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Abstract: A new single-image acquisition technique for the determination of the dispersion
relation of the propagating modes of a plasmonic multilayer stack is introduced. This technique
is based on an electrically-driven, spectrally broad excitation source which is nanoscale in
size: the inelastic electron tunnel current between the tip of a scanning tunneling microscope
(STM) and the sample. The resulting light from the excited modes of the system is collected in
transmission using a microscope objective. The energy-momentum dispersion relation of the
excited optical modes is then determined from the angle-resolved optical spectrum of the collected
light. Experimental and theoretical results are obtained for metal-insulator-metal (MIM) stacks
consisting of a silicon oxide layer (70, 190 or 310 nm thick) between two gold films (each with a
thickness of 30 nm). The broadband characterization of hybrid plasmonic-photonic transverse
magnetic (TM) modes involved in an avoided crossing is demonstrated and the advantages of this
new technique over optical reflectivity measurements are evaluated.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Stacking dielectric and metallic layers one on top of another is an extremely versatile way to create
systems that have novel functionalities since such structures support new kinds of optical modes.
Applications of such stacks in biosensing [1], superlensing [2,3], radiative decay engineering [4],
waveguiding [5,6] and tunable light sources [7,8] have been reported. In this context, a simple
technique that can be used to obtain the dispersion relation of the optical modes of such systems
is indispensable.

In principle, the energy-momentum dispersion relation of the modes of the system that couple to
light may be retrieved from optical reflectivity measurements, e.g., using plane-wave illumination
through a prism in a Kretschmann-Raether (KR) configuration [9]. However, prism-based KR
experiments generally require sweeping the incidence angle and beam wavelength over a wide
range of values—a single-shot, broadband measurement, on the other hand, would be more
practical. This, however, is not possible in a standard prism-based KR experiment. In theory,
such a measurement may be carried out by simultaneously illuminating the sample at all angles
using a focused white light source [10]. In practice, however, tightly focusing a spectrally broad
beam of light is difficult due to the inherent abberations of high numerical-aperture lens systems
[11]. Nonetheless, such issues may be overcome through the use of a local source, in which case
both the spatial extent and the power spectrum of the excitation may be controlled.
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Various different strategies have been used to obtain a local source of light, e.g., the use of an
optical fiber or a scattering tip in a scanning nearfield optical microscope [12—16], sometimes
in combination with a plasmonic or photoluminescent nanoparticle [17-20]. Nevertheless, the
excitation spectrum of these techniques is often narrow compared to the frequency range of
interest (the visible and near infrared) for most studies of plasmonic systems. On the other hand,
the truely local and spectrally broad excitation of optical modes is possible using the high-energy
(~30 keV) electron beam of a scanning [21] or transmission [22] electron microscope. In this
case, the electron-matter interactions produce light via cathodoluminescence [23]. Among other
studies, this approach has been used to investigate the optical modes of plasmonic multilayer
stacks [7,24,25]. The main drawback of these excitation techniques is the vacuum environment
and associated cost of the necessary high energy electrons.

In contrast, inelastic electron tunneling (IET) through a nanometer-scale tunnel junction
provides a spectrally broad excitation source using low energy electrons [26,27]. Advantageously,
this approach is compatible with ambient conditions, uses low voltage and low current, and can
be implemented using a scanning tunneling microscope (STM) operating in air [28-30]. The
spatial selectivity of the electrical excitation of optical modes with an STM tip is well beyond
the diffraction limit of light [31]. On the scale of visible wavelengths, the excitation source may
indeed be considered a point-like electric dipole [32-34]. The emission of this point source
continuously ranges from the infrared to visible frequencies and the power spectrum of the
excitation source is determined by the probability of inelastic tunneling, the applied voltage and
the optical response of the tip-surface nanocavity [29,32]. When a non-plasmonic tip is used, as
is the case here where we use a tungsten tip, it has been shown that the presence of the tip does
not disturb the native modes of the sample, since no sharp tip-surface nanocavity resonances are
present [34].

Over the last decade, the combination of ambient STM with optical microscopy has been
increasingly applied to experiments in nano-optics [28—-31,33—45]. Most recently, this technique
has been used to study the propagation of surface plasmon polaritons (SPPs) in 2D plasmonic
crystals [43] and the spectral response of plasmonic lenses [44]; however, the measurement of
the dispersion relation of the optical modes in a plasmonic system using this technique has never
been reported before.

In this article, we show that an “STM-nanosource” coupled to an optical microscope may
be used to measure the dispersion relation of the propagating modes in a plasmonic multilayer
stack. The STM-nanosource results are compared to optical reflectivity measurements (acquired
using a focused laser beam) and to theoretical calculations of the energy-momentum dispersion
relations. In this way we demonstrate that only a single image is required for the broadband
characterization of the hybrid plasmonic-photonic TM modes of a metal-insulator-metal stack.

2. Methods
2.1. Experimental setup

Figure 1 shows schematically the different excitation and detection configurations used in this
study. All experiments are carried out using an inverted optical microscope (Nikon Instruments,
Eclipse Ti-U) equipped with an oil-immersion, high numerical aperture (NA= 1.49), 100x
objective lens (Nikon CFI Apochromat TIRF objective). The microscope is coupled to a cooled
CCD camera (Andor, IKON-M) and an imaging spectrometer (Horiba Jobin Yvon, IHR320
spectrometer and Synapse CCD detector). A pair of achromatic doublet lenses arranged in a
telescope configuration is used to image the back focal plane of the microscope objective on
the CCD detector. The resulting Fourier-space image reveals the angular distribution of the
collected light, which is related to the wavevectors of the excited propagating waves in the sample.
Using a removable mirror, the Fourier-space image may be projected onto the entrance slit of the
imaging spectrometer. Thus, an image with angular (or wavevector) coordinates along one axis
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and wavelength (or energy) coordinates along another is measured. From such a measurement,
the energy-momentum dispersion of the excited modes may be retrieved.
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Fig. 1. Schematics of the experimental setup. (a) Optical excitation and (b) electrical
excitation.

The configuration shown in Fig. 1(b) is used for the electrical excitation of the sample with
tunnel electrons. A commercial STM head (JPK Nanowizard III) is mounted on the inverted
optical microscope, so that the sample is between the objective lens and the STM tip [44].
The inelastic electron tunnel current from the tip to the surface excites both the plasmonic and
photonic modes in the sample. These modes then propagate away from the tip [28,30]. On a
planar metallic surface, this excitation may be considered equivalent to an oscillating electric
dipole located in the tip-surface gap and oriented orthogonally to the metallic surface [29,32].
The electrically excited waves that propagate along the surface may be detected when they leak
in the substrate at angles within the acceptance cone of the microscope objective [12,46].

The configuration shown in Fig. 1(a) is designed for the optical excitation of the sample, i.e.,
with a laser. The microscope objective is used both to focus the beam of a continuous-wave
He-Ne laser (19 = 632.8 nm) onto the substrate-sample interface and also to collect the reflected
light. The laser beam is expanded using a telescope configuration to completely fill the rear pupil
of the microscope objective. Thus, the reflectivity of the substrate-sample interface is measured
at all incident angles within the acceptance cone of the objective in a single Fourier-space image.
Moreover, since the initial beam is linearly polarized, the focused incident light is s-polarized in
one plane and p-polarized in a perpendicular plane. In this way, the reflectivity for both s- and
p-polarized incidence are measured simultaneously [47].

2.2. Sample fabrication

The samples are metal-insulator-metal (MIM) stacks consisting of a silicon oxide layer between
two gold films. This specific geometry is an excellent prototype for the demonstration of our
technique. The number and dispersion relations of the optical modes in such MIM systems may
be controlled by varying a single parameter, the thickness of the insulating layer between the two
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metallic films. Moreover, a plasmonic MIM with a very similar structure was recently proposed
as a novel type of SPR sensor with enhanced detection sensitivity [1].

The MIM stacks are deposited on standard glass microscope coverslips. The two 30-nm-thick
gold films are obtained by e-beam evaporation in vacuum. A 2-nm-thick titanium layer is first
deposited on the glass in order to improve adhesion of the gold to the substrate. No additional
adhesion layers are used at the gold-silicon oxide interfaces in order to avoid supplementary optical
losses. The silicon oxide layer is grown by RF sputtering deposition in a mixed argon/oxygen
atmosphere (67%/12%). Samples with silicon oxide thicknesses of 70 nm, 190 nm and 310 nm
are studied. The thickness and permittivity of each layer in the stack is measured by ellipsometry.
The gold layer thickness of 30 nm was chosen in order to optimize the transmitted flux from the
modes of the MIM system, as based on preliminary calculations.

2.3. Theoretical calculations

The theoretical calculations are carried out using an analytical model, the details of which are
provided in the Appendices. Briefly, the electrical excitation of the existing optical modes
through inelastic electron tunneling between the tip and the sample is modeled using a point-like
oscillating electric dipole located in the tip-sample gap. The oscillating dipole is orthogonal to the
sample surface (see Appendix A) restricting the light emission to the p polarization. Figure 2(a)
shows a schematic of the modeled system. The spherical-wave emission from the vertical dipole
is expressed in terms of a continuous sum of plane waves using the Sommerfeld expansion (see
Refs. [48-50]). Then, the Poynting vector or energy flux per unit time and per unit area of
the emitted light through the multilayer stack is expressed in terms of the Fresnel transmission
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Fig. 2. Electrical excitation of a MIM stack: theory and experiment. (a) Schematic of the
modeled system (not to scale). A vertical oscillating electric dipole is located at a distance
h = 1 nm above a MIM stack. The stack consists of a silicon oxide layer of thickness
dsio, sandwiched between two 30 nm-thick gold layers on a glass substrate. A 2-nm-thick
titanium layer is used to increase the adhesion of the gold to the glass. [(b),(c)] Experimental
Fourier-space images measured upon STM excitation of an Au-SiO,-Au MIM system with
dsio, = 310 nm (acquisition time 300 s, sample bias 2.8 V, setpoint current 1 nA). In (c),
a polarizer is set in front of the CCD camera with its transmission axis along Kx. The
corresponding theoretical Fourier-space images for parts (b) and (c) are shown in parts (d)
and (e) respectively. In the simulations, the spectrally broad excitation has a flat power
spectrum ranging in wavelength from 1y = 400 to 1000 nm.
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coefficients of the entire stack, which are calculated using Abeles transfer matrix algorithm
in Bethune’s implementation [51] (see Appendix B). The dispersion graphs are calculated by
representing the intensity of the transmitted flux of the electromagnetic wave on a grid of the real
in-plane wavevector k,/ko and of the energy hw. Finally, the nature of the excited optical modes
is inferred from the electric field profile along the direction orthogonal to the stacks. This last
result is obtained using Bethune’s transfer matrix algorithm (see Appendix C).

3. Results
3.1. Electrical excitation

In a system such as a MIM stack, the different optical modes that exist are expected to have
a specific energy-wavevector relation, i.e., a mode of a certain energy will have a particular
wavevector. Since the optical Fourier space corresponds to “k-vector” or “wavevector” space,
a Fourier-space image of the emission from the excited modes will give information on their
wavevector distribution. Figure 2(b) shows an experimental Fourier-space image recorded
upon STM excitation of an Au-SiO,-Au MIM stack with oxide thickness dsip, = 310 nm.
“Configuration 1” of the experimental setup introduced in Fig. 1(b) is used. The detected light
is not spectrally filtered, i.e., the signal is integrated over the broad power spectrum of the
excitation source, weighted by the detection efficiency of the instrument. Due to the symmetry of
the excitation and of the system, the resulting image is seen to be independent of direction in
the k,/ky-plane, indicating that the STM locally excites out-going circular waves in the MIM
stack which propagate isotropically away from the tunnel junction. In Fig. 2(c), a polarizer
is set in front of the CCD camera with its transmission axis parallel to the x-axis. The total
extinction of the transmitted light along the ky-axis demonstrates that the emitted light is purely
p-polarized (i.e., TM or radially polarized). Simulations of the corresponding Fourier-space
images, calculated using the model described in Sec. 2.3, are shown in Figs. 2(d) and 2(e),
respectively. In both the experimental and calculated images, a sharp ring of radius k,/ko = 1.03
and a comparatively fainter and broader ring that extends from k,/ko = 1 to the collection
limit of the microscope objective (i.e., k,/ko = 1.49), are seen. Such rings are the result of the
excitation of the optical modes of the MIM stack. These modes may be plasmonic or photonic,
or a hybridization of the two. A step towards identifying the nature of the excited modes is to
determine the energy-wavevector (or energy-momentum dispersion) relations. While this could
be carried out by repeating the above “configuration 1” experiment with different filters in front
of the detector, a more efficient one-shot measurement is performed using “configuration 2" of
the set-up presented in Fig. 1(b).

3.2.  Energy-momentum dispersion relation

Figures 3(a)-3(c) show the experimental dispersion relations obtained from angle-resolved optical
spectra measured upon STM excitation of the different MIM stacks with oxide thicknesses of
dsio, = 70, 190 and 310 nm acquired using “configuration 2" of Fig. 1(b). To obtain this data, the
Fourier-space image is projected onto the entrance slit of the imaging spectrometer using lenses,
so that the ky-axis is parallel to the slit and the origin of Fourier space, i.e., (ky, ky) = (0,0), is in
the center of the slit. Thus, the slit selects a narrow band of light along the Kky-axis, i.e., a narrow
ky-range around k, = 0. This light is then dispersed in energy by the diffraction grating of the
spectrometer. In this way, the energy-momentum dispersion relations of the excited waves along
ky is recorded in a single image on the CCD camera of the spectrometer. Since the MIM stacks
are isotropic in the plane of the layers, the dispersion along ky contains all the information about
the energy-momentum dispersion relations of the propagating modes that couple to light (for
the investigated spectral range). Obtaining the dispersion relation from a single image is only
possible since the excitation source is spectrally broad and isotropic in the xy-plane.
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Fig. 3. Dispersion relations of the propagating modes in three MIM stacks as obtained
by electrical excitation. [(a)—(c)] Experimental dispersion relations measured upon STM
excitation of Au-SiO,-Au MIM stacks with SiO; layer thicknesses of (a) 70 nm, (b) 190 nm
and (c) 310 nm (acquisition time 300 s, sample bias 2.8 V, setpoint current 1 nA). The white
dashed lines are freehand curves added to guide the eye along the maxima of the intensity
plot. [(d)—(f)] Theoretical dispersion calculations of the transmitted photon flux for the same
MIM stacks as in the experiment. On the horizontal axis, kp/kg = ngjass sin 6 where ky is
the in-plane wavevector component, kg equals w/c, ngqq is the refractive index of glass and
0 is the detection angle in glass. The experimental data in wavelength has been converted to
energy using a Jacobian transformation [52,53].

In Fig. 3(a) (MIM stack with dsio, = 70 nm), a single optical band is observed in the angle-
resolved spectrum. Such a curve is reminiscent of the dispersion curve for SPPs propagating
on an air-gold interface of a single gold film on glass. Note that any mode that might exist but
whose effective index (k,/ko, where k,, is the in-plane wavevector component and ko equals w/c)
is greater than the refractive index of the glass substrate will not be detected.

When the silicon dioxide layer thickness is increased [dsio, = 190 and 310 nm, in Figs. 3(b)
and 3(c)], two branches in the dispersion curve are observed. The energy at which this splitting
occurs is 1.96 eV for dsio, = 190 nm and 1.40 eV for dsio, = 310 nm. More importantly, the
evolution of each branch (or mode) as a function of effective index is seen to be very different:
in one case the curve is practically vertical on the graph, corresponding to a mode with little
dispersion (i.e., weak energy dependence of the mode effective index on energy), while in the
other, the dispersion is significant (the dependence of the mode effective index on energy may
not be ignored). Such dispersion relations are typical of SPP and waveguided (WG) photonic
modes, respectively.

Though difficult to see in the experimental images, a minimum in the mode density between
the two observed branches in Figs. 3(b) and 3(c) would suggest that the two observed modes
are approaching a strong coupling regime, giving rise to an avoided crossing of the dispersion
curves and a shift in energy (or Rabi splitting) of the modes at resonance [54]. This is more
clearly visible in the simulations (obtained using the model of Sec. 2.3), as seen in Fig. 3(e)
and 3(f). Indeed, in the simulations, which exhibit good qualitative agreement with experiment,
the drop in mode density (energy gap opening) and the associated avoided crossing of the SPP
and WG photonic bands are evident. A Rabi splitting energy of about 0.50 eV is estimated
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from the calculated image of Fig. 3(e). In the experimental data [Fig. 3(b)], a lower value of
the Rabi splitting is estimated (about 0.33 eV), and the optical bands are comparatively broader,
presumably due to losses from surface roughness and inexact values for the permittivity of gold
and titanium.

3.3. Mode analysis

In order to determine the nature of the excited modes, the electric field in the different layers of
the sample may be calculated [4,55-58]. This is carried out theoretically by illuminating the
structure with a plane wave from the glass substrate (see Appendix C for details). Figure 4 shows
the z-dependence of the electric field modulus as a function of energy for different values of the
in-plane wavevector component &, /ko.

At a value of k,/ko just below that of an SPP-mode on an air/gold interface [see Fig. 4(a)
and (b)], a single mode is present. The presence of significant electric field in both the air and
SiO, layers demonstrates that the mode is a hybridized SPP/photonic waveguide mode. With the
particularly strong electric field in air, especially for the stack with the thicker SiO; layer [part
(b)], we can conclude that this mode is of dominantly SPP character.

For a value of k, /kq just above that of an SPP-mode on an air/gold interface [see Fig. 4(c) and
(d)], two modes are found. These modes are of the same character as previously. As k,/k is
increased further, however, [see Fig. 4(e) and (f)], the field in the SiO, layer increases relative to
that in air. In other words, as would be expected, as k,, /ko becomes significantly larger than that
of an SPP-mode on an air/gold interface, the waveguide character of the hybrid mode increases.
Indeed, the photonic waveguide mode dominates for the highest values of k,, /ko shown in Fig. 4(g)
and Fig. 4(h).

3.4. Optical versus electrical excitation

Figures 5(a) and 5(d) show experimental Fourier-space images obtained while illuminating the
sample from below with a focused laser beam (19 = 632.8 nm) using the experimental set-up of
Fig. 1(a). The incident electric field is linearly polarized along the x-axis as shown by the double
arrow on the top righthand corner of the image. For a MIM sample in this configuration, the
incident light is only weakly transmitted and is instead mainly reflected, except for the case where
the incident angle and polarization permit the excitation of the optical modes in the sample. This
excitation of the optical modes produces dark areas in Fourier-space images acquired in reflection
such as those in Figs. 5(a) and 5(d). Here, the MIM stacks with dsio, = 190 and 310 nm are
investigated. Experimental Fourier-space images recorded upon STM excitation of the same two
MIM stacks are shown in Figs. 5(b) and 5(e). The same experimental configuration as in Fig. 2(b)
is used; however, in order to compare the optical and electrical excitation of the MIM stacks
using similar spectral ranges, a bandpass filter transmitting light at 625 nm with a bandwidth of
26 nm is set in front of the CCD camera. Note that the STM-nanosource Fourier-space images
are displayed using a reversed intensity scale (i.e., the darker the color, the more intense the
emitted light), so that the optical modes stand out against a bright background in all cases.

Two main differences may be easily observed when the Fourier-space images obtained under
optical and electrical excitation are compared (Fig. 5). The first is the fact that while complete
rings are observed in the STM-excitation images, only partial arcs are present in the case where
the sample is illuminated by a focused laser beam. The second is that while the same rings or
arcs appear in the Kx-axis direction for both types of excitation (labels 1 and 2), the rings or arcs
in the ky-axis direction do not correspond (i.e., they are located at different values of k,, see
arcs with the label 3). This analysis is confirmed by the intensity cross-sections of Figs. 5(c)
and 5(f). These results may be understood by recalling that since the incident laser beam is
linearly polarized, the incident illumination is s-polarized in one plane and p-polarized in the
other when it is focused on the sample surface. As shown in Fig. 2(c), the STM-nanosource
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Fig. 4. Theoretical calculations of the modulus of the electric field in MIM stacks as a
function of z (spatial coordinate in the direction perpendicular to the stack layers) and energy,
for different values of the in-plane wavevector k /kg. SiO layer thicknesses of 190 nm and
310 nm are considered (see left and right columns respectively). The k,, /kq values used are
(a)—(b) 1.01, (c)—(d) 1.05, (e)—(f) 1.11 and (g)—(h) 1.30.

excites p-polarized or transverse magnetic (TM) modes. This is confirmed when taking into
account that the experimental laser polarization is such that the incident light is p-polarized in the
x direction — indeed, along Ky, the optical and electrical excitation results are equivalent. In the
ky-axis direction, the incident illumination is s-polarized: we may thus conclude that the modes
present in the optically excited image along the ky-axis are s-polarized or transverse electric (TE)
modes. Note that these TE modes may not be excited by the STM-nanosource, which may be
considered as a vertical oscillating electric dipole.
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Fig. 5. Comparison of optical and electrical excitation. The experimental data is measured
on the Au-SiO;-Au MIM stacks with (a)—(c) dsjo, = 190 nm and (d)—(f) dsjo, = 310
nm. Parts (a) and (d): Fourier-space images acquired in reflection when the sample is
back-illuminated with a focused laser beam emitting at 1y = 632.8 nm. Parts (b) and (e):
Fourier-space images acquired using STM excitation of the sample; a bandpass filter centered
at g = 625 nm with a bandwidth of 26 nm is placed before the detector (acquisition time 300
s, sample bias 2.8 V, setpoint current 1 nA). [(c) and ()] Intensity profiles taken along the
kx-axis (dashed lines) in the Fourier-space images shown in (a), (b), (d) and (e), respectively.
In (a) and (d), a spinning diffuser is placed in front of the laser source to reduce the speckle
of the laser beam in the recorded reflection images.

For the MIM stack with dsio, = 190 nm, the signature of the detected TE mode lies within
the subcritical angular range. Thus the incident light is transmitted through the MIM stack and
propagates away in the air above the sample. The drop in reflectance may thus be understood as a
transmission resonance of the MIM stack (such as in a Fabry-Perot resonator) and the radial width
of the dark arcs in Fourier space is determined by the reflection coefficients at the gold-silicon
oxide interfaces. For the MIM stack with dsio, = 310 nm, however, the reflectance dip of the TE
mode occurs at a supercritical angle and its radial width is comparatively narrow. This excited
TE mode must be an optical waveguide mode that propagates in the plane of the MIM stack.

Note that in general, the detection of emitted light over a dark background generally results in
more sensitive measurements than the detection of the absorption of light (i.e., the inverse contrast)
in a bright field. This is because of the difficulty of illuminating the sample with a spatially
and spectrally homogeneous optical field. As seen in Figs. 5(a) and 5(d), the inhomogeneous
illumination pattern (despite the use of a spinning diffuser in front of the laser source) complicates
the distinction between artifactual and real features and the quantitative measurement of the
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reflectivity variations; in comparison, the baseline of the electrically excited light is flat. Thus,
with electrical excitation, even comparatively faint features occurring at high angles close to the
maximum acceptance angle of the microscope objective (i.e., where the objective’s transmission
drops) may be detected. For instance, the peak/dip at k, /ko = 1.45 (the objective’s NA is 1.49)
in Fig. 5(f) is identified with difficulty in the reflected light data, whereas it clearly distinguishes
itself from the background in the STM-induced light data [see the arrow numbered 2 in Fig. 5(e)].
In addition, recent theoretical work [59—62] has shown that reflectivity measurements in the
Kretschmann configuration may be less accurate for the determination of the dispersion relations
of the propagating modes in plasmonic stacks than techniques based on the leakage radiation of
the excited modes such as the STM-technique described above.

Nonetheless, the STM-based technique used in this study also has several drawbacks as
compared to far-field and near-field optical techniques. On a flat horizontal surface, the excitation
source resulting from the inelastic tunnel current flowing between the tip and the surface invariably
behaves like a vertical oscillating electric dipole. As a result, only TM optical modes of the
sample may be excited (i.e., TE modes may not be detected). It may, however, be possible to
overcome this difficulty via the functionalization of the tip with a plasmonic nanoparticle in such
a way that a tilted electric dipole may be generated [31,34]. Such an excitation could then couple
to both TE and TM modes. In addition, the flux of emitted photons is fundamentally limited by
the electronic current passing through the junction in the tunneling regime (in the nA range) and
the electron-to-optical mode conversion efficiency (theoretically in the 107 — 10~* range [32]).
On average, this yields photon fluxes at the detector in the range of 103 to 10°s~!. Therefore,
exposure times of several minutes are often necessary to record typical values of 100 — 1000
counts per pixel of the CCD camera. Here also, a solution may be found in the use of a specific
tip design, e.g., a plasmonic tip engineered in a way so as to increase the local density of modes
inside the tip-sample gap [63].

4. Conclusion

To conclude, the inelastic electron tunnel current from the tip of an STM provides an extremely
local and spectrally broad excitation source which may be used to probe the density of optical
modes in a plasmonic multilayer stack, e.g., a metal-insulator-metal or MIM sample. The energy-
momentum dispersion relations of the propagating modes is determined from the angle-resolved
optical spectrum in transmission. This transmitted flux is measured using an optical microscope
and an imaging spectrometer coupled to the STM head. Thus, the hybrid plasmonic-photonic
TM modes of a sample may be characterized from a single image. This approach may naturally
be extended to the measurement of the optical band structure in systems exhibiting spatial
periodicity in the lateral direction, i.e., plasmonic and photonic crystals and metasurfaces.

The STM-based technique introduced here has several advantages over existing far-field and
near-field optical characterization methods. Its true deep-subwavelength spatial selectivity and
its ability to provide STM topography images with nanoscale spatial resolution are strong assets
for the study of nanostructured or surface-functionalized systems. In principle our technique
is fully compatible with STM at the liquid-solid interface, where submolecular resolution may
be attained even at room temperature (see, for example [64]). In addition, our excitation source
has a broader power spectrum than most optical probes based on a quantum nanoemitter (e.g., a
semiconductor nanocrystal or an NV center in a nanodiamond), without resorting to the use of a
tunable or supercontinuum laser source as in, for example, previous aperture near-field optical
microscopy studies [65,66]. In principle, the spectral distribution of the excitation source is only
limited in energy by the applied bias voltage [26], which makes it well suited for studies in the
near infrared [67]. Moreover, the well-controlled electric dipole orientation (orthogonal to the
sample plane) of the STM excitation is best suited to the excitation of TM modes, e.g. surface
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plasmon polaritons, and provides a source of circular surface waves, isotropically propagating
away from the excitation point [28].

The main drawbacks of the electrical excitation of optical modes using the STM are the
weakness of the resulting optical signal and the difficulty of detecting TE and nonradiative modes.
Nonetheless, these issues could be overcome by implementing various strategies, e.g., based on
the engineering of the tip.

Finally, we anticipate that the STM-based technique introduced in this article may be applied to
a number of different fields, including, among many others, the characterization of optical modes
in nanoresonators, stacked nanoantennas [68], and multilayer stacks incorporating semiconductors
[69]. Combining our technique with polarimetry would lead to the characterization of the optical
response of chiral nano and microstructures [70]. Beyond optical mode characterization, our
technique may be used as an interferometric tool to determine the phase in the optical response
of nanostructures, as introduced in [42]. It is also a valuable tool for the testing and design of
integrated plasmonic microstructures in view of their integration in optoelectronic microdevices,
as proposed in [44]. Finally, a recent report of time-correlated photon pair generation from the
tunnel junction of an STM [71] suggests that future experiments in the field of quantum optics
are also possible with this technique.

A. Dipole model

As shown in Fig. 2(a), we consider a point-like vertical oscillating electric dipole located at a
distance i above the air-metal interface of an Au-SiO;-Au MIM stack on a glass substrate. A
detailed derivation can be found in Refs. [29,50,72]. The oscillating dipole emits a spherical
wave. To take advantage of the Fresnel formalism at the interface [48—50], we use the Sommerfeld
expansion of a spherical wave in terms of plane waves. In cylindrical coordinates (p, ¢, z), the
Sommerfeld expansion reads

exp(i k() R()) _

o k
i [ bl ) explik - ) (1)
Ro 0 k;

1/2

where Ry = [p + (z — h)]"/=, and Jy is the zero-order Bessel function of the first kind. ko = %, k,

is the in-plane component of the wavevector, and k, = /k% — kf, is its out-of-plane component.
Excitation by a vertical dipole restricts the light polarization to p and the following discussion
concerns this polarization only. In the time harmonic approximation (exp(—iwt) convention) the
energy flux per unit area through the thin film stack in the z direction, where the last medium is

the glass, is given by the Poynting vector (see, e.g., [50])
Si (kp, 2, w) = Eglassp H;luss¢' (2)

glass

The electromagnetic fields are given by

K2 K. olass En
P zglass Eair .
Eglassp(k , 7)) = 4780 fair Koair gg(ll;ss Jo(kp 0) t(p)(é) eXP{l [kzairh — kzglass(z +0)]} (3)
kZ
* ('L) 12 .
Hglass(/)(k ,2) = _E X p' Jo(kp p) t(p)(‘s) exp{i [kzairh — kzglass(z +0)]} 4)
zair

where ko = w/c and &g, &4y and &g445 are the vacuum and relative permittivities. k, is the
in-plane wavevector and k; gj4ss (K;4ir) is the out-of-plane wavevector component in the glass (in
the air). 1?) is the Fresnel transmission coefficient of the entire stack (see Appendix B) and ¢ is
the MIM stack thickness.
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The emission in the substrate may be split into two parts, often referred to as the allowed
(Sq) and forbidden (Syr) light [50], which correspond to the propagating and evanescent electric
field contributions of the dipole to the light emitted in the substrate, respectively. Thus, when
ky € [0, ko ngir] the Poynting vector in the substrate reads

2 1%
kO kzglass k/Z) |t§[;,1(k s Z)|2} 5)

Sq(k,,z,w) =Re
g { whop |kl

®)

The stack has m layers and the total Fresnel transmission coefficient is 7}

air-Au-SiO,-Au-Ti-glass. When k, € [ko nair, ko Ngiass] One has

corresponding to

2 7%
kO kzglasx k/Z) |tn(l1)£(k s Z)|2

w (o i |kzair|2

S¢(kp,z,w) = Re { exp(=2k.,, h)} ) 6)

In Eq. 6, the total Fresnel transmission coefficient t(rﬁ corresponds to a glass-Ti-Au-SiO,-Au-air
stack and &/ is the imaginary part of k.4;;. The Poynting vector S(k,, z, w) depends on the
spatial coordinate z perpendicular to the interface and the derived expression is valid in the far
field. One obtains the dispersion graphs of the main text by calculating the transmitted flux on a

grid of real in-plane wave vector k,/ko and energy hw.

B. Fresnel coefficients

The Fresnel transmission coeflicient /7) of the multilayer stack is calculated using the transfer
matrix T(w) algorithm of Abeles-Bethune [51]

T(w) = Myn-1y®m-1 - oo ... Dy M>;. (7

where 1 and m are the first and final semi-infinite layers of the stack. My and ®; are the transfer
matrices at the jk interfaces and the plane wave propagation in medium j, respectively:

11
My = — ! ®)
Lk e 1

where the Fresnel reflection rj and transmission #; coeflicients at a particular interface jk are
given in the Appendix of [51], and
0
O ©)
0 ¢
where ¢; = exp(ikoN;d;), with N; = n; cos §; the effective refractive index, d; the j™-layer
thickness and ¢; the complex conjugate. Using the transfer matrix T of Eq. 7, the electric field in
the final layer m reads
E;; T] 1 T]2 1

E;z To1 T \r

where r is the total Fresnel reflection coefficient including the reflections at all interfaces and E;,
and E;, are the incident and reflected electric fields. In the final layer, the reflected field E;, is



Research Article Vol. 27, No. 23/11 November 2019/ Optics Express 33023 |

Optics EXPRESS i NN

absent and one has

E;=0:T21+T221’. (11)
From this equation one extracts the reflection amplitude r
E; T
P S —— L (12)
E} T>

The transmission coefficient is defined as a ratio of the final E,, over the initial E| amplitude.
Since the amplitude E1+ = 1, one obtains

T, T2
=T11+rT12=T11——.

.
t=—=2
Ef T»

(13)

C. Mode analysis

A calculation of the electric field profile E(z) may be used to identify the nature of a mode in a
thin film stack having m interfaces [55,73,74]. To do this, plane wave illumination of the structure
from the glass substrate is considered. Thus, using Eq. 6 and the transfer matrix algorithm, one
obtains

+ 1
Ei(z) = =[ [Eo
El’ r
el (z=21) 0
Ex(z) = , - My - Ei(z1) z € [z1,22]
0 o~ ko (z-21)
14
ei kj: (Z_Zj—l) O ( )
Ei(z) = o My D Eja(z-) z € [zj-1,7]
0 e~ tkiz (z=z-1)
eikmz (Zfzm—l) O
En(z) = . : Mm(m—l) @y Ep1(@m-1) 2 € [2m-1,2m]
0 e ikmz (2=2Zm-1)

where r is the total Fresnel reflection coefficient including all reflections given in Eq. 12. M
is the interface transfer matrix and ®@; is the propagation matrix in the j™ layer as given in Eqs.
8 and 9 above. E;(z) is a column vector representing the electric field in the layer j with the
components Ej.*(z) and E-(z). The incident E7(z) and reflected Ej’(z) components are added
together to produce the graphs of the electric field as a function of z in Fig. 4.
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