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Molecular hot electroluminescence due to strongly enhanced
spontaneous emission rates in a plasmonic nanocavity
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We demonstrated recently anomalous relaxationless hot electroluminescence from molecules in the tunnel junction of a scanning
tunneling microscope [Dong et al., Nature Photonics, 2010, 4, 50]. In the present paper, based on physically realistic parameters,
we aim to unravel the underlying physical mechanism by using a multiscale modeling approach that combines classical gener-
alized Mie theory with quantum master equation. We find that the nanocavity-plasmon-tuned spontaneous emission rate plays a
crucial role in shaping the spectral profile. In particular, on resonance, the radiative decay rate can be enhanced by three-to-five
orders of magnitude, which enables the radiative process to occur on the lifetime scale of picoseconds and become competitive
to the vibrational relaxation. Such a large Purcell effect opens up new emission channels to generate the hot luminescence that
arises directly from higher vibronic levels of the molecular excited state. We also stress that the critical role of resonant plas-
monic nanocavities in tunneling electron induced molecular luminescence is to enhance the spontaneous radiative decay through
plasmon enhanced vacuum fluctuations rather than to generate an efficient plasmon stimulated emission process. This improved
understanding has been partly overlooked in previous studies but is believed to be very important for further developments of

molecular plasmonics and optoelectronics.

1 Introduction

For over two decades, much attention has been drawn on the
light emission from the tunnel junction of a scanning tunneling
microscope (STM) thanks to its potential to provide insights
into the nature of transport and photonics at the nanoscale.
Ever since the first experimental evidence of the STM in-
duced luminescence (STML),! extensive research has been
carried out on the electroluminescence (EL) on metal sur-
faces, >3 nanoparticles,* metallic quantum wells,> etc. It is
well accepted that the light emission in the tunneling junc-
tion arises from the radiative decay of the localized surface
plasmon (LSP), via the excitation of inelastic tunneling elec-
trons.® As the LSP resonance is known to depend on the
size, shape and dielectric properties of metallic nanostruc-
tures, we can thus tune the light emission characteristics by
controlling the geometry of the nanocavity defined by the tip
and substrate. '°

On the other hand, the pursuit of nanoscale molecular op-
toelectronics has stimulated a lot of interests in applying the
STML technique to the study of molecular luminescence from
the nanocavity defined by the STM tunnel junction.!'!'=!5 If
both the lowest unoccupied molecular orbital (LUMO) and
highest occupied molecular orbital (HOMO) lie inside the bias
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voltage window of the junction, the molecule can be effec-
tively excited by the simultaneous tunneling of one electron
into LUMO and the other out of HOMO. '3 The light emission
property from the molecular junction is also found to depend
not only on the intrinsic electronic structure of the molecule,
but also on its local nanocavity environment. !-'® Recently,
we have further demonstrated that such profound modulation
of molecular emission profiles by resonant nanocavity plas-
mons can even generate the relaxationless hot luminescence
(HL) from highly excited vibrational levels (i.e., the lumines-
cence from non-thermalized excitons).!® This observation is
against the Kasha’s rule in conventional molecular fluores-
cence and has raised demands for understanding its mecha-
nism related to ultrafast emission processes. In a first treat-
ment, a model based on the rate-equation formalism was pro-
posed, ignoring the effect of plasmons.?’ The authors stated
that the HL phenonmenon can occur as soon as the vibrational
relaxation rate becomes comparable to the electron transmis-
sion rate at around 10'° s~!. Subsequent treatments took into
account the role of plasmons.?!=?3 Zhang ef al. > explained
plasmon enhanced electroluminescence by using a configura-
tion with a single molecule contacted to two electrodes and
also sandwiched between two metal nanoparticles. On the
other hand, Tian et al.>!*> adopted a more realistic model
used in the STML experiment and attributed the hot lumi-
nescence to the stimulated emission of molecules by the plas-
monic field, in which the plasmon also acts as an additional
excitation source other than tunneling electrons. However,
since the gap distance becomes considerably larger upon the
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insertion of a decoupled molecule, the plasmonic field excited
directly by inelastic tunneling electrons is probably very weak
and it is still an open issue to what extent the plasmon can
come back to excite the molecule. The generation of HL is
even more challenging, and therefore, the mechanism for the
HL still remains to be further explored.

In this paper, we provide a physically more plausible mech-
anism for the hot electroluminescence we observed recently,
which stresses on the spontaneous emission of the excited
molecule in a plasmonic nanocavity but without involving the
molecular excitation by plasmons. We investigate the light
emission of a molecule (i.e., a two-level quantum emitter) in-
duced by tunneling currents from a nanocavity defined by the
junction of two metal nanospheres. Our calculations are based
on a multiscale modeling approach that combines classical
electrodynamics with quantum mechanics, using physically
realistic parameters. By adopting electromagnetic simulations
based on generalized Mie theory,?* we show that in the tun-
neling junction, the spontaneous decay rate of the molecule
can be strongly enhanced by tuning the geometry and mate-
rial of the nanocavity. Furthermore, within the framework of
the quantum master equation,> we consider both the sponta-
neous emission and vibrational damping processes of a model
molecule with two electronic levels and one vibrational mode.
‘We find that, in contrast to Kasha’s rule, the excited molecule
can directly decay radiatively to the ground state without vi-
brational relaxation due to the largely enhanced spontaneous
emission rate in some special nanocavities, leading to the oc-
currence of hot luminescence.'® In particular, we stress that
this effect is due to the enhancement in plasmonic vacuum
field rather than plasmon stimulated emission. Such improved
understanding not only provides a possible explanation for the
observed HL phenomenon, but may also be instructive for fur-
ther studies in STML as well as single-molecule optoelectron-
ics and photonics.

This paper is organized as follows. In Sec. 2, we introduce
theoretical methods that include the generalized Mie theory
and the quantum master equation, taking into account electron
tunneling and various damping processes. In Sec. 3, we dis-
cuss the relation between the spontaneous decay rate and the
nanocavity plasmon in the STM junction. The influence of
resonant nanocavity plasmons on both the spectral profile of
molecular electroluminescence and the generation of molecu-
lar HL is presented and discussed in detail in Sec. 4, which is
followed by concluding remarks in Sec. 5.

2 Theoretical model

The HL was experimentally observed in a system with a mul-
tilayer of molecules between the STM tip and metal substrate,
with the bottom layers of molecules acting as a spacer.'” In
this nanocavity, the plasmon excitation induced by inelastic

electron tunneling is largely suppressed due to increased dis-
tance between two metal leads. We thus consider only the
direct excitation of the molecule by the tunneling currents
and have ignored the molecular excitation due to the plasmon
pumping. To obtain the luminescence spectra, we evaluate
two essential quantities of the molecule: the radiative decay
rate and the state population at the dynamic equilibrium.
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Fig. 1 (a) Schematic picture of the system setup. The tunneling
junction is modeled with two metal spheres and the molecule is
treated as an electric dipole locating on the axis of the dimer (we set
ry =ry =r,d| = dp =d/2 hereafter). (b) Schematic diagram of
energy levels and various transition processes within the system
formed by a molecule in a tunnel junction. |g, V) and |e, V) stands
for the ground and excited electronic states respectively, with v
denoting the vibrational quantum number. % ()R) is the bare
tunneling rate of electrons between the molecule and the left (right)
lead; ib, s and 7, are the vibrational damping, spontaneous
emission and hot-luminescence rate, respectively. In our
simulations, we set ¥, = 1R = 101 s71 and y;, = 102 s~ !, based
on physically realistic tunneling currents (~ 100 pA) and
picosecond vibrational lifetime for porphyrin molecules. The
coupling coefficient is chosen to be @ = 1/2. 21

Our theoretical modeling is based on a microscopic mul-
tiscale treatment that combines the classical electrodynamics
with quantum mechanics. The spontaneous decay rate is ob-
tained by generalized Mie theory.?* Using d-parameter meth-
ods, 27 we have also taken into account non-local correc-
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tions, which becomes dominant when the molecule is closely
located above the metal. The molecule is modeled as an elec-
tric dipole inside the tunnel junction, which is approximated
by two identical spheres shown in Fig. 1(a). The direction of
the dipole is set parallel to the axis of the dimer in all the calcu-
lations unless otherwise specified. The material of the dimer
is chosen to be silver or gold, which is commonly used in the
STML experiments.

Within the framework of quantum master equation, the var-
ious dynamic processes are considered to obtain the state pop-
ulation of the molecule at the dynamic equilibrium. As il-
lustrated in Fig. 1(b), the molecule is simulated as a two-
level system with only one vibrational mode for simplicity.
The equation of motion of the density matrix p for the model

molecule is 2228
dp 1
Z - %[Ho’p]—F($““+$dﬂmp+fdeph)p, (1

where H) is the free molecular Hamiltonian. The three Li-
ouvillian operators describing different dynamic processes are
detailed below.

The Liouvillian operator %, accounts for the electron tun-
neling between the molecule and the left or right lead of
the tunneling junction. Assuming this transition would only
modify the population of the molecule, i.e., the diagonal ele-
ments of the density matrix p, we thus have the rate-equation
form 20-22

Lunp = _Z(%l;:jciipcii - %{:io-ijpcji)» )

ij

where 7,/ is the tunneling induced transition rate from the ith
level of molecule to the jth level considering the Fermi distri-
bution function of the leads and Franck-Condon factors, ?? o; j
is a square matrix of dimension 2 X Ny, with element (i, j)
equals 1 while all other elements vanish; Ny, is the number of
the vibrational levels for each electronic state.

The Liouvillian operator Zy,mp describing damping pro-
cesses is decomposed into three parts: ZLyamp = LRad +
AR + Ziv, which accounts for radiative decay, non-radiative
decay and vibrational relaxation, respectively. The damping of
the electronic state has the Lindblad form 228
ylé;lfNR

LRadNRP =~ Y,

i€g,jee

(0)iGijp —20ijpTji + P T;iTij),

(3)
where )/é;ijR is the transition rate from jth to ith level for the
radiative or non-radiative process. These transition rates are
obtained by the generalized Mie theory with non-local cor-
rections >*?% and further modified by the Franck-Condon fac-
tors.?! The term % characterizing vibrational relaxations

can be written as 2%

—holy
e "7 Y 0ijpC;ji

J
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k

Livp = —Vvibz Ciip Cii —

where 7}y is the vibrational relaxation rate, and the energy
levels i, j and k should belong to the same electronic state
because the vibrational damping is an intraband transition. We
note that %} and R describe the modified decay rates of
the molecule in the nanocavity. Essentially, it is the variation
of these rates that are responsible for the spectral modulation
and HL.

The last Liouvillian term Zep, describes the dephasing of
interband coherence >

Lieph = —Ydeph Z (0ijpij+0jipji), )

icg,jee

where Ygepn is the dephasing rate.

By solving Eq. (1) with the Liouvillian terms described
above, we can obtain the steady state population of the
molecule at dynamic equilibrium, then the spontaneous emis-
sion spectra can be simply described by Lorentzian function

ale

r Ko P
10 0 L Tomwur+ 0727

icg.jece

(6)

where I is the full width at half maximum of the molecular
emission spectra, and p]‘ ; 18 the steady state population.

3 Effects of plasmonic nanocavity on sponta-
neous decay rates

In vacuum, the spontaneous emission of a molecule is a pure
quantum phenomenon, which originates from the interaction
between the transition dipole and the vacuum fluctuations of
the quantized electromagnetic fields. The presence of dielec-
tric materials surrounding the molecule will modify the pho-
ton density of states, and therefore change the spontaneous
decay rate, known as the Purcell effect.?*3? A metallic plas-
monic nanocavity is known to act as an efficient optical an-
tenna’! and can increase the local density of optical states
dramatically. Such effect corresponds to the increase of the
strength of vacuum fluctuations of plasmons (i.e., plasmonic
vacuum field), which can lead to dramatic enhancement of the
molecular spontaneous decay rates. However, because of the
large dissipation of the metal, the near-field photons gener-
ated from the spontaneous decay of the molecule near metals
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Fig. 2 Radiative JR,q(®) and total ¥, () decay rates for an
electric dipole (1, = 1 eA) placed in vacuum, or within a gold dimer
and silver dimer (d = 1 nm, » = 30 nm), respectively.

may not be able to propagate to the far field (i.e., the non-
radiative decay). In this section, we discuss briefly the rela-
tion between the spontaneous decay rate and the plasmonic
nanocavity structures, and also the relation between the radia-
tive and non-radiative decay rates.

For an ideal point electric-dipole p in vacuum, the spon-
taneous decay rate contains only the radiative component

3,2

— %
Fig. 2, when placed in the nanocavity, the radiative decay
rate Yraa(®) of the molecule is increased by 3 to 5 orders of
magnitude in optical wavelengths,3>3 driving the radiative
lifetime into the picosecond (ps) or even sub-ps regime. 36
By comparing the radiative Yraq(®) and total (@) decay
rates, we also see the presence of a large portion of non-
radiative decay. To facilitate the comparison between dif-
ferent decay rates, we define the radiative enhancement fac-
tor MRad(®) = Yrad(©)/72,4(®) and the quantum efficiency
N(®) = YRad(®) /Yot (®). Clearly, to achieve efficient spon-
taneous emission of molecules in a plasmonic nanocavity, we
need both MR,q and 7 to be large.

Figure 3 displays the profiles of Mg,4(®) and n(w) for
the nanocavities with different geometries and materials. As
shown in Figs. 3(a) and (b), for the silver dimers with a fixed
gap size d, the peak value of Mp,q increases dramatically
with decreasing radii, while 17 shows a peak maximum around
r = 30 nm (but not so substantially different for other sizes).
Note that the enhancement behavior could be different not
only for different sizes, but also for different materials. For
the gold dimers, when the radius decreases from 60 to 20 nm,
the peak value of both Mg,q and 1 first increases and then de-
creases, as shown in Fig. 3(e) and (f). The dramatical decrease
of the value for large frequency is due to the interband transi-

and can be evaluated as 13, ,(®) As depicted in

tion loss in gold above ~ 2 eV.3® Nevertheless, one thing is
common: the plasmonic resonance frequency shows consid-
erable blueshift with decreasing radii for both gold and silver
dimers.?’

Another important control parameter in the dimer nanocav-
ities is the gap size d between the two spherical particles.?* In
Fig. 3(c) we show the profile of Mg,q for a silver dimer with a
fixed radius » = 30 nm. As the gap size d decreases, the res-
onance peak shifts towards red gradually within a few tenth
of eV, but the peak value strongly increases, indicating a very
large increase in the local density of optical states (or photonic
mode density) at the gap region. However, the molecule in a
smaller gap is much closer to the metal surface, and therefore
in conjunction with an enhanced radiative decay, it also suffers
from a larger non-radiative decay.>”*%*! It can be seen from
Figs. 3(d) and (h) that the quantum efficiencies decrease more
rapidly at very small distances, suggesting an ever-important
role of non-radiative decay in these situations. The gold dimer
shows a similar trend for the peak value of MR,q and 77, except
for a weakened enhancement at relatively higher energy due
to the interband transition. Generally speaking, gold has rel-
atively smaller enhancement factors and quantum efficiency
than silver due to its larger imaginary component of the di-
electric constant and resultant larger optical loss. 38

4 Effects of plasmonic nanocavity on molecu-
lar hot luminescence

The vibrational damping rate of the molecule is typically
10'% s, which is much larger than the vacuum spontaneous
emission rate of free-space molecules around 108 s~!. There-
fore, the excited molecule in free space follows the Kasha’s
rule and will relax to the vibrational ground state |e,v = 0)
before making a radiative transition from the electronic ex-
cited state to the ground state. However, this radiating-after-
cooling dynamics of the molecule can be drastically changed
in a plasmonic nanocavity, as the spontaneous decay rate is
dramatically enhanced, enabling the radiative process to be-
come competitive to the vibrational relaxation.

As shown in the previous section, the spontaneous decay of
the molecule can be enhanced by several orders of magnitude.
Such dramatic enhancement suggests that once excited, the
molecule may go through the radiative decay before cooling
down to |e,0), as shown below. By inserting the corresponding
decay rates into the quantum master equation [i.e., Eq. (1)],
we obtain the emission spectra of the molecule in Fig. 4. In
the following, we discuss the effect of two key parameters on
the molecular emission spectra, namely the dipole moment i
and the quantum efficiency 1, the latter reflects the branching
ratio of radiative versus non-radiative decay, which depends
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Fig. 4 (a) Molecular fluorescence spectra in vacuum and in a tunnel junction for gold dimers (r = 20 — 60 nm, d = 1 nm), with the molecular
optical band gap & = 1.96 eV, vibrational energy /®,;, = 0.10 eV, Nyjp, = 3 and u; = 1 Debye. (b) Illustration of contributions from different
channels for molecular emission (gy = 1.90 eV, iy, =0.16 eV, u; =1 eA) in the junction of a gold dimer (» = 30 nm, d = 1 nm). (c)
Molecular fluorescence spectra in the junction of a gold dimer, with &5 = 1.90 eV, iy, = 0.16 eV and Ny, = 2. (d) Molecular fluorescence
spectra and quantum efficiency for electric dipoles (1 = 1 eA) parallel and perpendicular to the axis of the gold dimer (r = 40 nm, d = 2 nm).
Note that the emission spectra for the latter has been multiplied by a factor of 107. Non-local corrections were not considered in the
calculation of (d). Parameters physically realistic for the STML experiments ' were adopted in these simulations for the particle diameter,
gap distance, molecular optical band gap, vibrational energy and dipole size.
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on resonant conditions.

In vacuum, the relative intensities of the different emission
channels are determined mainly by the Franck-Condon fac-
tors. Nevertheless, in the plasmonic nanocavity, for the nor-
mal emission channels decaying from |e,0) that follows the
Kasha’s rule, the relative intensities of spectral peaks can be
further modified by the plasmon resonance conditions associ-
ated with the nanocavity configuration. As shown in Fig. 4(a),
the emission spectra of the molecule in the nanocavity could
deviate profoundly from that of the molecule in vacuum.!®
Evidently, we can see that the relative intensities of these nor-
mal emission peaks are correlated with the quantum efficien-
cies 1(w), which are energy dependent, with the peak max-
imum corresponding to the plasmon resonance for different
nancavity configurations (Fig. 3). More remarkably, when the
nanocavity plasmon is tuned to resonate with the molecular
vibronic transition from higher vibrational excited states [e.g.,
(1,0) and (2,0) in Fig. 4(a)], some new peaks also appear at
higher energies and can be identified as the HL emission. This
is because their energies are higher than the zero-phonon line
(0,0) of the molecule and can only be obtained from the di-
rect radiative decay of the excited vibrational states |e, v > 0).
In other words, tuning the plasmonic resonance modes by ge-
ometry and material (Fig. 3) will allow us to not only shape
the spectral profile of molecular emissions, but also to gen-
erate the HL without vibrational relaxation, as demonstrated
theoretically here in Fig. 4(a) and also experimentally in Ref.
19.

It is worthy to point out that all the resonant enhancement
observed in the spectral shaping and HL can be reasonably
explained in terms of the emission rates enhancement alone,
without the need to assume additional plasmonic pumping in
the molecular excitation process. Actually, the inclusion of
very weak plasmonic excitation by inelastic tunneling elec-
trons in the model would only add a very weak and broad
emission background to the sharp molecule-specific emission
peaks, essentially the same as what is presented in Fig. 4.
On the other hand, if the plasmons can be effectively ex-
cited by tunneling electrons, the photons generated would
be dominated by plasmonic emission, featuring a very broad
emission band with weak (or even negligible) decorations of
dips or peaks associated with molecules, **#¢ which is against
the spectral feature observed experimentally in Ref. 19. We
would also like to emphasize the dominant competing factor
for the HL generation physically observed: it is probably not
the large electron transmission rate but rather the large spon-
taneous emission rate (namely, a large Purcell effect) that is
responsible for the occurrence of HL. The central message de-
livered here is: both spectral shaping and the occurrence of hot
electroluminescence experimentally observed in the STM in-
duced molecular emission are mainly due to the enhancement
of the spontaneous emission rate in plasmonic vacuum field

rather than the presence of plasmon stimulated emission. Such
enhancement mechanism is believed to be very important for
the electron-induced electroluminescence process, though the
situation could be quite different for photon-induced photo-
luminescence, where the pumping of molecules by plasmons
induced by incident lasers could play a critical role in many
cases, particularly when strong plasmonic fields are resonantly
excited. 4’4

Apart from the new peaks, the change of the relative inten-
sity in normal luminescence may also imply the occurrence of
the HL process. In order to see this more clearly, we consider
a further simplified system containing only one vibrational ex-
cited level shown in the inset of Fig. 4(b), where I(®) is the
full emission spectra while Iy(®) only accounts for @ and @
which are the only two possible decay channels in vacuum. In
the nanocavity, two new luminescence channels ® and @ are
turned on by the enhanced spontaneous decay rate. The chan-
nel @ will provide a new emission peak, which can be easily
identified as the HL. However, the ’hot” nature of the channel
® is barely noticed before. This channel has the same tran-
sition energy as channel @ and therefore will also change the
relative intensity of this emission peak.

The occurrence of HL and its amplitude depends strongly
on the competition between the radiative decay rate Yraq and
the vibrational damping rate Ji». As shown in Fig. 4(c), even
assuming a similar quantum efficiency profile for the emit-
ter, the HL feature is closely related to the size of the dipole
moment and the gap distance. The increase in either param-
eter alone is not sufficient to generate considerable HL (top
two solid spectra). This is because, according to the Fermi’s
golden rule, the emission rate is related to both the dipole mo-
ment and the local density of optical states. The HL feature
starts to show up distinctly only when the molecule has a siz-
able dipole moment and simultaneously, the photon mode den-
sity at the emitter (or the enhancement factor) is sufficiently
large through decreasing the gap distance, both favoring a
large emission rate for the HL channel.

A comparatively large transition dipole component parallel
to the axis of the dimer also appears crucial for the generation
of molecular fluorescence as well as HL. It is well known that
the fluorescence from a dipole parallel to the substrate is of-
ten quenched. As depicted in Fig. 4(d), for a dipole oriented
perpendicular to the axis of the dimer, the emission of the
molecule is dramatically quenched due to the much smaller
quantum efficiency (~ 107>) caused by a much smaller ra-
diative decay rate. In a word, high quantum efficiencies are
sufficient to produce normal luminescence, but to generate
HL, both quantum efficiency and radiative enhancement factor
need to be relatively large.
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5 Conclusions

In summary, we have investigated the effect of the molecular
HL induced by tunneling currents from a plasmonic nanocav-
ity formed by the junction of two metal nanospheres using
physically realistic parameters. According to our electro-
magnetic simulations based on generalized Mie theory with
non-local corrections, we have shown that in the nanocavity,
both the spontaneous decay rate and quantum efficiency of the
molecule can be dramatically modulated by carefully tuning
the geometry and material of the nanocavity. Furthermore,
within the framework of quantum master equation, our
calculations for a model system containing both electronic
and vibrational decay processes indicate that, in contrast to
Kasha’s rule, the excited molecule in a resonant plasmonic
nanocavity can directly decay radiatively to the ground state
without invoking vibrational relaxation. This is made possible
because the radiative decay rate is enhanced by several orders
of magnitude for a plasmonic nanocavity with gap distances
around 1 nm, which enables the radiative process to occur on
the lifetime scale of picoseconds or even sub-picoseconds>’
and, as a result, to become competitive to the vibrational
relaxation. The role of a resonant plasmonic nanocavity can
also be viewed as to enhancing the field strength of vacuum
fluctuations at the emitter, thus leading to increased local
density of optical states and resultant enhanced spontaneous
emission rates according to the Fermi’s golden rule. Such
enhancement in the plasmonic vacuum field alone is sufficient
to explain the spectral shaping and HL observed experimen-
tally, without invoking plasmon stimulated emission. In other
words, when the STM tip is positioned on top of a molecule,
the plasmon-exciton coupling can be usually classified into
the weak coupling regime, i.e., essentially a unidirectional
energy transfer from molecular excitons to nanocavity plas-
mons. Such understanding of emission enhancement in terms
of increased radiative decay rates by resonant plasmons is
believed to be important not only for single-molecule EL but
also for single-molecule Raman scattering, '°>° and may be
instructive for the development of molecular plasmonics and
optoelectronics.
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