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ABSTRACT: Controlling the interaction between the excitonic states of a
quantum emitter and the plasmonic modes of a nanocavity is key for the
development of quantum information processing devices. In this Letter we
demonstrate that the tunnel electroluminescence of electrically insulated Cg,
nanocrystals enclosed in the plasmonic nanocavity at the junction of a
scanning tunneling microscope can be switched from a broad emission
spectrum, revealing the plasmonic modes of the cavity, to a narrow band
emission, displaying only the excitonic states of the Cy molecules by
changing the bias voltage applied to the junction. Interestingly, excitonic
emission dominates the spectra in the high-voltage region in which the
simultaneously acquired inelastic rate is low, demonstrating that the excitons
cannot be created by an inelastic tunnel process. These results point toward new possible mechanisms for tunnel
electroluminescence of quantum emitters and offer new avenues to develop electrically tunable nanoscale light sources.
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he radiation from systems composed of a quantum result of inelastic tunneling processes,"”*° but the situation is

emitter (QE) and a nanocavity depends on the strength not so clear for the excitonic case: while many previous studies
of the light—matter coupling, leading to Purcell enhancement also consider that such excitation is caused by inelastic events
for weak coupling to the existence of polaritonic modes in the durinsg the tunnel process (via an intermediate plasmon or
strong coupling regime."””" To control and understand the not),”'%' other reports explain the exciton formation as the
transition between both regimes, it would be convenient to result of two correlated elastic tunneling processes.”'*'®
address the plasmonic and excitonic modes separately within Notice that if the mechanisms for plasmon and exciton
the same system. Such a goal is, however, difficult to achieve creation were different, one might conceive of ways to excite
with conventional optical spectroscopies because the incoming only the plasmonic or only the excitonic modes of the QE
radiation interacts with both cavity modes and QE optical +cavity system, offering unique insights into the physics of
transitions due to its diffraction-limited spatial resolution. A light—matter interactions at the nanoscale and providing us
related information can be retrieved by studying the cavity with a new tool to design color-tunable nanoscale light sources.
modes of the empty cavity and the excitonic states of the QE One attempt in this direction was recently published for the

case of multilayer Cg, on Ag(111), where the current-induced
limitation of the exciton lifetime enabled a progressive
transformation of excitonic spectra into plasmonic spectra
with increasing tunnel current.'*

outside of the cavity,” but this ignores the possible
modification in QE and cavity properties when they are
brought together.

Scanning tunneling luminescence investigations can poten-

tially open a new way to study QE—cavity interactions in I.n t}.us paper, we d.emonstrate that the. mechanlsl.ns for
i . excitonic and plasmonic tunnel electroluminescence in Cg
systems consisting of organic molecules separated from

metallic surfaces by an atomically thin insulating film.*'® nanoislands sep arated. from a Ag(lll) surfa;e by a thin (2-3
The space between the metal surface and the metallic tip can ML) NaCl film are indeed different, enabling us to address

be considered as a tunable plasmonic nanocavity, whose broad

optical modes can be studied by collecting tunnel electro- Received: July 12, 2022 MO
luminescence spectra in molecule-free areas.”’”'”> On the Revised:  November 18, 2022 @
other hand, the electroluminescence spectra recorded on top of Published: November 28, 2022 S .
the molecules display narrow features that can be attributed to Y_;\

the recombination of molecular excitons.*™'° The excitation of v
the plasmonic modes by STM has long been understood as the
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only the plasmonic or only the excitonic modes of the system
by a suitable change of the bias voltage of just about 0.5 V. Our
study is based on the simultaneous recording of light
intensities and the rate of inelastic excitations for different
voltages and photon energies.”’ We show that for the relatively
narrow window of bias voltages for which the rate of inelastic
transitions is sizable, electroluminescence spectra display a
broad emission shape (FWHM ~ 200 meV), ascribed to the
plasmonic resonances of the nanocavity, as expected for
inelastic excitations.'”*° On the contrary, for higher voltages
with low inelastic rates, excitonic emission, equivalent to that
found in single-crystal Cg,”* sets in and dominates the spectra
up to the maximum measured voltages (about 5.5 V). This fact
implies that the energy transfer from the tunneling electron to
the exciton cannot occur during the tunneling process.
Moreover, the small separation from the LUMO level to the
Femi level of Ag(111) also renders implausible the traditional
two-tunnel events mechanism. In view of these results, we
propose a new mechanism in which a hot electron in a Cg,
molecule injected by an elastic tunnel event relaxes through
scattering processes that promote the molecule from the
ground state to the excited state, creating the exciton which
subsequently decays by the emission of a photon. Our results,
thus, shed new light on the mechanisms for excitonic light
emission induced by tunnel currents and open the fascinating
possibility of choosing the excitation channel for light emission
in systems composed of a QE and a nanocavity, which can be
exploited for the fabrication of tunable light sources in the
nanoscale.

Figure 1 shows the typical morphology of a Cg, nanocrystal
supported on a thin NaCl film grown on Ag(111). The
nanocrystals had characteristic truncated triangular shapes with
an average lateral size of ~50 nm, with straight edges, and an
apparent height of ~2 nm, which corresponds to a vertical
stacking of two layers of Cg, fullerenes.'”'***Figure 1b shows a
magnified view of the surface of the nanocrystal of (a),
displaying hexagonal self-assembly, with a nearest-neighbor
distance between molecules of 0.95 A. Depending on the
absorption configuration, the Cg, molecules displayed one-,
two-, or three-lobed structures.”®

dI/dV curves recorded on the Cg, islands (Figure 1c) show
two significant features above the Fermi level at about 0.7 and
2.1 eV, respectively, which we attribute to the LUMO and
LUMO+1 orbitals. The exact position of these peaks depends
on the tunneling conditions due to the insulating nature of the
NaCl spacer and the underlying layer of Cy4, molecules.”* The
presence of this insulating film implies that a fraction a of the
applied voltage between the tip and the Ag(111) substrate falls
between the crystallite surface and the NaCl/Ag interface, a
being the ratio between the total capacitance of the junction
and the capacitance of the insulating film (see the Supporting
Information for more details). The Fermi level and all the
molecular orbitals of the C4, molecules at the surface of the
nanocrystallites would thus be shifted by aeVy with respect to
the Fermi level of the Ag(111) substrate. Thus, the voltages at
which the dI/dV peaks appear (V;) will be related to the
energies of the molecular orbitals at zero bias (E;) by eVy, = E,
+ aeVy, (see Figure 1d) or eVy, = E/(1 — a). Changes in the
tunneling conditions lead to modifications in the total
capacitance of the junction and @ which, in turn, changes
the voltages at which the peaks appear in the dI/dV curves, as
observed in Figure lc. Notice, however, that in the range of
tunneling parameters explored here the shifts are small,
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Figure 1. (a) STM topography image of a 2 ML height Cg,
nanocrystal partially nucleated on top of 2 and 3 ML of NaCl (2.5
V; 30 pA; 60 nm X 60 nm). (b) Molecular self-assembly of the
topmost layer of the nanocrystal shown in (b) (1.5 V; 60 pA; 10 nm X
7 nm). Each molecular structure corresponds to a different adsorption
geometry of the Cg4 molecules. (c) dI/dV spectra recorded with
different stabilization current set points. The LUMO and LUMO+1
orbitals are clearly visible in these spectra, but their voltage position
depends on the tunneling conditions. (d) Schematic diagram
illustrating the relation between the applied bias voltage for the
peak corresponding to a molecular orbital, the voltage drop between
the surface of the crystallite and the NaCl interface, and the position
of the molecular orbital with respect to its local electron chemical
potential.

implying that « is almost constant. We can obtain an
estimation for a by comparing the energy separation between
the LUMO and LUMO+1 orbitals in bulk C4, obtained by
inverse photoemission”> and in our experiments, yielding a
value of about @ = 1 — AEg/AVgry = 0.23. We do not
observe any spectral feature at negative voltages which could
be attributed to the HOMO orbital because the LUMO orbital
is dragged by the action of the negative voltage below the
Fermi level of the sample before the HOMO level can be
reached (see the Supporting Information for further details).
Tunnel electroluminescence spectra are shown in Figure 2a
as a function of the bias voltage. The data reveal that in a
relatively narrow window of bias voltage from 2 to 2.8 V the
spectra show a rather broad peak (FWHM ~ 200 meV; see
Figure 2b), characteristic of plasmonic emission. Contrary to
simple metal systems, however, the voltage threshold for
emission is shifted by about 0.3 V to higher voltages compared
to the expected quantum cutoff condition (w,,,, = eVy white
line in Figure 2a). The intensity of the plasmonic peak
decreases very rapidly for voltages larger than 2.8 V, and
basically disappears for 3 V. For higher voltages a new set of
luminescence peaks appear, consisting of an intense peak at
about 1.83 eV, and several side bands at lower photon energies,
which are very similar to those reported for C4, nanocrystals
on 3 ML NaCl/Au(111)."”"® The new peaks are much
narrower than the plasmonic resonance (FWHM ~ 15 meV;
see Figure 2b), suggesting an excitonic origin. They can be
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Figure 2. (a) Dependence of the electroluminescence spectra with the
applied bias voltage for a tunnel current of 600 pA. The transition
from a purely plasmonic to a purely excitonic spectrum is clearly
visible between 2.8 and 3 V. The expected quantum cutoff line is
marked in white. (b) Examples of individual spectra recorded at
tunneling conditions where only the plasmonic or only the excitonic
emission is observed. (c) Comparison between the average electro-
luminescence spectrum at every voltage above 3 V (red dots) and the
photoluminescence of defect-free bulk Cg, crystals®* (blue line). Black
lines are Lorentzian fits to the average, normalized spectrum.

found in the same energy range as that of the plasmonic
resonances due to the Purcell effect, which enhances the
spontaneous emission rate by a factor proportional to the
optical density of states. Indeed, by taking the average of all the
spectra recorded for voltages between 3 and 5.5 eV and
normalizing to the intensity of the plasmon (to take the Purcell

enhancement into consideration), the resulting spectrum can
be fitted by Lorentzian curves revealing all the features
observed in photoluminescence of Cg, crystals”> (see Figure
2¢), with only a typical shift of about 25 meV to higher photon
energies. The shift depends on the orientation of the molecule
in which the current is injected and on the size of the crystallite
and, thus, seems to arise from the effect of the local
environment of the molecule under consideration. Notice
that PL experiments with negatively charged Cg, molecules in
electrochemical solution reveal the excitonic peaks in the near-
infrared, at 1.1 eV.”° This analysis demonstrates that the
electroluminescence spectra in this range of bias voltages
originates from the recombination of the same excitons
observed in bulk Cg, crystals.

To compare our results on the voltage dependence of the
electroluminescence spectra with the rate of inelastic events,
which can be retrieved from the I(V) curves,”"*” it should be
noted that any inelastic event relevant for the processes
considered here can only take place while the electron tunnels
from the tip to the molecules at the surface of the crystallite,
with a voltage difference of just (1 — a)Vy (see Figure 1d).
Indeed, direct tunneling from the tip to the Ag surface
underneath must be a rare event because the distance between
the tip and the Ag surface is about 2.5 nm (the thickness of 2
ML of Cg, plus 2 ML of NaCl) larger than between the tip and
the surface of the molecule. As shown in the Supporting
Information, the total rate at which such excitation of energy
hw can be created by tunneling electrons with a total applied
voltage Vg can be calculated by adding all the possible
processes marked in blue in Figure 3a and, thus, must be
proportional to
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Figure 3. (a) Schematic representation of the inelastic processes that can contribute to the excitation of a photon with energy 7® in the presence of
a dielectric spacer. (b) Experimental rate of inelastic excitations (left panel) obtained from the I(V) curves (right panel) for different stabilization
bias voltages. The orange area corresponds to the photon energy range studied in our experiments. (c) Rate of inelastic excitation (linear color
scale) for bias voltages between 2 and 5.5 V and photon energies 1.7 and 2.2 eV. The dashed line corresponds to the quantum cutoff condition
without considering the dielectric layer, and the solid line corresponds to the correct quantum cutoff condition as determined by eq 3 by the
condition R;,(fm,Vg) = 0. (d) Electroluminescence signal (linear color scale) in the same photon energy and stabilization bias ranges than (c).
Both quantum cutoffs are also shown with the same meaning than in (c). (e) Comparison between the inelastic rate and electroluminescence
profiles at iw = 1.9 eV for different bias voltages. The profiles are also marked in (c) and (d) by the blue (rate) and pink (electroluminescence)
horizontal dash-dotted lines. In all the panels of this figure a tunnel current of 350 pA has been used.
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Figure 4. Proposed hot electron mechanism for excitonic tunnel electroluminescence. (a) Initially an elastic tunnel event creates a hot electron in a
high energy state, while the electron population of the remaining levels does not change. (b) This hot electron will relax by scattering with other
electrons in the occupied bands of the Cyy nanocrystal. If the energy of the hot electron is at least the energy of the LUMO level plus the exciton
energy, then a relaxation in which the hot electron relaxes to the LUMO and an exciton is created becomes possible. (c) The electron diffuses away
from the excited C60 molecules, leaving a neutral exciton indistinguishable from those created by optical excitations. (d) The exciton decays

radiatively through the emission of a photon.

(1-a)eVy+hw
Rinel(hw! ‘/B) & / dEPT((l - a)e‘/B + fl(,l))
0

ps(E)T(E) Ve, hw) (1)
In this expression pr and pg are the densities of electronic
states of tip and sample respectively, and T is the transmission
factor. On the other hand, a similar argument can be used to
obtain the elastic tunnel current that flows between the tip and
the sample, yielding the same expression with Aw = 0.

(1-a)eVy
L) & [ AE py(E - (1= )V (BIT(E, )
(2)

The remarkable similarity between eqs 1 and 2 can be

exploited to evaluate R, (f®,Vy) from the experimentally
obtained I(V) curves, yielding
) (3)

valid for Aiw < (1 — a)eVy. Equation 3 only differs from our
previous analysis for purely metallic tunnel junctions™ in the
(1 — @)7" factor of the photon energy because only a fraction
(1 — @) of the applied voltage between the Ag substrate and
the tip can be invested in exciting photons. Thus, by recording
the I(V) curves at different stabilization voltages and applying
eq 3, we can obtain an experimental estimation of the rate at
which inelastic transitions occur.

Figure 3b shows the application of this procedure for
different stabilization voltages. The right-hand panel of Figure

hw

R, (hw, V) = |V, — ————
1nel( w B) t[ B 8(1 _a)
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3b displays the I(V) curves. The onset of conductivity
associated with the LUMO and LUMO+1 orbitals at 0.7 and
2.1V, respectively, can be clearly seen in all the curves (except
for the one with a stabilization voltage of 5.0 V). With
increasing stabilization voltages, the tip retracts to maintain the
current set point constant. The contribution of LUMO and
LUMO+1 orbitals to the tunneling current decreases with
increasing stabilization voltage because the current now
becomes dominated by high-energy electronic states with
large vacuum decay lengths, until it becomes negligible for
stabilization voltages larger than about 3.5 V.

By applying eq 3, we can obtain the rate of inelastic events as
a function of the excitation energy as shown in the left panel of
Figure 3b, using our previous estimation @ = 0.23. The general
shape of the curves is now reverted in the energy axis, and the
zero-rate value corresponds to the excitation energy fw = (1 —
a)eVy, which becomes the new quantum cutoff condition. The
window of photon energies that we explore by tunnel
electroluminescence corresponds to the orange-marked area.
For stabilization voltages below 2.5 V, the rates are low in this
energy window because the contribution of the LUMO orbitals
covers a lower range of photon energies. Between 2.5 and 3.5
V, this contribution does overlap with the observed window of
photon energies, and thus, we expect a relatively high
contribution of inelastic events to the electroluminescence
spectra, with electrons starting at tip states and finishing at the
LUMO orbital of the Cyy molecules. For even higher voltages,
however, the suppression of the contribution of LUMO and
LUMO+1 orbitals to the total current leads to a rather strong

https://doi.org/10.1021/acs.nanolett.2c02758
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decrease in the rate of inelastic excitations in the explored
photon energy window.

Figure 3c collects all the rate curves measured for
stabilization voltages between 2 and 5.5 V in the range of
photon energies explored in the electroluminescence spectra.
The (wrong) Aiw = eVy cutoff condition is marked with a
dashed line, while our new expected cutoff taking the dielectric
film under consideration, iw = (1 — @)eVy, appears as a solid
white line. A significant contribution of inelastic tunnel events
is thus expected in the region bounded by the cutoff line and
the high-bias suppression at about 3.5 V. We compare this
expectation with simultaneously recorded electroluminescence
spectra in Figure 3d. Notice that since we are using a different
tip, the details of plasmonic resonance are somewhat different,
but the general phenomenology agrees well with that reported
in Figure 2a. Comparison of Figure 3d with Figure 3¢, and
between the spectral profiles for specific photon energies in
Figure 3e, reveals that the plasmonic resonance appears in the
range of stabilization voltages and photon energies in which
the rate of inelastic transitions is large, as expected since the
excitation of the plasmonic luminescence is induced by
inelastic tunneling. On the contrary, excitonic peaks appear
in the region in which the rate of inelastic transitions is
negligible. The creation of excitons, thus, is not related to
inelastic tunneling and must be originated by another process
that takes place after injection of the hot electron in the Cg,
molecule.

The excitation of molecular luminescence deserves further
discussion. As mentioned above, excitonic creation induced by
a tunnel current has previously been attributed by some
authors to inelastic tunneling events.” ”'”"> Our results
demonstrate that at least for our system this mechanism is
not the one responsible for molecular luminescence. The
alternative explanation found in the literature is that the shift in
the molecular orbitals due to the dielectric layer pushes the
HOMO level above the Fermi level of the metal substrate,
thereby enabling the tunnel of an electron away from the
HOMO.*"*'> However, such a mechanism does not match
our experimental observations either. The LUMO level is only
0.6—0.7 eV above the Fermi level, and even if the HOMO level
would rise above the Fermi level of the sample in the voltage
range explored in our investigations, its separation to the
LUMO level would be at most 0.7 eV, too small compared
with the exciton energy of 1.83 eV that we observe from the
Cgo- Other processes involving the injection of electrons into
the LUMO+1 or higher molecular orbitals followed by a
recombination with holes in the LUMO, a hypothetical
emptied HOMO level, or other final state alternatives should
lead to very different luminescence spectra than that recorded
on bulk Cg, crystals (similar to our observations according to
Figure 2c) where the luminescence was explained as a
HOMO-LUMO transition facilitated by the Herzberg—Teller
effect.””

On the basis of our data and the preceding discussion, we
propose the following mechanism to explain our observation of
excitonic emission induced by tunnel currents. A hot electron
produced after elastic tunnel injection (Figure 4a) in a narrow
unoccupied band higher than the LUMO, which can be of
molecular origin or associated with field emission resonances,
can relax to a lower-lying unoccupied band by scattering
processes that promote electrons from the (also narrow)
occupied bands originated from the HOMO and lower
molecular orbitals to empty electronic states. The minimum
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transition energy corresponds to the difference between the
LUMO and the HOMO energies, minus the electron—hole
binding energy (which for Cg, crystallites can be as high as 1.6
eV?®) that is, by definition, the exciton energy. Thus, provided
that the energy of the hot electron is at least the exciton energy
plus the LUMO level, it can relax to the LUMO via creation of
an exciton (see Figure 4b). If the exciton lifetime is larger than
the inverse of the hopping rate of the hot electron, it will
diffuse away before exciton recombination (Figure 4c), which
can be facilitated by hybridization of the molecular orbitals
with a field emission resonance found at 3.2 eV at the NaCl
surface (but not on top of the Cy islands).”**” Thus, when the
exciton recombination finally takes place, it will only reflect the
character of the neutral exciton (Figure 4d), explaining the
similarity between our data and that of photoluminescence in
bulk Cg, crystals. These considerations also allow for an
estimation of the bias threshold to excitonic emission, which
should satisfy eV, = aeVy g + Erumo + Eexciton OF

ELUMO + Eexciton
l1-a

eVpm = ~ 3 eV

This estimation is in good qualitative agreement with the data
in Figures 2a and 3d, although some excitonic emission can
also be observed at some 0.2 V lower bias voltages, an effect
that we attribute to the broadening of the LUMO orbital (the
onset of which can be estimated at around 0.3 eV, as can be
seen in Figure 1c).

To conclude, our systematic study of the dependence of
electroluminescence and inelastic rates with the applied bias
voltage of Cg, nanocrystallites on 2 ML of NaCl/Ag(111) has
demonstrated that the mechanisms for plasmonic and excitonic
radiation are radically different: whereas inelastic tunnel events
induce the former process, the latter originates from excitons
which are created by relaxation of hot electrons injected at high
energies. The difference in the excitation mechanisms enables
us to choose our tunneling parameters to promote one of
either at will, thereby interrogating only the plasmonic or only
the excitonic modes of a QE+cavity system. These results thus
open new scenarios to understand molecular electrolumines-
cence processes and can be exploited to design new color-
tunable, nanoscale light sources.
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