
RONG AND WARNER VOL. 8 ’ NO. 12 ’ 11907–11912 ’ 2014

www.acsnano.org

11907

December 04, 2014

C 2014 American Chemical Society

Wired Up: Interconnecting
Two-Dimensional Materials with
One-Dimensional Atomic Chains
Youmin Rong and Jamie H. Warner*

Department of Materials, University of Oxford, Parks Road, Oxford OX1 3PH, United Kingdom

Miniaturizationof individualelements
in electronic circuits eventually
leads to the scenario of single-

atom transistors, atomic point contacts,
and atomic one-dimensional (1D) chains.
Building ultrasmall electronic devices, such
as transistors, basedona siliconplatformhas
demonstrated the state-of-the-art in bot-
tom-up nanofabrication with atomic-level
precision.1 However, extending bottom-up
strategies to the large-scale arrays required
for generating complex circuitry is extremely
challenging to implement. One example of
this is the implementation of carbon nano-
tubes (CNTs) in large-scale electronics,
where the major challenge is to grow CNTs
in exactly the right location on a substrate. A
similar problem exists for bottom-up fabri-
cated graphene nanoribbons using molecu-
lar precursors on substrates.2 The large-scale
bottom-up fabrication of atomic wiresmade
rapid progress through the use of CNT inter-
iors as a template to control growth. This has
resulted in linear carbon chains, metal wires,
and, recently, ionic wires formed within the
0.7�2 nm hollow inner core of the CNT.3�5

However, a major challenge for further
progress using template bottom-up growth
within CNTs is the effective removal of the
nanotube host, while maintaining stabiliza-
tion of the linear atomic chain.
Top-down methods are another option

for the fabrication of 1D atomic-scale struc-
tures. Two-dimensional (2D) materials are

highly amenable to top-down fabrication
because they only require controlled pat-
terning in 2D, rather than three dimensions
(3D), as required for silicon processing tech-
nology. General approaches for top-down
patterning use electron-beam lithography
and photolithography methods to generate
nanostructures down to ∼10 nm. Direct
electron-beam irradiation of 2D materials
performed in situwithin a transmission elec-
tron microscope has opened up new in-
sights into the fabrication of structures
down to the atomic level through controlled
sputtering or irradiation-induced restructur-
ing with simultaneous real-time imaging.
Aberration-corrected transmission electron
microscopy (AC-TEM) has improved spatial
resolution, which can be extended even
further by monochromation of the electron
source to provide single-atom imaging cap-
abilities of low Z number materials such as
carbon.6 With AC-TEM, a focused electron
beam can now reach diameters as small as
∼0.1 nm, enabling the possibility of single-
atom manipulation. If the energy of the
electrons within the electron beam in an
AC-TEM is close to the threshold for sputter-
ing, then atoms are removed from the sam-
ple and nanosculpting begins. For materials
like graphene, this threshold is between
60 and 80 keV. If the energy of electrons in
the beam is much higher than this, then
graphene is rapidly deformed through the
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ABSTRACT Atomic wires are chains of atoms sequentially bonded together and epitomize the

structural form of a one-dimensional (1D) material. In graphene, they form as interconnects between

regions when the nanoconstriction eventually becomes so narrow that it is reduced to one atom thick. In

this issue of ACS Nano, Cretu et al. extend the discovery of 1D atomic wire interconnects in two-dimensional

(2D) materials to hexagonal boron nitride. We highlight recent progress in the area of 1D atomic wires

within 2D materials, with a focus on their atomic-level structural analysis using aberration-corrected

transmission electron microscopy. We extend this discussion to the formation of nanowires in transition metal dichalcogenides under similar electron-beam

irradiation conditions. The future outlook for atomic wires is considered in the context of new 2D materials and hybrids of C, B, and N.
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introduction of defects and holes
across large areas.

Linear Carbon Wires in Graphene.
Some of the early experiments on
electron-beam sputtering of CNTs
revealed that linear carbon chains
formed as the penultimate stage
before nanotube breakage.7 More
recently, research has focused on
carbon chains that form in graphene
irradiated by the electron beam.8,9

Electron-beam irradiation at an ac-
celerating voltage of 80 kV typically
forms holes within the sheet, and
when two of these holes meet,
a nanoconstriction is formed, as
shown in Figure 1a. As this nano-
constriction further thins out by
atom loss, it leads to the formation
of a double carbon chain system
(Figure 1b). Eventually, one of the
two chains breaks, leaving a single
carbon chain interconnecting two
regions of graphene (Figure 1c).
The interesting aspect about this
formation process is that it never
produces a linear sequence of fused
aromatic rings, with pentacene-like
form, but instead leads to the split
double chain structure, where each
chain is highly curved. It is also not
very dependent upon the starting
quality of 2D carbon material, with
amorphous 2D carbon also showing
similar linear carbon chain forma-
tion. The double carbon chain can

have attachment points to the same
aromatic ring on either side of the
graphene, as shown in Figure 1d�i.
In this case, the attachment point
is often a pentagon, rather than a
hexagonal ring. In order to maintain
the 120� angle for sp2 bonding in
the pentagonal attachment site,
the chains are required to be curved.
Sometimes, the double carbon
chains are attached to two aromatic
rings (shown in Figure 1j�o), and in
these cases, the degree of curvature
in the linear chains is less and the
two rings are often a hexagon and
pentagon combination.

The specific bonding structure of
the linear carbon chains formed
within graphene has not been di-
rectly confirmed by atomic resolu-
tion imaging and remains an open
question. There are two main types
of linear carbon chains that are
likely for this structure: polyyne
CtC�CtC�C or cumulene CdCd
CdC. Theoretical calculations tend
to suggest that cumulene structures
are preferred. At the interface where
the carbon chain meets the gra-
phene, the bonding will be more
complex, due to the sp2 nature of
graphene meeting the linear carbon
chain. Furthermore, under the intense
electron beam within a transmission
electron microscope (TEM), it is the
structures that are “radiation” stable

and not those that are “thermo-
dynamically” stable that are imaged.10

Using a sample holder that en-
ables in situ electrical biasing inside
a TEM, the conductivity of these
linear carbon chains was recently
measured and found to be much
lower than predicted for ideal
chains.11 Strain effects were invoked
to explain this difference, with cal-
culations suggesting that nonzero
strain enables transformations of
the carbon chains between cumu-
lene and polyyne configurations. An
important aspect to consider when
understanding the conductivity of
linear carbon chains that interlink
graphene is the specific details of
how they are bonded to the gra-
phene edges. Under electron-beam
irradiation, the linear carbon chains
flex and shift their attachment point
to graphene, showing surprising
robustness under intense irradiation
(Figure 2a�d). In Figure 2e,f, the
high-magnification TEM images
show how the linear C chain bends
toaccommodate theattachment site.
Figure 2g shows a high-resolution
TEM image where monochromation
of the electron source is used to
obtain 80 pm spatial resolution,
and in this case, the C atoms appear
as sharp spots. Thepositionof atoms
in the small linear chain in Figure 2g
can be determined from the line

Figure 1. Double C atomic wire. (a�c) Sequence of AC-TEM images of graphene under 80 kV electron-beam irradiation
showing the formation process of linear carbon atomic wires. (d�f) AC-TEM images (false color) of different double carbon
chain interconnects bonded to the samearomatic ringonboth sides of graphene. (g�i) Atomicmodels for theAC-TEM images
shown in (d�f), respectively. (j�l) AC-TEM images (false color) of different double carbon chain interconnects that bond to
multiple aromatic rings at the edge. (m�o) Atomic models for the AC-TEM images shown in (j�l), respectively.
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profile of the intensity as a function
of distance andfittingdoubleGauss-
ian curves to measure the peak to
peak distances (Figure 2j,k), which
corresponds to the C�C bond
length. Different C�C bond lengths
are measured along the chain. The
inner C�C bond is shorter than
the C�C at the attachment at both
ends and confirms that there is
a change in both lengths along
the linear carbon chains. Linear car-
bon chain formation has also been
found to occur on the surface of
graphene, where amorphous car-
bon monolayers reconstruct under
the electron beam and 1D wires

interconnect different regions of
carbon clusters.8

One-Dimensional Atomic Wires in
Hexagonal Boron Nitride. With such in-
teresting structural transformations
occurring in graphene being di-
rectly imaged by AC-TEM, it was
only a matter of time before atten-
tion was turned to the case of 2D
hexagonal boron nitride (h-BN).
It is structurally similar to graphene,
with a planar hexagonal lattice
structure, but with B and N atoms.
Hexagonal BN also stacks differently
to graphene, with AA0 stacking rather
than graphene's AB Bernal stacking
(Figure 3). Surprisingly, it has taken

11 years since linear carbon chains
were first imaged between nano-
tubes and 5 years since they were
first imaged in graphene, but in this
issue of ACS Nano, Cretu and co-
workers report the first direct experi-
mental confirmation of linear atomic
chains within 2D h-BN sheets.12 Both
suspended chains interconnecting
regions of BN and chains residing
on the surface of BN are imagedwith
atomic resolution using AC-TEM. The
opening of holes in h-BN by electron-
beam irradiation has already been
studied, but the nanoconstrictions
that form when these holes meet
and the subsequent atomic wire

Figure 2. Linear C atomicwires. (a�d) Sequence of AC-TEM images showing the dynamics of a linear C chainwithin graphene.
Time between frames is ∼10 s. Area of images is 2.92 � 2.65 nm. (e,f) AC-TEM images (false color) showing the attachment
points of two different linear carbon chains at highmagnification. Area of images is 3.41 nm� 1.5 nm. (g,h) Atomicmodels for
the AC-TEM images in (e) and (f), respectively. (i) MonochromatedAC-TEM image (false color) showing a small C atomicwire in
graphenewith the position of atoms clearly resolved. Area of image is 1.29 nm� 1.29 nm. (j,k) Box line profiles of the regions
indicated with I and II in (i) and include Gaussian fits to measure the C�C bond distances.
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formation process had not been re-
ported until now. This provides excit-
ing new complementary insights to
the work already done on linear car-
bon chains in graphene. The authors
found that the stability and lifetime
of the BN chains were enhanced
when formed on a supporting BN
sheet. The nature of the linear chains
was deduced to be heteroatomic,
alternating B�N�B-N, etc., through
a combination of atomic-resolution
AC-TEM and density functional theo-
ry calculations. Although calculations
indicate that these BN chains are
insulating, the structural beauty of
their fundamental heteroatomic 1D
form will engage the curiosity of a
broad range of scientists and stimu-
late ideas.

Nanowire Formation in Transition Me-
tal Dichalcogenides. The formation of
linear 1D atomic wires by electron-
beam irradiation is not always a
certainty in 2D materials. Recent
related electron-beam sputtering

experiments on transition metal di-
chalcogenides reveals that nano-
wires are formed but not 1D
atomic chains (Figure 4).13,14 How-
ever, this might simply be due to
the difference in sputtering of
S compared to Mo or W. The elec-
tron-beam irradiation of Mo- and
W-based transition metal dichalco-
genides (TMDs) typically leads to
the removal of S atoms and the
enrichment of Mo or W around the
holes.13 The attachment sites where
the nanowires bond to the bulk
TMD crystal have higher loading
of metal (Figure 4a�d). This is prob-
ably why the interconnecting nano-
wires are metal-rich, with composi-
tions of Mo5S4 compared to the
starting material, MoS2 (Figure 4g,
h). The formation of Mo5S4 under
intense electron-beam irradiation
is also explained as being due to
the higher radiation stability com-
pared to a sulfur-deficient armchair
ribbon. Calculations indicate that

these sub-1 nmMo5S4 ribbons have
a band gap of 0.77 eV.13

The conductance properties of
the nanowires formed in MoSe2
have been explored using an in situ

electrical biasing holder inside a
TEM with surprising results.14 The
conductance of an interconnecting
wire was monitored with time, as
it gradually decreased in width.

Figure 3. BN atomic wires. (a) AC-TEM image of a suspended linear atomic wire formed in hexagonal boron nitride.
Accelerating voltage of 60 kV was used. An in situ heating holder was used and set to 650 �C. (b) Region indicated with the
black box in (a), processed with a Gaussian blur filter (r = 2px) and contrast-enhanced. (c) Multislice image simulation of a BN
chain. B and N atoms are inset in blue and red, respectively. (d,e) Two TEM images (14 s apart) showing the atomic chains
forming on the surface of h-BN. Data were acquired using 80 kV electrons with the sample at 20 �C. Reprinted from ref 12.
Copyright 2014 American Chemical Society.

In this issue of ACS

Nano, Cretu and co-

workers report the first

direct experimental

confirmation of linear

atomic chains within

two-dimensional

hexagonal boron

nitride sheets.

PERSPEC
TIV

E



RONG AND WARNER VOL. 8 ’ NO. 12 ’ 11907–11912 ’ 2014

www.acsnano.org

11911

The initial thick wire (∼1 nm) has a
dramatic increase in conductance
(by an order of magnitude), as the
width is reducedby about half; when
the wire finally breaks, the conduc-
tance drops to zero. The sudden rise
in conductance before the wire
snaps was attributed to a change
from a semiconducting monolayer
to a metallic nanowire. As the nano-
wire shrinks, it will undergo a phase
change, which will ultimately lead to
modified electrical properties. How-
ever, whenperforming in situbiasing
experiments inside the TEM, the
spatial resolution is impaired and
the exact atomic structure of the
nanowires is challenging to identify
and to link conclusively to predicted
properties. As in the cases of atomic
wires, interconnected graphene, and

h-BN, the MoSe nanowires were also
flexible with high degrees of bend-
ing regularly observed.14 Discrete
rotations were also seen, enabled by
the fact that thewires are thicker than
one atom wide and different crystal
projections can be identified. Rota-
tion times of the MoSe nanowires
were estimated to be on the order
of milliseconds and demonstrated
self-adaptive reconstruction at the
attachment site to thebulk2DMoSe2.

OUTLOOK AND FUTURE
CHALLENGES

With linear atomic chains present
in both graphene and h-BN, it will
be interesting to see the type of
linear chains that might form in
2D hybrids of C�B�N. The linear
atomic chains could have several

different compositions, such as seg-
mented C and BN or heteroatomic
blends of C, B, and N atoms. The
merger of C, B, and N elements into
linear atomic wires may result in
semiconducting behavior, rather
than the metallic and insulating
forms of C and BN chains alone. A
small segment of BN located within
the middle of a linear C chain could
exhibit interesting transport prop-
erties. The effect of single dopant
atoms in the linear atomic wires is
also an important and interesting
factor for bringing electronic diver-
sity to the systems based on C. As
the 2D TMDs start to become more
integratedwith graphene and h-BN,
it is worth considering how the
nanowires formed in TMDs might
interconnect graphene electrodes.

Figure 4. Transitionmetal dichalcogenide nanowires. (a�f) Sequenceof TEM images showing the formationof nanowires in a
MoS2 few-layer flake using an 80 kV electron beam. (g) Comparison between the high-resolution transmission electron
microscopy image and simulated TEM image for a Mo5S4 nanowire. (h) Atomic models of the Mo5S4 ribbon in three different
projections. Reproduced with permission from ref 13. Copyright 2013 Nature Publishing Group. (j) Scanning transmission
electron microscopy (STEM) Z-contrast image (false color) of a patterned MoSe nanowire network, where each nanowire is
sculpted individually. Scale bar is 2 nm. (j) Atomic model of the transition metal dichalcogenide nanowire; dashed red
triangles indicate the orientation of each layer in the nanowire. (k,l) STEM Z-contrast images of individual nanowires from
MoSe2 (orange), MoS2 (yellow), andWSe2 (blue). Scale bar is 0.5 nm. Reproducedwith permission from ref 14. Copyright 2014
Nature Publishing Group.
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With the progression of 2D mate-
rials research pushing toward the
isolation and growth of novel 2D
materials beyond graphene, BN,
and TMDs, there will be many excit-
ing opportunities to explore 1D
atomic wire formation in new ma-
terial systems. Alongwith graphene,
there are other 2D crystals com-
posed of only one element, such as
silicene and phosphorene, which
have the potential to formmonoele-
ment 1D atomic wires. While atomic
1Dwires offer tremendous potential
in electronics, major challenges in
exploiting their properties in large-
scale electronics remain. Methods
need to be developed that can form
1D interconnecting wires within 2D
sheets to develop large-scale arrays
and integrated circuits. One possible
way this might be achieved is
through controlled electrical biasing
of graphene (or other material)
nanoconstrictions. The biasing of
graphene nanoconstrictions can
lead to the formation of nanoscale
break junctions, and linear carbon
chains may also be the penultimate
structures before the break junctions
form. Using graphene grown by
chemical vapor deposition enables
several hundred of these devices
to be fabricated on one chip with
automated processing.15 By halting
the biasing at the right stage, there is
a chance that single atomic wires of
carbon would be left connecting the
two graphene electrodes.
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