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Light emission by inelastic tunneling has been known for many years. Recently, this technique has been
used to generate surface plasmons using a scanning tunneling microscope tip. The emission process suffers
from a very low efficiency lower than a photon in 10* electrons. We introduce a resonant plasmonic
nanoantenna that allows both enhancing the power conversion to surface plasmon polaritons by more than
2 orders of magnitude and narrowing the emission spectrum. The physics of the emission process is
analyzed in terms of local density of states and the efficiency of the nanoantenna to radiate surface plasmon

polaritons.
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It has been known for decades that inelastic electron
tunneling through nanoscale insulators can be used to emit
light [1,2] although the efficiency is very low. This field has
been revived when it was observed that scanning tunneling
microscopes (STM) tips can emit light with a significantly
improved efficiency [3-6]. Many different theoretical
studies have been devoted to this topic [7-12], and it is
now well understood that the light emission process
involves two steps: (i) inelastic tunneling, which generates
a fluctuating electrical current, and (ii) photon emission by
the time-dependent fluctuations. Yet, the efficiency remains
very low—typically lower than one photon per 10
electrons—so that inelastic tunneling has not become a
practical source of light.

The fluctuating current does not only emit photons in
free space, it also excites surface plasmon polaritons (SPPs)
that propagate along the metal-insulator interface [13]. This
possibility to generate SPPs constitutes a promising appli-
cation for inelastic electron tunneling. Exciting electrically
SPPs at the nanoscale is indeed a major issue in nano-
optics. One of the key features of SPPs is their ability to
confine light to deep subwavelength scales. However, up
to now, a diffraction-limited beam has generally been used
to excite them optically. Consequently, the development of
plasmonic devices to manipulate light at subwavelength
scales (from emission to detection) has been hampered by
the impossibility of generating SPPs at the nanoscale.

Recently, inelastic tunneling by STM tips [14,15], GaAs
nanowire-based light-emitting diodes [16], and impact
excitation in a transistor [17] have been demonstrated as
electrical sources of SPPs. Unfortunately, the efficiency of
these sources remains typically lower than one plasmon per
10* electrons. Such low values may appear to be due to
some fundamental limitations. First, in the tunneling
regime, light is emitted within a gap of typically 1 nm
and quenching through nonradiative energy transfer to the
nearby metal constitutes the dominant relaxation process
[18-20]. Second, the emitted spectrum is imposed by the
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broad spectrum of the electrical intensity fluctuations.
Hence, taking advantage of inelastic tunneling to realize
efficient electrical sources of SPPs requires solving two
problems: (i) to increase significantly the efficiency of the
emission process and (ii) to control the emitted spectrum.
In this Letter, we show that the use of a resonant optical
nanoantenna can circumvent these issues. We study theo-
retically STM light emission in the presence of a plasmonic
nanoantenna under the STM tip, as depicted in Fig. 1.
Previous works analyzed mainly light emission in the far
field. Here, on the contrary, we focus on the fraction of light
that is emitted into SPPs propagating along the gold-air
interface. From the total electromagnetic field, we extract
precisely the exact amount of SPP that is generated with
and without antenna and we deduce the impact of the
nanostructuration. The major results are a large enhance-
ment of the power conversion to SPPs by more than 2
orders of magnitude and a narrowing of the emission
spectrum, which can be controlled by the antenna geom-
etry. Demonstrating such a huge enhancement in a system
that is often thought to be plagued by quenching is
promising for the development of plasmonic devices.
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FIG. 1. Electrical generation of surface plasmon polaritons
(SPPs) by inelastic electron tunneling under a STM tip. The tip
apex is modeled by a tungsten sphere with a 10 nm radius. (a) In
the reference case, the tip is positioned above a flat gold surface.
(b) The reference is compared to the case where a resonant
nanoantenna is placed between the tip and the surface. The
antenna is a gold cylindrical nanorod (height H = 51 nm and
diameter D). The air-gap thickness between the tip apex and the
metal is kept constant, w = 2 nm.
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Moreover, we analyze the physical mechanisms respon-
sible for the enhanced efficiency. We report a detailed study
of the nanoantenna impact on the electromagnetic local
density of states (LDOS). This theoretical analysis is not
limited to light emission by inelastic tunneling; it addresses
fundamentals of the process of light emission assisted by an
optical nanoantenna. We derive simple and general rules to
design a nanoantenna able to overcome nonradiative
processes. Our analysis allows one to understand recent
experimental proofs of enhanced emission efficiencies
[21-23].

The process of light emission by inelastic tunneling is
modeled with the approach introduced in Ref. [7]. A
quantum description of the electron transport provides
the power spectral density of the electrical intensity
fluctuations. The latter is used in a second step as a source
for a radiation problem, which fully accounts for the local
electromagnetic environment. The emitted optical power at
a frequency w is thus proportional to the average electrical
intensity [24]. Such a linear relation between the optical
power and the electrical intensity has been confirmed
experimentally [27]. In the second step of the calculation,
the fluctuating current can be replaced by a point dipole
located at the center of the gap and polarized linearly along
the vertical direction. We emphasize that this approach
provides the full electromagnetic field and, hence, it
accounts for both localized modes and surface waves
propagating along the gold surface.

The tip apex is modeled by a tungsten sphere with a
radius of 10 nm. In order to make our analysis as
independent as possible on the tip model, we compare
the light emitted with and without antenna while using the
same tip and gap geometry; see Fig. 1. In the tunneling
regime, the tip-sample distance w is of the order of 1-2 nm
so that nonlocal effects may play a role. Nonlocal effects
can be included in a classical model by using the Feibelman
parameter, which amounts to introducing an effective
distance between the surfaces [28,29]. We have checked
that varying the gap width in the range 1-4 nm does not
change the ratio of power emitted with and without
antenna. Nonlocal effects are thus not expected to play a
significant role. In what follows, all the calculations are
performed for a 2 nm gap and a local model of the dielectric
constants. The frequency-dependent permittivities of gold
and tungsten are taken from Ref. [30]. Numerical calcu-
lations are performed with a fully vectorial method recently
developed for cylindrical geometries [31].

Before studying the impact of a resonant nanoantenna on
the SPP generation, let us first analyze the case of a STM
tip positioned above a flat gold surface; see Fig. 1(a). We
will use this flat-surface case as a reference for the study of
the nanoantenna impact. We have calculated the LDOS in
the center of the gap [24]. Because of the extremely small
thickness of the gap, the LDOS is 5 orders of magnitude
larger than the vacuum LDOS. Such a huge enhancement is

mostly due to quenching, i.e., energy dissipation in the gold
and the tungsten in the vicinity of the source. Only a very
small fraction of light is emitted in the far field; the
radiative efficiency (ratio between the power radiated in
the far field and the total power) is smaller than 5 x 1074,
Among the huge amount of dissipated power, a small
fraction corresponds to the excitation of SPPs that propa-
gate along the gold-air interface. We now focus on this SPP
generation. An important result of this Letter is the rigorous
and quantitative calculation of the SPP contribution in the
total electromagnetic field.

In order to extract the amplitude of the SPPs that are
launched around the structure, we generalize to three-
dimensional systems the theoretical formalism proposed
in Refs. [32,33] for two-dimensional systems. The method
relies on the completeness theorem of the quasinormal
modes set used in the theory of lossy waveguides [34]. We
use cylindrical coordinates with a z axis perpendicular to
the gold surface. Outside the structure, the electric field
E = [E,, Ey, E_] emitted by the point source located on the
axis and polarized linearly along the z direction can be
expanded as

E(r.2) = A Ef () + Y AEL(r2), (1)

where the last term corresponds to a summation over the
continuum of radiation modes of the flat gold-air interface.
The first term corresponds to the electric field of
an outgoing SPP, which can be written as EJ, =
[iH (kpr)esy (2),0, Hy (kypr)e,, (). The  same
expansion holds for the magnetic field, with HJ, =
[0, ngl)(kspr)hsp (2),0]. Hﬁ,l)(kspr) are the Hankel func-
tions of the first kind of order n, k), is the wave vector of
the flat interface SPP, and ¢, ., e, ., and hy, represent the
z profile of the SPP field. Their analytical expressions can
be found in Ref. [24]. Note that the fields are independent
of the azimuthal angle 8 because of the source position and
polarization. In Eq. (1), Ay, is the modal excitation
coefficient of the SPP launched along the gold-air interface.
It can be calculated by using the mode orthogonality
[24,34],

1
Agp = Ny, // (E5, x H-E x Hy,) -u,rdodz,  (2)

where the normalization constant N, is given in Ref. [24].
The field of the ingoing SPP (Ej,, H7,) can be deduced

sps
from (Ej,,HJ,) by replacing Hﬂl)(kspr) by the Hankel
function of the second kind. This formalism allows
calculating quantitatively the fraction of light that is emitted
into SPPs. It is worth noting that it can be used with any
numerical method that is able to compute the total field

(E,H) emitted by a source.
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FIG. 2. SPP excitation coefficient without antenna (solid black
line) and with antenna (dashed red line). |A,), |? is calculated with
Eq. (2). The presence of the antenna strongly modifies the
emission spectrum and enhances the SPP generation by a factor
of 275 at the resonance frequency. The diameter of the gold
nanorod is D = 25 nm.

We first calculate the SPP amplitude in the flat-surface
case of Fig. 1(a). The spectrum of the SPP excitation
coefficient |A;,|* is shown with the solid curve in Fig. 2.
Note that SPPs are generated over a broad spectrum, which
is directly related to the broad spectrum of the fluctuating
current. We have used for the calculation a voltage value
that is typically used in experiments (V = 2.07 V) and that
corresponds to a cutoff wavelength of photon emission
A, = 600 nm [24].

We now turn to the analysis of SPP generation in the
presence of a resonant plasmonic antenna. We place a gold
nanorod (varying diameter D and height H = 51 nm)
under the STM tip. The spectrum of the SPP excitation
coefficient is displayed in Fig. 2. The emission is deeply
modified by the resonance of the plasmonic antenna. The
first salient feature is the enhancement by a factor 275 of
the SPP excitation coefficient. A second important feature
is that the spectrum now presents a narrow peak. This result
suggests that the emission spectrum can be tuned by
changing the resonance spectral characteristics. We report
in Fig. 3 the enhancement factor of SPP excitation for three
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FIG. 3. Enhancement factor of SPP excitation, defined as
|A%2/|A9,|>. The emission frequency can be controlled by
varying the nanorod diameter: D = 31 nm (dashed blue curve),
D = 25 nm (solid red curve), and D = 21 nm (dash-dotted black
curve). The cylinder height is fixed to H = 51 nm.

different values of the nanorod diameter. The enhancement
factor is defined as the ratio of the SPP excitation
coefficient with and without antenna, F, = |A§‘,‘,‘,‘|2 /
|A?,|*. The spectrum blueshifts as the diameter increases,
in agreement with the behavior of the nanorod resonance
frequency as a function of the diameter-over-height ratio
[35]. The emission frequency can be controlled while
keeping an enhancement factor larger than 100. Using a
gold tip provides the same results [24].

Before analyzing in detail the enhancement mechanism,
we discuss qualitatively the role of the antenna. Figure 4(a)
displays a map of the field emitted by the source [36]. We
observe an intense hot spot localized in the vicinity of the
source. This intense field localized in the gap is similar to
the one produced by the dipole in the flat-surface case, as
shown in Fig. 4(c) [24]. Interestingly, Fig. 4(a) also shows
an intense field around the edges of the cylinder. This part
of the total field can be associated to the nanorod mode
displayed in Fig. 4(b). The total field radiated by the source
in the presence of the antenna can thus be seen as a
superposition of the nanorod mode and the gap field
observed in the flat-surface case. The resonant mode is
expected to modify the LDOS and to offer a new decay
channel. Is the new channel able to compete with the huge
amount of quenching that dominates the relaxation proc-
ess? We now report a detailed analysis that answers this
question.

First, we plot in Fig. 5(a) the LDOS spectrum with
antenna normalized by that without antenna for different
nanorod diameters. The LDOS is enhanced only within the

(c)

T 20
=
Noo
20 0 20

Radius (nm)

(b) 75

—_
()

~
~
<))

)]
(=]
(]
o

N
[$)]

N
[$,]
Height z (nm)

Height z (nm)

0

-20 0 20 20 0 20
Radius (nm) Radius (nm)

FIG. 4. (a) Distribution of the emitted field |E| in the presence
of a gold nanorod below the tip at 4 = 806 nm [36]. (b) Dis-
tribution of |E| for the mode of the antenna, i.e., a nanorod over a
gold surface without tungsten sphere. (c) Distribution of the
emitted field |E| without gold nanorod at A = 806 nm [36].
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bandwidth of the antenna resonance, leading to the narrow
spectral feature of the emission. The presence of the
antenna increases the LDOS by a factor of 1.3-1.65 at
resonance. This result evidences that the contribution of the
antenna mode to the LDOS is of the same order of
magnitude as the quenching contribution. At such small
distances from the metal surface, the LDOS due to
quenching is huge, of the order of 10° times the vacuum
LDOS. Our calculations show that the LDOS of the mode is
also 5 orders of magnitude larger than the vacuum LDOS.
The new decay channel offered by the antenna is thus able
to compete with the quenching. The LDOS increase is a
necessary but not sufficient condition to explain the 2
orders of magnitude enhancement of the SPP excitation
coefficient. A second important parameter is the antenna
ability to radiate.

We introduce the plasmonic efficiency defined by the
SPP excitation coefficient normalized by the total power
delivered by the source. This ratio is denoted ngp =
|A%, |2/ PR, for a flat surface and 7' = [A2|2/P&l in
the presence of the antenna. The enhancement factor shown
in Fig. 3 can be written as

ant|2 ant ,,ant
7 |Asp o P s

TALE T PR,

(3)

The first term is the LDOS enhancement at the source
position and the second term is the plasmonic efficiency
enhancement. From Fig. 5(a), we have seen that the antenna
increases the LDOS by a factor of 1.5. It follows that the
enhancement of the SPP excitation shown in Fig. 3 can be
mostly attributed to an increase of the plasmonic efficiency
1sp- Figure 5(b) shows the plasmonic efficiency with and
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FIG. 5. Analysis of the enhancement mechanism. (a) Ratio of

the LDOS with and without antenna for three nanorod diameters:
D = 31 nm (dashed blue curve), D = 25 nm (solid red curve),
and D = 21 nm (dash-dotted black curve). (b) Plasmonic effi-
ciency 7, for the same nanorods and for the flat-surface case
(thin black line). The antenna increases the plasmonic efficiency
by more than 2 orders of magnitude.

without antenna. In the flat-surface case, it is of the order of
5% 107 (same order as the radiative efficiency, i.e., the
ratio between the power radiated in the far field and the
total power). In the presence of the antenna, the plasmonic
efficiency increases by 2 orders of magnitude up to 0.07.
This dramatic improvement is essentially due to the much
larger dipole moment of the plasmonic resonator. Note that
the radiative efficiency enhancement is of the same order of
magnitude.

This theoretical analysis allows us to derive simple and
general rules to design a nanoantenna able to overcome the
quenching. The antenna should support a mode that
presents both (i) a hot spot, which generates a LDOS as
large as the quenching contribution, and (ii) a large dipole
moment in order to radiate efficiently.

In summary, we have analyzed the SPP emission process
by inelastic electron tunneling between a STM tip and a
metallic surface. We have rigorously calculated the SPP
contribution among the total amount of emitted light. The
very low efficiency usually observed can be attributed to
nonradiative decay channels in the metal (quenching)
which are very efficient in the distance regime relevant
for tunneling. By inserting a resonant plasmonic nano-
antenna, it is possible to introduce a contribution to the
electromagnetic LDOS that has the same order of magni-
tude (~10° larger than the vacuum LDOS). As the nano-
antenna has a much better ability to radiate SPPs than the
bare system, the power emitted into SPPs can be enhanced
by more than 2 orders of magnitude. This huge enhance-
ment of SPP excitation comes with a narrowing of the
emission spectrum and hence a possibility to control the
emission frequency with the antenna geometry. The direc-
tivity of SPP emission could be engineered by using a small
array of antennas. These properties pave the way towards
the design of integrated electrical sources of SPPs with
controlled emission frequencies.
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