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Scanning-tunneling-microscope-induced light emission serves as a powerful approach in revealing and
manipulating the optical properties of molecular species, intermolecular energy transfer, and plasmon-
molecule coupling. Earlier studies have established the existence of molecular up-conversion electrolu-
minescence in diverse situations, but the underlying microscopic mechanisms are still under active debate,
dominated by intermolecular triplet-triplet annihilation and plasmonic pumping. Here we report on the
experimental realization of up-conversion electroluminescence from a prototypical single phthalocyanine
molecule, allowing us to unambiguously rule out mechanisms based on intermolecular coupling and also
offering unprecedented opportunities to elucidate much richer characteristics unforeseen in previous
studies. In particular, the bias-dependent emission intensity displays three distinct regions with different
nonlinear current dependences, which can be attributed to crossover behavior caused by the interplay
between inelastic electron scattering and carrier-injection processes. We also develop a microscopic
description to capture the essential physics involved in up-conversion electroluminescence mediated by a

proper intermediate spin-triplet state.
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Molecular emission is an elemental and crucial process
that underpins the basis of a variety of organic optoelec-
tronic devices. Despite decades of intensive research
efforts, many fundamentally important issues remain open,
in part because of limitations on the experimental probes
available in this field. Scanning-tunneling-microscope-
(STM-) induced molecular emission has recently been
demonstrated to provide unprecedented opportunities for
gaining a single-molecule understanding of a rich variety
of significant optoelectronic phenomena [1]. Intriguing
examples include anionic fluorescence [2], relaxationless
luminescence [3,4], Fano resonance [5-7], intermolecular
energy transfer [8,9], and molecular electrofluorochromism
[10], all of which may play significant roles in optimizing
the performance of optoelectronic devices. Up-conversion
electroluminescence (UCEL), a conceptually counterintui-
tive phenomenon in which the emitted photon has a higher
energy than that of the excitation electron, has also been
observed in molecular emission from biased STM junctions
[3,10-16], thereby opening new doors for the exploration
of novel spectroscopic and energy devices [17].

Despite its apparent technological significance, the
underlying microscopic mechanisms involved in UCEL
under diverse physical situations remain perplexingly
puzzling. To enable up-conversion, an intermediate state
for energy relaying or a higher-order excitation process
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must be invoked to capture multiples of the energy quanta
from the excitation source. Representative mechanisms
proposed in earlier studies of UCEL within STM junctions
include intermolecular triplet-triplet annihilation (TTA)
[12,13] and molecular-vibration-assisted plasmonic pump-
ing [3,18]. However, all of those observations were made
on molecular multilayers, hindering potential differentia-
tion of the competing mechanisms and identification of
the dominant mechanism. It is therefore imperative to carry
out control experimental studies of UCEL at the single-
molecule level, which are potentially able to deliver hard
data at the highest accuracy.

In this Letter, we carry out a systematic study of UCEL
from a prototypical single phthalocyanine (H,Pc) molecule
in the STM tunnel junction at low tunneling currents,
enabling us to gain a definitive understanding of the
phenomenon in several essential aspects. First, we safely
rule out the intermolecular TTA as the dominant mecha-
nism based on the single-molecule nature of the experi-
ment. Second, pronounced UCEL is observed even at the
low-current subnanoampere level, which is at least 2 orders
of magnitude lower than that typically used in plasmonic
UCEL within pure metallic junctions [19-21], thereby
ruling out higher-order tunneling as the dominant mecha-
nism. Our single-molecule setup also enables us to uncover,
for the first time, the existence of three distinct regions of
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the emission intensity as the bias voltage increases, and
each region is further characterized by its distinct nonlinear
current dependence. Based on these unique experimental
findings, we develop a novel microscopic spin-triplet-
mediated UCEL picture that also emphasizes the delicate
competition between inelastic electron-molecule scattering
and carrier-injection processes, thereby resulting in cross-
over behaviors in the intensity-bias relationship. These
central findings may prove to be instrumental in the future
design of organic optoelectronic devices with optimized
performances.

In STM junctions, highly localized tunneling electrons
can be used to excite a molecule electronically decoupled
from the substrate. The excited molecule, in turn, can emit
its characteristic light, and the radiative deexcitation rate
can be greatly enhanced by the nanocavity plasmons
(NCPs) [2,3,8-10,22-24], as schematically shown in
Fig. 1(a) (see Sec. S1 in Ref. [25] for experimental details).
A typical STM image is given in Fig. 1(b), showing five
isolated H,Pc molecules electronically decoupled by a two-
monolayer- (ML-) thick NaCl spacer [22]. We stress that,
given the relatively large intermolecular distance and the
highly localized nature of the tunneling electrons, the
measured optical properties can be ensured to be from a
single molecule selected underneath the tip [8,9].

In Fig. 1(c), we show the optical spectra from a single
H,Pc molecule adsorbed on the 2ML-NaCl/Ag(100) sur-
face at different negative bias voltages with a low current
of 100 pA. The sharp emission peaks observed at
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FIG. 1. Up-conversion electroluminescence from single H,Pc
molecules. (a) Schematic of the STM-induced single-molecule
emission. A top view of the molecular structure is given on the
right. (b) A typical STM image showing five isolated H,Pc
molecules on a 2 ML NaCl island with the characteristic eight-
lobe patterns (—2.5 V, 20 pA). (c) Electroluminescence spectra
from a single H,Pc molecule at different bias voltages of
V, =—1.7,-2.1,and —2.5 V (100 pA, 30 s). The NCP emission
spectrum from the 2ML-NaCl/Ag(100) system acquired at V,, =
—2.5 V is also shown to reveal its broad emission feature and its
potential role in resonantly enhancing the molecular optical
transitions. The short vertical dash in the red curve labels the
maximal energy of incident electrons.

V, = —2.5 V can be assigned to the transitions from the
two lowest-lying singlet states Q, (~1.81 eV) and O,
(~1.92 eV) to the ground state S, of the neutral H,Pc
molecule [6,9]. We call such luminescence “normal”
molecular electroluminescence, since the energy of a
tunneling electron (~2.5 eV) is higher than either the
optical gap of the molecule (~1.81 eV) or the energy of
the emitted photons. Of particular interest is the emission
spectrum acquired at V, = —1.7 V, where UCEL takes
place with a clear emission peak Q, at 1.81 eV.
Furthermore, as shown in Fig. 2(a), a distinct UCEL feature
can already be observed around —1.2 V, while it is absent
at —1.1 V, indicating that a special excitation channel is
activated at the onset voltage within the range of —1.1 to
—1.2 V. Here we note that a related observation suggesting
the possible existence of UCEL has also been reported
in Ref. [10].

The remaining presentation is devoted to identifying
the dominant microscopic mechanism for single-molecule
UCEL, an effort that also leads to the observation and better
understanding of richer phenomena at higher biases.
Several mechanisms for UCEL prevailing in the literature
can be readily ruled out for the present system. First, all the
mechanisms relying on intermolecular coupling for up-
conversion such as the TTA mechanism [12,13,39] can be
safely excluded due to the single-molecule nature in the
present experiment. Second, given the very low tunneling
currents and low temperature here, mechanisms that invoke
higher-order tunneling or thermally assisted processes are
also very unlikely. In particular, the higher-order tunneling
mechanism cannot be dominating, because otherwise the
corresponding up-conversion should have taken place at the
onset voltage of —0.9 V (i.e., one-half of the molecular
optical gap) [21] instead of over —1.1 V shown in Fig. 2(a).

Upon excluding the prevailing mechanisms outlined
above, the leading remaining UCEL mechanism is via
an intermediate relay state with a significantly long life-
time. To further identify the nature of the relay state, we
recall that, in this study, the typical tunneling currents are
only ~100 pA, corresponding to an average time interval of
~1 ns between two successive tunneling electrons.
Therefore, some of the widely considered states in the
literatures can also be safely ruled out, such as the surface
plasmon, with a typical subpicosecond lifetime [40],
and the molecular vibrational modes, with a typical pico-
second lifetime [41], both of which are too short to serve
as relay states.

At this point, we recognize that, even though the TTA
mechanism as originally proposed cannot be present in the
single-molecule setup, the intrinsic spin-triplet state of the
molecule may indeed serve as a relay state but within a new
up-conversion framework. There are two quantitative and
apparent factors that favor this potential identification:
First, the UCEL onset voltage of about —1.2 V shown
in Fig. 2(a) coincides with the energy of the spin-triplet
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FIG. 2. Crossover behavior in single-molecule electroluminescence. (a) Electroluminescence spectra from a single H,Pc molecule at
V, =—1.1 and —1.2 V (200 pA, 300 s). (b) Normalized bias-dependent intensity of the O, peak at a constant current of 100 pA, with
the logarithmic plot shown in the inset. Here the intensity of the Q, peak was obtained with multi-Lorentzian fitting and with the NCP
background properly subtracted. (c) Differential conductance (dI/dV) of a single H,Pc molecule, with the two peaks assigned to the
HOMO and LUMO. (d) Dependence of the molecular emission intensity /,, on the tunneling current /, at three different voltages

Vy,=—-1.7, =2.1, and —2.5 V.

state 7' [42]. Second, the typical lifetime of the spin-triplet
state of a free H,Pc molecule is ~130 ps [42], much longer
than the time interval between two successive tunneling
electrons, enabling the state to serve as the relay state even
in the physically realistic settings inside a STM junction.

Next, we develop a comprehensive picture for single-
molecule electroluminescence at diverse situations that
encompasses the UCEL region, with the objectives of
revealing the microscopic processes involved in the exci-
tation channels and providing compelling evidence for the
importance of the 7| state. In doing so, we have inves-
tigated the evolution of the emission intensity over a
wide range of bias voltages and tunneling currents. As
depicted in Fig. 2(b), the Q, peak intensity shows three
distinct stepwise increases in different voltage regions,
implying the dominance of different physical processes.
These three regions are defined by (I) V,, < —2.25 V (i.e.,
|[Vy| >225V), ) —225V<V,<—-18V (ie, 1.8 V<
[V, <2.25V), and (Il) =18 V<V, <—-12V (e,
1.2V < |V,| < 1.8 V). In particular, we stress the loca-
tions of three important turning points: V, ~ —1.2, —1.8,
and —2.25 V, which, strikingly, coincide with the excita-
tion energy of the spin-triplet state 7, the optical gap
between the singlet excited state S; and ground state S,

and the threshold energy to extract electrons from the
HOMO state of the H,Pc molecule, respectively. The
identification of the last turning point is also corroborated
by the differential conductance (dI/dV) measurements
shown in Fig. 2(c), where the HOMO state starts to appear
at —2.25 V [43-46] (see Sec. S2 in Ref. [25]). As a side
note, we also observe the existence of negative differential
conductance at higher biases. The transition from region
(II) to region (I) and its relation to the HOMO was
previously reported in Ref. [9]. The three regions can
further be distinguished by their characteristic current
dependences, as shown in Fig. 2(d). Specifically, it is close
to linear in region (I) but nonlinear in the other two regions;
in particular, the dependence is highly nonlinear in the
UCEL region (III).

To interpret the experimental observations surrounding
the existence of the three electroluminescence regions,
we propose a coherent microscopic theoretical framework,
as depicted in Fig. 3, with some of the important model
parameters obtained from first-principles calculations
within density functional theory (see Sec. S3 in
Ref. [25] for more details). Here we focus on the direct
tunneling-electron-induced molecular excitation mecha-
nism rather than the indirect NCP-induced molecular
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FIG. 3. Schematics on competing molecular excitation mecha-
nisms. (a) In region (I), in which the bias window encompasses
both the HOMO and S states, the molecule can be excited from S,
to S; by two sequential carrier-injection steps through a transient
cationic state M (not explicitly shown). (b) In region (IT), both the
HOMO and LUMO are outside the bias window, but the bias
potential |eV,| is larger than the excitation energy of S;; in this
case, the molecule can be excited from S, to S; by a tunneling
electron through inelastic scattering. In the up-conversion region
(TIT), an electron can be first excited to the spin-triplet state 7', as
shown identically on the left panels in (c) and (d); subsequently, the
S state can be reached by either (c) an inelastic electron scattering
process or (d) two sequential carrier-injection steps.

excitation mechanism [3,47-52] based on the observation
of sharp molecular emission peaks; otherwise, Fano dips
would be observed instead [5,6,53]. In region (I) with V;, <
—2.25 V [Fig. 3(a)], the HOMO of the molecule lies within
the bias window spanned by the Fermi levels of the tip and
the 2ML-NaCl/Ag(100) substrate. In this case, the molecule

can be excited from the ground state S, to the singlet excited
state S; by two sequential carrier-injection (CI) steps via the
transient molecular cationic state M (not shown). In the
first CI step, an electron in the HOMO tunnels to the tip,
leaving behind a hole in the molecule. Consequently, the
original LUMO of the neutral molecule becomes the LUMO
of M*, but its energy is significantly lowered due to the
attractive Coulomb interaction [54,55]. Then, in the second
step, another electron in the substrate can be injected into
this new LUMO, which brings the molecule back to an
excited neutral state S;. Here we note that, since the electron-
injection rate from the substrate to the molecule is much
larger than the hole-injection rate from the tip to the
molecule across the vacuum gap, the total tunneling current
is limited by the hole-injection process.

In region (II) (—2.25 V <V, < —1.8 V), as shown in
Fig. 3(b), electron tunneling from the HOMO to the tip is
energetically forbidden; therefore, the tunneling currents
are dominated by the direct tunneling from the substrate
through the molecule-NaCl complex to the tip. During the
tunneling process, the electron can excite the molecule
from the S, to S; via inelastic electron scattering (IES),
which has been extensively addressed in previous studies
as a valid excitation mechanism [7,10,56-65]. Given the
scattering nature (i.e., with a very short electron-molecule
collision time) of the excitation mechanism in region (II)
relative to the carrier-injection mechanism in region (I), we
naturally expect that the latter excitation channel is much
more effective than the former [66]. This qualitatively
explains the relative magnitudes of the emission intensities
in these two regions, as experimentally observed.

In the up-conversion region (III) (—1.8 V<V, <
—1.2 V), the common first step is to excite an electron
into the relay spin-triplet state 7'y via the IES mechanism
shown in the left panels in Figs. 3(c) and 3(d). Subsequently,
there exist two possible excitation channels to further reach
the S state. In the first channel shown in the right panel in
Fig. 3(c), a subsequent tunneling electron from the substrate
to the tip can excite a metastable electron from the 7'; state to
the S, state, again via the IES mechanism. In the second
channel shown in the right panel in Fig. 3(d), the metastable
electron in 7', is able to first tunnel into the tip, enabling a
subsequent electron to directly inject into the S; state. Here it
is important to realize that, in close analogy to assessing the
relative magnitudes of regions (I) and (II), the process shown
in Fig. 3(d) is qualitatively stronger than that in Fig. 3(c),
because the latter invokes an extra IES process. Overall, the
excitation channel shown in Fig. 3(d) has to invoke either
an extra IES process relative to region (I) or two extra
CI steps relative to region (II); therefore, we can safely
expect that the excitation efficiencies in the former two
regions will be substantially higher than that in region (III).
This conclusion on the relative magnitudes of the molecular
emission intensities is in qualitative agreement with the
experimental observations.
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FIG. 4. Simulated crossover behavior in single-molecule electroluminescence. (a) Molecular emission intensity with different
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The above picture can be quantitatively modeled within
the framework of quantum master equations, where the
populations of molecular states are determined by different
excitation and deexcitation channels (see Sec. S4 in
Ref. [25] for more details). Here, the observed emission
intensity is proportional to the population of the S; state at
the dynamical equilibrium. In particular, the photon inten-
sities in the first two voltage regions are mainly determined
by the excitation efficiencies of two different microscopic
processes, i.e., the Cl-induced S, excitation 7c_g, in region
(D and the TES-induced S, excitation njgg_g, in region (I).
In contrast, in region (III), the photon intensities are
determined by the multiplications of two different excita-
tion efficiencies, namely, ngs_r gs—s, in Fig. 3(c) and
Mes—1,Mci—s, in Fig. 3(d), where ngg_7, is the IES-induced
T, excitation efficiency. Here we note that the efficiencies
Mes—s, and ncy_g, in the different regions refer to the same
final state but involve different initial states. The relative
emission intensities between region (II) and region (I) can
be approximated by the ratio #7gs_g, /5ci—s, as shown in
Fig. 4(a), where we have first taken the ratio 7gs_r, /Migs_s,
to be at 0.25, based on the only available quantitative
transport measurements reported in Ref. [57] for pentacene
molecules. Such a fitting procedure to the experimental
observations yields the ratio of ngs_s, /nci—s, ~ 0.1. Next,
we tune the ratio #gs_r, /mes—s, as a second fitting
parameter as shown in Fig. 4(b), yielding a quantitative
measure of 7gs_r, /MEs—s, & 0.5 for H,Pc molecules. At a
deeper level, in the up-conversion region, the newly
identified (IES + CI)-induced S, excitation shown in
Fig. 3(d) is ~16 times more efficient than the commonly
considered (IES + IES)-induced S; excitation in Fig. 3(c),
confirming the qualitative expectation in the last para-
graph. Such quantitative information on the relative
magnitudes of the microscopic processes is fundamentally
important and is otherwise difficult to obtain using
alternative approaches.

Before closing, we also attempt to rationalize the differ-
ent current dependences in the three regions. First, given
the single tunneling electron nature of the excitation
channels shown in Figs. 3(a) and 3(b), a linear dependence
in both regions (I) and (1) is readily expected. In contrast,
for region (III), invoking two tunneling electrons, we
naturally expect a quadratic current dependence. The
deviations from the linear or quadratic power laws can
be attributed to the emission enhancement effect associated
with the stronger NCP fields as the tip-substrate gap
becomes smaller [10,67]. The larger deviation from the
linear power law in region (II) can be caused by an
additional subtle effect; namely, when the excitation
channel shown in Fig. 3(b) is activated, that shown in
Fig. 3(d) is also coexisting, thereby leading to an averaged
power law lying between the linear and the quadratic ones.

We have demonstrated that STM-induced luminescence
serves as a powerful tool in revealing the underlying
physics involved in the excitation processes of organic
electroluminescence at the single-molecule level, with rich
and important findings. The observation of up-conversion
and crossover behavior in single-molecule electrolumines-
cence allowed us to develop a coherent picture within the
framework of quantum master equations, emphasizing the
delicate competitions of the different microscopic excita-
tion processes of inelastic electron-molecule scattering and
carrier injection. Our model study not only enabled us to
obtain a quantitative interpretation of the main experimen-
tal findings, but also established the vital importance of the
intrinsic spin-triplet state in mediating the up-conversion
electroluminescence. The insights gained in such basic
studies are expected to be instrumental in the future design
of novel molecular optoelectronic devices.
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