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ABSTRACT: We present the observation and systematic study of a novel
optical phenomenon, a “plasmonic halo”, wherein surface plasmons optically
excited on circular silver microcavities form conﬁned drumhead modes that,
under resonant conditions, emanate colorful far-ﬁeld radiation from their
perimeter boundaries. We demonstrate both experimentally and theoretically
that such circular microcavities integrated with perimeter step gaps can
generate surface plasmon cavity modes which modulate optical transmission/
emission through/from the device, yielding the plasmonic halo eﬀect. Via the
tuning of geometric and/or material parameters, optical properties of this
device can be manipulated in the visible range, leading to potential applications
in biomedical plasmonics and discrete optical ﬁltering, among others.
KEYWORDS: Surface plasmon polaritons, plasmonic cavity modes, optical transmission modulation,
near-ﬁeld scanning optical microscopy, ﬁnite element analysis, electron beam lithography
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nown since the 1950s,1 surface plasmon polaritons (SPPs)
have attracted increasing interest of late. SPPs are
electromagnetically driven, two-dimensional (2D) electron
density waves that can propagate along a metal−dielectric
interface but that decay exponentially with distance away from
the interface.2 Owing to their 2D nature, SPPs can be conﬁned
to form cavity wave modes on metal surfaces. Several recent
reports have discussed exciting and utilizing SPP cavity modes
in various surface structures, with proposed applications in
plasmonic waveguiding,3−5 focusing,6−8 lasing,9,10 color ﬁltering,11−14 and printing,15 among others. Here, we report novel
structures composed of circular microcavities integrated with
step gaps to generate SPP cavity modes that modulate optical
transmission/emission through/from the device. The plasmonic origin of this modulation can be harnessed to produce
color-selected “halo” eﬀects by tuning geometric and material
parameters of the structures.
The study of optically excited SPPs on metal/dielectric
interfaces has signiﬁcantly advanced from the early stage
Kretschmann16 and Otto17 prism coupling methods. On-chip
optical excitation techniques for SPPs are now commonly used,
including for grating coupling, highly focused optical beams,
and near-ﬁeld excitation. Most direct (on-chip) optical
excitation schemes for SPP cavity modes fall into one of two
categories: top and bottom illumination. The former injects
light onto grating couplers18 and often requires focusing of the
source light to several micrometers in diameter.5 The latter
excites SPPs via nanohole arrays19 or narrow slits,8 which are
formed, for example, by milling through thin metal ﬁlms with a
focused ion beam.
We fabricated a step-gap structure for drumhead-mode SPP
excitation via bottom illumination and observed novel nearand far-ﬁeld optical eﬀects. We then used numerical simulations
to discern the origin of the observed behavior. The step-gap
© 2012 American Chemical Society

structure comprises a circular Ag disk positioned beneath a
slightly smaller, circular through-hole in a Ag ﬁlm, connected
around their perimeters by a thin, optically leaky Ag bridge (see
Figure 1). Besides the advantage of relative ease of fabrication,
this step-gap leakage scheme naturally separates the generated
SPPs from the source light and also weakens the demand for
ﬁne focusing of the excitation beam. Upon integration with a
circular boundary forming a cavity, this leakage scheme
generates SPP circular cavity modes that modulate photon
scattering into the far electromagnetic ﬁeld, producing colorful
“halos” of plasmonic origin. The colors of the plasmonic halos
can be tuned by geometric parameters, such as the radius of the
circular cavity and the height of the step gap, as well as by the
materials employed. This interacting photon−plasmon optical
phenomenon is explained as a modulation of optical transmission by SPP circular drumhead modes. Near-ﬁeld scanning
optical microscope (NSOM) measurements are used to further
conﬁrm the SPP cavity mode proﬁles, revealing their direct
analogue to classical drumhead modes on a vibrating circular
membrane.
Arrays of circular hole plasmonic cavities (with radii ranging
from 1.0 to 1.9 μm) are fabricated by sputtering Ag onto a
poly(methyl methacrylate) (PMMA) ﬁlm containing electron
beam lithography (EBL) deﬁned holes, all on a 500 nm thick
indium tin oxide (ITO) coated glass substrate. ITO-glass was
chosen to enable stable electron beam writing, as well as high
background transmittance in the visible range. The spacing
between two individual circular holes is chosen to be 10 μm,
suﬃciently large to eliminate cross-talk between samples.14 Top
and 45° tilted sideviews of a fabricated circular hole structure
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Figure 1. Structural and optical properties of the step-gap plasmonic circular cavity. (a) Top-view SEM image of a circular cavity. (b) 45 degree tilted
cross-section SEM image of circular cavity taken in region indicated by dashed line in part a, highlighting the “step gap” region. (c) Optical images of
transmission through circular cavity structures with diﬀerent radii and electron-beam writing dosages, showing color tunability. (d) Cross-section
view of the schematic design of the circular cavity, with red arrows indicating illumination direction. Scale bars: (a) 1 μm, (b) horizontal and vertical
500 nm, (c) 4 μm.

Figure 2. Optical properties of circular cavities when tuning only radius. (a) Optical transmission images for groupings of circular cavities of diﬀerent
radii under bottom white light illumination (corresponding radii indicated by arrows pointing to the exact values along the radius axis in b). The ﬁeld
of view of each image is 60 × 30 μm2. (b) Normalized transmission spectrum contour map of plasmonic circular cavity arrays vs SPP wavelength at
the Ag/air interface, when tuning circular cavity radius from 0.98 to 1.90 μm, in 20 nm increments. A linear color scale (from 0 to 6%) is employed
for the transmission spectra, with red (blue) indicating high (low) transmission. Groups of black and red lines indicate SPP drumhead modes within
the plasmonic circular cavity, with corresponding mode indices labeled. (c) NSOM image of a plasmonic circular cavity with Ro = 1.68 μm under
linearly polarized 660 nm laser light (corresponding to λSPP = 644 nm along the Ag/air interface) incident from below. This NSOM scan
corresponds to the point in b as labeled by a yellow star. The calculated drumhead mode proﬁle with (n,m) = (1,5) is shown to its right, showing a
good match to the measured data. (d) NSOM image of a plasmonic circular cavity with Ro = 1.35 μm under the same condition as c (at yellow
diamond), with the corresponding calculated drumhead mode proﬁle (n,m) = (1,4) on the right. The dashed circles in c and d represent 3.35 and
2.70 μm diameters, respectively.

are shown in Figure 1a and b, respectively. From these ﬁgures,
we can see that the tapered proﬁle of the exposed PMMA
combines with quasi-directional Ag deposition to form a “step
gap” structure. This is a circular region with a nominally 50 nm
thick Ag side wall (tsw) around the hole, as indicated inside the
dotted line in Figure 1b. The height h of the side wall of the
step gap is 400 nm, a function of both the thickness of PMMA
layer (tP = 396 nm) and the tilting angle (θt = 8°). The
thickness of the Ag ﬁlm in the open planar regions is tAg ∼ 300
nm, suﬃcient to prevent direct transmission of light through
these sections. Such a thickness is also large enough to suppress
cross-talk of SPPs between the top and the bottom surfaces.
The roughness of the sputtered Ag ﬁlm is measured to be 10

nm by AFM scans (not shown). When illuminated from below,
circular rings of light are observed in the far ﬁeld above the
structure, the color of which is found to be tuned by the cavity
geometry. Figure 1c shows optical transmission images from
circular cavity structures with diﬀerent radii and electron-beam
writing dosages under bottom illumination with an unpolarized
halogen lamp, as demonstrations of color tunability. Figure 1d
shows a schematic cross-section of the circular hole SPP cavity,
with dimension parameters deﬁned and direction of light
illumination indicated (fabrication parameters listed in the
Supporting Information).
Since the planar parts of the Ag ﬁlm are optically thick,
photon energy can only be coupled to the front side through
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Figure 3. Cross-section views of electric ﬁeld proﬁles under x-polarized bottom illumination. (a) Ez proﬁle at resonance (λ = 512.5 nm) shows a
strong SPP standing wave (cavity mode). (b) Ex at the same wavelength shows weak far-ﬁeld coupling. (c) Ez proﬁle oﬀ resonance (λ = 491.5 nm)
shows no SPP cavity mode. (d) Ex proﬁle at the same condition shows strong far-ﬁeld coupling. All four proﬁle maps are on the same linear color
scale, from −0.25 to 0.25 V/m, as shown at right.

the incident light, since the former more accurately represents
the physics of the relevant light−matter interaction (see
Supporting Information for details). The SPP wavelength is
obtained from λSPP = λ0((ε0 + εAg)/ε0εAg)1/2, with λ0 the
vacuum wavelength and ε0 and εAg the dielectric constants of
air and Ag, respectively.20 The frequency-dependent εAg is
taken from ref 21. In Figure 2b, red corresponds to high, and
blue to low, transmission. A series of transmission dips and
peaks is evident on the transmission spectral map. We interpret
these features as being associated with SPP cavity modes within
the circular holes. SPPs propagating along the Ag/air interface
obey the 2D Helmholtz equation (∇2 + kSPP2)Ez = 0, with Ez
the vertical electric ﬁeld, kSPP = k0(ε0εAg/(ε0 + εAg))1/2 the SPP
propagation constant in the x−y plane (i.e., the plane of the
circular cavity), and k0 the free space wavenumber.20 For SPPs
conﬁned to a circular cavity of radius Ro, the boundary
conditions are Ez(Ro,θ) = 0 and Ez(r, θ + 2π) = Ez(r,θ). Via
separation of variables, Ez(r,θ) = R(r)Θ(θ), we obtain Θ(θ) = α
cos(nθ) + β sin(nθ), where α and β are constants, and n is an
integer that satisﬁes the latter boundary condition. Also, R(r) =
γJn(ρ), where γ is a constant, ρ ≡ rkSPP and Jn(ρ) is the Bessel
function of the ﬁrst kind. The boundary condition Ez(Ro,θ) = 0
is met when Jn(kSPPRo) = 0. This resonant condition is given by
kSPPRo = ρm,n, which can be written as Ro = ρm,nλSPP/2π, where
ρm,n is the mth zero-crossing of the nth Bessel function Jn(ρ).
These resonances are circular drumhead modes of SPPs along
the Ag/air interface within the circular cavity, in precise
mathematical analogy with the classical drumhead modes of a
vibrating circular membrane. The transmission spectrum map
for size-varying plasmonic halos in Figure 2b clearly shows the
modulation by the SPP circular drumhead modes, with red
dashed lines labeling calculated modes with n = 0 and m = 3−7,
and black lines labeling modes with n = 1 and m = 3−7. These
theoretically calculated modes align quite well with the local
minimum branches in the observed transmission spectra.
Details of the conﬁned surface plasmon waves can be
detected by NSOM, which measures local electromagnetic ﬁeld
intensity along and near a sample surface by scanning a
subwavelength-sized, metal-coated, tapered optic ﬁber probe in
the vicinity of the sample surface. We used a Nanonics

the leaky step gap regions, where the Ag is thin (∼50 nm).
Referring to Figure 1d, photons impinge on the entire structure
from below. Most light is reﬂected, but some enters the gap
region, inducing an SPP on the top surface of the disk, fed from
its perimeter. The side wall of the upper circular cavity then
serves as a boundary for this SPP along the lower Ag/air
interface, yielding drumhead-mode standing waves. These
waves then scatter at the perimeter, launching light into the
far ﬁeld. That is, each time an SPP reaches the circular
boundary, a portion of it reﬂects back into the cavity as a
counter-propagating plasmon, while another component is
converted into a free space light wave. However, since the input
light is broadband (white), multiple drumhead resonances are
excited simultaneously, and at these resonances, the amplitude
of both the plasmon and the scattered radiation is maximal.
This scattered radiation destructively interferes with incident
light that has leaked through the step gap, such that the net
outgoing light at those frequencies is minimized (suppressed).
As a result, the dominant color of the far ﬁeld transmitted light
is determined by that of the unsuppressed leaked light. Thus,
the ring-shaped step gap region is the source of both conﬁned
2D SPPs and far ﬁeld radiation, viewable by optical microscopy
as halo-shaped rings of light. For oﬀ-resonance frequencies,
SPP-originated photon emission is weak, and the leaked signal
is strong, making the rings look bright. The open disk in the
center of the circular cavity will appear dark in the far ﬁeld,
because only conﬁned surface plasmon waves exist in this
region.
Figure 2a shows microscope images of light from portions of
the employed arrays of cavities, of various diameters. By
integrating an optical spectrometer into the optical microscope
(Ocean Optics USB 2000+), we have been able to measure the
spectrum of the far-ﬁeld light emanating from the circular hole
arrays. Figure 2b shows a contour map of the transmission
spectra (normalized to the transmission spectrum through a
blank ITO-glass substrate, as described in the Supporting
Information) for cavity samples of ∼50 diﬀerent radii, tuned
from 1.0 to 1.9 μm in 20 nm increments. We plot these
transmission spectra against the SPP wavelength along the Ag/
air interface, rather than the vacuum, free-space wavelength of
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Figure 4. Transmission spectrum map of circular cavities fabricated on a PMMA ﬁlm with tuned thickness and radius. (a) Schematic layout of the
writing positions of the circular cavity groups, with each blue box indicating a group of circular cavities with the same radius, as indicated by the
number in the center of the box (in units of micrometer). (b) Normalized transmission spectrum map of circular cavity arrays for radius tuned from
2.0 to 3.0 μm, with linear color bar scales from 0 (blue) to 9% (red) transmission.

of suppressed transmission near 450 nm and above 620 nm,
independent of the radius of the circular SPP cavity. In terms of
SPP wavelengths along the Ag/PMMA interface,22 these two
wavelengths are 270 and 393 nm, and they link to the side wall
height (h) as follows: 400 nm/270 nm ≈ 3/2; 400 nm/393 nm
≈ 2/2. So, transmission is minimized whenever the side wall
height is a half-integer multiple of the SPP wavelength along
the Ag/PMMA interface (h = S λSPP/2). Thus, the two vertical
transmission suppression bands in Figure 2b correspond to S =
3 and S = 2 bands. Whenever an SPP is established along the
Ag/PMMA interface of the side wall, transmission is suppressed
because most of the incident energy is converted to the
conﬁned SPPs. Simulation results in the Supporting Information further illustrate this argument.
To investigate the eﬀect of side wall height h on transmission
modulation, we fabricated arrays of circular hole cavities on a
PMMA layer with linearly varying thickness (and thus h). As
shown in Figure 4a, arrays of circular hole cavities were
patterned on PMMA by EBL in the order following the arrows.
Each blue box represents a group of 48 × 48 circular hole
cavities (to increase signal-to-noise), with the radius of the
cavity written in the center of the box (in units of
micrometers). The PMMA thickness tP decreases from 550
to 505 nm along the direction indicated by the arrow. Due to
the zig-zagging fashion of the pattern layout, cavities with
increasing radii experience a periodic change of tP, which leads
to the periodic change of h. For example, for the Ro = 2.00 μm
array, tP is 550 nm, decreasing to 505 nm for arrays with Ro =
2.12 and 2.14 μm, then increasing back to 550 nm for arrays
with Ro = 2.26 and 2.28 μm, and so forth. Not surprisingly, we
see a corresponding zigzag pattern in the normalized
transmission spectrum contour map (Figure 4b). For radii
from 2.00 to 2.20 μm, the Ag/air SPP wavelengths for
transmission suppression band range from 540 to 580 nm,
corresponding to 337−365 nm Ag/PMMA SPP wavelengths.
Since 505 nm ≈ 3 × 337 nm/2 and 550 nm ≈ 3 × 365 nm/2,
the transmission suppression band in Figure 4b is the S = 3
band. Simulations for a 2D trench with varying tP mimic this
zigzag pattern (Supporting Information), conﬁrming the
modulation eﬀect of side wall height to transmission spectrum.
On this basis, we can also control the optical properties
(eﬀective transmission) of the plasmonic halo structure by

MultiView 4000 NSOM under linearly polarized, 660 nm laser
illumination, to measure SPP proﬁles of circular hole cavities of
selected sizes, as shown in Figure 2c and d. Figure 2c shows an
NSOM proﬁle of an R o = 1.64 μm circular cavity,
corresponding to the yellow star along the (n,m) = (1,5)
branch in Figure 2b. The mode proﬁle calculated numerically
matches well with the data, after solving the above boundaryvalue equations, as shown on the right of Figure 2c. Note that
the data deviate from the calculation at the edges, with a more
intense signal than at the center. The strong signal at the edges
likely comes from the directly transmitted photons from the
thin side wall of the step gap region. Similarly, Figure 2d shows
an NSOM scan and simulation for the yellow diamond point
along the (n,m) = (1,4) branch. Both NSOM measurements
match well with the theory. Note that both data and calculation
are for time-averaged values of |E|.2
Finite element electromagnetic simulations are carried out
(using COMSOL Multiphysics 4.2a) at on- and oﬀ-resonance
conditions, employing, for simplicity, an inﬁnitely long trench
with ﬁxed trench size (width and depth), as shown in Figure 3.
The linear trench has the same cross-section as the circular
cavity. Studying the linear trench greatly reduces computer
simulation time while still capturing the essential physics. Plane
wave light with Ex-polarization is sent from below the structure.
When a resonance condition is met (e.g., the m = 10 resonance,
representing n,m = 1,10 for the circular case, which we calculate
to occur at λ = 512.5 nm for this size cavity), the vertical SPP
component Ez, corresponding to an in-plane wave vector kx,
will be maximized, as shown in Figure 3a. Correspondingly, the
far-ﬁeld component Ex will be minimized as the result of the
out-of-phase interference between the SPP originated and
directly transmitted photons (Figure 3b). However, when the
resonance condition is not satisﬁed (e.g., λ = 491.5 nm), the
SPP energy (and thus the SPP-originated photon ﬂux) is
reduced, increasing the out-coupled light intensity, as shown in
Figure 3c and d. When the incident radiation wavelength is
halfway between two resonant conditions, the far-ﬁeld intensity
reaches a local maximum (as indicated by the green−orange
streaks in Figure 2b).
Besides the absorption branches of the plasmonic drumhead
modes, additional features associated with the plasmonic
structure appear in Figure 2b: There are two vertical bands
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tuning the height of the side wall, primarily via the thickness of
the PMMA layer and the tilting angle of the side wall. The
suppressed transmission bands in Figure 2b are also slightly
blue-shifted when Ro is above 1.6 μm. In light of Figure 4, this
is likely caused by some nonuniformity in the PMMA thickness
across the sample. While the height of the PMMA is not easy to
control precisely over an individual sample, the tilting angle of
the side walls can be tuned by exposure dosage of the electron
beam during the lithography process. Thus, we are able to
fabricate plasmonic halos with diﬀerent colors by tuning their
radii and exposure dosages, as shown in Figure 1c.
In conclusion, we have demonstrated a scheme to generate
SPPs via a step gap structure. A plasmonic halo phenomenon is
observed in circular cavity samples and studied in detail as an
application of the step gap scheme. Modulation of visible light
transmission by SPP drumhead cavity modes is demonstrated
to produce the plasmonic halo eﬀect. In general, the SPP cavity
need not be circular in shape, leading to a variety of possible
modulation schemes for future investigations. This step-gap,
bottom illumination scheme provides a clean and controllable
way to couple far-ﬁeld illumination to surface plasmons, with a
high signal-to-noise ratio, as compared to the conventional top
or bottom illumination methods for SPP generation. Such
plasmonic devices can also be envisioned as useful in
biosensing, wherein far ﬁeld transmission is perturbed by
interaction of the SPP with biomolecules (proteins, antibodies,
etc.) immobilized on the drumhead surface.
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theory for a similar plasmonic eﬀect in circular optical antennae
was recently published (Filter, R.; Qi, J.; Qi, J.; Rockstuhl, C.;
Lederer, F. Phys. Rev. B 2012, 85, 125429). The revised version
was posted on January 22, 2013.

Fabrication details for samples in Figure 1c; additional details of
Figure 2b and the simulations and data analysis to demonstrate
relation between transmission band and the side wall height.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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Additional details of transmission spectra contour map
The relationships between the free-space electromagnetic wavelength λ0 and the SPP
wavelengths λSPP along the Ag/air and Ag/PMMA interfaces are obtained via the
formula λSPP = λ0 (ε 0 + ε Ag ) / ε 0ε Ag , where the ε’s are the frequency-dependent complex relative
dielectric functions for the respective materials. Plotted in Figure S1, these results are used
below when interpreting the dependence of transmission on cavity side wall height.
With this, we can now plot the measured transmission spectrum vs. SPP wavelength at the Ag/air
interface, for various cavity radii. Figure S2 shows some examples of the normalized
transmission spectrum at selected radii, corresponding to a straight dashed line in the contour
map. The normalization is obtained by first dividing the transmission spectrum data measured on
the completed samples by that through a blank ITO-glass substrate, and then dividing this ratio
by a fill factor for each sample. The fill factor is calculated as F = πd(2Ro+d)/a2, where a = 10
µm is the distance between neighboring circular holes, Ro the radius of the hole, and d = 300 nm
is the width of the taper at the perimeter of the Ag disks. Thus, F represents the fill factor of a
unit cell of size a2 containing a circular annulus of inner radius Ro and width d.

Origin of bands of suppressed vertical transmission
Using the above information, we plot in Figure S3a the measured transmission spectrum vs. SPP
wavelength at the Ag/PMMA interface (as opposed to the Ag/air interface plot in Figure 2b), for
various cavity radii. As indicated in the figure, regions or bands of suppressed transmission
appear near SPP wavelengths of 200 nm, 270 to 300 nm and above about 400 nm. After using
focused ion beam milling to expose the cavity edge and allow a measurement of the cavity’s Ag
sidewall height, obtaining h = (400 ± 9) nm, we noted an empirical relationship between this
height and the above wavelengths: h ~  λ/2. That is, it appears that far field scattering at the
perimeter of the cavity (the halos) is suppressed for SPP wavelengths λ = 2h/ = 400, 267 and
200 nm, for = 2, 3 and 4, respectively, or whenever the side wall height is integer times half the
SPP wavelength along the Ag/PMMA interface.

1

To confirm this origin of suppressed transmission bands, finite element electromagnetic
simulations were carried out for a manageable facsimile of the experimental circular
cavity/trench: an infinitely long trench with the same cross-section as the circular plasmonic
cavity. That is, choosing a linear trench structure greatly reduces computation time, while still
capturing the essential physics. Results are shown in Figure S3b. The height of the PMMA layer
is set at 400 nm in the simulation. Trench widths are tuned from 2 to 4 µm, in 50 nm increments,
mimicking the range of experimental circular cavity diameters. Optical throughput intensity is
obtained by integrating the time-averaged energy density in perfectly matched layers in the far
field. Three bands of suppressed transmission appear in the simulated transmission spectra,
centered at 200 nm, 267 nm, and 400 nm, close to the experimentally-observed  = 4, 3 and 2
bands above.
In careful examination of the simulated electric field profiles as shown in Figure S4, one can see
the origin of this suppression: standing SPP waves develop along the Ag/PMMA interface at
these resonant conditions. For example, in the 400 and 267 nm simulations, Ex is seen to possess
=2 and =3 antinodes, respectively. As Ex corresponds to a wavevector kz (upwards in the
figure), these resonances represent conditions where incident optical energy is converted to
plasmonic energy in the trench sidewall, and thus not transformed/scattered back into optical
energy that can propagate into the far field along z (i.e. as the halo effect). Note that due to the
verticality of the side wall, Ex, rather than Ez, represents the TM component to the field here. An
off-resonance example, λSPP=320 nm, is also shown in Figure S4, highlighted by the red box.
Here, transmission through the side wall is high, relative to the resonant conditions.
To confirm the ability of the PMMA thickness and thus sidewall height h to tune far field
transmission, arrays of plasmonic cavities with radii between 2 and 3 µm were fabricated on a
PMMA layer with linearly varying height tP, as described in detail in Figure 4 in the main text
(shown again here as Figure 5Sa). FEM simulation results on the trench facsimile, with tuning
geometry to mimic the fabricated circular SPP cavities, are shown in Figure S5b. The
simulations are done for trench widths from 2.0 to 3.0 µm, and tP periodically oscillating (as in
Figure 4a) between 508 and 550 nm. We ascribe the fact that the tilting bands on the right side of
the figure are larger than in the measured case to the geometry difference between a 1D trench
and a 2D circle. A clear zig-zag shape can be seen from the vertical bands of the simulated
spectrum map, mimicking the behavior of the vertical band from the measured spectrum map.
This confirms the role of side wall height in the modulation of transmission.
Fabrication details for Figure 1c
Fabrication details for Figure 1c are as follows. Starting from the red ring on the left to right, the
radii Ro (µm) and electron-beam writing dosages D (µC/cm2) for the composite circular cavities
are: (Ro, D) = (3.5, 375), (3.0, 525), (2.8, 325), (2.2, 525), and (1.8, 375), respectively. The silver
sputtering deposition time is 9 min for the second and fourth rings, and 8 min for the others.
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Figure S1. Calculated SPP wavelength along Ag/air and Ag/PMMA495 interfaces vs. vacuum
(free space) wavelength.
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Figure S2. (a) Normalized transmission vs. SPP wavelength along Ag/air interface for drumhead
cavities with selected radii. (b) Normalized transmission spectrum contour map as shown in
Figure 2b, with a linear color bar ranges from 0 to 6%. Note that to emphasize the drumhead
mode branches, all transmission larger than 6% is cut off and represented by red color.
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Figure S3. (a) Measured transmission spectra of circular plasmonic cavity arrays vs. SPP
wavelength at the Ag/PMMA interface when tuning cavity radius from 1.0 to 1.9 µm, in 20 nm
increments. (b) Simulated transmission energy through a closely-related linear trench structure
vs. SPP wavelength at a Ag/PMMA interface. Trench widths are tuned to resemble circular
cavity radii from 1.0 to 1.9 µm. Red arrows indicate positions of transmission suppression.
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Figure S4. Simulated field profiles for absolute values of Ez and Ex at a Ag/PMMA interface for
SPP wavelengths on (267 and 400 nm) and off (320 nm) resonance. On resonance, SPP standing
waves form at the side wall, leading to transmission suppression. On the contrary, no standing
wave forms off resonance, yielding higher transmission (brighter vertical white lines). The linear
color scale ranges from 0 to 3 V/m. Trench size corresponds to circular structure with radius of
1.6 µm.
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Figure S5. (a) Measured transmission spectrum contour map vs. SPP wavelength at the Ag/air
interface for radii from 2.0 to 3.0 µm, on a PMMA layer with linearly changing height. (b)
Simulated transmission spectrum contour map for the trench with width tuned from 2.0 to 3.0
µm, on a PMMA layer with linearly changing height.
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