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Tissue engineering involves

the development of functional
substitutes for damaged tissues

and organs. In this issue Tal Dvir,
Brian Timko, Daniel Kohane and
Robert Langer review the challenges
involved in applying nanotechnology
to tissue engineering. The
foreground of this image is an artist's
impression showing polymeric fibres
(purple) engineered to recreate

the cell microenvironment; the
background is a scanning electron
micrograph of an electrospun
polymeric fibre mesh. The cells are
shown in light blue.
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atomic scale, their results can be compared
to the predictions of density functional
theory. Not surprisingly, these calculations
suggest that the clusters deform when the
tip makes contact with them, and that
certain arrangements of the metal clusters
are unstable — in agreement with the
experimental observations. In particular,
the researchers find that the contact
conductance of the tip-molecule-metal
structure gets larger as the number of
copper atoms in the cluster increases

from one to five. Whereas this result

is expected, they also show that the
normalized conductance (the conductance
divided by the number of atoms in the
cluster) reaches a maximum for clusters
that contain five atoms. The same trend is
found in quantum transport calculations
and is illustrated by the extent of the
electron wave function across the interface
between the cluster and the C,, molecule
(see Fig. 4 of ref. 5).

Hence a cluster of fewer than five copper
atoms is a ‘bad’ contact: that is, the contact
resistance depends on the number of atoms
in the cluster and the measured contact
conductance is a mix of the conductance of
the contact and the molecule. However, for
clusters containing more than five atoms,
the measured conductance is more intrinsic
to the molecule because it has a weak
dependence on the number of atoms in the
cluster. Schull and co-workers refer to such a
contact as a ‘good’ contact.

There are several aspects that make
this work truly noteworthy beyond the
demonstration of this utmost precision
in the contact formation. First, when the
cluster contains five or so copper atoms, the
conductance through the entire device is
comparable to the quantum of conductance
(G, = 2e*/h where e is the charge on the
electron and h is Planck’s constant), which
suggests that a Cg, molecule is indeed a good
electrical conductor owing to its delocalized

electron system. Second, it has been
suggested that Cg, molecules could be used to
connect metal electrodes to the large organic
molecules that are of interest for applications
in molecular electronics®. Finally, extending
the distinction between ‘good’ and ‘bad’ to
the atomic scale might prove to be the most
salient feature of this work. a

Andreas Heinrich is in the IBM Research
Division, Almaden Research Center, San Jose,
Cah:fomia 95120, USA.
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NANOELECTRONICS

Graphene gets a better gap

Graphene nanoribbons with low defect densities and large energy gaps can be fabricated by chemically unzipping
carbon nanotubes and annealing the result.

Stephan Roche

espite its impressive electronic

properties, large-area graphene

is not well suited to controlling
electric currents because it is a semimetal,
rather than a semiconductor. Therefore
there is no energy gap separating the
conduction and valence bands', and this
makes graphene field-effect transistors
difficult to turn off*, A partial solution
has been to use electron beam lithography
and oxygen plasma etching techniques
to produce graphene nanoribbons with
widths as narrow as 10 nm (ref. 3), or
various chemical approaches to make even
narrower nanoribbons with widths of just
a few nanometres®. These techniques can,
in theory, introduce an energy gap with
a well-defined size as a result of quantum
confinement, but in practice they also
introduce large numbers of defects that
interfere with this control. Writing in
Nature Nanotechnology, Junji Haruyama,
James Tour and co-workers at Aoyama
Gakuin University and AIST in Japan, and
Rice University in the United States, describe
a method for making relatively defect-free
nanoribbons with large energy gaps®.

Although the nature and origin of
the defects in lithographically derived
or etched nanoribbons remain elusive
(edge defects, ripples, adsorbed impurities
and charges trapped in the underlying
oxide may all be involved), their impact
is considerable. They significantly reduce
charge carrier mobility, to several hundred
centimetres squared per volt second,
and obscure the correlation between the
energy gap and the electrical behaviour of
the nanoribbon®.

For example, a key signature of an
energy gap is the so-called transport
gap. If an energy gap exists, the current
between source and drain electrodes in
a graphene transistor will fall to zero for
certain values of the gate voltage, creating
a ‘gap in its electrical characteristics.
The reverse, however, is not necessarily
true: the presence of a transport gap
does not require there to be an energy
gap. In fact, the transport gaps measured
in nanoribbons have been attributed to
effects such as Anderson localization” and
Coulomb blockade®, and not simply to
confinement-induced energy gaps™'’.

Localization and blockade are not as
useful for devices as an intrinsic energy
gap. They also interfere with the control
over the energy gap that the narrow
nanoribbon width is supposed to provide.
The situation is made worse by large
device-to-device fluctuations caused by
the intrinsically disordered nature of the
defects that cause these phenomena in the
first place. These fluctuations become worse
as the width of the nanoribbon decreases.

The main finding reported by
Haruyama, Tour and co-workers is that
nanoribbons derived by unzipping carbon
nanotubes and then annealing the result
are remarkably clean, and have transport
gaps that result mostly from the intrinsic
energy gaps of the nanoribbons, rather
than from defects. The Japan-US team
produced graphene nanoribbons by
suspending mutiwalled carbon nanotubes
in concentrated sulphuric acid, followed
by treatment with KMnO,, which led
to the oxidation and unzipping of the
nanotubes''. Images from high-resolution
transmission electron microscopes and
atomic force microscopes confirmed
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the high crystalline purity of these
nanoribbons, and showed that the edges are
predominantly ‘armchair’ (the edge atoms
describe a repeated armchair-like pattern)
and contain few defects. Several successive
annealing treatments removed most of the
remaining oxygen molecules adsorbed on
the nanoribbon surfaces, as confirmed by
Raman spectroscopy.

Field-effect transistors were made
with both single-layer and bilayer
nanoribbons of various widths (from
75 nm to 310 nm), and the electron
properties were measured as a function
of temperature and gate voltage (Fig. 1).
Transport gaps on the order of 1 V were
observed around the charge neutrality
point (where the gate voltage induces no
doping into the channel). Analysis showed
that these gaps are close to the energy gaps
predicted from quantum confinement
effects owing to the nanoribbon width,
suggesting a weak contribution of defects
to the measured gap. By comparison, the
measured transport gaps in lithographically
formed nanoribbons® are much farther
away from values predicted from quantum
confinement alone.

The hypothesis that quantum
confinement is the primary origin
of the transport gap is reinforced by
measurements of the temperature-
dependent conductance, which shows
no sign of variable-range hopping (an
effect associated with localization)
or single-electron charging effects
(associated with Coulomb blockade) at low
temperature’. The experimental estimate
of an intrinsic energy gap of ~50 meV

Source

Figure 1| Electron microscope images of a
graphene nanoribbon (GNR) that is derived by
unzipping carbon nanotubes, and then connected
to gold/titanium source and drain electrodes for
testing in a field-effect transistor configuration.
The inset shows that the nanoribbon ends are
completely bonded to the electrodes. Adapted
from ref. 5.

for a ~100-nm-wide nanoribbon clearly
shows that the unzipping-plus-annealing
fabrication process results in much cleaner
graphene nanoribbons than lithography
or etching. In fact, the transport gap for a
perfectly clean nanoribbon of such lateral
size is calculated to be approximately

45 meV (with 20 meV contributed from
electronic confinement and 25 meV from
electron-electron interactions)'".

The measured current-voltage
characteristics also shed light on the
effects of edge disorder in nanoribbons.
Calculations'! have predicted that edge
disorder can lead to sharp modulations of

the transport type (p-type versus n-type) as
well as conductance suppression features'”.
Haruyama and co-workers observe large
variations in device characteristics at high
source-drain voltages (high voltages tend
to increase the effect of edge structure
on transport). These variations lend
support to the thesis that edge structure can
have a marked effect on charge transport,
but only weakly affect the intrinsic
energy gap.

The work by the Japan-US team
paves the way towards viable graphene
electronics. By combining chemical
unzipping of carbon nanotubes with high-
temperature annealing, ultraclean graphene
nanoribbons that are useful for transistors
can be fabricated. 0

Stephan Roche is at the Catalan Institute of
Nanotechnology (ICN-ICREA) and CIN2, Campus
UAB, 08193, Bellaterra, Barcelona, Spain.
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QUANTUM COMPUTING

Solid-state spins survive

Quantum-control pulse sequences can suppress errors and significantly extend the lifetimes of spin-based

guantum bits in solid-state devices.

Michael J. Biercuk and David J. Reilly

ny technological exploitation

of quantum mechanical effects

first requires a suitable physical
representation of quantum information.
Although approaches based on trapped
atoms (and ions) and the manipulation
of photons have been extensively
pursued, solid-state devices are perhaps
the most attractive in the long term for
both scientific and pragmatic reasons,
particularly the desire to leverage
decades of expertise derived from the

semiconductor industry. Controlling
individual quantum systems in nanoscale
semiconductor devices has therefore
attracted tremendous attention.
Unfortunately, quantum systems in the
solid state are typically short-lived, and

are difficult to control with high precision.
Primary research goals have therefore
related to improving the fidelity of quantum
control in solid-state spin quantum bits (or
spin ‘qubits’) and extending their coherent
lifetimes. Four recent, independent
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experiments have now demonstrated that
manipulating spins with high-speed control
pulses, in a technique known as dynamical
decoupling, allows for high-fidelity control
and substantially improved lifetimes in
integrated quantum devices' .

These experiments focused on two
distinct physical implementations
of qubits. The first is a single pair of
confined electrons in a nanopatterned
semiconductor heterostructure?, which in
2005 successfully demonstrated coherent
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Large intrinsic energy bandgaps in annealed
nanotube-derived graphene nanoribbons

T. Shimizu', J. Haruyama'*, D. C. Marcano?, D. V. Kosinkin?, J. M. Tour?*, K. Hirose® and K. Suenéga3

The usefulness of graphene for electronics has been limited because it does not have an energy bandgap. Although
graphene nanoribbons have non-zero bandgaps, lithographic fabrication methods introduce defects that decouple the
bandgap from electronic properties, compromising performance. Here we report direct measurements of a large intrinsic
energy bandgap of ~50 meV in nanoribbons (width, ~100 nm) fabricated by high-temperature hydrogen-annealing of
unzipped carbon nanotubes. The thermal energy required to promote a charge to the conduction band (the activation
energy) is measured to be seven times greater than in lithographically defined nanoribbons, and is close to the width of
the voltage range over which differential conductance is zero (the transport gap). This similarity suggests that the
activation energy is in fact the intrinsic energy bandgap. High-resolution transmission electron and Raman microscopy, in
combination with an absence of hopping conductance and stochastic charging effects, suggest a low defect density.

key goal of research into graphene, a two-dimensional
Acarbon sheet!'?, is to introduce an energy bandgap to
enable its use in conventional semiconductor device oper-
ations, because pristine graphene is a zero-bandgap material. At
least two approaches have been used for the introduction of such
a bandgap: the formation of few-layer graphenes’> and the for-
mation of graphene-nanoribbon structures®~'2

A non-zero bandgap can be induced in graphene by breaking the
inversion symmetry of the AB-stack in bi- or trilayer graphenes®>,
but it is very difficult to control the exact number of layers during
fabrication, Alternatively, quasi-one-dimensional confinement of
the carriers in graphene nanoribbons induces an energy gap in the
single-particle spectrum!*-'7. However, as it is difficult to fabricate
graphene nanoribbons using lithographic methods without produ-
cing damage (disorder, defects), most of the experimental results
reported to date are for disordered graphene nanoribbons®?,
except for one group'®2. Disorder-induced phenomena (such as
hopping conductance, stochastic single electron charging effects in
series-coupled quantum dots introduced by defects) obstruct obser-
vation of the intrinsic physical properties of graphene nanorib-
bons®®. Theoretical models to explain the observed disorder-
induced gaps have been reported®'2, such as the stochastic single
electron charging effect, Anderson localization due to edge disorder
and the contribution of edge irregularity. These energy gaps are not,
however, the same as intrinsic energy bandgaps in defect-free gra-
phene nanoribbons.

Reference 6 reports transport gaps that are inversely proportional
to the width of lithographically formed disordered graphene nano-
ribbons at the charge neutrality point. However, these transport
gaps were not attributed to the intrinsic energy bandgap or to
simple quasi-one-dimensional confinement of the carriers but
rather to edge disorder that introduced localized states, causing
one-dimensional nearest-neighbour hopping at high temper-
atures and variable-range hopping at low temperatures. Therefore,
the formation of damage-free graphene nanoribbons is key
to revealing the intrinsic physical properties (energy bandgaps) of

graphene nanoribbons and applying them to bandgap-tuned
electronic devices.

Sample fabrication and characterization

Graphene nanoribbons were prepared through the oxidization and
longitudinal unzipping of multiwalled carbon nanotubes. This was
achieved by suspending them in concentrated sulphuric acid, fol-
lowed by treatment with KMnO,2"2. The acid and KMnO, were
removed as described elsewhere?!"*2. Figure 1a (main panel) shows
a field-emission scanning electron microscope (SEM) image of an
ensemble of the as-grown graphene nanoribbons, which are
entangled with one another and not sufficiently exfoliated. The
present air-blowing method realized individual graphene nanorib-
bons forming single-layered rectangular structures (Fig. 1a, insets)
(see Methods).

A high-resolution transmission electron microscope (HRTEM)
image (Fig. 1b) of the as-grown graphene nanoribbon shows the
presence of a clear hexagonal graphene lattice with few defects
(because of its non-lithographic formation)'®. Some areas of the gra-
phene nanoribbon were oxidized because the sample had not yet
undergone an annealing process (see Methods). Moreover, both
zigzag-edged'®? and armchair-edged structures, both with little
disorder, were observed in some areas of the as-grown nanoribbons.

The biggest problem with the oxidative chemical unzipping
method is that the graphene nanoribbons are initially oxidized. To
entirely remove the oxygen from the bulk and edges of the nano-
ribbons and also effectively dope charge carriers, we found that
three annealing steps were necessary (see Methods). The first step
comprised annealing at 800 °C immediately after dispersion of the
nanoribbons on the substrate, to remove the bulk of the oxygen-
ation. The second step was carried out at 750 “C in a H, atmosphere
to produce edge termination and charge carrier doping (before
creating the marking patterns for electron-beam lithography as
were necessary for fabricating the field-effect transistor (FET) elec-
trodes). In the third step, annealing was conducted at 300 °C to
clean the surface immediately before the formation of the electrodes.

"Faculty of Science and Engineering, Aoyama Gakuin University, 5-10-1 Fuchinobe, Sagamihara, Kanagawa 252-5258, Japan, “Department of Chemistry and
Mechanical Engineering and Materials Science, Rice University, 6100 Main Street, Houston, Texas 77005, USA, *Nanotube Research Center, National
Institute of Advanced Industrial Science and Technology (AIST), AIST Central 5, Tsukuba, 305-8565, Japan, *e-mail: J-haru@ee.aoyama.ac.jp; tour@rice.edu
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Figure 1 | Characterization of graphene nanoribbons. a, Field-emission SEM image of an ensemble of the as-grown nanoribbons, which were dispersed on a
silicon oxide substrate in a water droplet containing a suspension of nanoribbons. The nanoribbons are entangled and not sufficiently exfoliated. Insets
(right): atomic force microscopy images of individual nanoribbons spread by applying a strong air flow to the droplet (see Methods). Inset (left); height of
the nanoribbon measured along the longitudinal direction. The thickness of ~0.8 nm indicates a single-layer nanoribbon. b, HRTEM image of the as-grown
nanoribbon (no annealing; see Methods), showing a clear hexagonal lattice of graphene with few defects and some oxidized parts. Annealing (see Methods)
strongly enhances the quality of the nanoribbons and also results in carrier doping. ¢, Typical Raman spectrum of an annealed bilayer nanoribbon taken with a
laser excitation of 532 nm and 0.14 mW incident power at room temperature. The width of the nanoribbon is ~100 nm and the G/D band ratio is as high as
~2.2. d, FET fabricated using a nanoribbon end-bonded by two metal electrodes, which eliminates single-electron charging effects (see Supplementary
Section 1). The thickness of the SiO, layer on the gold/titanium backgate electrode was 300 nm, and the spacing of source and drain electrodes was 500 nm

in all samples.

The Raman spectrum for the bilayer graphene nanoribbon
annealed using these processes shows a high-intensity G band at
~1,580 cm ™', a low-intensity D band at ~1,350 cm ', and a low-
intensity 2D band at ~2,700 cm ' (Fig. lc). The peak positions
are in good agreement with those from previous reports, and the
peak ratio of the G/D bands is as high as ~2.2. This strongly
suggests that the present graphene nanoribbon is of high
quality. The D-band peak, which is less intense or absent in
high-quality graphene, is present only because of residual edge dis-
order (for example, residual oxygen atoms, missing carbon atoms,
and so on), as mentioned in the discussion. In contrast, the peak
widths are broader than those in conventional graphenes, in
particular for the 2D band. Because the diameter of the laser
beam used for measurements is 1 pm, and the width of each
graphene nanoribbon is ~100 nm, the spectra are affected by the
nanoribbon edge structures, so the observed small and broad 2D
band could be due to the large number of these edge structures in
the graphene nanoribbon.

Both ends of a nanoribbon were bonded to the
electrodes of a FET structure (Fig. 1d) to form ohmic contacts at
the interface of the metal electrodes and the nanoribbon, in a
similar process to that carried out in carbon nanoubes® to suppress
the single-electron charging effect (see Supplementary Section 1).

This is supported by the tunnel barrier layers being very thin or
even absent.

Electronic transport of wide graphene nanoribbon FETs
To explore their electrical properties, graphene nanoribbons with
different widths (W), both monolayer and bilayer (N = 1, 2), were
selected for FET formation (see Supplementary Section 11). The
abovementioned annealing process significantly improved the con-
ductivity of the FETs, resulting in ohmic behaviour at room temp-
erature (Fig. 2a, inset). However, at T= 1.5 K it results in nonlinear
behaviour, with a strong zero-bias (G,) anomaly (Fig. 2, main panel)
that is at least 10 times greater than that found in lithographically
formed graphene nanoribbons of the same length®. The G,
anomaly is not attributable to a single-electron charging effect, as
mentioned in relation to Fig. 5 (see Supplementary Section 2).
The transport gap of AVy,; = 1 V, which is the width of the back-
gate voltage region for which differential conductivity (dI/dV) is
zero, is observed around the graphene charge neutrality (Dirac)
point (Fig. 2b). Applying a backgate voltage (V) can shift the
Fermi level in graphene nanoribbons. When the Fermi level is
located between the bottom of the conduction band and the top
of the valence band (that is, around the charge neutrality point),
the conductance disappears, resulting in a transport gap.
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Figure 2 | Electronic characteristics of a graphene-nanoribbon FET. a, Typical drain current (Is) versus drain voltage (Vsp) relationship for a sample
(W=75nm and N=1) at room temperature (inset) and T=15 K (main panel), revealing a strong zero-bias (G,) anomaly with a voltage width of

AVip &£V, even at a backgate voltage (Vi) of £20 V. AV was determined from the Vi, range for differential conductance (disp/dVsp) = 0. The
temperature dependence of the G, anomaly does not follow the formula for single-electron charging effect?®?. This is consistent with end-bonding of the
nanoribbon. b, Differential conductance (dlsp/dVep) as a function of Vg at T=15 K for the sample in a. A transport gap of the backgate voltage of AVyg~
1V is observed. At higher Vep, the gap becomes ambiguous (Fig. 3). In contrast, at lower Vg, the same gap was observed in most cases, although it also
becomes ambiguous due to insulating behaviour at values of Vg outside the gap. The energy estimated from this in the single-particle energy spectrum, A,
is ~70 meV, which is smaller than that for lithographically formed nanoribbons (~100 meV) with the same W.

Conventionally, this gap can correspond to an energy in the single-
particle energy spectrum'” given by

A = hve/RmC AV /lel)
where v, = 10° m s~ is the Fermi velocity of graphene® and Cyg; is
the capacitive coupling of the graphene nanoribbon to the backgate
electrode. This is because the applied Vj; modulates electronic
states of the graphene nanoribbons via the silicon substrate, so elec-
tronic charging in the substrate (Qug = CyA V) gives rise to the
true energy values for transport gaps. When Cy; is taken to be
690 aF pm 2, which is the same as that in lithographically
formed graphene nanoribbons®, A_, in the present nanoribbons is
estimated to be ~70 meV. This value is smaller than that of lithogra-
phically formed nanoribbons (~100 meV)® and is believed to
be appropriate through comparison with theoretical predictions
averaged over many configurations of edge disorder'. Thus, the
small A, value for the present graphene nanoribbon strongly
suggests that the degree of edge disorder is less than that in lithogra-
phically formed nanoribbons. This supports the conclusion that the
present non-lithographic formation of graphene nanoribbons, with
annealing, results in a very small amount of disorder*”.

When the A, of 70 meV is normalized by the number of carbon
atoms per W (W/a,=75nm/0.142 nm, where a, is the carbon-
carbon bond length), one obtains A) =11.3eV. This is three
times smaller than the value of A, = 36.3 eV found in lithographi-
cally formed graphene nanoribbons, and is close to that of disorder-
free nanoribbons. This result suggests a strong intrinsic contribution
of quasi-one-dimensional confinement of the carriers to the
observed transport gap'*'>!7 in the present nanoribbons.

A typical drain current (Iy,) versus Vi, relationship for four
different samples (Fig. 3) reveals a drain voltage (Vsp,) dependence,
with (i) p-type semiconducting behaviour at high Vg, (>>1 V; the
transport gap of Fig. 2b disappears), (ii) slight ambipolar behaviour
in the middle of the V¢, range (~1 V; this corresponds to Fig. 2b)
and (ii) predominantly insulating behaviour at very low Vg,
(<<1 V; approximately maintaining the same transport gap as in
Fig. 2b). The I, on-off ratio* also exhibits a strong dependence
on V. Such a dependence is highly sensitive to annealing

conditions (see Methods and Supplementary Section 3), and can
be interpreted as being due to edge reconstruction®?® and carrier
doping to the edge (edge effect) in the high Vg, region
(Supplementary Section 7).

In typical Arrhenius plots for minimum differential conductance
(G, versus temperature in the three samples (Fig. 4a; with the
exception of the W=75nm sample in Fig. 3d), an activation
energy (E,) value of ~50 meV is obtained from a linear fit for
high temperatures (Fig. 4a, dotted lines). The proportional relation-
ship of E, versus 1/W is very weak in the region of large W
(>100 nm), and E, is independent of N (Supplementary Section
12). This is more obvious in Fig. 4b.

In a graphene nanoribbon with W= 75 nm, the value of E,
increases slightly to ~55 meV (Fig. 4a,b). Remarkably, this value
of ~55 meV is approximately seven times greater than those in
lithographically formed graphene nanoribbons with the same
width of 75 nm (ref. 6), and is quite close to the abovementioned
A, value of ~70 meV. This trend was common for other samples
(Fig. 4b). Moreover, G, ;. becomes largely independent of tempera-
ture, and no signature of variable-range hopping is detected below
T~ 100-60 K in all samples (that is, G,,;, = exp(A), where A is a
constant). Because the constant G,;, values are extremely small
below T=100-60K, the present graphene nanoribbons can be
insulating. Such characteristics are significantly different from
those of lithographically formed nanoribbons®.

As mentioned in relation to the transport gap, the fact that the
A, values are smaller than those in lithographically formed nano-
ribbons suggests a smaller level of edge disorder in the present gra-
phene nanoribbons. The E, values observed in lithographically
formed nanoribbons were well below A | (near 10%) and were there-
fore attributed to one-dimensional nearest-neighbour hopping
through edge disorder®. In this regard, the value of E, for the
present nanoribbons, being seven times greater than those in litho-
graphically formed nanoribbons and close to the value of A
(~80%), suggests that activation does not originate from one-
dimensional nearest-neighbour hopping, but instead from an
intrinsic energy bandgap within the nanoribbons. As the tempera-
ture decreases, this activation via bandgap rapidly decreases, and
electron transport becomes insulating because of the absence of
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becomes large for large absolute values of Vip,. This suggests the appearance of different states driven by high Vi, (such as edge reconstruction;
Supplementary Section 7). The transport gap and slight ambipolar feature shown in Fig. 2b remain at low Vsp (~1V) in d. (W, width (nm); N, number
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~50 meV was obtained from the dotted lines, and G, o< exp(—E,/2ksT) at high temperatures is mostly independent of W and N, except for the

W =75 nm sample, where E, increases slightly to ~55 meV. This value is seven times greater than those in lithographically formed nanoribbons and is close
to the A, value (~80%). b, E, and A_, values as a function of W for two different values of N. The trend in a is more evident.

both edge disorder and variable-range hopping at low temperatures
(<~100-60 K). All of these interpretations are qualitatively consist-
ent with a low defect density in the studied nanoribbons.
Moreover, the signature of the single-electron charging effect?®?
cannot be observed in any measurements in the present graphene
nanoribbons. Single-electron spectroscopy measurements (for
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example, the so-called Coulomb diamond) comprise a very effective
method with which to detect any small defects in nanomaterials
(Supplementary Section 1)*6%7, When very small defects exist in a
sample, they act as quantum dots with the charging energies of
single electrons. Where there are many defects, they resemble
quantum dots coupled in series. These quantum dots lead to the
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Figure 5 | Single-electron spectroscopy—half part of a Coulomb diamond
measured at T = 1.5 K. The colours represent differential conductance. AVye
is 5mV. The transport gap is represented by the region of 20 x 1072 S,

No stochastic Coulomb diamonds can be observed inside the transport gap
(Supplementary Section 1). A transport gap only exists around the charge
neutrality point, The measured sample, with W =80 nm and N=1, is
different from that in Figs 2 and 3.

so-called stochastic Coulomb diamond, in which the Coulomb dia-
monds are very large and non-uniform, and a series of such
Coulomb diamonds can overlap. Previous reports of electronic
transport in lithographically formed graphene nanoribbons have
shown this stochastic Coulomb diamond effect®®. In contrast, in
examinations of the present nanoribbons, no indication of such sto-
chastic diamonds inside the transport gaps is observed (Fig. 5). Only
a transport gap (as in Figs 2b and 3) is seen around the charge neu-
trality point. This result strongly supports the conclusion that there
is only a small number of defects between the two electrodes in these
graphene nanoribbons.

The results also suggest that the observed E, values are intrinsic
bandgaps in the present graphene nanoribbons, in contrast to the
case for lithographically formed nanoribbons, where the single-elec-
tron charging energy accounts for 60% of the E, value®. This means
that the large AV, (Fig. 2a) can also be attributed to the intrinsic
energy bandgap (Supplementary Section 2).

Away from the charge neutrality point (out of the transport
gap), Ly, oscillation is seen to occur with V. period (A,.), as
large as ~5-6 V (Igp, oscillation: Supplementary Section 13). This
suggests the presence of discrete energy levels in the present
graphene nanoribbons and supports the absence of defect-
induced levels.

Origin of large bandgaps in wide nanoribbons

We next discuss the origins of the large bandgap values observed. In
previous theoretical reports about graphene nanoribbons, widths of
less than ~10 nm were used'*-'7, but we have used larger widths of
W22 100 nm. In spite of this, large E, values were determined. We
consider two factors influencing this observation: (i) there is
quantum confinement of electrons into quasi-one-dimensional
space, in which enhanced electron-electron interactions remain
due to a large mean free path; (ii) the effective width of the
present graphene nanoribbons is much smaller (of the order
10 nm). The second factor does not appear to be dominant based
on our analysis (Supplementary Section 10).

The first factor is taken to be the dominant reason for the
observation of large bandgap values. It is known that the origins
of bandgaps vary in low-disorder graphene nanoribbons with differ-
ent types of homogeneous edges (Supplementary Section 4)'-16,
The bandgaps of graphene nanoribbons with armchair edges
originate mainly from quantum confinement of electrons into

quasi-one-dimensional space. In contrast, in graphene nanoribbons
with zigzag-shaped edges, the bandgaps arise from a staggered sub-
lattice potential due to spin-ordered states at the edges (that is, spin
gaps), as a peculiar case. Because the zigzag edge states localize
within a few nanometres of the edge, showing an exponential
decay towards the centre of the nanoribbons, and the present nanor-
ibbons are as wide as ~100 nm, the possibility that zigzag graphene
nanoribbons make a major contribution to the observed large band-
gaps is minimized (Supplementary Section 6). It is probable, there-
fore, that the observation of such large bandgaps corresponds to
major effects arising from the presence of armchair-edged graphene
nanoribbons. Quantum confinement of electrons into quasi-one-
dimensional space and enhanced electron-electron interactions
thus become very important.

Reference 13 has reported that the electron-electron interaction
enlarges the self-energy correction in the first-principles calculation
based on many-body perturbation theory (the GW approximation),
leading to large bandgap values. Following this approach, reference
13 also calculated bandgap values of 3 eV fora W = 1 nm armchair-
edged graphene nanoribbon with hydrogen passivation. Based on
this value and the conventional inverse proportional relationship
between the bandgap and W, the bandgap can be estimated to
be ~30 meV for W= 100 nm in an armchair-edged nanoribbon.
This value is in approximate agreement with the observed bandgap
of ~50 meV for W= 75 nm if it is considered that the relationship
of bandgap versus 1/W becomes weaker in large W regions.
Moreover, because our graphene nanoribbons are also hydrogen-
passivated, our data tend to fit the theory of reference 13.

As mentioned above, graphene nanoribbons must be one-
dimensional if the theory of reference 13 is to be applied. It might
therefore seem that the present nanoribbons, with W= 100 nm,
are too large and no longer one-dimensional. However, the strength
of quantum confinement in the one-dimensional regime and
the electron-electron interaction are determined by comparison of
the mean free path I, with the size of the one-dimensional space
(that is, the W value of the graphene nanoribbons). When [, is on
the order of 100 nm, which is comparable to the W values of
the present nanoribbons (W = 75-350 nm), the nanoribbons are
within one-dimensional charge transport regimes and provide
strong one-dimensional electron—electron interaction, resulting in
large bandgaps. In fact, we have confirmed the I, value over
100 nm due to low defects (Supplementary Section 5). As the
nanoribbon length decreased, the resistivity decreased linearly.
The resistivity saturated at lengths shorter than ~100-300 nm
and became only slightly dependent on a change in length,
showing a near constant value of quantum resistance (h/4e?).
This suggests I, ~ 100-300 nm. Therefore, the present graphene
nanoribbons are one-dimensional and, therefore, the large band-
gaps are reasonable. When the W values become much larger
than [, this correction will disappear and the bandgaps will
also disappear.

The present graphene nanoribbons still have a small number of
residual defects. As discussed earlier, edge disorder enhances band-
gaps by means of many mechanisms (such as localization)®.
Although the contribution from the localization effect becomes
weaker in large- W nanoribbons, and is sensitive to the degree of dis-
order, it will nonetheless make a contribution to the present large
bandgaps. In fact, the observed I, value and the small influence of
the localization effect are in good agreement with theoretical calcu-
lations®!”. Reference 9 reports the correlation of [, values with the
number of defects on each edge (P x L/a, where P is defect prob-
ability, L is edge length and a = 2.46 A is the lattice parameter) of
graphene nanoribbons with four different types of disorder. The
observed /, values of ~100-300 nm in our nanoribbons correspond
to the low-defect edge for Klein defects or single missing hexagon
defects, with P as low as ~2.5%.
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Reference 10 reports the correlation of P and W with bandgaps
and local density of states in armchair-edged graphene nanoribbons
under the localization effect, with a calculated presence of high local
density of states in the bulk of the armchair-edged nanoribbons
(P=5% and W =74 nm). This supports a small contribution of
the localization effect in the present nanoribbons with P2 2.5%
and W > 75 nm. Furthermore, a bandgap of ~25 meV was calcu-
lated for an armchair-edged nanoribbon with P=5% and W=
74 nm. This suggests that the contribution of the localization
effect to bandgaps in the present nanoribbons is ~10 meV, at most.

Conclusions

Low-defect graphene nanoribbons, formed by unzipping of carbon
nanotubes followed by annealing, are promising materials for
bandgap engineering and applications in conventional semi-
conductor device operations. Further study is anticipated regarding
correlation with edge states (Supplementary Section 8) and also the
formation of narrow graphene nanoribbons (W< ~10nm) by
applying the present unzipping method to single-walled
carbon nanotubes?!.

Methods

g the as-grown nanoribbons (Supplementary Video). To diminish the
entanglement of the as-grown nanoribbons (Fig. 1a, main panel) and form sufficient
rectangular structures of individual nanoribbons on the 8i0, substrate (Fig. 1a, right
insets), an air gun or conventional heat dryer was used. Air ﬂow was thus applied to
the water droplet containing the as-grown nanoribbons, changing directions every
30 5, 50 times. The strength of the air flow was tuned by controlling the distance
between the droplet and the air gun. In this way, the droplet was moved around on
the substrate and the entanglement of as-grown nanoribbons caused to diminish.
Subsequently, the surface was dried at 300 °C in high vacuum (107 ° torr).

TEM observations. Only the HRTEM image of the as-grown graphene nanoribbon
before annealing is shown in Fig. 1b, because it is extremely difficult to carry out
HRTEM observations on FET structures fabricated on silicon substrates. Moreover,
because the available TEM grid is not stable at high temperatures (for example,
800 “C), changes in the edge structure cannot be observed by HRTEM after high-
temperature annealing. (See Supplementary Section 9 for more details.)

Annealing. The first step was to anneal the sample at 800 °C for 15 h under high
vacuum (10 torr) to reduce the bulk of the oxygen immediately after dispersion of
nanoribbons on the substrate. In the second step, before forming the marking
patterns required for electron-beam lithography in the fabrication of the FET
electrodes, annealing was carried out at 750 “C for 30 min in a hydrogen atmosphere
with pre-annealing at 750 “C for 20 min (in high vacuum, 10 ° torr) to terminate
edges and any residual dope charge carriers. A final annealing at 300 °C for 30 min
(in high vacuum, 10~ torr) was performed for surface cleaning immediately
before patterning of the FET electrodes (gold/titanium) by electron-beam
lithography on a highly doped silicon substrate. (See Supplementary Sections 3
and 7 for more details.)
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