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SEED-MEDIATED GROWTH OF
PATTERNED GRAPHENE NANORIBBON
ARRAYS

REFERENCE TO GOVERNMENT RIGHTS

This invention was made with government support under
SC0006414 awarded by the US Department of Energy. The
government has certain rights in the invention.

BACKGROUND

Graphene is a two-dimensional carbon allotrope, the
electronic, optical, and magnetic properties of which can be
tuned by engineering two-dimensional graphene sheets into
one-dimensional structures with confined widths, known as
graphene nanoribbons. The properties of graphene nanorib-
bons are highly dependent on their width and edge structure.

It has been proposed that graphene nanoribbons will
outperform conventional materials and lead to next-genera-
tion technologies. Graphene nanoribbons have already
shown tremendous promise for providing enhanced perfor-
mance in nanoelectronics, spintronics, optoelectronics, plas-
monic waveguiding, photodetection, solar energy conver-
sion, molecular sensing, and catalysis. However, the full
potential of graphene nanoribbons in such applications has
not been realized.

A major challenge facing graphene nanoribbon-based
devices is that scalable approaches to create high-quality
graphene nanoribbons with atomically-smooth edges are
lacking. Conventional, top-down techniques in which gra-
phene nanoribbons are etched from continuous graphene
sheets result in structures with rough, disordered edges that
are riddled with defects, which significantly degrade gra-
phene’s exceptional properties. This blunt top-down etching
can be avoided by synthesizing nanoribbons from the bot-
tom-up. For instance, organic synthesis can yield ribbons
with smooth edges, defined widths, and complex architec-
tures. However, organic synthesis forms short nanoribbons
(typically ~20 nm in length) and is not adapted to techno-
logically relevant substrates, such as insulators or semicon-
ductors, limiting its potential for commercial development.

SUMMARY

Graphene nanoribbon arrays, methods of growing gra-
phene nanoribbon arrays, and electronic and photonic
devices incorporating the graphene nanoribbon arrays are
provided.

One embodiment of a graphene nanoribbon array com-
prises a semiconductor substrate having a (001) facet and a
plurality of graphene nanoribbons on the (001) facet of the
semiconductor substrate. In the array, the graphene nanorib-
bons have aspect ratios of at least 4. Further, the graphene
nanoribbons have the armchair crystallographic direction of
graphene running all the way along their long axes and an
armchair configuration along their edges. At least 60 percent
of the graphene nanoribbons have their long axis oriented
along a single [110] direction of the semiconductor sub-
strate.

Another embodiment of a graphene nanoribbon array
comprises a semiconductor substrate having a (001) facet
and a plurality of graphene nanoribbons on the (001) facet
of the semiconductor substrate, each of the graphene nan-
oribbons comprising an amorphous carbon seed along its
length. In the array, the graphene nanoribbons have aspect
ratios of at least 4. Further, the graphene nanoribbons have
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the armchair crystallographic direction of graphene running
all the way along their long axes with an armchair configu-
ration along their edges and have their long axes oriented
along a [110] direction of the semiconductor substrate.

One embodiment of a method of growing graphene nan-
oribbons comprises: forming an array of graphene seeds on
the (001) facet of a semiconductor substrate, wherein a
majority of the graphene seeds have a single crystallo-
graphic orientation; and growing graphene nanoribbons
from the graphene seeds via chemical vapor deposition from
a mixture of methane gas and hydrogen gas, wherein the
partial pressures of the methane and hydrogen are selected
to result in the growth of graphene nanoribbons having their
long axes oriented along a [110] direction of the semicon-
ductor substrate and their armchair edges running parallel
with the [110] direction of the semiconductor substrate.

Other principal features and advantages of the invention
will become apparent to those skilled in the art upon review
of the following drawings, the detailed description, and the
appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Iustrative embodiments of the invention will hereafter be
described with reference to the accompanying drawings,
wherein like numerals denote like elements.

FIG. 1A. Schematic illustration of a graphene seed par-
ticle on the (001) facet of a substrate. FIG. 1B. Schematic
illustration of a graphene nanoribbon growing anisotropi-
cally from a graphene seed particle on the (001) facet of a
substrate. The armchair configuration along the edges of the
graphene nanoribbon is shown, as is the orientation of the
long axis of the graphene nanoribbon along a [110] direction
of the substrate.

FIG. 2. Schematic illustration of a regular rectangular
pattern of graphene nanoribbons on a substrate. The circles
represent graphene seed particles and the rectangles repre-
sent the graphene nanoribbons.

FIG. 3. Schematic illustration of a graphene nanoribbon
with armchair edges perfectly aligned along the Ge [110]
direction (upper nanoribbon) and a graphene nanoribbon
with armchair edges aligned within about £3° of the Ge
[110] direction (lower nanoribbon).

FIG. 4A. Scanning electron microscope image of a gra-
phene nanoribbon array made by graphene seed-mediated
chemical vapor deposition growth on a Ge (001) substrate
and a dry transfer technique. FIG. 4B. Scanning electron
microscope image of another graphene nanoribbon array
made by graphene seed-mediated chemical vapor deposition
growth on a Ge (001) substrate and a dry transfer technique.
FIG. 4C. Scanning electron microscope image of a graphene
nanoribbon array made by graphene seed-mediated chemi-
cal vapor deposition growth on a Ge (001) substrate and a
wet transfer technique. FIG. 4D. Enlarged view of a portion
of the image of FIG. 4C.

FIG. 5. Scanning electron microscope image of an array
of graphene crystal structures, including graphene crosses
and graphene nanoribbons, as well as other lower aspect
ratio structures, made by amorphous carbon seed-mediated
chemical vapor deposition growth on a Ge (001) substrate.
Graphene nanoribbons having a vertical or horizontal ori-
entation in the image are circled.

DETAILED DESCRIPTION

Graphene nanoribbon arrays, methods of growing gra-
phene nanoribbon arrays and electronic and photonic
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devices incorporating the graphene nanoribbon arrays are
provided. The graphene nanoribbons in the arrays are nar-
row, elongated strips (or “ribbons”) of monolayer graphene
having widths and crystallographic edge structures that
provide the ribbons with electronic properties, such as
electronic bandgaps, that are absent in continuous two-
dimensional films of graphene. The graphene nanoribbons in
the arrays are formed using a scalable, bottom-up, chemical
vapor deposition (CVD) technique to grow oriented gra-
phene nanoribbons with atomically-smooth edges from seed
particles (“seeds”) on the (001) facet of a semiconductor
substrate. Because the graphene seeds comprise the same
material as the graphene nanoribbons grown therefrom, they
can be distinguished from heterogeneous nucleation sites
that are provided by other types of materials, such as metals
or metal oxides. Without intending to be bound to any
particular theory of the invention, it is proposed that by
using monolayer graphene seeds having a single crystallo-
graphic orientation and their armchair direction (that is, the
direction of their lattice that is parallel with the C—C bonds)
aligned along a single [110] direction of the (001) facet, the
methods are able to produce high density graphene nanorib-
bon arrays in which the graphene nanoribbons are prefer-
entially aligned along a single [110] direction on the sub-
strate. In the methods, no terraces or other topographical
features of the growth substrate are used to template the
growth of the nanoribbons.

The graphene seeds can be patterned from a continuous
monolayer graphene sheet. The graphene sheet can be grown
on a sheet-growth substrate and then transferred onto the
semiconductor substrate for patterning and nanoribbon
growth. The sheet-growth substrate comprises a material on
which the graphene is grown preferentially in a single
crystallographic orientation. By grown preferentially, it is
meant that most of the graphene in the monolayer is grown
with a single crystallographic orientation. However, it
should be recognized that there may be imperfections in the
sheet-growth substrate that result in a minority of the
graphene domains being grown with a different crystallo-
graphic orientation. Thus, it is advantageous to use a high-
quality sheet-growth surface having a single in-plane orien-
tation. Cu (111) is an example of a sheet-growth substrate
material that is suitable for orientation-controlled graphene
growth. Other suitable materials for the sheet-growth sub-
strate include Ru (0001), Ni (111), Pd (111), Ir (111),
Ge(110), and SiC (0001). Methods for the orientation-
controlled CVD growth of graphene on Cu(111) are illus-
trated in the Example.

The monolayer graphene sheet is then released from its
sheet-growth substrate and transferred onto the (001) facet
of a semiconductor substrate. Germanium (Ge) is an
example of a semiconductor having a (001) facet. Other
examples include Group III-V semiconductors, such as
GaAs and InAs. The transfer process may involve transfer-
ring the monolayer graphene sheet onto a temporary host
substrate, followed by a transfer from the host substrate to
the semiconductor substrate and the removal of any residual
host substrate material. Both wet and dry thin film transfer
techniques can be used. Both techniques are illustrated in the
Examples which describe the dry transfer of graphene using
a poly(methyl methacrylate) (PMMA)/gold (Au) bilayer
host substrate and the wet transfer of graphene using a
PMMA host substrate.

One or more seeds can then be patterned into the trans-
ferred graphene sheet. Typically, an array comprising a
plurality of seeds will be patterned into the graphene sheets.
For example, the arrays of seeds can comprise at least 10, at
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least 100, at least 1,000, or at least 10,000 seeds. High
resolution lithographic techniques, such as electron beam
lithography or extreme ultraviolet lithography, can be used
to carry out the patterning. Because the graphene in the
monolayer graphene sheet had a preferred crystallographic
orientation, the seeds patterned from it will also have that
same preferred crystallographic orientation. Again, how-
ever, a minority of the seeds may have a different orientation
stemming from, for example, imperfections in the original
sheet-growth substrate or imperfections introduced during
the transfer process. The graphene transfer and subsequent
patterning are carried out such that the armchair direction of
the seeds is preferentially aligned along a single [110]
direction of the (001) facet. As a result, anisotropic CVD
growth of graphene nanoribbons from the seeds will be
preferentially directed along that same [110] direction.

CVD is an inexpensive scalable technique, offering high
throughput and compatibility with planar processing. The
graphene nanoribbons are grown directly from the seeds on
the (001) facet of a semiconductor platform using hydro-
carbon precursor molecules, such as methane. The semicon-
ductor platform can be purchased as a single-crystal wafer or
can be epitaxially grown. Single-crystal semiconductor
materials are available in large formats and are prevalent in
the semiconductor industry. During the CVD growth, the
growth conditions are selected to provide a graphene growth
rate that is highly anisotropic, resulting in faceted graphene
nanoribbons with high aspect ratios. During nanoribbon
growth, the (001) facet of the semiconductor substrate is
used to orient the long edges of the graphene nanoribbons,
as well as the armchair direction of the graphene lattice
within the ribbons, along the [110] directions of the semi-
conductor substrate. In addition, by orienting the graphene
seed particles preferentially along a single [110] direction on
the (001) facet, as discussed above and illustrated in the
Examples, the growth of the graphene nanoribbons can be
directed preferentially along that same [110] direction, with
exclusively or almost exclusively armchair configurations
along their edges. Although there may be a minute portion
of zigzag segments near defects or kinks at the nanoribbon
edges. FIG. 1A is a schematic illustration of a graphene seed
particle on the (001) facet of a substrate. The anisotropic,
seed-mediated growth of directionally aligned graphene
nanoribbons from a graphene seed is illustrated schemati-
cally in FIG. 1B. Conditions and reactants suitable for
achieving anisotropic growth of graphene nanoribbons on
the (001) facet of a semiconductor substrate are illustrated in
U.S. Pat. No. 9,324,804 and in Jacobberger et al., Nature
Comm., DOI: 10.1038/ncomms9006, the entire disclosures
of which are incorporated herein by reference.

The width of the nanoribbons corresponds closely to the
width of the seed particles, with wider seeds producing
wider nanoribbons. Although, the nanoribbons may be
slightly wider than their seeds by the end of the nanoribbon
growth process. Thus, lithographic patterning of the seed
particles makes it possible to control the positions, density,
inter-nanoribbon spacing, and the widths of the nanoribbons
grown from the seeds. In addition, the size of the seed
particles produced via lithographic patterning can be further
reduced by annealing the seed particles in an atmosphere
comprising a mixture of argon and hydrogen. Thus, the size
of the seed particles and, therefore, the width of the nan-
oribbons grown therefrom can be further controlled by
controlling the annealing conditions (e.g., temperature, time,
and hydrogen concentration).

In some embodiments, the seeds are disposed at random
(i.e., non-pre-selected) locations on the surface of the sub-
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strate and, therefore, the nanoribbons grown from the seeds
form arbitrary designs on the substrate. However, in other
embodiments the seeds are patterned into a regular pattern,
such that nanoribbons grown from the directionally aligned
graphene seeds are laid out on the substrate in a regular
pattern. For the purposes of this disclosure a “regular pattern
of graphene nanoribbons” is one in which the end-to-end
spacing between the nanoribbons and/or the lateral (i.e.,
edge-to-edge) spacing between the nanoribbons is equal
and/or periodically repetitious. (Spacings can be considered
equal if they deviate from perfectly equal and the difference
is due to limitations in the tolerances of the equipment used
to form them.) For example, the schematic diagram in FIG.
2 shows a plurality of graphene nanoribbons laid out in a
rectangular array in which the end-to-end and edge-to-edge
distances between the nanoribbons are equal. In that figure,
the circles represent graphene seeds, as shown in FIG. 1A
and the rectangles represent graphene nanoribbons, as
shown in FIG. 1B. In some embodiments, the average width
of the seeds in the plurality of seeds and the average width
of the nanoribbons in the plurality of nanoribbons is no
greater than 20 nm. This includes embodiments in which the
average width of the seeds in the plurality of seeds and the
average width of the nanoribbons in the plurality of nan-
oribbons is no greater than 10 nm and further includes
embodiments in which the average width of the seeds in the
plurality of seeds and the average width of the nanoribbons
in the plurality of nanoribbons is no greater than 5 nm. In
some embodiments of the nanoribbon arrays, the nanorib-
bons that are aligned along a single [110] direction of the
(001) facet have a lateral and/or end-to-end spacing with
respect to their nearest neighbors (i.e., an inter-nanoribbon
spacing) of no greater than 20 nm. This includes embodi-
ments of the nanoribbon arrays in which the nanoribbons
that are aligned along a single [110] direction of the (001)
facet have a lateral and/or end-to-end spacing with respect to
their nearest neighbors of no greater than 10 nm and further
includes embodiments of the nanoribbon arrays in which the
nanoribbons that are aligned along a single [110] direction
of the (001) facet have a lateral and/or end-to-end spacing
with respect to their nearest neighbors of no greater than 5
nm. However, larger lateral and/or end-to-end spacings are
also possible, including spacings greater than 20 nm, greater
than 50 nm, and greater than 100 nm.

The present disclosure is not limited to arrays of graphene
nanoribbons in which all of the nanoribbons are aligned
along a single [110] direction of the (001) of a substrate.
Factors such as the quality of the sheet-growth substrate, the
transfer process, and the accuracy of the seed patterning can
result in a minority of the nanoribbons being grown at right
angles from the selected, predominant [110] direction. How-
ever, the level of alignment provided by the present gra-
phene nanoribbon arrays, even using imperfect procedures
and substrates, makes them readily distinguishable from
arrays of nanoribbons that are randomly aligned along the
two equivalent [110] directions of a (001) facet. In a
randomly aligned nanoribbon array, 50% of the graphene
nanoribbons would be aligned along the first of the two
equivalent [110] directions and 50% along the second of the
two equivalent [110] directions. In the present graphene
nanoribbon arrays, a majority of the graphene nanoribbons
are aligned along the same [110] direction. For example, in
some embodiments of the graphene nanoribbon arrays, at
least 60% of the graphene nanoribbons are aligned along the
same [110] direction of the (001) facet of the semiconductor
substrate. This includes embodiments in which at least 70%
of the graphene nanoribbons are aligned along the same
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[110] direction of the (001) facet of the semiconductor
substrate, further includes embodiments in which at least
80% of the graphene nanoribbons are aligned along the same
[110] direction of the (001) facet of the semiconductor
substrate, and still further includes embodiments in which at
least 90% of the graphene nanoribbons are aligned along the
same [110] direction of the (001) facet of the semiconductor
substrate. The percentage of alignment for a given distribu-
tion of graphene nanoribbons can be determined by analyz-
ing SEM images of the graphene nanoribbons and counting
the number of graphene nanoribbons that are in alignment.

For graphene nanoribbon arrays in which less than 100%
nanoribbon alignment is achieved over the entire (001) facet,
there may be local areas on the (001) facet in which the
graphene nanoribbons have perfect (100%) or near perfect
(e.g., >95%) alignment along a single [110] direction. For
example, even for arrays in which only about 60% of the
nanoribbons are aligned along the same [110] direction,
there may be portions of the array having a surface area of,
for example, at least 4 um?, in which at least 90%, at least
95%, at least 99%, or even 100% of the nanoribbons are
aligned along the same [110] direction.

For the purposes of this disclosure, the long axis of a
graphene nanoribbon does not have to be perfectly aligned
with (i.e., have a 0° rotation with respect to) a [110] direction
of the semiconductor substrate surface in order to be con-
sidered aligned along that direction. Small rotational devia-
tions may stem from, for example, an initial rotation in the
growth direction that becomes energetically unfavorable as
the nanoribbons grow. Thus, at a minimum, a graphene
nanoribbon is considered to be aligned along a [110] direc-
tion if its long axis is rotated with respect to that directed by
a smaller degree than it is with respect to the other [110]
direction. For example, a graphene nanoribbon may be
considered to be aligned along (or aligned with) a [110]
direction if its long axis is rotated by no more than £15°
from the [110] direction of the semiconductor surface. This
includes graphene nanoribbon arrays in which nanoribbons
that are rotated by no more than +5° from the [110] direction
of the semiconductor surface are considered to be aligned
along (or aligned with) a [110] direction, further includes
graphene nanoribbon arrays in which nanoribbons that are
rotated by no more than +3° from the [110] direction of the
semiconductor surface are considered to be aligned along (or
aligned with) a [110] direction, and still further includes
graphene nanoribbon arrays in which nanoribbons that are
rotated by no more than +0° from the [110] direction of the
semiconductor surface are considered to be aligned along (or
aligned with) a [110] direction.

This is illustrated schematically in FIG. 3 for graphene
nanoribbons on the (001) facet of a germanium substrate in
which one nanoribbon has a perfect alignment and the other
is rotated by about 3°. In that figure, the lighter grey circles
represent the top two layers of germanium in the substrate,
while the darker grey circles, which are only partially visible
under the top two layers, represent germanium atoms in
lower layers of the substrate. The arrow represents the Ge
[110] direction. The upper graphene nanoribbon is perfectly
aligned along the Ge [110] direction. In the lower graphene
nanoribbon, the armchair crystallographic direction of gra-
phene and the long axis of the ribbons deviate by about 3°
from perfect alignment.

Because the graphene nanoribbons are grown via seed-
mediated bottom-up growth, rather than patterned litho-
graphically from graphene sheets, they are formed with
nearly atomically smooth edges. The degree of edge smooth-
ness can be characterized by the average root mean square
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(rms) roughness of the edges of the nanoribbons in the array.
The rms edge roughness along the length of a nanoribbon
can be measured using scanning tunneling microscopy
(STM). Methods of using STM to determine the rms edge
roughness of a graphene nanoribbon can be found in U.S.
Pat. No. 9,287,359. The average rms edge roughness for the
nanoribbons in a nanoribbon array will vary since longer
nanoribbons within the array will tend to have rougher
edges. For the purposes of this disclosure, a nanoribbon is
considered to have an atomically smooth edge if its edge has
an rms roughness of less than 1 nm over a length of at least
40 nm. Some embodiments of the present nanoribbon
growth methods form nanoribbons having an rms roughness
of less than 0.5 nm over an edge length of at least 40 nm.
This includes embodiments of the growth methods that form
nanoribbons that have perfectly atomically smooth edges,
that is—having an rms roughness of 0 nm, over an edge
length of at least 10 nm.

Short nanoribbons having atomically smooth edges,
including those with perfectly atomically smooth edges, are
well-suited for use as channel materials in FETs having
channel lengths of 40 nm or less, including those having
channel lengths of 10 nm or less. Therefore, short nanorib-
bons having atomically smooth edges can be identified
within the nanoribbon arrays and selectively incorporated
into an FET. Alternatively, short nanoribbon segments hav-
ing atomically smooth edges can be cut from longer nan-
oribbons and selectively incorporated into an FET.

The use of the (001) facet as a growth surface and the
conditions for depositing graphene via CVD from a hydro-
carbon precursor described herein are selected to provide
graphene nanoribbon growth. As a result, the present meth-
ods are distinguishable from methods in which CVD is used
to grow graphene sheets on a substrate via island growth. In
order to distinguish the present graphene nanoribbons from
other graphene structures that have been grown via CVD,
graphene nanoribbons are defined, for the purposes of this
disclosure, as graphene structures having aspect ratios of at
least 4 and having at least two edges that run substantially
parallel with each other, where the aspect ratio is the ratio of
the length of the nanoribbon to its width. In addition, the
present graphene nanoribbons, as grown on the semicon-
ductor substrate, are characterized by the armchair crystal-
lographic direction of graphene running substantially paral-
lel to the long nanoribbon axis, which is oriented along a
[110] direction of the surface. The phrase ‘substantially
parallel’ is used in recognition of the fact that the edges may
be parallel on a global scale, but might include edge portions
that deviate slightly from perfectly parallel on an atomic
scale due to edge roughness.

As illustrated in the Examples below, the graphene nan-
oribbons can be deposited from a mixture of methane gas
and hydrogen gas. By varying the composition of the
precursor gas mixture during growth, the duration of the
growth time, the growth temperature, and the size and
crystallographic orientation of the seeds, the graphene nan-
oribbon width, length, and aspect ratio can be controlled.
This control over the nanoribbon structure makes it possible
to tune the graphene properties. For example, graphene
undergoes a metallic-to-semiconducting transition as the
nanoribbon width decreases, wherein the induced bandgap is
inversely proportional to the nanoribbon width. Therefore,
the present approach makes it possible to control the width
of the nanoribbons and, therefore, to tailor their electronic
structure. By tuning the seed size, precursor composition,
and growth time, nanoribbons with widths below 10 nm can
be grown.
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Key parameters for realizing anisotropic growth are the
mole fractions of the precursor molecules and the carrier
molecules used in the CVD gas mixture, where the mole
fractions can be adjusted by adjusting the partial pressures of
the precursor and carrier gases. However, these parameters
are not independent, so the optimal value for one of the
parameters will depend on the others. By way of illustration
only, seed-mediated anisotropic growth of nanoribbons from
a mixture of H, and CH, can be achieved at certain com-
binations of temperatures in the range from about 860 to
935° C., H, mole fractions in the range from about 5.0x107>
to 0.33 and CH, mole fractions in the range from about
3.0x107° to 2.0x1072. Guidance for selecting an appropriate
combination of temperatures and mole fractions (partial
pressures) is provided in the Examples, below. In general,
nanoribbon growth is favored by a high H, mole fraction and
low CH, mole fraction, which corresponds to a slow growth
rate. For example, in some embodiments of the growth
methods, the growth conditions are selected to provide
growth rates of no greater than 500 nm/hr. This includes
embodiments in which the growth conditions are selected to
provide growth rates of no greater than 300 nm/hr, further
includes embodiments in which the growth conditions are
selected to provide growth rates of no greater than 100 nm/hr
and still further includes embodiments in which the growth
conditions are selected to provide growth rates of no greater
than 35 nm/hr. These growth rates refer to the growth rate of
the fastest growing edge dimension of the graphene crystal
structures.

In addition to the seed size and seed annealing conditions
(discussed above), the growth time plays a role in determin-
ing the dimensions of the CVD-grown graphene nanorib-
bons. Generally, as growth time is decreased, narrower,
shorter nanoribbons are formed. Therefore, by tuning the
duration of the growth time and the ratio of precursor gas to
carrier gas in the gas mixture, nanoribbons with desired
lengths and widths can be selectively grown using bottom-
up CVD growth.

The optimal conditions for achieving anisotropic gra-
phene growth may vary somewhat depending upon the
laboratory conditions. For example, in a cleaner environ-
ment, the growth rate at a given set of conditions would be
expected to be slower than in a dirtier environment. There-
fore, to achieve the same low growth rate observed under
standard laboratory conditions in a cleaner system, such as
a clean room, a higher CH, mole fraction and/or a lower H,
mole fraction could be used.

By way of illustration, in some embodiments of the
graphene nanoribbon arrays, the average aspect ratio of the
nanoribbons in the array is at least 5. This includes graphene
nanoribbon arrays in which the average aspect ratio of the
nanoribbons in the array is at least 10, further includes
graphene nanoribbon arrays in which the average aspect
ratio of the nanoribbons in the array is at least 20 and still
further includes graphene nanoribbon arrays in which the
average aspect ratio of the nanoribbons in the array is at least
30. Included in some embodiments of such arrays are
graphene nanoribbons having aspect ratios of at least 30, at
least 40, at least 50, at least 60 and/or at least 70.

The average width of the graphene nanoribbons in some
of the graphene nanoribbon arrays is no greater than 60 nm.
This includes graphene nanoribbon arrays in which the
average width of the graphene nanoribbons is no greater
than 40 nm and further includes graphene nanoribbon arrays
in which the average width of the graphene nanoribbons is
no greater than 20 nm. Included in some embodiments of
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such arrays are graphene nanoribbons having widths of no
greater than 10 nm and/or widths of no greater than 5 nm.

The average length of the graphene nanoribbons in some
of the graphene nanoribbon arrays is at least 20 nm. This
includes graphene nanoribbon arrays in which the average
length of the graphene nanoribbons is at least 50 nm, further
includes graphene nanoribbon arrays in which the average
length of the graphene nanoribbons is at least 100 nm,
further includes graphene nanoribbon arrays in which the
average length of the graphene nanoribbons is at least 200
nm, and further includes graphene nanoribbon arrays in
which the average length of the graphene nanoribbons is at
least 500 nm.

While graphene seed-mediated, CVD-based graphene
nanoribbon growth methods can be used to grow graphene
nanoribbons having their graphene crystal lattice oriented
preferentially along one [110] direction of a (001) facet,
without the need to use step edges or trenches to dictate the
growth direction, they can also be used to grow graphene
nanoribbons having their crystal lattice oriented non-pref-
erentially along both of the two equivalent [110] directions
of a (001) surface. Preferential orientation along one direc-
tion can be carried out by transferring a monolayer graphene
sheet with a preferred crystal orientation onto the (001) facet
of a semiconductor substrate, patterning an array of gra-
phene seeds into the monolayer graphene sheets, and car-
rying out anisotropic CVD growth of graphene nanoribbons
from the seeds, as described above. However, if preferential
alignment of the nanoribbons is not required or desired, the
graphene seeds need not be formed with a preferred crys-
tallographic orientation with their crystal lattice aligned
along a single [110] direction of the (001) facet. In the
graphene nanoribbon arrays made under these conditions,
the nanoribbon alignment will closely reflect the distribution
of each crystal orientation in the graphene monolayer from
which the seeds were formed.

Alternatively, for applications where it is not required or
desired for the graphene nanoribbons to be preferentially
aligned along a single [110] direction, amorphous carbon
seeds can be used, rather than crystalline graphene seeds, for
nucleating anisotropic CVD growth of nanoribbons on the
(001) facet of a semiconductor substrate. Because the amor-
phous carbon seeds lack a lattice orientation capable of
directing graphene nanoribbon growth along a single direc-
tion, graphene nanoribbon growth from the amorphous
carbon seeds will be random and, therefore, evenly distrib-
uted along the two equivalent [110] directions and, in some
cases, may grow in cross shapes on the substrate surface.

In addition, if amorphous carbon seeds are used, selective
growth along a single [110] direction can be achieved by
miscutting the growth surface of the semiconductor sub-
strate toward a 110 direction, such that a series of parallel
(001) faceted terraces, separated by steps that are a multiple
of two atomic layers in height, are formed and the graphene
nanoribbons are grown with a parallel alignment along the
terraces. For example, the steps can be two, four, six, eight,
ten, etc., atomic layers in height. The terraces can be formed
using a miscut angle of, for example, about 9° or higher in
order to provide steps that are two atomic layers high.

The present methods can produce graphene nanoribbon
arrays having a high density of very narrow, smooth-edged,
nanoribbons over a large area. Arrays of these atomically-
smooth nanoribbons can include thousands of nanoribbons
and can be formed over areas of, for example, at least 1 um?.
This includes high density nanoribbon arrays that extend
over areas of at least 100 um?, at least 1 mm?, and at least
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10 mm?, the area of the nanoribbon arrays being limited only
by the area of the surface of the substrate.

The graphene nanoribbon arrays can be incorporated into
a variety of devices, including electronic and photonic
devices, such as field effect transistors and photodetectors.
One embodiment of a field effect transistor comprising a
graphene nanoribbon array comprises: a source electrode; a
drain electrode; a gate electrode; a conducting channel in
electrical contact with the source electrode and the drain
electrode; a gate dielectric disposed over the conducting
channel, but below the gate electrode; and a semiconductor
substrate having a (001) facet. In the transistor, the conduct-
ing channel comprises a plurality of directionally aligned
graphene nanoribbons on the (001) facet of the semicon-
ductor substrate, wherein the long nanoribbon axis is ori-
ented along a [110] direction of the semiconductor surface
and the nanoribbons have the armchair crystallographic
direction of graphene running parallel to the long edges of
the nanoribbons.

Alternatively, once the graphene nanoribbon arrays are
formed on the semiconductor substrates, they can be trans-
ferred to other substrates, such as silicon substrates, polymer
(e.g., plastic) substrates, dielectric substrates or metal sub-
strates. Methods for transferring graphene from a germa-
nium substrate to another substrate are described in Wang et
al., Scientific Reports 3, Article number: 2465. The transfer
procedure described in the Examples that follow illustrates
a modified version of the methods described in Wang et al.
The transferred graphene nanoribbons and the substrate onto
which they are transferred can then be incorporated into a
variety of devices.

EXAMPLES

Example 1: Graphene Seed-Mediated CVD Growth
of Preferentially Aligned Graphene Nanoribbons on
Germanium (001)

Materials and Methods:

Monolayer Graphene Synthesis on Cu (111):

A copper (Cu) thin film was deposited onto a sapphire
(0001) substrate (MTI Corp.) using a CVC 601 DC mag-
netron sputterer operating at 1 kW with 5 mtorr of argon (Ar)
backfill. Graphene growth was performed in a horizontal
hot-walled chemical vapor deposition (CVD) system with a
quartz tube having an inner diameter of 34 mm. The
Cu/sapphire sample was loaded into the system and the
system was then filled to atmospheric pressure with a
mixture of Ar (purity of 99.999%) and hydrogen (H,) (purity
of 99.999%) with a flow rate of 345 sccm and 18 scem,
respectively. The Cu/sapphire sample was annealed for 4
minutes at 1000° C. and then 87 ppm of methane (CH,)
(purity of 99.99%) was introduced to begin the graphene
synthesis. Growth occurred for 1.5 hours before the sample
was rapidly cooled to terminate synthesis, at which point a
continuous monolayer of graphene was coated onto the Cu
(111) thin films.

Dry Transfer of Graphene onto Germanium:

The first method used to transfer the monolayer graphene
from the Cu growth substrate onto Ge was a dry transfer. In
this process, a 60 nm layer of gold (Au) was thermally
evaporated on the graphene/Cu/sapphire substrate. A solu-
tion of 4% 950 kg/mol PMMA in anisole was spin coated on
the Au/graphene/Cu/sapphire structure at 3000 rpm for 1
minute. The sample was then baked on a hot plate at 185°
C. for 10 minutes. Thermal release tape (TRT) was adhered
to the PMMA/Au/graphene/Cu/sapphire and then removed,
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separating the PMMA/Au/graphene from the Cu/sapphire
substrate. This stack was immediately stamped onto Ge
(001) and the TRT was subsequently released on a hot plate
at 120° C., resulting in a PMMA/Au/graphene/Ge stack. The
sample was baked on a hot plate at 185° C. for 10 minutes.
The stack was then loaded into a horizontal tube furnace and
the system was filled to atmospheric pressure with a mixture
of 95% Ar (purity of 99.999%) and 5% H, (purity of
99.999%) with a total flow rate of 50 sccm. The sample was
annealed for 1 hour at 400° C. to remove the PMMA. The
Au/graphene/Ge was placed in potassium iodide (KI) for 20
minutes to etch the Au layer and then rinsed in a water (H,O)
bath at 90° C. for 20 minutes, resulting in a continuous
monolayer of graphene on a Ge (001) wafer.

Wet Transfer of Graphene onto Germanium:

The second method used to transfer monolayer graphene
from Cu onto Ge was a wet transfer. In this process, a
solution of 4% 950 kg/mol PMMA in anisole was spin
coated on the graphene/Cu/sapphire substrate at 2000 rpm
for 1 minute. The PMMA/graphene/Cu/sapphire stack was
submerged in 0.2 M iron (IIT) chloride (FeCl;)/0.2 M
hydrochloric acid (HCI) to etch the Cu layer. The resulting
PMMA/graphene membrane was transferred to and floated
on the surface of a water bath. Ge (001) was then used to lift
the PMMA/graphene membrane out of the water bath. The
PMMA/graphene/Ge was placed on a spin coater and rotated
at 4000 rpm to spin dry. The PMMA/graphene/Ge stack was
placed in acetone at 120° C. for 15 minutes to dissolve the
PMMA and then washed with isopropyl alcohol (IPA),
resulting in a continuous monolayer of graphene on a Ge
(001) wafer.

Graphene Dot Array Production:

In order to pattern the continuous graphene film on Ge
(001) into isolated seeds, a solution of 1% 950 kg/mol
PMMA in chlorobenzene was spin coated at 4000 rpm for 1
minute. The sample was then placed on a hot plate at 185°
C. for 1.5 minutes. Electron-beam lithography was used to
define the graphene seed patterns. The patterns were devel-
oped in 1:3 methyl isobutyl ketone (MIBK)/IPA for 1
minute. Thermal evaporation was used to deposit 10 nm of
aluminum (Al) onto the sample. The sample was then placed
in acetone at 120° C. for 10 minutes before being sonicated
for 10 minutes to remove AI/PMMA in regions that were not
exposed to the electron beam during patterning. The Al
mask/graphene/Ge stack was placed in a Unaxis 790 Reac-
tive lon Etcher for a 30 second O, plasma (50 W, 10 mtorr)
etch to remove all graphene that was not covered by the Al
mask. The Al was etched in phosphoric acid (H;PO,) for 30
minutes, leaving the patterned graphene seeds on Ge (001).

Graphene Nanoribbon Growth:

The graphene seed array on Ge (001) was loaded into a
horizontal hot-walled CVD system with a quartz tube having
an inner diameter of 34 mm. The system was evacuated to
~107° torr and then filled to atmospheric pressure with a
mixture of Ar (purity of 99.999%) and H, (purity of
99.999%) with a total flow rate of 300 sccm. The sample was
annealed for 1 hour at 910° C. and then CH, (purity of
99.99%) was introduced to begin synthesis. Nanoribbons
can be grown over a wide range of conditions, some of
which are provided in Supplementary Table 1 of the article
“Direct oriented growth of armchair graphene nanoribbons
on germanium” in Jacobberger et al., Nature Comm., DOI:
10.1038/ncomms9006. For example graphene nanoribbons
can be grown from the graphene seeds using 200 sccm Ar,
100 sccm H,, and 2.0 scem CH,, at 910° C. for 2 hours.
Growth was terminated by rapidly cooling the samples in the
same atmosphere used during synthesis by sliding the fur-
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nace away from the growth region. During synthesis, gra-
phene nucleation occurred preferentially at the lithographi-
cally-defined seeds, resulting in the formation of
nanoribbons at these locations. If the graphene seeds have a
single orientation (or predominantly a single orientation), as
they do if graphene grown on Cu (111) is transferred to Ge
(001), and if the seeds are aligned along a single in-plane Ge
[110] direction (or predominantly a single in-plane Ge [110]
direction), the long-axis of the nanoribbons preferentially
aligns along that same direction, resulting in unidirectional
(or predominantly unidirectional) arrays of graphene nan-
oribbons.

Characterization:

After growth, the samples are characterized using a Zeiss
LEO 1530 Scanning Electron Microscope (SEM).

Results:

An SEM image of a graphene nanoribbon array on a Ge
(001) substrate is shown in FIG. 4A. FIG. 4B is an SEM
image of another graphene nanoribbon array made by gra-
phene seed-mediated chemical vapor deposition growth on
a Ge (001). These arrays were made by dry transferring the
graphene. The seeds were annealed for 1 hour and then the
nanoribbons were grown for 2 hours with growth conditions
0f 200 sccm Ar, 100 sccm H,, and 2.0 sccm CH,, at 910° C.
In the sample of graphene nanoribbons in FIG. 4A, 73% are
aligned along the vertical direction in the image. For the
purposes of this example and the percentages of alignment
recited herein, graphene nanoribbons were considered
aligned if they were rotated by no more than +5° from the
[110] direction of the semiconductor surface. The average
length is 393+72 nm, the average width is 51.3x£15.8 nm,
and average aspect ratio is 7.6x3.4. In the sample of gra-
phene nanoribbons in FIG. 4B, 82% are aligned along the
vertical direction in the image. The average length is 319+75
nm, the average width is 35£19 nm, and the average aspect
ratio is 11.3+7.6.

An SEM image of another graphene nanoribbon array on
a Ge (001) substrate is shown in FIG. 4C. An enlarged
portion of the array is shown in FIG. 4D. This array was
made by wet transferring the graphene. The seeds were
annealed for 1 hour and then the nanoribbons were grown
for 1.75 hours with growth conditions of 200 sccm Ar, 100
sccm H,, and 2.0 sccm CH, at 910° C. In the sample of
graphene nanoribbons in FIGS. 4C and 4D, 79% are aligned
along the vertical direction in the image. The average length
is 338+48 nm, the average width is 89.6x17.5 nm, and the
average aspect ratio is 3.77+0.8.

Example 2: Amorphous Carbon-Mediated CVD
Growth of Randomly Aligned Graphene
Nanoribbons on Germanium (001)

a-C Array Production:

In order to pattern an array of amorphous carbon (a-C)
seeds on Ge (001), a solution of 1% 950 kg/mol PMMA in
chlorobenzene was spin coated onto a Ge (001) substrate at
4000 rpm for 1 minute. The sample was then baked on a hot
plate at 185° C. for 1.5 minutes. Electron-beam lithography
was used to define the seed patterns. The patterns were
developed in 1:3 methyl isobutyl ketone (MIBK):IPA for 1
minute. A plasma sputterer was used to deposit 5 nm of
carbon (C) onto the sample using a graphite source. The
sample was then placed in acetone at 120° C. for 10 minutes
before being sonicated for 10 minutes to remove a-C/
PMMA in regions that were not exposed to the electron
beam during patterning. This resulted in a patterned array of
a-C seeds on Ge (001).
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Graphene nanoribbon growth and characterization were
carried out as described in Example 1.

The array of graphene crystal structures is shown in the
SEM image of FIG. 5. As shown in the image, the structures
include graphene nanoribbons aligned along both [110]
directions of the germanium (circled), as well as graphene
crosses and crystal structures having low aspect ratios (e.g.,
graphene islands).

The word “illustrative” is used herein to mean serving as
an example, instance, or illustration. Any aspect or design
described herein as “illustrative” is not necessarily to be
construed as preferred or advantageous over other aspects or
designs. Further, for the purposes of this disclosure and
unless otherwise specified, “a” or “an” means “one or
more”.

The foregoing description of illustrative embodiments of
the invention has been presented for purposes of illustration
and of description. It is not intended to be exhaustive or to
limit the invention to the precise form disclosed, and modi-
fications and variations are possible in light of the above
teachings or may be acquired from practice of the invention.
The embodiments were chosen and described in order to
explain the principles of the invention and as practical
applications of the invention to enable one skilled in the art
to utilize the invention in various embodiments and with
various modifications as suited to the particular use contem-
plated. It is intended that the scope of the invention be
defined by the claims appended hereto and their equivalents.

What is claimed is:

1. A graphene nanoribbon array comprising:

a semiconductor substrate having a (001) facet; and

a plurality of graphene nanoribbons on the (001) facet of

the semiconductor substrate;

wherein the graphene nanoribbons have aspect ratios of at

least 4; and

further wherein the graphene nanoribbons have an arm-

chair crystallographic direction of graphene running all
the way along their long axes and an armchair con-
figuration along their edges, and further wherein at
least 60 percent of the graphene nanoribbons have their
long axis oriented along a single [110] direction of the
semiconductor substrate.

2. The graphene nanoribbon array of claim 1, wherein at
least 80 percent of the graphene nanoribbons have their long
axis oriented along a single [110] direction of the semicon-
ductor substrate.

3. The graphene nanoribbon array of claim 1, wherein the
at least 60 percent of the graphene nanoribbons have their
long axes rotated by no more than +15° from the [110]
direction of the semiconductor substrate.

4. The graphene nanoribbon array of claim 1, wherein the
at least 80 percent of the graphene nanoribbons have their
long axes rotated by no more than +5° from the [110]
direction of the semiconductor substrate.

5. The graphene nanoribbon array of claim 1, wherein the
semiconductor substrate having a (001) facet is a germanium
substrate.

6. The graphene nanoribbon array of claim 1, wherein the
semiconductor substrate having a (001) facet is a semicon-
ductor substrate.

7. The array of claim 1, wherein the graphene nanoribbons
having their long axes oriented along a single [110] direction
of the semiconductor are arranged in a regular pattern.

8. The array of claim 1, wherein the average width of the
graphene nanoribbons in the array is no greater than 50 nm.
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9. The array of claim 8, wherein the graphene nanoribbons
having their long axes oriented along a single [110] direction
of the semiconductor have a lateral spacing of no greater
than 50 nm.

10. The array of claim 1, wherein the plurality of graphene
nanoribbons comprises graphene nanoribbons having edges
with an rms roughness of 1 nm or lower over edge lengths
of at least 40 nm.

11. The array of claim 1 comprising at least 1000 of the
graphene nanoribbons.

12. The array of claim 1, wherein the graphene nanorib-
bons do not comprise heterogeneous nucleation sites along
their lengths.

13. The array of claim 1 comprising at least 1000 of the
graphene nanoribbons, the graphene nanoribbons having an
average width of no greater than 10 nm and a lateral spacing
of'no greater than 10 nm, wherein the graphene nanoribbons
having their long axes oriented along a single [110] direction
of the semiconductor are arranged in a regular pattern.

14. A graphene nanoribbon array comprising:

a semiconductor substrate having a (001) facet; and

a plurality of graphene nanoribbons on the (001) facet of

the semiconductor substrate, each of the graphene
nanoribbons comprising an amorphous carbon seed
along its length;

wherein the graphene nanoribbons have aspect ratios of at

least 4; and

wherein the graphene nanoribbons have the armchair

crystallographic direction of graphene running all the
way along their long axes with an armchair configura-
tion along their edges; and

further wherein the graphene nanoribbons have their long

axes oriented along a [110] direction of the semicon-
ductor.

15. A method of growing graphene nanoribbons, the
method comprising:

forming an array of graphene seeds on the (001) facet of

a semiconductor substrate, wherein a majority of the
graphene seeds have a single crystallographic orienta-
tion; and

growing graphene nanoribbons from the graphene seeds

via chemical vapor deposition from a mixture of meth-
ane gas and hydrogen gas, wherein the partial pressures
of the methane and hydrogen are selected to result in
the growth of graphene nanoribbons having their long
axes oriented along a [110] direction of the semicon-
ductor substrate and their armchair edges running par-
allel with the [110] direction of the semiconductor
substrate.

16. The method of claim 15, wherein at least 60% of the
graphene nanoribbons are oriented along the same [110]
direction of the semiconductor substrate.

17. The method of claim 15, wherein the step of forming
an array of graphene seeds on the (001) facet of a semicon-
ductor substrate comprises:

growing a sheet of monolayer graphene on a surface of a

sheet-growth substrate;

transferring the sheet of monolayer graphene onto a (001)

facet of a semiconductor substrate; and

patterning an array of graphene seeds into the sheet of

monolayer graphene and removing the remainder of the
sheet of monolayer graphene.

18. The method of claim 17, wherein the surface of the
sheet-growth substrate is the (111) facet of a copper sub-
strate.
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19. The method of claim 15, wherein the graphene nan-
oribbons have an average width of no greater than about 10
nm.
20. The method of claim 15, further comprising incorpo-
rating the graphene nanoribbons and the semiconductor
substrate into an electronic or photonic device.

21. The method of claim 15, further comprising releasing
at least a portion of the graphene nanoribbons from the
semiconductor substrate and transferring the released gra-
phene nanoribbons to a second substrate.
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