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ABSTRACT: Above-threshold light emission from plasmonic tunnel junctions, when emitted photons have energies significantly
higher than the energy scale of incident electrons, has attracted much recent interest in nano-optics, while the underlying physics
remains elusive. We examine above-threshold light emission in electromigrated tunnel junctions. Our measurements over a large
ensemble of devices demonstrate a giant (∼104) material-dependent photon yield (emitted photons per incident electrons). This
dramatic effect cannot be explained only by the radiative field enhancement due to localized plasmons in the tunneling gap. Emission
is well described by a Boltzmann spectrum with an effective temperature exceeding 2000 K, coupled to a plasmon-modified photonic
density of states. The effective temperature is approximately linear in the applied bias, consistent with a suggested theoretical model
describing hot-carrier dynamics driven by nonradiative decay of electrically excited localized plasmons. Electrically generated hot
carriers and nontraditional light emission could open avenues for active photochemistry, optoelectronics, and quantum optics.
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■ INTRODUCTION

Localized surface plasmons (LSPs) in metal nanostructures are
of great current interest for their role in generating non-
equilibrium hot carriers for photochemistry,1−3 photodetec-
tion,4,5 photoluminescence,6 and photovoltaics.7,8 LSPs and
plasmon-induced hot-carrier dynamics can be driven either by
optical illumination or electrically via inelastic tunneling. In
electrically driven tunnel junctions, plasmon-enhanced light
emission has been found promising for a variety of
technologies that require efficient optoelectronic integration
and conversion at the nanoscale.9−16 Radiative decay of
inelastically excited LSPs has been recognized as a dominant
light emission mechanism,17 leading to broadband emission at
photon energies ℏω less than the “single-electron” energy scale
corresponding to the applied voltage (i.e., ℏω ≤
eV).9,13,16,18−21 Numerous efforts9,13,16,18 have focused on
optimizing plasmonic excitations of metallic nanostructures to
improve light emission efficiency. Interestingly, a number of
pioneering works22−27 performed by scanning tunneling

microscopy and nanofabricated tunnel junctions have reported
the observation of above-threshold light emission, where
emitted photons have energies extending to 2 eV or even 3 eV
in contradiction with a simple single-electron picture of
electrically driven plasmonic excitation and decay.
In contrast to below-threshold light emission, above-

threshold light emission (ℏω > eV) requires multielectron
processes. One possible mechanism is based on blackbody
radiation of the hot-electron gas formed in the drain electrode
by electrons that elastically tunnel through the junction.22,25 In
this physical picture, tunneling electrons can thermalize rapidly
via inelastic electron−electron scattering, faster than their
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energy can be coupled to the lattice via electron−phonon
scattering. The result is a hot electron gas on top of a
background of cold carriers with the hot electrons distribution
characterized by an effective temperature set by the dissipated
electrical power (Joule heating) and electronic transport of
heat. That effective temperature can be much higher than the
equilibrium lattice temperature. The emission spectrum of this
hot electron gas reflects the plasmon-modified local photon
density of states rather than the free-space density of states.
Other multielectron mechanisms23,26−29 have also been
proposed under which coherent interactions between
electrons, either through Auger-like processes or mediated by
plasmonic excitations, could facilitate inelastic tunneling
electrons gaining excess energy above eV and subsequently
lead to above-threshold light emission via radiative decay of
LSPs. Despite these mechanisms, it remains a great challenge
to experimentally identify the physical origin of above-
threshold light emission.
In this work, we perform experimental studies on light

emission from tunnel junctions made of materials with
differing plasmonic properties and under various electrical
driving conditions. A surprisingly strong material-dependent
photon yield is observed, as large as 104-fold, which cannot by
explained solely by the well-established material-dependent
radiative field enhancement (proportional to the local photon
density of states) due to the LSPs confined in the

subnanometer-sized tunneling gap. In pure Au junctions,
nearly all emitted photons can be above threshold. We confirm
that the emission spectrum is Boltzmann distributed and
coupled with the junction-specific plasmon-modified photon
density of states, showing that there are hot carriers described
by an effective temperature much higher than the lattice
temperature. In contrast to prior studies, when looking at the
ensemble of junctions we find that this effective temperature is
set by the bias voltage rather than dissipated electrical power.
We propose a microscopic theoretical model based on hot
carriers generated by nonradiative decay of inelastically excited
plasmons and find it consistent with our measurements and
statistical analysis over a large ensemble of devices.

■ RESULTS AND DISCUSSION
Our experimental approach for measuring light emission in
plasmonic tunnel junctions is illustrated in Figure 1a. We
fabricated samples consisting of arrays of nanowires made of
several different metallic materials (Au, Au/Cr, Au0.6Pd0.4/Cr,
and Pd/Cr) (see Supporting Information Section 1 for the
nanofabrication steps). These materials were chosen deliber-
ately to test the role of plasmons in the emission process, as
these metals range from good to poor plasmonic properties in
the red part of the visible spectrum. Numerical simulation is
conducted to optimize the geometry of the nanowires (600 nm
long, 100 nm wide, and 18 nm thick) to obtain maximal

Figure 1. Experimental strategy for measuring light emission in electrically driven tunnel junctions. (a) Schematics of the experimental setup
capable of simultaneous electrical transport and optical spectroscopy measurements. LSP denotes the localized surface plasmons excited by the
inelastic tunneling electrons. (b) Wide-field CCD imaging of an Au light-emitting tunnel junction operating under bias from 1.0 to 1.2 V. A weak
white light source is applied to illuminate the device structure. (c) Measured light emission spectrum of the Au tunnel junction at 1.0 V. Inset
shows the dc I−V characteristics of the junction. (d) Polarization-dependent spectral light emission contour plot for the operating tunnel junction
in (c) at 1.0 V; 0° and 90° denotes the polarization across and transverse to the tunnel junction, respectively. The radial coordinate indicates
photon energy, while the color scale gives the detected intensity.
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plasmonic response. The ultrathin adhesion layer of Cr (∼1
nm) functions as a damping medium30,31 to attenuate
plasmonic resonances relative to the pure Au case. Au/Pd
and Pd have poor plasmonic properties in this spectral range
due to higher resistivity and interband transitions. To create a
subnanometer-sized tunneling gap in the nanowire to form a
tunnel junction, an electromigration break junction approach32

was employed (see Supporting Information Section 2 and
Figure S1 for more details). In performing light emission
measurements, we applied a voltage bias V to drive electron
tunneling through the junction and measured the electrical
current and light emission simultaneously. To maintain high
stability and cleanliness of the tunnel junctions, our experi-
ments were performed with the substrate temperature at 5 K in
high vacuum. Emitted photons from the junction were
collected through free-space optics and imaged on a CCD
camera/spectrometer (see Supporting Information Section 3
for the experimental setup).
As shown in Figure 1b, the wide-field light emitting images

of the tunnel junction operating under increasing voltage bias
V from 1.0 to 1.2 V clearly demonstrate a voltage-tunable,

bright, nanoscale light source (diffraction limited). Figure 1c
shows a representative light emission spectrum recorded for a
Au junction (zero-bias dc conductance G = 0.25 G0, where G0

= 2e2/h is the conductance quantum). Note that all light
recorded by the spectrometer are above-threshold (ℏω > 1
eV). Furthermore, we performed polarization-dependent
measurements of the light emission to examine the plasmonic
modes of the tunnel junction. A polarizer is placed right in
front of the CCD spectrometer to directly obtain the
polarization information on the emitted light. As shown in
Figure 1d, the polarization-spectral contour plot reveals the
mode structure of the LSP resonances excited by the inelastic
tunneling electrons, with emission peaks at ∼1.3 and 1.7 eV for
the studied junction (see also in Figure 1c). Past studies33 on
the plasmonic properties of such tunnel junction devices have
shown that both the dipolar “tip” plasmons and transverse
plasmons originating from the nanowire contribute to the
plasmonic modes. The hybridization of these and higher order
multipolar modes due to the broken symmetry of the tunnel
junction geometry creates the LSPs in the gap.

Figure 2. Measured above-threshold light emission in different current regimes of pure Au and Au/Cr tunnel junctions. (a) Spectral emission
intensity for an Au/Cr tunnel junction in high-current regime (∼50−100 μA). The color-shaded regions mark the below-threshold portion of light
emission with energy cutoff at eV. (b) Measured light emission spectra for the same tunnel junction in (a), but the junction is further
electromigrated to form a wider tunnel gap (with lower zero-bias conductance) carrying much lower current (∼2 μA). The emission spectra exhibit
clear-cutoff at the threshold energy, resembling below-threshold light emission. (c) Same as (a) but for a pure Au tunnel junction in high-current
regime. All emitted photons have energies above the threshold. (d) The same pure Au junction is further electromigrated to form a low-current
carrying device. A sizable portion of the light emission spectra still shows above-threshold photons. Insets in (a−d) show the corresponding I−V
measurements of each junction in different current regimes, and Ge is the zero-bias dc conductance in units of the quantum conductance (G0 = 2e2/
h = 1/(12.9 kΩ)).
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We further examined in detail the above-threshold light
emission in tunnel junctions under different driving voltages
and tunneling current. As shown in Figure 2, we performed
light emission measurement on the same tunnel junctions in
high- and low-current regimes. To elaborate, as described
above, controlled electromigration was applied to break the
nanowire to form a tunneling gap. After the experiment was
done, the same junction was electromigrated further, by
applying a higher voltage to form a larger separation gap which
is indicated by a much smaller zero-bias conductance
compared to the tunnel junction before the second electro-
migration. The tunnel junctions after the first and second
electromigration step were oftenly found to allow a high (∼100
μA) and low (below 10 μA) tunneling current, respectively.
Comparison of the results from Au/Cr and pure Au

junctions reveals important insights. In Au/Cr junctions,
light emission in high-current regime (Figure 2a) contains a
substantial above-threshold portion, whereas the same device

in low-current regime (Figure 2b) exhibits a clear energy cutoff
at eV, reminiscent of the previous studies of below-threshold
light emission.9,13,18 In contrast, in the pure Au junction, high-
current regime (Figure 2c) shows that all photons have
energies exceeding the eV threshold. Moreover, in low-current
regime (Figure 2d), above-threshold photons are still
observable (different from that in Figure 2b for the same
current regime), even though the tunneling current in this
junction is much smaller than the Au/Cr case. Note here that
since device-to-device variation in the obtained conductance of
tunnel junctions is significant, it is most meaningful to compare
ensembles of devices by photon yield under the same applied
voltage, that is, to calculate the total emitted photons per
tunneling electrons. We define photon yield Q as U/I, where U
is the total photon counts and I is the tunneling current.
Interestingly, the enhancement factor Qhigh/Qlow between the
high- and low-current regime is found to be always larger than
1 (see Supporting Information Section 4 and Figure S3 for

Figure 3. Measured material- and voltage-dependence of above-threshold light emission and numerical simulations of the radiative field
enhancement due to localized plasmons in the tunneling gap. (a) Measured photon yield (plotted on logarithmic scale) for ∼100 tunnel junction
devices made of different materials versus applied voltage and tunneling current. The ellipsoids correspond to a 95% confidence interval fit to the
experimental data. (b) Measured photon yield versus applied voltage for the ensemble of selected devices with tunneling current of ∼100 μA. Error
bars are the standard deviation over the measured junctions for each material at each bias. (c) Finite-element simulation results of plasmon-induced
electric field intensity enhancement (proportional to the local photon density of states in the gap) at 785 nm (corresponds to the peak wavelength
of the observed light emission) for the Au junction. The insets show the top-view of the 3D plots, indicating the geometry of the simulated junction
and the 2D intensity. (d−f) Same as (c), but for junctions made of other materials. The field enhancement is seen to be smaller than that in (c).
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more results from ∼30 junctions), indicating a nonlinear
relation between the above-threshold light emission and
tunneling current.
To understand the observed material-dependent character-

istics of above-threshold light emission and the photon yield in
Figure 2, we then conducted systematic measurements on over

100 devices made of different materials under a series of

voltages and tunneling currents. Figure 3a summarizes the

results by plotting photon yield (on logarithmic scale) as a

function of the applied voltage and the corresponding

tunneling current. It is clearly seen that pure Au junctions

Figure 4. Analysis and theoretical model of above-threshold light emission in tunnel junctions. (a) Measured light emission from a Au junction
under different voltage. (b) Normalization analysis of the spectra in (a), by dividing the measured spectrum at 0.8, 0.85, and 0.9 V with reference to
the spectrum at 0.95 V. The linear decay of the normalized spectra (on logarithmic scale) is fitted to a Boltzmann energy distribution e‑hω/kBTeff (solid
red lines), where Teff is the effective temperature of hot carriers (electrons and holes). (c) Statistical analysis over a large ensemble of junctions on
the extracted Teff of hot carriers as a function of power dissipation ((IV)1/2) in the junctions for different materials. It can be seen that Teff is
relatively independent of the dissipated power, even within a single material. (d) Statistical analysis on Teff as a function of applied voltage (V). The
solid lines are the best linear fit to the data. Error bars are the standard deviation over the ensemble of junctions for each material at the applied
voltage. (e) Schematics of the theoretical model in which light emission comes from the radiative recombination of hot electrons and holes, which
is sustained in a steady-state distribution during the continuous electrical excitations of LSPs in the junction. (f) Extracted voltage-independent
spectral plasmonic enhancement, ρ(ω), due to LSPs in the tunnel junction from applying eq 2. Inset shows the numerically calculated plasmonic
enhancement for a tunnel junction with a similar geometry.
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feature the highest photon yield, followed by Au/Cr,
Au0.6Pd0.4/Cr, and Pd/Cr with the lowest yield.
We can proceed further and select a set of junctions with

roughly similar tunneling current (∼100 μA, at which level
above-threshold light emission was observed for all materials).
The purpose of such selection is to examine the relationship
between photon yield and applied voltage, excluding the effect
of tunneling current. As shown below in our theoretical model,
this relationship is critical to reveal the physical origin of
above-threshold photon emission. As shown in Figure 3b, we
found that under the same applied voltage and current the
photon yield of pure Au junctions is around 2 to 3 orders of
magnitude higher than Au/Cr and Au0.6Pd0.4/Cr junctions, and
nearly 4 orders of magnitude higher than Pd/Cr junctions.
While one may expect a larger photon yield from a good
plasmonic material such as pure Au compared to a well-known
poor plasmonic material such as Pd and Pd/Cr (with Cr
further attenuating the plasmonic response of Pd), the
observation of orders-of-magnitude material-dependent dis-
crepancy is surprising.
To show that, plasmon-induced radiative field enhancement

(a direct indicator of the strength of the plasmonic resonances)
can be inferred directly from the calculation of the electrical
field intensity within the tunneling gap (see Supporting
Information Section 5 and Figure S3 for details of our finite-
element modeling and more results). The quality of a
plasmonic material can be quantified by its plasmonicity34

and is mainly determined by the imaginary part of the relative
permittivity. The permittivities at 785 nm are Au,35 −22.855 +
1.4245i; Cr,36 −2.0612 + 21.601i; and Pd,36 −21.243 +
20.086i, clearly showing the superiority of Au as a plasmonic
material. As shown in Figure 3c−f, we found that the localized
plasmons in pure Au junctions indeed lead to the highest
radiative field enhancement among the studied materials but
only differ from the worst plasmonic material (Pd/Cr) by a
factor of ∼20, dramatically smaller than the measured photon
yield difference (∼104) in light emission. These observations,
combined with numerical simulations, strongly suggest that
above-threshold light emission does not originate solely from a
simple plasmonic field enhancement effect due to LSPs in the
gap.
In analogy with prior efforts,25,26 we performed a normal-

ization analysis on the measured light emission spectra under
different voltages by dividing with reference to the spectrum
obtained at the highest voltage. The normalization separates
the contributions of voltage-independent plasmonic resonan-
ces of the tunnel junction, which depends only on junction
geometry and the material type, from the voltage-dependent
component of observed light emission. Representative
measurement results of light emission from a typical Au
tunnel junction at 0.8, 0.85, 0.9, and 0.95 V are shown in
Figure 4a. After spectral normalization, the reduced emission
spectra are plotted in Figure 4b, which demonstrates that the
normalized spectra intensity, on logarithmic scale, decays
linearly with the photon energy (see Supporting Information
Sections 6 and 7 for more results on different materials and at
different substrate temperatures).
This energy dependence of light emission can then be

described phenomenologically by a Boltzmann statistics factor
e‑hω/kBTeff , where Teff is an effective temperature of the hot
carriers, out of equilibrium with the lattice and the background
of cold electrons. Proper caution is needed to introduce the
concept of effective temperature in any driven, nonequilibrium

system.37,38 In this case, the clear linearity of Figure 4b shows
that an effective Boltzmann factor describes the hot carrier
distribution, as in past studies.39−41 When the typical time
interval between tunneling events (on the order of tens of
femtoseconds for large currents) is much smaller than the
relaxation time of the hot carriers (about a few hundreds of
femtoseconds to picoseconds), hot carriers generated by the
electrically excited plasmons will undergo many scattering
events, forming a nonthermal steady-state distribution, before
thermalizing into the lattice phonons.42 The steady-state
distribution can then be parametrized using an effective
temperature.
We extracted the effective temperature Teff from the

normalized emission spectra in Figure 4b by fitting with a
Boltzmann factor. It can be seen that Teff reaches over 1000 K,
much higher than the equilibrium lattice temperature of the
junction (i.e., the 5 K substrate temperature). It appears that
above-threshold emission originates from hot carriers. These
findings raise the questions: What is the physical explanation of
very high nonequilibrium Teff? What are the factors
determining Teff in such plasmonic systems?
To address these questions, we applied the normalization

analysis described above to measure emission spectra from the
large ensemble of tunnel junctions. To identify the relationship
between Teff and the applied electrical condition (voltage or
tunneling current), we evaluate two candidate families of
models, ∝ =T P IVeff and Teff ∝ V, where P is the
dissipated power in the junction. Briefly, the first approach is
based on the hypothesis that Teff of hot electrons in the tunnel
junction is determined by the electrical power dissipation and
coupling between the charge carriers and lattice phonons.25 In
this “thermal” model, the blackbody radiation of the hot-
electron gas generates broadband above-threshold photons.
The second approach considers the electrically driven
generation and relaxation of plasmon-induced hot carriers
(see below for our microscopic theoretical model).
The results of statistical analysis across the large ensemble of

junctions for the first approach is summarized in Figure 4c. We
find that Teff inferred from the normalized emission is largely
uncorrelated with the dissipated electrical power for each of
materials studied here. Instead, as shown in Figure 4d, a linear
relationship between Teff and the applied voltage is clearly
indicated. Moreover, materials with less plasmonic loss exhibit
higher Teff at a given voltage, providing further evidence that
plasmons play a key role in the generation of the hot carriers.
Having established empirical correlation between Teff and V

directly from our experimental analysis, we sketch a physical
model (see schematics in Figure 4e and detailed derivation of
our model in Supporting Information Section 8) to understand
this relationship, as well as the generation of above-threshold
photons due to plasmon-induced hot-carrier dynamics. While a
realistic quantitative theory is extremely challenging, this toy
model attempts to capture the essential physics of electrically
driven process of hot carrier generation and relaxation. Optical
excitation only induces interactions with bright dipolar
plasmons. In contrast, inelastic tunneling electrons can excite
any localized plasmon (dark and bright) in the tunnel
junction.43 LSPs excited by inelastic tunneling electrons
undergo a nonradiative decay process in which a plasmon
energy quantum ℏωLSP is transferred to an individual
conduction hot electron−hole pair. The energy distribution
of these hot carriers is centered around the Fermi level εF, and
extends to εF ± eV. If the rate of tunneling events outpaces
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carrier relaxation, a steady-state hot carrier distribution is
sustained, with its specific form depending on the time interval
between successive electron tunneling events (∝ e/I) and the
hot carrier lifetimes (approximately hundreds of femto-
seconds).6 The above-threshold light emission originates
from the plasmon-enhanced radiative recombination of hot
electrons and holes with high energies in the hot-carrier
distribution.
In this picture, a prediction is that a steady-state effective

temperature of the hot carriers is directly correlated with the
bias window (eV) applied to drive the plasmonic process,
rather than the dissipated electrical power. Specifically, we
found that

β∝k T eVeffB (1)

where β is material-dependent parameter correlated with the
quality of plasmonic response of a material. Equation 1 agrees
very well with our experimental observation in Figure 4d at
sufficiently large voltage, and likewise is consistent with the
difference in Teff found between plasmonically active and lossy
materials at the same voltage (see Figure S6). In fact, the
dielectric function of transition metals such as Cr and Pd in
this energy range dampens the LSPs, thereby decreasing the
generation rate of hot carriers through this inelastic excitation
mechanism. In addition, the unfilled d-band increases the
electronic density of states around εF, thereby decreasing the
lifetimes of excited carriers. This shifts the steady-state
distribution to the lower energies (closer to εF), making
above-threshold light emission less likely.6

Beyond this simple model, we note that a more detailed
treatment of this problem looking at the redistribution of
energy within the electronic system as a consequence of the
viscosity of the electron liquid, predicts the same voltage
dependence of the effective carrier temperature44 in a point-
contact geometry similar to that here. The material depend-
ence in that approach would result from the role of (material-
dependent) LSPs in enhancing the effective frictional heating
of the electronic fluid.
With the insight from this greatly simplified model, a

physical picture of the above-threshold light emission can then
be obtained. We consider the spectral intensity of the light
emission

ω ρ ω ω≈ ℏα ω−ℏU I e( ) ( ) k T/ B eff (2)

where ρ(ω) is the local photon density of states (which gives
the radiative field enhancement effect due to LSPs for a given
junction), α indicates the nonlinear tunneling current-depend-
ence of the above-threshold light emission. The value of α,
always greater than 1, is obtained from the experimental results
(see Supporting Information Section 4). We note that eq 2 is
inspired by the hot carrier model39,45 to explain anti-Stokes
photoluminescence in plasmonic nanoparticles, which, phe-
nomenologically similar to the observed above-threshold light
emission, involves photon emission with energies above that of
the excited photons (rather than incident electrons studied
here). The observed anti-Stokes photoluminescence has been
understood as either plasmon-enhanced electron−hole gen-
eration and recombination, or Raman scattering from the
intraband electronic continuum.46−48

Using eq 2, combined with the inferred value of Teff from the
normalization analysis, our analysis permits the extraction of
ρ(ω). As shown in Figure 4f, this spectrum shows good

qualitative consistency with the electrical field intensity
enhancement as a function of photon energy calculated
(inset of Figure 4f) by the finite-element modeling of the
plasmonic resonances for a typical device geometry.
The remarkable dependence of photon yield on the

plasmonic properties of the constituent metal, a factor of 104

between pure Au and Pd/Cr devices, shows that plasmons play
a larger role in the process than just modifying optical density
of states ρ(ω). We found clear evidence that plasmon-
enhanced hot carrier dynamics are central in the generation of
above-threshold photons and are responsible for the observed
dramatic yield discrepancy among metallic materials. While a
rigorous treatment of this nonequilibrium, open-system
problem involving atomic-scale interelectrode distances
would require detailed electronic structure calculations, the
overall material dependence is strongly influenced by the metal
dielectric (and hence plasmonic) response. Our observations
and analysis show that hot-carrier distributions with effective
temperatures (above 2000 K) are achievable under modest
electrical bias (∼1 V) in properly designed plasmonic
nanostructures, opening avenues for optimization and possible
utility in plasmonic chemistry19 and optoelectronic applica-
tions. Similarly, the large plasmonic enhancement of light
emission raises possibilities for nontrivial quantum optical
effects, as have been seen in other subnanometer plasmonic
gap systems.49
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