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ABSTRACT

A local, low-energy, electrical method for the excitation of localized and propagating surface plasmon polaritons
(SPPs) is attractive for both fundamental and applied research. In particular, such a method produces no
excitation background light and may be integrated with nanoelectronics. Here we report on the electrical
excitation of SPPs through the inelastic tunneling of low-energy electrons from the tip of a scanning tunneling
microscope (STM) to the surface of a two-dimensional plasmonic lens. The plasmonic structure is a series
of concentric circular slits etched in a thick gold film on a glass substrate. An out-going circular SPP wave is
generated from the tip-sample junction and is scattered into light by the slits. We compare the resulting emission
pattern to that observed when exciting SPPs on a thin, unstructured gold film. For optimized parameters, the
light emitted from the plasmonic lens is radially polarized. We describe the effects of the slit period and number,
and lens diameter on the emission pattern and we diskuss how the light beam of low divergence is formed.

Keywords: Surface plasmon, scanning tunneling microscopy, plasmonic lens, inelastic electron tunneling, light
nanosource

1. INTRODUCTION

Surface plasmon polaritions (SPPs) have elicited considerable attention during the last decade with applications
ranging from high-density optical data storage1,2 to light focusing.3 Plasmons may even one day replace elec-
trons or photons for data transfer and computation and thus overcome the disadvantages of the lower speed of
electronics and the larger size of photonic devices.4 Up to now, many different ways of exciting SPPs have been
reported.5 More recently, a scanning tunneling microscope (STM) has been used to excite both localized and
propagating SPPs.6,7 This method is preferable due to its advantages such as the low energy that is needed and
the fact that no excitation background light is introduced.8,9 As well, the extreme spatial selectivity means that
a specific mode of a plasmonic structure may be excited, thus leading to the control of the resulting emission of
SPPs and light.10–13

In this article we report on the controllable, local, low-energy, electric excitation of SPPs achieved with tunnel
electrons from the tip of an STM on a two-dimensional plasmonic lens structure. Our plasmonic lens consists
of several concentric slits etched in a gold film that has a thickness of 200 nm. With our setup, the nanosource
of both localized and propagating surface plasmons is coupled to an inverted optical microscope, enabling the
photon emission to be mapped in both real and Fourier spaces.

In the first part, we compare the experimental results of the STM excitation of a plasmonic lens14with the
STM excitation of a simple gold film with a thickness of 50 nm. The plasmonic lenses we use here have five
concentric slits with a period of 700 or 800 nm and an inner diameter of the central disk of 5 µm. Results in
both the real and Fourier spaces show the difference between the leakage radiation from thin gold film and the
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Figure 1. Plasmonic structures. (a) Scanning electron microscopy (SEM) image of a plasmonic lens. The inner diameter
D is 5 µm, the slit grating period P is 700 nm and the slit width W is 300 nm. (b) Schematics of a plasmonic lens
(transverse view). A 200-nm gold layer is evaporated on a 100-nm ITO layer on a glass substrate and etched with circular
slits.

scattered light from the slits of the plasmonic lens. The leakage radiation from a thin gold film and the scattered
light from a plasmonic lens are both radially polarized. Yet, the divergence angle of the emitted light from the
plasmonic lens with five slits is very small compared to that of the gold film, thus leading to a well-defined beam
of light.

In the second part, we will focus on excitation results for plasmonic lenses with different parameters. There
are several structures with a different number of slits (N = 1, 3 and 5), with different inner diameters D varying
from 1 µm to 6 µm and with different periods (P = 600, 700 and 800 nm). Our experimental results indicate that
the structure with the most number of slits has the smallest divergence angle. We attribute the low divergence to
the constructive interference of the light from the multiple slits of the structure. As well, we provide a rationale
for the best trade-off between the lateral size of the plasmonic lens and the collimation of the emitted light beam,
in terms of angular divergence and side-lobe occurrence. Finally, we diskuss the robustness of this electrically
driven light beam microsource to the off-centering of the local SPP nanosource.

2. EXPERIMENTAL METHODS

Figure 1 shows a scanning electron microscopy (SEM) image of one of our plasmonic lenses as well as a schematic
diagram. Several concentric slits (number of slits N is 1, 3 or 5) are etched in a gold film of thickness 200 nm.
A dual beam FIB (focused ion beam) and SEM system is used for the preparation of the plasmonic lens. Slit
widths are W = 300 nm and the inner diameter of the plasmonic lens D varies from 1 to 6 µm in steps of 1 µm.
Our structures have slit grating periods of 600 nm, 700 nm or 800 nm. For comparison purposes, we also use
a sample consisting of a continuous gold film, 50-nm in thickness, thermally evaporated in vacuum on a glass
coverslip after deposition of 2 nm of chromium.

Figure 2 shows our experimental set-up. An STM head with a tungsten tip is mounted above our sample.
Below is an inverted optical microscopy with an oil-immersion objective lens of high numerical aperture. The
STM tip is grounded and our sample is biased to 2.8 V. Additionally, tunnel current setpoint values are in the
range of 1 nA to 6 nA. Figure 2(a) shows the configuration used for real-space and spectrum measurements.
When the emitted light is focused directly on the cooled CCD camera we get a real-space image, which provides
the spatial distribution of the emitted light. When the light is diverted to the spectrometer, we obtain the energy
distribution of the emitted light. If we add an extra lens, the CCD camera records a Fourier space image and
this is shown in Fig.2 (b). From Fourier space images, we obtain information on the angular distribution of the
light emission.

3. RESULTS AND DISKUSSION

3.1 Comparison between Emission Patterns on a Thin Gold Film and a Plasmonic Lens

First, we compare the spatial and angular distribution of the light generated through the local electrical excitation
of a 5-slit circular grating etched in a thick gold film (200-nm thick) and that of a thin, planar, gold film (50-nm
thick). Electrical excitation is achieved using the tunnel current from the STM tip. Figure 3 shows the resulting
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Figure 2. Experimental setup: a grounded STM head with a tungsten tip is mounted above our plasmonic structure
sample which is biased and below is an inverted optical microscopy with an oil-immersion objective lens of high numerical
aperture. (a) Real space and spectrum measurements. For the real space measurement, the emitted light is focused on
the cooled CCD camera. For the spectrum measurement, the light is diverted to a spectrometer coupled to another CCD
camera. (b) Fourier space measurement: an extra lens is added in front of the CCD camera so that Fourier plane is
imaged.

real-space (a-d) and Fourier-space (e-h) images, recorded without (a,b,e,f) and with (c,d,g,h) a linear polarizer in
front of the CCD camera. Schematics above the experimental images illustrate the two kinds of excited structures
and the tip location. The plasmonic lens has grating period P = 700 nm and inner diameter D = 5 µm. Due
to the two different gold film thicknesses, only radiative scattering of SPPs at the slits is detected in the case of
the plasmonic lens, whereas only SPP leakage radiation15 is observed in the case of the thin, planar, gold film.

In the real-space images, we see that the light from the plasmonic lens is emitted from the five slits, with
a much stronger contribution from the inner slit. This is expected since the SPPs scattered at the slits are a
2D circular out-going wave that isotropically propagates away from the center of the structure. Moreover, the
SPP intensity decays very quickly when SPPs propagate through the grating (decay length ≈ 3 nm). On the
unstructured gold film, a 2D circular out-going wave also propagates away from the tip location, yet with a
comparatively much longer propagation length (≈ 15 nm). High intensity is observed from below the tip, due to
the excitation of localized surface plasmons that radiatively decay in the glass substrate.

In the Fourier-space images we see that the light from the plasmonic lens is essentially emitted orthogonally
to the surface plane with a remarkably narrow angle of dispersion (half-width at half-maximum of ≈ 4◦).
Conversely, a wide emission cone is observed for the excitation of SPPs on a thin, planar, gold film, with the
emission maximum at the polar angle corresponding to SPP-light resonant coupling, i.e., at about 43◦. Light at
emission angles up to the maximum acceptance of the objective lens is recorded.

A clear symmetry appears between the image series on the left and right sides of Fig. 3. Real-space images on
the thin, planar, gold film exhibits a sharp doughnut shaped spot, like the Fourier-space images of the plasmonic

Proc. of SPIE Vol. 9884  98841Y-3

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/25/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



0
(e)

(g)

e- e- e- e-

Real space Fourier space

(i)

In
te

n
si

ty

(f)

(h)with polarizer

5 µm

(a) (b)

(c) (d)

90°

60°

30°

 

0°

Thin gold film

Plasmonic lens

Figure 3. Comparison of the light emitted from a plasmonic lens and a thin gold film after STM plasmon excitation. (a)
to (d) Real-space images in false color (a,c) from a plasmonic lens and (b,d) from a thin gold film, (a,b) without and (c,d)
with a linear polarizer in front of the detector. (e) to (h) Fourier-space optical images in false color (e,g) from a plasmonic
lens and (e,g) from a 50-nm thin gold film, (e,f) without and (g,h) with a linear polarizer in front of the detector. The
white arrow indicates the polarization axis. (i) Polar plots of the angular emission pattern from a plasmonic lens (blue
line) and a thin gold film (red line). The half-width-half-maximum of the beam from the plasmonic lens is about 4◦, and
the angle of maximum emission for the thin film is ≈ 43◦.
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lens. Emission from the plasmonic lens is spatially delocalized and angularly narrow, whereas emission from the
unstructured gold film is partly localized below the tip and strongly diverges. In all images, when a polarizer is
placed in front of the detector, the intensity cancels out along the axis orthogonal to the polarizer transmission
axis. This denotes radially polarized (or p-polarized) emission.

If is of interest to compare these two sources of light in terms of how “spread out” their emission is in area
and angle. In the case of the plasmonic lens (see Fig. 1(a)), light is exclusively emitted from the slits etched in
the thick gold film. The spatial footprint of the source in the plane is thus limited to a disk whose diameter
is the outer diameter D′ of the plasmonic lens. The structure shown in Fig. 1(a) has D′ = 11.2 µm, which
yields a footprint Σ = π

4D
′2 ≈ 100 µm2. In the case of the thin continuous gold film (see Fig. 1(b)), the spatial

footprint of the source is more difficult to define, because SPPs propagates away from the tip location, along the
air-gold interface, until their energy is dissipated in the metal or converted into radiation in the substrate. We
suggest two ways of defining the effective radius of the light source: (i) the half-width at half-maximum of the
doughnut shaped spot in the real-space image and (ii) the SPP propagation length (distance LSPP after which
SPP intensity has decreased by a factor 1

e ). Using the first definition yields a footprint of Σ ≈ 0.4 µm2, which
is more than two orders of magnitude lower than for the plasmonic lens; however, this is arbitrary since the size
of the doughnut-shaped spot depends on the point spread function of the imaging system and this definition of
the source size omits part of the propagating SPPs. The second definition for the source size on the thin gold
film leads to Σ ≈ 700 µm2 (LSPP ≈ 15 µm at λ0 = 700 nm, see p. 11 of Ref16), which is seven times as large
as that of the plasmonic lens. Indeed, the tunnel junction formed by the STM tip on the gold film behaves as
a nanoscale source of SPPs, which has typical radius17 of about 10 nm, but the resulting light source emitting
in the substrate is much more extended, due to the propagation over micrometers of the SPPs leaking in the
substrate.

For both kinds of sources, the emission pattern may be modeled as a light cone, whose solid angle is Ω =
2π(1−cos θ), where 2θ is the aperture angle of the cone (θ is the angular beam divergence in our study). Thus, the
light emitted in the substrate upon electrical excitation of SPPs is characterized by a solid angle of Ω = 1.69 sr
for the thin gold film (θ = 43◦) and 1.38×10−2 sr for the plasmonic structure (θ = 4◦). Note that the solid angle
for the plasmonic lens is more than two orders of magnitude lower than that for the unstructured gold film. In
order to compare the spatial and angular beam extents of the two light sources, we may define the étendue of the
source G, as G = πn2Σ sin2 θ, where n is the refractive index of the medium (i.e., the glass substrate). Ideally,
one could wish for a small, yet collimated source, i.e., a small value of G. However, in general, the smaller the
source, the more divergent it is. Optimizing the value of G may be thought of as a compromise between source
size and divergence. For the plasmonic lens we obtain G ≈ 3.1 µm2. For the continuous thin gold film, one finds
G ≈ 1.4 µm2 or G ≈ 2.4 × 103 µm2, depending on whether the source area is defined with regards to the size
of the doughnut-shaped spot or the SPP propagation length, respectively. In the case of the doughnut-shaped
spot, we see that both the film and the lens have comparable étendues G, whereas using the second definition
for the source size for the film, the plasmonic lens clearly surpasses the source based on an unstructured gold
film. The aim of the above demonstration is to show that, while the micrometer-sized plasmonic lens is orders of
magnitude larger than the nanometer-sized tunnel junction, this structure yields a reduction of the emission solid
angle by two orders of magnitude, thus preserving (or improving) the spatio-angular extent of the light source.
For comparison purposes, let us consider the electrically driven light nanosource based on the STM-excitation of
a triangular, gold nanoparticle on a transparent substrate introduced in Ref.10 The edge length s of particle is
130 nm. In this case, the emission is spread over all directions in the substrate, i.e., Ω = 2π, the source area is

Σ =
√
3
4 s

2 ≈ 7×10−3 µm2 and the étendue G is ≈ 5×10−2 µm2. This light source relies only on localized surface
plasmons and not on propagating SPPs, yielding strong spatial localization of the source but no collimation.

3.2 Effect of the Plasmonic Lens Parameters

In Section 3.1, we compared the emission properties of a plasmonic lens and a thin continuous gold film upon
electrical excitation using the STM tip. Now we diskuss the effect of varying the geometrical parameters of the
plasmonic lens, namely the inner diameter D, the number of slits N and the slit period P . Here we focus on the
dependence of the angular divergence of the emitted light beam on these parameters.

Figure 4(a) shows the variation of the angular divergence versus the inner diameter D for three plasmonic
lenses of different silt period P . The lowest divergence (i.e., the most efficient beaming) is systematically achieved
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Figure 4. Effect of the geometrical parameters of the plasmonic lenses on the angular beam divergence of their emission.
Plasmonic lenses of different inner diameters D, slit grating periods P and numbers of slits N are electrically excited with
the STM tip located at the central position. Angular beam divergence is retrieved from the half width at half maximum
(HWHM) of the doughnut shaped spot in the Fourier-space images and plotted versus either (a,d) the inner diameter D
or (b,e) the outer diameter D′ = D+ 2[(N − 1)P +W ] of the plasmonic lens. (c) Emission spectrum, which spreads over
the low-energy part of the visible range and the near infrared. The emission is spectrally centered at λ0 ≈ 700nm.

for P = 700 nm as compared to the results with P = 600 nm and P = 800 nm. This can be understood by
considering the emission spectrum shown in Fig. 4(c), which is measured on a thin gold film. This data gives
insight into the energy distribution of the surface plasmon nanosource when the tip is made of tunsgten and
the sample is made of gold (see also Refs.18,19). This distribution exhibits a peak centered at about 700 nm
(photon wavelength in vacuum). The beaming effect from our structures is due to the constructive interference
of the light emitted from the slits when the slit period equals the SPP wavelength (which is close to the photon
wavelength in vacuum); therefore, more of the source energy is converted into a collimated light beam when the
energy of maximum emission matches the slit period of the plasmonic lens. The origin of the beamed emission
also explains the effect of the number of slits. As shown in Fig. 4(d), the higher the number of slits, the lower the
angular divergence of the emitted beam. The slits behave as coherent light sources that interfere in the far field;
thus, the most numerous these sources, the sharper the features in the interference pattern. Interestingly, at a
fixed inner diameter D, increasing N from 1 to 3 strongly enhances the collimation of the emitted beam, whereas
adding another two rings (N = 5) yields only subtle improvement. This suggests that near-optimal beaming
is achieved for N = 3. Indeed, SPP scattering at the slits decreases their propagation length; as a result, the
emission from the slits is comparatively low beyond the third one, as may be seen in Fig. 3(a).

A general feature emerging from Fig. 4 is that the larger the inner diameter, the better the collimation
of the emitted beam. The reason is that the k-vector distribution of the electric field in the far field (whose
squared modulus is the Fourier image) is the Fourier transform of its spatial distribution in the sample plane
(whose squared modulus is the real-plane image). As a consequence, larger structures may have narrower angular
radiation distributions. To account for this, we plot in Figs. 4(b) and 4(e) the data diskussed above as a function
of the outer diameter, which is D′ = D + 2[(N − 1)P + W ] (W is the width of the slit). D′ is the actual size
of the light source. This way of plotting the data reveals that a single-ring structure provides an interesting
trade-off between the footprint of the source and the angular divergence of the emitted beam, which may be
crucial if integration within a device imposes size requirements and if angular divergence is the only criterion
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Figure 5. Theoretical Fourier-space images calculated within a monochromatic dipole model with λ0 = 700 nm for (a to f)
a 5-slit and (g to l) a single-slit plasmonic lens of inner diameters of 6 to 1 µm. Excitation at the center of the plasmonic
lens is assumed. In panels a to f, the slit grating period is P = 700 nm.

for beam collimation. Indeed, the occurrence of secondary lobes in the angular radiation pattern may have a
strong impact on the performance of the light source, depending on the targeted applications. This is why the
full Fourier image also must be examined, as diskussed below.

Figure 5 shows calculated Fourier images for plasmonic lenses of inner diameter D varying from 1 to 6 µm
and consisting of a single slit or a 5-slit grating of period P = 700 nm. These images have been calculated using
a dipole model that is described in Ref.14 This series of images confirms that (i) the larger the inner diameter,
the lower the angular divergence, (ii) for a given D, the angular divergence is much lower with five slits than
with one, (iii) the central lobe in the radiation pattern is less sharp with N = 5 and D = 1 µm than with N = 1
and D = 6 µm even though the former has a larger outer diameter. In addition, Fig. 5 reveals the appearance of
numerous side lobes around the central lobe at larger emission angles in the case of a single-slit structure. For
the five-slit structure, the emission pattern essentially consists of a single lobe. This is due to the destructive
interference of the light emitted from the multiple slits in off-axis directions, thus canceling out the side lobes.
Hence, if not only low angular divergence is required for a specific application, but also the absence of side lobes,
then a 5-slit lens is to be favored.

Also of importance for potential applications, we have investigated the robustness of the emitted beam
collimation and radial polarization against excitation source off-centering.14 Although we do not reproduce the
full results of this study here, in Fig. 6 we give examples of pronounced off-centered cases, where the effects on
the emission properties are obvious. Here we consider a 5-slit grating structure with D = 5 µm and P = 700 nm.
In Figs. 6(a) to 6(c), SPPs are electrically excited from a location that is 1.2 µm away from the center. The
theoretical Fourier image reveals an intricate angular distribution of the emission, with several lobes instead of
the single doughnut shaped spot observed for tip positions close to center. Theoretical images with a polarization
filter also indicate the loss of the radial nature in the emission polarization. In Fig. 6(d), we examine a case
where the STM tip is located closer to the inner edge of the first slit than to the center of the structure (tip is
off-centered by 1.8 µm). The experimental image, taken from Ref.,14 is shown in Fig. 6(e). We see that the more
off-centered the tip, the more intricate the angular and polarization distribution of the emitted light becomes.

4. SUMMARY AND CONCLUSION

In summary, we have compared the results obtained when a plasmonic lens is electrically excited by the tunnel
current from an STM, with those obtained when the STM tip is used to excite SPPs on a thin gold film. While
the light emitted from the plasmonic lens is distributed over a larger area (≈ 10µm), the maximum intensity from
the thin gold film is concentrated in a ≈ 1µm-diameter region (full-width at half-maximum). The “opposite”
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Figure 6. Theoretical Fourier-space images calculated within a monochromatic dipole model with λ0 = 700 nm for a 5-slit
plasmonic lens of inner diameter D = 5 µm and off-centered excitation at X = −1.2 µm along the x axis of the plasmonic
lens (X = 0 is the center of the structure). (a) intensity image and (b,c) polarization filtered images with the polarizer
along (b) the y axis or (c) the x axis. The outer circle (red line) delineates the accessible region of Fourier space. (d)
Same as b for X = −1.8 µm and (e) corresponding experimental image. Both images are in false colors and the image in
panel e is adapted from Fig. 2h of Ref.14 Circles (dotted white lines) indicates the critical angle at an air-glass interface
and the maximum acceptance angle of the objective lens.

results are obtained for the angular distribution of the emitted light: a low divergence beam (half-width at half-
maximum about 4◦) is generated with the plasmonic lens, while almost all the light from the thin film is emitted
at an angle greater than the air/glass critical angle. This is further quantified by considering the étendues of the
two sources: using the definition just above for the size of the source on the gold film, the étendues of the two
sources are similar (1.4 µm2 for the thin film and 3.1 µm2 for the plasmonic lens). Thus the increase in source
size of the plasmonic lens is compensated by the reduction in beam divergence, yielding a similar spatio-angular
source extent as compared to the local STM excitation of a thin gold film.

The effect of the geometrical parameters on the plasmonic lens performance were also investigated in this
study. It was seen that the lowest divergence beam is obtained when the slit grating period is equal to the
wavelength of maximum emission. This is explained by realizing that more of the light will be at the lens’
“working wavelength” in this case. Increasing the number of slits decreases the beam divergence, as is typical in
a grating structure. Adding more and more slits, however, would not continue improving the beam divergence,
since the SPP propagation length is short (≈ 3 µm) in the grating. Theoretical calculations using a dipole
model show that fewer rings lead to more side lobes in the emission pattern. Such calculations as a function of
tip excitation position also demonstrate the very complicated emission pattern that results when the tip is not
centered.

In conclusion, we have shown that the local excitation of a plasmonic lens with an STM leads to a radially
polarized beam of light of low divergence. In order to optimize the divergence of such a light source, the grating
period should match the wavelength of maximum emission of the STM excitation, the lens should consist of at
least 3 rings, and the STM excitation must be in the center of the lens. Such electrically excited light sources,
together with their radial polarization, have applications in various fields such as particle trapping20 and high
resolution imaging.21
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