second protective layers from a surface. In some embodi
ments, the second protective layer is removed from a surface 
by physical removal of the second protective layer. In some In some embodiments, the gases may include, without 

limitation, CF 4 , CHF 3 , SF 6 , Cl 2, BC13 , oxygen, argon, hydro
gen, nitrogen, halogens, and combinations thereof. In some 
embodiments, reactive ion etching occurs under the flow of 
argon. In some embodiments, reactive ion etching occurs 
under the flow of CF 4 . In some embodiments, reactive ion 
etching occurs under the flow of oxygen. In some embodi
ments, reactive ion etching occurs under the flow of nitrogen. 
In some embodiments, reactive ion etching occurs under the 
flow of an argon-hydrogen mixture. 

In some embodiments, the gas that is used for etching can 
control the content of edge termination moieties on the 
formed graphene nano rib bans. For instance, in some embodi
ments, one or more atoms from gases that are used during 
etching can functionalize the edges of formed graphene nan
oribbons. For example, if a gas used during an etching step 
contains oxygen, then the edges of the formed graphene nan
oribbons can have oxygen groups. Likewise, if a gas used 
during an etching step contains hydrogen, then the edges of 
the formed graphene nanoribbons can have hydrogen groups. 
Likewise, if a gas used during an etching step contains halo
gens, then the edges of the graphene nanoribbons can contain 
halogens. 

The methods of the present disclosure may utilize various 
types ofre-etchingparameters. For instance, in some embodi
ments, re-etching may last anywhere from about 20 seconds 
to about 90 seconds. In some embodiments, the re-etching 
may last for about 20 seconds, about 60 seconds, or about 90 
seconds. 

In some embodiments, the first etching time and the re
etching time may be different. For instance, in some embodi
ments, the re-etching time may last longer than the first etch
ing time. In more specific embodiments, the re-etching time 
may last for about 90 seconds while the first etching time lasts 
for about 20 seconds. 

In some embodiments, re-etching occurs under a gas flow 
rate ( e.g., CF 4 , CHF 3 , SF 6 , Cl2 , BC13 , argon, hydrogen, nitro
gen, or oxygen). In some embodiments, the gas flow rate 
ranges from about 15 seem to about 100 seem. In some 
embodiments, the gas flow rate may be about 15 seem, about 
20 seem, about 50 seem, or about 100 seem. 

In some embodiments, the re-etching occurs under various 
gas pressures. In some embodiments, the gas pressure may 
range from about 15 mTorr to about 200 mTorr. In some 

25 embodiments, the second protective layer is removed from a 
surface by wet etching. In some embodiments, wet etching 
involves exposure of the surface to one or more acids. In some 
embodiments, the one or more acids include, without limita
tion, nitric acid, phosphoric acid, sulfuric acid, acetic acid, 

30 and combinations thereof. In more specific embodiments, the 
second protective layer is removed from a surface by wet 
etching the surface with a mixture of phosphoric acid ( e.g., 
80% by volume), nitric acid ( e.g., 5% by volume), acetic acid 
(e.g., 5% by volume), and water (e.g., 10% by volume). In 

35 some embodiments the second protective layer is removed 
with aqua regia. In some embodiments the second protective 
layer is removed by anAu5 (I2 :KI:waterin a ratio ofl :4:40 by 
weight) wet etchant. Additional methods by which to remove 
second protective layers from surfaces can also be envi-

40 sioned. 
Formed Graphene Nanoribbons 
The methods of the present disclosure can be used to pro

duce various types of graphene nanoribbons. For instance, in 
some embodiments, the methods of the present disclosure can 

45 be used to produce graphene nanoribbons with various 
widths. In some embodiments, the formed graphene nanor
ibbons have widths ranging from about 0.5 nm to about 250 
nm. In some embodiments, the formed graphene nanoribbons 
have widths ranging from about 5 nm to about 30 nm. In some 

50 embodiments, the formed graphene nanoribbons have widths 
ranging from about 19 nm to about 27 nm. In some embodi
ments, the formed graphene nano rib bans have widths ranging 
from about 10 nm to about 20 nm. In some embodiments, the 
formed graphene nanoribbons have widths ranging from 

55 about 12 nm to about 15 nm. In some embodiments, the 
graphene nanoribbons have widths ranging from about 5 nm 
to about 7 nm. 

In some embodiments, the widths of the graphene nanor
ibbons are controllable as a function of one or more growth 

60 parameters. In some embodiments, the controllable growth 
parameters include second protective layer thickness. 

In some embodiments, the controllable growth parameters 
include patterning (e.g., re-etching) time. In some embodi
ments, an increase in the patterning time results in a decrease 

65 in the width of the graphene nanoribbons, and a decrease in 
the patterning time results in an increase in the width of the 
graphene nanoribbons. 
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Therefore, in further embodiments, the methods of the 
present disclosure also include a step of controlling the width 
of the graphene nanoribbons. For instance, in some embodi
ments, the width of the graphene nanoribbons are controlled 
by adjusting the patterning time, where increasing the pat
terning time results in a decrease in the width of the graphene 
nanoribbons, and decreasing the patterning time results in an 
increase in the width of the graphene nanoribbons. In some 
embodiments the width is controlled by changing the material 
of the meniscus. In some embodiments the width is controlled 
by changing the surface wettability. In some embodiments the 
surface is chemically modified to achieve different wettabil
ity. 

In some embodiments, the widths of the graphene nanor
ibbons are controllable as a function of the size of the menis
cus. In some embodiments, the size of the meniscus can be 
controlled by changing or adjusting the contents of the sol
vents used during graphene nanoribbons formation. For 
instance, in some embodiments, graphene nanoribbon forma
tion can occur in the presence of water alone, water and 
organic solvents (e.g., alcohol, ethanol, methanol, propanol, 
ethylene glycol, diglyme, etc.), water and polymer mixtures 
(e.g., poly(ethylene glycol)), water and salt mixtures (e.g., 
sodium chloride), or no water and organic solvents only ( e.g., 
ethanol, methanol, propanol, ethylene glycol, diglyme, etc.), 
light oils with or without water ( e.g., dodecane ), silicone oils 
with or without water ( e.g., polydimethylsiloxane ), and com
binations thereof. Without being bound by theory, the above 
combinations can change the size of the meniscus and thereby 
control the width of the formed graphene nanoribbons. In 
some embodiments the width of the formed graphene nanor
ibbons is controlled by changing the surface wettability. In 
some embodiments the surface is chemically modified to 
achieve a desired wettability. 

The formed graphene nanoribbons of the present disclo
sure can also have various lengths. In some embodiments, the 
graphene nanoribbons have lengths ranging from about 10 
nm to about 100 m. In some embodiments, the graphene 
nanoribbons have lengths ranging from about 10 nm to about 
1 µm. In some embodiments, the graphene nanoribbons have 
lengths ranging from about 10 nm to about 100 nm. 

The formed graphene nanoribbons of the present disclo
sure can also have various aspect ratios. For instance, in some 
embodiments, the formed graphene nanoribbons of the 
present disclosure have aspect ratios of at least about 2000. In 
some embodiments, the formed graphene nanoribbons of the 
present disclosure have aspect ratios of more than about 2000. 

In some embodiments, the formed graphene nanoribbons 
of the present disclosure are functionalized with a plurality of 
functional groups. In some embodiments, the functional 
groups include, without limitation, oxide groups, carboxyl 
groups, hydroxyl groups, esters, amine-based functional 
groups, silicon-based functional groups, and combinations 
thereof. In more specific embodiments, the graphene nanor
ibbons are functionalized with oxide groups. 

In some embodiments where pure or diluted etching gases 
are used ( e.g., pure or diluted argon or nitrogen-based gases, 
such as ammonia), the formed graphene nanoribbons could 
be functionalized with one or more atoms from the gases. For 
instance, in some embodiments where etching occurs in the 
presence of nitrogen-based gases, the formed graphene nan
oribbons could be functionalized with nitrogen atoms (e.g., 
nitrogen terminal groups on edges of formed graphene nan
oribbons ). In some embodiments where etching occurs in the 
presence of silicon-containing gases ( e.g., SiC14 ), the formed 
graphene nanoribbons could be functionalized with silicon 
atoms ( e.g., silicon terminal groups on edges of formed 

14 
graphene nanoribbons ). In some embodiments where etching 
occurs in the presence of hydrogen-containing gases (e.g., 
H2 ), the formed graphene nanoribbons could be functional
ized with hydrogen atoms ( e.g., hydrogen terminal groups on 

5 edges of formed graphene nanoribbons). In some embodi
ments where etching occurs in the presence of halogen-con
taining gases ( e.g., CF 4 ), the formed graphene nanoribbons 
could be functionalized with halogen atoms ( e.g., halogen 
terminal groups on edges of the formed graphene nanorib-

10 bans). 
In some embodiments, functional groups are located on the 

edges of graphene nanoribbons. In some embodiments, func
tional groups are located on the surfaces of graphene nanor
ibbons. In some embodiments, functional groups are located 

15 on the surfaces and edges of graphene nanoribbons. 
The formed graphene nanoribbons of the present disclo

sure can also have various types of shapes. For instance, in 
some embodiments, the formed graphene nanoribbons of the 
present disclosure can be in the form of lines, letters, cross-

20 bars, or intersecting wires. Additional shapes can also be 
envisioned. 

Methods of Preparing Wires 
In further embodiments, the present disclosure pertains to 

methods of preparing wires from a film that is associated with 
25 a meniscus. In some embodiments, the meniscus is a liquid 

meniscus, such as a water-based meniscus. In some embodi
ments, the meniscus acts as a mask (i.e., a cover) above a 
region of the film. In some embodiments, the region on the 
film that is masked by the meniscus is referred to as a menis-

30 cus-masked region. 
In some embodiments, the methods of the present disclo

sure include a step of patterning the film while the meniscus 
acts as a mask above a region of the film (i.e., a meniscus 
masked region). In some embodiments, the patterning results 

35 in formation of a wire from the meniscus-masked region of 
the film. In some embodiments, the meniscus-masked region 
of the film is located near one or more edges of the film. In 
some embodiments, the meniscus-masked region of the film 
is located near an edge of a film, where the edge is associated 

40 with a layer ( e.g., a protective layer, such as a metal layer). In 
some embodiments, the patterning of the film separates the 
meniscus-masked region from the rest of the film. 

In some embodiments, the patterning of the film occurs by 
etching the film. In some embodiments, etching occurs by a 

45 method selected from the group consisting of reactive ion 
etching, physical sputtering, gas phase chemical etching, and 
combinations thereof. In some embodiments, the etching 
occurs in the presence of one or more gases. In some embodi
ments, the one or more gases are selected from the group 

50 consisting of CF 4 , CHF 3 , SF 6 , Cl2 , BC13 , oxygen, argon, 
hydrogen, nitrogen, halogens, and combinations thereof. 

In some embodiments, the meniscus is a liquid selected 
from the group consisting of water, organic solvents, poly
mers, salts, and combinations thereof. In some embodiments, 

55 the meniscus is water. 
Various steps and methods may be utilized to prepare vari

ous types of wires from various types of films that are asso
ciated with a meniscus. The illustration in FIG. 2A can also be 
utilized along with the scheme in FIG. lB to describe non-

60 limiting examples of methods to prepare wires through one or 
more of the following steps: (1) associating a surface 10 with 
a film 12 (step 30 in FIG. 1B and image 1 in FIG. 2A); (2) 
forming a pattern 13 on the film 12 by selectively covering 
regions of the film 12 with a first protective layer 14, where 

65 the selective coverage leaves uncovered regions of film 12 on 
the surface 10 (step32inFIG.1B and image 1 in FIG. 2A); (3) 
etching the uncovered regions of the film 12 on the surface 10, 
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where the etching leads to formation of an etched pattern 15 
on the surface 10, and where the etched pattern 15 includes 
edges 16 surrounded by film 12 (step 34 inFIG. lB and image 

16 
Various methods may be utilized to associate surfaces with 

films. In some embodiments, the association occurs by plac
ing a pre-formed film on a surface. In some embodiments, the 
association occurs by forming a film on a surface. In some 2 in FIG. 2A); ( 4) depositing a second protective layer 17 on 

the etched pattern 15, where the second protective layer 17 
becomes associated with the film 12 surrounding the edges 16 
of the etched pattern 15 (step 36 in FIG. lB and image 3 in 
FIG. 2A ); ( 5) removing the first protective layer 14, where the 
removing of the first protective layer 14 leads to the formation 
of the meniscus-masked region 18 between the second pro
tective layer 17 and the film 12 (step 38 in FIG. lB and image 
4 in FIG. 2A); (6) patterning the film 12 on the surface 10, 
where the patterning retains meniscus-masked region 18 of 
the film 20 on the surface 10 that represents the formed wire, 
and where the formed wire follows the edges 16 of the etched 
pattern 15 (step 40 in FIG. lB and image 5 in FIG. 2A). In 
some embodiments, the methods of the present disclosure 
also include a step of (7) removing the second protective layer 
17from thesurfacelO (step 42inFIG.1B andimage5 in FIG. 
2A). 

5 embodiments, a film is formed on a surface by sputtering 
particles onto the surface. In some embodiments, a film is 
formed on a surface by e-beam evaporation of the film onto 
the surface. In some embodiments, a film is formed on a 
surface by thermal evaporation of the film onto the surface. 

10 Additional methods of forming films on various surfaces can 
also be envisioned. 

The films of the present disclosure may also be associated 
with various types of surfaces. In some embodiments, the 
surfaces include a silicon wafer, as previously described. In 

15 some embodiments, the silicon wafers contain combinations 
of Si and Si02 (Si/Si02 ). In some embodiments, the silicon 
wafers include p-doped Si wafers, such as silicon wafers with 
300 nm thermal oxide layer from Silicon Quest International, 
denoted as Si/Si02 substrates. In some embodiments, the 

20 silicon wafers may include silicon-on-insulator (SOI) wafers. 
In some embodiments, the silicon wafers have a Si3N4 layer 
on their surfaces. In some embodiments, the surface is a 
sapphire wafer. In some embodiments, the surface is a highly 
oriented pyrolithic graphite. In some embodiments, the sur-

As illustrated in image 5 of FIG. 2A, the methods of the 
present disclosure result in formation of wires 22 that follow 
the edges 16 of etched pattern 15 on surface 10. Without being 
bound by theory or mechanism, Applicants envision that, 
upon removing the first protective layer 14 ( step 38 in FIG. lB 
and image 4 in FIG. 2A), water or other liquids adsorb near 
the edges 16 of etched pattern 15 to lead to the formation of a 
meniscus between second protective layer 17 and film 12. 
Without again being bound by theory, Applicants envision 
that the meniscus can protect the meniscus-masked region 18 
of the film from destruction during a subsequent patterning 
step (step 40 in FIG. 1B and image 5 in FIG. 2A). FIG. 21 
shows one such Pt wire formed in this manner. 

25 face is glass. 
In some embodiments, the surfaces utilized to form wires 

may be patterned. In more specific embodiments, the surfaces 
include pre-patterned silicon-on-insulator (SOI) wafers. 

In some embodiments, the surfaces utilized in the methods 
30 of the present disclosure include surfaces containing boron 

nitride (BN). The use of additional surfaces can also be envi
sioned. 

As set forth in more detail herein, the methods of forming 
wires in accordance with the aforementioned steps also have 35 

numerous embodiments. In particular, each of the aforemen
tioned steps can be carried in various ways to lead to the 
formation of different types of wires. 

Association of a Surface with a Film 

Formation of a Pattern on the Film 
Various methods may also be used to form patterns on a 

film. In some embodiments, a pattern can be formed on a film 
by selectively covering regions of the film with a first protec
tive layer (e.g., first protective layer 14 in FIG. 2A). Gener
ally, such selective coverage leaves uncovered regions of film 
on the surface (e.g., regions 13 in FIG. 2A). In some embodi-

40 ments, such regions represent a pattern. In the present disclosure, films generally refer to materials 
that can be converted into wires. In some embodiments, the 
films are hydrophilic. In some embodiments, the films are 
plastic films. In some embodiments, the films are metallic 
films. In some embodiments, the films include one or more 
metals, metal nitrides, metal oxides, metal chalcogenides, 
and combinations thereof. In some embodiments, the films of 
the present disclosure include one or more metals. In some 
embodiments, the films are selected from the group consist
ing ofW, Au, Al, Cr, Pt, Cu, Ni, Si, TiN, WS2 , WSe2 , MoS2 , 

BN, GaN, AlN, Ti 0 2 , Zn 0, Si02 , Si Ox ( e.g., where x is less 50 

than 2 and greater than 0.5), and combinations thereof. The 
use of other film materials (including other metals) can also 

The methods of the present disclosure may utilize various 
types of first protective layers to form patterns on films. For 
instance, in some embodiments, the first protective layer is in 
the form of a mask. In some embodiments, the mask may 

45 contain stripes and gaps that form a pattern, as previously 
described. 

be envisioned. 
The films of the present disclosure can also have various 

thicknesses. For instance, in some embodiments, the films of 55 

the present disclosure have thicknesses that range from about 
5 nm to about 100 µm. In some embodiments, the films of the 
present disclosure have thicknesses that range from about 5 
nm to about 100 µm. In some embodiments, the films of the 
present disclosure have thicknesses that range from about 5 60 

nm to about 15 nm. In some embodiments, the films of the 
present disclosure have thicknesses of about 10 nm. 

The films utilized in the methods of the present disclosure 
can also have various layers. For instance, in some embodi
ments, the film is a mono-layer film. In some embodiments, 65 

the film is a multi-layer film, such as a bi-layer film or a 
tri-layer film. 

The first protective layers of the present disclosure may 
also be derived from various compositions. In some embodi
ments, the first protective layers may be hydrophobic. In 
some embodiments, the first protective layer is hydrophilic. 
In some embodiments, the first protective layer is hydropho
bic while the second protective layer is hydrophilic. In some 
embodiments, the first protective layer is hydrophilic while 
the second protective layer is hydrophobic. In some embodi
ments both the first and the second protective layers are 
hydrophilic. 

In some embodiments, the first protective layers of the 
present disclosure may be polymers, such as hydrophobic 
polymers. In some embodiments, the first protective layers of 
the present disclosure may include one or more polymers. In 
some embodiments, the polymers may include, without limi
tation, poly(methacrylates), poly(esters), poly(ethers), poly 
(olefins), poly(styrenes), and combinations thereof. In some 
embodiments, the first protective layers of the present disclo
sure may include poly(methyl methacrylate) (PMMA). The 
utilization of additional first protective layers can also be 
envisioned. 
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In some embodiments, the first protective layers of the 
present disclosure may include a metal layer. In some 
embodiments, the metal layer may include one or more met
als. In some embodiments, the one or more metals may 
include, without limitation, Pd, Pt, Cr, Al, Au, and combina
tions thereof. In some embodiments, the first protective layers 
of the present disclosure may be derived from the same com
position as the second protective layer. The utilization of 
additional first protective layers can also be envisioned. 

The first protective layers of the present disclosure may 
have various thicknesses. For instance, in some embodi
ments, the first protective layers of the present disclosure have 
thicknesses ranging from about 20 nm to about 2000 nm. In 
some embodiments, the first protective layers of the present 
disclosure have thicknesses ranging from about 20 nm to 
about 60 nm. In some embodiments, the first protective layers 
of the present disclosure have a thickness of about 30 nm. In 
some embodiments, the first protective layers of the present 
disclosure have thicknesses ranging from about 250 nm to 
about 2000 nm. In some embodiments, the first protective 
layers of the present disclosure have thicknesses of about 250 
nm. In some embodiments, the first protective layers of the 
present disclosure have thicknesses of about 400 nm. In some 
embodiments, the first protective layers of the present disclo
sure have thicknesses of about 2000 nm. 

Formation of Etched Patterns on a Surface 
In general, an etched pattern forms on uncovered regions of 

a film on a surface by etching the uncovered regions (e.g., 
formation of etched pattern 15 on surface 10, as shown in 
image 2 of FIG. 2A). Generally, an etched pattern includes 
edges that are surrounded by un-etched films (e.g., edges 16 
surrounded by film 12, as also shown image 2 of FIG. 2A). In 
some embodiments, the film is completely removed from the 
etched pattern. In some embodiments, the film is partially 
removed from the etched pattern. 

As previously described, various etching methods may be 
utilized to form etched patterns on a surface. For instance, in 
some embodiments, the etching occurs by at least one of 
reactive ion etching, physical sputtering, gas phase chemical 
etching, and combinations thereof. 

In more specific embodiments, the etching occurs by reac
tive ion etching. In some embodiments, the reactive ion etch
ing occurs under the flow of one or more gases. In some 
embodiments, the gases may include, without limitation, 
CF 4 , CHF 3 , SF 6 , Cl 2, BC13 , oxygen, argon, hydrogen, nitro
gen, halogens, and combinations thereof. In some embodi
ments, reactive ion etching occurs under the flow of argon. In 
some embodiments, reactive ion etching occurs under the 
flow of CF 4 . In some embodiments, reactive ion etching 
occurs under the flow of oxygen. In some embodiments, 
reactive ion etching occurs under the flow of nitrogen. In 
some embodiments, reactive ion etching occurs under the 
flow of an argon-hydrogen mixture. 

Various types of etching parameters may also be utilized. 
For instance, in some embodiments, etching may last any
where from about 20 seconds to about 120 seconds. In some 
embodiments, etching may last for about 20 seconds, about 
60 seconds, or about 120 seconds. 

In some embodiments, etching occurs under a gas flow rate 
( e.g., argon, CF 4 , CHF 3 , SF 6 , Cl 2, BC13 , hydrogen, nitrogen, 
or oxygen). In some embodiments, the gas flow rate ranges 
from about 15 seem to about 100 seem. In some embodi
ments, the gas flow rate may be about 15 seem, about 20 seem, 
or about 100 seem. 

In some embodiments, the etching occurs under various 
gas pressures. In some embodiments, the gas pressure may 
range from about 15 mTorr to about 200 mTorr. In some 

18 
embodiments, the gas pressure may be about 15 m Torr, about 
100 mTorr, or about 20 mTorr. 

In addition, the etched pattern may have various shapes. 
For instance, in some embodiments, the etched patterns may 

5 be in the form of lines, letters, cross-bars, and combinations 
thereof. Additional etched pattern shapes can also be envi
sioned. 

Deposition of Second Protective Layer 
As discussed previously, second protective layers form on 

10 a surface ( e.g., etched patterns of a surface) when a protective 
material is deposited on a surface ( e.g., depositing of a pro
tective material on etched pattern 15 of surface 10 to form 
second protective layer 17, as shown in image 3 of FIG. 2A). 

15 
In some embodiments, this results in the association of the 
second protective layer with the films that surround the edges 
of the etched pattern ( e.g., association of second protective 
layer 17 with film 12 near edges 16, as shown in image 3 in 
FIG. 2A). In some embodiments, the second protective layer 

20 becomes associated with the film surrounding the edges of the 
etched pattern through direct contact with the film. 

As also discussed previously, various methods may be 
utilized to deposit second protective layers on surfaces. In 
some embodiments, second protective layers are deposited on 

25 surfaces by depositing one or more protective materials on the 
surface. In some embodiments, the depositing of protective 
materials on a surface occurs by sputtering. In some embodi
ments, the depositing of protective materials on a surface 
occurs by spraying. In some embodiments, the depositing of 

30 protective materials on a surface occurs bye-beam evapora
tion. In some embodiments, the depositing of protective 
materials on a surface occurs by spin-coating. Additional 
modes of depositing protective materials on surfaces can also 
be envisioned. 

35 In addition, various protective materials may be utilized to 
form second protective layers on surfaces (e.g., etched pat
terns of surfaces). For instance, in some embodiments, the 
protective materials may include one or more metals. In some 
embodiments, the metal may include, without limitation, Pd, 

40 Pt, Cr, Al, Au, and combinations thereof. In some embodi
ments, the protective material is Al. The use of additional 
protective materials can also be envisioned. 

In some embodiments, the second protective layers of the 
present disclosure may include one or more polymers. In 

45 some embodiments, the polymers include, without limitation, 
poly(methacrylates ), poly( esters), poly( ethers), poly( ole
fins ), poly(styrenes), and combinations thereof. In some 
embodiments, the second protective layers of the present 
disclosure may include poly(methyl methacrylate) (PMMA). 

50 In some embodiments, the second protective layers of the 
present disclosure may have the same composition as the first 
protective layer. The utilization of additional materials as 
second protective layers can also be envisioned. 

The formed protective layers of the present disclosure may 
55 have various thicknesses. For instance, in some embodi

ments, the second protective layers of the present disclosure 
may have a thickness ranging from about 20 nm to about 60 
nm. In some embodiments, the second protective layers of the 
present disclosure have a thickness of about 30 nm. In some 

60 embodiments, the second protective layers of the present 
disclosure have thicknesses ranging from about 250 nm to 
about 2000 nm. In some embodiments, the second protective 
layers of the present disclosure have thicknesses of about 250 
nm. In some embodiments, the second protective layers of the 

65 present disclosure have thickness of about 2000 nm. Addi
tional second protective layer thicknesses can also be envi
sioned. 
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Removal of First Protective Layer 
In general, a first protective layer is removed from a film 

after the formation of a second protective layer on an etched 
pattern of a surface ( e.g., removal of first protective layer 14 
from film 12 on surface 10, as shown in images 3-4 in FIG. 5 

2A). As described previously, various methods may be uti
lized to remove a first protective layer from a film. 

For instance, in some embodiments, the removing of the 
first protective layer occurs by lifting off the first protective 
layer from a surface. In some embodiments, the first protec- 10 

tive layer is lifted off by the use ofan object, such as tweezers. 
In some embodiments, the removal of the first protective layer 
occurs by etching. In some embodiments, the removal of the 
first protective layer occurs by dissolving. Additional meth-

15 
ods of removing a first protective layer from a film on a 
surface can also be envisioned. 

In some embodiments, the removal of the first protective 
layer from a film on a surface leads to adsorption of one or 
more liquids ( e.g., water) near the edges of an etched pattern 20 

that surround the film that was previously covered by the first 
protective layer ( e.g., adsorption of water near edges 16 of 
etched pattern 15, as shown in image 4 in FIG. 2A). In some 
embodiments, such adsorption of one or more liquids ( e.g., 
water) can in tum lead to the formation of a meniscus-masked 25 

region between the second protective layer on the etched 
pattern and the film associated with the second protective 
layer ( e.g., formation of meniscus-masked region 18 between 
second protective layer 17 and film 12, as shown in image 4 in 
FIG. 2A). In more specific embodiments, the formed menis- 30 

cus is a flat meniscus that reaches the top of the second 
protective layer. In some embodiments, the meniscus may 
extend to the horizontal plane. In more specific embodiments, 
the meniscus may extend for more than about 50 nm on the 
horizontal plane. In some embodiments, the meniscus can 35 

protect a portion of the film during the patterning of the film. 
Patterning of the Film 
In general, the patterning of the film refers to a step where 

a film is patterned after it becomes associated with a meniscus 
that forms a meniscus-masked region on the film. In some 40 

embodiments, the patterning results in formation of wires 
from the meniscus-masked region of the film. In some 
embodiments, the patterning of the film separates the menis
cus-masked region of the film from the rest of the film. 

In some embodiments, the patterning of a film on a surface 45 

occurs after the removal of the first protective layer from an 
etched pattern on the surface ( e.g., patterning of film 12 on 
surface 10 after removal of first protective layer 14, as shown 
in images 3-5 of FIG. 2A). 

In some embodiments, the patterning of the film occurs by 50 

etching the film. In such embodiments, the patterning the film 
may also be referred to as re-etching or second etching of the 
film. 

20 
to about 90 seconds. In some embodiments, the re-etching 
may last for about 20 seconds, about 60 seconds, or about 90 
seconds. 

In some embodiments, the first etching time and the re
etching times may be different. For instance, in some embodi
ments, the re-etching time may last longer than the first etch
ing time. In more specific embodiments, the re-etching time 
may last for about 120 seconds while the first etching time 
lasts for about 20 seconds. 

In some embodiments, re-etching occurs under a gas flow 
rate (e.g., CF 4 , CHF3 , SF6 , Cl2 , BC13 , argon, hydrogen, nitro-
gen, or oxygen). In some embodiments, the gas flow rate 
ranges from about 15 seem to about 100 seem. In some 
embodiments, the gas flow rate may be about 15 seem, about 
20 seem, about 50 seem, or about 100 seem. 

In some embodiments, the re-etching occurs under various 
gas pressures. In some embodiments, the gas pressure may 
range from about 15 mTorr to about 200 mTorr. In some 
embodiments, the gas pressure may be about 15 m Torr, about 
100 mTorr, or about 20 mTorr. 

In some embodiments, the patterning retains a meniscus-
masked region of a film on a surface ( e.g., retainment of 
meniscus-masked region 18 of the film on surface 10, as 
shown in images 4-5 of FIG. 2A). In some embodiments, the 
meniscus-masked region 18 of the film follows the edges of 
the etched pattern ( e.g., meniscus-masked region 18 follow
ing edges 16 of etched pattern 15, as shown in images 4-5 of 
FIG. 2A). In some embodiments, the meniscus-masked 
region of the film represents the formed wire. 

In some embodiments, the re-etching step is repeated a 
plurality of times while exposing the sample to air between 
etchings to result in the formation of a wire with a step-wise 
gradient. See, e.g., FIG. 25. For instance, in some embodi
ments, the second etching step may be repeated 4 times in 
order to form 4 steps on the formed wire. 

In some embodiments, the film layer is exposed to air or 
moisture prior to repeating a re-etching step. Without being 
bound by theory, Applicants envision that the exposure of the 
film layer to air or moisture can result in the formation of 
another meniscus on the side of a partially etched film layer. 
Applicants envision that the meniscus can in tum protect the 
film layer during a subsequent patterning step to form a wire 
with a step-wise gradient. 

Removal of Second Protective Layer 
In some embodiments, a second protective layer is option-

ally removed from a surface after the patterning of the film 
( e.g., removal of second protective layer 17 from surface 10 
after patterning of the film 12, as shown in images 4-5 of FIG. 
2A). Various methods may be utilized to remove second pro-
tective layers from a surface. In some embodiments, the sec
ond protective layer is removed from a surface by physical 
removal of the second protective layer. In some embodiments, 

55 the second protective layer is removed from a surface by wet 
etching. In some embodiments, wet etching involves expo
sure of the surface to one or more acids. In some embodi
ments, the one or more acids include, without limitation, 

The patterning of the film by re-etching may also occur by 
the same methods described previously. For instance, in some 
embodiments, the re-etching occurs by at least one of reactive 
ion etching, physical sputtering, gas phase chemical etching, 
and combinations thereof. In more specific embodiments, the 
re-etching occurs by reactive ion etching. In some embodi
ments, the reactive ion etching occurs under the flow of one or 60 

more gases. In some embodiments, the gases may include, 
without limitation, CF4 , CHF3 , SF6 , Cl2 , BC13 , oxygen, 
argon, hydrogen, nitrogen, halogens, and combinations 
thereof. 

The methods of the present disclosure may utilize various 
types ofre-etchingparameters. For instance, in some embodi
ments, re-etching may last anywhere from about 20 seconds 

nitric acid, phosphoric acid, sulfuric acid, acetic acid, and 
combinations thereof. In more specific embodiments, the sec
ond protective layer is removed from a surface by wet etching 
the surface with a mixture of phosphoric acid ( e.g., 80% by 
volume), nitric acid (e.g., 5% by volume), acetic acid (e.g., 
5% by volume), and water (e.g., 10% by volume). In some 

65 embodiments the second protective layer is removed with 
aqua regia. In some embodiments the second protective layer 
is removed by an Au5 (I2 :KI:water in a ratio of 1:4:40 by 
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weight) wet etchant. Additional methods by which to remove 
second protective layers from surfaces can also be envi
sioned. 

Formed Wires 

22 
The formed wires of the present disclosure can also have 

various types of shapes. For instance, in some embodiments, 
the wires of the present disclosure can be in the form oflines, 
letters, cross-bars, or intersecting wires. Additional shapes 

5 can also be envisioned. The methods of the present disclosure can be used to pro
duce various types of wires. For instance, in some embodi
ments, the methods of the present disclosure can be used to 
produce wires with various widths. In some embodiments, the 
wires have widths ranging from about 0.5 nm to about 250 
nm. In some embodiments, the formed wires have widths 10 

ranging from about 5 nm to about 20 nm. In some embodi
ments, the formed wires have widths ranging from about 7 nm 

The formed wires of the present disclosure can also have 
various properties. For instance, in some embodiments, the 
formed wires of the present disclosure may be conducting, 
semiconducting, or insulating. 

Chemical Methods of Preparing Wires 
Further embodiments of the present disclosure pertain to 

alternative methods of preparing wires. Various embodiments 
of such methods can be described in the illustration shown in 
FIG. 2L and the scheme shown in FIG. lC as follows: (1) to about 13 nm. In some embodiments, the formed wires have 

widths of about 10 nm. 
The formed wires of the present disclosure can also have 

various thicknesses. For instance, in some embodiments, the 
wires have thicknesses ranging from about 5 nm to about 100 
nm. In some embodiments, the formed wires have thicknesses 
ranging from about 20 nm to about 30 nm. In some embodi
ments, the formed wires have thicknesses of about 20 nm. 

In some embodiments, the widths of the wires are control
lable as a function of one or more growth parameters. In some 
embodiments, the growth parameters include second protec
tive layer thickness. Therefore, in further embodiments, the 
methods of the present disclosure also include a step of con
trolling the width of the wires. 

In some embodiments, the widths of the wires are control
lable as a function of the size of the meniscus. In some 
embodiments, the size of the meniscus can be controlled by 
changing or adjusting the contents of the solvents used during 
wire formation. For instance, in some embodiments, wire 
formation can occur in the presence of water alone, water and 
organic solvents (e.g., alcohol ethanol, methanol, propanol, 
ethylene glycol, diglyme, etc.), water and polymer mixtures 
(e.g., poly(ethylene glycol)), water and salt mixtures (e.g., 
sodium chloride), or no water and pure organic solvents ( e.g., 
ethanol, methanol, propanol, ethylene glycol, diglyme, etc.), 
light oils with or without water ( e.g., dodecane ), silicone oils 
with or without water ( e.g., polydimethylsiloxane ), and com
binations thereof. Without being bound by theory, the above 
combinations can change the size of the meniscus and control 
the wire width. In some embodiments the width of the formed 

15 depositing a hydrophilic material ( e.g., a metal) on a surface 
30, where the depositing leads to formation of a hydrophilic 
layer 37 (e.g., metal layer) on surface 30 (Step 50 in FIG. lC 
and image 1 in FIG. 2L); and (2) exposing surface 30 to a 
water-reactive material ( e.g., TiC14 ), where the exposing 

20 results in formation of second layer 44 ( e.g., hydrated Ti02 or 
other hydrated oxide) that follows edge 36 of hydrophilic 
layer 37 on surface 30, where second layer 44 represents the 
formed wire (Step 52 in FIG. lC and images 1-2 in FIG. 2L). 
In some embodiments, the methods of the present disclosure 

25 also include a step of(3) annealing the surface 30 to result in 
the transformation of wire 44 (e.g., removal of water from a 
hydrated oxide 44 to get anhydrous oxide 46) (Step 54 in FIG. 
lC and images 2-3 in FIG. 2L). In some embodiments, the 
methods of the present disclosure also include a step of ( 4) 

30 removing the hydrophilic layer 37 from the surface 30 (Step 
56 in FIG. lC and images 3-4 in FIG. 2L). 

Without being bound by theory, it is envisioned that, in 
some embodiments, the formation of a liquid (e.g., water) 
meniscus 38 between hydrophilic layer 37 and surface 30 

35 facilitates the hydrolysis of water reactive materials and 
facilitates the formation of wire 44 (FIG. 2L, images 1-2). It 
is also envisioned that, upon annealing, wire 44 may be fur
ther transformed ( e.g., through dehydration). 

As set forth in more detail herein, the methods of forming 
40 wires in accordance with the aforementioned steps also have 

numerous embodiments. In particular, each of the aforemen
tioned steps can be carried in various ways to lead to the 
formation of different types of wires 

wires is controlled by changing the surface wettability. In 
some embodiments the surface is chemically modified to 45 

achieve a desired wettability. 

Formation of a Hydrophilic Layer on a Surface 
In general, hydrophilic layers can be formed on surfaces by 

depositing hydrophilic materials on the surface. Various 
methods may be utilized to deposit hydrophilic materials on 
surfaces. In some embodiments, the depositing ofhydrophilic 
materials on a surface occurs by sputtering. In some embodi-

The formed wires of the present disclosure can also have 
various lengths. In some embodiments, the wires have lengths 
ranging from about 10 nm to about 1 m. In some embodi
ments, the wires have lengths ranging from about 10 nm to 
about 1 µm. In some embodiments, the wires have lengths 
ranging from about 10 nm to about 100 nm. 

50 ments, the depositing of hydrophilic materials on a surface 
occurs by spraying. In some embodiments, the depositing of 
hydrophilic materials on a surface occurs by e-beam evapo
ration. Additional modes of depositing hydrophilic materials 
on surfaces can also be envisioned. 

The formed wires of the present disclosure can also have 
various compositions. In general, the composition of the 
formed wires resembles the compositions of the films utilized 55 

to make the wires. In some embodiments, the formed wires 
include metal wires. In some embodiments, the metal wires 
include one or more metals, metal nitrides, metal oxides, 
metal chalcogenides, and combinations thereof. In some 
embodiments, the wires include, without limitation, W, Au, 

In addition, various hydrophilic materials may be utilized 
to form hydrophilic layers on surfaces. For instance, in some 
embodiments, the hydrophilic materials may include one or 
more metals. In some embodiments, the metals may include, 
without limitation, Pd, Pt, Cr, Al, Au, and combinations 

60 thereof. In some embodiments, the hydrophilic material is 
Au. The use of additional hydrophilic materials can also be 
envisioned. 

Pt, Cu, Ni,Al, Cr, Si, TiN, WS2 , WSe2 , MoS2 , BN, GaN,AlN, 
Ti 0 2 , Zn 0, Si 0 2 , Si Ox ( e.g., where xis less than 2 and greater 
than 0.5), and combinations thereof. In some embodiments, 
the formed wires include at least one ofW wires, Au wires, Pt 
wires, Ti wires, Si wires, Si02 wires, and combinations 
thereof. In some embodiments, the present disclosure may 
include plastic wires. 

The formed hydrophilic layers of the present disclosure 
may have various thicknesses. For instance, in some embodi-

65 ments, the hydrophilic layers of the present disclosure may 
have a thickness ranging from about 20 nm to about 60 nm. In 
some embodiments, the hydrophilic layers of the present 
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disclosure have a thickness of about 30 run. Additional hydro
philic layer thicknesses can also be envisioned. 

In addition, the hydrophilic layers of the present disclosure 
may be associated with various types of surfaces. In some 
embodiments, the surfaces include a silicon wafer, as previ
ously described. In some embodiments, the silicon wafers 
contain combinations of Si and Si02 (Si/Si02 ). In some 
embodiments, the silicon wafers include p-doped Si wafers, 
such as silicon wafers with 300 run thermal oxide layer from 
Silicon Quest International, denoted as Si/Si02 substrates. In 
some embodiments, the silicon wafers may include silicon
on-insulator (SOI) wafers. 

In some embodiments, the surfaces utilized to form wires 
may be pre-patterned. In more specific embodiments, the 
surfaces include pre-etched silicon-on-insulator (SOI) 
wafers. 

In some embodiments, the surfaces utilized in the methods 
of the present disclosure include surfaces containing boron 
nitride (BN). The use of additional surfaces can also be envi
sioned. 

Exposure of Surface to Water-Reactive Materials 

24 
embodiments, the hydrophilic layer is removed from a sur
face by wet etching. In some embodiments, wet etching 
involves exposure of the surface to one or more acids. In some 
embodiments, the one or more acids include, without limita-

5 tion, nitric acid, phosphoric acid, sulfuric acid, acetic acid, 
and combinations thereof. In more specific embodiments, the 
hydrophilic layer is removed from a surface by wet etching 
the surface with a mixture of phosphoric acid ( e.g., 80% by 
volume), nitric acid (e.g., 5% by volume), acetic acid (e.g., 

10 5% by volume), and water (e.g., 10% by volume). In some 
embodiments the second protective layer is removed with 
aqua regia. In some embodiments the second protective layer 
is removed by an Au5 (I2 :KI:water in a ratio of 1:4:40 by 
weight) wet etchant. Additional methods by which to remove 

15 hydrophilic layers from surfaces can also be envisioned. 
Formed Wires 
The methods of the present disclosure can be used to pro

duce various types of wires. For instance, in some embodi
ments, the methods of the present disclosure can be used to 

20 produce wires with various widths. In some embodiments, the 
wires have widths ranging from about 0.5 run to about 250 
run. In some embodiments, the formed wires have widths 
ranging from about 5 run to about 20 run. In some embodi-

Various methods may also be utilized to expose surfaces to 
water-reactive materials (e.g., gaseous and water reactive 
compounds, such as TiC14 ). In some embodiments, the water
reactive materials are exposed to surfaces by direct applica- 25 

tion under vacuum. 

ments, the formed wires have widths ranging from about 7 run 
to about 13 run. In some embodiments, the formed wires have 
widths of about 10 run. 

In addition, the surfaces of the present disclosure may be 
exposed to various types of water-reactive materials. In some 
embodiments, the water-reactive materials may include one 

The formed wires of the present disclosure can also have 

or more compounds containing W, Au, Pt, Ti, Si, Zn, and 30 

combinations thereof. In some embodiments, the water-reac
tive materials may include Ti. In some embodiments, the 
water-reactive materials may include at least one of titanium 
tetrachloride (TiC14), diethyl zinc, tetraethoxysilane, and 
combinations thereof. In some embodiments, the water-reac- 35 

tive material is titanium tetrachloride. The use of additional 

various thicknesses. For instance, in some embodiments, the 
wires have thicknesses ranging from about 5 run to about 100 
run. In some embodiments, the formed wires have thicknesses 
ranging from about 20 run to about 30 run. In some embodi-
ments, the formed wires have thicknesses of about 20 run. 

The formed wires of the present disclosure can also have 
various lengths. In some embodiments, the wires have lengths 
ranging from about 10 run to about 1 m. In some embodi
ments, the wires have lengths ranging from about 10 run to 

water-reactive materials can also be envisioned. 
The water-reactive materials of the present disclosure may 

be in various states. For instance, in some embodiments, the 
water reactive materials of the present disclosure may be in a 
gaseous state. In some embodiments, the water reactive mate
rials of the present disclosure may be in a liquid state. In some 
embodiments, the water reactive materials of the present dis
closure may be in a solid state. In some embodiments, the 
water reactive materials of the present disclosure may be in a 
combination of one or more states, including a liquid state, a 
solid state, and a gaseous state. 

Annealing of the Surface 
Various methods may also be utilized to anneal a surface. 

In some embodiments, the surface is annealed by exposing 
the surface to temperatures of at least about 100° C. In some 
embodiments, the annealing temperatures range from about 
100° C. to about 1,000° C. In some embodiments, the anneal
ing occurs at around 300° C. 

In some embodiments, the annealing occurs in a furnace. In 
some embodiments, the annealing occurs at ambient pres
sure. In some embodiments, the annealing occurs in the pres
ence of air. 

about 1 µm. In some embodiments, the wires have lengths 
ranging from about 10 run to about 100 run. 

The formed wires of the present disclosure can also have 
40 various types of shapes. For instance, in some embodiments, 

the wires of the present disclosure can be in the form oflines, 
letters, cross-bars, or intersecting wires. Additional shapes 
can also be envisioned. 

The formed wires of the present disclosure can also have 
45 various contents. For instance, in some embodiments, the 

formed wires of the present disclosure may include com
pounds of at least one ofW, Au, Pd, Pt, Cr, Al, Au, Ti, Si, Zn 
and combinations thereof. In some embodiments, the wires 
include Ti. In some embodiments of the present disclosure, 

50 the wires are Ti02 wires. 
Applications and Advantages 
To the best of Applicants' knowledge, the methods of the 

present disclosure provide the first industrially applicable 
methods of planar fabrication and controlled positioning of 

55 high aspect-ratio nanowires and narrow graphene nanorib
bons. Fabrication of narrow high aspect ratio objects allows 
both miniaturization and control of size-dependent properties 
of materials ( e.g., semiconductors). Furthermore, patterning 

Annealing can occur for various periods of time. For 
instance, in some embodiments, the annealing occurs for 60 

about 30 minutes to about 180 minutes. In some embodi-

of any semiconducting materials into quasi-ID structures 
allows control over band structure. 

Furthermore, the methods of the present disclosure do not 
require high resolution lithography tools. Rather, the 
graphene nanoribbons and wires could be written in any 
shape by the methods of the present disclosure. 

ments, the annealing occurs for about 90 minutes. 
Removal of Hydrophilic Layer 
As previously described, various methods may also be 

utilized to remove a hydrophilic layer from a surface. In some 65 

embodiments, the hydrophilic layer is removed from a sur
face by physical removal of the hydrophilic layer. In some 

Therefore, the graphene nanoribbons and wires formed by 
the methods of the present disclosure can find applications in 
numerous fields, including microelectronics, photovoltaics 
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and photonic applications. Likewise, the graphene nanorib
bons and wires formed by the methods of the present disclo
sure can be used as electrodes in molecular electronics 
devices. 

26 
rials. For instance, Applicants have substituted graphene with 
sputtered 15 nm platinum films. Thereafter, a similar fabrica
tion sequence resulted in platinum nanowires with a mean 
width of 11.7±1.0 nm (FIG. 21 and Examples 1.3 to 1.5). 

In more specific embodiments, the graphene nanoribbons 5 

and wires formed by the methods of the present disclosure can 
be used in various electrical devices, including semiconduc
tors, transistors ( e.g., field-effect transistors (FE Ts)), and the 
like. 

The GNRs can be fabricated by MML in different shapes 
(FIG. 2K and Example 1.6) with the only limitation being that 
they are located on the edge of the written pattern. In addition, 
Applicants have observed that the GNR width does not 
depend on the pattern shape. Furthermore, Applicants have 

Additional Embodiments 

Reference will now be made to more specific embodiments 
of the present disclosure and experimental results that provide 
support for such embodiments. However, Applicants note that 
the disclosure below is for illustrative purposes only and is not 
intended to limit the scope of the claimed subject matter in 
anyway. 

Example 1 

Meniscus-Mask Lithography for Narrow Graphene 
Nanoribbons 

10 observed that the fabrication resulted in identical GNRs on all 
sides of the pattern, thus excluding shadowing due to sample 
tilt during RIE as a possible formation mechanism. 

Applicants have also observed that GNR widths are robust 

15 
over a range of the lithography dosages used (Example 1.7). 
The GNR widths do not depend on the sacrificial metal used 
in the fabrication: the GNR widths for Pd, Pt and Al were 
nearly the same. Thus, without being bound by theory, the 
formation of the GNRs does not depend on the ability of the 

20 metal to form a native oxide layer. Without being bound by 
theory, Applicants envision that the mechanism of GNR for
mation is not related to oxide layer shadowing. In addition, 
GNR widths remained nearly the same for different Al layer 
thicknesses (Example 1.8). 

Without again being bound by theory, Applicants envision 
that MML works for GNR formation by adsorbate protection 
(shown by blue arrows in FIG. 2A) of the graphene surface 
during the second RIE step. The adsorbate is most likely 
atmospheric water, confined to the wedge formed by the 

30 graphene and sacrificial metal. Such adsorbates could be sta
bilized by concave surface features (pores, wedges), and 
could sustain short low pressure procedures such as RIE. The 
mechanism was experimentally supported by the fact that no 
GNRs were formed when the sample was heated to 120° C. 

This Example describes a new planar top-down method for 25 

the fabrication of precisely positioned, very narrow (sub-10 
nm) and high aspect ratio (>2000) graphene nanoribbons 
(GNRs) that have been prepared from graphene sheets 
through a process called meniscus-mask lithography (MML ). 
The method does not require demanding high resolution 
lithography tools. The mechanism involves masking by atmo
spheric water adsorbed at the edge of the lithography pattern 
written on top of the target material. The GNR electronic 
properties depend on the graphene etching method with argon 
reactive ion etching yielding remarkably consistent results. 
The influence of the most common substrates (Si/Si02 and 
BN) on the electronic properties of GNRs is demonstrated. 
The technique is also shown to be applicable for fabrication of 
narrow metallic wires, underscoring the generality of MML 
for narrow features on diverse materials. 

35 for 30 min prior to etching, nor when the sample was soaked 
in acetone prior to etching to ensure no contact with atmo
spheric moisture (Example 1.9). 

The meniscus in the wedge formed by substrate and sacri
ficial metal mask is too small to be described with continuum 

40 models (Example 1.10.1). However, Applicants have shown 
that a few-layer thick adsorbate beading nearby the pattern 
edge could be explained using a simple first-order approxi
mation molecular model of adsorption (Example 1.10.2). 
This few-layer meniscus has a size comparable to the width of 

The MML GNR fabrication sequence is demonstrated in 
FIG. 2A. In a typical process (Example 1.1 ), the lithography 
pattern 15 is written on the graphene film 12 in such a way that 
the desired GNR position corresponds to the pattern edge 16. 
After the pattern 15 is developed, the exposed graphene film 45 observed GNRs and likely protects the underlying graphene 

area from RIE. For MML, the resolution is determined by the 
shape of the liquid meniscus. This might be controlled with 
the judicious choice of solvent or substrate treatment, 

12 is etched via reactive ion etching (RIE). A sacrificial metal 
layer 17 is deposited and the pattern is lifted-off. Then the 
structure is once again exposed to RIE, and the sacrificial 
metal layer 17 is wet-etched. As a result, the graphene film 20 
near the initial pattern edges remains unaffected, and the 50 

process leads to the formation of narrow GNRs 22 (FIGS. 
2B-I, Example 1.2). 

enabling width variations in the final masked object. 
Since the GNRs are formed at the edge of the pattern, the 

procedure does not require lithography setups to have very 
high resolution. Thus, similar fabrication procedures could be 
performed even with photo lithography (Example 1.11 ). The 
GNR mean width of 23±4 nm was slightly higher than for 

Two RIE regimes were tested for MML GNR fabrication: 
oxygen RIE that is conventionally used for graphene etching 
and Ar RIE that is milder since it removes graphene by physi
cal sputtering only. The width was quite uniform over the 
ribbon length and between similarly fabricated samples (Ex
ample 1.3). For GNRs produced using oxygen RIE (ox
GNRs) on Si/Si02 and BN substrates, the mean widths were 
13.6±1.0 nm and 14.2±1.0 nm, respectively. For GNRs pro
duced using Ar RIE (ar-GNRs) the widths were smaller (i.e., 
8.7±1.0 nm and 6.4±1.0 nm for Si/Si02 and BN substrates, 
respectively). The resulting GNRs demonstrated remarkably 
high aspect ratios (>2000), limited predominantly by the 
macroscopic defects in the original transferred graphene film. 

Applicants have also demonstrated that the method 
described in this Example could be expanded to other mate-

55 GNRs fabricated using thee-beam lithography procedure. To 
Applicants' knowledge, this is first time that narrow GNRs 
have been fabricated by photolithography. 

Raman spectra of GNRs (FIG. 3A) revealed characteristic 
2D (-2700 cm- 1 

), G (-1584 cm- 1
) andD (-1350 cm- 1

) peaks 
60 both for ox-GNRs and ar-GNRs on Si/Si02 substrates. The 

G/2D intensity ratio for the GNRs increases as the GNR 
widths decreases. For undoped graphene, the G/2D ratio is 
-0.3, whereas it is 1.0±0.2 and 4.3±0.5 for ox-GNRs and 
ar-GNRs, respectively. Without being bound by theory, such 

65 differences in G/2D ratios are likely attributed to intrinsic 
GNR properties. In all the GNR spectra, the G peak is con
siderably wider compared to that of the starting CVD 
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graphene film, as expected for narrow GNRs. For ar-GNRs, 
the wide G peak could be interpreted as a doublet (Example 
1.12). 

The ar-GNRs are narrower than ox-GNRs. Hence, they 
might have a larger edge-effect. However, the DIG intensity 5 

ratio for ar-GNRs is lower (0.6±0.1) than for ox-GNRs 
(1.1±0.1), indicating that oxygen RIE leaves GNRs more 
disordered compared to Ar RIE. Assuming the protective 
adsorbates mechanism, the difference is likely caused by 
more defects in the narrow region near the edges for ox-GNRs 1 o 
compared to ar-GNRs. 

To investigate the electronic properties of narrow GNRs, 
field-effect transistor (FET) devices were fabricated (FIGS. 
3B-C) with Pd source and drain electrodes placed on the 
ribbons and a 300 nm thermal oxide coated p++_si substrate 15 

used as a back gate. The chamiel length was 0.8 to 3.5 µm. For 
each type of GNRs, at least 12 devices were studied (Example 
1.13). 

The Si/Si02 substrate is known to cause electron and hole 
puddles in graphene, resulting in charge trapping effects. The 20 

conventional method to avoid charge trapping in graphene 
devices is to use a BN flake as the substrate. The charge 
trapping effects due to Si/Si02 have been demonstrated in 
GNRs. Ar-GNR devices both on Si/Si02 and BN substrates 
(30 to 70 nm thick) demonstrated remarkably consistent 25 

behavior (FIG. 3D). Room temperature gating curves in FIG. 
3D were averaged over 50 devices for Si/Si02 and over 12 
devices for BN substrates. The conductivity was calculated 
using the widths oftheGNRs as 8.7 nmon Si/Si02 and 6.4nm 
on BN. In contrast to ar-GNRs, wider ox-GNRs on Si/Si02 30 

substrates had strong variation in both ON/OFF ratios and 
charge neutrality point positions, while ox-GNRs on BN sub
strate had consistent charge neutrality point position, but still 
large ON/OFF variation (Example 1.13). 

The room temperature ON/OFF ratio for ar-GNRs is rather 35 

modest at -10. This contrasts with some reports on the elec
tronic behavior of similarly narrow or even larger width 
GNRs that showed extremely high ON/OFF ratios (up to 107

) 

observed at room temperature. Applicants have estimated the 
holes mobility as -14 cm2/V·s for ar-GNRs on Si/Si02 sub- 40 

strate, which agrees well with published data on charge car
rier mobilities in narrow GNRs. 

When discussing the electronic properties of GNRs with 
defective edges, it is important to distinguish the true band 
gap from the so-called transport or mobility gap that origi- 45 

nates from Coulomb blockade due to edge defects or sub
strate-induced alternating electron and hole puddles. Both 
BN and Si/Si02 substrates result in potential fluctuations over 
the GNR length. However, the lateral scale and the amplitude 
of those strongly differ. For Si/Si02 , the characteristic size of 50 

the puddle is much smaller, and the fluctuations of potential 
amplitude are much higher compared to BN. 

According to the Raman spectral data, ar-GNRs edges are 
less defective compared to ox-GNRs. The Si/Si02 substrate 
induces potential fluctuations that are comparable with flue- 55 

tuations caused by edge defects in ox-GNRs (Example 1.13) 
while they dominate over potential fluctuations caused by 
edge defects in ar-GNRs. The electronic properties of ar
GNRs on Si/Si02 are determined predominantly by substrate 
interactions. In the case of the ar-GNRs on BN substrates, 60 

both potential fluctuations due to the edge defects and sub
strate interaction are rather small. 

Since the ON/OFF ratio for ar-GNRs on BN is comparable 
to that observed for ar-GNRs on Si/Si02 substrates, it is likely 
that the true bandgap is dominating the behavior of ar-GNRs 65 

on the BN substrate (Example 1.13). The bandgap for the 
ar-GNRs could be estimated from theoretical studies. 

28 
Accordingly, a 6.4-nm-wide zigzag-edged GNR yields an 
expected bandgap of -0.12 eV. Bandgap estimation for arm
chair-edged GNRs is more difficult since the properties of 
ideal armchair GNRs differ strongly depending on the num
ber of dimer lines in the GNR structure. Bandgap Eg depen
dence on GNR width w could be summarized as Eg =a/w, 
where the coefficient a takes values between 0.2 and 1.5 
e V·nm. This could exceed the potential fluctuations due to the 
BN substrate. 

Low temperature transport properties of ar-GNRs on 
Si/Si02 and BN are shown in FIG. 4. For ar-GNRs on Si/Si02 

(FIG. 4A), upon cooling from room temperature to 5 K, the 
ON/OFF ratio only increased from -4 to -20. Furthermore, 
the gating curves demonstrate ( especially at 200 K and 
below) a clear plateau for low currents, which are signifi
cantly above the measurement limit of the instrument. With
out being bound by theory, the plateau observed could be 
interpreted in terms of a transport gap. The source-drain volt
age is high enough so that for all gate voltages corresponding 
to Coulomb blockade, the barrier size is small, which results 
in measurable tunneling current. The small change in mini
mal conductivity with temperature agrees with this conclu
sion and is consistent for all devices measured (FIG. 4C). 

The gating curves for ar-GNRs on BN substrate are quite 
different. The lowest current (OFF) decreases about three 
orders of magnitude upon cooling from300 K to 5 K. Near the 
temperature of liquid helium, the gating curve reaches the 
noise level (FIG. 48, green line). The ON/OFF ratio for 
ar-GNRs on BN thus increases from -10 to -103

, which 
together with the current dropping to a minimal measurable 
value, agrees with the presence of a true bandgap. 

In sum, Applicants have demonstrated in this Example a 
new scalable top-down method for fabrication of high aspect 
ratio narrow objects by means of simple lithography that 
Applicants termed MML. Applicants have also shown the 
applicability ofMML for preparation of very narrow GNRs 
of arbitrary configuration. Without being bound by theory, the 
apparent formation mechanism is graphene protection by 
adsorbates in the wedge formed by the sacrificial metal layer 
and the graphene on the edge of the lithography pattern. The 
Ar RIE process was found to result in fabrication of GNRs 
with consistent electronic properties. The ar-GNR on Si/Si02 

behavior could be explained in terms of the transport gap, 
while the electronic properties of ar-GNRs on BN substrate 
could be explained by the presence of a true bandgap. 

Example 1.1 

Materials and Methods 

Fabrication ofGNRs was performed using CVD graphene 
as the starting films. Fabrication of platinum wires was per
formed starting from a 15 nm thick platinum film sputtered on 
the substrate using Denton Desk V Sputter system. 

Room temperature reactive ion etching (RIE) with oxygen 
or argon was performed using a Trion RIE instrument and 
Oxford Plasma Lab 80 Plus RIE instrument. Varying tem
perature RIE processes with nitrogen were performed using a 
Trion Orion II Load Lock PECVD instrument. 

Sacrificial metal layer was deposited either by sputtering 
(Al and Pt, Denton Desk V Sputter system) or by e-beam 
evaporation (Pd). Sacrificial layer thickness was 20 nm unless 
stated otherwise. For Al wet etching, the mixture ofH3P04 / 

HNO/CH3COOH/H20 (80/5/5/10 vol.%) was used. Sacri
ficial Pt and Pd layers were etched using aqua regia. Sacrifi
cial Au layer was etched using Au5 wet etchant. 
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GNR FET devices were fabricated via conventional 
e-beam lithography with 40 nm e-beam evaporated Pd pads. 
Electrical measurements were performed under vacuum 
( chamber pressure less than 10-5 Torr) using a Desert Cryo
genic probe 6 system. Prior to measurements the samples 
were held under vacuum for at least 4 d to ensure the desorp
tion of atmospheric moisture from GNRs. The IV data were 
recorded using an Agilent 4155C semiconductor parameter 
analyzer. Gate voltage was varied in range -40 to +40 V. 
Sweeping was performed from negative to positive voltages. 
For recording gating curves, the source-drain voltage was set 
to 0.1 V. Low temperature measurements were performed in 
the range 5 to 300 K in the same system using a LakeShore 
331 Temperature Controller with Si diode sensor. 

The graphene growth procedure was an adjusted version of 
conventional CVD graphene synthesis (Science 2009, 324, 
1312-1314). Prior to graphene growth, Cu foils (99.8% pure) 
were annealed at 1050° C. in an Ar/H2 atmosphere ( overall 
pressure -8.0 Torr, Ar flow 500 seem, H2 flow 50 seem) for 1 

30 
SEM images were acquired with a JEOL 6500 SEM instru

ment in SE mode with an accelerating voltage of 15 kV. GNR 
widths were determined by fitting grayscale intensity profiles 
perpendicular to the GNR axes (acquired using ImageJ soft-

5 ware) with Gauss peak. FWHM was used as a width estimate. 
Averaging was performed for at least 30 profiles in different 
images. SEM instrumental error was assumed to be -1 nm. 

E-Beam lithography was performed with a JEOL 6500 
SEM instrument using 950 PMMA A resist at an e-beam 

10 current of 300 pA. Photolithography was performed with a 
SUSS Mask Aligner MJB4 using a S1813 photoresist. Pho
tolithography masks were fabricated with a DWL66 mask 
maker. AFM measurements were performed using a Digital 
Instrument Nanoscope IIIA in tapping mode (with NanoSen-

15 sors tips, type PPP-NCH-W). Raman spectra were collected 
using Renishaw in Via Raman microscope with a 514.5 nm 
laser. The laser polarization was set perpendicular to GNR 
axes and was kept constant through all experiments. The 
beam power was -10 mW with laser beam spot -1 to 3 µmin 

h. The growth process was performed at 1050° C. in a HiCH4 

atmosphere immediately after foil annealing ( overall pres
sure -1.0 Torr, H2 flow 50 seem, CH4 flow 5 seem). After 
growth step, the sample was cooled to room temperature in 
Ar/H2 atmosphere (overall pressure -8.0 Torr, Ar flow 500 
seem, H2 flow 50 seem) with a cooling rate of -100° C./min. 25 

Graphene on Cu foil was covered by spin-coating with 
PMMA layer, and then the Cu foil was wet etched in CuS04 / 

HCI etchant (20 g CuS04 .5H20, 50 mL HCI, 50 mL H20). 
Graphene with PMMA was washed several times in DI water 
prior to transfer onto the substrate. After placing on the sub- 30 

strate it was thoroughly dried, and then PMMA was removed 

20 diameter. Data collection was performed with exposure time 
60 to 1000 s. 

To measure the conductivity of Pt wires, 40 nm thick sput
tered Pt leads were placed on Pt wires via conventional 
e-beam lithography. Both 2-terminal and 4-terminal mea
surement geometries were tested. 

Example 1.2 

AFM Imaging of GNRs 

in acetone. Annealing of the samples in reducing medium was 
performed at 350 to 500° C. inAr/H2 atmosphere with overall 
pressure -8.0 Torr and with Ar and H2 flows of 500 seem and 
50 seem, respectively. Typical annealing time was 30 min. 

A typical AFM image of ox-GNR (FIG. 5) reveals that the 
height of elevated region (that supposedly corresponds to the 

35 GNR) is -3.5 nm for BN substrate, and considerably exceeds 
both the expected height for single-layer graphene (0.5-1.0 
nm) and layer-to-layer spacing in graphite. 

Substrates used in this work were heavily p-doped Si 
wafers with 300 nm thermal oxide layer (Silicon Quest Inter
national). Those are denoted as Si/Si02 substrates. Prior to 
use, the substrates were thoroughly washed first with soap 
and then with piranha solution, rinsed with DI water, dried in 40 

nitrogen flow and treated in UV-ozone cleaner (Boeke!, 
model 135500) for 30 min to ensure that the surfaces were 
clean. BN substrates were prepared by deposition of 
mechanically exfoliated ("Scotch tape") hexagonal BN flakes 
(Momentive, grade ptl 10) with a thickness of 30 to 70 nm 45 

onto Si/Si02 chips described above. Chips with BN flakes 
were annealed prior to graphene transfer at 500° C. in air for 

Both Si02 and BN could be partially etched during RIE 
fabrication steps due to physical sputtering. Indeed, BN flakes 
patterned and etched on one side with the oxygen RIE proto
col resulted in -2 nm steps. This reasonably agrees with the 
observed ribbons height. For ar-GNRs this step was found to 
be even larger, -8 nm for BN substrates. The elevation of the 
GNRs over the BN substrate explains the GNR pronounce
ment in the SEM images (FIGS. 2E, 2G, and 2I). 

Thus, in the case of GNRs on BN substrates, it would be 
more correctly stated that GNRs are located on few-layer BN 
ribbons (i.e., ones that are formed by RIE and have top layer 

3 h to remove residual glue and make flakes stick better to the 
substrate. 

The conditions used for reactive ion etching are listed in 
Table 1 for graphene etching used in GNRs fabrication and 
for platinum etching used in platinum nanowires fabrication. 

Table 1 summarizes reactive ion etching conditions 
used for graphene etching (for GNR fabrication) and 

Pt etching (for metal wire fabrication). 

____ G"'-r'-"a""ph"'e"'n"'"e-"et"'ch"'i"'n"-g---Pt etching 

Oxygen Argon Nitrogen Argon 
RIE RIE RIE RIE 

Gas pressure 100 mTorr 100 mTorr 200 mTorr 15 mTorr 
RIE power 23W 31 W 45W 150W 
Gas flow 15 seem 20 seem 20 seem 50 seem 
Process time 20 s 60 s 20 s 90 s 
(unless otherwise 

50 
unaffected by RIE), further atop the BN flake. BN ribbons are 
not expected to interfere with transport measurements, and 
the devices without GNR on top were not electrically con
ductive. The GNR width found from AFM images consider
ably exceeds that from SEM images, apparently due to tip 

55 
curvature effects. 

Example 1.3 

60 GNRs Width Distribution 

FIG. 6 shows the histograms describing GNR width distri
butions. The bin size is 1 nm. The number of grayscale inten
sity profiles analyzed was 218 for ox-GNRs on Si/Si02 , 63 

65 for ox-GNRs on BN, 51 for ar-GNRs on Si/Si02 and 34 for 
ar-GNRs on BN. Table 2 summarizes mean width and 1 s, and 
3rd quartiles for each GNR type. 
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Table 2 summarizes statistical data summary for GNRs widtbs. 

ar-GNRs on Si/Si02 substrate 
ar-GNRs on BN substrate 
ox-GNRs on Si/Si02 substrate 
ox-GNRs on BN substrate 

Widtb first Widtb third 
Mean width, run quartile, run quartile, run 

8.7 ± 1.0 
6.4 ± 1.0 

13.6 ± 1.0 
14.2 ± 1.0 

7.9 
6.1 

12.1 
12.9 

9.5 
6.9 

14.9 
15.6 

Example 1.4 

Expansion of Method to Platinum Wires Fabrication 

The fabrication method could be readily expanded to other 
materials: the changes in the fabrication scheme (FIG. 2A) 
needed are the deposition of the desired material as a smooth 
uniform film and the adjustment of the RIE procedure. Appli
cants have fabricated platinum wires (FIG. 7) out of a -15 nm 
thick sputtered platinum film using 20-µm-sided squares as a 
pattern and -30 nm thick sacrificial Al layer. 

5 

32 
terns used were 2 µmxlOO µm stripes separated by 2 µm 
gaps), the mean width was 13.7±1.2 nm. 

Example 1.7 

GNR Widths for Different Lithography Doses and 
Different Sacrificial Layer Metals 

The optimal dosage for thee-beam lithography setup used 
10 was found to be 270 µC/cm2

, as judged by comparing result
ing and expected feature sizes. The study of GNR width 
dependence on sacrificial metal was performed for ox-GNRs 
on Si/Si02 substrates patterned with 2 µmxlOO µm stripes 
separated by 2 µm gaps. GNR widths for exposure conditions 

15 during lithography steps ranging from slight underexposure 
to slight overexposure were measured for Al, Pt and Pd sac
rificial layers. Pt and Pd metals were chosen as ones forming 
minimal if any native oxide layer. Different deposition meth
ods (e-beam evaporation for Pd and sputtering for Pt) were 

20 used to exclude the role of specific stresses in the metal film 
caused by a deposition technique that could potentially result 
in a shadowing effect. In a wide range oflithography dosages, 
the GNR widths were found to be approximately constant and 
the same for Al, Pt and Pd metals (FIG. 10). 

According to SEM(FIGS. 7A-B), thewirelengthislimited 
mostly by pattern dimensions, and the mean wire width is 
11.7±1.0 nm (see Table 3). AFM height image (FIG. 7C) 25 

shows that wires are quite uniform in height (-15 nm), which 
agrees with the starting film thickness. As in GNRs, the appar
ent wire width fromAFM images exceeds that seen from high 
magnification SEM images, as a result of tip curvature 

30 
effects. 

Example 1.8 

GNRs Width Dependence on Sacrificial Metal Layer 
Thickness and Etching Time 

The study of GNR width dependence on sacrificial metal 
thickness was performed for ox-GNRs on Si/Si02 substrate 
patterned by 2 µmxlOO µmstripes separated by 2 µmgaps.Al 
sacrificial layers of different thicknesses (5 to 60 nm) were 

Table 3 shows tbe statistical data summary for Pt nanowires widtbs. 

Pt wires 

Mean 
width,nm 

11.7 ± 1.0 

Widtb first 
quartile, nm 

9.5 

Example 1.5 

Transport Properties of Pt Wires 

Widtb tbird 
quartile, 

13.8 

To study the transport properties of Pt wires, devices with 

35 deposited. Otherwise standard processing resulted in 
15.9±1.2 nm wide GNRs for 60 nm Al, and 13.7±1.2 nm for 
20 nm Al (FIG. 11). Results for a 10 nm Al layer were not 
distinguishable from the 20 nm Al case, but for the 5 nm Al 
layer the continuous GNR regions were very small ( <l µm). 

40 The weak dependence of the GNR width on the deposited 
metal thickness excluded lithography pattern slope as the 
cause of GNR formations. 

The increase in etching time could be expected to result in 
a GNR width decrease due to undercut effects. 40 s of oxygen 

45 RIE process (in contrast to the normal time of 20 s) and 90 s 
of argon RIE process (in contrast to the normal time of 60 s) 
resulted in GNRs with continuous regions of <l µm. 

-2 µm source-drain distance were fabricated (FIGS. SA and 
B). Both 2-terminal and 4-terminal measurements were per
formed and demonstrated converging results (FIG. SC). The 
mean platinum resistivity derived from the transport mea
surements ( assuming the wire width to be -11. 7 nm and the 50 

wire height to be -15 nm) was calculated to be (62±4)x10-8 

Qm, which is comparable to 10.5xl o-s Qm for bulk Pt. The 
measured resistivity is actually higher most likely due to wire 
width non-uniformity and surface scattering effects. 

Example 1.9 

GNRs Formation by Adsorbates Protection 
Mechanism 

The following experiments were performed to support the 

Example 1.6 

GNRs Patterned in Different Shapes 

Following the fabrication method detailed in this Example, 
narrow GNRs could be written in any shape (FIGS. 2 and 9). 
For ox-GNRs on Si/Si02 substrates, the effect of pattern 
shape on GNRs width was tested, and no significant differ
ence was found. For example, for GNRs written individually 
(FIG. 28, the lithography patterns used were rectangles with 
sides 10-20 µm), the mean width was 13.6±1.0 nm. For mul
tiple closely placed ox-GNRs (FIG. 9A, the lithography pat-

55 proposed mechanism for GNR formation. In the first, two 
samples were patterned with 2 µmxl 00 µm stripes separated 
by 2 µm gaps. The first RIE step for both was performed with 
argon RIE via the standard procedure followed by deposition 
of a 20 nm sacrificial Al layer. One of the samples was (prior 

60 to further processing) heated to 120° C. in an RIE chamber 
under vacuum, held at that elevated temperature for 30 min ( to 
ensure the removal of adsorbed water), cooled back to room 
temperature, and etched without exposing to ambient condi
tions (with N2 RIE procedure). This sample did not have 

65 GNRs where they were expected to be found (FIG. 12A) had 
the sample been processed under standard conditions (FIG. 
2A). However, a control sample that was processed at room 
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temperature immediately after loading with the same N 2 etch
ing procedure had formed GNRs (FIG. 12B). The region on 
the test sample in FIG. 12A where the GNRs could be 
expected to form is clearly seen, even though there are actu
ally no GNRs. There is observable contrast difference 5 

between Si/Si02 substrate regions exposed to argon RIE and 
to nitrogen RIE. 

For the second experiment, the sample was patterned with 
2 µmx 100 µm stripes separated by 2 µm gaps and had a 20 nm 
Al sacrificial layer deposited. First etching was performed 10 

with Ar RIE at standard conditions. After the lift-off step, the 
sample was soaked in acetone. Without exposure to ambient 
moisture, a small droplet of acetone remained on top of the 
sample. The sample was then placed in the RIE chamber, 

15 
evacuated and processed using argon RIE. No GNRs were 
observable (FIG. 13). FIG. 13A shows that the traces of the 
initial pattern of stripes are clearly visible due to image con
trast. However, there are no GNRs formed (FIG. 13B). This 
can be explained by the higher vapor pressure of acetone 20 
when compared to water. Without being bound by theory, it is 
envisioned that the acetone presumably evaporated from the 
sample, thereby allowing the RIE to etch away all of the 
unprotected graphene. 

Example 1.10.1 
25 

GNRs Formation Mechanism (Continuum Models) 

34 
range for continuum models, but it is much smaller than the 
width of experimentally observed GNRs. 

It is also important to note that, for any reasonable menis
cus geometry, no boiling occurs under reduced pressure. 
Indeed, the pressure drop on the meniscus surface is governed 
by Young-Laplace equation for a cylindrical surface in eq 2: 

(2) 

In equation 2, !i.p=p2 -p1 is the pressure drop, y is surface 
tension, and r is radius of curvature of a cylindrical meniscus 
(negative for concave). The saturated vapor pressure for water 
at room temperature is Psa,=2.3 kPa. Assuming the pressure in 
the RIE chamber to be negligible (p2 =0), the condition for 
boiling of water is Psa,>p 1=-li.p, which leads to r>30 µm for 
boiling to be observed. This value is larger than any reason
able value estimated here, and using the wetting parameters 
and geometry described above, it corresponds to an almost 
flat meniscus reaching the top of the sacrificial metal layer 
and extending for >50 nm on the horizontal plane. 

Example 1.10.2 

Microscopic Molecular Models 

As continuum models seem to be less applicable to the case 
under investigation, Applicants also tried to use the following 

To support the proposed nanowire/GNR formation mecha
nism, the shape of the meniscus was estimated using theo
retical modeling. The processes to model are the formation of 
the meniscus, behavior of the meniscus under reduced pres
sure, and interaction of meniscus liquid and RIE plasma. It 
should be noted that Applicants do not consider the formation 
of any meniscus on the first etching step, as the mask layer 
there is hydrophobic (PMMA). This assumption is supported 
by the experiments, where after alteration of only the second 
etching step, no formation of GNRs was observed. The 
meniscus is formed in a process of capillary condensation, 
described by Kelvin's Law for a cylindrical meniscus in eq 1: 

30 microscopic molecular models to describe the observed 
effects. It is known that there are several layers of water 
molecules adsorbed on any hydrophilic surface at reasonable 
atmospheric humidity. The thickness of this adsorptive film 
could be estimated by utilizing the BET equation. However, 

35 Applicants will not use the BET equation in this Example 
because the BET model assumes that binding energies in all 
water layers except the one closest to the surface are the same, 
which most probably is not the case for water. 

It is natural to expect some increase of water thickness 

y·Vm 
ln(p/ po)= r· R· T 

(1) 

40 close to the wedges, where two planes of adsorbed few-layer 
water meet at a certain angle. One can analyze the possibility 
of existence of an adsorbed film under reduced pressure, 
assuming that this film is much more stable and possibly 
thicker at ambient conditions such that it appears before the 

45 pumpdown procedure. 
It is also important to note that any adsorbed water film is 

actually thermodynamically unstable under vacuum due to 
the entropic force for molecular evaporation. It suggests that 
the geometry of the "meniscus" is determined solely by kinet-

50 ics of evaporation. The evaporation rate could be described 
using the Arrhenius Law eq 3: 

In Equation 1, p/p0 is the relative humidity, y is the surface 
tension (0.073 Nim for water at room temperature4

), V mis the 
molar volume of liquid (18xl0-6 m3

), r is the radius of cur
vature for a cylindrical meniscus (negative for concave), R is 
the universal gas constant, and T is the temperature. Ambient 
humidity in this experiment varied at -60%. Therefore, 
assuming p/p0=0.6, Applicants get r""-1 nm, which is prob
ably at the limit of applicability of continuum models such as 
Kelvin's Law. Moreover, considering the evaporation of 55 

water under reduced pressure, the continuum model predicts 
that the meniscus size may decrease further, producing dis
tances that can only be described by more microscopic 
approaches. Thus, microscopic molecular models are pre
ferred to explain the observed process. 

M 
rate= A -eRJ 

(3) 

In equation 3, A is a constant, R is universal gas constant, 
Tis temperature, and li.E is the additional energy of adsorbed 
water molecules due to interaction with the solid surface (that 

60 is, for bulk water li.E=O). For bulk water, the evaporation rate 
is sufficiently high to consider this process immediate relative 
to the characteristic pump down time (few min). On the other 
hand, for an adsorbed water film of certain thickness, the 

Even if one assumes r= 1 nm, calculation of the meniscus 
base (x) gives inconsistent results (FIG. 14). If a and ~ are 
contact angles with substrate and with sacrificial metal layer 
correspondingly, then x=r( cos ~-sin a). The receding contact 
angles were measured to be 21 ±1 ° for graphene on an Si/Si02 65 

substrate and 10±1 ° for a sputtered aluminum film. Thus, 
x""0.6 nm. Not only is this number out of the applicability 

evaporation rate becomes low enough to consider this layer 
stable over the timescale of fabrication as described. As the 
method did not demonstrate instability for small pump down 
time variations (within few min), the geometry of the 
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adsorbed film under vacuum is apparently determined by the 
evaporation rate decrease. The characteristic energy, ti.Es, is 
defined to be the energy at which the evaporation rate 
decreases to a negligible value and the evaporation process 
effectively stops. This threshold energy ti.Es is expected to be 
higher than the equilibrium energy of surface molecules 
adsorbed at regular(> 1 % ) humidity levels, as the evaporation 
rate at this equilibrium should be equal to the condensation 
rate, which is expected to be much higher than the evapora
tion rate of the kinetically stable adsorbate. 

The estimation of li.E as a function of distance from the 
solid surface is a complex problem which is not yet fully 
understood theoretically for such molecules as water, but one 
can reasonably use the first order approximation of this 
unknown potential in eq 4: 

I; -( 1 ) !:.E= - +o -
p p2 

(4) 

In equation 4, 1; is constant and p is distance (x or y) 
between the flat surface and the molecule. This approxima
tion agrees with experimental data for oxides surfaces similar 
to native oxide on an aluminum sacrificial metal layer as 
described here. The approximation also has the order corre
sponding to the interaction between the dipole and polarized 
surface. Thus, the energy of water molecule adsorbed in the 
wedge can be written in the following approximate form in eq 
5: 

!:,.£,,~+~ 
(5) 

X y 

In equation 5, x and y are the distances from the molecule 
to the walls which for estimation purposes are expressed in 
number of water monolayers. In addition, Sx and Sy are the 
corresponding potential equation constants. The latter could 

36 
lations, there is a point at the distance of few tens layers from 
the wedge vertex, where the thickness of the water film 
increases above the thickness of the water film on the flat 
surface. Without being bound by theory, Applicants speculate 

5 that this position is determined by interaction potentials and 
defines the nanowire/GNR shape on the second etching step. 

Applicants theorize that this difference in adsorbed water 
layer thickness may control the etching process. Unfortu
nately, the removal of water by sputtering at ambient tem-

lO perature by low energy ions is not well studied. For instance, 
it was shown that for neutral Ar atoms with 20 eV energy, the 
sputtering yield of few-layer amorphous solid water at low 
temperature is on the order of 10-3 and decreases as the water 
layer thickness increases (J. Phys. Chem. C 2009, 113, 

15 13325-13330). Additional data could be used to extrapolate 
the sputtering yield of amorphous solid water with Ar+ ions: 
at energies -20 eV it is -0.1, and the actual yield may be 
another order of magnitude smaller if Applicants account for 
absorption of some kinetic energy by vibrational states of the 

20 molecules (up to 5 eV per degree of freedom). Thus, the 
sputtering yield will decrease even further for thicker layers 
of water at room temperature, as in weakly bound state the 
molecules could more easily penetrate in the depth of the 
medium than ones bound into a crystalline lattice. Thus, even 

25 though the adsorbed water layer in the wedge is thin, it could 
be sputtered much more slowly than the underlying solid. 

Example 1.11 

30 GNR Fabrication Using Photolithography 

The GNRs fabrication method demonstrated m this 
Example also works using photolithography patterning. A 
mask patterned with 4 µmx 100 µm stripes separated by 4 µm 

35 gaps was made (the 4 µm feature size is very close to the mask 
aligner resolution limit). Oxygen RIE was used for graphene 
etching. The resulting GNRs were 23±4 nm wide (FIG. 16). 

be estimated from data on adhesion energies and are expected 40 

to be on the order of 104 Jxlayer/mol (1.5xl04 to 3xl04 

Jxlayer/mol for alumina by fitting of experimental data. 
These values are expected to be close for different native 
oxide surfaces, and it was shown earlier that a single layer of 
graphene negligibly changes the wetting properties of the 45 

underlying surface. Thus, for all processes described in this 
Example, Applicants assume for simplicity Sx =sy=S· In addi
tion, limiting li.E>li.Es, Applicants determine the conditions 
for non-evaporated water molecules on the surface with eq 6: 

Example 1.12 

Raman Spectra Analysis 

The CVD graphene films used for GNR fabrication were 
analyzed with Raman spectroscopy to ensure that high qual
ity monolayer graphene was used to produce the GNRs. 
Raman spectra were collected from the GNRs confined 
between the leads that were used for devices testing. Metal 
leads being exposed to the laser irradiation could partially 
account for the high background observed for GNRs. The 

1 1 !:.E, (6) 
-+-=-
x y I; 

In equation 6, ti.Es should be at least higher than the thermal 
energy. In addition, li.Es>RT=2.4 kJ/mol gives the upper limit 
of1;/ ti.Es to approximately 10 layers. This assumes that there 
are at least 2 layers of water on flat surfaces under vacuum, far 
from the wedge in eq 6 

Thus, Applicants estimate the lower limit as 1;/ li.Es""2 layers. 
The shape of adsorbed layer for different values ofs/ ti.Es is 

shown in FIG. 15. Depending on parameters used for calcu-

50 additional peaks observed in GNRs Raman spectra around 
-1300cm-1 and-1450 cm- 1 are not related to GNRs, as they 
are observed from bare substrate as well. For GNRs on BN 
substrates, the spectral region around the usual position of the 
D peak was dominated by the strong characteristic BN peak at 

55 -1366 cm- 1
. Although there were pronounced 2D and G 

peaks, those spectra were not used for further analysis. 
Repeated Raman measurements on the same GNRs did not 
produce any significant changes in the spectra, leading to the 
conclusion that there was little overheating or decomposition 

60 of the sample under the laser irradiation. In addition, a 
decrease in the collection time and laser power did not sig
nificantly change the peak position, resulting only in a 
decrease in the signal-to-noise ratio. Raman spectra fitting 
was done with polynomial (up to power 5) background and 

65 Lorentz peaks. Fitting parameters were peak intensities, posi
tions, FWHM and background polynomial coefficients. Peak 
intensity ratios, position and FWHM averaging was per-
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formed from analysis of at least 5 fits of Raman spectra 
collected from different GNRs. 

38 
predicted for narrower GNRs. It should be noted that previ
ously experimental observation ofG peak splitting has been 
reported for H-terminated zigzag GNRs and graphene edges. 
However, in that case, it was interpreted as a superposition of 
peaks corresponding to zigzag edge regions and internal areas 
oftheGNR. 

Example 1.13 

GNRs FETs Fabrication and Electronic Properties 
Study 

Multiple FETs were fabricated and tested for each type of 

The 2D peak (FIG. 3A) in GNRs is shifted to higherwave
numbers compared to the starting CVD graphene. For ox
GNRs, the average position is 2705.4±0.5 cm- 1

. For 5 

ar-GNRs, the average position is 2702.7±0.4 cm- 1
. For start

ing graphene, the 2D peak is located at -2685 cm- 1
. Though 

the increase of the Gl2D ratio coupled with the 2D peak 
upshift could indicate some graphene p-doping, it is more 
likely to be associated with the intrinsic large edge-effect of 10 

narrow GNRs. For ar-GNRs, the DIG intensity ratio is lower 
than for ox-GNRs, although the latter are wider. DIG ratio 
difference between ar-GNRs and ox-GNRs could be attrib
uted to the additional functional groups attached to the near
edge region due to reaction of oxygen with graphene during 
the oxygen RIE process. Ar plasma species are not thought to 
react chemically with graphene, and the functional groups on 
the edges of ar-GNRs are expected to appear only at the edge 
upon GNRs sample exposure to air after RIE. 

15 
GNR. The yields of device fabrications were -50%. The 
leading cause for FETs being non-conductive was missing 
GNR regions inherited from graphene film defects. For BN 
substrates, additional cause of device failures were leads bro
ken on the BN flake edges. An important device fabrication 

Since GNRs were fabricated from polycrystalline CVD 
graphene and the RIE process was involved in edge forma
tion, GNR edges are likely randomized. Therefore, the low 
DIG ratio should not be interpreted as zigzag edge domina
tion. For ox-GNRs, the G-peak was shifted toward higher 
wavenumbers (1598.7±0.6 cm- 1

) compared to the normal G 
peak position for non-doped CVD graphene (-1584 cm- 1

). 

This could be attributed either to graphene doping or intrinsic 
GNR properties. In all GNR spectra, the G peak was consid
erably wider compared to that of the starting CVD graphene 
film, as expected for narrow GNRs. Interestingly, for ar
GNRs, the wide G peak could be interpreted as a doublet: a 
5-peak deconvolution of the 1100-1900 cm- 1 region fits the 
data better than a 4-peak deconvolution (FIG. 17). Compari
son of 4-peak and 5-peak fit was performed by fitting the data 
in region 1100-1900 cm- 1 with polynomial (up to power 2) 
background and 4 or 5 Lorentz peaks correspondingly. As 
summarized in Table 4, fitting was performed over back
ground parameters, peak intensities, FWHM and positions. 

20 step was sample annealing in a reductive ArlH2 atmosphere 
(at 350° C.) prior to patterning of the contacts. Without 
annealing, the GNRs do not adhere sufficiently well to the 
substrate and peel away during contacts fabrication. The total 
number of conductive devices analyzed was 24 for ox-GNRs 

25 on SilSi02 , 23 for ox-GNRs on BN, 50 for ar-GNRs on 
SilSi02 and 12 for ar-GNRs on BN. All conductive devices 
were checked under SEM to ensure that only single GNRs 
were connecting the leads. 

In order to properly compare GNRs on BN flakes of dif-
3o ferent thicknesses, the gating voltages for all devices were 

recalculated into linear charge concentration in the classical 
capacitance approximation using the BN flake thickness 
determined from AFM measurements (assuming that the 
Si02 layer thickness was 300 nm). Dielectric constants for 

35 

Table 4 provides a summary for 4 peak fit and 5 peak fit for 
ar-GNRs on Si/SiO substrate. 

4 peak fit 5 eakfit 

Peak position Peak FWHM Peak position PeakFWHM 

1356.6 ± 0.8 cm-1 64 ± 5 cm-1 1356.6 ± 0.6 cm-1 58 ± 8 cm-1 
1599.0 ± 0.3 cm-1 77 ± 1 cm-1 1558 ± 3 cm-1 84 ± 11 cm-1 

1604.3 ± 0.6 cm-1 67 ± 2 cm-1 

Without being bound by theory, it is unlikely that the dou
blet is a combination of the G and D' peaks since in this case 
the G peak would be shifted to lower wavenumbers compared 

40 

45 

50 

to undoped graphene, and doping should only shift it to higher 
wavenumbers. The shift of the G peak to lower wavenumbers 55 

could occur due to sample overheating. However, this was 
observed only for laser polarization parallel to the GNR axis. 
The possible interpretation for the observed doublet is the 
splitting of the G peak. In graphene, the G peak originates 
from phonon scattering in the degenerated iLO and iTO bands 60 

at the Brillouin zone center. This degeneracy could be 
uplifted, for example, by stress, causing the G peak to split. A 
similar effect causes G-peak splitting in carbon nanotubes. 
The measurable G peak splitting in narrow GNRs was pre
dicted by first principle calculations. However, the actual 65 

value of the split observed here experimentally (-46 cm- 1
) 

exceeds the expectations since similar splitting values were 

Si02 and BN were assumed to be 3.9 and 4.0, respectively. 
Linear charge concentration was accepted since GNRs are 
quasi-ID objects. The negative concentration values corre
spond to holes, positive to electrons. 

For GNRs on SilSi02 substrate without BN flakes, linear 
charge carrier concentration was calculated as in eq 7: 

2rrEoESi02 n=Vg·--~~-

n( 4 · ds;o2 ) 
e·l -

w 

(7) 

For GNRs on BN substrate linear charge carrier concen
tration was calculated as in eq 8: 

2.Jr,;o 
n = Vg · ---~~~--~----~--~-

( 
1 n(4dsN (ds;o 2 + dsN)) 1 n( 2ds;o2 + dsN )) 

e· -1 +--1 
'°BN w(2ds;o2 + dsN) £s;o2 dsN 

(8) 

Here, V g is the gate voltage applied. E:0 is vacuum permit
tivity. Es,o, and EBNare dielectric constants ofSi02 and BN, 
respectively. ds,o, and dBN are Si02 and BN thicknesses, 
respectively. 

The averaging for FIG. 3D was performed over all conduc
tive ar-GNRs FE Ts on SilSi02 and BN. The error in mean was 
estimated using 90% t-values. The averaging oflow-tempera
ture "OFF" current (FIG. 4C) was performed over two sets of 
6 devices measured in range 77-300 K for ar-GNRs on both 
SilSi02 and BN substrates. The error in mean for the "OFF" 
current was estimated using 90% t-values. 
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In contrast with ar-GNRs on both Si/Si02 and BN sub
strates, ox-GNRs demonstrate divergent electronic properties 
(FIG. 18). ox-GNRs on Si/Si02 substrates (FIG. 18A) dem
onstrate a strong variation in both ON/OFF ratios ( almost two 
orders of magnitude). Furthermore, the position of the charge 5 

neutrality point ranges from O V to -30 V gate voltage values, 
which approximately corresponds to Oto 8xl09 m- 1 linear 
hole concentration range. For ox-GNRs on BN substrates 
(FIG. 18B), the charge neutrality point positions are much 
more consistent, with a linear hole concentration range of 10 

5xl 09 to 9xl 09 m- 1
. However, the ON/OFF variation is still 

substantial. 

40 
potential fluctuations caused by edge defects and/or the BN 
substrate, transport properties could not be expected to be as 
consistent. 

Example 2 

Fabrication ofNanowires 

In this Example, Applicants demonstrate the fabrication of 
various nanowires by a modified method outlined in Example 
1. In particular, by substituting graphene films with thin films 
of one or more materials, Applicants were able to utilize the 
methods outlined in Example 1 to generate various types of 
nanowJres. The charge neutrality point for devices on BN substrates 

was consistently shifted to negative gating voltages (high 
linear hole concentrations) both for ox-GNRs and ar-GNRs. 
Similar behavior was reported for CVD graphene devices on 
BN and was attributed to doping since a shift of the charge 
neutrality point towards zero was observed for CVD 
graphene devices after annealing in a reducing medium. For 
GNRs on BN substrate, however, the charge neutrality point 
remained unchanged after annealing. Apparently, dopants in 
this case are thermally fixed up to at least 500° C. 

As set forth in Example 1, by using 15 nm thick platinum 
15 films (sputtered using Denton Desk V Sputter system) on 

Si/Si02 substrate, the fabrication sequence outlined in 
Example 1 resulted in 8.9±1.1 nm platinumnanowires (FIGS. 
2J and 7). Conductivity of Pt nanowires was found to be 
( 62±4 )xl o-s Qm. Reactive ion etching (RIE) processes were 

20 performed using Trion RIE instrument. Applicants have 
observed that low pressure is desirable for noble removal, as 
it occurs mostly via physical sputtering. If an RIE machine is 
unable to keep stable RIE power at such low pressures, ICP 
power stabilization could be used ( as was successfully tested 

25 with up to 20% RIE power). 

The results suggest that for ox-GNRs on Si/Si02 sub
strates, both the substrate and the edge defects produce poten
tial fluctuations with close amplitudes. Their interaction 
results in randomization of both energy variation over the 
GNR length, leading to ON/OFF ratio variations, and the 
average potential, leading to charge neutrality point varia
tions. In the case of the ox-GNRs on BN substrates, the 
potential fluctuations due to edge defects dominate the poten
tial fluctuations due to interactions with the substrate. As a 
result, the overall potential profile is determined by edge 
defects. The average potential in this case is approximately 

35 
constant over the GNR length. However, the potential varia
tion changes from sample to sample, causing ON/OFF ratio 
variations. Since Si/Si02 substrate-induced potential fluctua
tions are comparable to fluctuations caused by edge defects in 
ox-GNRs, it is expected that the former will dominate over 40 

potential fluctuations caused by edge defects in ar-GNRs. 
Thus, the electronic properties of ar-GNRs on Si/Si02 sub
strates are determined predominantly by substrate interac
tions. The consistency of ON/OFF ratios and charge neutral-

30 

ity point positions could mean that the potential fluctuations 45 

caused by Si/Si02 substrates are much more uniform com
pared to those caused by defects introduced during oxygen 
RIE. 

In the case of the ar-GNRs on BN substrates, both the 
potential fluctuations due to the edge defects and substrate 50 

interaction are rather small. The following options are con
sidered: (1) potential fluctuations due to edge defects domi
nate; (2) potential fluctuations due to substrate dominate; (3) 
both types have close amplitudes and dominate over the band
gap, ifit exists; ( 4)there is a true bandgap that dominates over 55 

both types of potential fluctuations. Option 3 is unlikely since 
in this case there would be ON/OFF and charge neutrality 
point variations similar to those observed for ox-GNRs on 
Si/Si02 substrates. Both options 1 and 2 would yield the 
ON/OFF ratios to be lower than those observed for ar-GNRs 60 

The conditions are listed in Table 5 for platinum and gold 
etching (physical sputtering) used in platinum and gold 
nanowires fabrication, and in Table 6 for reactive etching of 
Si, Si02 and W used in fabrication of corresponding nanow-
Jres. 

TABLES 

Typical argon RIE conditions used for noble metal film 
(Pt or Au) etching in nanowires fabrication sequence. 

Gas pressure, mTorr 
R!Epower. W 
ICPpower,W 
Gas flow, seem 
Process time, s 

TABLE6 

Argon RIE 

15 
100-150 

0 
50-100 
40-90 

Typical RIE conditions used for noble metal film etching in platinum 
nanowires fabrication sequence. 

Si pre-etch Si inner/outer Si02 Winner/outer part 

Gas pressure, mTorr 100 100 100 20 
RIEpower, W 100 100 100 120 
ICPpower, W 0 0 0 0 
CF4 flow, seem 25 25 0 0 
CHF3 flow, seem 0 0 25 0 
02 flow, seem 3 3 15 0 
SF6 flow, seem 0 0 0 25 
N2 flow, seem 0 0 0 5 
Process time, s 90 70/60 40 50/75 

E-beam lithography was performed with a JEOL 6500 
SEM instrument using 950 PMMA A resist at an e-beam 
current of 300 pA. Typically, PMMA film was deposited by 
spin-coating at 3000 rpm for 40 s. For Si wires fabrication, 
PMMA film was deposited similarly but at 1000 rpm to get 
thicker resist film. Photolithography was performed with 

on Si/Si02 substrates. The reason for this is that the fluctua
tions in potential due to Si02 puddles are larger than for BN 
puddles or ar-GNR edge puddles. The ON/OFF ratios at room 
temperature for ar-GNRs on BN are, however, similar to 
ar-GNRs on Si/Si02 substrate. Thus, the option that the ar
GNRs on BN possess a true bandgap is the most probable. It 
should be noted that in the case of comparable bandgap and 

65 SUSS Mask Aligner MJB4 using S1813 photoresist. Photo
lithography masks were fabricated with DWL66 mask maker 
machine. 
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Similar fabrication starting from 10 mn sputtered W films 
resulted in W nanowires (FIG.19, RIE conditions in Table 6). 
For W wires fabrication, Au was used as a sacrificial metal 
layer. First and second RIE times were different in order to 
compensate for RIE rate dependence on exposed sample area 5 

(Table 6). 
Gold nanowires were also fabricated by a similar proce

dure (RIE conditions shown in Table 5). The fabrication pro
cedure started from e-beam evaporated 10 mnAu film depos
ited onto 1 mn Cr adhesion layer on Si/Si02 substrates. SEM 10 

images of the fabricated Au nanowires are shown in FIG. 20. 
Si nanowires were fabricated starting from silicon-on-in

sulator (SOI) wafers with 100 mn device layer, which was 
pre-etched to decrease the Si film thickness (RIE conditions 
used for Si etching are listed in Table 6). After pre-etch, a 15 

standard nanowire fabrication procedure was implemented. A 
thicker layer of PMMA was used as a lithographic mask. The 
fabrication resulted in 10 mn wide and 20 mn high nanowires 
(FIG. 21). First and second RIE step times were different to 
compensate for RIE rate dependence on exposed sample 20 

areas (Table 6). 
In addition, Si02 wires were fabricated starting from clean 

Si/Si02 substrate (RIE conditions listed in Table 6). These 
nanowires were 10 mn in width and 20 mn in height. In 
addition, the Nanowires had outstandingly straight walls and 25 

generally higher quality (FIGS. 22-23). Without being bound 
by theory, these results indicate that the quality of nanowires 
can depends on the quality of starting films, with smoother 
films yielding higher quality nanowires. 

Using Si02 nanowires as a model system, Applicants have 30 

demonstrated fabrication of crossbar-like structures of Si02 

nanowires. Two orthogonal Si02 wire arrays were fabricated 
subsequently one on top of another (FIG. 24). The width of 
resulting nanowires in this particular case was 20 mn. The 
height of each individual wire (that is, everywhere except 35 

where wires intersected yielding twice this height) was 30 
mn. Thus, intersecting wires and networks of nanowires 
could be fabricated using this method. 

If etching is interrupted and the sample is taken out from 
the chamber and brought in contact with moist atmosphere 40 

during an RIE step, Applicants envision that another water 
meniscus can be formed on the side of partially etched wire 
and could protect the underlying material during a subsequent 
etch. In an experiment, Si02 wires fabrication procedure was 
modified as follows. During first or second RIE etch steps, the 45 

etching was stopped after some time (usually, 10 s) and the 
sample was exposed to moist air outside of RIE chamber. 
Next, the sample was loaded into RIE chamber again and 
another etching was performed (FIG. 25). This procedure was 
repeated up to 4 times in a row. In subsequent etches, "steps" 50 

were formed around the area where nanowire should be 
formed, effectively yielding wider nanowire with stepped 
walls (FIG. 26). 
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duced into the chamber for 10 minutes. The remaining gas 
was then flushed with nitrogen. Next, the chamber was heated 
to 80° C. (to remove excess of adsorbed TiC14 ). The sample 
was then taken out and annealed at 300° C. in air at ambient 
pressure for 90 minutes. Then Au mask was etched withAu5 
wet etchant. This resulted in the formation of Ti02 ribbons 
that inherit the geometry of the water meniscus. The proposed 
mechanism for the formation ofTi02 nanowires is illustrated 
in FIG. 27. SEM images of the formed Ti02 nanowires are 
shown in FIG. 28. The proposed equation for the fabrication 
ofTi02 nanowires by chemical conversion of meniscus water 
is as follows: 

TiC14+(2+x)H20-Ti02.xH20+4HCl 

Without further elaboration, it is believed that one skilled 
in the art can, using the description herein, utilize the present 
disclosure to its fullest extent. The embodiments described 
herein are to be construed as illustrative and not as constrain
ing the remainder of the disclosure in any way whatsoever. 
While the embodiments have been shown and described, 
many variations and modifications thereof can be made by 
one skilled in the art without departing from the spirit and 
teachings of the invention. Accordingly, the scope of protec
tion is not limited by the description set out above, but is only 
limited by the claims, including all equivalents of the subject 
matter of the claims. The disclosures of all patents, patent 
applications and publications cited herein are hereby incor
porated herein by reference, to the extent that they provide 
procedural or other details consistent with and supplementary 
to those set forth herein. 

What is claimed is: 
1. A method of preparing graphene nanoribbons from a 

graphene film associated with a meniscus, wherein the 
method comprises: 

patterning the graphene film while the meniscus acts as a 
mask above a region of the graphene film, 

wherein the meniscus comprises a concave surface, and 
wherein the patterning results in formation of graphene 

nanoribbons from the meniscus-masked region of the 
graphene film. 

2. The method of claim 1, wherein the meniscus-masked 
region is located near edges of the graphene film. 

3. The method of claim 1, wherein patterning the graphene 
film separates the meniscus-masked region of the graphene 
film from the graphene film. 

4. The method of claim 1, wherein patterning the graphene 
film comprises etching the graphene film. 

5. The method of claim 4, wherein the etching occurs by a 
method selected from the group consisting of reactive ion 
etching, physical sputtering, gas phase chemical etching, and 
combinations thereof. 

6. The method of claim 4, wherein the etching occurs in the 
presence of one or more gases. 

Example 3 

Chemical Fabrication ofNanowires 

7. The method of claim 6, wherein the one or more gases 
55 are selected from the group consisting of CF 4 , CHF3 , SF 6 , 

Cl2 , BC13 , oxygen, argon, hydrogen, nitrogen, halogens, and 
combinations thereof. 

8. The method of claim 6, wherein atoms from one or more 
of the gases functionalize edges of the formed graphene nan-

60 oribbons. 
Without being bound by theory, it is envisioned that the 

meniscus responsible for nanowires formation could be 
reacted with water-sensitive molecules and immobilized to 
yield another kind of nanowires which could be fabricated by 
this method. In a typical experiment, a Si/Si02 chip with Au 
mask patterned in such a way that the future wire position 
corresponds to the pattern edge was loaded in an airtight 65 

chamber. The chamber was then evacuated with mechanical 
and liquid nitrogen pumps. Next, TiC14 vapors were intro-

9. The method of claim 1, wherein the graphene nanorib
bons have widths ranging from about 0.5 mn to about 250 mn. 

10. The method of claim 1, wherein the meniscus is a liquid 
selected from the group consisting of water, organic solvents, 
polymers, salts, and combinations thereof. 

11. The method of claim 1, wherein the graphene nanorib
bons form by the following steps: 
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(a) associating a surface with a graphene film; 
(b) forming a pattern on the graphene film, wherein the 

forming of the pattern comprises selectively covering 
regions of the graphene film with a first protective layer, 
wherein the selective covering leaves uncovered regions 5 

of graphene film on the surface; 
( c) etching the uncovered regions of the graphene film on 

the surface, wherein the etching leads to formation of an 
etched pattern on the surface, and wherein the etched 
pattern comprises edges surrounded by graphene film; 10 

44 
28. The method of claim 26, wherein patterning the film 

separates the meniscus-masked region of the film from the 
film. 

29. The method of claim 26, wherein patterning the film 
comprises etching the film. 

30. The method of claim 29, wherein the etching occurs by 
a method selected from the group consisting of reactive ion 
etching, physical sputtering, gas phase chemical etching, and 
combinations thereof. 

31. The method of claim 26, wherein the film is a metallic 
film. 

32. The method of claim 26, wherein the film is selected 
( d) depositing a second protective layer on the etched pat

tern, wherein the second protective layer becomes asso
ciated with the graphene film surrounding the edges of 
the etched pattern; 

( e) removing the first protective layer, wherein the remov
ing of the first protective layer leads to formation of the 
meniscus-masked region between the second protective 
layer and the graphene film; and 

from the group consisting ofW, Au, Al, Cr, Pt, Cu, Ni, Si, TiN, 

15 
WS2 , WSe2 , MoS2 , BN, GaN, AN, Ti02 , ZnO, Si02 , SiOx 
(where xis less than 2 and greater than 0.5), and combinations 
thereof. 

(f) patterning the graphene film on the surface, wherein the 20 

patterning retains the meniscus-masked region of the 
graphene film on the surface, and wherein the meniscus 
masked region of the graphene film follows the edges of 
the etched pattern and forms graphene nanoribbons. 

12. The method of claim 11, further comprising a step of 25 

removing the second protective layer from the surface. 
13. The method of claim 12, wherein the second protective 

layer is removed from the surface by wet etching. 
14. The method of claim 11, wherein the associating in step 

(a) comprises placing a pre-formed graphene film on the 30 

surface. 
15. The method of claim 11, wherein the associating in step 

(a) comprises forming a graphene film on the surface. 
16. The method of claim 15, wherein the graphene film is 

formed by chemical vapor deposition. 
17. The method of claim 11, wherein the surface is a silicon 

wafer. 

35 

18. The method of claim 11, wherein the first protective 
layer is a polymer selected from the group consisting of 
poly(methacrylates ), poly( esters), poly( ethers), poly( ole- 40 

fins), poly(styrenes), and combinations thereof. 
19. The method of claim 11, wherein the first protective 

layer is poly(methyl methacrylate) (PMMA). 
20. The method of claim 11, wherein the etching occurs by 

reactive ion etching. 
21. The method of claim 11, wherein the second protective 

layer is a metal layer. 
22. The method of claim 21, wherein the metal layer is 

selected from the group consisting of Pd, Pt, Cr, Al, Au, and 
combinations thereof. 

23. The method of claim 11, wherein the second protective 
layer becomes associated with the graphene film surrounding 
the edges of the etched pattern through direct contact with the 
graphene film. 

45 
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24. The method of claim 11, wherein the patterning of the 55 

graphene film occurs by etching. 
25. The method of claim 11, wherein the patterning of the 

graphene film occurs by reactive ion etching. 
26. A method of preparing wires from a film associated 

with a meniscus, wherein the method comprises: 
patterning the film while the meniscus acts as a mask above 

a region of the film, 

60 

33. The method of claim 26, wherein the formed wire is a 
metal wire. 

34. The method of claim 26, wherein the formed wire has 
a width ranging from about 5 nm to about 100 nm. 

35. The method of claim 26, wherein the wires form by the 
following steps: 

(a) associating a surface with a film; 
(b) forming a pattern on the film, wherein the forming of 

the pattern comprises selectively covering regions of the 
film with a first protective layer, wherein the selective 
covering leaves uncovered regions of film on the sur
face; 

( c) etching the uncovered regions of the film on the surface, 
wherein the etching leads to formation of an etched 
pattern on the surface, and wherein the etched pattern 
comprises edges surrounded by film; 

( d) depositing a second protective layer on the etched pat
tern, wherein the second protective layer becomes asso
ciated with the film surrounding the edges of the etched 
pattern; 

( e) removing the first protective layer, wherein the remov
ing of the first protective layer leads to formation of the 
meniscus-masked region between the second protective 
layer and the film; and 

(f) patterning the film on the surface, wherein the pattern
ing retains the meniscus-masked region of the film on 
the surface, wherein the meniscus-masked region of the 
film represents the formed wire, and wherein the formed 
wire follows the edges of the etched pattern. 

36. The method of claim 35, further comprising a step of 
removing the second protective layer from the surface. 

37. The method of claim 36, wherein the second protective 
layer is removed from the surface by wet etching. 

38. The method of claim 35, wherein the surface is a silicon 
wafer. 

39. The method of claim 35, wherein the first protective 
layer is a polymer selected from the group consisting of 
poly(methacrylates ), poly( esters), poly( ethers), poly( ole
fins ), poly(styrenes), and combinations thereof. 

40. The method of claim 35, wherein the first protective 
layer is poly(methyl methacrylate) (PMMA). 

41. The method of claim 35, wherein the etching occurs by 
a method selected from the group consisting of reactive ion 
etching, physical sputtering, gas phase chemical etching, and 
combinations thereof. wherein the meniscus comprises a concave surface, and 

wherein the patterning results in formation of a wire from 
the meniscus-masked region of the film. 

42. The method of claim 35, wherein the etching occurs by 
65 reactive ion etching. 

27. The method of claim 26, wherein the meniscus-masked 
region is located near edges of the film. 

43. The method of claim 35, wherein the second protective 
layer is a metal layer. 
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44. The method of claim 43, wherein the metal layer is 
selected from the group consisting of Pd, Pt, Cr, Al, Au, and 
combinations thereof. 

46 
52. The method of 51, wherein the metal layer is selected 

from the group consisting of Pd, Pt, Cr, Al, Au, and combi
nations thereof. 

45. The method of claim 35, wherein the patterning of the 
film occurs by etching. 

53. The method of claim 49, wherein the water-reactive 
5 material is selected from the group consisting ofW Au Pt Ti 

TiC14 , Si, Si02 , Zn, and combinations thereof. ' ' ' ' 46. The method of claim 35, wherein the patterning of the 
film occurs by reactive ion etching. 54. The method of claim 49, wherein the water-reactive 

material is TiC14 . 47. The method of claim 35, wherein the patterning of the 
film is repeated a plurality of times to result in formation of a 
wire with a step-wise gradient. 

48. The method of claim 35, wherein the wire comprises an 
el_ement selected from the group consisting ofW, Au, Pt, Si, 
S102 , and combinations thereof. 

55. The method of claim 49, further comprising a step of 
10 a11;11ealing the surface, wherein the annealing solidifies the 

Wife. 

56. The method of claim 55, wherein the annealing occurs 
at temperatures of at least about 100° C. 

49. A method of preparing wires, wherein the method 
comprises: 

57. The method of claim 55, wherein the annealing occurs 
15 at about 300° C. 

(a) depositing a hydrophilic material on a surface, wherein 
the hydrophilic material comprises a metal, and wherein 
the depositing leads to formation of a hydrophilic layer 
on the surface; 

(b) exposing the surface to a water-reactive material 20 

wherein the exposing results in formation of a second 
layer that follows edges of the hydrophilic layer on the 
surface, and wherein the second layer represents the 
formed wire. 

50. The method of claim 49, wherein the metal is selected 25 

fro1;11 the group consisting of Pd, Pt, Cr, Al, Au, and combi
nat10ns thereof. 

51. The method of claim 49, wherein the hydrophilic layer 
is a metal layer. 

58. The method of claim 49, further comprising a step of 
removing the hydrophilic layer from the surface. 
. 59. The method of claim 58, wherein the hydrophilic layer 
1s removed from the surface by wet etching. 

60. The method of claim 49, wherein the surface is a silicon 
wafer. 

61. The method of claim 49, wherein the formed wire has 
a composition selected from the group consisting ofW, Au, 
Pt, Ti, TiC14 , Si, Si02 , Zn, and combinations thereof. 

62. The method of claim 49, wherein the formed wire has 
widths ranging from about 5 nm to about 100 nm. 

63. The method of claim 49, wherein the hydrophilic mate
rial is TiC14 , and wherein the formed wire is Ti02 . 

* * * * * 


