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ARTICLE

Antenna surface plasmon emission by
inelastic tunneling
Cheng Zhang1, Jean-Paul Hugonin1, Anne-Lise Coutrot1, Christophe Sauvan 1, François Marquier 2 &

Jean-Jacques Greffet 1*

Surface plasmons polaritons are mixed electronic and electromagnetic waves. They have

become a workhorse of nanophotonics because plasmonic modes can be confined in space at

the nanometer scale and in time at the 10 fs scale. However, in practice, plasmonic modes are

often excited using diffraction-limited beams. In order to take full advantage of their potential

for sensing and information technology, it is necessary to develop a microscale ultrafast

electrical source of surface plasmons. Here, we report the design, fabrication and char-

acterization of nanoantennas to emit surface plasmons by inelastic electron tunneling. The

antenna controls the emission spectrum, the emission polarization, and enhances the

emission efficiency by more than three orders of magnitude. We introduce a theoretical

model of the antenna in good agreement with the results.
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Surface plasmon polaritons (SPPs) are mixed electronic and
electromagnetic modes propagating along the interface
between a metal and a dielectric1. The corresponding

electromagnetic field can be confined to nanometer scale and has
a decay time on the order of 10 fs so that a new generation of
devices can be designed2–5. SPPs are widely used for sensing and
also for information technology6–11. An important limitation of
surface plasmons is that in most cases, they are optically excited
by a diffraction-limited beam so that the device size is larger than
the wavelength. In order to fully benefit from the field confine-
ment, it is necessary to generate SPPs in the near field with a
subwavelength device. Electrical generation of surface plasmons
has been demonstrated using LED-based platforms12–16 with
time scales on the order of 1 ns. Ultrafast emission can be
achieved using light emission by inelastic tunneling (LEIT)
through a tunnel junction.

LEIT through a planar tunnel junction was discovered by
Lambe and McCarthy17. This process is rather inefficient with a
typical efficiency on the order of one photon per a million elec-
trons. However, LEIT has important advantages. Firstly, it is
intrinsically fast. The fundamental limit is given by the tunneling
time18,19, which is on the order of h/eV where e is the electron
charge, V the applied voltage on the order of 1 V and h is Planck’s
constant yielding a time limit on the order of 4 fs. In practice, the
limit is given by the circuit time constant RC. Photon sources
based on LEIT have been operated at 1 GHz20. Secondly, LEIT
can be a highly localized source. The source current density can
be confined in a nanoantenna or in a metallic tip enabling elec-
tromagnetic excitation localized at the nanometer scale. Both
photon21 and plasmon22–24 emission have been reported using
scanning tunneling microscope (STM) tips. More recently, sur-
face plasmon emission has been reported with metallic micro-
structures25 and molecular junctions26. Theoretical models are
available for LEIT18,27–31, and for the role of the gap plasmon
mode32. Hence, antenna surface plasmon emission by inelastic
tunneling (ASPEIT) appears to be a suitable candidate for
ultrafast and highly localized plasmon emission33.

However, several issues need to be solved to use inelastic
tunneling as a light source. It is required to control the emission
spectrum, the angular emission pattern and to increase the
emission efficiency. In order to tackle these issues, resonant
nanoantennas can be used. The rationale for using an antenna is
based on different properties. Firstly, a resonant antenna can
select the frequency emission34–36. Secondly, a resonant antenna
can be designed in order to control both the polarization and the
angular emission pattern37,38. Thirdly, a resonant plasmonic
antenna contributes to the local density of states in the junction.
If the contribution of the antenna mode is larger than the con-
tribution of the non-radiative modes, it becomes possible to avoid
quenching and therefore increase the radiative efficiency35,39,40 in
a controlled and deterministic way. It is important to stress that
there is no fundamental limit to the LEIT efficiency. We note in
particular that in the microwave regime, the non-radiative modes
can be suppressed using dissipation-less superconductors. Fur-
thermore, impedance matching between the junction and a 50-Ω
line can be achieved by microwave engineering so that photon
emission in a 50-Ω line can reach very high efficiencies28. Photon
emission in the visible by electrically driven optical antennas has
been reported demonstrating a spectral control of the
emission41,42 and also a directional control43. Spectral control of
LEIT using resonant nanocubes has been demonstrated recently44

although only a small fraction of the tunneling current was
affected by the antenna. These results demonstrate the potential
of plasmonic nanoantennas to tailor LEIT. All these demonstra-
tions deal with light emission. No antennas have been reported to
emit surface plasmons so far. Reported surface plasmon sources

are based on the use of a metallic tip22–24 or a planar
junction25,26. While it is known that a localized gap plasmon
takes place between the tip and the surface, no control of this
mode using antennas has been reported.

There are still many issues to be solved before developing
electrical surface plasmon sources using inelastic tunneling
assisted by antennas: (i) the tunnel barrier width, which plays a
critical role in the success of the emission process, is not deter-
ministically controlled in the reported experiments, (ii) the life-
time of the antenna is still an outstanding issue, (iii) LEIT is
limited to very small power on the order of 1 fW for STM
junctions or on the order of 10 fW for planar junctions while pW
are needed for practical applications, (iv) the coupling between
the antenna mode and the propagating plasmon mode has to be
optimized, (v) a theoretical analysis of the emitted power as a
function of the current fluctuations in the presence of an antenna
is needed in order to analyze and optimize the emission.

Here, we report the design, fabrication and characterization of
antennas to emit surface plasmons propagating along an alumi-
num/air interface. We also report an original theoretical model
introducing a figure of merit of the antenna showing that the
relevant figure of merit is not the Purcell factor but the spatially
averaged enhancement factor in the junction barrier. The antenna
produces a narrow emission spectrum and provides an enhance-
ment of the efficiency as compared to a planar junction larger than
three orders of magnitude. The emitted power is on the order of
10 pW, four orders of magnitude larger than an STM tip.

Results
ASPEIT junction and electrical characterization. The electrical
surface plasmon source consists in a gold nanopatch antenna
deposited on an Al/AlOx interface (see Fig. 1a). A plasmon is
emitted when an electron tunnels inelastically from gold to alu-
minum through a 3-nm-thick AlOx tunnel barrier as shown in
Fig. 1b. The gap between gold and aluminum supports gap
plasmons, which are reflected at both edges of the antenna
separated by a width D= 128 nm forming a Fabry–Perot cavity45

(Fig. 1a). Due to partial transmission at the edges, plasmons are
emitted by the antenna and propagate along the Al/air interface.
In order to observe them, the aluminum thickness was chosen to
be 25 nm so that plasmons can leak in the glass substrate. The
geometry of the antenna needs to be optimized so that the field of
the antenna mode is efficiently coupled to both the current
density and the radiated plasmonic field34. The thin gap and the
resonant behavior of the Fabry–Perot cavity serves to enhance the
field in the plasmonic cavity in order to couple to the current
density. The radiation of propagating surface plasmons depends
on the height of the antenna. Both effects are captured by the
theoretical form of the signal derived in the Supplementary
Note 5 where we introduce a figure of merit, which is the spatially
averaged enhancement factor. In order to increase the emitted
optical power, we have fabricated a finite size array of 25 µm
width where the 60-µm-long and 128-nm-wide antennas are
periodically arranged with a period of 400 nm (Fig. 1c). We
checked that the device is operating in the tunnel regime by
measuring the current density (J) as a function of the applied
voltage. The characteristic J(V) curve is depicted in Fig. 2 in linear
plot (Fig. 2a) and semi-log plot (Fig. 2b) displaying the typical
exponential dependence. A fit of the data with Simmon’s model46

allows the estimation of the barrier thickness (3 nm) and the
mean barrier height (2.01 ± 0.03 eV) using an effective mass of the
electron of 0.23me

47. As an additional check of the tunnel regime,
we show in the Supplementary Note 4 that the current is pro-
portional to the area of the device for four different devices and
we also show that the J(V) curve does not depend on temperature.
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Antenna surface plasmon emission. We now turn to the optical
characterization of the emitted surface plasmons. The optical
observation of the SPPs emitted by the Al/AlOx/Au junction is
based on leakage radiation microscopy (LRM) using an inverted
optical microscope. We use an oil objective (NA= 1.3) to collect
the leakage of the emitted SPPs through the glass substrate when
the junctions are biased. We show in Fig. 3a an optical micro-
scope image of the device taken through the glass substrate. The
bright area in the center corresponds to the array of antennas
with a width of 25 µm. The direction of the antennas is along the
y-axis. It is seen that on both sides of the array of antennas, light
is also collected. This is due to radiative leakage of surface plas-
mons propagating away from the antennas. To prove the plas-
monic character of the emitted light, we averaged the intensity
along y in the area indicated by the dashed rectangle shown in
Fig. 3a. The result is plotted as a function of x in Fig. 3b in a semi-
log scale showing clearly an exponential decay with a decay length
of 4.9 µm, which is smaller than theoretically predicted (8.5 µm at
850 nm) when using the data of ref. 48. This value is known to be
highly dependent on the deposition procedure48. To further

check the plasmonic character of the emitted light, we recorded
the far-field angular spectrum in the back focal plane as displayed
in Fig. 3c. It is clearly seen that light is predominantly emitted for
wavevectors slightly larger than the vacuum wavevector k0= ω/c,
a clear signature of surface plasmons propagating along an Al/air
interface. An interesting non-uniform intensity pattern due to the
antenna periodicity is observed as a function of the angle. To
understand the data, we have developed a theoretical model of
ASPEIT. A detailed derivation is given in Supplementary Note 5.
The simulated emission pattern at 850 nm (1.46 eV) shown in
Fig. 3d is in good agreement with the experimental data, which
have a broader spectrum.

We now study the spectrum of the emitted field. To proceed,
we collect the signal emitted toward the substrate and send it to a
spectrometer (Andor Shamrock 750i). The data are shown in
Fig. 4a–c and the theoretical simulations are shown in Fig. 4 (d–f)
for three different bias voltages 1.4, 1.5 and 1.6 V. Note that the
calculations account for the detector responsivity, responsible for
the decay of the signal at low energy. We observe two spectral
peaks at 1.2 and 1.5 eV that are well recovered by the model.
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Fig. 1 Principle of antenna surface plasmon emission by inelastic tunneling (ASPEIT). a Schematic of the device consisting of a gold patch antenna
(thickness 50 nm and width D) on an aluminum film (thickness 25 nm) with a 3-nm-thick tunnel barrier of AlOx in between. Gap plasmons propagating
along the x-axis under the gold patch are reflected at the edges forming a Fabry–Perot cavity. The surface plasmons transmitted at the edges propagate
along the Al/air interface. They are observed by leakage radiation microscopy through a finite thickness of Al. When applying a voltage bias V, SPPs can be
excited by inelastic tunneling. b Energy level diagram for the metal–insulator–metal (MIM) tunnel junction with a voltage bias V. The black arrow shows the
maximum electron energy loss, which is the maximum plasmon energy. c Optical microscope image showing the periodical antenna junction (inside the
white square). A SEM image shows a zoom of the array of linear antennas (width D= 128 nm, period 400 nm)
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Here, we see the ability of the antenna to control the light
emission spectrum. We note that to recover the spectrum shape
and width, we had to average over different antenna widths in
order to account for width fluctuations of the antenna (see
Supplementary Fig. 2). The two peaks correspond to the two
modes of the Fabry–Perot cavity shown in Fig. 4g–h. We report in
Supplementary Fig. 10 emission spectra of antennas with different
widths showing different emission frequencies. A cutoff of light
emission is expected around eV/h (indicated by a vertical dashed
line in Fig. 4a–f for inelastic light emission) but not observed. The
spectrum is significantly broadened and shifted from the
theoretical eV/h value by the finite temperature (300 K) and by
the antenna resonance. When repeating the simulation at 0 K as
shown in Supplementary Fig. 9, a clear cutoff is observed. For the
sake of comparison, we plot in Fig. 4d–f the theoretical emission
spectrum of a planar junction at three different voltages
multiplied by a factor of 500. This shows the two roles of the
antenna: spectral control and efficiency enhancement.

Polarization emission of the ASPEIT junction. We now move
to the study of the polarization emission properties of the
antenna. Figure 5 shows the far-field emission of the device when
using an analyzer aligned perpendicular to the antennas (0°) or
parallel to the antennas (90°). It is seen that the signal drops
significantly at the emission peak showing that light emission by
the antennas is polarized. The far-field emission pattern confirms
that this polarization behavior is due to the plasmons. Figure 5b, c
shows the back focal plane image for two orientations of the
analyzer.

Emitted power and efficiency. An important figure of merit of an
electrical source of surface plasmon is the emitted power. We
detected 3.6 × 106 photons per second by using ASPEIT (with a
voltage bias of 1.6 V). Correcting for the collection efficiency, this
corresponds to 1 × 108 photons emitted per second (~23 pW,
using a photon energy of 1.45 eV). It is interesting to compare
with a STM tip22 (104 photons per second, 3 fW), with a planar
junction25 (4.3 × 105 photons per second, 100 fW). The increased
emitted power is both due to the larger size of our source (25 µm

× 45 µm) and to the electron to photon conversion efficiency
enhancement.

As already mentioned, the low efficiency of the inelastic
tunneling is due to the fact that the photonic local density of
states in a tunnel junction is dominated by non-radiative modes.
The key to increase the efficiency is therefore to design a
plasmonic antenna with a resonant plasmon mode fulfilling two
conditions35: (i) it provides a contribution to the local density of
states larger than the non-radiative modes, (ii) its losses are
dominated by radiative losses. We designed our antennas to fulfill
these criteria. In order to measure the efficiency enhancement, we
have compared the emission by the array of antennas with the
emission of the same sample at a different position with no
antennas (see Supplementary Note 9). We found an averaged
efficiency of 6.0 × 10−10 photons per electron. This low efficiency
is due to the low transmission of the 25 nm thick Al layer in the
near infrared and also to the good quality of the surface, whose
roughness is lower than 1 nm. Such a low roughness is required in
order to fabricate a good plasmonic cavity. We now compare with
the efficiency of light emitted by the area covered with antennas
shown in Fig. 3a. The optical power is integrated over the array of
antennas (dashed rectangular region in Fig. 3a) and normalized
by the corresponding intensity assuming that the current density
is uniform. We found 1.6 × 10−6 photons per electron indicating
a 2700 efficiency enhancement compared to the planar junction.
Taking into account the plasmon propagation loss, it corresponds
to an electron-to-plasmon efficiency on the order of 10−5.

Discussion
To analyze what are the key factors playing a role in this
enhancement, we have derived a theoretical model of light
emission by an antenna (see Supplementary Note 5). We com-
pute the fields emitted by a fluctuating current density in the
tunneling gap. The power spectral density of the current fluc-
tuations is given by29:

I2
� �ðωÞ¼ 1

1� exp � eV
kBT

1� �hω
eV

� �� � eI0 1� �hω
eV

� 	
; ð1Þ

where I0 is the tunneling current, e the electron charge, ω the
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frequency, ћ the reduced Planck’s constant, kB is Boltzmann’s
constant and T is temperature. To compute the emitted field, we
use the reciprocity theorem32. The efficiency defined as the
number of emitted photons due to plasmon leakage per electron
can be cast in the form (see Supplementary Note 5):

ηe�pðω0Þ ¼
Z0

Rk


 �
Δω

ω0

n
4

t
λ0

� 	2
Klðu;ω0Þj j2 I2h iðω0Þ

eI0
ΔΩ; ð2Þ

where Rk= h/e2 is the quantum of resistance, Z0= μ0c the
vacuum impedance, c light speed, t the barrier thickness, λ0 and
ω0 are the central wavelength and central frequency of a resonant
antenna, respectively, ΔΩ is the related solid angle, Δω is the
spectral width of the emitted peak, and Klðu;ω0Þj jis the field
enhancement factor (with corresponding polarization and emis-
sion direction) spatially averaged over the whole junction barrier.
It is defined as the ratio of the electric field in the junction and the
electric field of an incident plane wave coming from the substrate
in the emission direction. The quantity nZ0ðt=λÞ2 I2h iðωÞ is
essentially the power radiated by a dipole with length t in a
homogeneous medium with refractive index n. The role of the

antenna appears in the spectrally dependent factor Klðu;ω0Þj j2.
For an angle, polarization and frequency corresponding to the
resonant excitation of a plasmon, it takes the value 5 × 10−3 for a
planar junction due to the low transmission through the 25-nm-
thick aluminum layer. However, it is on the order of 70 in the
presence of the resonant antenna, which thus provides an
enhancement of four orders of magnitude. It is seen that this
factor is the key to improve the efficiency by increasing the field
in the junction using the antenna.

As shown before, the theoretical model predicts correctly the
emission spectrum, the angular emission pattern and the polar-
ization. However, the photon per electron efficiency is only
qualitatively predicted. The theoretical model predicts an antenna
efficiency of 1.1 × 10−7 (under a voltage of 1.6 V), which is one
order magnitude lower than the experimental value 1.6 × 10−6.
We also find a difference for the antenna junction efficiency
normalized by the planar junction efficiency. The experimental
value is 2700 whereas the model predicts 400. We attribute this
difference to the simplified model of the current fluctuation
correlation function used. It has already been reported in the
literature49,50 that this model underestimates the efficiency and it
has been suggested that light emission could be due to hot elec-
trons in the metal. We have computed this contribution and we
found a marginal change. We thus conclude that the origin of the
discrepancy is due to the simplified correlation function of the
current density. In summary, the antenna appears to be a pow-
erful tool to enhance the efficiency of LEIT, which has been
known for decades to be an inefficient light emission process.
Nonetheless, the experimental electron to plasmon conversion
efficiency (~10−5) is still low. We now discuss how it could be
improved. As shown in Supplementary Fig. 13, replacing alumi-
num and gold by silver allows gaining one order of magnitude in
the electron to photon efficiency (1.4 × 10−5) so that the electron
to plasmon efficiency could be on the order of 10−4.

In conclusion, we have reported ASPEIT. We have shown that
the emission spectrum can be tuned by varying the width of the
antenna. An important feature of the antenna is its ability to
enhance the efficiency of the coupling between electrons and
plasmons. We have demonstrated a more than three orders of
magnitude enhancement of the electron to photon conversion
efficiency when comparing with a planar junction. The ASPEIT
operates in the 10 pW regime, four orders of magnitude above the
fW regime of a STM-based junction. We have introduced a
theoretical model of ASPEIT that accounts for the observed
spectrum, polarization structure and is able to predict the

efficiency enhancement. This model provides guidance to further
improve the efficiency. Using the model, we find that a silver/
alumina/silver junction could reach an efficiency at 10−4 plas-
mons per electron. This raises the prospect of an efficient,
ultrafast and highly localized electric surface plasmon source.

Methods
Devices fabrication. The ASPEIT tunnel junctions are fabricated on a standard
coverslip (VWR, 0.15 mm thick). The bottom Al electrode is fabricated by UV
photolithography via a mask aligner (MJB4). An Ebeam evaporator (MEB 550,
Plassys) is employed to do the Al deposition. After the lift-off, a dry thermal
oxidation process in a furnace is used to generate an ultrathin AlOx layer. The Au
top electrode is fabricated by using an electron-beam lithography (Nanobeam NB4)
system. All the detailed fabrication processes can be found in Supplementary
Note 1.

Electrical characterization. The electrical characterization of our junction is
performed via a source meter (Agilent B2902A). The IV measurements are con-
ducted by a Quick IV Measurement software provided by keysight technologies
website. For all experiments, the Au electrodes are grounded and the Al electrodes
are biased. To avoid any possible dielectric breakdowns, each IV curve is within
±1.8 V. To avoid heating the junction, we use a time period of 1.5 ms for every
voltage step. When performing the electroluminescence (EL) measurement,
we apply a lower voltage (<1.6 V) to maintain a longlife measurement (larger
than 10 h).

Optical characterization. The optical characterization of our devices is based on
an inverted optical microscope (Olympus X71). An EMCCD (iXon 885) and a
spectrometer (Andor Shamrock 750i) are used to capture the EL images and
spectra, respectively. Detailed information is provided in Supplementary Note 2.

Numerical simulations. The far-field angular distributions and the emitted spectra
are calculated based on the reciprocity theorem model described in Supplementary
Note 5. We use the aperiodic Fourier modal method51 to numerically compute the
electric field in the tunnel junction barrier. The dielectric constants for Al are taken
from ref. 52 and the Au data from ref. 53. The refractive indexes of the glass
substrate and alumina layer are set at 1.5 and 1.76, respectively. The modes of the
patch antenna in Fig. 4g, h are calculated with the method described in ref. 54. For
that purpose, a vertically polarized (along z direction) dipole source is inserted in
the middle of the alumina layer along the z-axis and 30 nm off-center along the
x-axis. More details can be found in Supplementary Note 5.

Data availability
The data are available from the corresponding author upon reasonable request.

Code availability
The codes are available from the authors upon reasonable request.

Received: 27 June 2019; Accepted: 25 September 2019;

References
1. Raether, H. Surface Plasmons on Smooth and Rough Surfaces and on Gratings,

4–39 (Springer, 1988).
2. Schuller, J. A. et al. Plasmonics for extreme light concentration and

manipulation. Nat. Mater. 9, 193–204 (2010).
3. Maier, S. A. et al. Plasmonics—a route to nanoscale optical devices. Adv.

Mater. 13, 1501–1505 (2001).
4. Zayats, A. V., Smolyaninov, I. I. & Maradudin, A. A. Nano-optics of surface

plasmon polaritons. Phys. Rep. 408, 131–314 (2005).
5. Gramotnev, D. K. & Bozhevolnyi, S. I. Plasmonics beyond the diffraction limit.

Nat. Photon. 4, 83–91 (2010).
6. Pacifici, D., Lezec, H. J. & Atwater, H. A. All-optical modulation by plasmonic

excitation of CdSe quantum dots. Nat. Photon. 1, 402–406 (2007).
7. Mayer, K. M. & Hafner, J. H. Localized surface plasmon resonance sensors.

Chem. Rev. 111, 3828–3857 (2011).
8. Lal, S., Link, S. & Halas, N. J. Nano-optics from sensing to waveguiding. Nat.

Photon. 1, 641–648 (2007).
9. Ebbesen, T. W., Genet, C. & Bozhevolnyi, S. I. Surface-plasmon circuitry. Phys.

Today 61, 44–50 (2008).
10. Homola, J., Yee, S. S. & Gauglitz, G. Surface plasmon resonance sensors. Sens.

Actuators B Chem. 54, 3–15 (1999).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-12866-3

6 NATURE COMMUNICATIONS |         (2019) 10:4949 | https://doi.org/10.1038/s41467-019-12866-3 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


11. Haes, A. J. et al. Plasmonic materials for surface-enhanced sensing and
spectroscopy. MRS Bull. 30, 368–375 (2005).

12. Fan, P. et al. An electrically-driven GaAs nanowire surface plasmon source.
Nano Lett. 12, 4943–4947 (2012).

13. Koller, D. et al. Organic plasmon-emitting diode. Nat. Photon. 2, 684–687
(2008).

14. Huang, K. C. et al. Electrically driven subwavelength optical nanocircuits. Nat.
Photon. 8, 244–249 (2014).

15. Neutens, P., Lagae, L., Borghs, G. & Van Dorpe, P. Electrical excitation of
confined surface plasmon polaritons in metallic slot waveguides. Nano Lett.
10, 1429–1432 (2010).

16. Rai, P. et al. Electrical excitation of surface plasmons by an individual carbon
nanotube transistor. Phys. Rev. Lett. 111, 026804 (2013).

17. Lambe, J. & McCarthy, S. L. Light emission from inelastic electron tunneling.
Phys. Rev. Lett. 37, 923–925 (1976).

18. Février, P. & Gabelli, J. Tunneling time probed by quantum shot noise. Nat.
Commun. 9, 4940 (2018).

19. Büttiker, M. & Landauer, R. Traversal time for tunneling. Phys. Rev. Lett. 49,
1739–1742 (1982).

20. Parzefall, M. et al. Antenna-coupled photon emission from hexagonal boron
nitride tunnel junctions. Nat. Nanotechnol. 10, 1058–1063 (2015).

21. Berndt, R. et al. Photon emission at molecular resolution induced by a
scanning tunneling microscope. Science 262, 1425–1427 (1993).

22. Bharadwaj, P., Bouhelier, A. & Novotny, L. Electrical excitation of surface
plasmons. Phys. Rev. Lett. 106, 226802 (2011).

23. Wang, T., Boer-Duchemin, E., Zhang, Y., Comtet, G. & Dujardin, G.
Excitation of propagating surface plasmons with a scanning tunnelling
microscope. Nanotechnology 22, 175201 (2011).

24. Zhang, Y. et al. Edge scattering of surface plasmons excited by scanning
tunneling microscopy. Opt. Express 21, 13938–13948 (2013).

25. Du, W., Wang, T., Chu, H.-S. & Nijhuis, C. A. Highly efficient on-chip direct
electronic–plasmonic transducers. Nat. Photon. 11, 623–627 (2017).

26. Du, W. et al. On-chip molecular electronic plasmon sources based on self-
assembled monolayer tunnel junctions. Nat. Photon. 10, 274–280 (2016).

27. Duke, C. B. Tunneling In Solids (Academic Press, 1969).
28. Grabert, H. & Devoret, M. H. Single Charge Tunneling: Coulomb Blockade

Phenomena in Nanostructures, Vol. 294 (Springer Science & Business Media,
2013).

29. Hone, D., Mühlschlegel, B. & Scalapino, D. Theory of light emission
from small particle tunnel junctions. Appl. Phys. Lett. 33, 203–204
(1978).

30. Johansson, P., Monreal, R. & Apell, P. Theory for light emission from a
scanning tunneling microscope. Phys. Rev. B 42, 9210–9213 (1990).

31. Parlavecchio, O. et al. Fluctuation-dissipation relations of a tunnel junction
driven by a quantum circuit. Phys. Rev. Lett. 114, 126801 (2015).

32. Aizpurua, J., Apell, S. P. & Berndt, R. Role of tip shape in light emission from
the scanning tunneling microscope. Phys. Rev. B 62, 2065–2073 (2000).

33. Parzefall, M. & Novotny, L. Light at the end of the tunnel. ACS Photonics 5,
4195–4202 (2018).

34. Muehlschlegel, P., Eisler, H.-J., Martin, O. J., Hecht, B. & Pohl, D. Resonant
optical antennas. Science 308, 1607–1609 (2005).

35. Bigourdan, F., Hugonin, J.-P., Marquier, F., Sauvan, C. & Greffet, J.-J.
Nanoantenna for electrical generation of surface plasmon polaritons. Phys.
Rev. Lett. 116, 106803 (2016).

36. Biagioni, P., Huang, J.-S. & Hecht, B. Nanoantennas for visible and infrared
radiation. Rep. Prog. Phys. 75, 024402 (2012).

37. Curto, A. G. et al. Unidirectional emission of a quantum dot coupled to a
nanoantenna. Science 329, 930–933 (2010).

38. Novotny, L. & Van Hulst, N. Antennas for light. Nat. Photon. 5, 83–90 (2011).
39. Yang, J., Faggiani, R. & Lalanne, P. Light emission in nanogaps: overcoming

quenching. Nanoscale Horiz. 1, 11–13 (2016).
40. Faggiani, Rm, Yang, J. & Lalanne, P. Quenching, plasmonic, and radiative

decays in nanogap emitting devices. ACS Photonics 2, 1739–1744 (2015).
41. Kern, J. et al. Electrically driven optical antennas. Nat. Photon. 9, 582–586

(2015).
42. Qian, H. et al. Efficient light generation from enhanced inelastic electron

tunnelling. Nat. Photon. 12, 485–488 (2018).
43. Gurunarayanan, S. P. et al. Electrically driven unidirectional optical

nanoantennas. Nano Lett. 17, 7433–7439 (2017).
44. Parzefall, M. et al. Light from Van der Waals quantum tunneling devices. Nat.

Commun. 10, 292 (2019).
45. Kurokawa, Y. & Miyazaki, H. T. Metal-insulator-metal plasmon nanocavities:

analysis of optical properties. Phys. Rev. B 75, 035411 (2007).

46. Simmons, J. G. Electric tunnel effect between dissimilar electrodes separated
by a thin insulating film. J. Appl. Phys. 34, 2581–2590 (1963).

47. Groner, M., Elam, J., Fabreguette, F. & George, S. M. Electrical
characterization of thin Al2O3 films grown by atomic layer deposition on
silicon and various metal substrates. Thin Solid Films 413, 186–197 (2002).

48. McPeak, K. M. et al. Plasmonic films can easily be better: rules and recipes.
ACS Photonics 2, 326–333 (2015).

49. Kirtley, J., Theis, T., Tsang, J. & DiMaria, D. Hot-electron picture of light
emission from tunnel junctions. Phys. Rev. B 27, 4601–4611 (1983).

50. Laks, B. & Mills, D. Photon emission from slightly roughened tunnel
junctions. Phys. Rev. B 20, 4962–4980 (1979).

51. Lalanne, P. & Silberstein, E. Fourier-modal methods applied to waveguide
computational problems. Opt. Lett. 25, 1092–1094 (2000).

52. Zeman, E. J. & Schatz, G. C. An accurate electromagnetic theory study of
surface enhancement factors for silver, gold, copper, lithium, sodium,
aluminum, gallium, indium, zinc, and cadmium. J. Phys. Chem. 91, 634–643
(1987).

53. Olmon, R. L. et al. Optical dielectric function of gold. Phys. Rev. B 86, 235147
(2012).

54. Bai, Q., Perrin, M., Sauvan, C., Hugonin, J.-P. & Lalanne, P. Efficient and
intuitive method for the analysis of light scattering by a resonant
nanostructure. Opt. Express 21, 27371–27382 (2013).

Acknowledgements
This work was supported by a public grant by the French National Research Agency
(ANR) project (ANR-15-CE24-0020). The authors thank the C2N nanofabrication
platform at Paris-Sud University. C.Z. thanks the Ph.D financial support from the chair
Safran-IOGS on Ultimate Photonics. J.-J.G. thanks the support of Institut Universitaire
de France. The authors acknowledge enlighting discussions with Julien Gabelli. C.Z.
acknowledges technical guidance from Jean-Rene Coudevylle.

Author contributions
J.-J.G. conceived the idea, developed the theoretical model and supervised the project.
C.Z. developed the fabrication procedures and fabricated the devices with help of A.-L.C.
C.Z. built the experiment setup. C.Z. performed the experiments and analyzed the data
with help from F.M. C.Z., C.S. and J.-P.H. carried out the simulations. J.-J.G. and
C.Z. co-wrote the paper, with feedback from all co-authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
019-12866-3.

Correspondence and requests for materials should be addressed to J.-J.G.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-12866-3 ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:4949 | https://doi.org/10.1038/s41467-019-12866-3 |www.nature.com/naturecommunications 7

https://doi.org/10.1038/s41467-019-12866-3
https://doi.org/10.1038/s41467-019-12866-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Antenna surface plasmon emission by inelastic�tunneling
	Results
	ASPEIT junction and electrical characterization
	Antenna surface plasmon emission
	Polarization emission of the ASPEIT junction
	Emitted power and efficiency

	Discussion
	Methods
	Devices fabrication
	Electrical characterization
	Optical characterization
	Numerical simulations

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




