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Abstract

Thanks to their highly tunable band gaps, graphene nanoribbons (GNRs) with
atomically precise edges are emerging as mechanically and chemically robust candidates
for nanoscale light emitting devices of modulable emission color. While their optical
properties have been addressed theoretically in depth, only few experimental studies
exist, limited to ensemble measurements and without any attempt to integrate them in
an electronic-like circuit. Here we report on the electroluminescence of individual GNRs
suspended between the tip of a scanning tunneling microscope (STM) and a Au(111)
substrate, constituting thus a realistic opto-electronic circuit. Emission spectra of such
GNR junctions reveal a bright and narrow band emission of red light, whose energy
can be tuned with the bias voltage applied to the junction, but always lying below
the gap of infinite GNRs. Comparison with ab initio calculations indicate that the
emission involves electronic states localized at the GNR termini. Our results shed
light on unpredicted optical transitions in GNRs and provide a promising route for the

realization of bright, robust and controllable graphene-based light emitting devices.
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While graphene is a promising material for a number of electronic applications, the
absence of an optical gap limits its use for light emitting devices. Lateral confinement to
form nanometer-wide graphene nanoribbons (GNRs) allows one to combine many of the
outstanding properties of graphene with the presence of a sizeable gap.? The reach of atomic
precision over the structure®® further opens the way to the production of materials with
widely tunable properties, where electronic and optical gaps are predicted to depend on
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both quantum confinement and edge morphology,”® and can be further tuned by edge

functionalization. 414

Experimentally, the electronic gap of GNRs has been explored for a variety of struc-
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tures and their optical characterization has been addressed in several cases.
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The latter involves ultraviolet-visible-near infrared absorbance spectroscopy,
nance Raman spectroscopy,’ reflectance difference spectroscopy,#® as well as time-resolved
spectroscopies.?t2% Nonetheless, the investigation of their emission properties, which is rele-
vant in the scope of future electroluminescent nanoscale devices, has been limited so far to a
few ensemble measurements at room temperature, only revealing weak and featureless emis-
sion spectra.“®2? A better understanding of the intrinsic luminescence properties of GNRs,
which may include the effect of specific atomic-scale defects, requires instead to go beyond
ensemble measurements and to address the emission at the level of individual ribbons — a
field that is totally unexplored to date.

Here, we apply a novel approach®”! that consists in lifting an individual GNR between
the tip and the substrate of a STM"? to study its electroluminescent properties. In this
geometry, one extremity of the GNR is lying flat on a Au(111) surface and the other is
connected to a gold-capped tip (Figure[lh). This strongly reduces the coupling between the
GNR and the electrodes that otherwise quenches the emission. Here, we use 7-atom-wide
armchair GNRs (7-AGNRs) as they present an optical gap in the visible spectrum (& 2 eV),*
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and can be easily obtained by on-surface synthesis. The electroluminescence spectrum

of such a junction reveals to be strongly dependent on the nature of the GNR-tip connection.



In the case of a covalent bond, an intense and sharp (FWHM = 40 meV) luminescence
peak arises, whose energy varies with voltage and tip-sample distance. Extrapolating to an
unbiased junction, a transition energy of =~ 1.16 €V is obtained, significantly lower than the
optical gap (= 2 eV) reported for 7-AGNRs on Au.”¥ We performed ab initio calculations
at the GW plus Bethe-Salpeter equation (GW-BSE) level to simulate the optical spectra of
finite-size GNRs. On this basis, the emission band can be assigned to a transition between
a state localized at a GNR extremity and a state delocalized along the ribbon.

Figure [1p shows a STM image of a typical 7-AGNR polymerized on a Au(111) surface.”
The first step of our experiment consists in lifting such a GNR in the STM junction. To
do so, the tip of the STM is located on top of the GNR extremity and approached up
to the formation of a contact. The tip is then retracted from the surface with the GNR
attached to its apex. The junction conductance is monitored during the whole procedure
(see Figure ) An exponential decay of the conductance with the tip retraction distance
(i.e., tip-sample separation, z) is observed (black curve), with a decay rate much smaller
than the increase rate observed during the approach procedure (red curve). This is due to
the larger conductivity of the GNR compared to vacuum, and attests for the success of the
lifting procedure.®# The bottom curve in Figure [l is a typical electroluminescence spectrum
of a 7-AGNR lifted from the Au(111) surface (z = 3.2 nm, V' = 1.8 V): It reveals a featureless
and weak emission spectrum that resembles a typical plasmon spectrum recorded with a pure
metal-metal junction.®?

A very different behavior is observed for 7-AGNRs where the extremity lifted by the
tip has been dehydrogenated beforehand. This is done, prior to the lifting experiment, by
locating the tip on top of the GNR termination and ramping the voltage to 4 V at a constant
current of 10 nA (see Supporting Information for details). The STM image taken after this
procedure (Figure [Id) shows the characteristic pattern of a dehydrogenated terminus (here-
after called C-terminated, to be compared with the H-terminated case discussed previously),

which consists of two bright spots separated by a depression.”##* The corresponding optical



spectrum in the top panel of Figure [l (recorded with the same conditions as for the H-
terminated GNR) reveals this time a rather sharp (FWHM = 40 meV) and intense emission
peak at 1.6 eV, as well as two faint, equally-spaced lower-energy peaks, located at 161 (19)
meV and 314 (£20) meV from the main peak, respectively. Note that the peak shifted by 161
meV is systematically observed and its energy presents an extremely low variability, whereas
the second peak is weaker and its energy slightly varies from measurement to measurement
(see the inset of Figure [1e). We believe that this effect is due to variations of the tip-apex
structure which slightly affect the electronic and plasmonic properties of the junctions. The
two shifted peaks are assigned to the first and second harmonics of an optical vibronic mode.
While several modes are observed in this energy region,” we tentatively assign the observed
replicas to the most intense vibronic mode (D mode) observed at about 1340 cm™! (166 meV)
in resonance Raman spectra of 7-AGNRs on Au(111).%" The sharpness of the emission and
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the presence of vibronic features are incompatible with a purely plasmonic
emission,”® and strongly suggest a radiative transition intrinsic to the GNR. While the over-
all quantum efficiency of the emission process remains relatively low (107° photon /electron),
the ability of the suspended GNRs to withstand elevated currents (up to 40 nA) allows for an
intense emission of light that can amount up to 107 photon/s (~ 1 pW at 30 nA excitation
current). For comparison, this is 100 times larger than the largest emission measured with
previous molecular scale optoelectronic devices,®" and a factor of ~ 5 more intense than the
purely plasmonic emission measured in the absence of a GNR with the same current and
voltage (see Supporting Information). Related to the size of the emitting area (=~ 1 nm?),
the emission of the nanoribbon junction is as intense as the one reported for bright light
emitting devices made of carbon nanotubes.””

Having discussed the main characteristics of the electroluminescence spectrum, we now
turn to its voltage dependence (Figure [2b). For V' < 1.53 V, no emission is detected.

Above this threshold, one observes the appearance of both the main peak and the vibronic

resonances. The energies of the peaks shift to higher values upon increasing voltage, whereas



the energy separation between the redshifted resonances and the main emission line remains
constant, as expected for excitations of vibronic origin. Applying higher voltages (V' >
1.9 V) did not reveal other intense spectral features but consistently resulted in junction
instabilities and eventually in the rupture of C-C or C-H bonds within the suspended GNR.
An extremely weak and featureless spectrum is measured for the opposite polarity (see
Supporting Information), highlighting the unipolar character of the emission. Figure
displays a plot of the energy shift of the main peak maximum as a function of voltage. In
a first regime (1.53 V <V < 1.60 V), the shift follows the quantum cut-off line (eV = hv),
as no photon can be emitted above the electron excitation energy. For V' > 1.6 V, a linear
shift of 0.23 €V/V of the main emission line is evidenced. A similar behavior is observed in
the tip-sample distance dependence of the optical spectrum (see Figure ), where the peak
maximum shifts to lower energy with tip retraction (Figure [2e).

With respect to the use of nanoribbon junctions as nanoscale optoelectronic devices, these
observations provide an interesting opportunity to tune, in-situ, the color of the emission. In
addition, they raise intriguing questions regarding the nature of both the optical excitation
and the emission mechanism. First of all, one should determine the intrinsic energy of the
optical transition, i.e., in the absence of an applied bias. Assuming a constant linear shift of
0.23 eV/V of the emission maximum, one can deduce an emission energy of 1.16 £ 0.08 eV
at V' =0 V. This is far from the value (hv ~ 2 eV) reported for the optical absorption onset
of 7-AGNRs by reflectance difference spectroscopy®® and resonance Raman measurements,
which is attributed to the lowest energy excitonic state involving transitions between the
last valence and first conduction bands.*? This is also different from the broad luminescence
emission reported at about 1.8 €V, and caused by sp?® defects in 7-AGNRs.%®

According to calculations for infinite, non-defected GNRs,*® there is no electronic state
in the gap that may lead to an emission below the optical onset. Conversely, for finite
length ribbons, scanning tunneling spectroscopic (STS) measurements revealed the presence

of localized states, also called Tamm states, at the termini of 7-AGNRs.5#3340 For GNRs



directly adsorbed on a metallic substrate, these states show up as a resonance near the Fermi
level in the dI/dV curves, and are responsible for the characteristic “finger-like” patterns
observed in the STM images of GNRs with H- and C-terminated extremities (see Figure [Ip-
¢, Supporting Information and Ref*!). In the case of GNRs partially decoupled by an
insulating salt layer, the Tamm states appear spin-split with an energy gap of 1.9 eV almost
independent of the GNR length.4"

We thus inspected the dI/dV spectrum acquired on a suspended ribbon looking for the
presence of midgap states. Figure (3| clearly reveals resonances at V = —0.8 Vand V = 1.5
V. Assuming that the voltage drops mostly at the tip-GNR junction,® these states can be
assigned to the valence band (VB) top and conduction band (CB) bottom of the 7-AGNR,
respectively. This assumption is supported by the good agreement with the VB top and
CB bottom energies (/ -0.8 eV and ~ 1.5 €V, respectively) as measured by STS for GNRs
lying flat on the Au surface.#? In addition, during the first steps of the lifting procedure
of a C-terminated 7-AGNR, we often observe a resonance near the Fermi level (see inset
of Figure [3)), that is assigned to the Tamm state. Its signature progressively disappears as
the tip is further retracted from the surface. This may be expected considering the spatial
localization of the state at the GNR terminus, which limits the contribution of the state
to the junction conductance at large tip-sample distance. Our conductance measurements
therefore confirm the presence of an end state (Tamm state) in the gap also for the lifted
configuration, in addition to the presence of states delocalized along the GNR junction (VB
and CB). Moreover, at variance with the case of GNRs on salt, only one feature is observed,
located near the Fermi level. Therefore, despite the realization of a partial decoupling of the
GNR from the metallic substrate in the lifted configuration, as demonstrated by the sharp
light emission, the coupling with the tip seems to affect the end state significantly.

In order to better understand the influence of the STM tip on the electronic levels of
the GNR, we simulate from first principles the junction of a finite C-terminated 7-AGNR in

contact with the apex of a gold cluster (Figure 4a), and compare its properties with those



of its isolated counterpart (Figure 4b). Note that the free end (i.e. the one not in contact
with Au) is terminated with two additional C-rings to remove the corresponding spin-split
Tamm states, which are suppressed in real samples by the contact with the gold substrate
(see Supporting Information). Figure[d,d shows the analysis of the density of states (DOS),
as resulting from density-functional-theory (DFT) based calculations. We present here the
case of a 3.5-nm-long 7-AGNR [i.e. n = 16 according to the nomenclature proposed in
Ref.,*? and hereafter called (7,16)-AGNR] both in the presence of a 20-atom gold tip (panels
a,c) and for the isolated configuration (panels b,d). Convergence with respect to the cluster
size and the GNR length is reported in Supplementary Information. In the case of the
isolated (7,16)-AGNR (Figure [4b), the zigzag terminus gives rise to a pair of end-localized,
spin-split states that lie in the gap defined by the bulk delocalized orbitals (Figure , light
blue shaded area). When the GNR is placed in contact with the Au cluster (Figure [4a), our
calculations evidence instead a complete suppression of the spin polarization, as indicated
by the projection of the DOS onto the atomic orbitals of C (dark grey line) and Au (orange
line) for both spin channels (positive and negative curves) in Figure . In particular, the
two spin-split Tamm states characterizing the isolated GNR become degenerate and lie near
the Fermi level, in agreement with experimental observations. Moreover, the DOS projected
on C compares very well to that of the isolated GNR as obtained by spin-restricted DFT
calculations, as shown in panel ¢ (dark grey curve) and d (blue solid line) of Figure [4]
indicating only a minor hybridization between the GNR and Au cluster states. This is
further corroborated by the one-to-one comparison of the most relevant molecular orbitals,
as shown in Figure [fc,d. These results support the realization of a partial decoupling from
Au, while explaining why the Tamm states are not spin-split in our measurements (Figure [3)).

We next move to the investigation of the optical properties resulting from the (7,16)-
AGNR energy level scheme as modified by the presence of the tip. To this end, we need to
resort to a higher-level computational approach beyond mean field, able to accurately take

into account both electron-electron and electron-hole interactions, which were proven of key
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importance to correctly describe the nature of optical excitations of nm-wide GNRs
recover a good agreement with experiments.?32%2043 Electron-phonon coupling is instead not
included in our treatment, being beyond the scope of our study. The DFT results discussed
above allow us to further simplify the system under investigation, suggesting that the optical
properties of the GNR in contact with Au can be modelled by starting from the spin-restricted
ground state for the isolated GNR, 7.e., neglecting both the spin degree of freedom and the
contribution of the gold cluster. This simplification allows us to perform ab-initio many-
body perturbation theory calculations in the GW-BSE framework (see Methods), which
would have been otherwise unfeasible for the complete junction.

Figure [5h displays the optical absorption spectrum calculated in the GW-BSE framework
for the (7,16)-AGNR given in Figure [lb. The first peak at about 1.3 éV (A) results mainly
from transitions between the higher energy occupied bulk states to the singly occupied state
localized at the zigzag terminus (Eaz 1, see Figure pb), and from the latter to the lowest
empty bulk state (E4z52). While transitions from/to the Tamm state to/from deeper bulk
states characterize also the peaks around 2.2 eV (B), the excitation at about 2.6 eV (C) mainly
results from transitions between bulk states (Ea4, see Figure [ib). It is worth noticing that
the peak C involving delocalized states is more than half an eV higher in energy than the
corresponding excitation for the infinite 7-AGNR,*23 owing to the additional confinement
along the ribbon axis. This can be rationalized by looking at the length dependence of the
main excitations, as reported in the inset of Figure [5a for the (7,n)-AGNR series, where
n = 8 — 16. The energy of C is indeed inversely proportional to the GNR length L, and
varies from 3.2 (n = 8) to 2.6 €V (n = 16), while the extrapolated value for L = oo is 1.9 €V,

LE23 and experimental data from reflectance

in excellent agreement with previous calculations
difference spectroscopy® and resonance Raman.“® The energy of the A peak shows instead
a much less pronounced dependence with length in view of the strongly localized nature

of the Tamm state. This leads to an extrapolated value of 1.1 eV for this excitation, in

very good agreement with the estimate at zero bias obtained experimentally (1.16 V). We



remark that this is the first report of these low-energy excitations, which were not observed
in previous absorption experiments. This is probably due to their much lower oscillator
strength as compared to that of excitations involving delocalized states resulting from the
reduced overlap of the quasi-particle wavefunctions. Their presence can however further
explain the unexpectedly low PL recently reported for 7-AGNRs on insulating substrates.?®
On the contrary, the higher-energy excitations characterizing the 7-AGNR absorption are
not observed in our emission spectra. This is probably due to internal conversions from
high- to low-energy excitonic states mediated by vibronic couplings, which are very common
in organic systems. These non-radiative decays are generally much faster than radiative
processes, preventing the observation of high-energy transitions in emission.

After having assigned the main emission feature on the basis of ab initio simulations, it
is worth turning to the voltage dependence described in Figure 2] In fact, the observation
of an emission threshold at eV = hr (Figure ) suggests an energy transfer between the
tunneling electrons and the GNR junction, possibly mediated by the plasmon localized at the
tip-sample junction. This excitation mechanism (sketched in Figure[5k) has been reported on
for multilayers of molecules,** molecules separated from metallic surface by thin insulating
layers*® and, following the same argument, for molecules suspended in a STM junction by

decoupling organic wires.5051

Here, our calculations suggest that the excitation involves
the Tamm state located at the GNR end in contact with the tip and bulk states delocalized
along the whole GNR (see energy level scheme in Figure[5pb). Since these states have different
spatial localizations, they may experience different energy shifts with voltage (see Figure )
As discussed previously, the voltage drops essentially at the tip-GNR interface, where the
Tamm state is localized. Qualitatively, this state remains closer to the tip potential while
the delocalized states keep the potential of the Au substrate. This mechanism would induce
a net change in the emission gap with voltage, and could explain the energy shifts of the

emission with V' and z observed in Figure [2]

In summary, we report on the first luminescence measurement directly at the level of
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an individual GNR. The GNR bridges two metallic electrodes forming a real electronic
circuit, and its luminescence is excited by electrons, thus providing the most important
characteristics for a light emitting device of molecular dimensions. The emission of the GNR
junction has a narrow band-width and its colour can be adjusted in-situ by simply tuning
the bias voltage. State-of-the-art ab-initio calculations at the GW-BSE level reproduce the
experimental results with high accuracy and assign the origin of the emission to intra-GNR
excitonic transitions involving localized and delocalized electronic states. Thanks to their
high robustness and their fair electron to photon conversion efficiency, the emission of the
GNR junctions is intense and comparable to the one of highly brilliant light emitting devices
made of carbon nanotubes.”” Our GNR junctions can therefore be viewed as robust, brilliant
and controllable narrow-band light emitting devices, a unique combination that constitute
an important step towards the fabrication of realistic optoelectronic components relying on

single-molecules as the active element.

Methods

Ezperimental details. The ribbons were synthesized on-surface by annealing (at 670 K) a
clean and flat Au(111) single-crystal covered with 0.5 ML of 10,10’-dibromo-9,9’-bianthryl
deposited by sublimation under vacuum. The sample was then transferred in situ to the
analysis chamber and introduced in an Omicron STM operating at 4.5 K at a base pressure
of 5.1071! mbar. Chemically etched tungsten tips were treated under vacuum to remove the
top oxide layers and, as a final preparation step, gently indented in the Au(111) substrate
to cover them with gold. The photons emitted at the ribbon junction were collected using a
setup that has been described previously.?”

Computational details. The ground-state DFT calculations were carried out using the
Quantum ESPRESSO package.“® The local density approximation (LDA, Perdew-Zunger

parametrization”) was adopted for the exchange-correlation potential. For the GNR-Au
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junction, ultrasoft pseudopotentials were used to model the electron-ion interaction. The
kinetic energy cutoff for the wave functions (charge density) was set to 25 (300) Ry. The
DFT simulations of the self-standing GNR used for the GW-BSE calculations were repeated
with norm-conserving pseudopotentials (wave function cutoff set to 80 Ry) as a starting point
for the Yambo package.?¥ GNRs were simulated by employing a supercell size of at least twice
the length and width of the studied ribbons, while the distances between the ribbon planes
is at least 12 A, in order to guarantee no spurious interactions with the system replicas and
mimic an isolated system. The atomic positions within the cell were fully optimized with a
force threshold of 0.026 eV /A.

The optical absorption properties were subsequently computed within the framework
of many-body perturbation theory,*” according to the GW-BSE approach. Quasi-particle
corrections to the Kohn-Sham eigenvalues were calculated within the GyW, approximation
for the self-energy operator, where the dynamic dielectric function was obtained within the
plasmon-pole approximation. The Coulomb potential was hereafter truncated by using a box-
shaped cutoff to remove the long-range interaction between periodic images and simulate
isolated systems. The optical absorption spectra were then computed as the imaginary
part of the macroscopic dielectric function starting from the solution of the BS equation
in order to take into account excitonic effects. The static screening in the direct term was
calculated within the random-phase approximation with inclusion of local field effects; the
Tamm-Dancoff approximation for the BS Hamiltonian was employed. The aforementioned

many-body effects were included using the Yambo code.*®

Supporting Information Available

The following files are available free of charge. Supporting Information contains: the detailed
description of the procedure for the termini dehydrogenation; the analysis of the STM images

for H- and C-terminated GNRs, prior and after the lifting experiment, together with a few
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relevant dI/dV spectra; a discussion of the polarity dependency of the emission spectra; a
thorough analysis of the emission intensity; an extended description of the first-principles

simulations.
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Figure 1: (a) Schematics of the experimental configuration. (b) STM image of H-terminated
7-AGNRs on Au(111) (8.5 x 7.4 nm? V = 0.05 V, I = 0.1 nA). (c¢) Normalized conductance
G /Gy vs tip-sample distance z for a 7-AGNRs suspended in the junction (black line). The
red curve corresponds to the approach of the metallic STM tip to the extremity of the 7-
AGNR, in the position marked by an arrow in (b) (V = 0.1 V). (d) STM image of the same
area than in (b) after dehydrogenation of the central carbon atom of the ribbon terminus
marked by an arrow. (e) STM-induced light emission (STM-LE) spectra of the suspended
ribbon when H-terminated (bottom curve, magnified by a factor 3, z = 3.2 nm , V = 1.8
V, I = 14.8 nA, acquisition time ¢ = 60 s) and when C-terminated (top curve, vertically
shifted, z = 3.2 nm, V = 1.7V, I = 04 nA, t = 60 s). The inset shows the distribution of
the energy shifts of the two low-intensity features from the main peak, i.e., AF; and AFj,,
obtained from measurement with different C-terminated junctions.
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Figure 2: (a) STM-LE spectrum of a suspended C-terminated ribbon (z = 3.2 nm, V' = 1.8
V, I =237nA,t=18s). (b, d) Voltage (z = 3.2 nm) and tip-sample distance (V = 1.8 V)
dependencies of the STM-LE spectra, respectively. (c, e) Energy shift of the main emission
line with V' and z, respectively.
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Figure 3: Conductance dI/dV spectra of a suspended 7-AGNR. The tip-sample separation
is set to z = 2.9 nm. The inset shows a resonance near the Fermi level (z = 0.7 to 1.3 nm)
corresponding to the Tamm state located at the ribbon extremity connected to the tip. The
Tamm state decays for larger tip-sample separations. For large z values (e.g., z = 1.3 nm)
the contribution of the Tamm state is too weak to be measured and only the delocalized
valence and conduction bands of the GNR are observed.
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Figure 4: Ball-and-stick model of a (7,16)-AGNR (a) connected to a 20-atom gold tip or
(b) terminated with an H atom. (¢) DFT-PDOS for the GNR-tip junction displayed in
panel (a), together with a few representative molecular orbitals around the Fermi level. The
total DOS is in grey, and the DOS projected on the C and Au atoms are in dark grey
and orange, respectively. (d) DFT-PDOS for the self-standing (7,16)-AGNR, showing both
spin-polarized (light blue shaded area) and -unpolarized solutions (blue solid line). A few
representative molecular orbitals around the Fermi level are illustrated also for the isolated
system.
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Figure 5: (a) Absorption spectrum computed for the self-standing (7,16)-AGNR according

to the GW-BSE scheme, starting from the spin-restricted ground state.

Inset: Length

dependence of the main optical excitations. (b) Energy level scheme for (7,16)-AGNR, as
resulting from GW calculations. (c¢) Sketch of the junction level alignment at V' = 0 V
(top) and V ~ 1.7 V (bottom), with illustration of the emission mechanism: an inelastic
conduction electron (1) transfers its energy to the GNR (2) that eventually emits a photon
(3). For simplicity, only the occupied delocalized states are represented in this sketch, but
transitions from the unoccupied delocalized states to the Tamm state may also contribute

to the emission.

22



