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Voltage-dependent conductance of a single

graphene nanoribbon

Matthias Koch', Francisco Ample?, Christian Joachim?3 and Leonhard Grill'™*

Graphene nanoribbons could potentially be used to create mol-
ecular wires with tailored conductance properties. However,
understanding charge transport through a single molecule
requires length-dependent conductance measurements and a
systematic variation of the electrode potentials relative to the
electronic states of the molecule2. Here, we show that the con-
ductance properties of a single molecule can be correlated with
its electronic states. Using a scanning tunnelling microscope,
the electronic structure of a long and narrow graphene nanorib-
bon, which is adsorbed on a Au(111) surface, is spatially
mapped and its conductance then measured by lifting the mol-
ecule off the surface with the tip of the microscope. The tunnel-
ling decay length is measured over a wide range of bias
voltages, from the localized Tamm states over the gap up to
the delocalized occupied and unoccupied electronic states of
the nanoribbon. We also show how the conductance depends
on the precise atomic structure and bending of the molecule
in the junction, illustrating the importance of the edge states
and a planar geometry.

Electron transport through a long molecule, which is fundamen-
tal in chemical and biological processes®, depends on the electronic
structure of the molecule, its interaction with the junction electrodes
and the energy position of the molecular electronic states with
respect to the electrodes?. The relation between the molecular elec-
tronic structure and the exponential decay of electron transfer rate
with length has been studied experimentally in solution®. Several
groups have also investigated charge transport for various lengths
of molecular wires when contacting their termini to electrodes,
either by comparing different molecules®-® or by continuously
changing the electrode distance along the molecule”!?. In one
study'!, the bias voltages of the electrodes were varied, but the elec-
tron energy always remained at low voltages in the gap between the
ground state (that is, the highest occupied molecular orbital,
HOMO) and the first excited states (that is, the lowest unoccupied
molecular orbital, LUMO) of the molecular wire, while several thou-
sands of molecules were present in the junction at the same time.
However, measurements at the level of a single and well-character-
ized molecule®!” are necessary, because the conductance per mol-
ecule in an ensemble can differ significantly from that of an
individual molecule!2.

The conductance of a molecular wire (length, d) follows the well-
known G(d) = G,e P exponential decay, where G, is the contact
conductance and B is the inverse decay length through the wire®.
The latter depends on the position of the HOMO and LUMO rela-
tive to the Fermi level Ey, their energy difference E,, and the effective
mass of the electron in the tunnelling junction'’. A large E, leads to
a high B value and consequently to a low junction conductance, for
example for alkane chains!®. Another transport regime is active if
the molecule in the junction exhibits electronic states that are
located at Ep. In such a case, 3 becomes very small, such as with

the d states of an organometallic compound® or the 7 states of a
short organic molecular wire'>. Consequently, a pseudo-ballistic
transport regime with G < 2¢*/h (that is, the quantum of conduc-
tance) results, because the electronic structure of the molecular
wire differs from that of the metallic electrodes. Here, we are inter-
ested in a third transport regime where the electronic structure of
the molecular wire is designed to keep B as small as possible
while maintaining a non-zero E,, which can be realized by achieving
a rather small effective mass. Such a tunnelling transport represents
an interesting regime, because it can be tuned via the electronic
states of the molecule supporting the tunnelling regime in the
gap, even at a fixed E, value'®.

Narrow graphene nanoribbons were studied on Au(111) because
their electronic structure can be controlled via their width!” and
edge structure'® (zigzag or armchair). In contrast to top-down
approaches’2!, which lack control over the ribbon width and/or
edge structure at the atomic scale, bottom-up on-surface polymeriz-
ation?? produces precisely defined molecular structures. This level of
precision is required for charge transport studies as structural
defects modify the electronic structure and reduce the conduc-
tance®®. We used 10,10'-dibromo-9,9'-bianthryl molecules
(Fig. 1a) to produce graphene nanoribbons with an armchair edge
structure?’. After on-surface polymerization at 200 °C, during
which non-planar anthracene oligomers were formed (Fig. 1b), a
second heating step at 400 °C led to cyclodehydrogenation
(Fig. 1c). All experiments were carried out under ultrahigh
vacuum conditions by scanning tunnelling microscopy (STM) at
temperatures of ~10 K (see Methods). The graphene nanoribbons
appear as straight stripes with an apparent height of 1.85+0.12 A.
Their contour is rather homogeneous, but they exhibit characteristic
finger-like lobes at both termini (Fig. 1d), independent of the ribbon
length, if small bias voltages are used (Supplementary Fig. SI).
These features are typical for the intact molecule if the bromine
atoms are already dissociated, whereas other appearances are
observed with chemically different termini (Supplementary Fig. S2).

To study the electronic origin of the bias-dependent appearance,
dI/dV spectra, which are known to reflect the electronic transparency
of the junction®, were recorded as a function of voltage. Typical
spectra of the molecular termini exhibit a peak at ~30 meV above
the Fermi level, which strongly depends on the tip position over the
molecule: while it is pronounced at the two termini, it completely
vanishes at the centre (Fig. 1d,e). In addition to the edge lengths
(narrow at the termini and long on the side), the main difference
between these two areas lies in the structure of the ribbon edge,
which is zigzag at the termini and armchair sideways. We assign the
peak observed at the Fermi level (as mentioned above) to Tamm
states?®, which originate from the specific arrangement of carbon
atoms at the zigzag edges and are absent at armchair edges, in agree-
ment with our observations (similar spectra are detected along the
central ribbon axis; Supplementary Fig. S9). These Tamm states
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Figure 1 | Electronic structure of single graphene nanoribbons. a-c, Chemical
structure of the 10,10"-dibromo-9,9’-bianthryl molecules (a), which are
connected to oligomers (b; calculated gas phase structure) in the first
heating step and to graphene nanoribbons (c) in the second heating step.
de STM image (3 x 7 nm?) (d) and corresponding dl/dV curves (e) taken
at different positions (1-10) along a single nanoribbon, revealing the
presence of a peak at the ribbon termini that decays within ~10-15 A along
the ribbon. f-h, Conductance maps of the same molecule at bias voltages of
0.05V (f) and —0.55 V (g) and a calculated ESQC (elastic scattering
quantum chemistry) conductance map (h), calculated at 50 mV bias voltage
(all 3 x 4 nm?). The chemical structure is superimposed in h.

have been predicted theoretically?” and observed for the first time very
recently at kinked ribbon edges®®. The precise chemical edge structure
plays an important role as we observe no Tamm states in the exper-
iments for any other nanoribbon terminus with a defect, a bromine
substituent atom or for anthracene oligomers (Supplementary
Fig. S3). The localization of each Tamm state at the terminus was
illustrated by mapping their spatial distribution (Fig. 1f), which was
found to be in agreement with a calculated conductance map
(Fig. 1h). Note that the same area turned out to be featureless when
a slightly different bias voltage was used in the experiment (that is,
in the gap between HOMO and Tamm state; Fig. 1g).

For conductance measurements, a single graphene nanoribbon
was lifted off the surface by controlled pulling using an STM*1°,
attaching one end to the tip then characterizing it before and
afterwards by imaging and spectroscopy. During tip retraction,
the effective transport length through the ribbon (indicated by an

arrow in Fig. 2a) was modified, because the current passes only
through the part of the nanoribbon that does not interact with
the surface!®. A successful molecule attachment can be identified
from the STM current signal I(z) during the pulling sequence, as
it results in a smaller slope (that is, higher conductance) than for
the vacuum junction. From the linear curves in the logarithmic
plot (therefore exponential decay, Fig. 2b), we found that electron
transport always occurs in the tunnelling regime, with different
slopes for different bias voltages. However, the steepest curve (and
therefore a rather large B value of 0.76+0.04 A™") is found for
the anthracene oligomer (Fig. 2b; taken at a bias voltage of
50 mV), that is, for the same molecules before planarization
(Fig. 1b), because of their lower electron delocalization and larger
E, value. Note that all pulling curves in Fig. 2b are very smooth,
in contrast to the local bending of a chain-like polyfluorene,
which causes characteristic oscillations in the current curve'®.
These constant slopes point to a continuous bending of the
ribbon in the junction, which is confirmed by calculations
(Fig. 2¢, Supplementary Fig. S4). Note that although the interaction
of the planar aromatic board with the metal is significant, lateral dis-
placement of the ribbon (even over lengths of 20 nm) on the surface
occurs as a consequence of the pulling procedure. The laterally
shifted ribbon maintains its perfectly linear shape on the surface
(Fig. 2d,e) due to its mechanical stiffness.

When systematically measuring pulling curves for different bias
voltages (that is, with the electrode electron energies shifted with
respect to the graphene nanoribbon), quite different slopes are
obtained (Fig. 2b), with a characteristic decay constant for each
bias voltage. Specifically, the curves are steeper and the slope
rather high at small bias voltages. However, the slopes tend to
decrease and, accordingly, the conductance rises when moving to
higher bias values. To understand these changes in conductance,
dI/dV spectra of a single nanoribbon were measured (Fig. 3a) in
a pulling geometry. Two peaks at —1.1 V and 1.6 V were found,
which arise from the HOMO and LUMO of the molecule (dI/dV
maps at these energies are presented in Supplementary Fig. S5),
indicating E, = 2.7 eV. To correlate these values to the charge trans-
port mechanisms, I(z) measurements were carried out for bias vol-
tages between —1.8V and +2.4V, hence covering all relevant
electronic states (HOMO, LUMO and Tamm states). From the
exponential decay of the current with tip height, which was observed
for all voltages (as in Fig. 2b), the inverse decay length B was deter-
mined as a function of bias voltage (Fig. 3b). Note that the slope
remains the same for different ribbon lengths in repeated attempts
with a single ribbon, and is not modified by the presence of a defect
at the terminus (Supplementary Figs S10, S12 and S13). Three pla-
teaux can be distinguished. At low bias voltages (up to ~1.6 V), B
values around 0.4540.06 A~ ! are found. In a tunnelling transport
regime, the decay depends on the electron energy, the molecular
energy levels (E;, and E, are the positions of HOMO and LUMO,
respectively) and the effective mass m* of the electrons®

m E,

"
A \/Zm (E) (E — E,) (E, — E) o
B is therefore expected to decrease as soon as the electron energy
matches a molecular energy level. This behaviour can be seen in
Fig. 3a,b, where the onsets of the changes in B (at —1.3 eV and
+1.6 eV) coincide with the positions of the molecular electronic res-
onances in the dI/dV spectrum (at —1.1 eV and +1.6 eV, respect-
ively), resulting in lower B values of 0.18+0.03 A™" (at 1.8-
2.4 V) and a continuous reduction down to ~0.1 A™" at negative
bias voltages. This is in qualitative agreement with calculations
(Fig. 3¢,d), as the decrease in 3 value matches the onset of the delo-
calized HOMO and LUMO molecular orbitals. Our calculations
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Figure 2 | Single-molecule conductance measurements. a, Schematic of the
STM pulling experiment (arrow indicates tunnelling current). A characteristic
current signal during the pulling sequence is shown in the right panel.

b, Current as a function of tip height for different experiments (zero tip
height refers to tip-surface contact). For complete curves see Supplementary
Fig. Sé. Different ribbon lengths were used in the experiments, resulting in
equivalent conductance properties (see Supplementary Information).

¢, Calculated nanoribbon configuration in the junction during a pulling
sequence. d,e, STM images (14 x 7 nm?) of the same surface area

before (d) and after (e) a pulling procedure reveal the lateral displacement
on the surface (indicated by arrow) with respect to a fixed defect

(lower right corner).

show that the asymmetry in the inverse decay length at positive and
negative bias voltages is due to the asymmetric distribution of the
electronic states, while a symmetric distribution around the Fermi
level leads to a symmetric 3 curve. Moreover, increased 3 values
are measured at energies very close to the Fermi level (Fig. 3b), as
well as for ribbons that have a defect and thus no Tamm state at
their termini (Supplementary Fig. S12). This peak seems to orig-
inate from the bending of the nanoribbon, as it is found in calcu-
lations (Fig. 3d) only for the pulling configuration (reflecting the
experimental case), and not in the planar arrangement.

The rather low ribbon conductance at small bias voltages might
seem surprising at first glance, because electronic Tamm states are
present close to the Fermi level. However, for the long ribbons
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Figure 3 | Charge transport for different electron energies and molecular
structures. a-d, Conductance d//dV spectra (a and ¢; all in a pulling
geometry) of a graphene nanoribbon and its inverse decay length 8 (b and
d) for different bias voltages from various nanoribbons used in the
experiment (ab) and ESQC calculations (cd). a, d//dV spectrum for a
nanoribbon in a pulling geometry (planar adsorption leads to similar results;
Supplementary Fig. S15). b, Error bars reflect the precision in 8
determination in each individual I(z) curve (at a constant bias voltage and
contributing as one data point); a dashed line is drawn to guide the eye.
The experimental B values, determined from many nanoribbons, need to be
reduced (by ~10-15%) to obtain the real values, because the STM tip
height is slightly smaller than the effective molecular length in the junction
(Supplementary Fig. S8). ¢, The calculated d//dV curve (in a pulling
geometry) shows the Tamm states resonance doublet, split due to the
nanoribbon curvature during pulling. d, The ideal planar B8 curve (red) is
presented for comparison with the curve in an STM pulling geometry (black).

considered in this work, there is no overlap of the two Tamm
states located at opposite nanoribbon termini, and they do not con-
tribute to the conductance. Calculations for an ideal planar con-
figuration (curve I in Fig. 4a) show exactly this behaviour, with a
constant electronic transparency for very short nanoribbons and
an exponential decrease for long ones, resulting in a spatial exten-
sion of ~1.8 nm for each Tamm state. This effect was not observed
experimentally, because such short nanoribbons were not fabricated
(Supplementary Fig. S11).

For a better understanding of the charge transport, we compare
in the following the calculated conductance for different ribbon
structures and configurations. In comparison to the armchair edge
structure at the sides of the nanoribbons in our experiments, a
zigzag edge structure strongly improves the conductance. In such
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Figure 4 | Calculated conductance for different cases. ab, Low bias voltage (—0.5 V) in the gap (a) and high bias voltage (b, —1.0 V; thus matching the
HOMO level) for ribbons of different lengths (keeping the same adsorption geometries at the electrode contacts in all cases) either with armchair (1) or
zigzag () edges sideways (see inset in b) in a planar geometry between two electrodes. ¢, Conductance of a 5 nm ribbon with armchair edges in an STM
pulling configuration (see inset) as a function of contact distance (that is, the real effective molecular length in the junction; low bias, —0.5 V; high bias,
—1.2 V; corresponding regimes are presented in Fig. 3d). The high bias curve first decays significantly (up to a contact distance of ~1.5 nm), because the
Tamm state contribution is captured at this stage, but at larger contact distances the curvature of the ribbon in the junction still causes a weak decay

of the conductance.

a case (curve II in Fig. 4a), the Tamm states are located sideways
along the nanoribbon backbone, leading to electronic delocalization
along the ribbon and therefore no decay with electrode distance, in
agreement with equation (1); in other words, this is pseudo-ballistic
transport, because these states are close to the Fermi level. The
precise atomic structure therefore has a profound influence on the
molecular conductance. Note that there is no strategy as yet to
efficiently form such ribbons with zigzag edges sideways in a
bottom-up manner. If high bias voltages are applied (Fig. 4b), the
dependence on the edge structure essentially vanishes, because effi-
cient transport through the delocalized molecular states takes place.

It is important to note that exponential decay is present in all
experimental I(z) curves, even at large bias voltages, when reaching
the molecular orbitals (linear slope in Fig. 2b), and efficient
(pseudo-ballistic) electron transport takes place only for a planar
ribbon where S8 reaches zero (red curve in Fig. 3d). Our calculations
(Fig. 4) show that this is due to the non-planar configuration of the
ribbon during the pulling process, because such a deformation mod-
ifies the electronic structure and perturbs the electronic delocaliza-
tion along the molecule (Supplementary Fig. S14), thus reducing
convergence towards equation (1), which is based on a perfect
regular ribbon structure. Hence, when matching the molecular
levels, electron transport is pseudo-ballistic (8=0 A~") only for
an ideal planar ribbon (flat curve I in Fig. 4b), and not if the
ribbon is bent (high bias curve in Fig. 4c), as the conductance
decays with the molecular length in the junction. Consequently, 8
values of ~0.1 A~ are calculated in this range (Fig. 3d), in good
agreement with the experimental values of between 0.1 and
0.2 A~ obtained at high bias voltages (Fig. 3b).

716

Our results reveal the conductance properties of single graphene
nanoribbons and associate them with the atomic structure and elec-
tronic states of the ribbons. Various electronic states are identified,
and the states for armchair nanoribbons with zigzag end termin-
ations are determined and spatially mapped, and are in very good
agreement with calculations. It is found that high conductance
values can be reached when approaching the delocalized HOMO
and LUMO levels of the molecules with the electron energy.
However, it is important to ensure an aromatic system with a
planar geometry, because molecular bending—as in the experimen-
tal set-up—slightly reduces the conductance, as demonstrated by
our calculations. They further reveal that efficient charge transport
at low electron energies requires edges with delocalized states
close to the Fermi level along the ribbon axis, so sideways zigzag
edges are desired for the graphene nanoribbons in the pseudo-bal-
listic regime, but armchair edges are preferred in the tunnelling
regime. We expect that the conductance of such systems can be
controlled efficiently via the edge structure, either in a bottom-up
on-surface polymerization process or via the substrate, because gra-
phene flakes prefer armchair edges after growth on SiC surfaces®,
but zigzag edges on metal surfaces®.

Methods

Experiments were carried out under ultrahigh-vacuum conditions with a base
pressure of 10~ '% mbar. Before depositing the molecules, the Au(111) sample was
cleaned by neon ion sputtering (E = 1.5 keV) and subsequent annealing to 750 K.
A Knudsen cell at a thermocouple-controlled temperature of ~470 K was used to
evaporate the 10,10'-dibromo-9,9'-bianthryl (DBDA) molecules. The sample was
typically held at 470 K during deposition (deposition at room temperature results in
single molecules), and the bromine dissociated and anthracene oligomers were
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produced (Supplementary Fig. S3) via an on-surface polymerization process by
dehalogenation??. Further annealing the Au(111) sample for 5 min to 670 K initiated
cyclodehydrogenation®, and fully aromatic graphene nanoribbons were created.

A modified commercial low-temperature STM (Createc) was used, and all
measurements were taken at ~10 K. The bias, applied to the sample while the tip was
grounded, was varied between —1.5 V and +1.6 V in the STM images (constant-
current mode). Negative voltages in the dI/dV measurements correspond to occupied
states and positive voltages to unoccupied states. Tunnelling spectroscopy was carried
out with a lock-in amplifier (frequency = 610 Hz and amplitude = 20 mV), and
conductance maps were obtained in constant-current mode. The tip quality was
checked via the characteristic appearance of the surface state on clean gold areas.
The molecules were purchased from Ruiyuan Group.
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CORRIGENDUM

Voltage-dependent conductance of a single graphene nanoribbon

Matthias Koch, Francisco Ample, Christian Joachim and Leonhard Grill

Nature Nanotechnology http://dx.doi.org/10.1038/nnano.2012.169 (2012); published online 14 October 2012;
corrected online 19 October 2012.

In the version of this Letter originally published online, in the caption for Fig. 1g, the value of the bias voltage was incorrect and should
have read —0.55 V. This error has been corrected in all versions of the Letter.

© 2012 Macmillan Publishers Limited. All rights reserved.
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