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US 11,618,681 B2 
1 

GRAPHENE NANORIBBONS GROWN FROM 
AROMATIC MOLECULAR SEEDS 

2 
derivatives of PAHs, heterocyclic aromatic molecules, metal 
complexes of heterocyclic aromatic molecules, or a combi
nation thereof. 

REFERENCE TO GOVERNMENT RIGHTS 

This invention was made with government support under 
DE-SC0016007 awarded by the U.S. Department of Energy 
and under W911NF-12-l-0025 awarded by the ARMY/ 
ARO. The government has certain rights in the invention. 

Other principal features and advantages of the invention 
5 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 
10 

BACKGROUND 

Semiconducting graphene nanoribbons are prom1smg 
candidates for succeeding and/or complementing silicon (Si) 

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

FIGS. lA-lB show nanoribbon synthesis from molecu-
in logic microprocessors and Group III-V compounds in 
radio frequency devices and for integrating into emerging 
thin film, optoelectronic, spintronic, and quantum devices 
because of their large current-carrying capacity, high carrier 
velocity, bandgap tunability, and outstanding thin-body elec
trostatic control. To meet the demands of most of these 
applications, nanoribbons narrower than 5 nm are desirable 

15 larly derived seeds. FIG. lA shows a schematic diagram of 
the two main stages. (i) PAH molecules are deposited at 
relatively low temperature onto Ge(00l) from the vapor 
phase to form seeds. (ii) CH4 is used to drive anisotropic 
growth via CVD and extend the seeds selectively along one 

20 direction, at high temperature, to yield narrow, armchair 
graphene nanoribbons. FIG. lB is a representative scanning 
electron microscopy (SEM) image of nanoribbons initiated 
from PTCDA-derived seeds after 173 min of CH4 exposure. 
Scale bar is 200 nm. 

as they can have technologically relevant bandgaps arising 
from quantum confinement effects. The fabrication of nan
oribbons this narrow is challenging and has been pursued via 
lithography and etching, chemical/mechanical exfoliation of 25 

graphite, unzipping carbon nanotubes, synthesis templated 
within hexagonal boron nitride trenches or at SiC step edges, 
and on-surface or solution-phase polymerization. While 
many of these avenues are promising, numerous challenges 
remain including precise control over width, length, orien- 30 

tation, registration, and edge termination; periodic array 
formation; device integration; and translation to technologi
cally relevant substrates. Substantial fundamental discovery 

FIGS. 2A-2L show anisotropic evolution from peryle
netetracarboxylic dianhydride (PTCDA)-derived seeds. 
FIGS. 2A-2E show SEM images of nanoribbons after CH4 

exposure times of 6, 19, 46, 72, and 98 min. Scale bar is 200 
nm. FIGS. 2F-2J show scamiing t=eling microscopy 
(STM) images of nanoribbons after exposure times of 6, 19, 
46, 72, and 98 min (applied bias=2 V, t=eling current=0.1 
nA). Scale bar is 100 nm. FIGS. 2K-2L show plots of width 
and length versus exposure time. Lines are linear best fits. 
The open circle indicates where the linear fit intercepts the of new synthetic strategies is needed before it will be 

possible to fully exploit nanoribbons in technology. 35 y-axis and defines the effective seed size of 1.7 nm. 
One promising strategy is to grow nanoribbons by chemi

cal vapor deposition (CVD) on surfaces that promote highly 
anisotropic growth kinetics. The anisotropic graphene evo
lution results in nanoribbons self-aligned along 
Ge( 110) and with faceted armchair edges. A major cha!- 40 

lenge, however, has been nanoribbon-to-nanoribbon width 
variation. This polydispersity arises in large part because the 
nanoribbons do not nucleate simultaneously or uniformly. 
(Jacobberger, R. M. et al., Nat. Commun. 2015, 6, 8006; 
Kiraly, B. et al., Appl. Phys. Lett. 2016, 108, 213101; and 45 

Way, A. J. et al., Nano Lett. 2018, 18, 898-906.) One 
possible solution to this challenge is to employ seeds to 
initiate the synthesis of all nanoribbons at the same time 
from a more consistent nucleus. Seeds fabricated litho
graphically by etching graphene have been used towards this 50 

end. (Way, 2018; and Way, A. J. et al., J. Phys. Chem. Lett. 
2019, 10, 4266-4272.) However, to synthesize sub 5 nm 
nanoribbons, sub 5 nm seeds should be used, which is a 
length scale difficult to access by contemporary lithography. 

FIGS. 3A-3E show further characterization of nanoribbon 
samples analyzed in FIGS. 2A-2L (initiated from PTCDA
derived seeds). Nanoribbon width distributions after 6 (FIG. 
3A), 19 (FIG. 3B), 46 (FIG. 3C), 72 (FIG. 3D), and 98 (FIG. 
3E) min of evolution from CH4 are shown. The mean, 
standard deviation, and polydispersity ( a/µ) are indicated in 
each panel. 

FIGS. 4A-4B show schematic depictions of two possible 
nanoribbon initiation pathways from PAR-derived seeds. 
FIG. 4A shows individual PAH molecules or fragments of 
PAH molecules grow relatively isotropically from CH4 to a 
critical size before anisotropic nanoribbon evolution begins. 
FIG. 4B shows multiple PAH molecules or fragments of 
PAH molecules cluster to form seeds that are effectively 
larger in size (e.g., 1.7 nm for PTCDA, based on FIGS. 
2A-2L data) that then initiate the anisotropic growth of 
nanoribbons. 

FIGS. SA-SE show further characterization of nanoribbon 
samples analyzed in FIGS. 2A-2L (initiated from PTCDA-

55 derived seeds). Nanoribbon aspect ratio (AR) after 6 (FIG. 
SUMMARY 

Methods for the formation of graphene nanoribbons via 
seeded anisotropic chemical vapor deposition growth are 
provided. 60 

One example of a method of growing graphene nanorib
bons includes the steps of: depositing aromatic molecular 
seeds from the gas phase onto a surface of a growth 
substrate; and growing graphene nanoribbons from the aro
matic molecular seeds via chemical vapor deposition. The 65 

aromatic molecular seeds may comprise, for example, poly
cyclic aromatic hydrocarbons (PAHs), functionalized 

SA), 19 (FIG. SB), 46 (FIG. SC), 72 (FIG. SD), and 98 (FIG. 
SE) min of evolution from CH4 are shown. The mean, 
standard deviation, and polydispersity ( a/µ) are indicated in 
each panel. 

FIGS. 6A-6F show width distribution data. FIG. 6A 
shows large area STM images of nanoribbons initiated from 
PTCDA-derived seeds after 46 min of CH4 exposure (ap
plied bias=2 V, tunneling current=0.1 nA). Scale bar is 200 
nm. FIG. 6B shows a high magnification STM image of an 
individual nanoribbon (applied bias=2 V, tunneling cur
rent=0.1 nA). Scale bar is 10 nm. Features (indicated with 
white circles) 1, 2, and 3 mark GeOx species and/or adsor-



US 11,618,681 B2 
3 

bates on the bare Ge surface encroaching upon or directly 
touching the nanoribbon edges (resulting from exposure of 
the substrate to ambient air during transfer from the CVD 
reactor to the STM chamber). Feature 4 highlights topo
graphical variation in the Ge underneath the nanoribbons 
(resembling the shallow hills and valleys that become more 
prominent in wider nanoribbons because of the nanofaceting 
of the Ge(00l) surface under graphene during synthesis). 
FIG. 6C shows a high magnification STM image of an 
individual nanoribbon (applied bias=0.2 V, tunneling cur- 10 

rent=! nA). Scale bar is 3 nm. Features 5, 6, and 7 mark 
honeycomb, intervalley scattering with periodicity oD.fl and 
v3 quasiparticle interference patterns, respectively, in the 
nanoribbon interior. FIGS. 6D-6F show width histograms of 15 
nanoribbons initiated without seeds, with pentacene-derived 
seeds, and with PTCDA-derived seeds after 46 min of CH4 

exposure. Mean ( a), standard deviation (µ ), and polydisper
sity (a/µ) are specified. 

FI GS. 7 A-7F show further characterization of nano ribbon 20 

samples analyzed in FIGS. 6A-6F. Length and aspect ratio 
histograms for nanoribbons initiated without seeds (FIG. 
7 A, 7D), via pentacene-derived seeds (FIG. 7B, 7E), and via 
PTCDA-derived seeds (FIGS. 7C, 7F). The mean, standard 
deviation, and polydispersity (a/µ) are indicated in each 25 

panel. 

4 
In the methods, aromatic molecular seeds are deposited 

from the gas phase onto the (001) facet of a growth substrate. 
Chemical vapor deposition is then carried out under condi
tions that promote slow, anisotropic growth of graphene 
nanoribbons from the aromatic molecular seeds. 

The substrates on which the graphene nanoribbons are 
grown (referred to herein as growth substrates) may be any 
substrate that surface that is catalytic for the CVD growth of 
graphene. Examples of such substrates include, but are not 
limited to, those having a (001) facet or a surface produced 
by miscutting a (001) surface at a small angle. Ge(00l) and 
miscut Ge(00l) are examples of such growth substrates. 
Others include GaAs(00l) and miscut GaAs(00l), and InAs 
(001) and miscut InAs(00l). 

The aromatic molecular seeds are desirably planar and 
some of the aromatic molecular seeds include one or more 
five-member, six-member, and/or seven-member rings of 
sp2 hybridized carbon. The PAHs are hydrocarbon mol-
ecules containing two or more fused aromatic rings. 
Examples of PAHs that can be used include: linear acenes, 
such as anthracene, tetracene, pentacene, hexacene and their 
functionalized derivatives; circulenes, such as corannulene, 
coronene and hexabenzocorenene and their functionalized 
derivatives; and rylenes, such as, PTCDA, perylene, ter
rylene and quarterrylene and their functionalized deriva
tives. 

The metal complexes ofheterocyclic aromatic molecules, 
which may include both five- and six-member aromatic 
rings, have a central transition metal atom and ligands 

FIGS. SA-SD show field-effect transistor (FET) measure
ments. FIG. SA shows nanoribbon FET architecture. FIGS. 
SB-SC show source-drain current (Ids) versus source-gate 
bias (VgJ at a source-drain bias (V dJ of -0.1 V for one FET 
(FIG. SB) and three other (FIG. SC) FETs for each nanorib
bon width population. FIG. SD shows histograms of off-state 
conductance (G

0
ff). The median off-state conductance 

decreases by 2.1 orders of magnitude in the narrower 
ribbons. Dark grey and light grey data correspond to nan
oribbons with average widths of 6.1 and 3.5 nm, respec
tively. 

30 comprising heterocyclic aromatic rings and six-member 
aromatic carbon rings arranged around the central atom. 
Metal phthalocyanines and porphyrins, such as copper 
phthalocyanine blue, are examples of metal complexes of 
heterocyclic aromatic molecules that can be used. The CVD 

FIGS. 9A and 9B show SEM images of graphene nan
oribbons grown from PTCDA-derived seeds on vicinal 
Ge(00l) surfaces (with 9° miscut towards the Ge[ll0] 
direction) after 23 (FIG. 9A) and 53 (FIG. 9B) min of 
evolution using CH4 as the precursor. Scale bar in (A) is 200 
nm and applies to both images. 

35 growth of a graphene nanoribbon from a metal complex of 
a heterocyclic aromatic molecule can be used to introduce a 
metal atom as a single "defect" in the graphene nanoribbon 
with controlled placement. This may be advantageous 
because single defects can add new functionalities to carbon 

40 nanostructures. By way of illustration, the Mn-, Co-, and 
Tb-phthalocyanines, which have five-membered rings, four
fold symmetry, and a metal center that can be resolved by 
scanning tunneling microscopy (STM), may be of interest 
due to the long-lived nuclear spin lifetimes of Mn, Co, and 

DETAILED DESCRIPTION 45 Tb. 

Methods for the bottom-up growth of graphene nanorib
bons are provided. The graphene nanoribbons are narrow, 
elongated strips ( or "ribbons") of monolayer graphene hav
ing widths and crystallographic edge structures that provide 50 

the ribbons with electronic properties, such as electronic 
bandgaps, that are absent in continuous two-dimensional 
films of graphene. The methods utilize small aromatic 
molecules to initiate the anisotropic chemical vapor depo
sition (CVD) growth of graphene nanoribbons having arm- 55 

chair edges and low size polydispersities on the (001) facet 
of a growth substrate. The methods overcome challenges 
associated with stochastic nanoribbon nucleation and the 
resulting graphene nanoribbon width polydispersity that 
have been observed for other bottom-up graphene nanorib- 60 

bon growth methods. 
The aromatic molecules used to initiate graphene nan

oribbon growth, which are referred to herein as aromatic 
molecular seeds include polycyclic aromatic hydrocarbons 
(PAHs), functionalized derivatives of PAHs, heterocyclic 65 

aromatic molecules, and/or metal complexes ofheterocyclic 
aromatic molecules. 

The aromatic molecular seeds can be deposited by expos
ing the growth substrate to gas-phase aromatic molecular 
seeds. The aromatic molecular seeds can be introduced into 
the gas-phase via sublimation from a solid state or evapo
ration from a liquid state. For sublimation deposition, aro
matic molecular seeds having sublimation temperatures 
below which the seed molecule decomposes should be used. 
may be preferred. During sublimation a solid aromatic 
molecular seed source is maintained at a temperature at or 
above its sublimation temperature. Similarly, during evapo
ration a liquid aromatic molecular seed source is maintained 
at a temperature sufficiently high to generate a vapor pres
sure of the molecular seed. Prior to the deposition of the 
aromatic molecular seeds, the growth substrate can be 
annealed to remove any carbon-based contaminants or other 
contaminants that might promote graphene growth during 
the subsequent CVD process. The deposition from the vapor 
phase will typically result in the seed molecules being 
deposited at random locations on the growth substrate. 
However, if desired, the growth substrate can be pretreated 
to control the deposition locations of the aromatic molecular 
seeds. For example, prior to the deposition, a coating can be 
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applied over the surface of a substrate and openings can be 
patterned into the coating to expose the underlying growth 
substrate at the locations where the aromatic molecular 
seeds are to be deposited. Suitable coatings include organic 
coatings, such a poly(methyl methacrylate) (PMMA), and 
inorganic coatings, such as SiO2 , GeO2 , or other metal 
oxide. After the deposition of the aromatic molecular seeds, 
the coating can be removed. Alternatively, an STM tip can 
be used to selectively remove atoms from the surface of the 
growth substrate (e.g., to remove H atoms from a H-passi
vated Ge(001) surface) at defined locations, creating surface 
defects. The aromatic molecular seeds will then adsorb 
selectively at these defects. 

Once the aromatic molecular seeds have been deposited 
onto the surface of the growth substrate, CVD growth of 
graphene is carried out under conditions that promote aniso
tropic directional growth of graphene nanoribbons, where 
the aromatic molecular seeds initiate the growth process. 
When a (001) surface is used, the resulting graphene nan
oribbons may have armchair edge structures and their long 
axes aligned along a <11 0> direction of the growth sub
strate. 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 specific [11 OJ 
direction of the substrate surface in order to be considered 
aligned along that direction. Small rotational deviations may 
stem from, for example, an initial rotation in the growth 
direction that becomes energetically unfavorable as the 
nanoribbons grow. A graphene nanoribbon may be consid
ered to be aligned along (or aligned with) a specific [ll0J 
direction if its long axis is rotated by no more than about 
±15° from the [ll0J direction of the growth surface. This 
includes graphene nanoribbons that are rotated by ±5°, or 
less, from the [ 11 OJ direction of the growth surface. 

The anisotropic graphene nanoribbon growth can be car
ried out using methane as the precursor gas, although other 
hydrocarbons can be used. Other such hydrocarbons include 
ethylene, acetylene, toluene, and benzene. Methane is gen
erally a good choice because it decomposes slowly, leading 
to a slow graphene growth rate, which is desirable for 
anisotropic growth. 

Optionally, the carbon atoms of the precursor gas mol
ecules and the carbon of the aromatic molecular seeds can be 
different isotopes of carbon. For example, 12C may be 
present in the aromatic molecular seeds, while 13C can be 
used in the precursor gas molecules, or vice versa. The use 
of a different carbon isotope in aromatic molecular seeds is 
another way of creating compositional variation in a gra
phene nanoribbon with positional control. As in the case of 
the metal "defects" provided by metal-phthalocyanines, 
inverse isotope labeling of the seeds and the graphene 
nanoribbons grown therefrom may be of interest due to the 
long-lived nuclear spin lifetimes of 13C. 

CVD conditions that promote anisotropic growth of gra
phene are illustrated in U.S. Pat. Nos. 9,324,804 and 9,761, 
669. 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 a carrier gas, such as H2 • By way of 
illustration only, seed-mediated anisotropic growth of nan
oribbons from a mixture of H2 and CH4 can be achieved at 
certain combinations of temperatures in the range from 
about 860 to 935° C., H2 mole fractions in the range from 
about 5.0xl0-3 to 0.33, and CH4 mole fractions in the range 
from about 3.0xl0-5 to 2.0x10-2

. Guidance for selecting an 
appropriate combination of temperatures and mole fractions 

6 
(partial pressures) is provided in the Example, below. In 
general, nanoribbon growth is favored by a high H2 mole 
fraction and low CH4 mole fraction, which correspond to a 
slow growth rate. For example, in some embodiments of the 
growth methods, the growth conditions are selected to 
provide nano ribbon width growth rates of no greater than 50 
nm/hr. This includes embodiments in which the growth 
conditions are selected to provide width growth rates of no 
greater than 30 nm/hr, further includes embodiments in 

10 which the growth conditions are selected to provide width 
growth rates of no greater than 10 nm/hr, and still further 
includes embodiments in which the growth conditions are 
selected to provide width growth rates of no greater than 5 
nm/hr. At these nanoribbon width growth rates, the nanorib-

15 bon length growth rate will be substantially faster. The 
growth time also plays a role in determining the dimensions 
of the CVD-grown graphene nanoribbons. Generally, as 
growth time is decreased, narrower, shorter nanoribbons are 
formed. Therefore, by using such slow growth rates and 

20 tuning the duration of the growth time, nanoribbons with 
desired lengths and widths can be selectively grown using 
bottom-up CVD growth. 

During CVD growth, the graphene may initially grow 
isotropically from the edges of the aromatic molecular seeds 

25 until the growing construct has reached a certain size, at 
which point it serves as a molecularly-derived seed for 
anisotropic growth. It is also possible that multiple aromatic 
molecular seeds in close proximity on the surface might 
aggregate together to form a cluster, which serves as a 

30 molecularly-derived seed for the subsequent anisotropic 
growth from the edges of the cluster. Although these types 
of molecularly-derived seeds have dimensions that are larger 
than the original aromatic molecular seeds, they are still very 
small and, therefore, are capable of seeding the growth of 

35 very narrow nanoribbons. The size of these somewhat larger 
molecularly-derived seeds will depend on the particular 
aromatic molecular seeds from which they are formed. 
However, molecularly-derived seeds with lateral dimensions 
of less than 2 nm can be achieved, as illustrated in the 

40 Example. 
For some aromatic molecular seeds and growth surfaces, 

anisotropic graphene growth may occur along equivalent 
<11 0> directions on the growth surface. If this occurs, two 
orientations of nanoribbons may grow from the seeds with 

45 their graphene crystal lattices oriented along two equivalent 
<11 0> directions of the (001) surface. If this is undesirable, 
selective growth along a single [ll0J direction can be 
achieved by using a vicinal growth surface. A vicinal surface 
can be made by miscutting the growth surface of the 

50 substrate surface toward the [ll0J 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. The graphene nanoribbons are grown with a parallel 
alignment along the terraces. For example, the steps can be 

55 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 graphene nanoribbons are generally characterized by 
60 lengths that exceed their widths (i.e., aspect ratio> 1) and two 

long edges that run substantially parallel with each other. In 
addition, the graphene nanoribbons are characterized by the 
armchair crystallographic direction of graphene running 
substantially parallel to the long nanoribbon axis and along 

65 the edges. 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 
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slightly from perfectly parallel on an atomic scale due to 
edge roughness. Using the present methods, a plurality of 
graphene nanoribbons having armchair edges and high 
aspect ratios can be grown with a very low size polydisper
sity. For example, graphene nanoribbons having aspect 
ratios of at least 4, at least 10, at least 20, and at least 30 ( e.g., 
in the range from 10 to 40) can be grown. 

8 

The width of the nanoribbons corresponds closely to the 
width of the seed particles, although the nanoribbons may be 
slightly wider than their seeds by the end of the nanoribbon 10 

growth process. In some embodiments, the average width of 
the graphene nanoribbons in the plurality of nanoribbons is 

ing the growth stage in a regime in which spontaneous 
nucleation was suppressed but anisotropic graphene evolu
tion from existing seeds and domains was promoted, and (2) 
controlling PAH dose. To meet these conditions, the general 
procedure was as follows. First, the Ge substrates were 
annealed in 33% H2 balanced by Ar at 920° C. to remove 
carbon-based contaminants prior to PAH deposition. 
Removing these contaminants suppressed spontaneous 
nucleation, avoiding the unwanted initiation of nanoribbons 
by CH4 alone during the later growth stage. Second, PAHs 
were deposited by cooling the Ge substrates to 165° C. (for 
PTCDA) or 125° C. (forpentacene) and subliming the PAHs 
onto the Ge from an upstream quartz crucible containing 

no greater than 20 nm. This includes embodiments in which 
the average width of the graphene nanoribbons in the 
plurality of nanoribbons is no greater than 10 nm, and 15 

further includes embodiments in which the average width of 
the graphene nanoribbons in the plurality of nanoribbons is 

PAH powder at 220° C. (for PTCDA) or 160° C. (for 
pentacene). The dose can be generally controlled via cru
cible temperature, which affects the vapor pressure of the 
PAH, and/or sublimation time. After dosing the Ge with 
PAHs, the reactor was cooled to room temperature, CH4 was 
introduced into the gas stream, and the temperature was 
rapidly increased ( over 5 min) to 920° C. to promote 
graphene nanoribbon evolution. On annealed Ge(0Ol) sur
faces, a window of growth conditions existed at CH4 con
centrations between 0.5 and 0.9% (at an H2 concentration of 

no greater than 5 nm. The mean normalized standard devia
tion for the widths of a plurality of graphene nanoribbons 
grown according to the methods described herein, and 20 

having aspect ratios with the ranges recited herein, can be 
20% or smaller, including 15% or smaller, and 10% or 
smaller. By way of illustration, mean normalized standard 
deviations for the widths in the range from about 7% to 
about 15% can be achieved. 25 33% ), in which nanoribbon growth can be driven from seeds 

without appreciable spontaneous nucleation. In the data 
below, a CH4 concentration of 0.56% was utilized, inten
tionally chosen near the bottom of this range to exploit the 
fact that growth rate anisotropy increased with decreasing 

Example 

The strategy for synthesizing nanoribbons from PAH
derived seeds is illustrated in FIG. lA and comprised of two 
stages: (i) initiation and (ii) anisotropic growth. In (i), PAHs 
were sublimed onto Ge(0Ol) at relatively low temperature to 
initiate the subsequent synthesis of nanoribbons during stage 
(ii). Here, PTCDA and pentacene were employed as model 
PAHs because of their planarity and relatively low sublima
tion temperature. In stage (ii), CH4 was flowed through the 
CVD reactor at high temperature to anisotropically evolve 
nanoribbons from PAR-derived seeds. Briefly, the synthesis 
was carried out as follows. The Ge(0Ol) substrate was 
annealed in a furnace in an atmosphere of 67% Ar and 33% 
H2 at 920° C. for 1.5 h. The furnace was slid away from the 
substrate and the whole system was decreased to room 
temperature. A temperature gradient was created in the 
furnace. In the case of PTCDA, T1=220° C., T2=180° C., 
and T3=165° C. The furnace was slid back over the substrate 
and the gradient was stabilized. A quartz boat filled with 
PAH powder was pushed into the zone at Ti, which was the 
sublimation temperature of the PAH, while the substrate was 
at T 3 , which was lower than the sublimation temperature and 
promoted deposition on the substrate. The furnace was slid 
away from the boat and substrate to stop sublimation, and 
the substrate was cooled to room temperature. Additionally, 
CH4 was introduced into the system, and the furnace tem
perature was increased to the growth temperature of 920° C. 
The furnace was slid over the substrate to begin growth at 
920° C. in an environment of 66% Ar, 33% H2 , and 0.56% 
CH4 . After the desired CH4 exposure time (which was used 
to control the width and length of the nanoribbons), the 
furnace was slid away from the substrate to terminate 
growth. Examples of 12 nm wide nanoribbons initiated from 
PTCDA-derived seeds are shown in FIG. lB after 173 min 
of CH4 exposure at growth temperature. These molecularly 
seeded nanoribbons self-oriented along Ge(ll0) and had a 
large aspect ratio (e.g., 28 in FIG. lB), similar to nanorib
bons that spontaneously grew on Ge(00l) without seeds. 

Two conditions that facilitated initiating the synthesis of 
nanoribbons from PAR-derived seeds were (1) implement-

3° CH4 concentration on Ge(0Ol ), thereby yielding nanorib
bons with high-aspect ratio. 

Control experiments adopting this protocol, but eliminat
ing the deposition of PAHs, failed to appreciably yield 

35 
nanoribbons, confirming that nanoribbons are unable to 
spontaneously nucleate from the supply ofCH4 , alone, in the 
absence of PAR-derived seeds. Likewise, control experi
ments adopting this protocol, but forgoing the delivery of 
CH4 to the Ge substrate, show that PAHs themselves are 

40 unable to form nanoribbons. These two experiments verify 
that seed formation during the initiation stage and nanorib
bon synthesis during the anisotropic growth stage are dis
tinct processes that can be independently controlled. Nan
oribbon density increases with increasing PAH sublimation 

45 dose during the initiation stage until the density becomes so 
high that nanoribbons begin to grow into each other, beyond 
which higher doses of PAHs template the synthesis of 
disordered carbon films rather than graphene nanoribbons. It 
is also worth noting that, without the introduction of PAHs, 

50 a short burst of CH4 ( above the CH4 concentration needed to 
induce spontaneous nucleation) primarily initiated the syn
thesis of polydisperse, low-aspect ratio graphene crystals. 
These low-aspect ratio features rapidly evolved during the 
burst, likely because of the super-linear dependence of 

55 growth rate on CH4 partial pressure, as opposed to forming 
homogenous sub 2 nm graphene seed crystals capable of 
initiating the uniform synthesis of nanoribbons. 

FIGS. 2A-2L evidence that the width and length of the 
nanoribbons can be intentionally controlled by varying CH4 

60 exposure time, that nanoribbons effectively initiate growth 
from seeds that are only 1.7 nm in diameter, and that 
nanoribbons with aspect ratio greater than 10 and width as 
narrow as 2.6 nm can be realized. FIGS. 2A-2E show SEM 
images ofnanoribbons initiated from PTCDA-derived seeds 

65 after various CH4 exposure times. The nanoribbons were too 
small to clearly resolve via SEM after 6 and 19 min of 
exposure in FIGS. 2A-2B but were more easily imaged after 
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46, 72, and 98 min of exposure in FIGS. 2C-2E. The 
nanoribbons became wider and longer with increasing CH4 

exposure time. 
Scanning tunneling microscopy (STM) was used to image 

the nanoribbons with higher resolution and quantify their 5 

width and length (see representative images in FIGS. 2F-2J). 
The width linearly increased with exposure time and was 
2.1±0.3, 2.6±0.4, 3.6±0.6, 4.9±0.7, and 6.1±0.9 nm after 6, 

10 
PTCDA-initiated nanoribbons were 3.5±0.4 nm and 3.4±0.5 
nm, corresponding to mean-normalized standard deviations 
of 11 and 15%, respectively. Thus, the width polydispersity 
of molecularly seeded nanoribbons was substantially better 
than nanoribbons that spontaneously nucleated without 
seeds. Without seeds, nucleation was likely driven by car-
bon-based contaminants (that would otherwise be removed 
with additional H2 annealing), and the resulting nanoribbon 
polydispersity can therefore be attributed to non-uniformi
ties associated with these contaminants in addition to varia
tion in nucleation time. In contrast, the PAR-derived seeds 
more simultaneously and uniformly initiated the synthesis of 
nanoribbons. Like the width polydispersity, the length 
polydispersity of the bidirectional population of nanorib-

19, 46, 72, and 98 min of exposure, respectively (FIG. 2K, 
with width histogram distributions in FIGS. 3A-3E). One 10 

goal of molecular scale seeding is to gain control over 
nanoribbon width by tailoring CH4 concentration or expo
sure time. Here, the change in width with respect to time was 
remarkably slow, only 2.6 nm h- 1

, enabling precise control 
over nanoribbon width by tailoring CH4 exposure time. 15 bans was roughly 10%. Histograms of the length and aspect 

ratio of the nanoribbons analyzed in FIGS. 6A-6F are 
provided in FIGS. 7A-7F. 

Extrapolating a best-fit line to an exposure time of 0 min 
yielded an estimate of 1.7 nm for the effective seed size prior 
to CH4 exposure. Different growth modes are possible. One 
possibility is that individual PAH molecules or fragments of 
PAH molecules grew relatively isotropically to an effective 20 

seed size of 1.7 nm before anisotropic growth began (as 
depicted in FIG. 4A). Another possibility is that multiple 
PAH molecules or fragments of PAH molecules clustered to 
form seeds that were effectively 1. 7 nm in diameter that then 
templated the anisotropic growth of nanoribbons (as 25 

depicted in FIG. 4B). 
Interestingly, a bimodal length distribution was consis

tently observed, indicating two modes of growth along the 
nanoribbon long axis. Considering both modes, the nanorib
bon length increased linearly with exposure time and was 30 

13±4.5, 24±9.7, 72±26, 95±31, and 144±39 nm after 6, 19, 
46, 72, and 98 min of exposure, respectively (FIG. 2L). This 
bimodal distribution was most clearly resolved after longer 
exposure times. A minority of the nanoribbons (about 30%) 
were about one-half the length of the others, indicating that 35 

the majority population grew bidirectionally whereas the 
minority population grew unidirectionally away from seeds. 
The length of the bidirectional population of nanoribbons 
increased at a rate of 98 nm h-1

. The aspect ratio of the 
bidirectional nanoribbons increased with increasing expo- 40 

sure time, exceeding 12 at a widthof2.6 nm after 19 min and 
reaching 33 at a width of 8.5 nm after 173 min (FIGS. 
SA-SE). The increase in aspect ratio with time occurred 
because the seeds began as low-aspect ratio structures with 
non-zero widths. The nanoribbons then evolved anisotropi- 45 

cally from the seeds with a growth rate in the length 
direction that was 32 times the growth rate in the width 
direction (for the case of bidirectional nanoribbons). 

FIGS. 6A-6F quantify the improvement in width polydis
persity that resulted from initiating nanoribbon growth from 50 

PAH derived seeds. Here, unseeded nanoribbons initiated by 
spontaneous nucleation were compared to nanoribbons ini
tiated from pentacene- and PTCDA-derived seeds-all after 
46 min of evolution from CH4 . The unseeded nanoribbon 
substrates were prepared by reducing the duration of the 55 

pre-synthesis 920° C. anneal in 33% H2 from 90 to 15 min, 
to enable spontaneous nucleation, and then forgoing PAH 
deposition. STM scans with a pixel size ranging from 0.1 to 
0.2 nm were collected to characterize the width of 74, 40, 
and 58 different nanoribbons from unseeded, PTCDA-initi- 60 

ated, and pentacene-initiated samples, respectively. Large
area scans are shown in FIG. 6A; higher magnification scans 
are presented in FIGS. 6B-6C; and, histograms of the width 
distributions are shown in FIGS. 6D-6F. The unseeded 
nanoribbons had a width of3.8±1.3 nm (corresponding to a 65 

mean normalized standard deviation of 1.3 nm/3.8 
nm=34%). In contrast, the widths of the pentacene- and 

The observation of honeycomb, intervalley scattering 
with period of 0.35 nm (near the wavelength of electrons at 
the high-symmetry K-point of the first Brillouin of gra
phene, "-f' of 0.37 nm), and v3 quasiparticle interference 
patterns in the nanoribbon interiors (FIG. 6C) confirms that 
the interiors of the nanoribbons are highly crystalline and 
demonstrates that electronic states are delocalized across the 
nanoribbon width. The observation of these patterns more
over confirms the armchair orientation of the nanoribbons. 

Two different populations ofnanoribbons (width=3.5 nm, 
PTCDA-initiated, 46 min ofCH4 exposure; and, width=6.1 
nm, PTCDA-initiated, 98 min of CH4 exposure) were inte
grated into field-effect transistors (FETs) in FIGS. SA-SD. 
The nanoribbons were transferred to degenerately doped Si 
wafers with 15 nm of thermally grown SiO2 , which served 
as a universal back-gate for the FETs. A sacrificial polymer 
film was used to transfer the nanoribbons from Ge to SiO2 , 

in conjunction with etching of the Ge growth substrate. After 
transfer, Cr/Pd/Au top-contacts with thickness of0.7/9.3/10 
nm were deposited by thermal evaporation to define a 
channel length of25-65 nm (FIG. SA). Source-drain current 
(Ids) versus source-gate bias (V gJ at a source-drain bias 
(V dJ of -0.1 V was compared for champion (FIG. SB) and 
median FETs (FIG. SC). The devices turned on at negative 
V gs, demonstrating p-type behavior, as expected for nan
oribbon FETs with Pd contacts measured in ambient air at 
room temperature. The champion 3.5 nm nanoribbon FETs 
simultaneously exhibited high on/off ratio and high on-state 
conductance. For example, 13 FE Ts displayed an on/off ratio 
ranging from 1.lxl03 to 8.lxl03

, in which the on-state 
conductance ranged from 1.6 to 6.5 µS, and the correspond
ing on-state conductance normalized by width ranges from 
460 to 1800 µS µm- 1

. More than 125 and 242 different 3.5 
nm and 6.1 nm nanoribbon FETs, respectively, were mea-
sured, and histograms of off-state conductance are compared 
in FIG. SD. The median off-conductance was suppressed by 
2.2 orders of magnitude in the narrower ribbons, which were 
expected to exhibit smaller off-conductance because of their 
larger bandgaps and transport gaps. 

Finally, in order to demonstrate nanoribbon growth along 
a single [110] direction, graphene nanoribbons with a highly 
preferred orientation were grown by initiating CVD synthe
sis from PTCDA-derived seeds on a vicinal Ge(00l) sub
strate (FIGS. 9A and 9B). 

Experimental Methods 

Preparation of the Ge(00l) Surface. Ge(0Ol) (Wafer 
World, resistivity>40 Q-cm) was cleaved along Ge(ll 0) 
directions into 1.0x0.75 cm2 rectangular pieces using a 
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diamond scribe. The substrates were loaded into a horizontal 
quartz tube furnace with an inner diameter of 34 mm and 
three heated zones. Next, the tube was evacuated to -10-4 

torr for IO min and then filled to atmospheric pressure via 
the flow of 200 seem of Ar (purity of 99.999%) and 100 
seem ofH2 (purity of99.999%). The substrates and all three 
zones of the furnace were heated to 920° C. under these flow 
conditions for 1.5 h. This duration was sufficient to suppress 
the spontaneous nucleation of nanoribbons during subse
quent growth stages. 

In-situ Deposition of Small Molecules. After annealing, 
the furnace and substrates were cooled to approximately 
room temperature. The substrates were heated to 165° C. 
(for PTCDA) or 125° C. (for pentacene) in the downstream 
zone of the furnace in an environment of 200 seem of Ar and 
100 seem ofH2 • Under the same environment, a quartz boat 
filled with a powder of either PTCDA (Luminescence Tech
nology, LT-S920, sublimed grade>99%) or pentacene 
(Sigma-Aldrich, 684848, sublimed grade>99.9%) was 
inserted into the upstream zone of the furnace at 220° C. (for 
PTCDA) or 160° C. (for pentacene) without breaking the 
system's seal-to begin sublimation of the molecules. The 
dose of the molecule was varied by controlling the duration 
of sublimation (typically 20-30 min) before the PAH source 
material and substrates were rapidly cooled to room tem
perature. 

Anisotropic Graphene Nanoribbon Growth via Chemical 
Vapor Deposition of CH4 . After sublimation of the small 
molecules, a flow of 200 seem of Ar, 100 seem of H2 , and 
1.7 seem of CH4 (99.999%, 99.999%, and 99.99% purity, 
respectively) was established in the tube at room tempera
ture. The furnace was on a sliding track. It was initially slid 
away from the substrates, and all zones were preheated to 
920° C. The nanoribbon growth stage was then commenced 
by sliding the furnace over the substrates. As substrate 
temperature increased over the course of several minutes, 
nanoribbon evolution did not appreciably begin until the 
substrate temperature approached 920° C. due to the 
strongly activated nature of graphene growth on Ge(00l ). To 
quantify when nanoribbon evolution effectively begins, the 
fact that nanoribbon length increases linearly with time was 
used. Nanoribbon length versus time elapsed was plotted 
after sliding the furnace over the substrates. These data were 
then fit to a line and were extrapolated to find when the 
nanoribbons effectively began growing, which was defined 

12 
formed at room temperature using electrochemically etched 
W tips. Scanning tunneling spectroscopy was performed 
using a lock-in amplifier with a dither frequency of 10 kHz 
and modulation amplitude of 30 m V. 

Fabrication and Characterization of Graphene Nanorib
bon FETs. After synthesis, the nanoribbons were transferred 
to SiO2 on Si with a copolymer of crosslinkable poly(methyl 
methacrylate) (PMMA). (Liu, C.-C. et al., Macromolecules, 
2011, 44 (7), 1876-1885.) The copolymer, which was 

10 polymerized from 96 mo! % methyl methacrylate (MMA) 
with 4 mo!% of thermally crosslinkable glycidyl methacry
late (GMA), PMMA-GMA (96% PMMA, 4% GMA), was 
spin-coated on the sample, and the films were thermally 
annealed at 160° C. for 3 h in a vacuum to promote better 

15 bonding of the copolymer with the nanoribbon/Ge substrate. 
Excess polymer was removed by rinsing in toluene, result
ing in a film that was 3 to 5 nm in thickness. Additional 
PMMA was spin-coated on top of the PMMA-GMA film, 
and the substrate was annealed at 160° C. for 5 hours in an 

20 N2 environment (<1 ppm 0 2 and <l ppm H2O). The back
side of the sample that was uncoated with polymer under
went an 0 2 plasma etch (50 W, 10 mTorr, 10 seem ofO2 ) for 
3 min (Unaxis 790 Reactive Ion Etcher) to remove graphene. 
The sample was then floated on 3: 1: 1 H2O:HF:H2 O2 to etch 

25 the Ge substrate. The nanoribbon/polymer membrane was 
transferred from the Ge etchant to three successive H2O 
baths and finally to a piranha cleaned SiO2 (15 nm) on Si 
substrate. The substrate was spin dried and then annealed at 
120° C. for 3 min in an N2 environment (<1 ppm 0 2 and <l 

30 ppm H2O). The substrate was soaked in acetone at room 
temperature for -1 h and was subsequently thermally 
annealed in a horizontal quartz tube furnace at 400° C. for 
1 h at -1 o- 6 torr to remove polymer residue. 

To fabricate graphene nanoribbon field-effect transistors, 
35 source and drain contacts were patterned via electron-beam 

lithography, development, and thermal evaporation of 
Cr/Pd/Au (thicknesses of0.7/9.3/l0nm). The 15 nm ofSiO2 

was used as the gate dielectric, and the degenerately doped 
Si substrate served as the back gate electrode. Devices were 

40 measured in ambient laboratory conditions at room tempera
ture using a Keithley 2636A SourceMeter. The transistors 
exhibited hysteresis in the Ids versus V gs characteristics. 

The word "illustrative" is used herein to mean serving as 
an example, instance, or illustration. Any aspect or design 

45 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 

as occurring when the length of the nanoribbons was equiva
lent to the characteristic seed size of 1.7 nm (i.e., when the 
length and width were both the size of the characteristic 
seed). The nanoribbons effectively began growing 7 minutes 
after sliding the furnace over the substrate. Therefore, this 50 

instance was defined 7 minutes after sliding the furnace as 
time=0 for nanoribbon evolution. All CH4 exposure times 
specified throughout the manuscript are specified with 
respect to this instance (i.e., the specified CH4 exposure time 
was 7 minutes less than the time elapsed since sliding the 55 

furnace). The growth stage was terminated by sliding the 
furnace away from substrates to rapidly cool them in the 
same environment. 

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. 

Microscopy. After growth, the samples were character
ized via SEM (Zeiss LEO 1530) to acquire basic length, 60 

width, and density information. STM was performed by 
transferring the nanoribbon samples through ambient air to 
a nitrogen glovebox, where they were sealed. The samples 
were later mounted to sample holders, loaded into an ultra
high vacuum preparation chamber where they were annealed 65 

for 12 hat 400° C., and imaged by STM (Omicron VT, base 
pressure of lxl0- 11 mbar). The STM imaging was per-

What is claimed is: 
1. A method of growing graphene nanoribbons, the 

method comprising: 
depositing aromatic molecular seeds from the gas phase 

onto a surface of a growth substrate; and 
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growing graphene nanoribbons from the aromatic 
molecular seeds via chemical vapor deposition. 

2. The method of claim 1, wherein the growth substrate is 
a germanium substrate. 

3. The method of claim 1, wherein the aromatic molecular 
seeds comprise polycyclic aromatic hydrocarbons (PAHs), 
functionalized derivatives of PAHs, heterocyclic aromatic 
molecules, metal complexes of heterocyclic aromatic mol
ecules, or a combination thereof. 

4. The method of claim 3, wherein the graphene nanorib
bons have a width of 5 nm or smaller. 

5. The method of claim 4, wherein the graphene nanorib
bons have aspect ratios of at least 10. 

14 
10. The method of claim 9, wherein the metal complexes 

of heterocyclic aromatic molecules comprise metal phtha
locyanines. 

11. The method of claim 1, wherein the surface is a (001) 
facet or a miscut (001) facet. 

12. The method of claim 2, wherein the graphene nan
oribbons have widths of 5 nm or smaller. 

13. The method of claim 12, wherein the graphene nan
oribbons have aspect ratios of at least 10. 

10 14. The method of claim 13, wherein the growth substrate 
is a (001) facet or miscut (001) facet of the germanium 
substrate. 

6. The method of claim 3, wherein the aromatic molecular 
seeds comprise perylenetetracarboxylic dianhydride, penta- 15 

cene, or a combination thereof. 

15. The method of claim 14, wherein the aromatic 
molecular seeds comprise polycyclic aromatic hydrocarbons 
(PAHs), functionalized derivatives of PAHs, heterocyclic 
aromatic molecules, metal complexes of heterocyclic aro
matic molecules, or a combination thereof. 

7. The method of claim 3, wherein the graphene nanorib
bons are grown from the polycyclic aromatic hydrocarbons. 

8. The method of claim 7, wherein the polycyclic aromatic 
hydrocarbons comprise pentacene. 

9. The method of claim 3, wherein the graphene nanorib
bons are grown from the metal complexes of heterocyclic 
aromatic molecules. 

16. The method of claim 14, wherein the aromatic 

20 
molecular seeds comprise polycyclic aromatic hydrocarbons 
(PAHs), metal complexes of heterocyclic aromatic mol
ecules, or a combination thereof. 

* * * * * 




