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Abstract

The transmission and forward scattering of plasmonic nanohole arrays (NHAs) are widely
examined in pursuit of non-fading plasmonic color filters for advanced displays and
sensors. It is generally assumed that the reflection scattering is complementary to the
corresponding transmission scattering and follows the same trend upon modulation of the
dielectric environment. However, under oblique illumination, we observed peculiar and
drastically different forward and backward scattering behavior of polymer-infused NHAs
when a surrounding electrochromic polymer matrix was subjected to electrical potential,
thereby changing the permittivity of the environment. Forward scattering at normal
incidence angle of the NHAs is dominated by the extinction of the polymer coating,
showing absorption-controlled attenuation behavior. In contrast, the concurrently
monitored backward scattering at a highly oblique angle showed significant red-shifting
in addition to attenuation. Our simulations suggest that the high incidence angle
illumination in the backward scattering setup excites polarization dependent complex
plasmon resonances that are highly sensitive to the modulation of the refractive index of
the surrounding media. Such drastically different behavior of forward and backward
scattering opens up possibilities for exploration of NHAs as prospective tunable reflection
filters and colorimetric electrochemical sensors.

Keywords: Plasmonic metasurface, electrochromic polymer, tunable plasmonic
response, nanohole array, sub-wavelength apertures
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Introduction

Controlled light transmission through sub-wavelength orifices in thin metallic films has
been well documented.! 2 3 This intriguing phenomenon is due to the excitation of a
special kind of light coupled electron resonances at the metal-dielectric interface known
as surface plasmonic polaritons (SPP).* By arranging plasmonic nanoholes of varying
dimensions into large arrays of different periodicity and symmetry, different plasmon
resonances can be excited by incident light, thus different light transmission properties
can be achieved.® ® Several pioneering papers have already examined in detail the
theoretical aspects of such optical element.” Some even explored more advanced
geometries such as aligned multilayered nanohole array (NHA), where the intercoupling
between SPPs at different interfaces can modulate the transmission peak or even lead to
new resonant modes; or air gap coupled NHA, where the width of the air gap can be

used to induce constructive or destructive interference.®

Because transmission spectra can be modified by changing the nanohole array geometry,
there has been great interest to utilize them as pre-programmed color filters for advanced
imaging and display technologies.? 11.12. 13,14 Multiple studies have been conducted on
the use of diverse NHAs coupled with nematic liquid crystals, electrochromic polymers,
and Fabry—Pérot devices as plasmonic filters that can be turned on and off by electrical
signals.t® 16:17. 18,19 Recent explorations in novel NHA structures, such as asymmetric
nanoholes, demonstrated polarization dependent colors.?® Fabricated metal-insulator-
metal multilayered nanoholes have demonstrated the ability to support Fano resonances

with enhanced sensitivity to refractive index changes of the surrounding media. %*

However, while these studies focused on the forward scattering properties of NHAS,
which are immediately relevant to backlit color displays, little attention has been paid to
their backward scattering properties, especially when illuminated at oblique angles. In
fact, there is a good reason to expect the optical response of periodic plasmonic
nanoarrays to be drastically different when they are used as backward scatterers, since
it is already known that the transmission profiles of plasmonic NHAs are angle
dependent.?? However, monitoring of both forward and backward scattering under

variable refractive conditions is rarely conducted due to experimental challenges.
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In this study, we investigate both the forward and backward scattering of NHAs infused
with a redox active electrochromic polymer (ECP), poly(2,2’-bis(2-ethyl-hexyloxymethyl)-
3,4-propylenedioxythiophene) (ECP-M), which switches between a purple/magenta
neutral state and a highly transmissive oxidized state, with modulated refractive index
(Figure 1). The modulation of the dielectric environment is accomplished conveniently
and reversibly via applied electrochemical potential in an electrolyte.?3 242526 |t was
found that there are indeed significant differences in backward and forward scattering
characteristics, especially in their relative sensitivity to refractive index modulations.
When subjected to an applied potential, spectra measured in the forward scattering mode
shows selective attenuation, while spectra measured in the backward scattering mode
shows single-peak red-shifting. Electrodynamic simulations show that these differences
are due to the highly oblique illumination used for backward scattering, exciting multiple

complex plasmon resonances that collectively influence the integrated optical output.
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Figure 1. (a) The experimental setup of ECP-M infused Au NHA on glass slides. In forward
scattering measurement, light comes in from the bottom (incident light 1) and is collected at
the top (blue dashed arrow). In backward scattering measurement, light comes from the top
at 73° incidence angle (incident light 2) and is collected at the top (grey dashed arrow). (b)
Molecular structure and electrochemical switching of ECP-M. (c) UV-vis spectra of ECP-M
in neutral (blue) and oxidized (green) states.

Experimental

Materials
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Tetrabutylammonium hexafluorophosphate (TBAPFs) and propylene carbonate (PC)
were purchased from Sigma Aldrich and used without further purification. The ECP-M
electrochromic polymer was synthesized as described previously from the corresponding
alkoxy-substituted 3,4-propylenedioxythiophene monomer by oxidative polymerization
with iron(lll)chloride.?® The molecular mass of the polymer is 12.4 kDa with a dispersity
(P) of 1.8 as determined by gel permeation chromatography (GPC) in tetrahydrofuran
(THF) versus polystyrene (PS) standards.*°

Fabrication of NHA

The plasmonic NHA was manufactured via focused ion beam (FIB) direct writing
lithography. First, 150 nm thick of Au film is evaporated onto glass slides using Denton
Explorer E-beam evaporator at a rate of 0.5 A/s at 10 Torr. The deposition is monitored
by a quartz microbalance mass sensor. Next, the substrate is transferred to the FEI Nova
Nanolab 200 FIB/SEM system for patterning. Specific nanohole patterns were etched by
Ga* ion beam operated at 30 kV 10pA following corresponding bitmap files. After initial
optical characterization of the pristine nanoholes. 20 pL of concentrated ECP-M toluene
solution was spincoated onto the NHA substrate at 2000 rpm, resulting in a 150-nm thick
film.

Electrochemical switching

Electrochemical measurements were carried out using a VersaSTAT3-200 (Princeton
Applied Research) with Versastudio software in a three-electrode cell with a
Ag/Ag* reference electrode (10 mM AgNOsin 0.5 M TBAPFes/ACN, Ei2is 76 mV for
ferrocene), a Pt wire as the counter electrode, and Au coated substrate with patterned
NHAs as the working electrode.?* The electrolyte is 0.5 M TBAPFs in PC, individual
switching is done using chronoamperometry setting holding the working electrode at
designated potential against reference electrode for 10 s. Cycling experiment was
performed using cyclovoltammetry setting at scan speed of 0.2 V/s.

Optical characterization

The extinction spectra of NHAs and spectral mapping were acquired by CytoViva
hyperspectral scanning system with a SPECIM Imspector V10E spectrograph (30um slit
width, spectral range: 400—1000 nm, dispersion: 97.5 nm/mm, spectral resolution: 2.8 nm)
coupled with a PCO.pixelfly camera using a 50x (NA = 0.8) objective which has a fixed
~73° incidence cone when used in dark field mode. A Fiber-Lite DC-950 halogen lamp is
used as the light source. The Lamp spectrum is collect in the transmission setup without
any substrate. All the spectra were collected at max output of the lamp and normalized
by dividing the lamp spectrum. All measurements done in air, the oxidative state of the
substrate is switched in an electrochemical cell between measurements in electrolyte and
systems were completely dried before optical measurements.

UV-vis extinction spectra were collected using a Shimadzu UV-vis-2450 spectrometer
with D2 and tungsten lamps (wavelength range: 300—-1100 nm). The extinction spectra

Page 4 of 20



Page 5 of 20

Journal of Materials Chemistry C

ECP_nanohole_JMC.docx 5 02/06/2019

of ECP-M are collected using 150 nm pure ECP-M film on ITO substrate with extinction
from the blank ITO subtracted. The substrate is then placed into the electrochemical cell,
switched to another oxidation state, dried, and measured again.

FDTD simulations

FDTD simulations were conducted using Lumerical FDTD Solutions (Version 8.19).27 An
array of 9 nanoholes (3 holes each in two primary axis) of specified periodicity, diameter
and symmetry were modeled as through holes in a 150-nm thick Au film on top of 1-
micron thick SiO2 and filled with respective dielectric materials (air, ECP-ox, ECP-neu).
An additional 150-nm thick ECP film of respective oxidative states is constructed on top
of the Au film when simulating ECP coated NHAs. The refractive index values of SiO2 and
gold were taken from previous reports or CRC Handbook.?82° The refractive index values
of ECP-M at oxidized and neutral states were taken from previous work where they were
measured for thin films with spectroscopic ellipsometry.°

The simulation region was restricted to the center unit cell defined in the x,y Cartesian
coordinates with 1 micron z span. A mesh override was applied to the nanoholes with a
10 nm mesh size and 10 nm buffer in the x-, y-, and z-directions. For simulation of forward
scattering, a broadband Bloch planewave source with 400-1000 nm wavelength span was
used for illumination. The injection plane was placed inside the SiO2 substrate with
propagation direction pointing upward at normal incidence angle. Periodic boundary
conditions were applied in both x and y directions. Anti-symmetric and symmetric
symmetries are applied to reduce simulation time. 12-layer perfect matched layer (PML)
boundary condition was applied in the z direction to absorb radiation energy with minimum
scattering. For simulation of backward scattering, a narrowband (band width: 8.825 THz)
Bloch planewave source defined in the time domain with 50 fs pulse length and 100 fs
offset is used for illumination. The injection plane was placed above the structures in air
with propagation direction pointing downward at 73° incidence angle. Bloch boundary
conditions were applied in both x and y directions. Anti-symmetric symmetry was applied
to reduce simulation time. 36-layer PML boundary condition was applied in the z direction
to absorb radiation energy with minimum scattering. The source frequency was swept
from 300 THz to 750 THz in 200 individual simulations data at center frequency was
recorded and complied to yield a full spectrum.

Results and discussion
NHA, ECP-M, and illumination setup

NHAs with different diameter, periodicity, and symmetry are fabricated on 150 nm thick
E-beam evaporated Au on glass substrates using focused ion beam milling. Four different

arrays were fabricated: p250s, p350s, p340h, and p420h. The arrays were identified by
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their periodicity and symmetry as demonstrated in Figure 2a and Table 1. For example,
p250s is a square (s) array with 250 nm periodicity, while p420h is a hexagonal (h) array
with 420 nm periodicity. These geometric parameters of the NHAs are arbitrarily chosen

based on previous research to test the universality of the ECP tuning effect.?

Table 1. Geometries of NHAS

NHA Designation  Periodicity (P)  Diameter (D)  Symmetry

p250s Px=Py=250 nm 125 nm Square
p350s Px=Py=350 nm 175 nm Square
p340h 340 nm 180 nm Hexagonal
p420h 420 nm 240 nm Hexagonal

m)

Height (n

. . ; ; ; . .
50 100 150 200 250 300
Hexagonal Position (um)

Figure 2. (a) The geometries and dimensions of the nanohole arrays. (b) AFM image of
scratched ECP-Au-Glass structure, (Z scale: 500 nm) and cross-section profile along the
dotted line, clearly showing the 3-layer structure.

After initial hyperspectral characterization of the as-fabricated NHAs, the entire substrate
was coated with an additional ~150 nm ECP film. Figure 2b shows the AFM image and
the corresponding cross-sectional profile of a scratched line test on the pristine area of
the substrate. A wide strip of ECP film cleanly separated at the ECP-Au interface upon
incision and drag of the blade and reveals the Au film underneath. In the middle of the
scratch line, where the tip of the blade sits, a narrow strip of Au is also scratched away,
revealing the glass base.
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Two illumination schemes are used to study the directional optical response of the ECP-
M coated NHAs with all measurements conducted in air after film drying (Figure 1, see
Experimental). In the forward scattering setup, broadband light from a halogen lamp
illuminates the NHA at zero incidence through a glass substrate from beneath (Figure 1a,
solid blue arrow). This essentially corresponds to the brightfield transmission mode in
microscopy. The light is transmitted/forward scattered by the NHA and collected from
above by an objective (Figure 1a, open blue arrow). In the backward scattering setup,
light from the same source is introduced to the NHA at ~73° (fixed by dark field objective)
incidence through air from above (two solid gray arrows), scattered by the NHA, and
collected by the same objective from above (Figure la, open gray arrow). This

corresponds to the darkfield reflection mode in microscopy

Figure 3 shows the SEM and corresponding hyperspectral images of the as-fabricated
NHAs (without ECP coating) at the two illumination conditions described above. Upon
illumination, NHAs of different structural geometries display different colors, a clear
indication of plasmonic effects. As the illumination condition changes, the observed color
also changes correspondingly for each NHA. The colors are fairly consistent within each
NHA. However, brightness non-uniformities and small color variations are present. These
are mainly caused by defects and inhomogeneities during FIB milling. Unlike other finely
grained metals like Al, E-beam evaporated Au films have grain size on the order of ~30
nm (Figure Sla), ion milling of structures on a similar scale will inevitably yield less well-
defined structures as the sputtering rate depends on the crystallographic orientation of
the grain. As shown in Figure 3a, this nonuniformity in milling efficiency directly translates
to some limited areas having blind holes instead of through holes, especially for arrays
with smallest periodicity. Since plasmon resonances are dictated by structure geometry,
such nonuniformity leads to the observed color/brightness differences. The effect is
mitigated with larger hole diameter, causing p420h to have the highest brightness/color

uniformity (Figure 3b, c).

In the backward scattering setup, we see another effect of imperfect FIB milling, the NHAs
are surrounding by bright edges. This is due to the fact that despite the primary ion beam

being blanked, the “un-milled” areas inside the arrays will still be partially etched from
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secondary sputtering, resulting in NHAs having lower elevations than the rest of the Au
film (Figure S1b-c). The elevation difference creates a step at the edge, which specularly
reflects the oblique illumination into the collection objective. In addition, point like
particulate contamination on Au surface can also be seen (Figure 3c). However, these
contaminates do not appear to interfere with the NHA structures. These defects can all
be eliminated by using single crystalline gold substrates in clean packaged environment,
or by switching to other non-sticking, small grained plasmonic metals such as aluminum,

should practical needs arise.

Figure 3. SEM image of NHAs with different geometries (see Scheme S1) (a). Hyperspectral
image of the corresponding pristine arrays under forward (b) and backward (c) scattering
illumination conditions.

The electron-rich alkoxy-substituted ECP-M was chosen as the electrochemically-
controlled medium due to its excellent solvent compatibility, electrochemical stability, and
low oxidation potential as was demonstrated earlier (see chemical structures in Figure
1b).30 The polymer appears magenta/purple in its charge neutral state and, therefore, is
termed ECP-Magenta (ECP-M).2° ECP-M can be switched between neutral and oxidized
states by applying an electrochemical potential at 0.05 V and 0.5 V vs. Ag/Ag®,
respectively (Figure S2). In the neutral state, ECP-M has a broad absorption band from
410~620 nm with two absorption peaks at 547 nm and 588 nm (Figure 1c). Upon removal
of electrons from the conjugated backbone, ECP-M transitions into a colorless and

transmissive oxidized state at 0.5 V (Figure 1c). A low residual absorption remains across
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the visible spectrum, resulting in near-complete visual transparency under these

conditions (Figure 1c).
Electrochemical switching of ECP-M infused NHA

Figure 4 shows the hyperspectral spectra and corresponding image from two different

NHAs with the smallest (p250s) and the largest (p420h) hole diameters collected at two

)
Q

p250s  p420h

—Air

——ECP-ox
——ECP-neu

Lamp Normalized Intensity (a.u.
Lamp Normalized Intensity (a.u.)

T T
450 600 750 300

Wavelength (nm)

450 660 750
Wavelength (nm

—— Air
[—— ECP-ox

—— ECP-neu

Lamp Normalized Intensity (a.u.)
Lamp Normalized Intensity (a.u.)

e

T T
450 600 750

Wavelength (nm) Wavelength (nm)
Figure 4. (a) Forward (Fw) and backward (Bw) scattering spectra of the p250s array in
different dielectric environments: air, ECP-M in oxidized state (ECP-ox), and ECP-M in
reduced state (ECP-neu). (b) Color image of p250s and p420h arrays under different ECP
oxidation states: 0.5V (oxidized), 0.05 V (reduced). Scale bar: 5 um. (c) Fw and Bw scattering
spectra of the p420h array in different dielectric environments.

.
s

T T
450 600 750 900

different illumination conditions and different dielectric environments: bare nanoholes and
nanoholes covered by ECP coating in the oxidized state (ECP-ox) and in the neutral state
(ECP-neu). Before coating with the ECP, the forward scattering spectrum of p250s NHA
shows two broad plasmon resonances at ~510 nm and ~720 nm due to the excitation of
surface plasmon resonances at the metal/air and at the metal/glass interface, respectively
(Figure 4a).'* ECP-M in its oxidized state does not affect these two peaks besides overall
modest intensity damping due to non-specific light absorption (Figure 4a). The lack of
modulation is also evident from the absence of color change between the forward

scattering images of the respective array in Figure 3b and Figure 4b.
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In contrast, when the ECP-M coating is switched to the neutral state by applying an
electrical potential of 0.05 V, the plasmon peak at ~510 nm became severely attenuated
while the peak at ~720 nm remained largely unaffected (Figure 4a). The selective
damping of the ~510 nm peak occurs because the presence of ECP-M’s absorption band
is in this wavelength range (Figure 1c). Such selective damping causes the substantial
changes in the color of the NHA, changing it from brown to red (Figure 4b)

When the illumination conditions are switched to those in backward scattering
measurements (Figure 1a, incident light 2), completely different optical responses are
observed (Figure 4a). Backward scattering showed a single plasmon peak with
sequential redshift from initial 548 nm for bare NHA to ~611 nm for ECP-oxidized state,
and further to ~664 nm for ECP-neutral state (Figure 4a). The oxidized/neutral state
switching of the ECP media also resulted in significant visual color change (from red to
brown color, Figure 4b bottom two figures).

The same trends are even more pronounced in the optical responses of the p420h array
with larger spacing and hole diameter of 240 nm (Figure 4c). In the forward scattering
spectrum, we again see damping in the 450-600 nm range caused by increasing light
absorption by the ECP coating. The intensity ratio between the two plasmon peaks at
~530 nm and ~765 nm changed about twofold, from 0.85 in the oxidized state to 0.40 in
the neutral state. In the backward scattering, a single peak also sequentially redshifted

to ~561 nm and ~633 nm after covering with ECP-ox and ECP-neu coatings (Figure 4c).

Figure 5 shows the forwarding and backward scattering spectra of all 4 NHAs of different
periodicities, hole diameters and symmetries. All of them showed similar behavior, mainly
peak attenuation in the 450-600 nm range for forward scattering (arrows in Figure 5a-d),
and peak attenuation plus significant red-shifting in backward scattering (arrows in Figure
5e-h), suggesting such trends are a general property of polymer-infused NHAs and not
restricted to a specific array configuration.

It is known that, because plasmon polaritons exist at metal surfaces, the mode frequency
in any plasmonic system will necessarily depend on its dielectric environment.3! As shown
in our previous work with plasmonic nanostructures embedded in ECP coatings, this

property can be exploited to electrically tune the wavelength of the extinction plasmonic
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peaks of nanoparticles.30 3233, 34 By changing the refractive index of the medium the
plasmonic nanoparticles are dispersed in, their localized surface plasmonic resonance
(LSPR) peak can be shifted to higher or lower wavelengths depending on the changes in
refractive index in the spectral region of interest and the geometry of the nanoparticle.3®
For instance, previous results employing Au nanorods coated by ECP-M shells showed

plasmonic peak shifts of up to 30 nm.%°
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Figure 5. Forward scattering spectra of (a) p350s, (b) p250s, (c) p340h, (d) p420h arrays
in air (blue), ECPox (green), and ECPrd (red). Backward scattering spectra of (e) p350s,
(f) p250s, (g) p340h, (h) p420h arrays in air (blue), ECPox (green), and ECPrd (red).

Considering the present results, the NHA’s response to changes in the dielectric
environment is unexpected and cannot be explained by simple unidirectional radiation
model that applies well to the individual randomly-oriented nanopatrticles. In contrast, the
spectral responses of the uniformly ordered NHAs are found to be highly dependent on
the illumination conditions. For forward scattering, the lack of peak shifts means the
plasmon resonance modes excited have low sensitivity towards the refractive index
change, instead, the spectral changes are mainly produced by the attenuation by the
ECP-M absorption. Yet, for backward scattering, the same ECP modulation produced
very large red-shifts of the plasmon peak (70-120 nm), suggesting the plasmon modes
excited in this illumination configuration are extremely sensitive to refractive index

modulation.
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For reference, we also calculated the color coordinates from the normalized spectrum of
all the ECP infused NHAs in CIE 1931 color space (Figure S3). As expected, when ECP
is switched from oxidized form to neutral form, the color coordinates shifted
correspondingly. It is interesting to note that the shifts in color space are much larger in
the backward scattering configuration as large spectral shifts are induced in addition to
total intensity attenuation. The color range presented here are somewhat limited as we
are primarily focused on the optical response of NHA under oblique illumination. For a

wide range color palettes from plasmonic structures see several excellent examples.4 36
37,38

Theoretical aspects

To better understand the possible electrodynamics behind such behaviors, we further
performed finite difference time domain (FDTD) simulations on the representative p250s
NHA array. The simulation of forward scattering is straightforward, as light is injected and

collected at the normal angle (Figure 6).3% 4°
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Figure 6. Measured forward scattering spectra (blue) of p250s array compared with FDTD
results (green) for ECP oxidized (a) and reduced (b) states. (¢) FDTD backward scattering
results of 150 nm thick Au film at different angles and polarizations. Measured backward
scattering spectra (blue) of p250s array compared with FDTD results (green) for ECP oxidized
(d) and reduced (e) states. (f) Trends in experimental data and FDTD simulations in terms of
peak intensity ratio for forward scattering and in terms of peak position for backward scattering.
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Because the angle of incidence is 0°, there will be no phase difference on the incident
light both spatially and temporally. In comparison, simulation of backward scattering is
significantly more complex due to both interference from specular refection and the phase
difference build up among the frequency components at high incidence angle (see Figure

S4 and relevant discussion in Sl).

Furthermore, Figure 6 a, b shows the comparison between the FDTD simulations and
measured results of the forward scattering of NHAs at different ECP oxidation states. As
we can see from this comparison, the general spectral features, such as the existence of
two plasmonic peaks and their relative intensities are well reproduced by FDTD. The
simulation clearly showed the attenuation in the 450-600 nm range as the ECP coating is
switched from ECP-ox to ECP-neu state. However, there is a blue-shift in the peaks and
the measured spectra are broader than those simulated. These differences can be mainly
attributed to defects in the NHAs with the holes being slightly larger than specified,
causing a red shift from the ideal structures. In addition, the relatively large grain sizes
of the evaporated Au film and resulting variations in hole dimensions broaden the

plasmonic peak (Figure 3a).

On the other hand, in backwards scattering simulation, due to the periodic nature of the
setup, light from specular reflection is included in simulated spectra (see discussion in Sl).
Thus, the spectra simulated all bear the hallmark, such as skewed high intensity in the
infrared, of the reflection spectrum of bulk Au (Figure 6c¢ red curve). In addition, because
TE and TM polarized modes behave differently, we averaged simulation results from both
modes to generate un-polarized spectra (Figure 6¢ blue and green curves). Un-polarized
backward scattering spectra of NHAs were simulated for both ECP-ox and ECP-neu
states of the polymer coating (Figure 6d,e). It is clear from direct comparison, a general
fair match in the main peak locations is observed for both states with excessive reflection
at longer wavelength as discussed above. In addition, the simulated spectra showed
multiple secondary modes underlying a single peak not detected in experimental spectra
due probably to preferential source polarization (as discussed later), limited spectral

resolution, and NHA fabrication imperfections.
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Despite these complications, the calculated spectra are broadly in agreement with our

experimental observation of significant differences in the modulation behavior of forward

vs. backward scattering of polymer infused NHAs under variable electrochemical potential.

Both the relative ratio between the two peaks (as a measurement of attenuation) in the
forward scattering, and the peak position (as a measurement of refractive index induced
plasmonic peak shifting) in the backward scattering, are replicated and suggest that
plasmon modes excited in the backscattering setup are more sensitive towards changes

in the refractive index compared to those excited in the forward scattering (Figure 6f).
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Figure 7. Decomposition of FDTD simulated unpolarized back scattering spectra of p250s array
into TE and TM polarized components for ECP oxidized (a) and neutral (b) states. Measured
backward scattering spectra (blue) of p250s array compared with FDTD results of pure TM
polarized light (green) for ECP oxidized (c) and neutral (d) states.

In addition, the simulation suggests the plasmonic resonances excited by TE and TM
polarization modes behave very differently from each other (Figure 7a, b). Changes in
refractive index also prompted much larger response when the two modes are individually
considered. Itis possible that at highly oblique angle of illumination, slight changes in the
permittivity of the infused polymer can cause totally different plasmonic modes to be
excited in the NHA. Interestingly, further comparison of the simulated spectrum with
experimental results indicated sources with pure TM polarization produced a better fit
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than unpolarized sources, suggesting preferential TM polarized illumination. This is
expected, as in our reflected darkfield setup, the illumination light column goes through a
reflector lens assembly that partially polarizes the illuminating light. However, quantitative
ratio of this polarization is unknown, so simulations using unpolarized sources are still

presented here for demonstration of the universality.

A natural supplement to this work would be to investigate the optical properties of NHAs
under transmission darkfield setup, in which light is coming from beneath the substrate at
a highly obligue angle and the spectrum is collected by objectives lens above the
substrate (Figure S5a). Due to limitations in our hyperspectral system setup, we cannot
conduct such an experiment. However, we did simulate the response of p250s array
under such conditions (Figure S5). The results suggest the transmission intensities are
very low (< 1%), and there exist a cut-off frequency where almost no light is transmitted.
ECP modulations do seem to produce large spectral variations and have some interesting
characteristics of interest for future research (see Figure S5 and relevant discussion in
Sl).

Conclusions

In summary, we have observed dramatic differences in the forward and backward
scattering properties of polymer-infused plasmonic NHAs under variable matrix
permittivity modulated by electrochemical potential. The modulation of backward
scattering is significantly different compared to scattering in the forward direction.
Although for forward scattering, the effect of ECP modulation is mostly dominated by
attenuation of plasmonic peaks, the backward scattering of NHAs show large peak shifts
due to the changes in plasmon resonance conditions. These asymmetrical optical
response of polymer-metal NHA structures can be useful for various prospective
applications, such as logic operations in photonic circuits.* 4% 43 The polarization and
angle dependent backscattering response might find use in configuring plasmonic-based
color filter with novel illumination geometries.** Finally, the extreme refractive index
sensitivity of polymer-metal NHAs in the backward scattering setup could be further

extended to SPR-type molecular sensors 4°: 46 47 with improved performance in the
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detection of subtle refractive index modulation caused by absorption events.#8 49. 50,51, 52,
53
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