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Chemically Derived, Ultrasmooth
Graphene Nanoribbon Semiconductors
Xiaolin Li,* Xinran Wang,* Li Zhang, Sangwon Lee, Hongjie Dai†
We developed a chemical route to produce graphene nanoribbons (GNR) with width below
10 nanometers, as well as single ribbons with varying widths along their lengths or containing
lattice-defined graphene junctions for potential molecular electronics. The GNRs were solution-
phase–derived, stably suspended in solvents with noncovalent polymer functionalization, and
exhibited ultrasmooth edges with possibly well-defined zigzag or armchair-edge structures.
Electrical transport experiments showed that, unlike single-walled carbon nanotubes, all of
the sub–10-nanometer GNRs produced were semiconductors and afforded graphene field
effect transistors with on-off ratios of about 107 at room temperature.

Graphene (single-layer graphite) has
emerged as a material with interesting
low-dimensional physics and potential

applications in electronics (1–6). Graphene
nanoribbons (GNRs), if made into quasi-one-
dimensional structures with narrow widths
(<~10 nm) and atomically smooth edges, are
predicted to exhibit band gaps useful for room-
temperature transistor operations with excel-
lent switching speed and high carrier mobility
(potentially even ballistic transport) (7–13).
Recent theoretical work predicted that quan-
tum confinement and edge effects make narrow
GNRs (width w < ~10 nm) into semiconduc-
tors, which differs from single-walled carbon
nanotubes (SWNTs) that contain ~1/3 metallic
species.

Lithographic patterning of graphene sheets
has fabricated GNRs down to widths of ~20
nm thus far (12, 13), but there are difficulties in
obtaining smooth edges (for example, with rough-
ness < ~5 nm) and reaching true nanometer-scale
ribbon width. Chemical approaches (14–17) and
self-assembly processes may produce graphene
structures with desired shape and dimensions for
fundamental and practical applications.

We report that, by using a widely available and
abundant graphitematerial, we can develop simple
chemical methods to produce GNRs. We exfoli-
ated commercial expandable graphite (Grafguard
160-50N, Graftech Incorporated, Cleveland, OH)
by brief (60 s) heating to 1000°C in forming gas
(3% hydrogen in argon). The resulting exfoliated
graphite was dispersed in a 1,2-dichloroethane
(DCE) solution of poly(m-phenylenevinylene-co-

2,5-dioctoxy-p-phenylenevinylene) (PmPV) by
sonication for 30 min to form a homogeneous sus-
pension. Centrifugation then removed large pieces

of materials from the supernatant (Fig. 1A and
fig. S1) (18).

We used atomic force microscopy (AFM) to
characterize the materials deposited on substrates
from the supernatant and observed numerousGNRs
with various widths ranging from w ~ 50 nm
down to sub-10 nm (Fig. 1, B to F). Topographic
heights of the GNRs (average length ~ 1 mm)
were mostly between 1 and 1.8 nm, which cor-
respond to a single layer (e.g., Fig. 1B, left image)
or a few layers (mostly ≤3 layers). Smooth edges
were observed for the GNRs, with edge rough-
ness well below ribbonwidth even forw ≤ 10 nm.
Accurate measurements of GNR width were dif-
ficult because of the finite AFM tip radius (~10 to
20 nm), especially for ultranarrow ribbons. To
circumvent the problem, we used the same tips to
measure the apparent widths of Hipco (Carbon
Nanotechnologies Incorporated, Houston, TX)
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Fig. 1. Chemically derived graphene nanoribbons down to sub-10-nm width. (A) (Left) Photograph of a
polymer PmPV/DCE solution with GNRs stably suspended in the solution. (Right) Schematic drawing of a
graphene nanoribbon with two units of a PmPV polymer chain adsorbed on top of the graphene via p
stacking. (B to F) AFM images of selected GNRs with widths in the 50-nm, 30-nm, 20-nm, 10 nm and sub-
10-nm regions, respectively. A substrate (300-nm-thick SiO2/p

++Si) was soaked in a GNR suspension for 20
min for deposition, rinsed, blow-dried, and calcined at 400°C to remove PmPV before AFM. Some of the
GNRs narrow down to a sharp point near the ends. In (B), left ribbon height ~ 1.0 nm, one layer; middle
ribbon height ~ 1.5 nm, two layers; right ribbon height ~ 1.5 nm, two layers. In (C), the three GNRs are two
to three layers thick. In (D), ribbons are one (right image) to three layers. Two GNRs crossing in the left image
are observed. In (E), ribbons are two- to three-layered. In the middle image, a single ribbon exhibits varying
width along its length with mechanical bends (bright regions) between segments. In (F), the heights of the
ultranarrow ribbons are ~1.5, 1.4, and 1.5 nm, respectively. All scale bars indicate 100 nm.
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SWNTs in a diameter-separated sample and
deduced tip size (18). All GNR widths reported
in this work have their basis in AFM measure-
ments after correcting for the tip-size effect.

Transmission electron microscopy (TEM,
fig. S5) (18), electron diffraction (fig. S5) (18),
and Raman spectroscopy (fig. S6) (18) (graphene
G-band) were used to characterize the GNRs.
Because of their topographical resemblance to
SWNTs, we carried out extensive control experi-
ments to ensure that the sub-10-nm GNRs in our
samples were not SWNTs present from contami-
nation or other causes. For example, we per-
formed surface-enhanced Raman measurements
on many GNR samples deposited on Au sub-
strates and never observed any radial breathing
modes intrinsic to SWNTs (fig. S6) (18). Further,
all of ourw < 10 nmGNRs were semiconductors
(see below), unlike SWNTs, which form as mix-
tures in which one-third of nanotubes aremetallic.

The formation of our GNRs constitutes sev-
eral key steps. First, ~350-mm-scale graphite flakes
were made into expandable graphite by chemical
intercalation of oxidizing sulfuric acid and nitric
acid, with oxidation of carbon atoms likely oc-
curring at the edge, step, and defect sites of
graphite (19, 20). Second, rapid heating of the
expandable graphite to 1000°C caused violent
formation of volatile gaseous species from the
intercalant and exfoliates graphite into a loose
stack of few-layered graphene sheets. This ther-
mal exfoliation step is critical and responsible for
the formation of one- to few-layer graphene and

was evidenced by a visible, dramatic volume ex-
pansion of graphite by ~100 to 200 times after
exfoliation (fig. S1) (18). The 1000°C treatment
can also reverse oxidation and functionalization
of graphite by thermally desorbing covalently at-
tached species and repair defects (21).

Solution-phase sonication and functionaliza-
tion by PmPV of few-layered graphene sheets
formed by 1000°C exfoliation led to stably sus-
pending graphene in DCE. The PmPV conju-
gated polymers (Fig. 1A), known to adsorb onto
SWNT sidewalls via p stacking, noncovalently
functionalized the exfoliated graphene to afford a
homogeneous black suspension during sonica-
tion (fig. S1) (18, 22, 23). We were not able to
form homogeneous suspension by the same pro-
cess without using PmPV. We suggest that
sonication is responsible for chemomechanical
breaking of the stably suspended graphene sheets
into smaller pieces, including nanoribbons. Sono-
chemistry and ultrahot gas bubbles involved in
sonication cause graphene to break into various
structures, with an appreciable yield of GNRs.
The supernatant after centrifugation contains
micrometer-sized graphene sheets and GNRs
(albeit at lower yield than sheets) in various
sizes, shapes, and morphologies.

Besides regularly shaped ribbons, we observed
graphene structures that were shaped irregularly,
such as wedges (Fig. 2), GNRs with bends and
kinks (Fig. 2, A, B, and E), and ribbons coming
off larger pieces of graphene with varying widths
along the ribbon length [Fig. 1E, middle image,

and fig. S5, TEM data (18)]. These results sug-
gest that GNRs could be formed by breaking off
narrow pieces of graphene from larger sheets
during sonication. However, we found that con-
tinuous sonication does not lead to higher yield of
GNRs and that the degree of sonication needs to
be controlled for optimal yield of GNRs. Imaging
with AFM indicated that almost no sub-10-nm
ribbonswere obtained if sonicationwere excessive
(for hours) because of continued cutting and break-
ing of ribbons into small particle-like structures.

The observed graphene nanoribbons narrow-
ing down to diminishing width and to a point
(Fig. 2, C and D) indicate that GNRs reaching
true nanometer dimensions with potentially atomic-
scale smoothness can form. GNRs comprised of
segments of varying widths (Fig. 1E, middle
image, and 2B) could be used for graphene mo-
lecular electronics with varying band gaps along
the ribbon. Interestingly, GNR junctions with
sharp kinks at 120° angle were observed (Fig.
2B), apparently through the joining of two GNRs
with edges along well-defined atomic lattice of
graphene (such as zigzag edges). Single-layered
GNRs displayed remarkably mechanical flexibil-
ity and resilience, with mechanical bending and
folding without obvious breakage (Fig. 2E).

Next, we fabricated field-effect transistor
(FET)–like devices with our GNRs (w ~ sub-
10 nm to ~55 nm). The devices had palladium
(Pd) as source/drain (S/D) metal contacts (chan-
nel length L ~ 200 nm), a p++-Si backgate, and
300-nm SiO2 as gate dielectrics (18). We ob-
served that the room-temperature on-off current
switching (Ion/Ioff) induced by the gate voltage
increased exponentially as the GNR width de-
creased, with Ion/Ioff ~1, ~5, ~100, and >105 for
w ~ 50 nm [fig. S7 (18)], w ~ 20 nm [fig. S7
(18)], w ~ 10 nm (Fig. 3A), and w ~ sub-10-nm
(Fig. 3C) GNRs, respectively. This trend was
consistent with lithographically fabricated GNRs
with w > 20 nm (12). Importantly, all of the w =
sub-10-nm GNRs characterized in our experi-
ments (more than 30, with no exceptions) exhib-
ited Ion/Ioff > 105 (Fig. 4A) even under a S/D bias
Vds up to ~1 V. This suggests that the GNRs are
semiconducting and have substantial band gaps.
This result is in stark contrast to SWNTs (with
circumference ~ sub-10 nm, or diameter < ~3 nm)
that contain 1/3metallic species. Thus, our chem-
ically derived GNRs afford graphene transistors
with orders of magnitude on/off switching at
room temperature.

We could estimate the band gaps (Eg) of our
GNRs by Ion/Ioff º expðEg=kBTÞ (where kB is
the Boltzmann’s constant and T is temperature) in
our p-type uni-polar GNR FETs because the off
current of the device was thermally activated
through a body-Schottky barrier (SB) to the
conduction band on the order of ~Eg [the SB to
holes in our GNR FETs was small, as is the case
for Pd-contacted SWNT FETs, because of the
high work function of Pd (24)]. The band gaps
extracted this way were fit into an empirical form
of EgðeVÞ ¼ 0:8

W ðnmÞ (Fig. 4B), which was con-

Fig. 2. Graphene nanorib-
bons with interesting morphol-
ogies and graphene-junctions.
(A and B) AFM images of
GNRs with junctions formed
by different graphene struc-
tures at the two sides of the
junctions. In (A), a w ~ 25 nm
ribbon (two layers) forming
a junction with a wedgelike
graphene. In (B), a single-
layer (height ~ 1.0 nm)
graphene structure with three
graphene segments of dif-
ferent widths forming two
junctions. The well-defined
120° angle of the top junction
suggests that the graphene
segments near the kink likely
have zigzag edges, as shown
in the schematic drawing of
the inset. (C and D) AFM im-
ages of knifelike graphene
ribbons with width changing
narrowing down from tens of
nanometers to ultra sharp
points. In (C), the ribbon is
monolayer graphene with height ~ 1.0 nm. Inset of (C) A schematic drawing to illustrate the sharp tip. In
(D), the ribbon is three-layer graphene with height ~ 1.9 nm. (E) AFM image of a GNR with several bends
and folds involving mechanical deformations. It is a monolayer graphene ribbon with height ~ 1.1 nm.
Inset of (E) A schematic drawing of the ribbon. All scale bars are 100 nm.
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sistent with the exponential increase in Ion/Ioff of
our GNR FETs as ribbon width decreased. Pos-
sible errors in our Eg versus w analysis include
uncertainties in w based on AFM and in the
assumption of negligible SB for holes in ultra-
narrow (e.g., w < ~3 nm) GNR FETs.

First-principles calculations have suggested
that GNRs open up band gaps through quantum
confinement and edge effects and that Eg ~1=wa,
where a is near unity (7, 8). In armchair-edged
GNRs, band gaps arise from quantum confine-
ment and increased hopping integral of the p

orbitals of the edge atoms caused by slight
changes in atomic bonding lengths. In zigzag-
edged GNRs, band gaps result from a staggered
sublattice potential from magnetic ordering (7).
The all-semiconductor nature found for our sub-
10-nm GNRs is consistent with the band gap
opening in GNRs with various edge structures
suggested theoretically (7, 8). Band gap values
extracted from our experimental data fall in be-
tween the limits of theoretical calculations (7) for
zigzag- and armchair-edged GNRs with various
widths (Fig. 4B). More quantitative comparisons
of our extracted band gaps with theory are diffi-
cult at the present time because the precise edge
structures of the GNRs in our FETs are unknown
and are likely to vary between ribbons in various
deviceswith either zigzag, armchair, ormixed edges.

Ourw ~ sub-10-nmGNRdevices deliver up to
~200 mA/mm on-current at Vds = 0.5 V for L ~ 200
to 300 nm ribbon channel length, which is lower
than the projected performance (~1000 mA/mm)
for ballistic GNR transistors with similar widths
(10, 25). It may be possible that by further opti-
mizing contact and reducing channel length to
the L ~ 20 nm region (25), higher on-current near-
ballistic graphene FETs could be obtained.Assess-
ment of carrier mobility requires more accurate
gate capacitances (26, 27) than are currently avail-
able. Analysis based on electrostatic simulations
of gate capacitances led to an estimated holemobil-
ity in thew≤10 nm ribbons of ~100 to 200 cm2/V s.
This high mobility suggests that the GNRs are of
high quality, nearly pristine, and free of excessive
covalent functionalization, which is consistent with
spectroscopic data [fig. S2 (18)]. More precise
mobility analysis will require accurate data on
gate capacitances, GNR width and edge struc-
tures (28), and ensuring ohmic contacts to the
ribbons. At the present time, the experimentally
observed all-semiconducting nature of narrow
GNRs appears to be a key advantage over SWNTs
as candidates for future nanoelectronics.
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Deeply Inverted Electron-Hole
Recombination in a Luminescent
Antibody-Stilbene Complex
Erik W. Debler,1,2* Gunnar F. Kaufmann,2,3,4 Michael M. Meijler,2,3† Andreas Heine,1‡
Jenny M. Mee,2,3 Goran Pljevaljčić,1 Angel J. Di Bilio,5 Peter G. Schultz,2,3 David P. Millar,1
Kim D. Janda,2,3,4,6 Ian A. Wilson,1,2 Harry B. Gray,5§ Richard A. Lerner1,2,3§

The blue-emissive antibody EP2-19G2 that has been elicited against trans-stilbene has
unprecedented ability to produce bright luminescence and has been used as a biosensor in
various applications. We show that the prolonged luminescence is not stilbene fluorescence.
Instead, the emissive species is a charge-transfer excited complex of an anionic stilbene and a
cationic, parallel p-stacked tryptophan. Upon charge recombination, this complex generates
exceptionally bright blue light. Complex formation is enabled by a deeply penetrating ligand-
binding pocket, which in turn results from a noncanonical interface between the two variable
domains of the antibody.

Anexcited-state complex (exciplex) formed
by the interaction of an electronically
excited molecule with a ground-state

partner features charge transfer to a various
extent and typically exhibits structureless emis-
sion that is red-shifted from the emissive features
of its individual components (1, 2). Among the
rare examples of exciplex-like behavior in
proteins (3) is the conjugate of monoclonal
antibody EP2-19G2 with the trans-stilbene
hapten 1 (Scheme 1), which emits intense blue
light upon ultraviolet (UV) excitation (movie
S1) (4).

In striking contrast to this highly luminescent
complex, electronically excited trans-stilbene is
only weakly fluorescent in solution, owing to
efficient nonradiative decay via cis-trans isomer-

ization (5). Unlike other antibody-stilbene com-
plexes (4,6), the radiative lifetimeof EP2-19G2-1 is
increased by more than two orders of magni-
tude with respect to free 1, which substantially
exceeds those of stilbene exciplexes formed with
small organic molecules (7). From extensive
examination of the structures and photophysical
properties of several antibody-1 conjugates, we
have concluded that the bright blue-emissive
species is a tryptophan:stilbene charge-transfer
excited complex that undergoes deeply inverted
electron-hole recombination in a rigid protein
matrix.

Guided by the crystal structure of EP2-19G2-
1 (4), we identified seven antibody residues in
van der Waals’ contact with the stilbene aromatic
system. These seven residues were then conserv-
atively mutated and the corresponding proteins
were expressed as single-chain variable antibody
fragments (scFv) (8, 9). Spectroscopic measure-
ments indicated that mutation of TrpH103 to Phe
(TrpH103Phe) and TyrL34 to Phe (TyrL34Phe)
markedly reduced antibody-1 emissions when
compared to scFv wild-type (wt)-1 [Fig. 1B and
fig. S1 (9)]. As observed in the crystal structure

of the EP2-19G2-1 complex, the indole ring of
TrpH103 is p-stacked parallel to the deeply buried
phenyl ring of the stilbene ligand at an inter-
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rlerner@scripps.edu (R.A.L.); hbgray@caltech.edu (H.B.G.) Scheme 1.

Fig. 1. (A) Steady-state absorption spectra of
1 (10 mM) and antibody-1 complexes (10 mM) in
PBS containing 3% DMF at room temperature. (B)
Steady-state emission spectra of 1 (20 nM) and
antibody-1 complexes (20 nM) in PBS containing
3% DMF at room temperature. Antibody was used
in large excess to ensure that the dye was com-
pletely bound by protein. (C) Time-resolved emis-
sion decay profiles of antibody-1 complexes (3 mM)
obtained with picosecond excitation at 303 nm.
Decays were measured by time-correlated single-
photon counting. Decays were recorded in 4096
channels with a time increment of 22 ps/channel
and were normalized relative to the number of
counts recorded in the peak channel.
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