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ABSTRACT: Surface plasmon enhanced processes and hotcarrier dynamics in plasmonic nanostructures are of great
fundamental interest to reveal light−matter interactions at the
nanoscale. Using plasmonic tunnel junctions as a platform
supporting both electrically and optically excited localized surface
plasmons, we report a much greater (over 1000× ) plasmonic light
emission at upconverted photon energies under combined electrooptical excitation, compared with electrical or optical excitation
separately. Two mechanisms compatible with the form of the
observed spectra are interactions of plasmon-induced hot carriers
and electronic anti-Stokes Raman scattering. Our measurement
results are in excellent agreement with a theoretical model
combining electro-optical generation of hot carriers through
nonradiative plasmon excitation and hot-carrier relaxation. We also discuss the challenge of distinguishing relative contributions
of hot carrier emission and the anti-Stokes electronic Raman process. This observed increase in above-threshold emission in
plasmonic systems may open avenues in on-chip nanophotonic switching and hot-carrier photocatalysis.
KEYWORDS: Plasmonics, light emission, tunnel junction, hot-carrier dynamics, synergistic eﬀect
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luminescence,26 anti-Stokes electron Raman scattering,27,30,31
and other surface-enhanced anti-Stokes processes.32−34 While
previous studies have focused on driving plasmonic nanostructures using either electrical or optical excitation alone and
provided insight into the relevant hot-carrier dynamics, the
eﬀects of multiple excitation sources remain less explored. A
recent work35 has reported that under electrical and optical
excitations, light emission from a Au junction is enhanced as
much as 6-fold (total photon counts divided by the simple sum
of photons emitted under each excitation). However, such
enhancement is driven by the optical interband transition of
Au, which generates only below-threshold photons (i.e.,
photon energy is below the excitation energy). These ﬁndings
raise the question: Is it possible to excite the system via
concurrently applied electronic and optical drive into a regime
such that upconversion processes dominate the plasmonic
response?
In this work, we report a large increase in upconverted
photon emission when simultaneous optical and electrical

INTRODUCTION
Optically excited localized surface plasmons (LSPs) in metal
nanostructures have been studied extensively and hold promise
for technologies including surface-enhanced spectroscopies,1,2
photosensing,3,4 photocatalysis,5−7 and photovoltaics.8 In
recent years progress has also been made in understanding
electrically generated LSPs and optical nanoantenna effects,9−11 opening the potential for plasmonic applications
controlled by electronic means. Plasmonic tunnel junctions
emerge as a unique experimental platform that supports LSPs
generated by both electrical and optical excitations,10−15
strongly conﬁned in an ultrasmall nanogap. In electrically
driven tunnel junctions, electrons tunneling from source drain
inelastically excite LSPs,16,17 which subsequently undergo rapid
relaxation via radiative or nonradiative decay.
Recent studies18−23 of plasmonic light emission in tunnel
junctions have reported a strong upconversion eﬀect, with
generated photon energy (ℏω) signiﬁcantly above the energy
threshold of the incident electrons (eV, where V is the applied
bias). While multiple processes can produce such abovethreshold photons, recent work24,25 has revealed the dominant
role of LSP-induced hot carriers for this. Similarly,
upconversion photoluminescence (ℏω > ℏωexc, where ℏωexc
is the excitation photon energy) from plasmonic nanoparticles26−29 has also been observed, and this phenomenon
can be explained by mechanisms such as hot-carrier
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Figure 1. Experimental strategy and observation of the giant increase in upconversion light emission from plasmonic tunnel junctions. (A)
Schematics of the experimental design to measure light emission under three types of external stimuli (EL, electroluminescence; PL,
photoluminescence; EPL, electro-photoluminescence). (B) Schematics of the combined electrical-optical setup. BF, Bragg ﬁlter; NF, Notch ﬁlter.
The diameter of the focused laser beam through the 50× objective is 1.8 μm. (C) Spectral emission intensity of EL, PL, and EPL for photon energy
larger than the energies of both the laser photons and tunneling electrons in a Au junction. The small peaks on EPL between 1000 and 1800 cm−1
(∼1.7−1.8 eV) are anti-Stokes SERS emission of residual contaminant organic molecules on the sample. The applied laser power in PL and EPL is
0.345 mW. (D) Measured enhancement ratio (total upconverted photons in EPL divided by the sum of EL and PL measured in (C) versus the
applied bias with a ﬁxed incident light power of 0.345 mW. The inset shows the total photon counts for EL, PL, and EPL at diﬀerent biases. The
photon count of PL is indicated by the dashed line.
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EXPERIMENTAL RESULTS
The combined optoelectronic experimental setup is shown in
Figure 1B. We fabricate arrays of Au nanowires and obtained
tunnel junctions by employing the electromigration break
junction (EBJ) technique. (see the Supporting Information
Sections 1 and 2 for the nanofabrication and electromigration
procedure). Subsequent to the creation of the tunneling gaps,
light emission measurements were conducted on each junction
under three conditions (voltage bias with no incident light;
continuous wave (CW) optical excitation at 785 nm with no
voltage bias; and optical excitation in the presence of voltage
bias), producing electroluminescence (EL), photoluminescence (PL), and electro-photoluminescence (EPL), respectively (Figure 1A).
Figure 1C shows the light emission spectra (ℏω > ℏωexc ≈
1.58 eV) measured from a Au junction. In the EL case, abovethreshold emission can be generated via multielectron
interactions in the low current limit (∼100 nA),19 and hotcarrier recombination in the high current limit (∼100 μA).24
For PL at zero bias, in addition to the hot-carrier26 or

excitations are applied to plasmonic junctions. In Au devices,
we found that electrically biased, optically pumped junctions
emit over 1000× more upconverted photons than the simple
sum of emission under either an electrical or optical stimulus
alone (Figure 1A), demonstrating a broadband plasmonic
switchable light source controlled by electrical voltage or input
optical power. This increase is not just a case of dividing by a
small denominator; in the electrically and optically pumped
junctions, the above-threshold photons are a majority of the
total emission. Analysis of the emission spectra with and
without optical pumping reveals that the possible mechanisms
involved in this increase are (1) joint production of hot
carriers, manifested microscopically as an increase in the
eﬀective temperature of the steady-state hot carriers with the
addition of optical excitation, and (2) anti-Stokes electronic
Raman scattering, with the applied bias and local wave
functions setting the phase space for Raman processes.
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Figure 2. Measurement and analysis of voltage-dependent upconversion light emission. (A) Spectral emission for an electrically driven Au junction
(EL only) at diﬀerent biases. (B) Normalization analysis of the spectra in (A) (spectra at 0.75, 0.80, and 0.85 V are normalized by the spectrum at
0.90 V). The linear decay of the reduced spectra with energy, plotted on a log scale, is ﬁtted with a Boltzmann distribution, e−ℏω / kBTeff , where Teff is
the eﬀective temperature of hot carriers. (C) Extracted voltage-independent plasmonic function of the junction from (B). (D) Measured EPL for
the same junction at diﬀerent biases. The incident laser power is 0.46 mW. The dashed red lines correspond to pure EPL excluding the
contaminant anti-Stokes SERS contribution. (E) Normalization analysis of EPL spectra, by dividing the spectra in (D) by the plasmonic function in
(C). Red lines represent the linear ﬁt with the Boltzmann distribution. The energy range with signiﬁcant SERS was excluded. (F) Inferred Teff for
EPL (red) and EL (green) versus the applied voltage. The lowest measurement voltage (0.6 V for EL and 0.3 V for EPL) is limited by the noise
level of the CCD spectrometer. Error bar represents the standard deviation of linear ﬁt in (E).

intraband transition36 induced photoluminescence, tunneling
electrons can also undergo a Raman process (electronic Raman
scattering, ERS) before emitting a photon with a diﬀerent
energy.30,31 As shown in the discussion below, the anti-Stokes

emission for the unbiased ERS is mainly due to the thermally
excited tail of the electron−hole joint distribution and density
of states31 and thus cannot extend to large wavenumbers
beyond kBT. Hence, both EL at low bias and PL can emit only
2660
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Figure 3. Measurement and analysis of power-dependent upconversion light emission in Au junctions. (A) Spectral light emission for EL, PL, and
EPL at diﬀerent laser power. Dashed red lines are the pure EPL spectra excluding contaminant anti-Stokes SERS contributions. (B) Measured
enhancement ratio versus power for light emission recorded in (A) with applied bias V0 = 0.6 V. The inset shows the calculated total photon counts
for EL, PL, and EPL, respectively. The photon count of EL is indicated by the dashed line. (C) Normalization analysis of the power-dependent
light emission spectra in (A). Red lines represent the linear ﬁt with a Boltzmann distribution of hot carriers from which the eﬀective temperature of
hot carriers can be extracted. The anti-Stoke SERS portion has been removed in this analysis. (D) Inferred power-dependent eﬀective temperature
and comparison with the eﬀective temperature obtained for EL under the same voltage bias. Error bars represent the standard deviation of the
linear ﬁts in (C).

the reproducibility of this increase in emission, we measured in
total 14 pure Au junctions.
Since multiple mechanisms could be contributing to the
observed EPL, we will ﬁrst focus on presenting the
experimental results of EPL under diﬀerent experimental
conditions and then discuss the underlying microscopic
processes. We performed measurements and analysis of the
upconversion emission spectra, the enhancement ratio x(V, P),
and their dependence on the applied voltage, laser power, and
plasmonic materials. Figure 2 shows the results for a Au
junction under diﬀerent biases without (Figure 2A) and with
(Figure 2D) incident power at 0.46 mW. Our past work24 on
light emission from electrically driven junctions shows that,
using a normalization method, one can separate the voltageindependent LSP spectrum, ρ(ω). Here, we perform a similar
analysis (see SI Section 6 for details) on the spectra in Figure
2. We ﬁrst analyze the EL results in the high current limit
(Figure 2A, ∼20 μA) by normalizing the measured spectra at
0.75, 0.80, and 0.85 V to the spectrum at 0.90 V. Figure 2B
shows the reduced spectra, plotted on log scale, in which the

a few photons at upconversion photon energies, as indicated in
Figure 1C. Surprisingly, the junction under simultaneous
optical and electrical excitation (EPL) emits far more light
than when driven at the individual EL and PL excitation. In the
following discussion, we deﬁne the enhancement ratio as
2eV

x(V , P) =

∫1.65eV U EPL(ω , V , P) dω

2eV

/

∫1.65eV [U EL(ω , V , P = 0) + U PL(ω , V = 0, P)] dω
(1)

where P is the optical power and 2.0 eV is chosen as the upper
bound of the integral since little light was seen emitted from
the junction above this energy, corresponding to the interband
transition of Au. As shown in Figure 1D, EPL generates over
1000 times more photons than the total amount of photons
generated by the sum of EL and PL. This is a dramatic
demonstration that electrical and optical excitation work in
cooperation in the upconversion emission process. To verify
2661
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Figure 4. Theoretical modeling of upconversion light emission. (A) Calculated voltage dependence of the eﬀective temperature of hot carriers in
EL (green) and EPL (red) cases. (B) Calculated optical power dependence of the eﬀective temperature of hot carriers in EPL at diﬀerent bias
voltages. (C) Starting from the experimentally measured EL spectrum (red), the inferred plasmon spectral shape is combined with Boltzmann
factors of increasing Teff (calculated dashed curves). The calculated spectra blue shift and match the experimental EPL spectrum (purple solid
curve) with a suﬃciently large increase in eﬀective temperature.

dramatic increase of upconversion emission in EPL is also
closely related to the strength of plasmonic resonance of the
materials.
We now focus on the dependence of the EPL on the optical
power in tuning the increased emission and inﬂuencing the
eﬀective temperature. Figure 3A shows the results of the
emission spectra for an Au junction under ﬁxed bias V = 0.6 V
and varying optical power. As expected, higher excitation
power induces stronger light emission. Moreover, x(V = 0.6 V,
P) increases with P, reaching over 700 for relatively small laser
power (<1 mW), as shown in Figure 3B.
We performed the normalization analysis to extract the Teff
for diﬀerent P, with ρ(ω) obtained by the same analysis for the
EL spectrum described above. It can be seen from Figure 3C
that the logarithmic normalized intensity again exhibits
excellent linearity with photon energy. Plotting all extracted
Teff at diﬀerent biases and power (Figure 3D), we reveal a
nonlinear power dependence of Teff, in strong contrast to the
linear relation between Teff and applied bias (Figure 2E and
2F). Moreover, we ﬁnd that Teff increases with laser power
rapidly and saturates to a voltage-dependent value. These
observations, combined with the measured increase eﬀects
shown in Figure 3B and Figure 1D, suggest a nontrivial role of
combined optical and electrical excitations.

normalized log spectral intensity linearly decreases with the
photon energy. In our previous work,24 we used a voltagedependent eﬀective temperature Teff in a Boltzmann factor,
e−ℏω / kBTeff , to parametrize this exponentially decaying trend.
The concept of an eﬀective temperature has also been
introduced below to interpret the measured EPL.
Following the above analysis, Teff at diﬀerent biases for EL
can be extracted by linearly ﬁtting the reduced spectra to the
Boltzmann form. With the Teff, we can then infer back to the
underlying LSP contribution ρ(ω) of the junction from
emission spectrum. As shown in Figure 2C, ρ(ω) obtained
from spectra at diﬀerent voltages collapse to a single curve,
conﬁrming that the plasmonic resonances are an intrinsic
property of the speciﬁc junction, independent of external
stimuli.
We then proceed to analyze the measured EPL results from
the same junction under optical illumination. By dividing the
EPL spectra (the dashed red lines in Figure 2D excluding the
SERS contribution) by the inferred ρ(ω) from Figure 2C, we
can test for and obtain a similar exponential dependence. The
resultant reduced spectra plotted on log scale (excluding the
anti-Stokes SERS of organic contaminants) (Figure 2E) again
show clear linear frequency dependence, similar to that
obtained in EL (Figure 2B), indicating that an eﬀective
temperature can still be used as a parameter to describe the
EPL of tunnel junctions.26
In Figure 2F, we plot the relation between the applied bias
and the extracted Teff of both EL and EPL in the Au junction.
We can see that in both EL and EPL, Teff found from the
Boltzmann analysis increases linearly with the applied bias.
Moreover, a signiﬁcantly higher Teff is found in the presence of
optical pumping (EPL) than the Teff in the EL-only case.
Linearly extrapolating the EPL-inferred Teff data down to zero
bias (EPL → PL), we ﬁnd a nonzero Teff at this limit (∼500 K
in Figure 2F). In contrast, extrapolating the EL-inferred Teff
data toward zero bias yields Teff (V → 0) close to 0. The
Boltzmann factor and the large diﬀerence in Teff between EPL
and EL are the reason for the giant synergistic increase in
upconversion emission in this hot-carrier picture. By contrast,
control experiments using a thin (∼1 nm) Cr adhesion layer as
a damping medium for the plasmonic response37 shows a
much smaller Teff diﬀerence between EPL and EL and a less
dramatic increase (< ∼10× ; see SI Section 7 for the
experimental results of Au/Cr junctions), suggesting that the

■

DISCUSSION
We proceed to consider the physical mechanisms behind the
observed light emission increase. Here, we discuss two models
with distinct microscopic electronic dynamics that can yield
the observed exponential dependence on emission energy.
First, following our previous work for EL,24 we extend the
microscopic model based on hot-carrier dynamics to elucidate
the mechanism of the observed increase in upconversion
emission. We found that the resultant EL spectra can be
modeled by
U (ω , V ) ∝ I αρ(ω)e−ℏω / kBTeff

(2)

where ρ(ω) is the LSP contribution, I is the tunneling current,
and α is an experimentally extracted value that was found
always greater than 1 and indicates the nonlinear current
dependence of the above-threshold emission. Note that the hot
carriers are not conﬁned only to the drain electrode but are
generated throughout the region where the damping of LSPs
occurs.38
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A more detailed treatment39 looks at energy dissipation and
transport of hot carriers within the electronic system as a
consequence of the electronic viscosity at high current density,
obtaining the same voltage dependence of the eﬀective
temperature (Teff ∝ V) (see SI Section 8 for the detailed
derivation of the model and calculation for γe−e) The eﬀective
temperature of hot carriers is given by
Teff =

(γe − eV )2 + T02
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most pronounced at a (device-dependent) moderate bias,
where the saturated T0 value gives the largest diﬀerence in the
exponential factor before and after optical illumination, which
explains why the enhancement ratio decreases with bias in
Figure 1D. Such an optimum bias represents the energy scale
where the electrical excitation is comparable to the optical
pumping. Although the devices in this work do not possess a
high energy conversion eﬃciency (∼10−6 or below), we note
that further improvement can be readily foreseen by using
better plasmonic materials, e.g., single-crystalline Au or Ag,13
and by employing tunneling devices with high stability under
high power.
In addition to the hot-carrier recombination mechanism
discussed above, anti-Stokes electronic Raman scattering is also
a relevant physical mechanism in illuminated, biased junctions
and could result in a similar light emission spectrum. In the
anti-Stokes electronic Raman process, an electron above the
Fermi level is excited by an incident photon into an
intermediate virtual state and subsequently recombines with
a hole at a diﬀerent energy and momentum, resulting in a blueshifted photon scattered into the far ﬁeld.30,31 The electronic
crystal momentum change during this process, Δk, is
constrained by the energy dispersion in the metal, which
greatly suppresses this process in the metallic bulk. However,
this constraint is relaxed near the surface of nanostructures,
where in real space the energy-dependent overlap of the
electronic wave functions results in a transition rate that
includes a factor which decays exponentially with the Raman
shift:31

(3)

where γe−e is related to the eﬀective electronic viscosity and T0
is the temperature of background electrons in the electrode.
Assuming T0 ≪ Teff, valid in the absence of illumination, we
will obtain the linear voltage-dependent eﬀective temperature
Teff ≈ γe − eV . In previous work,39 calculation for a Au quantum
contact predicts γe − e ≈ 65 K/V but neglects any possible
contribution of electronic coupling to LSPs that would
signiﬁcantly amplify the electronic friction. Using the
plasmonic properties of Au40 and applying the formula to
calculate the shear viscosity of an electron ﬂuid,41 we estimate
a revised value of γe−e ≈ 1495 K/V, which agrees very well with
our measurements in Figure 2F (∼1600 K/V for EL).
In this picture, under simultaneous optical and electrical
excitation, there exists an optically driven additional incoherent
temperature T0 in the electrode. Therefore, Teff will show the
interaction between optically and electrically generated hot
carriers. We follow the approach of Liu et al.42 to model the
heating process due to optical excitation of LSPs which
subsequently decay into hot carriers nonradiatively. Voltage
and power dependence for modeled Teff under diﬀerent
excitation condition are plotted in Figure 4A and 4B.
As shown in Figure 4A, Teff under optical excitations shows a
nonzero value in the zero-bias limit, consistent with our
measurement (Figure 2F). Moreover, the observed nonlinear
behavior of power-dependent Teff and the saturation at high
power with voltage-dependent saturation value are well
reproduced in the model (Figure 4B).
While not meant to be a detailed theoretical treatment of
this complex system, this model can also quantitatively predict
the upconversion emission spectra, as shown in Figure 4C.
Given the measured EL and EPL (peak magnitude normalized;
the full spectra without normalization and the comparison with
theory are shown in Figure S7) of a Au junction (the solid lines
in Figure 4C), it can be seen that by taking the EL-inferred
spectral shape (ρ(ω)) and manually increasing Teff in eq 2, the
calculated spectrum exhibits a clear blue shift due to the
variation of the Boltzmann factor and eventually reaches a
near-perfect match with the normalized, measured EPL, further
suggesting that both EL and EPL can originate from the same
hot-carrier eﬀect. Moreover, we can calculate the EPL
spectrum by replacing the eﬀective temperature in the EL
spectrum with the eﬀective temperature under combined
external stimuli and combining a prefactor extracted from the
ﬁtting for the EPL spectrum. The calculated EPL spectrum
agrees very well with the measured one, as shown in Figure S7.
Within the hot-carrier model, the generalized formula for
EPL/EL/PL we derived enables the numerical estimation of
the enhancement ratio (see eqs S15 and S16). The key to the
synergistic eﬀect lies in the optically induced incoherent
temperature T0, which induces a slower exponential decay with
energy at the same bias and thus enables a more prominent
contribution of the LSP resonance, both in shape and
amplitude. It can be seen that the cooperative eﬀect will be

Γ(ϵ) ∝

∫ f (E)[1 − f (E + ϵ)]e−|2ϵ/Δ| dE

(4)

where f(E) is the Fermi−Dirac distribution for an electron with
energy E and Δ is the exponential energy decay that may be
estimated from a jellium model. The scattered photon then
couples to the localized surface plasmon and results in far ﬁeld
emission. In the absence of a voltage bias, the anti-Stokes
emission is limited by the ﬁnite carrier temperature of the
Fermi−Dirac distributions.
A voltage bias can strongly aﬀect anti-Stokes emission in the
electronic Raman process by energetically allowing Raman
scattering from electron states at the higher Fermi level
electrode to hole states at the lower Fermi level electrode. This
can lead to anti-Stokes emission within the scale of the bias
window eV but which is exponentially suppressed with the
Raman shift on the scale of Δ. In this picture, the exponentially
decayed normalization spectrum as a function of photon
energy (Figure 2E and 3C) can be considered using eq 4 with a
bias-dependent allowed energy.
From the pure electroluminescence data, the hot-carrier
emission mechanism clearly takes place in these junctions.
Similarly, electronic anti-Stokes Raman scattering has been
demonstrated in other systems.31 Determining the relative
contributions of the two mechanisms in the present experiments is challenging, since both predict increased emission
under combined excitation and the exponential decay of
above-threshold emission as a function of energy. The bias and
optical power dependence of the experimental data can
provide insights for the diﬀerent microscopic processes
described by these two models. While not conclusive, the
observation (Figure 4C) that the electroluminescence
spectrum and a modeled change in eﬀective electronic
temperature can give the combined EPL spectrum is
2663
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suggestive. Conclusively discerning the respective contributions from these two distinctive mechanisms from CW
measurements alone is very challenging and beyond the
scope of this work. While the electronic Raman process is
prompt,30 in the hot-carrier recombination process the carrier
scattering time is much slower (hundreds of femtoseconds).26
This diﬀerence may allow ultrafast measurements to
disentangle the respective contributions of hot-carrier dynamics and bias-assisted anti-Stokes electronic Raman scattering.
Our work provides insight into nontrivial light−matter
interactions at the nanoscale, demonstrating that the
combination of abundant electronic tunneling and interactions
with local plasmonic excitations can generate energetic
photons in multiple ways. The experimental strategy employed
here and the observation of increased emission under
combined electronic and optical excitation opens numerous
opportunities in nanophotonic and nanoplasmonic applications such as optical modulation of deep subwavelength
plasmonic photon sources and hot-carrier photochemistry.3,5,43
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