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G
raphene nanoribbons (GNRs) are
attractive candidates for nanoelec-
tronics, spintronics, and nanoelec-

tromechanical systems (NEMS).1�12 Litho-

graphic and chemical methods have been

used previously to produce GNRs from lay-

ered graphite or suitably prepared

graphene.1�3,6 Alternatively, GNRs have

been produced from multiwall carbon

nanotubes (MWNTs) using chemical oxida-

tion, argon plasma etching, intercalation, or

metal particle-assisted unzipping.7�12

High-quality (typically arc-grown) MWNTs

are attractive starting materials as they dis-

play excellent current carrying capacity in-

dicative of low defect concentration.13,14 In-

terestingly, nanoribbons derived from

collapsed carbon nanotubes were reported

already in 1995.15 Employing MWNTs or

single-wall nanotube (SWNTs) with narrow

diameter distributions, unzipping ap-

proaches offer the possibility of large-scale

production of narrow GNRs with well-

controlled widths. Unfortunately, available

unzipping methods have serious drawbacks

related to surface contamination and intro-

duction of structural defects, resulting in

mechanical and electrical degradation.7�12

Highly desirable would be a MWNT unwrap-

ping method with no reliance on harsh

chemical or other detrimental treatment,

with the ability to preserve (or even en-

hance) the quality of the MWNT fabric. Elec-

trical current-induced unwrapping of

MWNTs for GNR production is an interest-

ing approach to this requirement.

At very high electrical bias, MWNTs can

display superplasticity,16,17 or undergo

structural failure through concentric wall-

by-wall breakdown or blow-out with associ-

ated staircase-like current drops.13,14,18,19

In vacuum, this breakdown is believed to be

driven by resistive heating and thermal

bond breaking (as opposed to oxidation, as

might occur during blow-out in air13). Evi-

dence for graphene flake production from

MWNTs using high dc pulses has been re-

cently reported.20 We here apply the tech-

nique of current-induced electrical break-

down of MWNTs to produce GNRs. The key

is to avoid the typical catastrophic wall

blow-out, but instead promote controlled

thermally induced unwrapping of the outer

walls of the nanotube. Using in situ trans-

mission electron microscopy (TEM), we also

characterize GNRs structurally and electri-

cally, including situations for which the GNR

is severely mechanically flexed. GNRs de-

rived from this method have high current-

carrying capacity, which demonstrates that

this is a promising technique for obtaining

high quality GNRs from MWNTs.

RESULTS AND DISCUSSION
Figure 1 shows schematic drawings of

the proposed fabrication process of extract-

ing a GNR from a MWNT. Using a movable

electrode, a MWNT is contacted and un-

wrapping of the outer walls is induced via

an applied electrical current through the
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ABSTRACT We describe a clean method of graphene nanoribbon (GNR) extraction from multiwall carbon

nanotubes (MWNTs), performed in a high vacuum, nonchemical environment. Electrical current and

nanomanipulation are used to unwrap a portion of the MWNT and thus produce a GNR of desired width and

length. The unwrapping method allows GNRs to be concurrently characterized structurally via high-resolution

transmission electron microscopy (TEM) and evaluated for electrical transport, including situations for which the

GNR is severely mechanically flexed. High quality GNRs have exceptional current-carrying capacity, comparable to

the exfoliated graphene.
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contact and tube. With proper voltage bias control,
only part of the MWNT outer wall (upper portion in
the schematic) is severed and, as shown in Figure 1c, a
precursor GNR is created which clings to the remaining
MWNT inner core. The GNR is then systematically re-
moved from the MWNT via sliding between the GNR
and the MWNT inner core, as shown in Figure 1d. The
newly formed GNR can easily be completely removed
from the MWNT, or, most importantly, the sliding pro-
cess can be terminated when a desired amount of GNR
has been slid off. This leaves a preselected length of
GNR fully suspended in vacuum, with each end electri-
cally and mechanically attached to a conducting elec-
trode (the remaining portion of the MWNT serves as
one electrode).

Figure 2a shows a TEM image of a GNR experimen-
tally derived from a MWNT using the electrical-current-
induced unwrapping technique. The GNR is fully sus-
pended in vacuum, with each end electrically and
mechanically attached to a conducting electrode. The
original MWNT (30 nm diameter) from which the GNR is
derived is located on the right side of the GNR. The
length of the GNR is about 300 nm and the width, uni-
form along the ribbon axis, is 45 nm, suggesting about
half (circumferentially) of the MWNT outermost shells
were vaporized during the electrical unwrapping pro-
cess. The proposed unwrapping of MWNTs is a very fast
process and the intermediate steps of it were not ob-
served in our TEM experiments due to spatial and tem-
poral limitations. However, this is a very likely scenario
and supporting evidence for this unwrapping of
MWNTs is documented in Figure 5. Related modeling
of the thermally induced nanotube wall-rupture mech-
anism is also discussed later in this article and the Sup-
porting Information. The edge of the GNR in Figure 2a
could not be resolved at the atomic scale, posing the
possibility that this structure is a collapsed nanotube.

Considering that a collapsed nanotube is within the

GNR family, we use the term GNR for this structure.15

In Figure 2b, the two-terminal electrical transport for

the same GNR is shown. The blue diamond and red

square dots are, respectively, the electrical current and

differential conductance at given bias voltages. At low

bias voltages (�0.5 V), the response is mostly linear,

while at higher voltages the conductance increases

with increasing bias voltage, similar to the behavior ob-

served in MWNT two-terminal electrical transport mea-

surements.18

Graphene and GNRs have remarkable mechanical

properties6,21�23 which make them promising materi-

als for NEMS and flexible devices. To exploit graphene

and GNRs for electromechanical purposes, it is crucial to

characterize electrical transport under mechanical de-

formation conditions, but there have been few studies

on this subject. The conductance of graphene films has

been observed to drop reversibly when the films are

subjected to bending or stretching.21 The GNR isola-

tion and mounting configuration described here affords

highly controlled reversible flexing and simultaneous

electrical measurement of a single GNR. Figure 3 pan-

els a�c show a series of TEM images acquired during a

mechanical deformation of the GNR. Clearly, the GNR

shows dramatic distortions as the MWNT electrode is

moved to the left, closing the gap between the elec-

trodes. As the degree of flexing is changed, concurrent

two-terminal electrical transport measurements are

performed. Figure 3d shows I�V curves for each defor-

mation state (a�c) of the GNR. The main result is that

Figure 1. Schematic drawings of the proposed graphene
nanoribbon (GNR) fabrication from a multiwall carbon nano-
tube (MWNT). In the schematic, a double-wall carbon nano-
tube (DWNT) is chosen for simplicity: (a) MWNT before the
partial wall rupture; (b) electrical current induces rupture of
the outer wall of a MWNT; (c) partial outer-wall rupture of a
MWNT results in a precursor GNR which is under the MWNT
inner core; (d) intershell sliding between the GNR and the in-
ner core results in a suspended, electrically contacted GNR.

Figure 2. TEM images and electrical transport measurement
of a GNR derived from a MWNT. (a) TEM image of a GNR de-
rived from a MWNT via the electrical rupture and unwrap-
ping method. The original MWNT from which the GNR is de-
rived is shown on the right side; it continues to serve as a
mechanical support and electrical contact for the GNR. (b)
Electrical transport measurement of the same GNR. The blue
diamond and red square dots (color online) are the electri-
cal current and differential conductance at given voltages,
respectively. The solid line is a guide to the eye for the dif-
ferential conductance. At low voltages (�0.5 V), the re-
sponse is linear. With higher bias, the conductance increases
with increasing bias.
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the two-terminal resistance remains constant even
with dramatic flexing of the GNR. This indicates that
conductivity of GNRs (and presumably properly
mounted graphene) can be maintained even under se-
vere mechanical deformations such as high angle flex-
ing. These results would also imply that rippling, which
can occur on suspended graphene,24 does not substan-
tially modify the intrinsic electrical transport properties
of graphene or its derivatives.

The ultimate current-carrying capacity of GNRs, and
their failure mode under extreme bias conditions, is of
great interest. We find that suspended GNRs can carry
large currents without failure. For the specimen of Fig-
ure 2, a maximum two-dimensional current density of
�22 A/cm is obtained, comparable to that found for ex-
foliated graphene on a substrate.25,26 Notably, the GNR
is here suspended in vacuum, and thus the central por-
tion is not well thermally anchored and presumably at
elevated temperature. This suggests an even higher ul-
timate current limit is possible for thermally anchored
GNRs.

Figure 4 shows the results of a suspended GNR in-
tentionally driven to electrical failure. TEM images of
the GNR and corresponding transport data are shown.
As seen in Figure 4c, the GNR is stable and the current
remains constant (�100 �A) for an applied bias of 2.5 V.
As the bias is increased to 2.6 V, the current begins to
drop and the middle part of the GNR diminishes in
width (Figure 4a). With fixed bias, the current asymp-
totically approaches �65 �A as shown in Figure 4c.
During the GNR breakdown, no staircase-like current
drops are observed, indicating no dramatic “quantized”
geometrical configurations; the GNR width gradually

and smoothly diminishes. As the electrical bias is in-

creased to �3 V, the GNR fails catastrophically at the

central part and current drops to zero, as shown in Fig-

ure 4b. The breakdown mechanism of the GNR under

high bias is likely due to carbon atom sublimation from

the GNR edges due to high temperatures.27,28 Related

current-induced “shrinking” of carbon nanotubes has

been reported.29

We now examine in more detail the electrically in-

duced MWNT rupture and unwrapping mechanism

that leads to GNR formation. The key is the asymmet-

ric electrode contact at the tip of the MWNT. This

side-contacting results in asymmetric electrical and

thermal transport conditions near the tip of the

MWNT. Most notably, this results in a sharp temper-

ature difference between the noncontacted and

contacted outer surfaces of the MWNT near its tip.

The noncontact side of the MWNT tip achieves a

higher temperature than the contact side, and this

is where the unwrapping (ejection of carbon atoms)

is initiated. The asymmetric breakdown process is

documented in Figure 5. Figure 5 panels a�e show

a series of TEM images for the asymmetric side-

contact condition. At the bottom of the MWNT tip,

amorphous carbon and MWNT composite serve as

an electrode. As the bias on the MWNT is increased,

the onset of MWNT shell breakdown occurs, as

shown in Figures 5b,c. The noncontact side of the

MWNT tip experiences faster electrical breakdown.

Along with the breakdown, the inner core shells of

Figure 3. Flexing of a GNR and concurrent electrical mea-
surement. (a�c) Sequential TEM images during the flexing
process; (d) I�V curves for corresponding flexed states of the
GNR in panels a�c. The two-terminal conductance stays
the same even with the dramatic mechanical deformation
of the GNR.

Figure 4. Electrical breakdown of a GNR. (a) TEM image of a
GNR after partial electrical breakdown. The central part of
the GNR has shrunk which implies diffusive electrical trans-
port processes along the GNR. (b) TEM image of the GNR af-
ter total breakdown. (c) Voltage and current variation in
time during the electrical breakdown. Stable two-
dimensional maximum electrical current density is about
22 A/cm. The lack of a staircase-like current drop suggests
that the GNR undergoes gradual, not quantized, breakdown.
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the MWNT easily slide with respect to the outer

shells, as shown in Figure 5d, due to thermal agita-

tion. The contact side of the MWNT tip in Figure 5d

has more intact layers (eight layers) than the non-

contact side (two layers), as indicated by the arrows,

which shows clearly that the wall breakdown oc-

curs faster in the noncontact side. MWNT walls at

the contact side, which do not have corresponding

walls at the other side, readily evolve to low-

curvature strips with edges—that is, GNRs. In Fig-

ure 5e, the inner core of the MWNT can be seen dis-

placed left with respect to the outer shells. The GNR

structures are now nearly isolated.

We carry out finite element analysis on a side-contact

MWNT geometry to quantify the asymmetric tempera-

ture distribution at the MWNT tip. The detailed analysis

procedure is presented in the Supporting Information.
We model the MWNT in the high-bias limit as a single cyl-
inder with uniform, isotropic conductivity.13,14,19,29 Fig-
ure 5f shows the simulated temperature profile of a
MWNT and an electrode contacting the side of the MWNT
tip. Because of Joule heating, the area near the MWNT-
electrode contact generally has a higher temperature
than other parts of the system, reaching temperatures
above 3000 K. A close look at the temperature profile of
the MWNT tip shows that the noncontact side reaches
higher temperatures than the contact side (Figure 5g).
This results from the electrode serving as a heat sink. The

width of the MWNT wall segment that is above the critical
temperature for carbon sublimation (approximately 3200
K30), along with MWNT outer circumference, dictates the
final GNR width.

METHODS
TEM Experiments. Experiments are carried out inside a JEOL

2010 transmission electron microscope (TEM) operated at 100
keV, employing a nanomanipulation platform (Nanofactory In-
struments AB). We choose this low acceleration voltage to mini-
mize electron beam damages to MWNTs and GNRs. Arc-grown
MWNTs are attached to an aluminum wire using conductive ep-
oxy and the wire is then mounted to the stationary side of the
holder. An etched tungsten probe is mounted to the opposite
mobile side of the holder. Although the bare tungsten probe can
itself serve as the mobile electrode, typically this electrode is
first coated with a bundle of MWNTs or amorphous
carbon�MWNT composite which facilitates carbon�carbon
contact between the mobile electrode and the MWNT to be un-
wrapped. The probe is moved such that the mobile electrode
touches the tip of a MWNT on the wire, creating a

carbon�MWNT contact. A stable electrical and mechanical con-
tact at the junction is established by annealing with high current.
The sliding process between MWNT core and shell/GNR is main-
tained at a rate of 1�10 nm/sec. A Keithley 2400 SourceMeter
is used for electrical bias and current readout across the MWNT.
Five nanotubes have been unwrapped using this electrical
breakdown method.

Finite Element Analysis. We use COMSOL Multiphysics, a com-
mercially available finite element modeler. For the details of
simulation, please refer to the accompanying Supporting Infor-
mation.
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