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Abstract: The interaction of a focused beam with a metasurface supporting dark modes is
investigated. We show computationally and experimentally that the excitation of dark modes
is accompanied by characteristic changes in the reflected Fourier spectrum. This spatial
frequency filtering capability indicates an avenue for the all-optical, on-chip detection of
phase gradients for biological and other imaging techniques.
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1. Introduction

Subradiant or ‘dark’ modes of nanophotonic elements have attracted considerable interest as a
result of their long radiative lifetime and associated narrow spectral features [1-9]. These
modes possess zero net dipole moment and have symmetries precluding their coupling to a
normal plane wave. Examples include the Transverse Electromagnetic (TEM) mode of
coaxial cavities [10,11], magnetic dipole modes of split ring resonators [12], and modes of
ensembles of nanoparticles exhibiting a radial symmetry [1,2,13]. Their spectral properties
can be observed through excitation with off-normal incidence plane waves [8], or vector
beams [2,4,13]. Applications of metasurfaces [14,15], consisting of arrangements of
nanophotonic resonators on a two-dimensional surface have also progressed with recent
demonstrations of their performance as compact lenses [16—18], holograms [19,20], and
waveplates [21-24].

Although most research has focused on the utilization of bright modes, the angular
sensitivity of the excitation of subradiant modes implies spatial frequency filtering
capabilities. This suggests their potential use as ultra-compact alternatives to analogue optical
information processing techniques with applications in biological imaging and high precision
thickness measurements. Recent publications in this realm have demonstrated advances
towards ultra-compact solutions for phase sensing [25], and image processing [26,27], based
on plasmonic effects. These theoretically and/or experimentally demonstrate the application
of spatial frequency filtering to performing mathematical operations including edge
enhancement and the visualization of phase objects.

Here we report on illumination of metasurfaces through high numerical aperture (NA)
microscope objectives. The angular spectrum components of the incident field corresponding
to off-normal illumination with appropriate polarization can excite subradiant modes of the
unit cells, which, here, consist of a radial trimer of silver nanorods. It has previously been
shown [2] that as the separation between the rods decreases, the dipole resonance associated
with uncoupled particles splits/hybridizes and the dipole mode of the ensemble is red-shifted
while the dark mode is blue shifted. This increases the spectral separation between these
resonances facilitating identification of each mode. The excitation of dark modes in isolated
rod trimer structures and the role played by asymmetries in the geometry has been
investigated experimentally [2]. Rather than considering isolated resonators, here we consider

#335803 https://doi.org/10.1364/OSAC.1.000727
Journal © 2018 Received 26 Jun 2018; revised 11 Sep 2018; accepted 20 Sep 2018; published 11 Oct 2018


https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/OSAC.1.000727&domain=pdf&date_stamp=2018-10-11

Research Article Vol. 1, No. 2| 15 Oct 2018 | OSA CONTINUUM 728

OSA CONTINUUM

a metasurface consisting of an array of trimer structures (Fig. 1) illuminated through a
microscope objective thus taking into account effects due to diffraction and inter cell coupling
not present in isolated structures. This provides a broad spectrum of incident spatial
frequencies and we show that features in the reflectance spectra, identifiable with dark modes,
are apparent and that when the metasurfaces are illuminated with a narrow band of
wavelengths associated with subradiant mode excitation, the resulting Fourier plane images
exhibit a complex angular-spectrum distribution.

2. Results and discussion

The specific metasurface under consideration here is a uniform, two-dimensional square array
where the unit cell consists of three, nominally identical, silver nanorods arranged in a
symmetric trimer. The period of the array is denoted d, the lengths of the rods are taken to be
£, their widths w and height h. The distance between the center of each rod and the centroid
of the arrangement is taken to be s. A schematic is shown in the inset in Fig. 1.
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Fig. 1. Array of radial trimers. Scanning electron microscope (SEM) image of the device under
investigation with the inset defining parameters used. Scale bar is 1 pm.

To fabricate the metasurface, structure patterns were written into a bilayer of polymethyl
methacrylate (PMMA: 80 nm A2 on top of 200 nm LMA EL6, baked at 180°C for 3min after
each deposition) resist spun onto a microscope glass slide, using electron beam lithography
(Vistec EBPG 5000) and the sample developed in a 3:1 mixture of isopropanol: methyl
isobutyl. A 40 nm thick film of silver was deposited using physical vapor deposition on a 2
nm adhesion layer of germanium. Lift-off was performed in acetone. The sample was then
immediately encapsulated under a 1 um-thick PMMA layer so that the resulting metallic
nanostructures were embedded in a nearly homogeneous environment for the silver structures
to be protected from degradation resulting from exposure to air. A representative SEM image
of the fabricated structure is shown in Fig. 1. Analysis of SEM images of this structure
indicates that the length of the rods is 104 + 7 nm, their width is 61 + 4 nm and the distance
between the center of each rod and the centroid of the configuration is 75 + 5 nm. The
periodicity is 304 + 9 nm.

Figure 2 shows a plot of the reflectance as a function of incident free-space wavelength A4
from this array calculated using the Finite Element Method (FEM) as implemented in
COMSOL Multiphysics 5.3 with RF module. The optical constants of silver were taken from
reference [30]. The dimensions used in the simulation were those obtained from the SEM
given above. The array is assumed to be embedded in a homogeneous environment of
refractive index 1.5. Periodic boundary conditions were used on the transverse boundaries and
ports on the excitation and exit surfaces. The reflectance normalized to the incident power is
obtained from the S-parameter S11 and plotted in Fig. 2 for different polarizations and angles
of incidence. Figure 2(a) and 2(b) show the reflectance for a normally incident, linearly



Research Article Vol. 1, No. 2| 15 Oct 2018 | OSA CONTINUUM 729

OSA CONTINUUM

polarized plane wave when the incident polarization is in the x- (a) and y- (b) directions. A
strong dipole resonance near 710 nm (for x-polarization) and 740 nm (for y-polarization), as
evidenced by the insets showing the surface charge density at the indicated wavelengths, is
apparent. The polarization sensitivity arises from differences in coupling between the unit
cells in both x- and y-directions.
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Fig. 2. Calculated normalized reflectance from the metasurface when illuminated with a
linearly polarized plane wave. Normal incidence (a, b) for x- (a) and y- (b) polarized and for s-
(c, d) and p- (e, f) polarization at 12.5° angle of incidence with the transverse component of the
transverse component of the incident wavevector along the x- (c, e) and y- (d, f) directions.

Figure 2(c) and 2(d) show how the spectrum of light reflected from the arrays of trimers is
modified when the light is incident at an angle of 12.5°, for cases of s- (TE) polarisation with
the transverse component of the electric field aligned in the x- (¢) and y- (d) axes of the
arrays. In both cases new resonances near 580 nm appear. These resonances were not present
under normal incidence indicating their zero net dipolar moment. The surface charge densities
on the metallic particles support this identification indicating that these are the result of the
excitation of a mode with azimuthal symmetry and near-zero net electric dipole moment — a
dark mode. Figures 2(e) and 2(f) show the equivalent results for incident p-(TM) polarized
illumination. In this case a different dark mode with a radial syrametry appears near a
wavelength of 600 nm for incident illumination parallel to the x-z plane. This mode is only
weakly excited for illumination in the y-z plane at a longer wavelength of approximately 610
nm. It is apparent from Fig. 1 that the gap between the elements of different unit cells is less
along the y-direction than the x-direction. The illumination producing Fig. 2(f) is polarized
along the y-direction and coupling between unit cells could be expected to be relatively strong
producing suppression of the dark mode in this case due to the proximity of the nanorods and
the symmetry of the charge distribution for this mode.

Given the sensitivity to angle of incidence and polarization at wavelengths associated with
dark mode excitation apparent in Fig. 2, we expect characteristic structures to appear in a
Fourier plane image at these wavelengths. In particular, the excitation of a dark mode should
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have a Fourier plane image with low spatial frequencies suppressed, whereas bright mode
excitation would have a more uniform Fourier image.

In Fig. 3 we show calculated Fourier-plane images of the light reflected from the trimer
array for (a,b) 580 nm, (c,d) 600 nm and (e,f) 740 nm for s (a,c,e) and p (b,d,f) polarization.
The suppressed reflectance of low spatial frequencies (located in the center of each image) at
580 nm and 600 nm is a result of the excitation of dark modes that do not couple to normally

incident plane waves.
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Fig. 3. Computed reflectivities of the metasurface for (a,c,e) s-, and (b,d,f) p-polarized incident
illumination at wavelengths of 580 nm (a, b), 600 nm (c, d) and 740 nm (e, f).

At 600 nm, we see the excitation of a mode where the dipole moments excited on the
nanorods are radially oriented. This mode, however, is suppressed for an incident wavevector
along the y-z-direction. In the case of s-polarization, however, the dark magnetic mode
excitation at 580 nm is independent of the direction of the incident wavevector. At 740 nm,
on the other hand, there is strong reflectance at normal incidence. The complex spatial-
frequency dependence is associated with the fact that the trimers are in an array with
significant coupling between unit cells that depends on the direction of incidence. It should be
noted that reflection enhancement due to diffraction effects occurs at higher angles in (a-d).
However, due to the sharp spatial signature of these, their presence alone cannot explain the
demonstrated Fourier plane images.

Here we are specifically interested in the response of the surface to linearly polarized
light, we compute the expected Fourier plane images for linearly polarized light incident on a
lens from the results for s- and p- polarized light. Using the results of references [31, 32], the
Fourier plane intensity when the objective is illuminated with x-polarized light takes the form

2 2
kXRI’ (kx’k)’) + kyR.s- (kxsky)
k} +k;

I (koK)= (1

where £, (k,) is the spatial frequency (normalized to the wavenumber k, =27/4 ) in the x(y)-

direction and R, (R,) is the reflectance of p- (s-) polarized light. Equation (1) ignores any
contribution from the cross-polarized component which in this case is negligible.

Using the results provided with Fig. 3, Eq. (1) was used to calculate the corresponding
Fourier plane images for x-polarized light (Fig. 4). In the following we limit our
considerations to x-polarized light due to the clear signature of sub- and super radiant mode in
the reflectance spectra. In the case of y-polarized light strong inter-cell coupling occurs,
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causing additional mode splitting and thereby introducing additional degrees of complexity
not resolvable with our current setup.

Again, for x- polarized light a complex Fourier plane image would be anticipated based
on the simulations obtained in Fig. 3. for p- and s- polarization. Here we obtain the Fourier
plane image for the dark mode under x- polarized illumination [Fig. 4(a)] by averaging both
contributions at 580 and 600 nm. This is a valid approach since we can assume significant
experimental overlap between both subradiant modes supported by the metasurface due to
broadening of the resonances compared to those found in simulations. The result for x-
polarized light in Fig. 4(a) again shows a suppression of reflectance at low spatial frequencies
as expected for dark mode excitation. At 740 nm [Fig. 4(b)], we see that excitation of the
bright mode produces stronger reflection at low spatial frequencies in line with expectations.
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Fig. 4. Computed averaged reflectivities of the metasurface for x-polarized incident
illumination at the (a) dark- and (b) bright mode wavelengths.

The measurement of reflectance from the fabricated metasurface was performed using the
benchtop optical set up shown in Fig. 5.
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Fig. 5. Experimental set-up for the measurement of reflectance spectra and Fourier plane
images.

Collimated, linearly polarized light from a tungsten-halogen bulb (Ocean Optics HL-
2000) was transmitted through an infinity corrected NA 0.90 Nikon Plan NCG x100 objective
to illuminate the sample. Although the light incident on the objective was linearly polarized in
either the x- or y-direction, it is noted that the illumination onto the sample will consist of a
superposition of s- and p- polarized light introducing a complex incident angular spectrum.

The reflected light was sent via a beam splitter (Thorlabs CM1-BS013) and a thin film
beam splitter (Thorlabs BSW013) to a spectrometer (Ocean Optics QE65000). The spectra
obtained were normalized to those obtained from an unpatterned region of the sample. The
results are shown in Fig. 6. For both polarizations, spectra are dominated by a broad peak at a
wavelength just longer than 700 nm. Another broad peak near 520 nm is also apparent. We
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can assign this to a dipole mode along the short axis of the rods as well as lattice diffraction
based on numerical calculations. A weaker feature around 630 nm is also apparent.
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Fig. 6. Experimentally obtained reflectance spectra from the device of Fig. 1 when illuminated
through an objective with an NA 0.9.

We hypothesize that this corresponds to excitation of one or both of the two dark modes
identified in the simulations of Fig. 2. To test this assertion, we obtain Fourier plane images
of the reflection from the sample using the set-up shown in Fig. 5 with the spectrometer beam
splitter removed. An image of the back focal plane of the objective is obtained on a CMOS
camera using a f = 50.0 mm lens (Thorlabs LA1131-A) and illuminating the sample using the
NA 0.9 objective. The original source is replaced with a supercontinuum laser source
(Fianium SC-450-2) which is passed through a fiber-coupled tunable filter (Fianium
Superchrome VIS-FDS-MM) set to its minimum bandwidth of 10 nm. Fourier plane images
were obtained with the central wavelength incident illumination set to values ranging from
549 nm to 741 nm covering the features indicated in the spectra of Fig. 6. The results are
shown in Fig. 7.
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Fig. 7. Normalized Fourier plane images obtained using x-polarized light with central
wavelengths 549 nm (a), 578 nm (b), 616 nm (c), 626 nm (d), 635 nm (e), 674 nm (f), 714 nm
(g), 741 nm (h) and a bandwidth of approximately 10 nm.

Considering Fig. 7(c) and 7(d), obtained at 616 and 626 nm where we expect dark mode
excitation, we observe that the suppressed reflectance at low spatial frequencies agrees with
the expected Fourier characteristics for subradiant modes derived in Fig. 4. The residual
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reflectance in this regime is a result of contributions from the strong bright mode and
background reflections from the interface between the glass and air. From 674 nm upwards
[Fig. 7(f)-7(h)], however, a more uniform intensity that gradually decreases with increasing
spatial frequency can be observed providing reasonable agreement with the expected Fourier
characteristic of a radiant mode [Fig. 4(b)]. A similar pattern is apparent in the green region
of the spectrum [Fig. 7(a) and 7(b)] where we expect excitation of a dipole mode with dipole
moment parallel to the short axis of the nanorods. Additionally, characteristic diffraction lines
are apparent at these wavelengths in line with expectations. The spatial frequency filtering
capability of the metasurface is apparent in in Fig. 8 where line profiles through the vertical
and horizontal center of Fig. 7(d) and 7(g) are shown.

We clearly have been able to experimentally distinguish between the excitation of the
dipole mode and the subradiant modes in the reflection spectrum (Fig. 6) as well as the
Fourier plane images (Fig. 7). Due to the imperfections of the fabricated metasurface, the
near-degeneracy of the two dark modes (spectral separation of approximately 20 nm) and the
illumination bandwidth, the data of Fig. 7 cannot distinguish the excitation of the two relevant
subradiant modes for which a direct comparison between simulation and experimental results
is omitted here.

1
(a) (b)

0.8

o
)

I
IS

reflectance

0.9 05 0 05 . 0
k/k, k/k,

Fig. 8. Line profiles along k. = 0 and k, = 0 of Fourier plane images [Fig. 7(d) and 7(g)] at
(a) 626 nm and (b) 714 nm illustrating quantitative spatial frequency filtering.

3. Conclusion

In conclusion, we have probed the presence of subradiant modes of unit cells of a plasmonic
metasurface using high NA (0.9) illumination. This permits access to a wide range of incident
spatial frequencies with Fourier plane imaging indicating a complex spatial frequency
sensitivity for subradiant modes. Experimental results support the broad conclusions of
simulated results, but more precise experiments should be able to elucidate more information
about the angular spectrum sensitivity of metasurfaces supporting dark modes. The structure
presented here supports two different dark modes presenting the intriguing possibility of
being further able to tune the resonant properties of these metasurfaces. Furthermore,
coupling between unit cells influences the angular spectrum of reflected light introducing
additional degrees of freedom. Potential applications of this research lie in the broad area of
optical information processing where the utilization of subradiant modes of nanostructures
permits the creation of metasurfaces sensitive to the angular spectrum of transmitted or
reflected optical fields. This capability provides an avenue for the development of
ultracompact devices that can perform on-chip, real-time, single-shot conversion of phase
information to readily measured intensity distributions for live-cell microscopy and imaging
of other transparent objects.
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