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ABSTRACT: Compact electrical sources of surface plasmon
polaritons (SPPs) are promising for integration with high- Vaine
speed electronics. Being a highly compact source, the point T
dipole has the ability to directly couple to surface plasmon

modes, and be electrically driven through the inelastic

tunneling of electrons, for example, at the tip of a scanning
tunneling microscope (STM). However, the directional

control of electrically excited SPPs from such compact sources

has not been demonstrated, despite its importance in
controlling the optical energy flow on a chip. In this paper,

we present a comprehensive analysis of the directional excitation of SPPs on Au 1D cavity by moving an STM tip relative to the
edge of the cavity stripe and analyzing the light collected through an inverted microscope. The directional propagation of the SPP
and its far-field emission exhibit a clear cyclic dependence on the relative distance from this edge. These results provide key steps
toward realizing compact solid-state devices with the ability to excite and direct the propagation of light.

Ptir Probe
(Xp» Ypr 2,)

KEYWORDS: surface plasmon polaritons, directional excitation, electrical excitation, scanning tunneling microscope, dipole source

he surface plasmon polariton (SPP) is a guided mode of dipole emitter with a well-defined vertical orientation.”*™>
propagating electromagnetic waves at a metal—dielectric Recent work has shown the excitation, propagation, scattering,
interface." SPPs have shown remarkable potential in achieving and spatial coherence® of SPPs from the tip of an STM on
ultracompact optical waveguiding,”~* and nanoscale optical nanostructures,””® and metal surfaces.””*” While directional
focusing,>® promising for tight integration with CMOS emission in the far field was reported using localized plasmon
electronics and optical information technology.7 The direc- resonances,”® the directional coupling to SPPs from an STM tip
tional coupling of free-space optical radiation to SPPs has been has yet to be systematically investigated.
thoroughly investigated and demonstrated through a combina- In this paper, we theoretically and experimentally investigate
tion of nanostructures and specific illumination strategies.*~"* the directional excitation of propagating surface plasmons on a
Conversely, a separate scheme is needed to achieve directional periodic 1D cavity by a single dipole source. The directional
coupling from electrically driven plasmon sources of which less excitation of SPP was demonstrated numerically using the
is known. finite-difference time-domain (FDTD) method, and exper-
Despite being an inefficient process, the inelastic tunneling of imentally with an STM integrated with an inverted optical
low-energy (few eV) electrons accounts for the observation of microscope. The SPP directionality is observed in the Fourier
STM photoemission in early experiments via the excitation of plane (ie, the back focal plane), where the directional
SPPs.”~"7 In contrast to electrical plasmon sources demon- excitation perpendicular to the 1D cavity lines is based on

the coherent interference between the STM-excited plasmons
and the plasmons reflected off the edges of a single stripe of the
1D cavity. These studies account for the initial steps toward the

strated with nanomaterials such as silicon nanocrystals,'®
- 4,19-21 . 22

quantum well/nanowire, organic dyes,”™ or carbon

nanotubes,” the STM-based excitation does not require

quantum emitters, yet enables experiments that probe the

position dependence of SPP emission with a highly localized Received: November 17, 2014

source.'” It therefore lends itself to convenient modeling as a Published: February 23, 2015
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Figure 1. Experimental setup, tip, and sample information. (a) Schematic of the experimental setup for STM-excited plasmons combined with an
inverted optical microscope for imaging the SPP directionality in the Fourier plane by a photon-counting electron-multiplying charge coupled device
(EMCCD) camera. (b) Scanning-electron micrograph (SEM) images of the electrochemically etched PtIr probe with a ~100 nm radius of curvature.
(c) SEM image of the Au 1D cavity patterned by electron-beam lithography (EBL) with a pitch of S ym and a gap size of 0.3 ym.

potential implementation of dipole sources of SPPs based on
tunnel junctions with controlled directionality, with implica-
tions in integrated plasmon sources for optical interconnects.

The experimental setup for SPP excitation by an STM probe
is schematically shown in Figure la. The STM system is
operated under ambient conditions and is integrated with an
oil-immersion objective on an inverted optical microscope
platform to image the leakage radiation of SPPs.'>*® Figure 1b
shows an SEM image of the STM probe that was fabricated by
electrochemical etching of a 0.25 mm diameter Ptlr wire (90/
10 platinum/iridium) in 33% saturated CaCl, solution. Figure
1c shows an SEM image of an Au 1D cavity with a pitch of 5
pum and a gap size of 0.3 pm. This 1D cavity sample was
fabricated using electron beam lithography (EBL) to reduce
line-edge roughness and produce sharp edges. Details of the
fabrication process are shown in Figure SI in the Supporting
Information. Unlike previous work where plasmon modes are
allowed to propagate on both the top and the bottom surfaces
of a thin (35 nm) gold film,* here we use optically thick (100
nm) films to limit SPP modes to the top surface. Doing so
simplifies the analysis and clearly shows the effects of plasmon
reflections from the edges of the film. In addition, we
intentionally deposited a 20 nm thick Cr adhesion layer to
damp out SPPs on the bottom Au surface. Otherwise, the
interference between SPPs on the top and bottom Au surfaces
will complicate the interpretation of the optical microscope
im:ages.24’30

The use of 1D cavity structures enables more light to be
collected by the inverted microscope. For comparison, the light
collected from a point source of plasmons on a metal film forms
a single bright ring when imaged in the Fourier plane.”” The
radius of this bright ring corresponds to the k-vector of the
radially propagating SPPs, that is, k,,. On the other hand, due
to the periodicity of the 1D cavity, we expect to observe not
one but a series of laterally shifted bright ring patterns in k-
space instead, as schematically shown in Figure 2b with the
zeroth-order plasmon ring indicated. The amount of lateral
shift is determined by the pitch A of the 1D cavity to be in
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multiples of 27/A. The maximum k-value at the Fourier plane
is determined by the numerical aperture (NA) of the objective
lens, that is, Ikl = NA X ko > kq,,, where kg is the free-space
wavenumber given by k, = 27/4,, and 4, denotes the free-space
wavelength. Another advantage of the 1D cavity is that it acts as
a local spectrometer to provide an estimate of the peak
wavelength of the emitted light as shown in section 3 of the
Supporting Information.

The experimental results in the image and Fourier planes are
presented in Figure 2d—f, respectively, where the STM probe
was at the center of a single metal stripe as indicated by the red
dot in Figure 2d. We used a bias voltage of 2 V, a tunneling
current of 50 nA, and an integration time of 300 s for the image
plane and 120 s for the Fourier plane. The EMCCD camera
was from Princeton Instruments, ProEM* 512B Excelon 3, set
at a multiplication gain of 1000X. Similar to previous reports,”
the efficiency of electron-photon conversion is estimated to be
~107° based on the image in Figure 2d. The inset shows SPP
interference fringes due to the SPPs reflected from 1D cavity
edges. These fringes are not to be interpreted as interference
patterns of SPPs on the top surface, as that would not be visible
to the inverted microscope at the bottom. Instead, it is due to
the interference of light scattered through the gaps in the 1D
cavity, as detailed in the Supporting Information, Figure S2.
These results show that the SPPs maintain coherence as they
propagate to the edges of a single 1D cavity stripe and scatter
into photons.

The Fourier plane image in Figure 2e shows the expected
multiple plasmon rings in k-space that is not to be confused
with the real-space interference pattern of Figure 2d. To verify,
a smaller 1D cavity pitch will cause these rings to be spaced
further apart in k-space (Figure 2f). The main plasmon ring also
has a noticeably higher intensity, presumably due to the
reduced SPP intensity as it “hops” across the cavity gaps. Upon
closer inspection of Figure 2e, we notice that the edges of the
rings are brighter on the right half, indicating a preference for
right-propagating SPPs. This slight asymmetry is also observed
in the image plane in Figure 2d and is likely caused by the
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Figure 2. Optical microscope images of the sample and SPP emissions, at both the image and Fourier planes. (a) Optical micrograph of the 1D
cavity structure (pitch A of S ym) with illumination from the bottom. (b, c) Expected Fourier plane image when the STM probe is placed on a 1D
cavity structure with a pitch size of 5 and 3 um, respectively. The 1D cavity causes the central plasmon ring (dashed line) to be repeated along k, in
steps of 277/A. The numerical aperture of the oil-immersion lens is 1.30, which allows imaging beyond the central ring. (d—f) Experimentally
captured images in the image and Fourier planes due to the scattered light from STM-excited plasmons, imaged in a darkened enclosure. Interference
fringes inset demonstrates coherence of plasmon source. The STM probe was placed near the central position of a metal stripe as indicated by the

red dot in (d). The unit of intensity is “number of photons”.

shape of the probe.”” The Fourier plane image enables a
quantitative measure of the SPP directionality, which will be the
focus in the following sections.

To first develop physical intuition, we refer the reader to
analysis in the Supporting Information (i.e., Figure S3) for SPP
reflections off a single edge of a semi-infinite Au film. As shown
in Figure 3, we present numerical simulation results for
plasmon propagation from a single dipole source on a 1D cavity
structure with a pitch of 5 um and a gap of 0.3 um. Two
monitors suspended 5 nm above the Au film are introduced to
record the intensity of left- and right-propagating SPPs, as
indicated in Figure 3a. The directionality factor is defined as the
intensity ratio of SPPs arriving at the monitors from the dipole
source location after traveling for two 1D cavities. In the
analysis, the dipole is positioned closer to the right edge, as
shown in Figure 3c—e. As for the case of reflection off a single
edge, Figure 3b similarly shows a clear cyclic dependence of the
directionality factor when plotted against the dipole’s distance
from the right edge. In Figure 3c, we observe that a dipole
positioned only 100 nm from the right edge will result in SPPs
propagating with an almost symmetric profile about the source,
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that is, with SPPs propagating across two strips (and two gaps)
to the right and two strips (only one gap) to the left.
Remarkably, shifting the dipole position an extra 150 nm away
from the edge causes the plasmons to preferably propagate to
the left, crossing three strips and two gaps from the source
(Figure 3d). A further shift of 150 nm reverts the directionality
to the initial case, as seen in the similarity between Figure 3c
and Figure 3e. Therefore, an active control of SPP directionality
on Au 1D cavity can be achieved by shifting the dipole-position
with respect to the 1D cavity edge to affect the constructive
versus destructive interference of SPPs due to reflection from
the right edge. Interference due to reflected SPPs from the left
edge can be neglected as it propagates over a greater round trip
distance > 8.5 ym (e.g, x, = —0.4 ym), compared to the SPP
from the right edge. As a result, this SPP component will be too
attenuated or incoherent to interfere with the SPP at the dipole
position.

Here, we would like to emphasize that it is not surprising that
the SPP pattern would be biased toward the right given that the
dipole source is located close to the right edge of the stripe.
Hence, plasmons propagating to the left edge would have
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Figure 3. Numerical simulation of plasmons propagating on Au 1D cavity as a function of the dipole-position. (a) Schematic of the FDTD
simulations. (b) Dependence of directionality factor on the dipole-position in log scale. (c—e) Electric field intensity |E* distribution in the x—z
plane when the dipole is at different positions. The red arrow represents the position of the dipole source. Note that by shifting the dipole position
by only 150 nm from (c) to (d), we achieve a constructive interference for the left-propagating plasmons resulting in higher intensity of SPPs to the
left almost three cavity lines away, and more light scattered through the left gap to the far field as indicated by the orange arrows.
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Figure 4. Experimental results demonstrating the directional excitation of SPPs on an Au 1D cavity. (a) Fourier plane image showing isotropic
photoemission from ITO when the STM probe was parked in the gap between two cavity lines. (b) Directionality factor as a function of the probe-
position for both theory and experiment in log scale. (c) Series of Fourier plane images showing the turning on and off of SPPs propagating to the
left at different probe positions.
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experienced more attenuation than to the right. Furthermore,
there is insufficient destructive interference from reflection off
the far edge to stop plasmons from propagating to the right.
The results therefore show that it is the plasmons propagating
to the left that is being modulated by the shift in tip position.
Lastly, we would like to mention that there exists a region with
high field intensity in the glass substrate as shown in Figure 3c,
where such high field intensity was caused by the dipole’s
localized direct emission penetrating through the air gap.

Here, we present experimental results on the dependence of
SPP’s directionality on the STM probe-position as predicted
above. We first scanned the STM probe to determine the
sample topography and the exact location of the 1D-cavity
edge, set as “x, = 0 um”. In order to ensure a sufficient signal
level for all Fourier plane images, the tunneling current was set
to 50 nA. As a control, the STM probe was first placed into the
0.3 ym wide gap region to probe the weak electroluminescence
of ITO and establish the expected isotropic emission. The
corresponding Fourier plane image is shown in Figure 4a. No
plasmon ring pattern was observed as the ITO—air interface
does not support SPPs. A series of Fourier plane images were
then captured at 50 nm steps away from the edge, a sampling of
which is shown in Figure 4c. These experimentally captured
photon mappings are consistent with the simulation results in
Figure 3c—e. The directionality factor was determined by taking
the intensity ratio between the SPP propagating toward left
versus right, obtained from the intensity values in the zeroth-
order plasmon ring of the Fourier plane (details in the Methods
section). Figure 4b shows a good agreement between the
experimental results and the numerical simulations, based on
three sets of independent measurements. The cyclic depend-
ence of the SPP’s directionality on the probe-position is seen in
both experiments and simulations, validating that the SPP
directionality could indeed be tuned by varying the position of
the probe relative to a 1D cavity edge.

The close correlation between theory and experiment shows
that the far-field emissions (measured in experiment) are linked
to the near-field SPPs (determined in simulations) on the 1D
cavity lines, where the detailed theoretical analysis on this
correlation between near-field SPPs and far-field emission is
shown by the “near-to-far-field transformation” simulation in
the Supporting Information, Figure S6. In addition, there exists
a positional shift of maxima II and minima III in Figure 4b,
between the numerical simulations and experiments, where the
reason for causing such a position shift still remains unknown
and the detailed investigations on this position shift might be
interesting enough for deserving further studies in the future.
Moreover, we show only results at ~10% of the cavity (i.e., x, =
0 um to x, = —0.6 um), because the largest directionality
control occurs in this region. As we can see from the simulation
results in Figure 3, the directionality factor is expected to
approach unity when the dipole source is moved away from the
edge. Such a reduction in modulation visibility is due to the
propagation loss of the reflected SPP from cavity edge. As a
result, the reflected SPP will become too weak to interfere with
the one at the STM tip position. Partial coherence characteristic
of STM-excited plasmon, as explained later, is another
parameter to cause the reduced visibility when the STM tip
is moved away from the cavity edge. Furthermore, we observed
also that the optical intensity of the STM-excited plasmon was
not constant when the probe was scanned across different
locations of the Au film, due to the dependence on the
inelastic-tunneling efficiency to local variations due to surface
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roughness.”' However, by extracting the directionality factor we
could consistently compare data from different positions on the
1D cavity.

The directionality control was achieved due to the
interference of the SPP originating from the STM tip with its
reflection predominantly from the right edge (see Figure S3).
The demonstrated SPP directionality achieved here has an
extinction ratio of ~2.6:1. Note that, while the directionality
achievable by optical excitation is higher,”'® this work serves as
a demonstration of directional emission of SPPs from
electrically-excited dipole sources. The amount of modulation
in the directionality factor could be further improved by
optimizing the 1D cavity structure, for example, to achieve
constructive interference from one edge but destructive
interference from the other. For instance, Figure S7 shows
simulation results of a 1D cavity with a smaller pitch that
exhibits a ~4.8:1 extinction ratio. Moreover, in the FDTD
simulations, the SPP source was modeled as a monochromatic
dipole. A more comprehensive analysis can be carried out by
considering that the photoemission from the STM tip has a
broad spectrum®?” with a coherent length of ~4 um””** to
further improve the correlation between the simulated and
measured directionalities. Furthermore, the peak wavelength of
the spectrum can be estimated from the Fourier plane image
from the 1D cavity structures as explained in Section 3 of the
Supporting Information. The peak wavelength could also be
tuned by adjusting the bias voltage between tip and sample,
Figure $4.%

In summary, we investigated the directional coupling of
electrically excited plasmons from a position-tunable STM
probe on a single stripe of a 1D-cavity structure. Remarkably, as
the probe approaches the stripe edge, the SPP propagating
away from that edge can be turned “on” or “off” by adjusting
the distance of the probe to the edge, achieving constructive or
destructive interference with the reflected SPP. While we have
focused on Au 1D cavity structures in this work, we expect
similar effects to be observed in other materials and geometries
such as curved edges and nanostructured arrays for beaming
SPPs in various directions.”® The STM in this study readily
provides point sources of SPPs that allows detailed character-
ization of waveguide designs for optical interconnects aimed at
integrated plasmonic circuits.”* Combined with the local
resonances of the metallic nanostructures, and its voltage-
controlled spectral response, a wide degree of tunability can be
achieved using STM-excited plasmons for advanced character-
ization of devices.

B METHODS

Electron Beam Lithography. The periodic Au 1D cavity
sample was fabricated using electron beam lithography (EBL),
and the fabrication process is shown in Figure Sla—d in the
Supporting Information. Figure Sla presents the sample profile
before EBL. A 130 nm thick indium—tin-oxide (ITO) layer was
first deposited (ULVAC Solciet evaporation system with a base
pressure of 1 X 107° Pa) onto a glass substrate, where this ITO
layer works as a conductive layer for STM. Cr layer with a
thickness of 20 nm was then evaporated onto the ITO layer by
using electron-beam evaporator (a pressure of S X 10~° Pa and
a deposition rate of 0.5 A/s). Next, poly(methyl methacrylate)
(PMMA) resist (950k molecular weight, 3.3% wt in anisole)
was spin-coated onto glass at a spin speed of 3k revolutions-
per-minute (rpm) to give a ~180 nm thick PMMA layer. The
PMMA resist was then baked at 180 °C for 120 s to remove the
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residue stress and solvent. After that, hydrogen silsesquioxane
(HSQ) resist (6% wt in methyl isobutyl ketone) was spin-
coated onto the substrate at a speed of Sk rpm to give a ~80
nm thick HSQ layer. Next, the sample was exposed by EBL
(Elionix ELS-7000, electron acceleration voltage of 100 keV,
beam current of 150 pA, and dwell time of 1.8 us). Then, the
sample was developed by using NaOH/NaCl salty solution (1%
wt/4% wt in deionized water) for 60 s and immersed inside the
deionized water for 60 s to stop the development, followed by
RIE (reactive-ion-etching) O, plasma etching of PMMA
(Oxford Instruments Plasmalab 80 Plus, pressure of 62
mTorr, O, flow rate of 20 sccm, RF forward power of 100
W, etching time of 60 s),36 evaporation of 100 nm Au using
electron-beam evaporator (pressure of 5 X 107 Pa, and an
evaporation rate of 0.5 A/s), lift-off process (N-methyl-2-
pyrrolidone at 65 °C), Cr wet etching for 8 s (CEP-200 chrome
etchant), and ultraviolet ozone plasma cleaning of PMMA
residues on Au surface for 10 min at 150 °C.

Optical Measurements. The photoemission of STM-
excited plasmon was captured by an electron-multiplying
coupled-charge device (EMCCD, Princeton Instruments,
ProEM", 512B Excelon 3, multiplication gain 1000X) camera
at the Fourier plane (i.e., back focal plane) through an objective
lens, tube lens and Bertrand lens. A 100X oil-immersion
objective lens with a numerical aperture (NA) of 1.30 was used.
As shown in Figure S4, the optical spectrum of the STM-
excited plasmon was measured by an Andor spectrometer with
a CCD camera model of “Newton DU920P—BV”, which was
thermo-electrically cooled down to —85 °C. The grating used
in the spectrometer has 300 lines per mm. The Ptlr probe is
placed on the S ym pitch 1D cavity with a tunneling current of
50 nA, an integration time of 300 s for the spectrometer
measurement, and a bias voltage of 2.5 and 2.0 V, respectively.
The measured spectrum with the STM probe far away from the
sample surface is denoted as “retract” to show the background
level. Moreover, for the measurements of directionality factor as
shown in Figure 4b,c were determined by taking the intensity
ratio between the SPP propagating toward left versus right, in
the zeroth-order plasmon ring of the Fourier plane. The SPP
intensity data was obtained through averaging over an arc angle
of 15° with 42 pixels so as to reduce the noise (as shown by the
purple colored dash lines in Figure 4c). As reported in the
literature,®” the relative humidity level will affect the signal
intensity from the STM-excited plasmons. In our current STM
experimental setup, besides the central air condition system, we
did not have an additional humidity control, and the relative
humidity level was measured to be around 42%.

Numerical Simulations. Finite-difference time-domain
(FDTD) simulations were performed using commercial
software (Lumerical FDTD Solutions). A vertically polarized
dipole source was used to model tunneling current between the
STM probe and Au surface, where the dipole source emitting at
the free-space wavelength of 700 nm was placed only a short
distance of 1.5 nm above Au surface. To increase the
computation speed and ensure the simulation accuracy, a
nonuniform meshing scheme has been used, where the
minimum and maximum mesh sizes are chosen at 4/140 near
the gap edge region and 1/20 for the 1D cavity central region,
respectively. The dielectric constants of Au, Cr, ITO, and glass
are taken from Palik’s handbook.>® The thickness of ITO and
Cr were 130 and 20 nm, respectively, throughout the
manuscript.
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(S1) Fabrication process of the periodic Au 1D cavity using
electron beam lithography. (S2) FDTD simulation of the SPP
interference fringes when a z-polarized dipole source is placed
at the central position of an Au stripe. (S3) Numerical analysis
of the SPP “reflection” from a single edge of a semi-infinite Au
film. (S4) Spectrum measurement when the PtIr probe is on
the S um pitch 1D-cavity. (SS) Line-scan profile of the
simulated electric field intensity IEI* for Figure 3d when the
dipole source is placed at x, = —250 nm. (S6) Numerical
simulation of the far-field emission characteristic so as to
demonstrate the directionality correlation between near-field
SPPs and far-field emissions through the cavity gaps. (S7)
Numerical simulation of plasmons propagating on an Au 1D
cavity with a pitch of 1 ym as a function of the dipole position.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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