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ABSTRACT: With the advent of atomically precise syn-
thesis and consequent precise tailoring of their electronic
properties, graphene nanoribbons (GNRs) have emerged
as promising building blocks for nanoelectronics. Before
being applied as such, it is imperative that their charge
transport properties are investigated. Recently, formation
of a molecular junction through the controlled attachment
of nanoribbons to the probe of a scanning tunneling
microscope (STM) and subsequent lifting allowed for the
first conductance measurements. Drawbacks are the
perturbation of the intrinsic electronic properties through
interaction with the metal surface, as well as the risk of
current-induced defect formation which largely restricts

the measurements to low bias voltages. Here, we show that resonant transport—essential for device applications—can be
measured by lifting electronically decoupled GNRs from an ultrathin layer of NaCl. By varying the applied voltage and
tip—sample distance, we can probe resonant transport through frontier orbitals and its dependence on junction length.
This technique is used for two distinct types of GNRs: the 7 atom wide armchair GNR and the 3,1-chiral GNR. The
features in the conductance maps can be understood and modeled in terms of the intrinsic electronic properties of the
ribbons as well as capacitive coupling to tip and substrate. We demonstrate that we can simultaneously measure the
current decay with increasing junction length and bias voltage by using a double modulation spectroscopy technique. The
strategy described in this work is widely applicable and will lead to a better understanding of electronic transport through

molecular junctions in general.
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he discovery of graphene’s exceptional electronic

I properties'  has initiated a quest for a new generation

of graphene-based electronic devices. The absence of a

band gap, however, has impeded the application of the two-
dimensional material in electronics. A band gap can be
introduced into graphene through quantum confinement in
one of its lateral dimensions, forming graphene nanoribbons
(GNRs).*”” Because the electronic properties of graphene
nanoribbons are sensitively dependent on their width and edge
structure, it is important to control fabrication down to the
atomic level, a degree of precision that currently cannot be
obtained through top-down methods.”” Recently established
bottom-up techniques based on on-surface synthesis'”'' have
facilitated the fabrication of atomically well-defined graphene
nanoribbons of various widths and edge structures. Notably,
numerous types of armchair edge nanoribbons'* > (acGNR)
have been produced, as well as ribbons with zigzag*"** or
chiral**=%’ edges, which host low-energy edge-localized
states.”””**7** The high degree of control obtained so far
has facilitated fabrication of not only atomically precise GNRs
of a single type but also heterojunctions, such as metal—
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semiconductor junctions,” type-I (straddling %ap) junc-
tions,”* >’ and type-II (staggered gap) junctions.””” These
developments signify a trend of incorporating more function-
ality into graphene nanoribbons and indicate a maturing of the
field toward electronics applications.***’

For applications in molecular electronic devices, it is
essential to understand current transport through individual
GNRs and how it is impacted by their geometry. Field-effect
transistor behavior has been investigated in graphene nano-
ribbons,""** but for a proper understanding of transport
through individual GNRs, nonensemble techniques are
required. In a pioneering study by Koch et al, single 7-
acGNRs were lifted off a metal substrate with an STM tip, and
the voltage-dependent conductance was measured in this
lifting geometry.” This STM-based conductance measurement
methodology was developed earlier for conjugated polymers**
and has later been used to demonstrate high conductance and
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Figure 1. Transfer of graphene nanoribbons onto sodium chloride. (a) STM scan (V = —1.8 V, I = 20 pA) of a 10 monomer long 3,1-cGNR
on Cu(111). The overlay shows a model of the atomic geometry. Scale bar: 2 nm. (b) STM scan (V= —1.8 V, I = 20 pA) of a 3,1-cGNR
before being transferred onto a patch of sodium chloride. Scale bar: 10 nm. (c) STM scan (V = —1.8 V, I = 20 pA) showing the same
nanoribbon after partial transfer onto the sodium chloride. Scale bar: 10 nm. (d) STM scan (V= —1.8 V, I = 20 pA) of a 7-acGNR on NaCl.
A model of the atomic geometry is overlaid, as well as a model of the underlying sodium chloride. Scale bar: 5 nm.
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resonant charge transport in different molecular wires.

This technique has subsequently been used to measure the
conductance through metal—semiconductor junctions in
GNRs, composed of 5-acGNR and 7-acGNR segments.”
When a low bias voltage is applied to the tip—GNR—substrate
junction, off-resonant transport can be measured, which is
characterized by an exponentially decaying current with
increasing path length.*>** However, at length scales of device
geometries, resonant transport is the dominant mechanism.
Unfortunately, the risk of current-induced defect formation in
STM-based conductance experiments makes it difficult to
apply voltages beyond the band gap and access resonant
transport without destruction of the junction, particularly at
lower tip heights. Furthermore, the intrinsic features of GNRs
involved in electronic transport are obscured as molecular
states hybridize with metallic states of the substrate.*”** In
addition, nanoribbons in contact with a metallic substrate may
accumulate a (partial) charge or be subject to correlation
effects.”’~* Therefore, although lifting experiments provide a
way to access the conductance of single nanoribbons, the
influence of the metal substrate can be detrimental for a
detailed analysis of the intrinsic resonant transport properties.

It has been demonstrated that molecules can be electroni-
cally decoupled from a metal substrate by introducing an
intercalating layer of an insulating material such as NaCL***°
Similarly, electronic decoupling of GNRs has been achieved by
transfer onto a NaCl monolayer.”"***” Unlike smaller
molecules, GNRs cannot directly be deposited onto intercalat-
ing layers by means of evaporation. Instead, transfer should be
performed in situ, using the tip of an STM. This technique
relies on the methodology of Koch et al®™ to lift the
nanoribbons from the metal substrate, followed by lateral
manipulation®' and deposition (by means of a voltage pulse)."”
Probe-controlled transfer has initially been used on 7-acGNRs
on Au(111) but has since then also been applied to zigzag-type
nanoribbons”’ and metal—semiconductor heterojunctions
composed of laterally fused 7-acGNRs.*® Large molecular
wires have been transferred to NaCl by using a higher coverage
of the intercalant. This may be a complementary method to
transfer GNRs onto thin insulating films.”*>*
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Our aim in this work is to perform a detailed investigation of
the electronic transport through different types of graphene
nanoribbons, using the decoupling effect induced by NaCl
intercalation to research the inherent, unperturbed conduc-
tance properties. Besides electronically decoupling the GNRs
from the metal substrate, the introduction of a NaCl layer
provides an additional tunnel barrier which dampens the
current through the molecular junction. This allows us to
probe resonant transport at low tip heights, while simulta-
neously reducing the risk of destruction of the junction
through inelastic processes that were found to become more
pronounced at high currents.*

We have selected two distinct types of nanoribbons, namely,
7-acGNRs and 3,1-cGNRs, the latter of which have recently
emerged as the surprising product of nanoribbon synthesis
from bianthryl-type molecules on Cu(111).***>*° Pure 7-
acGNRs have experimentally been characterized as wide-band-
gap semiconductors.””**3%°* ¢GNRs, on the other hand, are
expected to host a band of topological edge states close to the
Fermi level due to the partial zigzag structure of their
edges.””*>°° Even though a detailed investigation on
Au(111) has not revealed a pronounced edge-localized
character of the low-bias states, it has been shown that for
3,1-cGNR these states reside at an energy significantly lower
than that of the frontier states of 7-acGNR.>

Although a detailed investigation of the electronic structure
of 7-acGNR on NaCl has been performed,*’ decoupling of 3,1-
c¢GNRs has not yet been reported. Therefore, we first
characterize the nature of the frontier states of 3,1-cGNR
after transfer onto NaCl by means of scanning tunnelin
spectroscopy (STS) and differential conductance mapping.®
Next, we focus on the transport properties of GNRs as a
function of tip height (length of the junction) and bias voltage,
providing conductance maps in two-dimensional (V,z) space.

Finally, we study the length-dependent current decay as a
function of voltage by means of double modulation spectros-
copy, where the tip height is modulated using a lock-in
amplifier in addition to the one used to monitor the
conductance. Specifically, the exponential current decay
parameter f§ was recorded as a function of voltage. This
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Figure 2. Differential conductance spectroscopy on a decoupled 3,1-cGNR. (a) dI/dV spectra acquired on a 6 monomer long 3,1-cGNR on
NaCl. The inset shows an STM scan (V = —1.8 V, I = 20 pA) of the nanoribbon. The crosses indicate the positions where the spectra were
acquired. Scale bar: 5 nm. (b) Simulated differential conductance maps corresponding to the frontier orbitals of the 3,1-cGNR. “H” indicates
the highest occupied molecular orbital (HOMO); “L” indicates the lowest unoccupied molecular orbital (LUMO). (c) Differential
conductance maps recorded on the 3,1-cGNR, with the respective bias voltages indicated underneath. The bias voltages correspond to the
successive peaks in the spectra over the ribbon and should therefore be correlated to the successive states in b.

parameter characterizes the nature of the charge transport:
(quasi-)ballistic transport (zero or small ) or nonresonant
(large f3).*° The double modulation spectroscopy technique
described in this work is applicable to graphene nanoribbons
but can equally well be applied to other types of molecular
junctions.

RESULTS

Characterization of 3,1-cGNR on NaCl. 3,1-cGNRs were
grown on Cu(lll) using 10,10’-dichloro-9,9’-bianthryl
(DCBA) as described before.”® After ribbon growth, a
submonolayer of NaCl was deposited onto the same substrate,
and the sample was transferred into a low-temperature STM
housed in the same vacuum system. We transferred 3,1-cGNRs
onto NaCl as described using the method described by Wang
et al.*’ STM scans of a chiral nanoribbon on Cu(111), both
before and after being partially dragged onto a NaCl patch, are
shown in Figure la—c. For comparison, Figure 1d shows an
STM scan of a 7-acGNR that has been transferred onto NaClL
Similar to what has been reported for 7-acGNRs, the electronic
decoupling of 3,1-cGNRs from the surface due to intercalation
immediately presents itself as a large increase in the apparent
height and in the appearance of nodal planes.’® This is true as
long as the bias voltage is sufficiently high for resonant
tunneling into states of the nanoribbon; the ribbons were
found to be highly mobile while scanning in-gap, underlining
the weak interaction between the GNR and NaCl

Figure 2a shows dI/dV spectra recorded on different
positions of a 6 monomer long 3,1-cGNR, where the inset
shows an STM scan on the ribbon and the crosses indicate the
positions at which the spectra have been recorded. A spectrum
recorded on the middle of the nanoribbon (green curve) shows
resonances at —1.7, —1.3, 0.5, and 0.9 V. Additional peaks at
—1.4,0.7, 1.2, and 1.4 V are observed in spectra recorded on
different points on the ribbon (orange, blue, and purple
curves).

In order to establish the nature of the frontier states,
differential conductance maps were recorded at the energetic
positions of the peaks in the dI/dV spectroscopy and
compared to simulated maps as obtained from tight-binding
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calculations. From the theoretical perspective, it is clear that
infinitely long 3,1-cGNRs have a relatively small band gap
compared to that of 7-acGNRs, with low-energy bands that
have a pronounced edge-localized character. This behavior is
readily obtained in the edge-projected dispersion, local density
of states, and crystal orbitals, as shown in Supplementary
Figure S1. Similarly, calculations performed on the hexameric
3,1-cGNR return molecular orbitals around the Fermi energy
that have a pronounced edge-localized character. Figure 2b
shows simulated differential conductance maps of the states
from HOMO—4 to LUMO+S obtained from this model.
Experimental differential conductance maps on the 6 monomer
long 3,1-cGNR are shown in Figure 2c. Nine states could be
accessed at different bias voltages, and the corresponding maps
reveal the respective orbital shapes in detail. In particular, the
edge-localized character is immediately apparent for all energy
states. At positive bias voltage, the maps have distinct nodal
plane structures along the length of the nanoribbons. States at
negative bias feature some overlap due to their broadening, and
therefore, some superposition is seen in the successive
differential conductance maps that obscures the pattern for
individual orbitals. Nevertheless, the simulated and exper-
imental maps of the molecular orbitals are in good agreement.

We note that, in comparison with 3,1-cGNRs on Au(111), a
more pronounced localization of the orbitals on the edges is
observed.”” This result is analogous to the decoupling of zigzag
end-localized states in 7-acGNRs and edge-localized states in
zigzag-type nanoribbons on NaClL>"*7>°

Conductance Mapping. Now, we turn to the charge
transport properties of graphene nanoribbons. We will initially
discuss the conductance experiments on 7-acGNRs. The GNR
to be studied was lifted from the substrate by approaching the
tip to the middle of one zigzag terminus of the GNR,
contacting the nanoribbon (as evidenced by a jump in the
current), and moving the tip vertically. During the lifting
process, the opposite end is expected to remain nearly flat on
the surface. These were synthesized from 10,10’-dibromo-9,9’-
bianthryl, following the procedure of Cai et al.'” Vertical and
subsequent horizontal transfer onto NaCl was performed, and
by acquiring I(V) spectra for a range of tip heights, we
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obtained dI/dV(V,z) maps of the conductance of 7-acGNR on
NaCl on Au(111). This technique was applied to the 7-acGNR
shown in Figure 3a,b (where it is imaged on sodium chloride).
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Figure 3. Conductance mapping of 7-acGNR on NaCl. (a) STM
scan (V= —1.0 V, I = 20 pA) of a 5 monomer long 7-acGNR on
NaCl on Au(111). Scale bar: 5 nm. (b) STM scan of the same
ribbon as panel a, at V= —1.8 V, I = 20 pA. (c) dI/dV(V) spectra
(cross sections of the map in panel d) on the S monomer long 7-
acGNR for different values of the tip height z. (d) Conductance
map dI/dV(V,z). (e) Simulated conductance map dI/dV(V,z) for
the 5 monomer long 7-acGNR on NaCl on Au(111). The inset
shows a model of the ribbon being lifted off the NaCl by the tip.

A few individual dI/dV(V) spectra at different heights are
shown in Figure 3c. Figure 3d shows a two-dimensional
contour plot of the conductance as a function of bias voltage
and tip—sample distance (horizontal and vertical axis,
respectively). A model of the nanoribbon being lifted off the

NaCl by the tip is shown in the inset of Figure 3e. It is clearly
seen that the energy gap, where the conductance is essentially
zero, is flanked by sharp onsets of resonant transport. Here, the
conductance reaches values of over 100 nS, corresponding to
approximately 2 per mille of the conductance quantum. This
value is significantly lower than unimpeded molecular
conductance as a result of the tunneling resistance of the
NaCl. When the tip is retracted by more than 1.5 nm, peaks in
the current transport are observed at approximately —1.0,
—1.3, and 2.3 V. For very low tip heights, off-resonant
transport is visible inside the gap, becoming negligible for a tip
height of approximately 1.5 nm. For increasing tip heights, the
energy gap becomes larger, with the transport resonances
shifting away from the Fermi level. We find that the maximum
currents these junctions can sustain are on the order of 100
nA; larger currents typically result in destruction of the
junction. This limits the experimentally accessible bias voltage
window. The main features of the maps are well reproduced in
conductance experiments on various 7-acGNRs, as shown in
Supplementary Figure S2. Discontinuities are occasionally
observed in successive spectra, which may originate from
lateral relaxations of the segment of the nanoribbon in contact
with the surface with increasing tip height—a stick—slip effect.
Nevertheless, the peak positions and conductance values
remain relatively well-behaved. In addition to the differential
conductance, determination of the current and its gradient in
(V)z) space allows numerous transport quantities to be
obtained. Supplementary Figure S3 shows the map of the
current I(V,z) and the resistance R(V,z), as well as traces of the
current, current decay dI/dz, conductance G = I/V, differential
conductance, resistance R = V/I, and differential resistance
dV/dI for the 7-acGNR of Figure 3. Notably, the resistance
takes on values in the TQ range in the band gap but drops to
the MQ range upon reaching the resonant regime.

The energy values corresponding to the onset of resonant
transport are in quantitative agreement with the values found
in spectroscopy experiments.”” We therefore assume that the
transport is mediated by the corresponding frontier orbitals. At
the same time, this suggests that attaching the tip to the ribbon
does not strongly affect the frontier states of the nanoribbon.
This is in agreement with earlier work showing that the
electronic structure of the ribbons is not significantly affected
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Figure 4. Conductance mapping of 3,1-cGNR on NaCl. (a) Conductance map dI/dV(V,z). The inset shows an STM scan (V=—-1.8V,I=20
pA) of the 3,1-cGNR before manipulation onto the NaCl (manipulation indicated with the red arrow). Scale bar: 10 nm. (b) dI/dV(V)
spectra (red), I(V) spectra (green), and dI/dz curves (blue) of the 3,1-cGNR at two different tip heights. The dashed curves (smaller bias
window) correspond to the ribbon lifted to a height of 2300 pm, whereas the solid curves correspond to a tip height of 5300 pm. (c)
Simulated conductance map dI/dV(V,z) for the 3,1-cGNR on NaCl on Cu(111).
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by contacting a metallic lead.”® The widening of the energy gap
with increasing tip height can be understood in terms of
capacitive effects. When the tip is lifted from the surface, the
nanoribbon loses contact with the substrate, lowering the
coupling of the nanoribbon to the substrate. This causes the
relative coupling of the nanoribbon to the tip in comparison
with the coupling to the surface to become more pronounced.
By considering the double-junction system composed of a tig,
substrate, and nanoribbon as a capacitive voltage divider,>” ™%
it is evident that the voltage of the nanoribbon becomes more
capacitively coupled to the voltage of the tip. Now a larger bias
voltage needs to be applied to reach resonance, explaining the
opening of the energy gap with increasing tip height.

To corroborate this picture, we performed transport
simulations on GNRs within the framework of the non-
equilibrium Green’s function (NEGF) technique and the tight-
binding model. In this model, the vacuum orbital energies are
capacitively shifted from the vacuum energies by an amount
given by the ratio of coupling to tip and surface (details are
given in the Supporting Information). Figure 3e shows a
simulated conductance map on the nanoribbon of Figure 3a—
d. There is a strong resemblance between the simulated and
the experimental map. In particular, the opening of the energy
gap with increasing tip height is well reproduced. We note that
the “phantom” transport channel near zero bias that arises in
the simulation but not in the experiment is related to the end
states of the nanoribbon, which are degenerate in the tight-
binding model due to absence of explicit electron—electron
interactions. In reality, these states are affected by coupling to
the tip, lifting the degeneracy. In addition, they may be
localized on either end and therefore do not contribute to
transport.%’62

Having established the conductance characteristics of 7-
acGNRs, we turned to the 3,1-cGNRs to apply the same
methodology. In the same fashion as described above for 7-
acGNRs, various 3,1-cGNRs were transferred onto NaCl, and
conductance measurements were performed by recording I(V)
and dI/dV(V) spectra for a range of tip heights z, again
resulting in two-dimensional maps of the conductance in (V,z)
space. Figure 4a shows a conductance map of a 3,1-cGNR.
Cross sections of the map (dI/dV(V), dI/dz(V), and I(V)
spectra corresponding to two different tip heights) are shown
in Figure 4b. A resistance map R(V,z), dI/dV spectra
corresponding to more tip heights, and a current map 1(V,z)
are given in Supplementary Figure S4.

For the 3,1-cGNR, the onsets of resonant transport occur at
—1.3 and 0.3 V. Similar to the case of 7-acGNRs, these values
are in agreement with the energetic position of the HOMO
and LUMO as obtained from spectroscopy measurements (see
Figure 2a). We can therefore again draw the conclusion that
the perturbing effect of the tip on the frontier states is relatively
small and assume that the current transport at the resonant
onsets is mediated by these orbitals. This shows that
conductance maps of different nanoribbons immediately return
transport characteristics that can be directly related to the
electronic structure of the corresponding structures. The
conductance maps consistently show onsets of conductance at
the same bias voltages, the same magnitude of the (differential)
conductance, and the same qualitative features and opening of
the energy gap, regardless of tip apex shape or ribbon length
(see Supplementary Figure S4).

For increasing tip heights, the energy gap widens, similar to
the effect of 7-acGNRs on NaCl on Au(111). This effect is also
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observed in the simulation, as shown in Figure 4c. Although
there is a qualitative agreement between the experimental and
simulated conductance maps, the shifting of the transport
resonances away from the Fermi energy is more uniform in the
experiment than in the calculations. Moreover, we find that the
energy gap widening with increasing tip height is almost
independent of ribbon length. This hints toward a similar
magnitude of capacitive coupling of conductance orbitals to
the surface in short and long nanoribbons. We tentatively
propose that the orbitals that play a role in transport are more
strongly localized on the part of the nanoribbon between the
tip and surface due to their bent geometry"’ and possibly an
internal bias drop,63 limiting the proportion of the orbitals in
capacitive connection to the surface to a relatively short
segment close to the point where the nanoribbon curves up
from the surface. The simple tight-binding-based transport
model used here does not take these effects into account. We
expect more accurate models to yield a more quantitative
resemblance. The above results show that the conductance
profiles of different ribbons can be understood and simulated
in terms of the different electronic structures of the respective
ribbons and capacitive effects due to coupling to tip and
substrate.

For both 7-acGNRs and 3,1-cGNRs, we also measured
conductance maps on the bare metal surface. Three maps of
3,1-cGNRs on Cu(111) are shown in Supplementary Figure
S6. Although the onsets of resonant transport could be
observed, it was found that the large currents involved
prevented us from increasing the bias voltage sufficiently far
to be able to properly observe peaks related to resonant
transport. Attempts to do so were repeatedly met with
destruction of the junction. Furthermore—and especially in
the case with 3,1-cGNRs—significant discontinuities are
observed between successive spectra, likely originating from a
severe stick—slip effect of the segment of the nanoribbon in
contact with the surface, due to the strong interaction of the
GNR with the metal. This underlines the necessity of
intercalation in conductance experiments.

Double Modulation Spectroscopy. The final result
relates to our further development of the conductance
mapping methodology. In addition to the current I and the
differential conductance dI/dV, another quantity of interest is
the current decay with increasing tip height dI/dz. More
specifically, an important parameter in the context of transport
is the current decay parameter 3, which is the proportionality
constant in the exponential decay of current with tip height.

I(V, 2) = I(V, zp)e P&

For ballistic transport in the resonant regime, the current does
not decay with junction length: # should vanish. However, the
bent geometry of the ribbon in the junction can result in a
nonzero value of the decay parameter, also during resonant
transport.”> Measurements of  have been instrumental in
conductance measurements on GNRs.*” Usually, /3 is extracted
by fitting a In(I) versus z plot. However, because /3 is a function
of voltage, but may even depend on tip height (for exam3ple in
the multiexponential decay in GNR heterojunctions™’), a
technique to measure (V,z) locally is desirable.

The differential conductance dI/dV can efficiently be
obtained using a lock-in amplifying technique, where a
modulation signal is added to the bias voltage. In the same
spirit, in order to measure dI/dz, we subjected the z-
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piezoelectric element of the tip to a modulation signal from a
second lock-in amplifier. The resulting current through the
junction can be described as

dI iw,t

dr .
I(t) = I, + VeV + 2 y—e

dv

mod

where I, is the discrete component of the tunnel current, V4
and wy are the modulation amplitude and frequency of the
voltage modulation, and z,,4 and @, the amplitude and
frequency of the tip-height modulation. After conversion of the
tunnel current signal to a voltage by the control unit (CU), this
signal can be distributed to the respective lock-in amplifiers,
with each lock-in amplifier “selecting” the current component
according to frequency. A schematic image of this setup is

shown in Figure Sa. Finally, f is calculated as
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Figure 5. Conductance decay measurements using the double
modulation technique. (a) Schematic setup of the lock-in
amplifiers to modulate the bias voltage and tip height and record
dI/dV and dI/dz simultaneously. (b) STM scan (V= —-1.8 V, I =
20 pA) of a 7-acGNR which was subjected to double modulation
spectroscopy experiments after transfer to NaCl (transfer indicated
with the red arrow). (c) Conductance (red) and current decay
(blue) for the ribbon of panel b on NaCL (d) STM image of a 7-
acGNR which was subjected to double modulation spectroscopy
on Au(111). (e) Conductance (red) and current decay (blue) for
the ribbon of panel d on Au(111).
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The value of I is simply the discrete (or time-averaged) value
of the tunnel current, and dI/dz is extracted from the tip-
height modulating lock-in amplifier. The absence of cross-talk
between the dI/dV and dI/dz signals was established by
recording spectra on a 7-acGNR on NaCl on Au(111) with the
separate lock-in signals switched on and off, as shown in
Supplementary Figure S7.

This technique was used to simultaneously measure dI/dV
and dI/dz on a 7-acGNR suspended between the tip and
NaCl/Au(111) surface. Figure Sb shows an STM scan of a
ribbon that was picked up and dragged onto a NaCl patch.
Figure Sc shows spectra of the conductance (red) and the
current decay parameter f (blue) at different tip—sample
distances. As can clearly be seen, f is large inside the gap
region (it diverges as the current becomes essentially zero) and
decreases when resonant tunneling become accessible. At 2.63
nm, 3 is seen to decrease to values as low as 0.5 nm™' (at
voltages corresponding to tunneling through the HOMO),
down from 2 nm™" for the same transport channel at z = 1.§
nm. The faster decay of the transport channel on the positive
bias side compared to the channel on the negative bias side
manifests itself in a consistently higher value of f at the
energies corresponding to the resonance found in the dI/dV.
The fact that the conductance decay goes to zero for the
HOMO resonance indicates that it obtains an increasingly
ballistic character, and after an initial decrease in the
conductance—possibly due to the curvature of the nanoribbon
as the junction is in the formation stage43—further increase of
the junction results does not suppress the current anymore.
This suggests that the HOMO could contribute to long-range
transport.46

As a further validation of this technique and in order to
compare with established results, an experiment was carried
out on the ribbon shown in Figure 5d, which was not dragged
onto NaCl. Figure Se shows dI/dV and dI/dz spectra, focusing
on the low-bias regime at low tip heights. Similar to earlier
studies, the value of 8 becomes 5 nm™ for low bias or off-
resonant transport. In addition to this off-resonant decay value,
it can be seen that § diminishes when approaching onsets of
resonance in the differential conductance, again in agreement
with earlier experiments.*> In contrast with earlier literature
results, # can now be determined in a single continuous
spectrum, rather than recording numerous I(z) spectra and
extracting a value through fitting. Moreover, f can be
determined for precisely defined tip heights, even when the
current decay with tip height is multiexponential due to the
nanoribbons being segmented or transport resonances shifting
in energy capacitively. We conclude that the double
modulation spectroscopy technique allows for a voltage- and
junction-length-dependent measurement of the current decay
parameter, where the degree of ballistic transport can be found
as a function of tip height and voltage in a single measurement.

CONCLUSIONS

We demonstrated successful electronic decoupling of different
types of GNRs by STM-mediated transfer onto an intercalating
layer of NaCl. STS measurements on electronically decoupled
3,1-cGNRs revealed the existence of edge-localized frontier
states at low bias voltages. The spectroscopic analysis provided
a benchmark for the electronic structure for comparison with
conductance experiments. The conductance of individual
GNRs was measured in lifting geometry, using the method-
ology developed by Koch et al.** Besides electronic decoupling,
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the monolayer of NaCl acts as an additional tunnel barrier,
minimizing the risk of current-induced defect formation and
thereby facilitating the characterization of resonant transport
along the long GNR axis. Too high currents can result in
defective GNRs, presumably due to dehydrogenation of the
edges and carbon—carbon bond cleavage, as well as ejection of
tip material onto the surface/GNR. We mapped out the
conductance of 7-acGNRs and 3,1-cGNRs in (V,z) space and
observed transport through multiple resonant channels. The
dI/dV(V,z) maps provide detailed information on the
conductance properties. The height dependence of the
conductance can be explained in terms of the electronic
structures of the specific types of GNRs and capacitive
coupling to tip and substrate. Specifically, the widening of the
energy gap with increasing tip height can be understood in
terms of a decreasing coupling of molecular orbitals with the
surface compared to the tip. This explanation was corroborated
by transport calculations.

Finally, we demonstrated the feasibility of double modu-
lation spectroscopy—simultaneously measuring the differential
conductances dI/dV and dI/dz by making use of two separate
lock-in amplifiers. The double modulation spectroscopy
technique allowed for the simultaneous measurement of
I(Viz) and its gradient VI(V,z), from which the current
decay S can readily be extracted. This parameter was shown to
give a “degree” of resonance of transport, with # = § nm™
returned as the well-known off-resonant transport value for 7-
acGNRs on Au(l11), and values decreasing to 0.5
nm~' indicating that the transport channel obtains a more
ballistic character.

METHODS

Conductance Mapping. After lifting the GNRs to the desired
height z and laterally manipulating to the desired position, I(V,z)
current measurements were performed by recording I(V) spectra for a
series of tip heights z. Here, z = 0 corresponds to the lowest tip height
that was used, where the tunnel current between the tip and metal
surface, without a contacted nanoribbon, is 400 pA at a bias voltage of
10 mV. Each single I(V) curve was followed by a tip height
increment/decrement Az of 20—100 pm. All measurements are
performed at a resolution of AV = 10 mV per point, regardless of bias
range, and with an integration time of S0 ms per point. dI/dV(V)
spectra were obtained using a 819 Hz oscillating signal of amplitude 5
mV rms and 50 ms integration time per point. Numerical values of the
differential conductance were obtained by scaling the dI/dV data to
give the least-squares fit to the differential conductance obtained
through numerically differentiating the I(V) spectra. It was found that
during the course of measurements, there is always a chance of drop
down (detachment from the tip), pick up (irreversible attachment to
the tip), tip crash, or current-induced destruction of single
nanoribbons. In order to prevent the latter, the bias voltage range
was dynamically adjusted during the course of measurements (where,
in our experience, currents larger than approximately 100 nA give rise
to an increased risk of detachments or defect formation due to
inelastic processes). Following an experiment that takes around 2 or 3
h, going back to the feedback set-point revealed that the total drift is
on the order of 100 pm. This is small in comparison with the range of
the conductance maps.

Double Modulation Spectroscopy. The tip height was
modulated with a 20 pm (peak-to-peak) oscillation amplitude at a
frequency of 121 Hz, by application of the appropriate modulation
voltage to the z-piezo of the STM.

Tight-Binding Calculations. The simulated differential con-
ductance maps were obtained by diagonalizing a tight-binding
Hamiltonian containing on-site energies &, and nearest-neighbor
hopping parameters t. We employed a 12% increase of the hopping
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integral t for carbon atoms on the edge, so that t,-j(edge) =112 ¢
whenever atom i or j is bonded to at least one hydrogen atom. The
simulated maps correspond to pure eigenstates, the orbitals of which
are convolved with a Gaussian-shaped tip of width 1.2 A to simulate
the finite size of the STM tip. More information is given in the
Supporting Information.

Conductance Map Simulations. For the simulated conductance
maps, the nonequilibrium Green’s function technique was applied in
the wide-band limit,>*** in conjunction with the aforementioned
tight-binding model. Here, we use a nearest-neighbor interaction
parameter ¢ = —2.7 eV and an on-site energy of &, = 0.8 €V for 7-
acGNRs on Au(111) and &, = 0.2 eV for 3,1-cGNRs on Cu(111),
reflecting the Fermi energy difference of graphene in vacuo with
respect to that of gold and copper.”*”’° We employ an empirical
charging energy (difference between hole tunneling and electron
tunneling) of 1.8 eV for 7-acGNRs and 1.4 €V for 3,1-cGNRs based
on the size of the HOMO—LUMO gaps observed in spectroscopy” >’
in comparison to the vacuum energies found from tight binding. The
self-energies due to the substrate are o, = A + 1i meV, and those due
to the tip are o, = A + 3i meV. The self-energies due to the substrate
are spatially modulated to zero to simulate lifting. The real parts of the
self-energies are A = —0.6 eV for 7-acGNRs on Au(111) and A =
—0.4 eV for 3,1-cGNRs on Cu(111). The parametrization is
schematically shown in Supplementary Figure SS. Broadening—
primarily due to interaction with phonons in the NaCl—is taken into
account by convolving the conductance map with a Gaussian peak
with a width of 100 meV, similar to the peak widths observed in
spectroscopy.49 More information is given in the Supporting
Information.
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