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Ultra-narrow metallic armchair graphene
nanoribbons
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Graphene nanoribbons (GNRs)—narrow stripes of graphene—have emerged as promising
building blocks for nanoelectronic devices. Recent advances in bottom-up synthesis have
allowed production of atomically well-defined armchair GNRs with different widths and
doping. While all experimentally studied GNRs have exhibited wide bandgaps, theory predicts
that every third armchair GNR (widths of N=3m + 2, where m is an integer) should be nearly
metallic with a very small bandgap. Here, we synthesize the narrowest possible GNR
belonging to this family (five carbon atoms wide, N=5). We study the evolution of the
electronic bandgap and orbital structure of GNR segments as a function of their length using
low-temperature scanning tunnelling microscopy and density-functional theory calculations.
Already GNRs with lengths of 5nm reach almost metallic behaviour with ~100 meV
bandgap. Finally, we show that defects (kinks) in the GNRs do not strongly modify their
electronic structure.
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raphene nanoribbons (GNRs) are a new class of materials

that have promising applications in next-generation

nanoelectronic and optoelectronic devices!™3. These
systems have been thoroughly studied theoretically at various
levels of sophistication™. According to these studies, the
electronic and magnetic properties can be tuned by the
nanoribbon chemical structure and edge geometry, ranging
from semiconductors”® to spin-polarized half-metals®. Zigzag
edge structure is predicted to result in spin-golarized edge states,
with potential applications in spintronics*®!?, On the other
hand, in armchair GNRs, quantum confinement opens a bandgap
that sensitively depends on the ribbon width, allowing in
principle for the design of GNR-based structures with tuneable
properties. The armchair ribbons can be grouped into three
families, that is, N=3p, N=3p+ 1 and N=3p + 2, where p is an
integer and N the number of carbon atoms along the GNR
width®!!, N=3p and N=3p+ 1 families have wide bandgaps
that scale inversely with the ribbon width. In contrast, simple
models predict the family N=3p+2 to be metallic with zero
bandgap®!2. More sophisticated models taking into account, for
example, edge relaxation predict non-vanishing but small
bandgaps®!3. These narrow armchair GNRs with narrow or
vanishing bandgaps would form ideal molecular wires to be used
as interconnects in molecular scale circuitry. However, this
requires atomic-level control of the edge structure, which is far
beyond the existing top—down approaches such as electron beam
lithography. Recently, tremendous progress has been made in
bottom-up chemical synthesis of GNRs from molecular
precursors'4~23, The synthesis of these ribbons proceeds in two
thermally activated steps'®. First step is the cleavage of halogens
from the precursors and the formation of a covalently coupled
polymer through radical addition reaction. The linear chain is
converted into graphene in the second step that involves
cyclodehydrogenation at a higher temperature. By changing the
monomer design, the fabrication of a wide range of GNRs
including different widths and doping can be achieved.

Despite several kinds of armchair GNRs having been
synthesized via specific molecular precursors>!6-1921-26 " the
studied widths have been rather limited. Most of them belong to
the wide bandgap N=3p + 1 family and narrow bandgap, near-
metallic behaviour has not been verified experimentally. We focus
on the N=3p + 2 family and target the narrowest member of this
family with N=5. The synthesis starts with a dibromoperylene
molecule, which undergoes dehalogenation and
cyclodehydrogenation steps to yield atomically perfect N=5
armchair GNRs. This width is predicted to be metallic within a
nearest-neighbour tight-binding model*’. More realistic
calculations predict the presence of a bandgap, but it should
remain much smaller than that found in armchair GNRs of the
other families”. We confirm these theoretical predictions and
measure experimentally a ~100meV bandgap in long GNRs
using low-temperature scanning tunnelling microscopy (STM).
This near-metallic regime is already reached in GNRs of six
perylene monomer units, that is, with lengths longer than 5nm.
In addition, we study the effect of the ribbon length on the
electronic structure and map out the local density of states
(LDOS) in real space using scanning tunnelling spectroscopy. The
experimental results are corroborated by density-functional
theory (DFT) calculations that are used to identify the
fingerprints of molecular orbitals as a function of the GNR
length. Finally, we show that defects (kinks) in the GNRs do not
destroy the near-metallic behaviour. Our results demonstrate that
this armchair GNR subfamily can be used as molecular wires that
should exhibit metallic behaviour at room temperature. This
suggest that these GNRs would form ideal interconnects in
molecular scale electronic circuitry.

2

Results

Growth of N=5 armchair GNRs. We grew armchair GNRs in
ultrahigh vacuum (UHV) using the on-surface polymerization
with dibromoperylene C,oH;oBr, (DBP) as the molecular pre-
cursor (Fig. 1a)3. This process yields very narrow 5-GNRs with
armchair edge structure. Details of the sample preparation can be
found in the Methods section. The resulting GNRs were
characterized by low-temperature STM at T=5K. We used a
mixture of precursor monomers with either parallel or
antiparallel positions of Br atoms (3,9-DBP or 3,10-DBP).
Regardless of the positions of the Br atoms, fully conjugated
ribbons are formed. A typical overview STM scan is shown in
Fig. 1b. These ribbons align and assemble along or perpendicular
to the direction of the herringbone reconstruction of the Au(111)
substrate. Most ribbons are isolated and easily manipulated along
the ribbon axis due to the weak interaction with the underlying
Au(111) substrate. While most of the GNRs are straight, there is a
significant number of non-straight GNRs. These kinked ribbons
are formed by two (or more) straight segments connecting during
the initial polymerization step with an angle of 30°. The structure
and electronic properties of these kinked ribbons will be discussed
in detail later. Statistics on the ribbon lengths and the fraction of
kinked ribbons are given in Supplementary Fig. 1. Figure 1lc
shows a high-resolution STM image with GNRs with several
different lengths. The shortest ribbons we observe consist of two
monomers, a medium length ribbon of 5-monomer units is
highlighted with an overlaid model structure. We can easily
determine the number of monomer units by counting the number
of benzene rings (lobes) along the armchair edges of the GNRs.

Evolution of GNR orbitals as a function of length. We have
performed detailed differential conductance (dI/dV) spectroscopy

Br
Br (Br)
|

Polymerizati.on at 200 °C
1

Cyclodehydrogenation at 320 °C

Figure 1 | Bottom-up synthesis of N=5 armchair GNRs. (a) Reaction
scheme of the polymerization of the DBP precursor to atomically well
defined N=5 armchair GNRs. (b) Overview STM image after
cyclodehydrogenation at 320 °C, showing straight and kinked GNRs
(V=500mV, =50 pA,; scale bar, 10 nm). (¢) Zoomed-in STM topography
of different ribbon lengths (V=300mV, | =50 pA; scale bar, 2 nm).
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experiments as a function of the ribbon length to probe the
corresponding changes in their electronic structure. In the
following, we will use two ribbon lengths (3 and 5 monomer
units) to highlight how the ribbon electronic states change with
length. A characteristic spectrum (red curve, Fig. 2a) recorded
close to the edge of a 3-monomer GNR exhibits a pronounced
shoulder at —1.02V and a prominent peak at —160mV
(labelled states 1 and 2, respectively). These states correspond to
the highest occupied molecular orbitals HOMO-1 (state 1) and
HOMO (state 2). At positive bias, we probe the lowest unoccu-
pied states. We find states at 540 mV (state 3) and 1.8V (state 4),
which correspond to the lowest and second lowest unoccupied
molecular orbitals (LUMO and LUMO +1). The additional
feature observed in the dI/dV spectrum around 1.2V did not
show any contrast in the dI/dV map and it originates from the
background signal (black line).

We probe the symmetries of the different molecular orbitals by
mapping the spatially resolved dI/dV signal at the energies
corresponding to the resonances (Fig. 2c). The experimental maps
show that both the HOMO and LUMO are extended through the
ribbon, in contrast to the localized end states observed on wider
armchair GNRs>!°. The LUMO + 1 has one more nodal plane
compared with the LUMO as expected. The corresponding
calculated LDOS maps (Fig. 2e) are in excellent agreement with
the experimental results, clearly reproducing the occupied and
unoccupied states. The unoccupied orbitals yield broader
resonances in the dI/dV spectra and their spatial maps are not
as well resolved as for the occupied states. This is likely to be
caused by shorter lifetime of the tunnelling electrons on these
states leading to increased lifetime broadening. Nevertheless, the
orbitals can be identified by the conductance mapping.

Figure 2b shows the dI/dV spectra acquired at different locations
along a 5-monomer GNR. The corresponding experimental and

drdVv (a.u.)

calculated conductance maps are shown in Fig. 2d,f. The occupied
states are found at — 550 and 26 mV referred as HOMO-1 and
HOMO, respectively. The orbital corresponding to the HOMO of
an isolated ribbon is found at positive bias, that is, the ribbon has
become positively charged on the Au(111) substrate. We find this
transition to occur between 4- and 5-monomer long ribbons.
It is consistent with the known p-doping of bulk graphene on a
gold substrate?”?8, The unoccupied states found at 250 mV,
850mV, 1.25V and 1.57V are referred to as LUMO, LUMO + 1,
LUMO + 2 and LUMO + 3, respectively. These unoccupied states
follow the energies expected for one-dimensional particle-in-a-box
states of massless Dirac fermions. In addition to these resonances
corresponding to single molecular orbitals, there are two further
peaks (peaks 7 and 8 in Fig. 2b) in the experimental dI/dV spectra.
According to the DFT calculations, these correspond to several
closely spaced orbitals (Supplementary Fig. 2). This is further
corroborated by simulated LDOS maps that nicely reproduce the
spatial features of the experimental maps.

In addition to quantum confinement, which makes the
electronic structure of finite graphene ribbons very sensitive to
the width, finite-size effects have to be taken into account to
determine the scaling of the HOMO-LUMO energy gap with the
length of the ribbon. Here, we will examine how the finite-size
effects affect the energies of molecular levels in the transition
from short to long ribbons. Experimental orbital energies with
respect to Fermi level extracted from dI/dV spectra are depicted
in Fig. 3a for different ribbon lengths. As can be seen, the gap
between the highest occupied and the lowest unoccupied
molecular orbitals closes quickly with increasing ribbon length.
As indicated earlier, the HOMO level crosses the Fermi level
between 4- and 5-monomer long ribbons, that is, the ribbon
becomes positively charged (this is illustrated in Supplementary
Fig. 3). The middle of the gap extrapolates to 0.20+0.02eV

Figure 2 | di/dV spectroscopy and real-space imaging of the GNR wavefunctions. (a,b) d//dV spectra acquired on three (a) and five (b) monomer GNR
with a metallic tip. Location of the spectra are marked in the STM topographies in the insets and the black curve is measured on Au(111). The red and blue
curves are shifted for clarity. (c-f) Experimental constant-height di/dV maps (¢,d) and the corresponding calculated LDOS maps (e f) for three (c,e) and
five (d,f) monomer GNRs at bias voltages corresponding to the positions marked with arrows in ab.
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versus gold Fermi level, in agreement with the doping of bulk
graphene on Au(111)?728, There is no significant abrupt shift of
the orbital energies due to the charging of the ribbons, which
indicates that the charging energy is small and can be neglected?’.
This also implies that the STM transport gap is nearly equal to the
single-particle HOMO-LUMO gap.

We plot the HOMO-LUMO gap as a function of the length of
the ribbon in Fig. 3b along with values from the DFT calculations
on isolated ribbons. The HOMO-LUMO gap decreases very
quickly with increasing ribbon length (scaling roughly as 1/L%)
and is below 200 meV already for 5-monomer ribbons (length
of ca. 4nm). It saturates to value of 0.10 + 0.02 eV corresponding
to a small but finite energy gap in long ribbons. The spacing
between the HOMO and HOMO-1 also decreases, but with a
different scaling (roughly 1/L). This scaling indicates that
these states can be viewed as quantum confined levels of
particles with linear dispersion as expected in graphene. The
HOMO-1-HOMO gap extrapolates to 0 as one would expect for
the level spacing within a subband in infinite ribbons. These
experimental observations are well reproduced by DFT
calculations.

Detailed comparison between theory and experiment shows
that DFT overestimates the experimental HOMO-LUMO gap.
This is likely to be caused by the omission of the substrate, the
resulting charging of the ribbon and the strong metallic screening.
Furthermore, the neutral isolated ribbons are predicted to have
singlet edge states for lengths >7 monomer units
(Supplementary Fig. 4 and Supplementary Methods). The narrow
bandgap predicted earlier by DFT’ matches very well with
our measured and calculated gaps. These values differ from
those reported recently by Zhang et al!®, who obtained a
bandgap of 2.8eV. They used another precursor molecule
(tetrabromonaphthalene), which also results in N=5 armchair
GNRs. Comparison with our results suggests that they have
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identified the most prominent features in the spectra as the
conduction and valence band edges (see for example the peak at
around 2.0V in Fig. 2b). However, our experiments show that
there are other, lower lying orbitals and the actual
HOMO-LUMO gap on Au(111) reaches value of ~100meV in
long ribbons. Finally, the many-body phenomena gredicted for
wider armchair ribbons*®3! or for zigzag ribbons>*=3* are not
expected for such a short segment of zigzag edge.

Kinked GNRs formed by connected straight segments. In
addition to straight GNRs, also kinked ribbons are formed
(see Fig. la). These ribbons typically consist of two straight
segments connected at an angle of 150° corresponding to a
rotation of 30° (Fig. 4a). Grain boundaries in graphene are known
to accommodate carbon pentagon and heptagon defects®>3°.
Considering how two nanoribbons might connect, the creation of
a pentagon does not require adding or removing carbon atoms
from two straight ribbons. In addition, DFT calculations
on GNRs with pentagon defects reproduce the experimental
results better than structures with heptagons (see below and
Supplementary Fig. 5).

We have measured dI/dV spectra as well conductance maps on
kinked ribbons and Fig. 4 shows a ribbon where 4-monomer and
5-monomer long straight segments are joined. Figure 4b shows a
dI/dV spectrum acquired at the kink exhibiting peaks at — 120
and 100mV and a pronounced shoulder at 300mV. These
energies correspond to the HOMO — 1, HOMO and LUMO,
respectively. Simulated dI/dV maps for a pentagon connection
(HOMO — 1, HOMO and LUMO shown in Fig. 4d) match the
experimental results reasonably. The energy gap of the kinked
ribbon is ca. 200 meV, which is close to a straight 9-monomer
ribbon and smaller than expected for four- or five-monomer long
GNRs. In addition, the molecular orbitals remain delocalized over
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Figure 3 | Energies of molecular orbitals as function of ribbon length. (a) Energies of the different molecular orbitals (HOMO-2 to LUMO) as a function
of the ribbon length. (b) Comparison between experimental and calculated energy gaps as a function of the ribbon length.

b

d/dV(a.u.)

00 0.2
Bias (V)

-04 -02 0.4

d

Figure 4 | Electronic structure of a kinked GNR with four- and five-monomer segments. (a) STM topography with an overlaid model shows the
connection on the kink by a pentagon. (b) di/dV spectrum acquired at the kink (red line), an Au(111) spectrum (black line) is provided for comparison.
(c) Constant-height dI/dV maps at energies labelled by arrows in b. (d) Corresponding simulated LDOS maps.
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the whole ribbon and hence, the kinks would not be expected to
strongly affect the GNR conductivity.

Discussion

Our results demonstrate nearly metallic behaviour in ultra-
narrow, atomically well-defined graphene nanoribbons. We have
synthesized the narrowest member (N=5) of the N=3p+2
family that has been predicted to exhibit narrow bandgap. We
have confirmed this prediction and studied the evolution of the
electronic states as a function of the ribbon length in detail using
low-temperature STM and numerical methods. A bandgap of
~100meV is reached already in short ribbons of only 5nm in
length. In addition, kinked GNRs formed by connected straight
armchair GNR segments also exhibit narrow gaps and delocalized
electronic orbitals.

These experimental results suggest that this armchair GNR
subfamily can be used as molecular wires, which should exhibit
metallic behaviour at room temperature. This opens up new
opportunities to connect different functional molecules in
molecular electronic devices. In addition, it could be possible to
integrate these nanoribbons with existing technology, where they
have been suggested to outperform the present Cu interconnects
both in terms of conductance properties and increased resistance
to electromigration®’ 41,

Methods

Sample preparation. Experiments were conducted under UHV conditions.

The substrate was a thin Au(111) film deposited on a (111)-terminated Ir single
crystal. The Ir crystal is cleaned by repeated sputtering/annealing cycles at high
temperature. Gold (Goodfellow, 99.995%) was deposited from a high-temperature
effusion cell at 1,180 °C. The deposition time was 2h and the sample was

kept at 310 °C during the deposition. Growth of GNRs was carried out in a
two-step process in which the molecular precursor, dibromoperylene C,oH;,Br,
(see Supplementary Methods for synthesis information) is first thermally sublimed
onto the sample. During the first thermal activation step at 200 °C, the biradical
species produced after detachment of bromine diffuse along the surface to form a
linear polymer chain. Subsequent annealing of the sample at 320 °C leads to
dehydrogenation resulting in the formation of C-C bonds and fully conjugated
GNRs with a well-defined width.

After the growth, the sample was inserted into a low-temperature STM operated
at 5K (Unisoku USM-1300), housed within the same UHV system. A Pt-Ir tip was
used for topographic and spectroscopic measurements. Scanning tunnelling
spectroscopy measurements were performed by lock-in amplifier
(frequency =719 Hz, amplitude = 15mV (r.m.s.)) under open feedback.

DFT calculations. First-principles calculations of N=5 armchair GNR were
performed using DFT as implemented in the FHI-aims package*?. The default
tight basis sets were used together with the Perdew-Burke-Ernzerhof exchange-
correlation functional in a spin-polarized calculation. The structure was fully
relaxed until the force on each atom was smaller than 0.001eV A ~! and total
energies were converged to 10~ ®eV. In the LDOS simulations, a Lorentzian
broadening of 0.03 eV of all the orbitals was used. Further details can be found in
the Supplementary Information.
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