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List of Figures

Plasmonics and 1ts applications. In various fields of science and engineering,

plasmonics has found a wide range of applications. | . . . . . .. ... ... ..

Schematics showing (a) a surface plasmon polariton (SPP) mode and (b) a

localized surface plasmon (LSP) mode. (c)Near field enhancement |E/E,|*

along the metal (gold) sphere (diameter 100 nm). Finite difference time do-

main (FDTD) simulation shows that plasmonic excitation leads to strong light

The total number of citations to active-plasmonics literature from 2004 to 2019

illustrates remarkable growth 1n this field. Adapted from ref. [58|.| . . . . . . .

Schematic depiction of spectral characteristics obtained due to the modulation

of electron density of the plasmonic metal sphere. (Middle; yellow color) Metal

sphere without any external electric field. (Left, blue color) An increase in

electron density causes a blueshift with an increase of scattering intensity. The

electric field direction 1s toward the metal sphere. (Right, red color) A decrease

1n electron density causes a redshift with a decrease of scattering intensity. The

electric field direction 1s away from the metal sphere. |. . . . . . .. .. .. ..

D1

Subwavelength PNAs: (a) A conventional dipolar antenna operating in the RF

regime. Connecting the antenna to an electrical coaxial wire enables energy

conversion between local RF sources and far-field electromagnetic radiation.

Adapted from Ref. [106] with permission from American Association for the

Advancement of Science; (b) PNAs operating in the optical regime. Adapted

from Ref. [107]] with permission from the American Physical Society; (c) Elec-

tromagnetic energy 1s strongly focused through the optically resonant metal

PNA when the LSPR condition is met. Adapted from Ref. [98] with permission

from Springer Nature; (d) Dielectric function (experimental data by Johnson

and Christy [108]]) of gold at optical frequencies; (e) A schematic illustration of

surface plasmon decay mechanisms: the plasmon can either decay radiatively

into re-emitted photons (left), or non-radiatively decay into energetic electrons

(right). Adapted from Ref. [T09] with permission from Springer Nature. |. . . .

13



o)

High Q-factor AI-PNAs over a broad spectral window: (a) Space mapping al-

gorithm enabling inverse design of high Q-factor (narrow resonance linewidth)

PNAs at a desired wavelength; (b) Optical characteristics of coupled Al-PNAs

(blue color) and Ag-PNAs (red color) that are designed using this space map-

ping algorithm are compared over a broad spectral range; (c) Experimentally

measured extinction spectrum of optimized AI-PNAs (red circles) demonstrates

strong Fano-like resonance behavior (blue curve). Inset shows the cross-sectional

near-field intensity profiles of the Al-PNAs; (c) Adapted from Ref. [29] with

permission from American Chemical Society. |. . . . . .. ... ... ... ..

14

n3

High-throughput and water-scale fabrication of PNA: (a) Schematic of the deep-

UV (DUV) nanofabrication approach enabling lift-off free patterning of plas-

monic nanostructures with exceptional uniformity; (b) A (1 inch x 3 inch) glass

slide with millions of AI-PNA structures on it 1s shown; (c) Scanning electron

microscope (SEM) 1mage of a AI-PNA fabricated on glass substrate using this

technique. (a) and (b) adapted from Ref. [29] with permission from American

Chemical Society; (d) Schematic 1llustration of the DUV-based nanostencil pat-

terning technique enabling fabrication of PNA 1n a lift-off free manner. High-

quality and large area nanostencils, free-standing silicon nitride (523/V4) thin

films with an array of open-ended nanoapertures, are first fabricated using the

DUV nanopatterning; (e) SEM 1mage of a nanostencil with a periodic array of

circular nanoapertures arranged in a square lattice. The nanohole diameter and

array periodicity are 130 nm and 380 nm, respectively; (f) SEM image of an

Au-PNA array fabricated on a glass substrate using this nanostencil and mask

deposition process. The diameter and height of the resulting nanodisk antennas

are 140 nm and 120 nm, respectively. | . . . . . . ... ... .. oL

na

Optical nanocircuit representation of PNAs: (a) The concept of optical nanocir-

cuit theory 1n the optical domain. Adapted from Ref. [[137] with permission

from American Physical Society; (b) A subwavelength nanoantenna, when 1llu-

minated by a monochromatic light, behaves as three lumped optical circuit el-

ement: nanocapacitor (top), nanoinductor (middle) and nanoresistor (bottom).

Adapted from Ref. [[136] with permission from American Association for the

Advancement of Science; (c) Schematic showing the equivalent optical circuit

model of a loaded PNA (first and second panels). Far-field scattering spectrum

of the PNA obtained with the optical nanocircuit model (third panel) 1s in re-

markable agreement with experiment (fourth panel). Adapted from Ref. [139]

with permission from American Chemical Society. | . . . . . . . .. .. .. ..
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Mechanisms employed for active PNAs are summarized using lumped optical

nanocircuit elements. (a) Modulations in the optical characteristics of the PNA

metal are captured using tunable nanoinductors; (b) Modulation of PNA charac-

teristics through the coupled dielectric medium 1s incorporated using a tunable

load consisting of nanocapacitors or nanoinductors; (c) Modulation of the near

field coupling between PNA elements 1s represented by tunable nanocapacitors.

(a)-(c) The left panel shows the lumped optical nanocircuit representation of ac-

tive PNAs for various tuning mechanisms. The right panel shows the schematic

of reversible dynamic transition of PNAs by various external stimuli. r, radia-

tive; nr, nonradiative. | . . . . . L . . L L e e e e e

20

0.6

Crystalline phase transition: (a) In situ crystalline phase transformations. Top

panels show schematics of PNAs consisting of metal and metal hydrides. Bot-

tom panels display the complex dielectric function of each metal and its hydride.

Adapted from Ref. [[173]]; (b) Crystallographic phase transition between metal

and metal hydrides takes place during de-/hydrogenation processes. Inset shows

the atomic arrangements in the M ¢(0001) and MgHs (110) crystal planes.

Adapted from Ref. [60]; (c) Suppression of the unfavorable hysteresis effect

during de-/hydrogenation processes by using metal alloy PNAs. Top panel 1l-

lustrates the nanofabrication of metal-alloy PNA using the hole-mask colloidal

lithography (left) and thermal annealing (right) methods. Bottom panel displays

the hydrogen adsorption and desorption 1sotherms for three different alloy com-

positions. Adapted from Ref. [175].| . . . . . . . . . ... ... ... .....

o7

Faradaic and non-Faradaic charging of PNAs: (a) Non-Faradaic charging results

1n redistribution of free carrier charges in an atomic-scale electrical double layer

surrounding the PNA; (b) Faradaic charging leads to injection or extraction of

electrons through redox electrochemical reaction. |. . . . . . .. .. ... ...

N3

Loading of PNAs: (a) Non-Faradaic modulation of the scattering intensity of a

PEDOT:PSS loaded Au-PNA (red) enables strong electro-optic modulation ca-

pability; (b) Local field enhancement (hot spot) of the LD-PNA. Adapted from

Ref. [[67]; (c) Optical scattering of the PANI-based LD-PNA shows a dramatic

change in both spectral resonance and intensity during a Faradaic charging pro-

cess. (left to right: oxidized to reduced PANI). Adapted from Ref. [67]; (d) A

LD-PNA 1s created in an Au/Ag core shell fashion. Ag is employed as an induc-

tive nanoload. Reversible transition of the nanoparticle shell between Ag and

AgClI tunes the optical property of the LD-PNA. Adapted from Ref. [170]; (€)

Graphene, serving as a inductive nanoload, 1s inserted into the inter-antenna gap

to create a LD-PNA structure. Electrical gating of graphene modulates its free

carrier density, leading to a change 1n the nanoload inductance and thereby alters

the spectral resonance of the LD-PNA. Adapted from Ref. [169]; () Schematic

showing a LD-PNA that incorporates F’d as a inductive nanoload, which can

exhibit a significant change in 1ts dielectric function during a reversible crys-

tallographic phase transition triggered by de-/hydrogenation. Adapted from

Ref. [43].] . . . . o o o
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Tunable near field plasmon coupling: (a) The optical response of PNAs fab-

ricated on a stretchable soft substrate can be reversibly tuned by strain mod-

ulation. Adapted from Ref. [155]; (b) The size of the inter-antenna gap of a

pillar-bowtie PNA can be tuned under electron beam illumination. Adapted

from Ref. [[171]]; (c) Schematic of possible ways for dynamic reconfiguration of

DNA-based PNAs. Adapted from Ref. [172). . . . . ... ... ... ... ..

2.10

Scaling microelectrode arrays (MEAs): (a) A timeline of computer (top panel)

and MEAs recording (bottom panel) technologies and transistor over the past

five decades. The MEA 1mages are adapted from Refs. [245-247|]. The CPU

1mages are adapted from the courtesy of *Wikimedia Commons’ and ‘AMD’;

(b) MEA comparison in terms of electrode density and total sensing area. Adapted

from Ref. [248]].] . . . . . . . ..

B

Fabrication steps of electro-plasmonic nanoantenna arrays. Electron beam pat-

terning 1s used to define the nanoantenna using PMMA resist (a). The patterned

sample 1s developed in MIBK: IPA (1:3) solution (b). Gold layer 1s deposited

using a directional metal deposition technique. (c). Lift-off process results in

1mmobilized metallic nanoantennas on the ITO glass substrate (d). Selective

electropolymerization of PEDOT: PSS on gold surfaces leads to a conformal

and ultrathin electrochromic load around the metallic nanoantenna (e). The

SEM 1mage of a fabricated electro-plasmonic nanoantenna array 1s shown (f). | .

38

B2

Complex refractive index (n-k) of the PEDOT polymer. Refractive index (a)

and extinction coefficient (b) of the PEDOT polymer are shown for doped (red

curves) and de-doped states (blue curves). |. . . . ... .. ... ... ... ..

39

B3

Electropolymerization of nanometer thick PEDOT: PSS films. (a) Galvanostatic

deposition of 5nm PEDOT: PSS on gold electrode (gold substrate). A constant

current 0.48 m A /cm? is applied for 1.67s. (b) Corresponding voltage recorded

by the potentiostatis shown. | . . . . . . . ... ... ... L.

B4

Electro-optic characterization setup. (a) The optical setup used 1n electro-optic

characterization measurements for electric-field sensitivity 1s shown. (b) Schemat-

ics of the electro-optic setupi1sgiven. | . . . . . . . . ... ... L.

41

B3

Lumped optical circuit model of nanoantenna. (a) Lumped nanocircuit model

for the pristine nanoantenna 1s shown. (b) Scattering spectrum of the pris-

tine nanoantenna obtained using FD'TD simulations. (c) The resistance and

reactance of the equivalent nanocircuit of the pristine nanoantenna is shown

as a function of wavelength. (d) Equivalent nanocircuit model of the electro-

plasmonic nanoantenna. Electrochromic doping 1s incorporated through tunable

resistor and capacitor elements. | . . . . . ... oo oL

36

Photothermal heating due the nanoantenna. Temperature profile around the

nanoantenna ((height 45 nm, diameter 90 nm) 1s shown. A small temperature

(3 ?C) nise relatively ambient 1s observed within close vicinity to nanoantenna. |

viii

45



37

Electro-plasmonic nanoantenna. (a) Scanning electron microscope (SEM) 1m-

age of cardiomyocyte cells cultured on an array of electro-plasmonic nanoan-

tenna. Considerable size difference between loaded nanoantennas (height 45

nm, diameter 90 nm) and electrogenic cells 1s shown. 2.25 million electro-

plasmomc nanoantenna are 1ncorp0rated on a transparent substrate with nanome-

ter spatial resolution, allowing measurement of electric-field dynamics from

diffraction limited spots over a large surface area. (b) Side-view of near-field

enhancement |E/ F, | along the pristine nanoantenna at 678.8 nm. FDTD sim-

ulations show that plasmonic excitations lead to strong confinement of the light

within the 20 nm thick electrochromic layer. (c) Top view of the near-field

enhancement |E/E, | profile along the center of the pristine nanoantenna at

OT8.8NM. 1. . . . . o e e e

B3

Susceptances of the gold nanoantenna and the PEDOT: PSS load for doped

(red) and de-doped states (blue) are shown. Intersections (indicated by the cir-

cles) correspond to the open-circuit condition, the plasmonic resonance. For

the doped (de-doped) electrochromic load, the resonance condition occurs at

the shorter (longer) wavelength intersection due to the diminished resistance

(losses) of the electrochromicload. | . . . . ... ... ... .. ........

B9

Far-field response of the electro-plasmonic nanoantenna to the doping state of

electrochromic load. Electrochromic switching of the load from the doped (red

curve) to the de-doped (blue curve) state leads to red shifting of the plasmonic

resonance. FDTD stimulations (solid curves) and lumped nanocircuit model

(dashed curves) are compared. The 1nset depicts the chemical structure of PE-

DOT for the doped (left) and de-doped (right) state. A~ represents the counte-

[3.10 Electrochromic loading. (a) Equivalent circuit model of the (Au) electrode-

PEDOT: PSS system used 1n EIS measurement (top). PEDOT: PSS layer elec-

tropolymerized on an Au surface is illustrated 1n an electrolyte solution (bot-

tom) (b) Cyclic voltammograms of 10 nm (blue curve) and 20 nm (red curve)

thick PEDOT: PSS coated Au electrodes. (c) Bode impedance plot of the (Au)

electrode-PEDOT: PSS system. Excellent agreement 1s observed between EIS

measurements and equivalent circuit model. (d) Nyquist plot for (Au) electrode-

PEDOT: PSS system. We have applied an ac voltage ;. = 10 mV (rms), and

dc voltage Lg. = 200 mV versus Ag/AgCl (frequency range = 1 Hz -10 kHz)

2

|3.11 Response time of electrochromic load. Potential step voltammetry measure-

ments to analyze the temporal response of the PEDOT: PSS film. Linear scaling

of the electrochromic switching speed with the active area for fixed thickness

t = 20 nm (blue curve) and thickness for fixed area v/ Area = 7 mm (red curve)

1s shown. Our electrochemical analysis suggests that it 1s advantageous to use

a thinner and smaller surface area PEDOT: PSS load to achieve fast response

tmes. .| . . . . e e
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312

Selective deposition of electrochromic load. Selective electropolymerization of

3,4-ethylenedioxythiophene (EDOT) monomer in sodium poly(styrenesulfonate)

(NaPSS) aqueous solution under potentiostatic conditions. First, cyclic voltam-

metry (CV) 1s used to characterize electropolymerization of PEDOT: PSS on

Aw (red curve) and ITO (blue curve) substrates. The nucleation point difference

between Au and ITO surfaces 1s exploited for selective deposition of PEDOT:

PSS on Au nanoantenna (insets). | . . . . . . . ... ...

313

Field sensitivity of active plasmonic nanoantenna. Differential scattering sig-

nal versus applied electric-field strength. Electro-optic measurements are per-

formed at a modulation frequency of 500 Hz. Absolute values of the differ-

ential scattering signals are compared for the pristine (red curve) and electro-

plasmonic (blue curve) nanoantennas. times enhanced field sensitivity 1s shown

for the electro-plasmonic nanoantenna. For low field values (2 x 10~? mV/nm

to 8 x 10~“ mV/nm), we observed large intensity changes (1-7 %) in scattering

signal of the electro-plasmonic nanoantenna. | . . . . . ... ... ... ....

B.14

Scattering spectra of pristine and electro-plasmonic nanoantenna. Scattering

spectra of plasmonic (red curve) and electro-plasmonic (blue curve) nanoan-

tenna are compared using FDTD simulations. A metallic disk shape nanoan-

tenna with 90 nm diameter and 45 nm thickness, and 20 nm thick conformally

coated (doped) PEDOT polymer layer are assumed. | . . . ... ... ... ..

B.15

Detection limits of single electro-plasmonic and plasmonic nanoantennas. SSNR

ratios are compared for single field probes at an illumination intensity of 3

uW/um?. An integration time of 1 ms is considered. High SSNRs (~ 60 — 220)

are shown for the electro-plasmonic nanoantenna even for low field values

(2 x 10~? mV/mm -8 x 10~ mV/nm). Reference field direction corresponding

to positive electric field 1s shown (inset). | . . . . . . ... ... ... ... ..

B.16

Dynamic response of electro-plasmonic nanoantenna. (a) Schematics of the

transmission dark-field measurement setup. Strong light scattering contrast in

between the spatial regions with (green) and without (dark) electro-plasmonic

nanoantenna 1s observed (inset). (b) Temporal response of the electro-plasmonic

nanoantenna obtained using a square wave voltage for spectroelectrochemical

recording. Optical response of the electro-plasmonic nanoantenna 1s shown (red

curve) for potential steps (blue curve) in between —500 mV (versus Ag/AgCl)

and 500 mV (versus Ag/AgC'l) with a residence time of 5 ms. A switching

time of 191 us 1s obtained after fitting a decaying-exponential function to the

scattered light intensity. (c) Optical scattering signal obtained from a PEDOT:

PSS coated plasmonic nanoantenna array modulated by a square wave of =500

mV versus Ag/AgC1 with a frequency of 1 kHz. Data acquired using a silicon

(Si) amplified photodetector 4.75 x 10° VI A+£5% .| . . . ... ... ... ..




317

Optical recording of electrogenic activity. (a) False-color scanning electron mi-

crograph of hiPSC derived cardiomyocytes (1ICMs) (colored 1n purple) cultured

on electro-plasmonic nanoantenna array. (b) Differential scattering signal 1n re-

sponse to electrogenic activity of a network of cardiomyocyte cells. Strong far-

field signal allowing label-free and real-time optical detection of electrogenic

activity of 1ICMs are obtained from substrates with electro-plasmonic nanoan-

tennas (red curve). Control measurements are performed to verify the origin of

the electro-optic signal. In the absence of electro-plasmonic nanoantenna, no

far-field signal 1s detected (blue curve). | . . . . . . .. .. ... .. .. .. ..

B.18

Ca** flux of iCMs captured using fast Ca*" imaging.Time lapse fluorescent

images of Ca®t flux. (a)att = 0s. (b)t = 2. (¢c) t = 4. (d) Fluorescent

Intensity over time. . | . . . . . . . . . . e e e e e e

i

The working mechanism of the subwavelength thick EPSOM. a. Schematic of

the EPSOM under positive applied potential (ON-state). A positively applied

potential leads to the oxidation (doping) of the PE DOT — PF'g load. Efflux

of electrons (e~) and sodium ions (Na™) occurs simultaneously from the elec-

trochromic polymer backbone. In the doped state of the load, electro-plasmonic

filter 1s precisely tuned with the fixed bandpass filter, resulting in a strong trans-

mitted signal. b. Schematic diagram of the PE DO — P Fg load 1n the doped

state. ¢. Schematic of the EPSOM under negative applied voltage. The negative

applied voltage initiates the reduction (dedoping) of the load. Influx of elec-

trons (e~) and sodium ions (N a™) modulates the optical properties of the load.

The modulated load causes a mismatch between the passband of the electro-

plasmonic filter and fixed bandpass filter, therefore, leads to a suppression of

the optical transmission. d. Schematic diagram of the PE DOT — PFg load in

the de-doped state. | . . . . . . . .. ..

2

Large-scale fabrication of plasmonic nanohole arrays. Lift-off free deep UV

nanolithography of plasmonic nanohole arrays. It consists of three consecutive

steps: (1) spin coating of antireflection and photoresist layers, and wafer-scale

patterning of plasmonic devices using deep UV (DUYV) lithography, (111) fabri-

cation of the free-standing nanostructures using wet and reactive 1on processes,

and (1v) direct deposition of the metal layer. |. . . . . . ... ... ... ....

3

Electrochemical deposition of the PEDOT. We use a constant current density of

0.47 mA/ cm? for 1.67 s (blue curve) for 5 nm thick PEDOT. We measure the

potential during the deposition (red curve). The potential 1s gradually decreas-

ing with time 1s the indication of PEDOT deposition. | . . . . . . ... ... ..
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Large contrast ratio with an ultrathin electrochromic polymer. a. Side view

of near-field enhancements along the pristine nanohole array structure (diame-

ter 160 nm, pitch 450 nm) at 690 nm for x-polarized incident light propagating

along the z-direction (normal to the nanohole surface). FDTD simulation shows

the presence of strong light confinement (hot spots) due to the strong SPP-LSP

coupling at the doped state of the PEDOT (25 nm thick). b. FD'TD simulation

shows the absence of hot spots due to the weak SPP-LSP coupling at the de-

doped state of the PEDOT. c. Chemical structure of the PEDOT. During the

doped (top panel) to de-doped (bottom panel) transition, the number of positive

charge carriers in the PEDOT decreases due a negative applied potential (reduc-

tion reaction; PEDOT accepts electron). The opposite occurs when the doped

to de-doped transition occurs due to a positive potential (oxidation reaction;

PEDOT donates an electron). d. The coupled LC-oscillator model capturing

the Fano resonant EOT effect in electrochromically loaded plasmonic nanohole

structure. Meshes [q, /2, and [3 represent plasmonic oscillators on the in-

coupling metal/water interface (SPP,), at hole aperture rims (LSP) and at the

out-coupling metal/St3 /N4 1nterface (SPPs), respectively. An external voltage

Vs = V, cos (wt) is introduced as the electrical analogue of the incident light

excitation. e. The magnitude of the total impedance |Zr| seen by the voltage

source 1s calculated from the circuit model using the Thevenin theorem. The

top left inset shows a parallel RLC (anti-resonant) circuit. Bottom right inset

shows a series (resonant) RLC resonant circuit. The top right inset shows that

phase () of |Zp| varies with the wavelength (\). f. Transmission spectrum of

the EPOSM to the doping state of the PEDOT load. Switching of the load from

the doped (blue curve) leads to the de-doped (red curve) state leads to red shift-

ing of the transmission spectrum. Circuit model (solid line) and FD'TD (dashed

line) are compared. | . . . . . . ... L L

76

a3

Electrochemical characterization of the electrochromic load. a. Complex plane

1mpedance plot or Nyquist plot of the Au-PEDOT system with a PEDOT thick-

ness of 25 nm and an area of 169 mm* measured at 0.2 V vs. Ag/AgCl. The

frequency range 1s 1 Hz to 10 kHz. AFE,. = 10 mV. Inset shows the equiva-

lent circuit model for fitting (solid line) the measured impedance data (open cir-

cle). Bode plot (phase shift (blue), and total impedance (red)) of PEDOT coated

(thickness 25 nm and area 169 mm?) gold with the frequency range from 1 Hz

-10 kHz. c. Cyclic voltammetry (CV) of the PEDOT load. Cyclic voltamme-

try of the PEDOT load with different thicknesses at scan rate 50 mV/sec over

potential range of 0 V to 0.5 V 1n a 100 mM TBAPF; supporting electrolyte in

propylene carbonate solvent. |. . . . . ... ... o oo
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76

Ultrafast temporal response of the electrochromic load. a. Capacitance Cpgpor

[ as a function of the thickness and the area for Aw/PEDOT electrodesin 1M |

NaCl. Ey. = 0.2 V. Cpgpor scales linearly with the active area for a fixed

thickness of 25 nm (blue curve) and the thickness for fixed area v/ Area = 13

mm) (red curve). b. Schematic of the spectroelectrochemical setup that consists

of a broadband light source, microscope condenser, a 10X objective, a beam

splitter, a reflection mirror, two convex lenses, a high-resolution spectrometer,

a 3-electroe electrochemical cell, and a potentiostat. Scanning electron micro-

scope 1image of a plasmonic nanohole array (diameter 160 nm, pitch 450 nm)

conformally coated with 25 nm PEDOT 1s shown (inset). c. Electro-optic mea-

surements of EPSOM to analyze the temporal response of the PEDOT film.

Linear scaling of the PEDOT switching speed with the active area for fixed

thickness 25 nm (blue curve,) and thickness for the fixed area v/ Area = 13
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Abstract

Nano-Electrochromic Active Plasmonics: Wireless Electrophysiology and Flat Optics
by
Ahsan Habib

Active plasmonic devices have recently emerged as plasmonic/nanophotonic technologies with
tunable optical characteristics. However, electro-optic effects in plasmonic metals are weaker
than their photonic counterpart since plasmonic materials such as Au and Ag have extremely
high electron densities, resulting in the effective screening of the externally applied electrical
fields. In this thesis, to overcome these limitations, I introduce electric field tunable loading of
plasmonic nanostructures and demonstrate wireless electric-field sensors for electrophysiology
and flat optic modulators.

First, I introduce an ultrasensitive and extremely bright nanoscale electric-field probe
overcoming the low photon count limitations of existing optical field reporters. I demonstrate
that electrochromic loading of plasmonic nanoantenna allows us to realize optical field probes
with 10 — 100 million times larger cross sections than fluorescence molecules and ~ 3000-
fold enhanced sensitivities than conventional plasmonic nanoantennas. Using our nanoprobes,
I realize optical detection of electric-field dynamics from diffraction limited spots and high-
speed recordings with sub-millisecond temporal response times (~ 191 ps). Furthermore, I
demonstrate label-free optical recording of electrogenic activity of cardiomyocyte cells with
low-intensity light. Our nanoprobes offering high spatiotemporal resolution measurement ca-
pability opens the door to label-free electrophysiological studies with photons.

Finally, I introduce a subwavelength-thick (< 250 nm) nano-electrochromic flat optic
modulator that utilizes the electrochromic modulation mechanism in combination with highly
dispersive Fano resonances in extraordinary light transmission (EOT) effect. We demonstrate
electro-optic switching capability that can simultaneously deliver remarkably high modulation
depth (~ 17.6 dB) and high speed ( ~ 500 ps, ~ 2 kHz) switching capability beyond the video
rates. The field-effect flat optic modulator shown here paves the way to the advancement of

technologies based on electrochromic soft materials.
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Chapter 1

Introduction

Plasmonics is a rapidly growing sub-field of modern optics, which deals with the
manipulation of electromagnetic waves by coherent coupling of photons to free electron oscil-
lations at the metal-dielectric interface [IH7]]. Due to its ability to localize light at nanoscale
volumes beyond the diffraction limit and the drastically enhanced light matter interactions, as
a result, surface plasmonics has emerged as a fruitful field for technological advancements
[31/6]]. Over the last few decades, we have witnessed transformational advancements in a myriad
of promising application areas (Figure [I.T)), ranging from energy conversion to ultrasensitive
biosensing [8H22]]. In recent years, significant effort has been made to develop large-scale,
and low-cost nanofabrication techniques [[18}[23,[24], to transfer plasmonic technologies from
research laboratories to industry [25-27].

Optical modes of resonant plasmonic nanostructures are classified into two distinct
types: surface plasmon polaritons (SPPs) and localized surface plasmon polaritons (LSPs) [28]].
SPPs are propagating bound oscillations of electrons and electromagnetic waves at a metal-
dielectric interface(Figure [I.2). LSPs are standing wave surface plasmons that are tightly con-
fined to a subwavelength nanoparticle surface (Figure [I.2p). Surface plasmon resonance occurs
when the frequency of incident photon resonates with the oscillation of the conduction electrons
in the metal. Plasmonic excitations lead to nanoscale confinement of electromagnetic field near
metallic surfaces, which is often referred as plasmonic “hot spots” (Figure [I.2k). The light
intensity at these hot spots can be several orders of magnitude stronger than incident light, and
thus offering a drastically enhanced interaction of light with matter [10,/13]]. Therefore, despite

having modest Q value (10 — 100) [29,[30]] they can outperform high Q ( 105 — 10%) [30L31]
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Figure 1.1: Plasmonics and its applications. In various fields of science and engineering, plas-
monics has found a wide range of applications.

dielectric resonators, and are hence heavily used in biological and chemical sensing applica-
tions [[16},[17,32449].

Conventionally, optical properties of plasmonic structures are predetermined by de-
sign and manufacturing processes, resulting in a fixed response for a given excitation—a sig-
nificant impediment for many practical applications that requires tunability. Active control of
plasmonic characteristics is needed for the advancement of plasmonic technologies such as
modulators [50-53]], and field-effect neurophotonics devices [54}/55]]. Therefore, dynamically
reconfigurable plasmonics, also known as “active plasmonics” [56}/57]], has recently attracted
significant interest [57,/58]]. Since the term “active plasmonics” was introduced in 2004 [59],
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Figure 1.2: Schematics showing (a) a surface plasmon polariton (SPP) mode and (b) a localized
surface plasmon (LSP) mode. (c)Near field enhancement | E/ E,|? along the metal (gold) sphere
(diameter 100 nm). Finite difference time domain (FDTD) simulation shows that plasmonic
excitation leads to strong light confinement.

this new field of research has grown at a phenomenal rate, as evidenced by the rapidly increasing
number of annual citations to active plasmonics-related scientific articles (Figure [I.3)). Progress
in this field can facilitate the development of novel active plasmonic devices with unprecedented
photon management capabilities, leading to a wide range of exciting new practical applications
[431/54.60].

Recent experimental developments have suggested several alternative approaches for
active control of plasmonic resonances, exploiting electrical [61-63]], chemical [[64]], mechan-
ical [[65]], thermal [66], and optical [[67]] methods. Recently, there has been a concerted effort
focused on developing active plasmonic devices that exploit field-effect phenomena for precise
controlling of the plasmonic characteristics [54,/55/60./62]. Electrical active control methods
achieve tunability by modulating the free carrier density of the constituent plasmonic materials,
such as gold (Au), silver (Ag), etc. [68H70|]. Free carrier modulation of metals determines the

plasma frequency w,,, which is given by

2\ 1/2
Wy = (Ne > (1.1)

me€o

Here, N is the electron density in the metal, e is the elementary charge, m. is the effective mass



12000

Citations report for 2,114 publications

h-index
8000 | i

B Average citations per item

(8 30.1

0

1]

E 4000

= Citing articles
42,062

2004 2008 2012 2016 2020
Year

Figure 1.3: The total number of citations to active-plasmonics literature from 2004 to 2019
illustrates remarkable growth in this field. Adapted from ref. .

of the electron, and ¢ is the vacuum permittivity. As illustrated in Figure [I.4] when an ex-
ternal field is applied, plasmonic surface experiences modulation of the electron density, hence
the plasma frequency. This modulation results in a blueshifting (redshifting) of the plasmonic
resonance with the increasing (decreasing) electron density
9 96 )1/2
Ares = WC(EOO T Em) (1.2)

Wp

Here, £ is the high frequency dielectric constant, c is the velocity of the light, and €,
is the dielectric function of the electrolyte (¢, = \/n; n is the refractive index of the electrolyte
solution). However, electron densities in plasmonic metals such as gold (Au) and silver (Ag) are
high (~ 10**em ™3 ) and cannot be readily modulated using external field . Therefore,
a more effective modulation approach is needed for active plasmonics.

In this thesis work, I introduce electric field tunable loading of the plasmonic nanos-
tructure with electrochromic polymers to realize the active plasmonic systems with high electric
field sensitivity. I will demonstrate plasmonic systems, such as plasmonic nanoantenna array
(PNA) and plasmonic nanohole array (NHA), that are loaded with electrochromic polymer ma-
terial as a field tunable dielectric load to plasmonic nanoresonators [54]. In reverse operation
mode, I show how an electrochromically loaded plasmonic (electro-plasmonic) nanostructure
can act as a reporter of local electric-field dynamics to the far-field. I demonstrate drastically

(3 x 10° times) enhanced field sensitivities with respect to previous studies focused on bare

4
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Figure 1.4: Schematic depiction of spectral characteristics obtained due to the modulation of
electron density of the plasmonic metal sphere. (Middle; yellow color) Metal sphere without
any external electric field. (Left, blue color) An increase in electron density causes a blueshift
with an increase of scattering intensity. The electric field direction is toward the metal sphere.
(Right, red color) A decrease in electron density causes a redshift with a decrease of scattering
intensity. The electric field direction is away from the metal sphere.

plasmonic resonators by performing electro-optic measurements from diffraction-limited vol-

umes.

1.1 Thesis Contributions

Since Hermann von Helmholtz’s first measurement of nerve impulses in 1849, elec-
trophysiologists have been developing tools to gain simultaneous access to the activity of single
cells in large networks. Electrical technologies such as microelectrode arrays (MEAs) have
made significant progress towards this goal. However, fundamental limitations associated with
on-chip signal conditioning (e.g., front-end amplifiers, right underneath, or nearby, the elec-
trodes) requirements and tighter upper limits for the low noise transfer of spiking cell infor-
mation over a multiplexed wire remains to be addressed. Probing membrane potential with
optical voltage reporters is a promising alternative technique that can potentially open the door

to unprecedented spatiotemporal resolution measurements by harnessing photons [73]]. Optical



electrophysiology technologies such as genetically encoded voltage indicators (GEVIs) have
recently attracted considerable interest that transforms membrane potential fluctuations into
changes in light intensity. GEVIs are based on fluorescent protein fusions to a voltage-sensing
domain, provide a strong optical response to membrane potential changes. However, due to the
small cross-sections of molecules ( 1072 nm?) [74] and quantum yields (QY ~ 1074 -1073)
[[75]], fluorescence-based bioelectrical measurements suffer from poor signal-to-noise ratio lim-
itations due to low photon count signals.

Shot noise, which reflects the quantal nature of light and the probabilistic nature of
photon detection, is the dominant noise source in low-photon count measurements [73]]. We
can consider two simple scenarios to demonstrate the effect of shot noise on signal detection.
In the first scenario, the detector registers 105 photons per second, meaning that 1000 photons
are recorded in each bin an average assuming 1 ms integration time. So, in the presence of
an action potential(AP), a voltage reporter that experiences increased fluorescence signal by 10
percent will lead to 100 extra photons (signal) on average in each bin. In the second scenario,
the same detector registers 10* photons per second. Assuming identical excitation and detection
conditions and voltage reporters, each bin will contain one photon for the signal. Because shot
noise is proportional to the square root of the number of available photons detected during an
experiment [76]], the second scenario will be shot noise limited. As a result, even for GEVIs
that have excellent voltage sensitivity (100%), real-time measurement of electrophysiological
signals is not possible with them. Using higher intensity light sources is not likely to solve this
problem, since this can lead to photobleaching and phototoxicity. More importantly, genetic
mutations are needed to incorporate GEVI into the cell’s membrane, preventing its potential
utility in humans. Most recently, field-sensitive quantum dots (QDs) has emerged as extracel-
lular alternatives to GEVI, circumventing the need for genetic mutations. QD field probes have
relatively larger much larger cross-sections than GEVI. However, QDs use quantum confined
stark effect (QCSE) for electric-field detection, a relatively weak effect. Hence, QD field-probes
suffer from shot-noise limitation much like GEVIs, but for a different reason.

In this thesis, I introduce a new class of extremely bright label-free extracellular opti-
cal field probes that overcome the photon count and field sensitivity limitations of existing op-
tical voltage reporters. I demonstrate label-free probing of local electric fields and electrophys-

iological signals using loaded plasmonic nanoresonators with high temporal (sub-millisecond)



and spatial (diffraction-limited) resolutions. I use electrochromic loading of plasmonic res-
onators, which causes the wavelength and intensity of their far-field plasmonic resonance to
change in response to changes in membrane potential during an action potential (AP).

In addition, this thesis focuses on the development of ultra-sensitive and high speed
“flat optical” modulators. Optical instruments have remained bulky and expensive since the
days of Galileo and Van Leeuwenhoek. They were made by refining mechanical parts, usually
made of glass, that manipulate light to sense, measure, and project. Recently, “flat optics,”
has emerged as an alternative to traditional approaches. Recent studies have shown that planar
nanostructures can perform similar static optical functions to bulky components [77,/78|

Most recently, active flat-optical components that incorporate electrochromic mate-
rials (electro-plasmonics) have emerged. One important application in this field is developing
a fast, and high-modulation depth flat optical modulator for electronic display [54}/67,[79-82].
However, electro-plasmonic modulation, with an ultra-high contrast ratio typically required for
practical purposes, has not yet been demonstrated. Previous electro-plasmonic approaches ex-
ploit the change in the imaginary part of the effective refractive index, which is difficult to
modulate significantly and is limited by the representative electrochromic material’s inherent
characteristics. In contrast to the traditional electro-plasmonic modulator, I use the real part of
the refractive index to tune the spectrally sharp Fano resonant extraordinary light transmission
(EOT) spectrum of the plasmonic nanohole array. In addition, I employ novel spectral engi-
neering of the spectrally sharp Fano resonant extraordinary light transmission (EOT) spectrum
of the plasmonic nanohole array. I show an unprecedented 17.6 dB modulation depth with a

sub-millisecond switching rate.

1.2 Thesis OQutline

A brief description of the content of the five chapters of this thesis is as follows:

Chapter 1: Introduction — Problem Statement and Research Motivation
In this chapter, I present a brief background on plasmonics and active plasmonics. I present
the bottlenecks of the existing electrically tunable active plasmonic devices. I introduce an
alternative mechanism for the electrical tuning of plasmonic resonances.

Chapter 2: Active Plasmonic Antenna: An Emerging Toolbox from Photonics to

Neuroscience



In this chapter, I discuss the latest and most important findings in active plasmonic and provide
an overview of active plasmonic nanoantenna (PNA) devices. First, I summarize the basic
principles underlying PNAs and their general properties. Subsequently, I discuss a powerful
and universal inverse design approach for the rapid and efficient engineering of PNAs with high
quality-factor and narrow resonance linewidth spectral characteristics. I then emphasize two
advanced nanofabrication techniques that enable high-throughput, large-scale manufacturing
of PNAs with remarkable structural uniformity and homogeneity at a wafer scale. Later, I
describe an elegant optical nanocircuit framework that helps us to capture the sophisticated
optical response of PNAs and provide guidance for the rational design of active PNAs. Then, I
use the optical nanocircuit theory to classify the recently developed strategies for active tuning
of passive PNAs into four distinct categories. Finally, I discuss potential applications of active
PNAs for electrophysiological recordings.

Chapter 3: Electro-plasmonic Nanoantennas for All-optical Electrophysiological
Recordings
In this chapter, I present a new class of extremely bright non-fluorescent optical voltage sensors
that can sensitively detect local electric-field dynamics. I demonstrate 3.25 x 103 fold en-
hanced electric field sensitivities over traditional plasmonic nanoantennas. I show that our elec-
trochromically loaded plasmonic (electro-plasmonic) nanoantennas offer high signal-to-shot-
noise ratio (SSNR 50 — 220) measurement from single nanoscale resonators. I also demonstrate
label-free and non-invasive in vitro measurement of the electrogenic activity of cardiac muscle
cells(CM) through our in vitro measurements using low-intensity light, which is two to three
orders of magnitude lower than the typical light intensities used for fluorescent voltage probes.

Chapter 4: Nano-Electrochromic Flat Optics: A High-Performance Electro-
chemical Plasmonic Fano Switch
In this chapter, I develop a novel hybrid flat electro-optic modulator merging plasmonic and
electrochromism to overcome the low modulation depth of plasmonic modulators. I exploit the
highly dispersive and steep spectral profiles of plasmonic Fano resonances. I experimentally
demonstrate a highly efficient active tuning scheme of Fano resonance in an electro-plasmonic
structure comprising 2D plasmonic nanohole arrays coupled to a thin electrochromic polymer
load. Our subwavelength-thick device offers a highly dispersive Fano resonance that can be

spectrally tuned over a wide spectral range using a small modulation voltage ( ~ 1.5 V) that is



compatible with CMOS electronics. Our plasmon-enhanced electro-optic modulator providing
sub-millisecond switching times and remarkably high modulation depth (17.6 dB) paves the
way for developing electro-optic modulators for ultra-thin display technologies.

Chapter 5: Conclusion — Major Contributions and Future Work
This chapter summarizes the major contributions of this dissertation and future directions to

extend this work.



Chapter 2

Active Plasmonic Nanoantenna

Concepts adapted from radio frequency (RF) devices have brought forth subwave-
length scale optical nanoantenna, enabling light localization below the diffraction limit. Beyond
enhanced light-matter interactions, plasmonic nanoantennas conjugated with active materials
offer strong and tunable coupling between localized electric/chemical/mechanical phenomena
and far-field radiation. During the last two decades, great strides have been made in the de-
velopment of active plasmonic nanoantenna systems with unconventional and versatile optical
functionalities that can be engineered with remarkable flexibility. This chapter reviews the fun-
damental characteristics of active plasmonic nanoantennas and recent advances in this burgeon-
ing and challenging nano-optics sub-field. The underlying physical mechanisms underpinning
dynamic reconfigurability and several promising approaches to the development of active plas-
monic nanoantennas with novel characteristics are discussed. This chapter is a modified version
of following publication:

A. Habib, X. Zhu, S. Fong, and A. A. Yanik, “Active plasmonic nanoantenna: an
emerging toolbox from photonics to neuroscience:,” Nanophotonics, vol. 9, no. 12, pp. 3805—

3829, 2020. https://doi.org/10.1515/nanoph-2020-0275

2.1 Maetallic plasmonic nanoantennas

Metallic PNAs are one of the most commonly used structures in the nanophotonic
toolbox due to their ease of engineering [83-85]]. PNAs allow light manipulation at subwave-

length scales and enable enhanced electron-photon coupling [28]]. Inspiration for these opti-
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cal antennas can be traced back to their radio-wave and microwave counterparts (Figure [2.Th).
Electrical antennas driven by high-frequency voltage sources induce oscillations of currents (0s-
cillating polarization), leading to radio- and microwave radiation. Analogously, PNAs driven
by high-frequency “optical sources” induce oscillations of “optical current” in the nanostruc-
tures, yielding electromagnetic radiation spanning from ultraviolet to visible and near-infrared
regime [84-87]]. Because the characteristic dimension of an antenna is typically on the order of
the electromagnetic radiation wavelength, PNAs are basically a nanoscale version of its much
larger ubiquitous radio frequency (RF) counterpart. Nevertheless, compared to the RF analogue,
PNAs operate with significantly deviated physical principles (Figure 2.1p) [841[88]. Nanoscale
optical antennas offer extremely efficient bilateral energy conversion between localized elec-
tromagnetic fields and far-field optical radiation [83-85]. The fundamental reason behind this
unique feature is associated with the strong coupling of coherent oscillations of free electrons in
metals (surface plasmons) to the incident light. At optical resonance, PNAs allow the electro-
magnetic field to be funneled from continuum to ultra-small, nanometer-scale volumes through
excitations of LSPs. LSPs confine the incident field to the antenna structure’s close vicinity at
dimensions smaller than the operating wavelength, leading to intense light focusing beyond the
diffraction limit. A variety of different PNA shapes and configurations are demonstrated to sup-
port LSPRs, including triangle [72,89,90]] , star-like geometry [91]], core-shell structure [84,92],
Yagi-Uda antenna [93,94]], and V-antennas [95,96]. By virtue of coherent plasmonic excitations,
optically resonant nanoantenna can dramatically boost light-matter interactions by several or-
ders of magnitude and strongly enhance local field intensities. Such gigantic field concentration
and amplification (hotspots) result in a remarkably efficient light collection from a plasmonic
cross-section that can be significantly larger than the physical cross-section of PNAs [|1,/97]]
(Figure[2.1).

PNAs have become an invaluable tool in a plethora of cutting-edge applications due to
their drastically enhanced optical scattering and absorption cross sections at resonance. These
include single molecule super-resolution microscopy [|89}(98]], high-efficiency photovoltaics
[9,[11]], ultrafast quantum information processing [99,|100], ultrasensitive biosensing [16,|{19],
integrated optical nanocircuitry [88]], and augmented reality [101,{102]. The latest advances
in precise nanoscale fabrication and nanophotonic characterization techniques as well as pow-

erful electromagnetic simulation methods have enabled scientists and engineers to understand
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and harness plasmon excitations in metallic PNAs [11,83,[85,[103]. By employing these well-
established tool sets, sophisticated devices can be readily designed with virtually any desired
functionality through rigorous parametric optimization processes [29,|104]. For example, a
well-engineered array of PNAs can support long-lived, and high quality (Q)-factor optical res-
onances and high field enhancements over a broad-spectral range down to the deep ultraviolet
(UV) regime. One fascinating advantage benefiting from these nanostructures is the subwave-
length interfacing of optics and electronics with superior speed and bandwidth over state-of-

the-art optoelectronic systems [|85,(90L|105].

2.1.1 High Q-factor broadband plasmonic nanoantennas

Optical characteristics of PNA critically depend on the imaginary and real compo-
nents of the metal’s dielectric constant, an intrinsic property of the selected element (Figure
). Over the past decades, various materials have been explored in detail [85,/110-115]. To
date, gold (Au), silver (Ag), and aluminum (Al) remain the most commonly used metals be-
cause of their high free-electron density and low intrinsic losses [85]]. However, to fully exploit
the strong light-matter interaction for practical applications, considerable efforts have yet to be
made to control plasmon damping processes in realization of high-quality factor (Q-factor) plas-
mon resonances [19,29104//116,117]]. Metallic resonators, such as PNAs, yield broad linewidth
resonances due to rapid dephasing of coherent oscillations within 2-10 fs [116,/118]]. Short
plasmon lifetime of LSPRs arises from plasmon damping through two dissipation channels:
radiative decay (photon emission) and nonradiative coupling (heat generation) [104,116] (Fig-
ure [2.Tk). Radiatively lost electromagnetic energy is reversible and can be harnessed to excite
neighboring plasmonic resonators [[19,/119]. Non-radiative decay, however, leads to irreversible
electromagnetic energy loss [97,/120}/121]]. The strength of nonradiative decay losses is con-
trolled by direct interband transition, phonon-assisted intraband transition and Landau damping
rates [104}/122]. At high optical frequencies, interband transitions associated with the intrin-
sic properties of metals become particularly strong, precluding access to much of the UV and
visible (vis) spectrum. Rapid damping of plasmon energy severely limits the buildup of optical
near-field intensities, resulting in weaker light-matter interactions. Therefore, it is of crucial
importance to delay the dephasing of plasmonic excitation in order to realize strong electron-

photon coupling and obtain high Q-factor LSPRs. Controlling radiative and non-radiative losses
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Figure 2.1: Subwavelength PNAs: (a) A conventional dipolar antenna operating in the RF
regime. Connecting the antenna to an electrical coaxial wire enables energy conversion be-
tween local RF sources and far-field electromagnetic radiation. Adapted from Ref. with
permission from American Association for the Advancement of Science; (b) PNAs operating in
the optical regime. Adapted from Ref. with permission from the American Physical So-
ciety; (c) Electromagnetic energy is strongly focused through the optically resonant metal PNA
when the LSPR condition is met. Adapted from Ref. with permission from Springer Na-
ture; (d) Dielectric function (experimental data by Johnson and Christy [108]]) of gold at optical
frequencies; (e) A schematic illustration of surface plasmon decay mechanisms: the plasmon
can either decay radiatively into re-emitted photons (left), or non-radiatively decay into ener-
getic electrons (right). Adapted from Ref. with permission from Springer Nature.

in a metallic resonator, on the other hand, is a major fundamental and practical challenge.
Recently, Zhu et al. reported an elegant and universal approach enabling rapid and

efficient inverse engineering of remarkably narrow linewidth and high Q-factor PNAs, indepen-

dently from the metals and dielectric environment surrounding the antennas (Figure 2.2).

They showed that long-lived plasmonic excitations can be realized over the entire visible spec-
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Figure 2.2: High Q-factor AlI-PNAs over a broad spectral window: (a) Space mapping algo-
rithm enabling inverse design of high Q-factor (narrow resonance linewidth) PNAs at a desired
wavelength; (b) Optical characteristics of coupled Al-PNAs (blue color) and Ag-PNAs (red
color) that are designed using this space mapping algorithm are compared over a broad spectral
range; (c) Experimentally measured extinction spectrum of optimized Al-PNAs (red circles)
demonstrates strong Fano-like resonance behavior (blue curve). Inset shows the cross-sectional

near-field intensity profiles of the AI-PNAs; (c) Adapted from Ref. with permission from
American Chemical Society.

trum and deep into the ultraviolet regime by quenching radiative losses using far-field coherent
interactions in Al-nanoantennas arrays and harnessing the distinctively favorable dielectric char-
acteristics of the Drude-like Al. To achieve this, Zhu et al. introduced a powerful and versatile
inverse-design technique offering a general and efficient way to optimize any PNA arrays fabri-
cated on refractive index mismatched super-/substrates (Figure[2.2h). Traditional trial-and-error
based design approaches require computationally expensive, central processing unit (CPU) and
time-intensive three-dimensional rigorous electromagnetic simulations of tens to hundreds of
candidate structure [[123|[124]. In stark contrast, space mapping based inverse-design method

enables ultrafast and accurate retrieval of the fittest sets of structural parameters, which yield
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the on-demand PNA characteristics with a minimal number of high-fidelity and computationally
expensive simulations [[29]]. Using this novel design approach, Zhu et al. demonstrated remark-
ably high Q-factor (27 < @) < 53) Al-nanoantenna arrays over the entire visible spectrum, out-
performing even similarly optimized Ag-nanoantenna arrays in green-blue-violet wavelengths
(< 550 nm) and near-UV regime ( 300 nm) (Figure 2.2b). Unprecedently, drastically narrow
linewidth ( 15 nm) and record high Q-factor (Q ~ 27) Al-PNAs have been experimentally
demonstrated (Figure [2.2k).

2.1.2 High-throughput and scalable nanofabrication

Real-world adaptation of nanoscale technologies critically depends on development
of high throughput and high yield nanofabrication techniques, offering precise structural unifor-
mity at nanoscale. The last few decades, we have witnessed exciting progress in development of
scalable nanofabrication techniques including top-down electron-beam [[125]], ion-beam [126],
nanostencil [24}/127]], nanosphere [|128},/129] lithography and bottom-up self-assembly schemes
[91192,[130-134]]. However, major hurdles remain in realization of large-scale low-cost manu-
facturing methods of PNAs with minimal structural inhomogeneities and nonuniformities (poly-
dispersity). As LSPR energy strongly depends on the size and material of PNAs, poorly con-
trolled nano-features give rise to unpredictable LSPR behavior and unfavorable heterogeneous
broadening of resonance linewidths, especially for small size nanoantennas [29,(104]. In par-
ticular, fabrication of plasmonic nanostructures often need metal lift-off processes, which leads
to significant variations in nanoscale features. Recently, Zhu et al. demonstrated an effective
strategy for tackling these challenges by employing a high-throughput wafer-scale lift-off free
fabrication approach based on U V-interference lithography and reactive ion etching [29]|(Figure
[2.3p). They demonstrated low-cost large-area nanofabrication of Al-nanodisk arrays fabricated
over 8 inch fused-silica wafers with excellent structural variations with sub-30 nm feature sizes
(Figure 2.3b-c). Employing this novel nanofabrication technique, we recently demonstrated
remarkably high Q-factor Al-nanoantenna arrays [29]).

Nanostencil lithography (NSL), an alternative lift-off free fabrication technique, of-
fers high-resolution nanofabrication capability on unconventional and flexible substrates [24,
127]. A major drawback of this technique, however, was the difficulty of fabricating nanosten-

cil masks using electron-beam lithography. Recently, Zhu et al. developed a deep-UV (DUV)
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Figure 2.3: High-throughput and wafer-scale fabrication of PNA: (a) Schematic of the deep-UV
(DUV) nanofabrication approach enabling lift-off free patterning of plasmonic nanostructures
with exceptional uniformity; (b) A (1 inch x 3 inch) glass slide with millions of Al-PNA struc-
tures on it is shown; (c¢) Scanning electron microscope (SEM) image of a Al-PNA fabricated
on glass substrate using this technique. (a) and (b) adapted from Ref. with permission
from American Chemical Society; (d) Schematic illustration of the DUV-based nanostencil pat-
terning technique enabling fabrication of PNA in a lift-off free manner. High-quality and large
area nanostencils, free-standing silicon nitride (5i3/Ny) thin films with an array of open-ended
nanoapertures, are first fabricated using the DUV nanopatterning; (e¢) SEM image of a nanos-
tencil with a periodic array of circular nanoapertures arranged in a square lattice. The nanohole
diameter and array periodicity are 130 nm and 380 nm, respectively; (f) SEM image of an Au-
PNA array fabricated on a glass substrate using this nanostencil and mask deposition process.
The diameter and height of the resulting nanodisk antennas are 140 nm and 120 nm, respec-
tively.

lithographic nanofabrication technique enabling high-throughput wafer-scale manufacturing of
large area stencils using suspended silicon nitride (Si3/N4) membranes [[135]. Using this tech-

nique, they demonstrated 4 inch wafer stencils housing 200 million nanoapertures with remark-
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ably uniform nanoscale features. We used DUV-based NSL to pattern PNAs, i.e., nanodisk
arrays, on a non-conductive glass substrate (Figure 2.3d). To do this, we placed nanostencils
with open-ended nanoapertures in intimate contact with the substrate to ensure perfect trans-
fer of the nanoantenna pattern with minimal shadowing effect (Figure 2.3¢). Using a single
directional metal deposition step, we demonstrated remarkably precise and reliable patterning
of 200 million Au-nanodisk antenna on glass substrates (Figure 2.3f). Beyond this particu-
lar example shown here, this DUV nanofabrication scheme allows fabrication of high-density
PNAs on unconventional substrates, including rigid, flexible, stretchable, and biocompatible

materials [24,127].

2.1.3 Lumped optical nanocircuit theory

Adaptation of antenna concepts from the RF communications has revolutionized our
ability to manipulate light at subwavelength scale, opening up the possibility of optical in-
formation processing at the nanoscale [88],/136,|137]. Likewise, concepts of lumped circuit
elements and RF design is providing guidelines for future innovations and new technological
breakthroughs for nanoscale optics. Lumped circuit elements allows simplification of the analy-
sis of complex circuits and enable conceptual understanding of effective modularization of each
circuit element [[138]]. In this respect, a comprehensive understanding of the internal mechanism
of each circuit element is not needed when designing a circuit; only the relation between the
voltage across each element and the current flowing through the element is sufficient. There-
fore, by hiding much of the internal operational complexity within an individual device design,
RF electronic circuits can be readily constructed with desired functionalities at the system level
and on a very large scale [[13/86,/136]]. However, simple scaling of RF design concepts to optical
wavelengths is not feasible because at infrared (IR) and optical frequencies, metals have strong
Drude losses and do not exhibit conductivity in the conventional sense due to the large negative
real part of their permittivities [136]]. Therefore, a modified quantitative design approach, an
analogue of RF circuits, is needed.

Alu and Engheta pioneered a general theoretical framework for PNA-based optical
nanocircuits using RF design concepts [136,[137] (Figure [2.4p). In their optical nanocircuit
approach, metals (Re[e] < 0), insulators (the surrounding dielectric, Re[e] > 0), and energy

dissipation (heating) are modeled as nanoscale capacitors, inductors, and resistors, respectively
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Figure 2.4: Optical nanocircuit representation of PNAs: (a) The concept of optical nanocircuit
theory in the optical domain. Adapted from Ref. with permission from American Phys-
ical Society; (b) A subwavelength nanoantenna, when illuminated by a monochromatic light,
behaves as three lumped optical circuit element: nanocapacitor (top), nanoinductor (middle) and
nanoresistor (bottom). Adapted from Ref. with permission from American Association
for the Advancement of Science; (c) Schematic showing the equivalent optical circuit model of
a loaded PNA (first and second panels). Far-field scattering spectrum of the PNA obtained with
the optical nanocircuit model (third panel) is in remarkable agreement with experiment (fourth
panel). Adapted from Ref. with permission from American Chemical Society.

(Figure 2.4p). These three basic nanocircuit elements operating at IR and optical frequen-
cies form the building blocks and modules for the design of “metatronic™ circuits of arbitrary
complexity via LSPs at the deep subwavelength scale. In their follow-up work studies, Alu
and Engheta further developed the concepts of optical input impedance, optical radiation resis-
tance, loading, and impedance matching in the optical frequency regime [106}[140]. By solving
Maxwell’s equations and following the Kirchhoff’s current law, the electric fields and “flowing
optical currents” can be tightly linked to the optical impedances of lumped nanocircuit elements

in the same way one would model the electric current flowing in RF lumped circuit elements.
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Based on Alu and Engheta’s groundbreaking work, a great deal of effort has been
made by many other research groups [|541|106L(139,141-150], using these concepts in designing
novel uses of plasmonic devices with functionalities merging electronic/chemical/mechanical
phenomena with optics at nanoscale. Based on lumped optical nanocircuit theory, researchers
demonstrated design, optimization, and analysis of novel practical PNA-based devices. Re-
searchers are now capable of realizing plasmonic nano-optic devices that work seamlessly in
the optical domain with desired optical performance through the optimization of lumped cir-
cuit elements [54,|106,|139|]. One of the most notable examples is the impedance-matched
optical dimer nanoantennas designed using fully three-dimensional (3D) lumped nanocircuit
models [139]] (Figure 2.4f). In this work, Liu et al. used the lumped circuit elements to realize
accurate control and tuning of the optical response of the PNAs with great flexibility, in a sim-
ilar way to turning the frequency-tuning knob of a radio [139] . The authors demonstrated a
nanocircuit paradigm to construct PNA-based optical nanofilters with various topologies, open-
ing the door to the development of integrated optical circuit for applications in data storage,

wireless optical links, and related areas.

2.2 Reconfigurable plasmonic nanoantenna

Plasmonic resonance characteristics of passive PNAs are set in stone during the de-
sign/fabrication; and can only be altered with permanent morphological changes [151]. The
need for reconfigurability in plasmonic response has spurred broad research activities. In the
past two decades, a steady and rapid evolution from passive PNAs to active PNAs with op-
tical characteristics controlled by nanoscale physical phenomena has occurred. A concerted,
highly interdisciplinary effort has been devoted to the development of active systems in realiza-
tion of post-fabrication dynamic reconfigurability in a fully reversible and repeatable, fast, and
ideally programmable manner. Until now, a variety of schemes have been proposed and devel-
oped in pursuit of in situ active control by electrical [61-63]], chemical [64}/152154], optical
[67], thermal [66], or mechanical [65}/155,(156] means. A key aspect of active PNAs is the
scalability and reconfigurability of their optical properties through accurate control over their
structural dimensions, materials, surrounding media and near-field coupling between individ-
ual components in the case of multielement arrangements. From a practical perspective, active

PNAs with tunable resonances promise to enable critical optical functions for ultrabroadband
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Figure 2.5: Mechanisms employed for active PNAs are summarized using lumped optical
nanocircuit elements. (a) Modulations in the optical characteristics of the PNA metal are cap-
tured using tunable nanoinductors; (b) Modulation of PNA characteristics through the coupled
dielectric medium is incorporated using a tunable load consisting of nanocapacitors or nanoin-
ductors; (¢) Modulation of the near field coupling between PNA elements is represented by
tunable nanocapacitors. (a)-(c) The left panel shows the lumped optical nanocircuit represen-
tation of active PNAs for various tuning mechanisms. The right panel shows the schematic of
reversible dynamic transition of PNAs by various external stimuli. r, radiative; nr, nonradiative.

sensors [46[], tunable flat-lenses [157]], holograms [[158]], dynamic switches [159], interferom-
etry photonic platforms [[160], neural activity tracking [55}/161]], and information encryption

[162]. We harness lumped optical nanocircuit theory to categorize current active PNA systems
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and develop an in-depth systematic understanding of the physical mechanisms behind most of
these active plasmonic devices. In the following sections, we show that there are three distinct
routes that lead to dynamic reconfigurability for PNAs (Figure[2.5)). The first is based on direct
modulation of the metal dielectric properties, which is effectively equivalent to tuning of the
nanoantenna inductance (Figure [2.5p). The second is achieved by loading PNAs with active
materials, which are represented by antenna-loaded nanocircuit elements that consist of either
a tunable nanoinductor or nanocapacitor (Figure [2.5b). The third approach relies on modula-
tion of the near-field coupling between adjacent nanoantenna elements in a multielement PNA
arrangement; the variations in the coupling strength can be described using a tunable nanoca-
pacitor that bridges different nanocircuits representing each nanoantenna element (Figure[2.5f).

Table shows the the strengths and limitations of these approaches.

2.3 Modulation through metallic properties

The first approach is through active tuning of PNA’s inductance (Figure [2.5p). This
can be achieved by direct modulation of free carrier densities and dielectric functions of the
conductive metal nanostructures by means of crystalline phase transitions or electrical gating.

The frequency dependent permittivity of metals can be described by the Drude model [28]]

w n.e2
+ Einter (W), Wp = i (2.1)
m=eg

2
__p
w? + Wl

Emetal(w) = 57"(‘*‘)) + igi(w) = €0 —

where ¢, and ¢; are the real and imaginary parts of the dielectric function, respec-
tively, £~ is the high-frequency-limit dielectric constant, w is the frequency of light, I" is the
damping frequency, €int e, represents the contribution from interband transitions, and w), is the
plasma frequency. The magnitude of plasma frequency depends on carrier density n., the elec-
tron charge e , and its effective mass m* . In the quasi-static regime (nanoantenna diameter
d < M) [28§]], the Frohlich condition, corresponding to LSPR in a Drude free-electron metal
nanoantenna, is fulfilled when e, = —2. LSPR occurs at w; = w,/v/3 , where wy is the
Frohlich frequency. Hence, spectral location of LSPR is directly connected to electron density

at the Fermi level, as in ne (wy ~ /ne).
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2.3.1 Crystalline phase transition

Catalytically active non-coinage transition metals, such as metal hydrides, have emerged
as a particularly strong class of active nanoplasmonic devices (Figure [2.6p). These materials
typically undergo in situ, reversible crystalline phase transformations between metallic and di-
electric hydride states through hydrogenation and dehydrogenation (Figure[2.6b). The resultant
crystal and electronic structural alterations lead to dramatic changes in the optical properties of
PNAs, thereby causing noticeable spectral shifts in their LSPRs. Metal hydride-based PNAs
have been reviewed extensively elsewhere [60,173], and we give only a brief overview here us-
ing an optical circuit model. Up to now, metal hydrides have attracted significant interest for the
development optical hydrogen sensors [164,/174L(175]], switchable mirrors [176L|177], chirality
switching [178]], and dynamic color displays [[162]. Palladium (Pd), magnesium (M g), zirco-
nium (Z7), titanium (7'%), and vanadium (V") are some of the most promising metal hydride ma-
terials. Mg, in particular, has attracted a great deal of attention [60] due to its earth-abundance,
low cost, reversibility, superior plasmonic properties at high optical frequencies. Furthermore,
it offers excellent gravimetric and volumetric hydrogen capacities [179], and benefits from the
high surface-to-volume ratios offered by this material. Recently, there is growing interest in
creating metal alloy (e.g. Mg — Pd, Au — Pd) PNAs to realize broader dynamic tuning range
and faster response times. Another focus is to suppress the unfavorable hysteresis effect during

the de-/hydrogenation processes with respect to single-metal-based devices [60,/175](Figure

2.6k).

2.3.2 Electrical gating

Field-effect tuning of free carrier density in metals offers reversible modulation ca-
pability of PNA spectral behavior at high switching speeds [[180H182]]. Modulation of the plas-
monic response of a PNA via an externally applied bias can be accomplished in either dielectric
media [54,55] or ionic solutions [72,/183]]. In a typical dielectric medium such as air, an ap-
plied bias tunes plasmonic resonances by changing the carrier density n. of the PNA within a
skin depth at the surface, kown as Thomas-Fermi screening length [[153}/184}/185]]. Depending
on the direction of the applied electric field, carrier density An, increases (decreases) due to
charge accumulation (depletion) [[186}/187|]. This free-carrier density variation results in alter-

ation of the plasma frequency w,. According to Drude model, changing electron density leads
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Figure 2.6: Crystalline phase transition: (a) In situ crystalline phase transformations. Top pan-
els show schematics of PNAs consisting of metal and metal hydrides. Bottom panels display
the complex dielectric function of each metal and its hydride. Adapted from Ref. [[173]]; (b)
Crystallographic phase transition between metal and metal hydrides takes place during de-
/hydrogenation processes. Inset shows the atomic arrangements in the M ¢(0001) and M gHo
(110) crystal planes. Adapted from Ref. [60]; (c) Suppression of the unfavorable hysteresis
effect during de-/hydrogenation processes by using metal alloy PNAs. Top panel illustrates the
nanofabrication of metal-alloy PNA using the hole-mask colloidal lithography (left) and ther-
mal annealing (right) methods. Bottom panel displays the hydrogen adsorption and desorption
isotherms for three different alloy compositions. Adapted from Ref. .

to modulation of the metal permittivity, causing spectral shifting in the LSPR frequency of the
nanoantenna [188].

Compared to electrical biasing in dielectric medium, electrical gating within a ionic
medium (i.e., liquid- or solid-state electrolyte solution) can lead to larger LSPR resonance
shift [[189,[190]]. Modulation of plasmonic response in ionic medium can be achieved through
either non-Faradaic charging or Faradaic charging [[1924194]. In non-Faradaic pro-
cesses, application of an electrical potential difference between PNA and a reference electrode
results in the formation of an atomic scale (A) electrical double layer (EDL) in the close vicin-

ity of the nanostructure surface. EDL consists of an internal Stern layer and an adjacent Gouy-
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Chapman diffuse layer: (i) the Stern layer is formed by specific adsorption of counterions, while
(ii) the diffuse layer emerges by the nonspecifically adsorbed ions that screen the charges on the
PNA surface (Figure [2.7p). The strong electric field build up in the EDL results in alteration of
the plasma frequency wy, ; thereby, it leads to spectral shifting of the PNA resonance with an
external electric field [189,[195,/196]. Using the Drude model and double-layer capacitor ap-
proximation, the modulation depth and speed of modulation for the plasmon resonance can be
found [196,/197]. The amount of the resonance shift is found to linearly scale with the applied
potential, whereas the switching speed is determined by the RC charging time of the EDL. A
key demonstration of non-Faradaic charging was reported by Somekh’s group [[191}/195]]. They
demonstrated that the scattering intensity of PNAs can be modulated through non-Faradaic
charging processes using an external electrode. In addition, they showed that the surface plas-
mon modes of the PNAs with elongated morphologies (plate- or rod-shape) exhibited higher
oscillator strengths and therefore were more sensitive to surface charge perturbations with re-
spect to PNAs with spherical shapes [[191]].

In Faradaic charging, electrochemical reactions take place at the interface between
PNAs and their surrounding electrolyte [[154}|198H202]]. This process involves electron trans-
fer between the chemical species and the plasmonic nanostructures. In Faradaic electrochemical
dis-/charging processes, metallic nanoantenna is coupled to redox reactions (oxidation/reduction),
acting as a reservoir for the electrons (Figure[2.7b). Throughout cyclic redox reactions, the elec-
trons can be stored in the PNAs and donated to the chemical species in an alternating manner.
Electron transfer in and out of plasmonic structure leads to cyclic spectral shifting (blue-/red-
shifting) of the LSPR of the PNA. So far, the Faradaic charging mechanisms have been em-
ployed to monitor the catalytic behavior [2001203[204], visualize photoinduced electrons [205]],
and observe the dynamics of electrochemical reactions [201,206,/207]]. Both non-Faradaic and
Faradaic charging methods afford accurate control and manipulation of the free-carrier density
of PNAs. However, both fall short of the field sensitivity requirements for practical applica-
tions such as neural action potential monitoring and electro-optic modulation. This is due to the
metals’ high intrinsic free carrier density (1023 ¢m~3), which is significantly higher than the
modulation itself (n. > An,) at practical voltages. Modulation of metal plasma frequency is
often negligibly small (Aw, = An, (w,/2n. )) [54]. One promising approach to mitigate this

issue is to use low-electron-density metals such as indium tin oxide ( 1029 ¢m™2) or an elec-
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Figure 2.7: Faradaic and non-Faradaic charging of PNAs: (a) Non-Faradaic charging results in
redistribution of free carrier charges in an atomic-scale electrical double layer surrounding the
PNA; (b) Faradaic charging leads to injection or extraction of electrons through redox electro-
chemical reaction.

trochromic polymer (electron density 10'® ¢m=3). However, low density metals offer LSPRs

at long wavelengths, corresponding to T'H z frequencies [72,208]].

2.3.3 Loading of plasmonic nanoantennas

Alterations in the effective refractive index of PNA’s surrounding dielectric medium
offers an effective way to dynamically tune the peak position of the plasmonic resonance (Fig-
urg2.5p). Because the local electromagnetic field extend beyond the physical boundaries of
a PNA, the resonant characteristics of PNAs are extremely sensitive to dielectric environment
surrounding it. Therefore, active PNAs can be realized by modulating the complex dielectric
function of the surrounding medium via an external mechanism. To date, the most promis-
ing active dielectric materials include liquid crystals [209-212]], nonlinear materials [213-215]],
photochromic dyes [[165,[216], amorphous crystalline phase change materials [217-221]], pH
sensitive polymers [222}223]], and electroactive materials [[166,224,225]]. These materials alter
their refractive indices in response to applied stimuli including pH, temperature, light, electri-
cal, and magnetic fields, leading plasmonic response modulation. Active control of the plasmon

resonance of PNAs is achieved by controlling light-matter interactions within a nanometer vol-
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ume (plasmonic hot spot) near the antennas, which is typically much smaller than the volume
of the bulk active medium. For some applications, such as multiplexed neural tracking with
subcellular resolutions [54]] and dynamic color displays [[162]], it is desirable to minimize the
active media thickness conjugated to PNAs in order to attain high plasmon switching speed.
One effective approach is to incorporate the active materials into passive PNAs for external
nanoscale loading (Figure[2.5p, right panel, second row).

Antenna loading, an elegant concept adapted from RF communications, offers a new
degree of freedom and tremendous flexibility in real-time dynamic control of the far-field optical
response of PNAs in a reversible and programmable manner. In RF engineering, a typical
loaded antenna consists of two half-dipole antennas separated by a feed-gap. The feed-gap is
often connected with an electronic circuit that can be readily tuned externally, which enables
active modulation of antenna response. In essence, tunable feed-gap is an indispensable part
of conventional RF antennas and provides practical testbeds for dramatic enhancement of the
“electrical length’ (that is electrical resonance) of RF antennas. By employing lumped electronic
circuit elements at this inter antenna gap, broadband resonant antennas can be realized without
being limited by their fixed and small physical dimensions. From a fundamental perspective, the
“electrical length’ concept plays a crucial role in allowing the tuning and matching properties
of RF antennas to be tailored with great degree of freedom and without the need to physically
alter the antenna’s length or shape.

Inspired by tunable conventional RF technology, researchers have designed its plas-
monic analogues loaded PNAs (LD PNAs) , which are composed of two tightly coupled
nanoantenna arms separated by a narrow tunable gap at deep subwavelength scale [[106}139,
140]]. This ’slot region’ is in analogy to the feed element in RF antennas [|140}226]. Inter-
antenna feed-gap load can be externally controlled, opening the door for active spectral tuning
of the optical nanodipole antennas (Figure [2.5b). From the optical nanocircuit perspective, in-
serting active nanoloads of adjustable dielectric functions into the slot region leads to variations
in the feed-gap capacitance/inductance. This results in a change in the resonance frequency and
lead to altered far-field extinction spectrum of the antenna-load system. We want to emphasize
that the framework of nanocircuit theory is the key in designing tunable LD PNA systems with
desired functionalities. This is because the theory offers unambiguous physical insights into

the general behavior of LD PNAs in response to external stimuli that give rise to remarkable
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Figure 2.8: Loading of PNAs: (a) Non-Faradaic modulation of the scattering intensity of a PE-
DOT:PSS loaded Au-PNA (red) enables strong electro-optic modulation capability; (b) Local
field enhancement (hot spot) of the LD-PNA. Adapted from Ref. [[67]; (c) Optical scattering
of the PANI-based LD-PNA shows a dramatic change in both spectral resonance and intensity
during a Faradaic charging process. (left to right: oxidized to reduced PANI). Adapted from
Ref. [67]; (d) A LD-PNA is created in an Au/Ag core shell fashion. Ag is employed as an
inductive nanoload. Reversible transition of the nanoparticle shell between Ag and AgCl tunes
the optical property of the LD-PNA. Adapted from Ref. [170]]; (e) Graphene, serving as a in-
ductive nanoload, is inserted into the inter-antenna gap to create a LD-PNA structure. Electrical
gating of graphene modulates its free carrier density, leading to a change in the nanoload induc-
tance and thereby alters the spectral resonance of the LD-PNA. Adapted from Ref. [169]]; (f)
Schematic showing a LD-PNA that incorporates Pd as a inductive nanoload, which can exhibit
a significant change in its dielectric function during a reversible crystallographic phase transi-
tion triggered by de-/hydrogenation. Adapted from Ref. .

variations of the permittivities of their nanoloads. Moreover, it provides clear guidelines in
designing tunable LD PNAs with excellent modulation depths, low switching thresholds, and
ultrafast time responses.

To date, researchers have harnessed strong light-matter interactions enabled by PNAs
to create novel LD-PNA configurations with varying levels of sophistication. Beyond the tra-
ditional split nanodipole antenna layout [145][227229], LD-PNAs have been designed in a
sphere-, rod-, disc-, and dumbbell-shaped core/shell heterostructure [541/67,[170,230-232], het-
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erodimer [43]/174]233]], composite trimer [234], molecular-level grafting [56],235-237]],and
atomic-scale filamentary bridge [|61,|169]] configurations. In all these proposed nanoantenna
configurations, the thickness of the nanoload is generally not larger than the electromagnetic
field decay length of LD-PNAs. A fundamental reason behind this is ultrathin nanoloads not
only facilitate the exploitation of the strong light confinement and local-field enhancement of-
fered by PNAs, but also permit efficient in- and out-coupling of local physical mechanism
(external stimuli) to the subwavelength feed-gap volumes ( nm?). Until now, a wide range
of active materials, including photoconductive semiconductors (silicon) [[227]], graphene [[169],
conductive filament [61], metal (silver) [[170], metal hydrides (e.g. Pd) [43,[233]], conductive
polymers [|54}/67,/170,230-232]], and nonlinear optical materials [238]], have been employed as
tunable nanoloads (Figure [2.5p). These nanoloads change their optical properties depending
on external stimuli, which are usually based on pH, ionic strength, light, temperature, phase
change, electrical gating, and magnetic tuning [|56}232].

Antenna loading schemes can be classified to two distinct categories: capacitive and
inductive nanoloading. Tuning of the capacitive nanocircuit load by electrical gating leads to a
novel class of electric-plasmonic devices. In a recent publication, we harnessed the low free car-
rier density property of a conductive polymer (poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate, PEDOT: PSS) to resolve the challenging low inherent electric field sensitivity issue,
plaguing pristine PNAs [54]. We demonstrated that non-Faradaic charging of the conductive
polymer can be sensitively and readily detected by remotely tracking the evolution in the far-
field optical response of the LD-PNA (Figure [2.8p). Furthermore, we observed that Faradaic
charging of the polymer through redox reactions also leads to dramatic shift in the spectral res-
onance of LD-PNAs. The amount of spectral shift is large enough to cause the scattered light to
exhibit noticeable color changes. This Faradaic charging scheme together with the conductive
polymer could be very useful for development of plasmonic color displays [232,239-241]. An-
other prominent example of capacitive nanoloading is reported in an earlier work [67]. Baum-
berg et al. constructed a LD-PNA platform by incorporating a conductive polymer (polyani-
line) as the nanoload. Authors showed that a strong effect of the complex refractive index of
this polymer on the LSPR of the LD-PNA. Figure shows the electric field profile of the
system where an Au-PNA is encapsulated into a polyaniline (PANI) shell in a nanoparticle-on-

mirror configuration. The authors utilized the unprecedented field localization (hot spots) in
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the Au-PNA to enhance the spectral sensitivity of the nanostructure to alteration in the optical
properties of the capacitive nanoload. In their demonstration, application of a negative potential
results in donation of electrons to the electrochromic nanoload, leading to strong modulation in
the far-field spectra. This increased electron density is effectively equivalent to the diminished
capacitance of the nanoload. As a consequence, the optical resonance frequency of the LD-PNA
decreases. The authors observed strong red-shifting of the plasmonic resonance wavelength of
more than 100 nm (Figure 2.8k). On the contrary, reversal of the applied potential polarity
causes electrons to leave the nanoload, leading to a blueshift in the antenna resonance (Figure
[2.8c). Using Faradaic charging, the scattered light produced by the LD-PNA showed dramatic
color change and a palette of different colors were generated.

In the case of inductive loading, metals and two-dimensional materials are among the
most promising candidates to realize effective tuning of LD-PNA systems Byers et al. used
a metal as an inductive nanoload and demonstrated active plasmon tuning of a Au/Ag core-
shell PNA structure in a fully reversible fashion (Figure [2.8d) [I70]. By implementing a well-
established Ag — AgCl redox chemistry, the authors achieved a drastic change in the dielectric
constant in the nanoload by Faradaic charging. This work provides a new direction for the de-
velopment of layer-by-layer active PNA devices. Yao et al. employed graphene as an inductive
nanoload(Figure @}3) [169] . They achieved a broad tuning range of more than 650 nm in LSPR
through electrical tuning of the graphene electron density [[169]] . Tuning of inductive nanoload
can also be achieved through chemical reaction. A prominent example is the recent work by
Liu et al., where the authors harnessed crystallographic phase transition through a process of
de-/hydrogenation to modulate the dielectric function of a metal/metal hydride material [43].
In their LD-PNA system, a Pd-PNA, serving as the inductive nanoload, was placed in the near
vicinity of an Au-PNA. In this metal-dimer configuration, these two PNAs strongly couple to
each other through localized plasmonic excitations. The spectral characteristic of the antenna
ensemble strongly depends on the optical properties of the Pd-PNA. When the Pd-PNA under-
goes a crystallographic phase transformation from metal to metal hydride upon de-/absorption
of hydrogen at its interstitial site, a dramatic change in the Pd’s permittivity is observed. Tun-
ing of this inductive nanoload through phase transition leads to significant modulations in the
strength of the near-field coupling between the PNAs, thereby causing the far-field optical re-

sponse of the dimer system to be effectively modulated.
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2.3.4 Tuning of near-field coupling

Exploiting the mechanical degree of freedom offers an exciting and intriguing way
to dynamically modulate plasmon modes of the nanoplasmonic structures. In a coupled mul-
tielement system, the strong near-field interactions among individual components control the
optical characteristics. In principle, physical distance between the elements modulates their
coupling strength in between, hence the far-field response of the system. This type of dynamic
modulation can be understood within the framework of optical nanocircuit theory (Figure[2.5f).
So far, there are three distinctively different approaches that have been developed to achieve
dynamic tuning of the plasmon coupling strength between closely spaced nanoantenna struc-
tures.The first approach involves lithographically fabricated PNAs on a mechanically tunable
elastomeric substrate [155H157,242,[243]. By applying high-strain mechanical deformation
(stretching/relaxation) to the compliant substrate, the distance between resonant nanoantennas
are modulated with nanometer precision (Figure2.9p). Researchers achieved more than 100
nm spectral tuning range in a reversible and programmable manner. The second approach uses
PNAs that are fabricated on a stiff pillar substrate. Pillars can deform when illuminated by high-
energy electrons [171]], strongly coupling intrinsic mechanical and electromagnetic degrees of
freedom. By taking advantage of the in-gap plasmonic modes, researchers have demonstrated a
remarkably precise tuning capability with electron beam illumination (Figure [2.9p). The third
approach utilizes coupled PNAs fabricated using a bottom-up self-assembly technique. Au-
thors coupled PNAs to each other using molecular structures with a conformational degree of
freedom. Researchers demonstrated dynamically reconfigurable plasmonic nanostructures in a
programmable manner by selectively manipulating relative PNA alignment via external stimuli

such as pH and light (Figure 2.9¢) [[172,244]).

2.4 Electro-Plasmonic Nanoantenna and Electrophysiology

One of the most exciting and promising applications for dynamic PNAs is wireless
measurement of electrophysiological signals. Electrophysiological measurements are used in
understanding electrical activity of cells and linking low-level electrogenic circuits to high-level
organ functions (e.g. memory and metabolism) [76]]. Mapping electrophysiological signals is

critical for our understanding of neuroscience, cardiology, and cellular biology at levels ranging
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Figure 2.9: Tunable near field plasmon coupling: (a) The optical response of PNAs fabricated
on a stretchable soft substrate can be reversibly tuned by strain modulation. Adapted from Ref.
[155]; (b) The size of the inter-antenna gap of a pillar-bowtie PNA can be tuned under electron
beam illumination. Adapted from Ref. [[I71]]; (c) Schematic of possible ways for dynamic
reconfiguration of DNA-based PNAs. Adapted from Ref. .

from the molecular and cellular to the behavioral. In this respect, development of electrophys-
iological recording techniques has created tremendous interest . Since Luigi Gal-
vani’s groundbreaking discovery on the electrical nature of neurophysiology in the late 1770s,
immense effort invested in the development of electrophysiological tools capable of measuring
bioelectric activity of excitable cells [250,251]]. Despite considerable progress made over the
past century, no current technology offers simultaneous electrophysiological recordings from
large networks of electrogenic cells with high spatiotemporal resolution.

To date, the most reliable, electrophysiological recording tools are micrometer size
multielectrode arrays (MEASs) [761[252,253] (Figure [2.9n). In principle, MEAs can record lo-
cal field potentials in the extracellular space induced by transmembrane ion movement during
cell firing events [254]255]]. However, use of electrons as information carriers imposes several
fundamental constraints due to electronic nature of the measurements. In MEA measurements,
every recording site or electrode in the array has to be wired to an external signal process-
ing unit or require on-chip conditioning (Figure 2.9p) [248]]. Shrinking the overall footprint

of the metal electrodes, although offers markedly increased multiplexity and density of indi-
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Figure 2.10: Scaling microelectrode arrays (MEAs): (a) A timeline of computer (top panel)
and MEAs recording (bottom panel) technologies and transistor over the past five decades. The
MEA images are adapted from Refs. [245H247]. The CPU images are adapted from the courtesy
of “‘Wikimedia Commons’ and ‘AMD’; (b) MEA comparison in terms of electrode density and
total sensing area. Adapted from Ref. .

vidually addressable recording channels, adds a high level of complexity in electrical circuitry

and wiring. From a circuit-level perspective, reducing electrode sizes inevitably introduces

unwanted inter-channel crosstalk and results in unfavorable scaling of electrode impedance
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and thermal noise, degrading the signal-to-noise (SNR) ratio [256]. This density-versus-noise
tradeoff severely restricts the accessibility to desired multiplexing and bandwidth operation ca-
pabilities for simultaneous recording of a large number of electrogenic cells. Well-established
semiconductor industry manufacturing capabilities allow recording electrodes to be reduced in
size and integrated with high density. Implementing extremely small metal electrodes, on the
other hand, poses an enormous challenge due to parallel interfacing requirements with relatively
sizable peripheral recording electronics that secure connections between multiplexed inputs and
outputs [247,256L257]. Due to this fundamental bottleneck, the growth in the number of simul-
taneously recorded electrogenic cells has been limited [256]. Unlike microelectrode recordings,
use of photons offers unparalleled (time/wavelength division) billion-fold enhanced multiplex-
ing and information carrying capabilities. Photons are extremely fast, don not interact with
each other. One can in principles use photonic elements to can realize high-bandwidth electro-
physiological recordings without on-chip conditioning. Achieving this goal, however, largely
depends on our ability to recruit reliable electro-optic translators that can efficiently convert
bioelectric signals into high photon count optical signals [76]. This necessitates development
of new photonic systems with excellent electro-optic characteristics.We recently introduced an
ultrasensitive and extremely bright nanoscale electric-field probe enabling wireless monitoring
of electrophysiological activity of cells [54]]. Using massively multiplexed electro-plasmonic
nanoantenna, we demonstrated reliable detection of local electric-field dynamics generated with
remarkably high signal-to-shot noise (SSNR) ratios from diffraction-limited spots. In the next
chapter, I will discuss this development of electro-plasmonic field probe and a the in-vivo de-

tection of electrophysiological activity.
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Chapter 3

Nanoelectrochromic Field Reporters in

Electrophysiological Applications

Electrophysiological activity of cells is of fundamental importance to neuroscience,
cardiology, and cellular biology. In this sense, development of techniques for optically map-
ping the electrogenic signals has created significant interest within the scientific community
[[751(76L249]]. Photons are remarkably efficient reporters; light offers exceptional spatiotempo-
ral resolution, unparalleled multiplexing, and high-bandwidth operation capabilities well be-
yond limits of electronic technologies. Harvesting photons for electrophysiological studies,
on the other hand, largely depends on our ability to recruit efficient reporters converting lo-
cal electrogenic activity to high photon-count far-field signals [258-261]]. Typically, fluores-
cence molecules that can translate membrane potentials to an optical signal are used [76,249].
These genetically encoded voltage indicators (GEVIs) have fundamental shortcomings associ-
ated to bleaching of fluorescent molecules (photostability) and generation of disruptive oxygen
free radicals (phototoxicity) [76,[258]]. Furthermore, GEVIs with tiny cross-sections (~ 1072
nm?) [74], and low quantum yields (QFE ~ 1073-1072) [75] offer limited number of flu-
orescent photons for detection, hence suffer from signal-to-shot noise ratio (SSNR) limita-
tions [76,/258,1259|]. More recently, there has been a concerted effort focused on the devel-
opment of non-fluorescent extracellular optical reporters exploiting inherent voltage sensitivity
of noble metals [55,{191,{195.[262,263|] . Unlike fluorescence molecules, plasmonic resonators
do not have photostability and phototoxicity limitations or require invasive genetic modifica-

tions. In principle, plasmonic nanoresonators with exceptionally large cross-sections (~ 10%
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nm?) offer orders of magnitude enhanced photon-flux measurements from diffraction limited
volumes [264]. The main weakness of the field voltage reporters, on the other hand, is their
low inherent electric-field sensitivity. Electro-optic effects in metals associated to non-Faradaic
(electric-double layer) charging/discharging are very weak due to extremely high electron den-
sities [[72,[265]]. As a result, optical field measurements utilizing plasmonic nanostructures are
readily dominated by shot noise [265]]. Despite extensive efforts, development of label-free and
non-invasive optical probes that can detect local electric-field dynamics with high sensitivity,
reliability, and spatiotemporal resolution remains elusive.

In this thesis, a new class of extremely bright label-free optical field probes overcom-
ing the photon-count and field sensitivity limitations of state-of-art electro-optic field reporters
have been introduced. Our non-invasive extracellular electro-plasmonic nanoprobes, offering
more than three orders of magnitude enhanced field sensitivities over conventional plasmonic
nanoantennas [55]], enable high signal-to-noise ratio measurements from diffraction limited vol-
umes at kilohertz (kH z) frequencies. To achieve ultrasensitive and high signal-to-noise ratio
measurements, we employ active lumped nanocircuit elements that are analogous to tunable
radio frequency (RF) antennas. Alu and Engheta theoretically formulated that antenna loading,
a concept adapted from RF communications, could be employed to dramatically alter the far-
field response of nanoscale plasmonic antennas operating in the optical domain [[106}140L(143]).
Subsequent experimental studies have successfully shown tunable nanoantenna response by
modifying the optical nanoload using lithographic techniques [139,/141]], oxidation-reduction
chemistry [[170], and chemical absorption [43,/158|]. Here, we introduce biocompatible elec-
trochromic polymer poly(3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT: PSS)
as an electric-field controlled load enabling active and reversible tuning of the plasmonic res-
onances [266]. In reverse operation mode, we show that electrochromically loaded plasmonic
(electro-plasmonic) nanoantenna functions as a reporter of the local electric-field dynamics and
electrophysiological activity to the far-field. In the following, by projecting the (Au) electrode-
PEDQOT: PSS system to an equivalent circuit and using electrochemical impedance spectroscopy
(EIS) and potential step voltammetry (PSV) measurements, we first optimize the electrochromic
load parameters that govern the temporal response of our field probes. Our experiments show
that electrochromic switching times of the PEDOT:PSS load can be drastically improved with

lateral and vertical down scaling to nanoscale dimensions. We then introduce a selective electro-
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polymerization technique enabling us to conformally coat metallic nanoantenna with ultrathin
(10 — 20 nm thick) and nanoscale (0.01 wm?) PEDOT: PSS loads. By performing electro-
optic measurements from diffraction limited volumes, we subsequently demonstrate drastically
(~ 3.25 x 103 times) enhanced field sensitivities with electrochromic loading and establish
high signal-to-shot-noise ratio (SSNR ~ 60 — 220) measurement capability from single electro-
plasmonic nanoprobes. Using dark-field opto-electrochemical measurements, we then prove
the high frequency operation capability of our nanoprobes at kilohertz frequencies with sub-
millisecond (< 0.2 ms) temporal response times. Finally, through our in vitro experiments,
we establish label-free and non-invasive optical measurement of electrogenic activity of human
induced pluripotent stem cell (hiPSC) derived cardiomyocytes (iCMs) using low-intensity light
(11 mW/mm?), which is two to three orders of magnitude lower than the typical light intensi-
ties used for fluorescent voltage probes [[258]]. Our nanoprobes, exploiting a novel electro-optic
mechanism, puts forward a blueprint of an entirely new family of extracellular optical probes
with high spatiotemporal resolution and signal-to-noise ratio electrophysiological measurement
capability with light. This chapter is a modified version of following publication:

A. Habib and X. Zhu and U. I. Can and M. L. McLanahan and P. Zorlutuna and A. A.
Yanik, “Electro-plasmonic nanoantenna: A nonfluorescent optical probe for ultrasensitive label-
free detection of electrophysiological signals:,” Science Advances, vol. 5, no. 10, pp. eaav9786,

2019. https://www.science.org/doi/abs/10.1126/sciadv.aav9786

3.1 Materials and Methods

3.1.1 Fabrication of plasmonic nanoantenna arrays

Plasmonic nanoantenna arrays are fabricated using electron beam lithography (EBL)
followed by a liftoff process (Figure[3.1). To minimize charging effects during EBL, high con-
ductivity (8 — 12 Q/em ) ITO glass slides (Structure Probe, Inc.) are used. Initially, ITO glass
slides are cleaned in sonication bath of acetone and isopropyl alcohol for 5 minutes. Imme-
diately after removal from the final sonication bath, the slides are blown dried using nitrogen.
PMMA 495A4 (Microchem) electron-beam resist is spin coated at 4000 rpm and baked on a
hotplate at 180° C' for 90 seconds. EBL is performed using FEI Quanta 3D FEG SEM with

an accelerating voltage of 30 kV. Electron-beam exposed resist is developed for 1 minute in a
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Figure 3.1: Fabrication steps of electro-plasmonic nanoantenna arrays. Electron beam pattern-
ing is used to define the nanoantenna using PMMA resist (a). The patterned sample is developed
in MIBK: IPA (1:3) solution (b). Gold layer is deposited using a directional metal deposition
technique. (c). Lift-off process results in immobilized metallic nanoantennas on the ITO glass
substrate (d). Selective electropolymerization of PEDOT: PSS on gold surfaces leads to a con-
formal and ultrathin electrochromic load around the metallic nanoantenna (e). The SEM image
of a fabricated electro-plasmonic nanoantenna array is shown (f).

methyl isobutyl ketone (MIBK)—isopropanol (IPA) solution (MIBK: IPA = 1:3) for 60 s, then
rinsed in IPA for 1 minute and blown dry with nitrogen. 45 nm thick gold layer (Kurt J. Lesker,
99.999 % purity) is evaporated on the developed substrates using a custom build electron-beam
evaporator. The deposition is carried out at a pressure of 1.2 x 10~% Torr and an evaporation rate
of 0.5 A/sec. In the final step, the resist is removed through a lift-off process with acetone and

IPA leaving behind the pristine plasmonic nanoantenna array on the ITO coated glass substrate.

3.1.2 Full-wave numerical simulations

Pristine and electro-plasmonic nanoantenna arrays are modeled using a full-wave Fi-
nite Element Time Domain (FDTD) solver provided by Lumerical Inc. The ”Au (Gold) - CRC”
dielectric constants are used for gold structures [267]. The complex dielectric constants of
PEDOT load (Figure are obtained using Kramers-Kronig relation from a previous experi-
mental study [266]]. Perfectly matched layer (PML) boundary conditions are employed in the
vertical direction. A linearly polarized excitation source (400 — 900 nm) is employed in our

simulations.
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Figure 3.2: Complex refractive index (n-k) of the PEDOT polymer. Refractive index (a) and
extinction coefficient (b) of the PEDOT polymer are shown for doped (red curves) and de-doped
states (blue curves).

3.1.3 Electropolymerization of ultrathin PEDOT: PSS polymer

Electropolymerization of electrochromic polymer poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate (PEDOT: PSS) is performed using a three-electrode configuration. A
custom-made platinum coil (Alfa Aesar, 13039) and Ag/AgCl (Warner instruments, 64 — 1282)
are used as the counter electrode and reference electrodes, respectively. Conducting substrate
is employed as the working electrode. An aqueous solvent of 10 mAM EDOT monomer and 0.1
M NaPSS is deposited using a galvanostatic approach. A constant current of 0.48 m.A/cm?
is applied for 1.67s for each 5 nm of PEDOT: PSS film (Figure [3.3). Electropolymerization
process is confirmed by cyclic voltammetry (CV) measurements in 0.1 M T BAP Fg (Sigma-
Aldrich, 281026) in propylene carbonate solution (Sigma-Aldrich, 310328). Selective deposi-
tion of PEDOT: PSS on Awu surface is achieved using the same aqueous solvent solution under

potentiostatic conditions (740 mV vs. Ag/AgCl) for 6.5 s.

3.1.4 Electro-optic characterization

To characterize pristine and electro-plasmonic nanoantennas, a custom-built electro-
optic measurement platform based on an inverted microscope (Nikon TE2000-U) is used (Fig-
ure [3.4p). Its schematic is shown in Figure [3.4b. Electro-optics measurements are performed
using a 670nm diode temperature stabilized laser modulated at a frequency of 500 H z (for syn-

chronous detection of scattering signal using lock-in amplifier). The laser is focused onto the
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Figure 3.3: Electropolymerization of nanometer thick PEDOT: PSS films. (a) Galvanostatic
deposition of 5nm PEDOT: PSS on gold electrode (gold substrate). A constant current 0.48
mA/em? is applied for 1.67s. (b) Corresponding voltage recorded by the potentiostat is shown.

nanoparticles at normal incidence using 40 x Nikon S Plan Fluor ELWD objective (VA = 0.6).
The forward scattering light is collected using a custom collection optics with 50° to the normal
using a collection optics consists of a 20 x infinity corrected objective (VA = 0.4) with a front
aperture of 3 mm, a fiber collimator, and a 600um multimode optical fiber patch cable. The
collected light is measured using a fiber-coupled silicon photodetector (Thorlabs PDA100A).
A lock-in amplifier (Stanford Research Systems SR850) connected to an oscilloscope (Rigol
DS4034) is used for detection. To characterize voltage dependent scattering response (electric-
field sensitivity) of the nanoantenna, a second ITO covered glass slide is used as the counter
electrode. The separation between electrodes is set to 100 pm using a PDMS spacer layer. A
function generator (Rigol DG4102) is employed to control the applied voltage difference (elec-
tric field) between electrodes. The voltage-dependent ac scattering signal is measured using
the lock-in amplifier, while the dc component of the scattering signal is monitored using the

oscilloscope.

3.1.5 Optical circuit model

Optical circuit theory provides a useful theoretical framework [[137] in understand-
ing and engineering of complex nanoantenna structures [[136]. Complex nanoantenna topolo-

gies can be quantitively analyzed as nanocircuits consisting of circuit elements with optical
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Figure 3.4: Electro-optic characterization setup. (a) The optical setup used in electro-optic
characterization measurements for electric-field sensitivity is shown. (b) Schematics of the
electro-optic setup is given.

“lumped impedance”, analogous to conventional electronics such as inductors, capacitors, and
resistors. By solving Maxwell’s equations and calculating the electric displacement currents
using Kirchhoff’s current law, the optical impedance of an electro-plasmonic nanoantenna can
be found [I37]. In our analysis, we first find equivalent circuit model of pristine nanoan-
tenna, and then incorporate electrochromic PEDOT load to it. We define the metallic (Aw)
nanoparticle as a serially connected inductor and resistor (Figure [3.5p). Here, the inductor rep-
resents the negative permittivity of the metal, while the resistor incorporates ohmic and radia-
tion losses [137]]. The medium and glass substrate around the metallic nanoparticle are included
as a parallel shunt nanocapacitor. The combined (effective) optical impedance of the nanoan-
tenna is defined as Zy = Ry + jXo. Using FDTD simulations (Figur@:)), the inductance
Lantenna = 14fH, capacitance Caneenna = 8 aF, and resistance Rantenna = 3 €2, values are
obtained through a retrieval method described in an earlier work [137, 144]. Based on this cir-
cuit parameters, the intrinsic resistance Ry and reactance X, are calculated as a function of the
wavelength (Figure [3.5). The optical circuit parameters obtained for the pristine nanoantenna
are subsequently used in development of the equivalent circuit model of the electrochromically
loaded nanoantenna. Electrochromic load is added to the pristine circuit model as a parallel
tunable capacitor, representing the nonzero, positive and electric-field controlled real part of
the PEDOT permittivity (Figure[3:5d). The capacitance of the PEDOT load is calculated using
CPEDOT = EPEDOTT (rg — r? ) /h , where epgpor is the load permittivity (obtained from
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ref. [266] using Kramers-Kronig relation), r is the radius of the pristine Au nanoantenna and
r; (h) are the radius (height) of the electro-plasmonic nanoantenna with the conformal PEDOT
layer. The nonzero imaginary part of the PEDOT permittivity is incorporated using a tunable
resistor Rpepor [266]. The capacitance and resistance values of the electrochromic load are
1.49 aF (1.76 aF) and 350 €2 (120 ©2) for fully doped (de-doped) state. Capacitances (induc-
tances) of the electro-plasmonic nanoantenna is extremely low, in the aF (fH) range. Hence,

~1/2

the electro-plasmonic nanoantenna has resonance frequencies wyes = (LC) in the visible

regime.

3.1.6 Stem cell culture

1016SevA line human induced pluripotent stem cells (hiPSCs) are cultured on Gel-
trex (1 %, Invitrogen, USA) coated culture flasks in mTeSR1 media (StemCell Technologies,
Canada) supplemented with penicillin and streptomycin (P/S) (1 %, Life Technologies, USA).
hiPSCs are passaged using Accutase (StemCell Technologies, Canada) to detach, at approxi-
mately 70 % confluency, and seeded with Rho-associated, coiled-coil containing protein kinase
(ROCK) inhibitor (5 M, StemCell Technologies, Canada) supplemented mTeSR1. The culture
is kept with daily media changes until 70 % confluency for passaging or 95 % confluency for

differentiation.

3.1.7 Cardiomyocyte differentiation, maintenance and C'a*>" imaging

hiPSC derived cardiomyocyte (iCM) differentiation induction are adapted from a pre-
viously established protocol [[268-270]]. Briefly, RPMI Medium 1640 (Life Technologies, USA)
are supplemented with beta-mercaptoethanol (3.4 x 10~* %, Promega, USA), P/S (1 %) and
B27 without any insulin (2 %, Invitrogen, USA) (CM (-)) or B27 (2 %, Invitrogen, USA) (CM
(+)). On day 1, hiPSC media are replaced with CM (-) media with the addition of Wnt activator
CHIR99021 (CHIR) (10 uM, Stemgent, USA). On day 2, 24 hours after the differentiation is
initiated media are changed to CM (-). On day 4, iCMs are treated with Wnt inhibitor IWP-4
supplemented (10 zM, Stemgent, USA) CM (-) media. On day 6, the media are changed to CM
(-) again. Starting from day 9-on media are changed every 3 days with CM (+). On day 35,
iCMs are collected using trypsin-EDTA (0.25 %, Corning, USA) and reseeded on fibronectin
in phosphate-buffered saline (PBS) (50 pg/ml, Sigma-Aldrich, USA) coated substrates. iCM
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Figure 3.5: Lumped optical circuit model of nanoantenna. (a) Lumped nanocircuit model for
the pristine nanoantenna is shown. (b) Scattering spectrum of the pristine nanoantenna obtained
using FDTD simulations. (c) The resistance and reactance of the equivalent nanocircuit of the
pristine nanoantenna is shown as a function of wavelength. (d) Equivalent nanocircuit model
of the electro-plasmonic nanoantenna. Electrochromic doping is incorporated through tunable
resistor and capacitor elements.

culture are then maintained in Dulbecco’s Modified Eagle Medium (Hyclone, USA, DMEM)
supplemented with fetal bovine serum (10 %, Hyclone, USA, FBS) and P/S (1 %) (DMEM).
Functionality of iCMs is confirmed using C'a®* indicators. iCMs are loaded with Fluo-4 ace-
toxymethy ester (Molecular Probes), which exhibits an increase in fluorescence intensity upon
binding to Ca?", following manufacturer’s instructions. Briefly, iCMs are incubated in Ty-

rode’s salt solution (Sigma-Aldrich) loaded with 3 M Fluo-4 acetoxymethy ester and 0.02 %
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Pluronic F127 (Life Technologies) and incubated at 37 °C for 30mins. Then washed with Ty-
rode’s salt solution and kept in normal culture medium. C'a®* fluxing during spontaneous con-
tractions are captured using high-speed fluorescence microscope imaging (Axio Observer.Z1,
Carl Zeiss).

3.1.8 SEM imaging of cardiomyocytes

For SEM imaging, cells are fixed for lhour in using 2 % glutaraldehyde (Sigma-
Aldrich, USA) in sodium cacodylate buffer (Sigma-Aldrich, USA). Then another fixation step is
performed for 1Thour using 1 % Osmium tetroxide in sodium cacodylate followed by dehydration
in 10 % ethanol. Finally, critical point drying is performed, and samples are attached to an SEM

stub.

3.1.9 Photothermal heating

To investigate plasmon-assisted photothermal heating, we performed optical and ther-
mal simulations of in pristine plasmonic nanoantennas (height 45 nm, diameter 90 nm, period-
icity 500 nm) in solution environment using Lumerical’s FDTD Solutions and Heat Transport
Solver [271]]. A broadband transverse magnetic plane wave source covering a wavelength range
of 400 — 900 nm is employed to illuminate the plasmonic nanoantenna array (11 mW/mm?).
The heat generation due to the Joule heating can be obtained from the heat source density given
by ¢ = E - J, where E is the electric field and .J is the current density. The total heat power )

generated inside the nanoantenna is a volume integral of the heat source density

o= [a0 i o

\%

where Vis the volume. Absorbed power obtained from FDTD simulations are used in the
Heat Transport Solver to calculate to the three-dimensional temperature distribution around the
plasmonic nanoantenna. The simulation region above the nanoantenna array is covered by water
and the convection induced heat loss at the top surface of individual nanoantennas is modeled
at the interface between water and nanoantennas. The simulation boundary was kept at room
temperature (20 °C) by applying a fixed temperature thermal boundary condition at the bottom

of the ITO substrate. Near-field enhanced electromagnetic field could be significantly high heat
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Figure 3.6: Photothermal heating due the nanoantenna. Temperature profile around the nanoan-
tenna ((height 45 nm, diameter 90 nm) is shown. A small temperature (3 °C) rise relatively
ambient is observed within close vicinity to nanoantenna.

source densities. However, due to small volume of our electro-plasmonic probes and low light
intensities used in our experiments, a limited temperature increase is observed in our analysis.
For an incident beam width of 1.13 mm covering approximately 4-million nanoantennas, the
maximum temperature rise with respect to room temperature is about 3 °C, as shown in Figure

3.0

3.2 Results

3.2.1 Electro-plasmonic nanoantenna

We use far-field response of the electro-plasmonic nanoantenna to monitor the lo-
cal electric-field dynamics as summarized in Figure[3.7] Scanning electron microscope (SEM)
image in Figure demonstrates the substantial size difference between typical electrogenic
(cardiomyocyte) cells and our electro-plasmonic field probes. The key advantage of electro-
plasmonic probes is their potential for massive multiplexing through remote transduction of
the local electric fields without being restricted by electrode layout or physical connections.
Electro-plasmonic nanoantenna (height 45 nm and diameter 90 nm) when arrayed with sub-

micron periodicity offers electric-field measurements with light from diffraction limited spots.
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Using nanolithographic techniques, an array of 2.25 million electro-plasmonic nanoantennas
(500 nm periodicity) is fabricated on a transparent indium tin oxide (ITO) coated glass sub-
strate. To probe electric-field dynamics, we load the pristine plasmonic nanoantennas with
PEDOT: PSS electrochromic polymer. With electrochromic polymers, thicker films are desir-
able to achieve strong electro-optic signals. Ultrathin layers, on the other hand, are required for
faster charge-modulation characteristics [272]]. Our analysis based on three-dimensional finite
difference time domain (FDTD) simulations shows that plasmonic nanoantenna strongly con-
fines the electromagnetic field within a narrow region around it (Figure and Figure [3.7¢).
By taking advantage of drastically enhanced the light-matter interactions in these plasmonic hot
spots, we can simultaneously achieve strong electro-optic sensitivity and fast electrochemical
response using ultra-thin electrochromic loads.

Adopting RF antenna concepts, the far-field response of our electro-plasmonic nanoan-
tenna to the local electric-field dynamics could be understood within the framework of optical
circuit theory [[106l136]. Here, the electrochromic load is incorporated to the lumped equivalent
nanocircuit as a parallel arm composed of resistive (ohmic losses) and capacitive lumped-circuit
elements. In our analysis, we first find the equivalent optical circuit parameters of pristine
nanoantenna. Optical circuit parameters are obtained using FDTD simulations and a semian-
alytical retrieval method [[139]. We then incorporate electrochromic load. The electric-field
controlled capacitance of the electrochromic load couples the low-frequency local electric-field
dynamics (< 1 kHz) to high-frequency (~ 460THz) electromagnetic resonances. Wavelength
dependent susceptances of the lumped nanocircuit elements corresponding to pristine nanoan-
tenna and its electrochromic load are shown in Figure 3.8. Optical circuit resonances occur
when the intrinsic susceptance Im [1/Z4,tennq | Of the pristine nanoantenna (black solid curve)
is compensated by the capacitive susceptance —wCpgporof the electrochromic load in the
doped (red curve) and de-doped (blue curve) states. The resonances occur at the intersections
highlighted by the circles in Figure leading to maximum scattering signal. For the doped
(de-doped) electrochromic load, the resonance condition occurs at the shorter (longer) wave-
length intersection (Figure [3.8)). This is associated to the diminished resistive losses of the
electrochromic load at the corresponding operating wavelength (Figure [3.2). Our circuit model
clearly shows that switching from the doped (red curve) to de-doped (blue curve) state of the

electrochromic load causes red shifting of the far-field plasmonic response in agreement with
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Figure 3.7: Electro-plasmonic nanoantenna. (a) Scanning electron microscope (SEM) image
of cardiomyocyte cells cultured on an array of electro-plasmonic nanoantenna. Considerable
size difference between loaded nanoantennas (height 45 nm, diameter 90 nm) and electrogenic
cells is shown. 2.25 million electro-plasmonic nanoantenna are incorporated on a transparent
substrate with nanometer spatial resolution, allowing measurement of electric-field dynamics
from diffraction limited spots over a large surface area. (b) Side-view of near-field enhancement
|E/E, ]2 along the pristine nanoantenna at 678.8 nm. FDTD simulations show that plasmonic
excitations lead to strong confinement of the light within the 20 nm thick electrochromic layer.
(c) Top view of the near-field enhancement |E/E, |* profile along the center of the pristine
nanoantenna at 678.8 nm.

our FDTD simulations (Figure[3.9). Strong agreement in between FDTD simulation and optical
circuit models is also observed for the spectral features and quality factors. Far-field response
of our electro-plasmonic nanoantenna, a reporter of the local electric field dynamics, can be

measured using spectroscopic or intensity-based techniques.

3.2.2 Nanoscale loading for sub-millisecond response times

To achieve high field sensitivity, we used PEDOT: PSS polymer as a field controlled
nanoload coupled to the metallic nanoantenna (Figure [3.10h). In addition to its strong electro-

optic properties, PEDOT has a number of advantages: (1) it shows fast and reversible elec-
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Figure 3.8: Susceptances of the gold nanoantenna and the PEDOT: PSS load for doped (red)
and de-doped states (blue) are shown. Intersections (indicated by the circles) correspond to
the open-circuit condition, the plasmonic resonance. For the doped (de-doped) electrochromic
load, the resonance condition occurs at the shorter (longer) wavelength intersection due to the
diminished resistance (losses) of the electrochromic load.

trochromic response, (2) it is stable as a thin film (down to 10 nm thicknesses) with high capac-
itance (routinely used in supercapacitors), (3) it is a biocompatible polymer that is extensively
used in microelectrode arrays (MEAs) to improve electrical coupling between the electrodes
and excitable cells, (4) it could be functionalized with biomolecules that stimulate cell growth
and molecular attachment [273]274]]. In our experiments, we doped PEDOT polymer with
poly(styrenesulfonate) (PSS) to lower the electrical impedance to achieve stronger electrical
coupling to the local field [275]]. Precisely controlled PEDOT:PSS layers are electropolymer-
ized on gold electrodes using a galvanostatic approach in an aqueous solution containing 10
mM EDOT (3,4-Ethylenedioxythiophene) monomer and 0.1 M sodium poly(styrenesulfonate)
(NaPSS). Electron microscopy measurements are used to determine the thicknesses of the
electrodeposited ultrathin PEDOT: PSS films. Cyclic voltammetry (CV) measurements are
subsequently performed to verify the reliability and repetability of the polymer layer deposi-
tion process. Our analysis shows that thicker PEDOT: PSS films yield larger capacitances as
shown in Figure [3.10b, where the area enclosed by the voltammogram trace is a measure of the
total capacitance.

Fast electro-plasmonic response to electric-field dynamics is essential to accurately
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Figure 3.9: Far-field response of the electro-plasmonic nanoantenna to the doping state of elec-
trochromic load. Electrochromic switching of the load from the doped (red curve) to the de-
doped (blue curve) state leads to red shifting of the plasmonic resonance. FDTD stimulations
(solid curves) and lumped nanocircuit model (dashed curves) are compared. The inset depicts
the chemical structure of PEDOT for the doped (left) and de-doped (right) state. A~ represents
the counterions.

detect the electrophysiological activity of excitable cells. To optimize the temporal response
of our electro-plasmonic nanoantenna, we first evaluated the electrochemical characteristics of
(Au) electrode-PEDOT: PSS system. To determine the RC time constants, the (Au) electrode-
PEDOT:PSS system is mapped to an equivalent circuit model (Figure [3.10p) consisting of so-
lution resistance Rg,;, PEDOT:PSS layer electronic bulk capacitance Cpgpor, finite-length
Warburg diffusion impedance Zy 4rpurg, Charge transfer resistance Ror, and a constant phase
element Zopg. Zwarburg 18 controlled by the diffusional time constant 7 and the diffusional
pseudo-capacitance Cp (Materials and Methods). We performed EIS measurements to obtain
electrochemical circuit parameters and demonstrated an excellent agreement in between our cir-
cuit model and electrochemical measurements for a broad frequency range spanning from 1 Hz
to 10 kHz (Figure [3.10, Figure [3.10d and Table [3.1). Our analysis reveals that the capacitance
of the PEDOT:PSS layer dominates impedance characteristics of the electrode-PEDOT:PSS sys-
tem (Table 3.1} top). Decreasing surface area reduces the diffusional pseudo-capacitance (Cp)
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Figure 3.10: Electrochromic loading. (a) Equivalent circuit model of the (Au) electrode-
PEDOT: PSS system used in EIS measurement (top). PEDOT: PSS layer electropolymerized
on an Au surface is illustrated in an electrolyte solution (bottom) (b) Cyclic voltammograms of
10 nm (blue curve) and 20 nm (red curve) thick PEDOT: PSS coated Au electrodes. (c) Bode
impedance plot of the (Au) electrode-PEDOT: PSS system. Excellent agreement is observed
between EIS measurements and equivalent circuit model. (d) Nyquist plot for (Au) electrode-
PEDOT: PSS system. We have applied an ac voltage F,. = 10 mV (rms), and dc voltage
E4. =200 mV versus Ag/AgCl (frequency range = 1 Hz -10 kHz) for EIS measurements. PE-
DOT: PSS thickness is 10 nm and area is 49 mm?.

and PEDOT:PSS electronic bulk capacitance (C'pppor), Which control the temporal response
of the (Au) electrode-PEDOT:PSS system (Table @-top); small surface area PEDOT:PSS films
respond to voltage changes much faster than the larger area ones. Similarly, our circuit model
predicts faster switching times with thinner PEDOT: PSS load. As shown in our EIS measure-

ments (Table [3.T}bottom), this observation is associated to faster RC circuit response times due
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Table 3.1: The numerical fitting results of equivalent circuit components of PEDOT coated
electrodes: Bottom: v/ Area = 13 mm Top: 20 nm thick PEDOT.

‘ PEDOT layer area vs. capacitances with fixed area

|
\ V/Area (mm) \ ZW arburg \ Cpepor (mF) \ Cp (mF) \
| | Y, (S.sec®B) | /7D (sec??) | | |
| 3 | 59.09x107% | 0.016 |  0.096 | 0945 |
| 7 | 80.89 x 1073 | 0.028 | 0.13 | 226 |
‘ PEDOT layer area vs. capacitances with fixed thickness ‘
| Thickness (nm) | ZW arburg | Cpepor (mF) | Cp (mF) |
| | Yo (55ec”%) | 7 Gec’) | | |
| 10 | 7390 x 1073 | 0.024 | 0054 | 0177 |
| 20 | 80.89 x 1073 | 0.028 | 0.13 | 226 |

to the drastically lower diffusional pseudo-capacitance of the thinner (10 nm) PEDOT:PSS film
(Cp = 0.177 mF). A significantly higher diffusional pseudo-capacitance (Cp = 2.26 mF)
is observed for thicker films (20 nm). Subsequently, we performed potential step voltamme-
try (PSV) measurements to determine the response times for varying thicknesses of PEDOT:
PSS load and surface areas of electrode-PEDOT:PSS system. A step voltage (+-500 mV versus
Ag/AgClto +100 mV versus Ag/AgCl) is used in these experiments. The response time is
calculated from the recorded electrical current. It is defined as the time during which current
falls to 37 % of its maximum value. In agreement with our circuit model predictions, linear scal-
ing of the switching time with the active area of the electrode-PEDOT: PSS system is shown
for fixed thickness (20 nm) PEDOT: PSS load (Figure [3.11] blue curve). Similarly, for a fixed
area (\/M = 7 mm) electrode-PEDOT: PSS system, we observed that the electrochromic re-
sponse time is linearly proportional with electrochromic load thickness (Figure red curve).
Accordingly, our electrochemical impedance analysis demonstrates that the temporal response
of the PEDOT:PSS load can be drastically improved with lateral and vertical down scaling.
Following our electrochemical analysis, to achieve high-speed electrophysiological
signal detection, we developed a selective electropolymerization technique enabling us to coat
Awu nanoantenna with ultrathin and conformal PEDOT:PSS polymer at nanoscale dimensions.

A three-electrode glass cell system is employed under potentiostatic conditions using an aque-
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Figure 3.11: Response time of electrochromic load. Potential step voltammetry measurements
to analyze the temporal response of the PEDOT: PSS film. Linear scaling of the electrochromic
switching speed with the active area for fixed thickness ¢ = 20 nm (blue curve) and thickness
for fixed area v Area = 7 mm (red curve) is shown. Our electrochemical analysis suggests that
it is advantageous to use a thinner and smaller surface area PEDOT: PSS load to achieve fast
response times. .

ous solvent of 10 mM EDOT monomer and 0.1 M NaPSS (Materials and Methods). First, the
nucleation potentials for the electropolymerization process are determined for the gold (Fig-
ur@ red curve) and ITO (Figure @ blue curve) surfaces with CV measurements (scan
rate: 50 mV/s). As shown in Figure [3.12] (left inset), no electropolymerization is observed for
voltages below 675 mV. For voltages between 675 mV to 780 mV, polymerization initiates from
the Au surface. In Figure[3.12](middle inset), an SEM image demonstrating selective electrode-
position of PEDOT: PSS at 760 mV is shown. For electrodeposition voltages above 780 mV,
both gold nanoantenna and ITO substrate are coated with PEDOT: PSS. In agreement with our
CV measurements, non-selective electropolymerization is observed at a deposition voltage of
810 mV (Figure right inset). Following an iterative procedure consisting of CV mea-
surements and SEM imaging, we optimized our selective PEDOT: PSS loading technique and
demonstrated reliable and conformal electro-deposition of ultrathin PEDOT films (down to 10

nm) with ultra-small footprint (~ 0.01 pm?).
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Figure 3.12: Selective deposition of electrochromic load. Selective electropolymerization
of 3,4-ethylenedioxythiophene (EDOT) monomer in sodium poly(styrenesulfonate) (NaPSS)
aqueous solution under potentiostatic conditions. First, cyclic voltammetry (CV) is used to
characterize electropolymerization of PEDOT: PSS on Awu (red curve) and ITO (blue curve)
substrates. The nucleation point difference between Au and ITO surfaces is exploited for selec-
tive deposition of PEDOT: PSS on Au nanoantenna (insets).

3.2.3 Ultrasensitive electric-field detection

During a cellular firing event, membrane potential of an electrogenic cell (e.g. neu-
rons or cardiomyocytes) experiences significant fluctuations as a result of Na™ influx into the
cell (spike phase) and K efflux from the cell (repolarization phase). Such charge density (ion
concentration) perturbations could give rise to strong transient electric fields. Field values as
high as (10 mV/nm) are observed across membrane layers [276], while two to three orders of
magnitude lower values (10~2 mV/nm -10~! mV/nm) are detected in the extracellular environ-
ment and within the synaptic regions with extremely small ion currents (~ 10 pA) [277]. To
determine field sensitivity of our electro-plasmonic nanoantenna, we performed electro-optic
measurements with controlled electric-fields generated through a transparent counter electrode
(Figure . For our sensitivity tests, we used a relatively low electric-field range (1072
mV/nm to (10~! mV/nm) that is comparable to the extracellular fields generated during elec-
trogenic cell firing events [[277]]. Intensity-based scattering measurements are obtained in trans-
mission configuration using a laser beam that is focused to a diffraction limited spot with an

extra-long working-distance objective (Figure[3.4]). Laser diode is modulated at a frequency of
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Figure 3.13: Field sensitivity of active plasmonic nanoantenna. Differential scattering signal
versus applied electric-field strength. Electro-optic measurements are performed at a modula-
tion frequency of 500 Hz. Absolute values of the differential scattering signals are compared
for the pristine (red curve) and electro-plasmonic (blue curve) nanoantennas. times enhanced
field sensitivity is shown for the electro-plasmonic nanoantenna. For low field values (2 x 1072
mV/nm to 8 x 10~2 mV/nm), we observed large intensity changes (1-7 %) in scattering signal
of the electro-plasmonic nanoantenna.

500 Hz, and the scattered light from the electro-plasmonic nanoantenna is detected with an am-
plified photodetector connected to a lock-in amplifier (Figure|3.4{). In our experiments compar-
ing pristine and loaded nanoantennas, the zero-bias scattering signal (S,) and the electric-field
modulated change in the scattering signal (AS) are monitored to obtain differential scattering
signals (AS)/S,). For the pristine nanoantenna, the differential scattering signal is shown to
increase linearly with applied electric field, at a rate of (AS)/S,)p = 0.28 x 1072 nm/mV in
agreement with previous experimental studies [55]. Remarkably, we demonstrated ~ 3.25 x 103
fold enhanced sensitivity of (AS)/S,)ep = 0.91 nm/mV for the electro-plasmonic nanoan-
tenna. The high field sensitivities of our electro-plasmonic nanoantenna also compare favorably
with those of quantum dot (QD) electric-field probes that has been recently used for monitoring
the electrophysiological activity of neural cells [260]. Using the electro-plasmonic nanoan-
tenna, we demonstrated substantially large scattering intensity changes of ~ 7 % for low field
values of 8 x 1072 mV/nm. QDs utilizing quantum-confined Stark effect, on the other hand,
provide ~ 11 % change in photoluminescence signals for an applied field of 10 mV/nm, a field

sensitivity that is nearly two orders of magnitude lower than that of electro-plasmonic nanoan-
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tenna [260L261},278].

3.2.4 Analytical model of field-effect active plasmonic nanoantenna

To gain insight for drastically enhanced electric-field sensitivity with PEDOT: PSS
loading, in the following we developed an analytical model of the active plasmonic nanoantenna

using quasi-static approximation.

3.2.4.1 Pristine plasmonic nanoantenna

An external electric field impinged on a noble metal can repel (attract) the free elec-
trons and create a very narrow strip of depletion (excess charge) region at the metal-dielectric
boundary. This free carrier modulated zone, extent of which is determined by the Thomas-Fermi
screening length, controls the effective dielectric permittivity of the localized surface plasmons
(LSPs). Using a quasi-static model, we can find an analytical relation for the plasma frequency
modulation as a result of this external electric-field. Induced charges on the gold surface should
screen the external electric-field

Ao = —¢oF (3.2)

where E is the external electric-field acting on the plasmonic voltage probe. The corresponding

modulation in electron density AN 4, is

Ao

ANy = ————
Au €d?%

(3.3)

where dé% is the Thomas-Fermi screening length in gold. The plasma frequency of gold surface

2N
Wy = | A (3.4)

Eom

will alter as a result of electron density change. A linear relationship in between charge density

variation and plasma frequency modulation can be established

Wp

A p—
“P = 9N

AN gy (3.5)

Dielectric function of gold is described by the Drude’s model
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where € is the relative permittivity at the high-frequency limit and y is the damping coefficient.

Within the quasi-static model, polarizability of a pristine nanoantenna is given by

e(w)—ep

=V @) —ep] T ep

3.7

where L is a geometrical factor [28]], and ep is the real part of surrounding medium dielectric

constant. Resonance occurs when the polarizability is maximum (
L[Re(e(w)) —epl+ep=0

). Combining equation (3.5) with this resonance condition,

€D (L — 1) WZQ;
———— =Re[e(wrsp)]| = o0 — 55— (3.8)
L * wWigpt+?
resonance frequency (wrsp ) of the plasmonic nanoantenna can be found as
2
wy N
WLSP = | ——————F5—+v — 7 (3.9)
\/Eoo +ep (477)

Resonance frequency modulation (Awr,gp) due to the changes in plasma frequency of the gold

surface is given as

Wp

wWLsSpP (é‘oo +¢€p (%))

Combining equations (3.2}3.3)), (3.5) and (3.10), resonance wavelength shift
AN = — ()\2/27Tc ) Aw

can be expressed as

- EoWpALsp
ST ReNdfg (e + 20 (1))

A)\ispz E (3.11)
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Figure 3.14: Scattering spectra of pristine and electro-plasmonic nanoantenna. Scattering spec-
tra of plasmonic (red curve) and electro-plasmonic (blue curve) nanoantenna are compared
using FDTD simulations. A metallic disk shape nanoantenna with 90 nm diameter and 45 nm
thickness, and 20 nm thick conformally coated (doped) PEDOT polymer layer are assumed.

In agreement with experimental measurements (Figure [3.13] red line), a linear relationship be-
tween resonance wavelength shift and electric-field strength is obtained for the pristine nanoan-
tenna. Negative sign highlights the blue shift of the scattering spectrum as a result of stiffening

of the resonant free electron spring (plasma frequency of the metal).

3.2.4.2 Electro-plasmonic nanoantenna response to electric-field

Resonance frequency modulation of the electro-plasmonic nanoantenna is due to the
variations in the dielectric constant (¢p = epgpor) of the electrochromic load with external
field. The electric-field controlled dielectric permittivity of the electrochromic load couples the
low-frequency local electric field dynamics (< 1 kHz) to high-frequency (few hundred THz)
electromagnetic resonances. Following equation [3.9] this modulation can be written as
wp (%)

2WLSP (200 + epppor (172))°

Here, we assume that the PEDOT: PSS layer is conformal and thick enough to completely en-

Aep (3.12)

Awrsp = —

close the plasmonic enhanced near-field regions around the metallic nanoantenna. Accordingly,
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resonance wavelength shift AX = — (A\?/27c ) Aw is given as

LSP = g5 T (%))2 EPEDOT (3.13)

here, the electrochromic modulation can be described using frequency-dependent permittivity

of the electrochromic load, which follows the Drude model [279,[280]

2
Wy PEDOT
w? 4+ iypEDOTW

epEpOoT(W) = €00, PEDOT — (3.14)

where wy, pepor 1s the bulk plasma frequency, e pepoT 1s the relative permittivity at the
high-frequency limit and vprpor is the damping coefficient. Real part of the PEDOT:PSS

dielectric constant

2
w
p,PEDOT
EPEDOT = €00,PEDOT — —5— (3.15)
YpEpOoT T W
is modulated as result of the varying plasma frequency
2wp, PEDOT
AeBppor = ——5 5 Awp PEDOT (3.16)

Vpppor +w?
A similar analysis used above for the gold surface (Eqs. 3.4) leads to a linear relationship
between the plasma frequency modulation and the charge density variation for the PEDOT: PSS
load

Wy, PEDOT €0
Aw, pEpoT = P, ( ) E (3.17)
P 2Npgpor \ ed?EPOT

where (g0/edfEPOT

) E is the induced charge density ANpgpor. The plasma frequency and
linear modulation of the dielectric permittivity with electric-field dictate linear relationship be-
tween differential signal change and local electric-field strength, a crucial characteristic needed
for quantitative detection of local electric field strength. Combining equations and

-(3.17) resonance wavelength shift for the electro-plasmonic nanoantenna is given as
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A/\Lsp = QALSP ( (ILL) ) p,PEDOT < o > E
812 \ (0o + epmpor (152))? ) YPepor +w? \NpeporedfFPOT

(3.18)

In agreement with experimental measurements performed (Figure blue line), our model

demonstrates a linear relationship between resonance wavelength shift and the strength of the

impinging external electric-field. In addition, our quasi-static model explains the experimentally

observed reversal of wavelength shift in response to electric field for the pristine and electro-

plasmonic nanoantennas as in equations [3.1T]and [3.1§]

3.2.4.3 Sensitivity enhancement with electrochromic loading

Spectral shifting of nanoantenna resonance with A\ leads to a differential scattering

signal

S,  1-T, \ AX
where Sy = 1 — T is the scattered signal, AS = — (AT /AX ) A is the change in scattered

A5 = ! <AT> AN (3.19)

light intensity, T} is the transmitted signal, and AT'/A\ is the derivative of the transmission
spectrum. For both pristine and electro-plasmonic nanoantennas, the impact of electric field
on the transmission spectrum can be described as a uniform shifting of the spectral resonance
profile. Furthermore, as our FDTD analysis shows (Figure , AT /AN of the plasmonic res-
onance profile is nearly identical for pristine and electro-plasmonic nanoantennas. Combining
equations (3.11), (3.18) and (3.19), the enhancement of the differential scattering signal with

electrochromic loading can be written as

AS/S, PP AL, (PF) (o +ep (TL)) Wy PEDOT ( Naudis >
1-L

AS/S, T ANgp (¢00 + epmpor ((£))* VPEDOT + @ \NPEDOTdTEPOT
(3.20)

Here, the enhancement factor is independent from the external electric-field strength following
equations (3.11) and (3 1.' Thomas-Fermi screening length is defined as dpp = 1/2 (ao /N )1/ 0
where a, = 5.29 x 10~!! m Bohr radius and N is the electron density of the conducting medium

under consideration. Hence, improvement in differential signal sensitivity to the electric-field

59



strength is defined as

5
(AS/S.E )" _ (5 e ten ((FH) Wy PEDOT ( Nau >6 (321)
(AS/SOE )P (500 + EPEDOT (%))2 7123EDOT + W%SP Npepor
and PEDOT: PSS electron densities (5.3 x 10%¢m™3) [208]].
AS/S,E EF Naw \¢
AS/SE 7| (A) — 3.6 x 107 (3.22)
AS/S,E Npepor

The calculated enhancement factor with electrochromic loading is in strong agreement with the

observed values

‘(AS/SOE VEP /(AS/S,E )T | ~ 3.25 x 103 (3.23)

in our experiments (Figure [3.13).

3.2.5 High SSNR recordings with single electro-plasmonic nanoantenna

The fundamental limit to any optical measurement technique is the shot noise. SSNR
is proportional to the ratio of signal change, AS , and the baseline shot noise S,/ \/m , where
Nph is the number of photons detected): SSNR~ (AS/S, ) \/Np;. Hence, high field sensi-
tivity (AS/S,E ) probes providing high photon-counts (Nph) are needed to achieve reliable
measurement of the electric-field dynamics with light. Typically, a small number of photons are
detected from small structures, such as fluorescence molecules and QD field probes. In contrast,
localized surface plasmon (LSP) mediated light scattering from electro-plasmonic nanoantenna
leads to orders of magnitude higher photon-counts. Plasmon enhanced cross-sections of our
2

electro-plasmonic nanoprobes are ~ 3.6 x 10* nm? compared to typical values of ~ 10~2nm

for GEVIs and ~ 1 nm? for QDs [261,278].
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3.2.6 SSNRs obtained using a single electro-plasmonic nanoantenna

The signal-to-shot-noise ratio (SSNR) is defined as the ratio of the signal change, A.S,
and the baseline shot noise, S,//Npn

A
SSNR = Sf No» (3.24)

where N, is the number of photons. Assuming isotropic scattering from electro-plasmonic

antenna, the detected signal S, = N, (photon-count) can be expressed as

A

So = QE [ncollectionT} Pscating <hC> (3.25)

where Ps, is the scattered light power, 1coiection cOllection is the solid angle fraction of the
total scattered light collected by the microscope objective, 1" is the transmittance of the objective
lens at the scattering wavelength, QE is the quantum efficiency of the photodetector at the
scattering wavelength, c is the speed of light, h is Planck’s constant, and )\ is the wavelength,
and t;,; is the integration time. 7.oyection, the solid angle fraction of the total scattered light

collected by the microscope objective, is given by [281]]

2
NA > (3.26)
Ncoup

1
Tlcollection = 5 1- 1- <

where NA is the numerical aperture of the objective, and 7.,y is the refractive index of the
objective lens coupling medium. The scattered power is
Pscq = Iine (Qscaﬂ—TQ) (3.27)

where I;,. is the incident light intensity, (Qsca is the scattering efficiency (calculated using
FDTD simulations as shown in Figure|3.14), and r is the radius of the electro-plasmonic nanoan-
tenna. Using equation ([3.24)-(3.27), the signal can be calculated

A
So=QE (ncollectionT) Tine (Qscatﬂ-r2) Lint <h6) (3.28)

Change in detected light signal (photon-count) with applied electric-field is given by
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Figure 3.15: Detection limits of single electro-plasmonic and plasmonic nanoantennas. SSNR
ratios are compared for single field probes at an illumination intensity of 3 #W/um?. An integra-
tion time of 1 ms is considered. High SSNRs (~ 60 — 220) are shown for the electro-plasmonic
nanoantenna even for low field values (2 x 1072 mV/mm -8 x 102 mV/nm). Reference field
direction corresponding to positive electric field is shown (inset).

AS = —_— E 2
S =35 <5’0E> (3.29)

where (AS/S,E )EP is the rate of differential scattering signal change with electric-field for
the electro-plasmonic voltage probe, E is the local electric-field acting on electro-plasmonic

nanoantenna. Following equation (3.27), the signal change can be rewritten as

AS = QE| onT) Tine (Q ) t; A éﬁle (3.30)
= Tlcollection inc scatTT int he SoE .

Combining equations. (3.27) and (3.30), the signal-to-shot-noise ratio (SSNR) is found as

AS A\ [ AS\EP
SSNR = V Nph - QE [ncollectionT] Iinc (Qscat"TTQ) tint E (331)
So he S()E

We calculated SSNRs for our electro-plasmonic nanoantenna for varying electric-field

strengths. In our calculations, we used our experimentally obtained differential signal values,
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Table 3.2: Parameters used in the signal-to-shot-noise ratio (SSNR) calculations.

Parameter Description value units
Line Incident Intensity 3 uW/pm?
tint Integration time 1 ms
NA Numerical aperture 0.45

Ncoup Dry objective coupling 1
T.QF Quantum efficiency combined with the transmission efficiency 0.5
Qsca,EP Scattering efficiency of electro-plasmonic antenna 5.6
Qsca,P Scattering efficiency of plasmonic antenna 6.3

typical light intensities (3 xW/um? used in flouresence measurements and scattering cross-
sections obtained from our FDTD simulations (Figure [3.14). Parameters used in Eq. (3.31) for
SSNR calculations are summarized in Table As shown in Figure (blue curve), a single
electro-plasmonic antenna enables optical detection of local field dynamics at 1 kHz with a re-
markably high SSNRs of ~ 60 to 220 for low field values of 2x 1072 mV/mm -8 x 10~? mV/nm.
This high SSNR measurement capability, outperforming whole cell-body voltage sensitive fluo-
rescence measurements [75]], paves the way to extracellular voltage measurements from diffrac-
tion limited spots. Further improvements in photon counts and SSNRs can be achieved by
packing higher number of electro-plasmonic nanoantenna within a diffraction limited spot size.
Our SSNR calculations also reveal the strong contribution of electrochromic load for reliable
detection of electrical signals with light. As shown in Figure[3.15|(red curve), with conventional
plasmonic nanoantennas, SSNRs are far below the theoretical detection limits (SSNR < 0.1)

preventing reliable measurement of electric-field dynamics with high spatial resolution.

3.2.7 High-bandwidth opto-electrochemical detection

We determined the optical response times of our electro-plasmonic through in-situ
opto-electrochemical testing using a custom-built three-electrode electrochemical cell. In our
measurements, electro-plasmonic nanoantenna substrate is employed as the working electrode.
We obtained the far-field scattering signal of the electro-plasmonic nanoantenna using a dark-
field transmission set up illustrated in Figure [3.16p. Here, the high (N A 0.8 — 0.95) condenser
is used for sample illumination through a hollow cone. The low NA objective (20x, N A 0.45)
is designed to collect only the scattered light, which is continuously recorded with an amplified

photodetector at a gain (Hi-Z) 4.75 x 10% V/A £5 %. To obtain the temporal response of the
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Figure 3.16: Dynamic response of electro-plasmonic nanoantenna. (a) Schematics of the trans-
mission dark-field measurement setup. Strong light scattering contrast in between the spatial
regions with (green) and without (dark) electro-plasmonic nanoantenna is observed (inset). (b)
Temporal response of the electro-plasmonic nanoantenna obtained using a square wave voltage
for spectroelectrochemical recording. Optical response of the electro-plasmonic nanoantenna
is shown (red curve) for potential steps (blue curve) in between —500 mV (versus Ag/AgCl)
and 500 mV (versus Ag/AgCl) with a residence time of 5 ms. A switching time of 191 us is
obtained after fitting a decaying-exponential function to the scattered light intensity. (c) Optical
scattering signal obtained from a PEDOT: PSS coated plasmonic nanoantenna array modulated
by a square wave of £500 mV versus Ag/AgCl with a frequency of 1 kHz. Data acquired
using a silicon (Si) amplified photodetector 4.75 x 10% V/A £5 % .

electro-plasmonic nanoantenna, a square wave voltage (—500 mV to 500 mV, 100 Hz) is ap-
plied using a potentiostat (Gamry reference 6007). Response time of our electro-plasmonic
nanoantenna is determined by fitting a decaying-exponential function to the scattered optical

signal. In our experiments, we demonstrated sub-millisecond response times (~ 191 us) suf-
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Figure 3.17: Optical recording of electrogenic activity. (a) False-color scanning electron mi-
crograph of hiPSC derived cardiomyocytes (iCMs) (colored in purple) cultured on electro-
plasmonic nanoantenna array. (b) Differential scattering signal in response to electrogenic
activity of a network of cardiomyocyte cells. Strong far-field signal allowing label-free and
real-time optical detection of electrogenic activity of iCMs are obtained from substrates with
electro-plasmonic nanoantennas (red curve). Control measurements are performed to verify the
origin of the electro-optic signal. In the absence of electro-plasmonic nanoantenna, no far-field
signal is detected (blue curve).

ficient to resolve electrogenic activity of cells (Figure [3.16b). We also proved high bandwidth
functionality of our electro-plasmonic nanoantenna at kilohertz frequencies (Figure[3.16f). Our
in-situ opto-electrochemical experiments also confirmed the excellent stability and reversible

response of ultrathin and nanoscale electrochromic load over millions of switching cycles.

3.2.8 In vitro optical detection of electrogenic signals

We demonstrated in vitro functionality of our field probes for label-free optical de-
tection of electrophysiological activity of the excitable cells. In our experiments, stem cell
derived cardiomyocytes (iCMs) are used (Materials and Methods) [269]]. Before electro-optic
testing, iCM:s are seeded at a density of 2 x 10® cells/mL on fibronectin coated electro-plasmonic
nanoantenna array (Figure [3.17h), and their electrophysiological functionality is confirmed us-
ing Ca2+ indicators (Materials and Methods, Figure [3.18). Electro-plasmonic nanoantenna
(~ 3.6 x 10* nm? has more than few million times larger cross sections than the genetically en-
coded voltage indicators (~ 1072 nm?) . Thus, the light intensities used in our experiments

(11mW/mm?) were ~ 10% — 102 times lower than the typical excitation sources used in optical
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experiments with fluorescence molecules [75,[259]]. To assure that the optical signal is a result
of electrical activity only, a myosin II inhibitor, blebbistatin (10 M) is used [282,283]. In our
network-level experiments, the scattering signal is continuously collected using a 20 x objective
in transmission dark-field measurement configuration (Figure[3.16p) and a spectrometer (Ocean
Optics, HR4000) with 50 ms integration time. Photon counts are obtained following a spectral
integration method as a function of time (Figure 3.17p). Our measurements show that the
electrogenic activity of spontaneously firing iCMs leads to increased light scattering (Figure
red curve). This observation is in strong agreement with our opto-electrochemical mea-
surements as spontaneous depolarization of cardiomyocytes (Na™ influx into the cell) results
in a transient electric-field directed towards the electro-plasmonic nanoantennas (as in Figure
3.15] inset). To verify the electro-plasmonic origin of the label-free and real-time optical sig-
nal, measurements are repeated with iCMs cultured on substrates without electro-plasmonic
nanoantenna. No far-field optical signal for the cellular firing events is observed in the absence
of electro-plasmonic nanoantenna (Figure [3.17p, blue curve). We theoretically investigated
the local temperature increase as a result of photothermal heat generation during our experi-
ments. Our analysis shows that the temperature increase is limited (< 3 °C) and confined at
the nanoscale vicinity (< 10 nm) of electro-plasmonic nanoantenna. As shown in Figure
plasmon-assisted temperature increase is too low to cause any thermal damage to cardiomy-
ocyte cells. Furthermore, no phototoxic effect of light is observed during our experiments.
Phototoxicity is an important concern for the viability of fluorescently label cells [[76}[258]];
fluorescence excitation always produces disruptive oxygen free-radicals [284]. Extracellular
electro-plasmonic nanoantenna, on the other hand, uses a different optical signaling mechanism
from fluorescence excitation. In addition, the light intensities used in our experiments are much

lower than those used in fluorescence-based measurements.

3.3 Discussion

We introduced an extremely bright electro-plasmonic field probe offering ultrasensi-
tive and label-free detection of electrical signals at kilohertz frequencies with light. To achieve
this, we developed a novel electropolymerization technique enabling us to exploit biocompati-
ble electrochromic polymer PEDOT: PSS as an electric-field controlled ultrathin and nanoscale

optical load. Existing optical field probes run into signal-to-noise ratio limitations due to either

66



150

100 1

Intensity(a.u.)

[8)]
o

0 10 20 30
Time (s)

Figure 3.18: Ca?" flux of iCMs captured using fast Ca®* imaging.Time lapse fluorescent
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low photon counts (e.g., GEVIs) or low electric-field sensitivities (e.g., QDs and plasmonic
nanoantenna). In our experiments, we demonstrated that electro-plasmonic nanoantenna en-
ables optical transduction of local field dynamics with more than 3.25 x 10? times enhanced
field sensitivities over conventional plasmonic nanoantennas [55] and nearly two orders of mag-
nitude higher intensity modulations over QD field probes [260,261]]. Furthermore, enhanced
cross-sections (~ 3.6 x 10* nm?) of our electro-plasmonic nanoprobes are orders of magnitude

larger than those of GEVIs (~ 10~2 nm?) [74] and QDs (~ 1 nm?) [261,1278]. By merging
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high field sensitivity and photon-counts together, we show that our electro-plasmonic probes of-
fer remarkably high signal-to-shot-noise ratio (SSNR ~ 60 —220) measurement capability from
diffraction limited spots. Our study also includes the first practical uses of electro-plasmonic
field probes for in vitro electrophysiological tests at network level. By tracking the far-field
spectral response of our field probes, we demonstrated real-time label-free detection of spiking

activity of cardiomyocyte cells with low-intensity light (11mW/mm?).
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Chapter 4

Nanoelectrochromic Flat Optical Modulators

Active control of optical-frequency plasmonic signals is the subject of intensive re-
search in plasmonics [285]]. Recently, there has been a strong drive to achieve this active control
by combining plasmonics with electrochromic materials due to the (i) unprecedented light-
matter interactions enabled by plasmonics, (ii) fast electrochemical response times of ultrathin
(< 25 nm) nano-electrochromic polymers, (iii) high voltage sensitivity of the low electron
density electrochromic polymers compared to the plasmonic metals [54}/67,/79-82]]. A strong
electro-optical interaction within a thin layer of electrochromic polymer (a few tens of nanome-
ters) can be achieved using plasmonic hot spots, enabling faster response time due to shorter
ionic diffusion time. Recent pioneering work on electro-plasmonic modulation has shown that
a fast switching time of ~ 9 ms can be achieved with an optical contrast ratio of ~ 8.2 dB [79].
However, one limitation of the conventional electro-plasmonic modulator is that they harness
the imaginary part of the complex effective refractive index k (extinction coefficient) instead of
the real part n of the electrochromic material to achieve plasmonic resonance modulation [286]].
Ability to modulate the extinction coefficient is limited by the inherent characteristics of the
electrochromic polymer, setting a fundamental upper limit on achievable the modulation depth
of the electro-plasmonic modulator even with plasmonic enhancement.

Here we report a new class of Electrochemical PlaSmonic Optical Modulators (EP-
SOMs) with an ultrahigh contrast ratio (~ 17.6 dB) and sub-millisecond (~ 500 us) temporal
response time. Our approach leverages the spectral (wavelength) shift of the highly dispersive
and distinctively narrow Fano resonance of plasmonic nanohole array due to the n. We fur-

ther utilize a novel spectral engineering that tunes the transmission band of the Fano resonance

69



spectrum (electro-plasmonic bandpass filter) with the transmission window of the narrow band-
pass filter. The principle underlying our flat optical modulator is summarized in the Figure
The processes are initiated by negative(positive) voltages which induce ion influx (efflux) and
electron injection (extraction) due to the reduction(oxidation): the inserted(extracted) electrons
modify the net electron density and in turn its optical properties via electronic structure modi-
fication. Application of a positive (negative) applied potential to electro-plasmonic filter makes
the electrochromic polymer “oxidized” or “doped” (“reduced” or “de-doped”) due to the simul-
taneous efflux (influx) of electron (¢~) and cations (Na™) from the polymer host (Fig. .
The doped electrochromic polymer (Fig. .1p) results in the spectral overlapping of the electro-
plasmonic bandpass filter with the notch filter. Thus, EPSOM passes the incident light, resulting
in the “ON” state (Fig. [4.Th). De-doped (Fig. {.1d) PEDOT, on the other hand, causes a large
wavelength shift in the pass-band of the electro-plasmonic bandpass filter and no longer over-
laps with the notch filter bandpass.Therefore, EPSOM blocks incident light and results in the
“OFF” state (Fig. 4.1b). In the following, we present a phenomenological model that accurately
explains the complex nature of Fano resonances in electrochromically loaded nanohole arrays.
We show that effective refractive index modulation of the ultrathin PEDOT causes a large spec-
tral shift of the Fano resonance profile. We then show that the EPSOM response time drastically
improves with the lateral and vertical downscaling of the polymer load. Using electrochemi-
cal and optoelectrochemical measurements, we demonstrate the sub-millisecond (~ 500 us)
response time of EPSOM. Last, through our optoelectrochemical measurements, we prove the
drastically increased optical contrast ratio (~ 17.6 dB) with EPSOM. Our electrochromic flat
optical modulator, i.e., EPSOM establishes a blueprint for a completely new family of ultrahigh

optical contrast and high response time nanoelectrochromic flat optical modulator.

4.1 Materials and methods

4.1.1 Nanohole array fabrication

Suspended plasmonic nanohole array chips were manufactured using high-throughput
and large-area Lift-off-Free Evaporation (LIFE) lithography. Figure summarizes the man-
ufacturing process schematically. First, a 100 nm thick silicon nitride (Si3/N4) thin film was

deposited on 4 inch diameter silicon (S¢) wafer using a low-pressure chemical vapor deposi-
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Figure 4.1: The working mechanism of the subwavelength thick EPSOM. a. Schematic of the
EPSOM under positive applied potential (ON-state). A positively applied potential leads to the
oxidation (doping) of the PEDOT — PFg load. Efflux of electrons (¢™) and sodium ions
(Na™) occurs simultaneously from the electrochromic polymer backbone. In the doped state
of the load, electro-plasmonic filter is precisely tuned with the fixed bandpass filter, resulting
in a strong transmitted signal. b. Schematic diagram of the PEDOT — PFg load in the
doped state. c. Schematic of the EPSOM under negative applied voltage. The negative applied
voltage initiates the reduction (dedoping) of the load. Influx of electrons (e™) and sodium ions
(Na™) modulates the optical properties of the load. The modulated load causes a mismatch
between the passband of the electro-plasmonic filter and fixed bandpass filter, therefore, leads
to a suppression of the optical transmission. d. Schematic diagram of the PE DOT — PF'g load
in the de-doped state.
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Figure 4.2: Large-scale fabrication of plasmonic nanohole arrays. Lift-off free deep UV nano-
lithography of plasmonic nanohole arrays. It consists of three consecutive steps: (i) spin coating
of antireflection and photoresist layers, and wafer-scale patterning of plasmonic devices using
deep UV (DUV) lithography, (iii) fabrication of the free-standing nanostructures using wet and
reactive ion processes, and (iv) direct deposition of the metal layer.

tion (LPCVD) technique. A 300 nm thick negative photoresist (PR) was coated on the wafer
and patterned using deep ultraviolet (DUV, 248 nm) light followed by reactive ion etching and
PR removal. The St substrate was removed by potassium hydroxide (/X OH) to produce a
free-standing Si3/V4 membrane. Finally, suspended plasmonic nanohole array was defined on
the Si3 /N4 membrane by electron beam evaporation of 125 nm thick gold using a custom-built
electron beam evaporator. Before evaporation of gold, an interlayer of 5 nm titanium (Ti) was
evaporated on Si3 N4 to increase adhesion. The depositions were carried out at a pressure of

1.2 x 10~ Torr and an evaporation rate of 0.5 A/sec.
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Figure 4.3: Electrochemical deposition of the PEDOT. We use a constant current density of
0.47 mA/ cm? for 1.67 s (blue curve) for 5 nm thick PEDOT. We measure the potential during
the deposition (red curve). The potential is gradually decreasing with time is the indication of
PEDOT deposition.

4.1.2 Electrochemical Deposition of PEDOT

The electrochemical deposition of PEDOT — PFg polymer was performed in an
electrochemical medium consisting of 10 mM EDOT (3,4-Ethylenedioxythiophene) (Sigma-
Aldrich, 483028) monomer and 100 mM tetrabutylammonium hexafluorophosphate (TBAPFg)
(Sigma-Aldrich, 281026) supporting electrolyte and propylene carbonate (PC) (Sigma-Aldrich,
310328) solvent. For deposition, three-electrode electrochemical cells (nanohole array as a
working electrode, platinum as a counter electrode, and Ag/AgCl wire as a reference elec-
trode) and a potentiostat (Gamry Reference 600) were used. The deposition was performed in
galvanostatic mode with a deposition current density of 0.47 mA/ cm? for 1.67 seconds for each
~ 5 nm PEDOT thickness. The measured potential during deposition begun at around 1.45 V
and gradually decreases with deposition time due to a decrease in electrode impedance during

deposition of PEDOT that confirmed the reliable deposition of PEDOT (Figure [4.3).

4.1.3 Full-wave numerical simulations

In our finite time difference (FDTD) simulation, the experimental dielectric data ’Au
(Gold)-CRC’ was used for the gold layer [267]]. The refractive index of the Si3/N4 and elec-

trolyte background was set to ng = 2.16 and n,, = 1.33. For the simulation results presented
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in this work, we considered the 25 nm thick PEDOT layer. The PEDOT reactive index was
taken from the literature [[166]. Similar electrochromic-plasmonic modeling approaches were
reported in previous publications [[166,225]. A pair of periodic boundary conditions were used
in the directions x and y. Perfectly match layer (PML) boundary conditions were used in z

directions. An adaptive meshing scheme with a minimum grid size of 1.5 nm was adopted.

4.1.4 Electrochemical characterization

The electrochemical properties of PEDOT load were characterized by cyclic voltam-
metry (CV) and electrical impedance spectroscopy (EIS) measurements. The CV was scanned
over a potential range of 0 V to 0.5 V versus Ag/AgCl at a scan rate of 50 mV/sec in a
monomer-free solution of 100 mM of TBAPFg in propylene carbonate solvent. The thickness
of the deposited PEDOT thin film was measured using scanning electron microscopy (SEM).
Impedance spectra of EIS are recorded in the frequency range 1 Hz to 10 kHz by applying a
sinusoidal excitation signal with an excitation amplitude of 10 mV (Eac) superimposed on the
constant dc potential of 200 mV (Ey.) in 1 M NaCl solution. The impedance data were fitted to
an equivalent electrical circuit in order to obtain quantitative values for the circuit components.

Gamry Echem Analyst software was used for fitting EIS data.

4.1.5 Spectroelectrochemical measurements

All the spectral data were obtained using Nikon TE 2000-U inverted microscope cou-
pled to Ocean optics HR4000 spectrometer, Thorlabs DCU223 USB CCD camera, and Thorlabs
PDA100OA photodiode. We used a normally incident dia-illumination unpolarized broadband
light source (400 — 1100 nm) to obtain the transmission spectrum of the plasmonic nanohole ar-
ray. NI USB-6001 data acquisition device and LabView software were used for the acquisition
of the photodiode signal. MATLAB toolbox ‘cftool’ (curve fitting toolbox) was used to obtain
PEDOT switching time 7 by fitting experimental transmitted signal 7'(¢) data with decaying
exponential function (T'(t) = a x exp(—t/7) + ¢, where a is the switching contrast, and c is

the transmitting intensity in the ‘OFF’ state).
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4.2 Results

4.2.1 Large contrast from ultrathin electrochromic polymer

The ability to structure electrochromic materials at nanoscale dimensions opens the
door for nanoionic field-effect devices with drastically enhanced ionic conductivity and high
spatiotemporal response. Exploiting such enhanced material characteristics for electro-optic
applications, on the other hand, require new device engineering strategies. To realize ultra-
fast and high-modulation depth electro-optic switching, we merge the emergent behavior of
nanoscale electrochromic polymers with drastically enhanced light-matter interactions in plas-
monic structures. The EOT effect materializes in plasmonic subwavelength nanohole arrays at
resonance wavelengths leading to strong coupling between the incident surface plasmon polari-
tons (SPPs) and the localized surface plasmons (LSPs). As shown in our FDTD simulations in
Figure 4.4p for an excitation wavelength of 690 nm, coupling between incident surface SPPs
and LSPs occurs within the plasmonic hot-spots around the rims of the nano-apertures, a vol-
ume that is enclosed within the ultra-thin electrochromic polymer load. The presence of bright
hot-spots for the doped state of PEDOT load indicates efficient fueling of the electromagnetic
energy to the out-coupling surface plasmons resulting in enhanced light transmission (EOT ef-
fect). De-doping of the PEDOT polymer strongly modulates the SPP-LSP coupling and causes
a drastic drop of transmitted light intensity as suggested by the absence of hot spots around the
nanohole apertures at the same wavelength (Figure 4.4b). Figure .4k is the chemical structure
of the PEDOT that shows the reversible transition between the doped (top panel) to de-doped
state (bottom panel) and associated charge carrier modulation. By exploiting a strong cou-
pling mechanism among three plasmonic oscillators that are responsible for the EOT signal, the
field-controlled modulations of the PEDOT load are transferred to a strong optical transmission
signal at this excitation wavelength.

This electrochromic-plasmonic behavior could be understood within the framework
of optical circuit theory. The SPPs created on in-coupling (SPP;) and out-coupling (SPP2)
surfaces can be thought of as two lumped nanocircuits (LC resonators [287])) that are tied to
each other through the LSP excitations (Figure #.4d). PEDOT load controls the LSP reso-
nances through the strong light-matter interactions enabled within the hot-spots. Accordingly,

the doped/de-doped electrochromic load is incorporated to the LSP circuit as a parallel arm com-

75



doped PFs PFs
( ? 5 g S i g S )
1V 0.5V
de-doped »l r+
S
electrolyte  5q nm n
d e f
<« SPP;—><«— LSP,—><«—SPP,— 1F
. R, R, R ’; :V\Al,derdoped
\ 500 W “‘ —circuit
Vg : D Co 7 ICx @ @ é ‘,“ —circuit
= (2] [y
L C| N E
pe el ey 2 .
1 L E e
e b T obRellh e e ]
' X , \ AR _
I [P ! 580 660 740 600 800 1000
V____switch ] Wavelength (nm) Wavelength (nm)

Figure 4.4: Large contrast ratio with an ultrathin electrochromic polymer. a. Side view of
near-field enhancements along the pristine nanohole array structure (diameter 160 nm, pitch
450 nm) at 690 nm for z-polarized incident light propagating along the z-direction (normal to
the nanohole surface). FDTD simulation shows the presence of strong light confinement (hot
spots) due to the strong SPP-LSP coupling at the doped state of the PEDOT (25 nm thick). b.
FDTD simulation shows the absence of hot spots due to the weak SPP-LSP coupling at the de-
doped state of the PEDOT. c. Chemical structure of the PEDOT. During the doped (top panel)
to de-doped (bottom panel) transition, the number of positive charge carriers in the PEDOT
decreases due a negative applied potential (reduction reaction; PEDOT accepts electron). The
opposite occurs when the doped to de-doped transition occurs due to a positive potential (oxida-
tion reaction; PEDOT donates an electron). d. The coupled LC-oscillator model capturing the
Fano resonant EOT effect in electrochromically loaded plasmonic nanohole structure. Meshes
11, I, and I3 represent plasmonic oscillators on the in-coupling metal/water interface (SPP;),
at hole aperture rims (LSP) and at the out-coupling metal/Si3 N4 interface (SPP5), respectively.
An external voltage V; = V, cos (wt) is introduced as the electrical analogue of the incident
light excitation. e. The magnitude of the total impedance | Z7| seen by the voltage source is cal-
culated from the circuit model using the Thevenin theorem. The top left inset shows a parallel
RLC (anti-resonant) circuit. Bottom right inset shows a series (resonant) RLC resonant circuit.
The top right inset shows that phase () of | Zp| varies with the wavelength (\). f. Transmission
spectrum of the EPOSM to the doping state of the PEDOT load. Switching of the load from the
doped (blue curve) leads to the de-doped (red curve) state leads to red shifting of the transmis-
sion spectrum. Circuit model (solid line) and FDTD (dashed line) are compared.
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posed of tunable inductive and capacitive circuit elements [288]]. Resistors are added in each
plasmonic resonator to account for the radiative and non-radiative losses [136]. The equiva-
lent impedance of the electro-plasmonic circuit controls the power delivered from the source
(P =|Vs ]2 /Zeq ), the circuit counterpart of the transmitted light intensity through the nanohole
array. Here, input impedance Z,, is a combination of equivalent resistance ., and equivalent
reactance X.q. As shown in Figure f.4g, at ~ 645 nm corresponding to the minimum power
delivery (light transmission), equivalent reactance X, can be projected to a circuit consisting
of parallel inductive and capacitive reactances (left inset) operating at the resonance condition
w? = LeyCey. A large reactance X, = (Leg/Ceq )/ (jwLeq — j/wCeq ) ) and the zero-phase
difference between the source voltage and current (Figure 4.4e, top right inset) is observed at
this “open-circuit” or “anti-resonant” condition corresponding to one of the natural resonances
of the three coupled oscillator circuit. As shown in Figure B.4g, the next resonance condition
is satisfied at ~ 690 nm as a result of the cancelation of equivalent inductive and capacitive
reactances (X = jwLeq — j/wCeq ) that are in series at this operating frequency (bottom right
inset). For this near “short-circuit* or “resonant” condition (Z., = R.,), we observe zero phase
difference between the source voltage and current (Figure 4.4e, top right inset) and enhanced
power transfer corresponding to the EOT transmission peak.

Fano resonance lineshape of the transmission spectrum plays a critically important
role in achieving large electro-optic modulation with ionic doping of the electrochromic load.
As shown in Figure (blue curve), the interplay between open and short circuit resonance
conditions within a narrow spectral window is responsible for the highly dispersive power
transmission characteristics (P = |VS\2 /Zeq ) with a distinctly asymmetric shape. With the
de-doping of the electrochromic polymer, resonances corresponding to the open (transmission
minimum) and short (transmission peak) circuit conditions are shifted to longer wavelengths
(Figure [4.4f, red curve) due to the increased load inductance and capacitance. This observation
is in strong agreement with our FDTD simulations (Figure [4.4f, dashed curves); the Fano reso-
nance spectrum is firmly controlled by the doping state of the ultrathin PEDOT load without dis-
torting the Fano resonance line shape. Addition of a narrow band-pass filter (F'W H M =~ 20nm)
spectrally tuned to the short circuit resonance condition (EOT peak) for the doped state of the
PEDOT load (Figure [4.4f, blue curve) allows us to translate the EOT resonance wavelength

shift to large intensity modulations. As shown in Figure {.4f, in a precisely designed platform,
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de-doping of the PEDOT load leads to red shifting of the Fano resonance spectrum and spec-
tral overlapping of the open circuit condition (corresponding to transmission minimum of the
nanohole array) with the bandpass window of the band-pass filter. This causes a dramatic re-
duction in the transmitted light intensity, an effect that we exploit to achieve high-contrast ratio

electro-optic switching using low-power voltage sources.

4.2.2 Flat modulator geometry optimization towards ultrafast switching

For ultrathin nano-electrochromic loads, ionic diffusion time (7p o LQ/ D , where
L is the film thickness and D is the diffusion constant) plays a critically important role in
determining the response time of conducting polymers: fast electro-optic switching of an elec-
trochromic polymer require the rapid formation of a charged doping/de-doping layer. To achieve
a fast-electro-optic response, we experimentally analyzed and optimized the contribution of
ionic mass transfer and capacitive doping effects in ultrathin electrochromic polymers by map-
ping out Au electrode-PEDOT system to an equivalent circuit model (Fig. .5p inset). In this
model, a solution resistance g is added in series with an electrolyte-polymer interface element
consisting of an electrical double layer (non-faradic) capacitance C'rpy, and a charge transfer
resistance Rcor. Doping capacitance and diffusion impedance of the electrochromic polymer
is incorporated in series to this circuit through electronic bulk capacitance C'pgpor and finite-
length Warburg diffusion impedance Zw qrpurg, Which is characterized by the diffusional time
constant 7p and the diffusional pseudocapacitance C'p [2891[290]

VD

Zowarburg = —Y—=— coth (jwrp)"/? 4.1

CpvVijw
where w is the angular frequency. We conduct electrochemical impedance spectroscopy (EIS)
of PEDOT film electrodeposited on Au surfaces (see methods) to find equivalent circuit param-
eters (see methods). As shown in Figure and Figure .5p, an excellent agreement between
our circuit model and experimental measurements is observed within a wide frequency range
from 1 Hz to 10 kHz. The total impedance is represented as Z;otq; (W) = Zyre — j Zim, Where Z,.,
and Z,. are the real and imaginary parts of the total impedance. Our EIS analysis shows that
the (Au) electrode-PEDOT system displays a resistive behavior at high frequencies (~ 10 kHz),
corresponding to a near 0 phase angle between current and voltage (Figure.5p, red curve). The

total impedance is mainly the solution resistance R of the 1 M NaCl electrolyte solution at this
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Table 4.1: The numerical fitting results of equivalent circuit components of PEDOT — PF
coated electrodes: Bottom: v Area = 13 mm, Top: 25 nm thick PEDOT — PF§ .

PEDOT layer area vs. capacitances with fixed area

| |
| VArea (mm) | Zwarburg | Cpepor (mF) | Cp (mF) |
| | Y, (S.sec®B) | /7D (sec®?) | | |
| 5 | 4559 x 1073 | 0.0970 | 0348 | 0414 |
| 13 | 133.7x 1073 | 01337 | 0877 | 1787 |
‘ PEDOT layer thickness vs. capacitances with fixed area ‘
| Thickness (nm) | ZW arburg | Cpepor (mF) | Cp (mF) |
| | Yo (Sisec?) | Y (o) | | |
| 5 | 12.78 x107% | 0.0881 | 0241 | 112 |
| 25 | 133.7x107% | 01337 | 0877 | 1787 |

high frequency. It is evident from the Nyquist plot in Figured.5p that the Au-PEDOT system in
1 M NaCl electrolyte solution does not show a high-frequency semicircle in the impedance spec-
trum described by R.; and C'gpy, connected in parallel. The impedance spectrum (Nyquist) is
therefore mainly dominated by the Cprpor and Zyy grpurg (or Cp) components (Figure @}a).
When the frequency decreases, the capacitive nature of the (Au) electrode-PEDOT system be-
gins to predominate as indicated by the decreasing phase angle in Figure d.5b (red curve). Our
analysis using equation 1], and the equivalent circuit parameters (Table 4.T}top) shows that
the [ m(ZWarbwg) varies from to 0.02 to 8.9 Q2 in the frequency range 10 kHz to 1 Hz. This
observation indicates that the imaginary part of the total impedance Z;,,, of the (Au) electrode-
PEDOT system is dominated by the Cpgpor in the frequency range mentioned above (Figure
@}a). Equation also indicates that for very low frequencies (< 1 Hz) Zw grpurg (or Cp)
dominates due to diffusion-controlled faradic reactions. Therefore, given their contribution,
Cprpor and/or Cp play a critical role in the trade-off between the electro-optical response
time and the contrast ratio.

We optimize the PEDOT capacitances by using equivalent circuit modeling of ex-
perimental EIS data for different areas and thicknesses of the PEDOT. Besides, we conduct
spectroelectrochemical measurements with EPSOM to determine the response time and con-

firm the validity of the optimization through equivalent circuit modeling. Our Equivalent Cir-
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Figure 4.5: Electrochemical characterization of the electrochromic load. a. Complex plane
impedance plot or Nyquist plot of the Au-PEDOT system with a PEDOT thickness of 25 nm
and an area of 169 mm? measured at 0.2 V vs. Ag/AgCI. The frequency range is 1 Hz to
10 kHz. AE,. = 10 mV. Inset shows the equivalent circuit model for fitting (solid line) the
measured impedance data (open circle). Bode plot (phase shift (blue), and total impedance
(red)) of PEDOT coated (thickness 25 nm and area 169 mm?) gold with the frequency range
from 1 Hz -10 kHz. c. Cyclic voltammetry (CV) of the PEDOT load. Cyclic voltammetry of
the PEDOT load with different thicknesses at scan rate 50 mV/sec over potential range of 0 V
to 0.5 V in a 100 mM TBAPF;g supporting electrolyte in propylene carbonate solvent.

cuit Model describing EIS experimental data shows that Cpgpor decreases significantly with
decreasing polymer thickness (Table i.T}bottom). The capacitance value is 0.241 mF for 5 nm
thick PEDOT film and 0.877 mF for 25 nm thick PEDOT film (Table . T}bottom). This ob-
servation is associated to the deterioration of the faradic charge storage capacity within a thin
electrochromic polymer. On the other hand, due to the considerable decrease in ion diffusion, a

drastically lower C'p value of 1.12 mF is obtained for a 5 nm thick PEDOT compared to 17.87
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mF for a 25 nm thick layer (Table d.T}bottom). The strong correlation between PEDOT capaci-
tances and thicknesses is also established in our cyclic voltammetry measurement (Figure {.5).
The area enclosed below (above) the baseline of zero, which determines the charge accumula-
tion (depletion) during anodic (cathodic) scanning, is a measure of PEDOT capacitance. The
total capacitance increases with the thickness of the PEDOT results in the rise of the enclosed
area, as predicted from the EIS observation. Capacitances (Cpgpor and C'p) increase with
an increasing PEDOT area, as confirmed by our EIS data (Table @.I}top). Although the total
faradaic capacitance is given as the capacitances (Cprpor and Cp) connected in series (Figure
M.5p inset), the value of the Cp is significantly higher than that of Cpgpor (Table 3. I), which
is consistent with the previous reports [291]. This observation confirms that the total faradaic
capacitance is dominated by the Cpppor. We show that the Cpgpor can be scaled down to
a very low value with decreasing surface area while the thickness of the PEDOT layer is fixed
(Figure [4.6p-blue). As a result, the smaller surface area of the PEDOT load is advantageous for
the EPSOM; since it responds to voltage changes much faster than the larger ones. Similarly,
our EIS measurements predict faster switching times with a thinner PEDOT load with a fixed
area (\/M = 13mm) due to a decrease in Cpgpor (Figure —red)

The EIS measurement predictions are confirmed by spectroelectrochemical measure-
ments with our EPSOM (see methods). To this end, we use an inverted microscope (Nikon,
TE 2000) combined with a free-space amplified photodetector and a grating spectrometer (Fig-
ure {.6p). The inset of Figure shows the electron scanning microscopy (SEM) of the
electro-plasmonic filter, where the nanoholes are coated with PEDOT conformally. The mea-
surement is carried out in an in-situ 3-electrode electrochemical cell designed in-house: the
electro-plasmonic filter as a working electrode, the platinum coil as a counter electrode, and
the AgCl-coated flexible Ag wire as a reference electrode, and the 1 M NaCl solution as an
electrolyte. Also, using the unpolarized broadband halogen light source and the bright-field
condenser lens of the microscope, we focus broadband light on the electro-plasmonic filter
from the PEDOT-gold side. Electro-plasmonic modulator’s transmission signals are collected
by a microscope objective (Nikon, 10x, NA = 0.30) and then measured by the photodiode.
We demonstrate faster switching by scaling down the thickness of the PEDOT load. As shown
in Figure 4.6c-blue, the switching time is linearly proportional to the thickness of the load for a

fixed area ( vV Area = 13 mm). Similarly, in agreement with the EIS measurement, switching
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Figure 4.6: Ultrafast temporal response of the electrochromic load. a. Capacitance Cpgpor
as a function of the thickness and the area for Au/PEDOT electrodes in 1 M NaCl. E;. = 0.2
V. Cpgpor scales linearly with the active area for a fixed thickness of 25 nm (blue curve)
and the thickness for fixed area v/ Area = 13 mm) (red curve). b. Schematic of the spectro-
electrochemical setup that consists of a broadband light source, microscope condenser, a 10x
objective, a beam splitter, a reflection mirror, two convex lenses, a high-resolution spectrometer,
a 3-electroe electrochemical cell, and a potentiostat. Scanning electron microscope image of a
plasmonic nanohole array (diameter 160 nm, pitch 450 nm) conformally coated with 25 nm
PEDQOT is shown (inset). c. Electro-optic measurements of EPSOM to analyze the temporal
response of the PEDOT film. Linear scaling of the PEDOT switching speed with the active area
for fixed thickness 25 nm (blue curve,) and thickness for the fixed area v Area = 13 mm) (red
curve) is shown. d. Spectro-electrochemical measurement of PEDOT switching time. Switch-
ing time of PEDOT with area 1 mm? and thickness 25 nm. We measure switching time of
electro-plasmonic modulator with 1 mm? electrode area expose to the 1 M NaCl solution
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time scales with the active area of the PEDOT load at a fixed thickness (~ 25 nm) (Figure
, blue line). Therefore, we demonstrate that the switching time is scaled down with the area
and thickness of the electrochromic polymer, in agreement with previous experimental studies
[272]. Remarkably, for the EPSOM with a PEDOT thickness of 25 nm and an active area of
1 mm?, we demonstrate sub-millisecond switching time approximately 500 us (Figure ).
The ultra-fast switching time of our EPSOM is three orders of magnitude faster than the switch-
ing time of the electrochromic plasmonic device recently used for electro-optical modulation
[67.(79,[292]. Also, for a pixel size of 124 pm of the desktop LCD display, extrapolation of our
experimental results predicts a switching time of 358 us, which is significantly higher than the

commercially available LCDs (response time often in the order of milliseconds) [[293]].

4.2.3 Electro-plasmonic modulation

Highly dispersive Fano resonance line shape plays a critical role in realizing high
contrast ratio electro-plasmonic modulation with nanoscale thin electrochromic load. To this
aim, we first spectrally tune the transmission maximum electro-plasmonic filter to the trans-
mission window of a notch filter (Figure 4. 7h). The electro-plasmonic filter is biased at +0.5
V using a potentiostat in a three-electrode spectroelectrochemical cell (Figure 4.7p). Incident
light from a broadband light source passes through the electro-plasmonic filter due to the EOT
effect. Transmitted light is collected with a microscope objective and is coupled to a spectrom-
eter or a CCD camera (see methods). Figure (blue line) shows the transmission maximum
of the electro-plasmonic filter spectrally overlapping the transmission window of a notch filter
(pink rectangle). The application of negative bias causes a red shift in the electro-plasmonic
filter spectrum due to the doped to dedoped transition of PEDOT load and associated change in
the real part of the complex dielectric constant (Figure .7p, red curve). We exploit the ability
of PEDOT to change its complex dielectric constant (real part) due to the applied potential and
achieve a gigantic plasmonic resonance shift of ~ 110 nm. The wavelength shift is sufficient
to cause the spectral overlapping of the transmission minimum of the electro-plasmon filter and
the transmission window of the notch filter (Figure 4. 7h). As a result, a drastic reduction of
the transmitted light intensity is observed in the transmission window of the notch filter (Figure
4. 7).

The contrast ratio between bright and dark state is defined by [294] 10xl0gq (T',,,/Toff)-
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Figure 4.7: Demonstration of active modulation with electro-plasmonic modulator. a. Spec-
tral measurements are obtained with doped (blue line) and de-doped (red line) PEDOT. Notch
filter(pink) represents a bandpass filter spectrally tuned to the transmission maximum of the
electro-plasmonic filter placed between the light source and electro-plasmonic filter. b. The
high contrast ratio of the electro-plasmonic filter is achieved in the spectral range from 650 to
705 nm due to the small T;,¢r. The red line is a Gaussian fit to the contrast ratio calculated
with 10 x logyq (T,,,/Totf) from the experimental data. The fitting shows a maximum contrast
ratio of 17.6 dB for the spectral of interest c. Modulation depth of EPSOM is compared with
EPLOM for a fixed area 1 mm? and thinness of the PEDOT varies from5 nm to 25 nm. The
dashed lines are guide for the eye.

where Ty, (15,77 ) stand for transmission value at +0.5 V (=1 V). It is obvious that high (low)
value of T, (T, s ) leads to large contrast ratio. In electro-plasmonic filter, the electrochromic
polymer (i.e., PEDOT) acts as a mediator that couples the external signal to the spectrum shift
of the electro-plasmonic filter by changing the real part of the dielectric constant Re(e). In

addition the red curve of the Figure[d.7h shows that electrochromic polymer dedoping increases
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the absorption of light in agreement with the previous study [295]]. Increased absorption of
light, associated with the imaginary part of the dielectric constant Re(¢), is the result of the
free carrier optical absorption effect of the additional electrons during the dedoping process.
However, the modulation is primarily controlled by the EOT transmission spectrum that is con-
trolled by the electrochromic load rather increased absorption Figll.7b . To prove this, we
compare EPSOM with the reference Electrochromic PoLymer Optic Modulator (EPLOM) at a
wavelength of 683 nm, which falls within the spectral range of interest. EPLOM is fabricated
by depositing PEDOT on 16 nm Au coated (Si3/N,) membrane (without nanoholes). Figure
shows a significantly higher contrast ratio in the EPSOM (red circle) than in the EPLOM
(blue circle). For example, the EPSOM with a 5 nm thick PEDOT layer shows a contrast ratio
of ~ 9.16 dB, which is more than 1000-fold larger than the EPLOM (~ 0.0076 dB) with a
similar PEDOT thickness (Figure 4.7c). Thus, our experimental results show that the Irn(e)
of the electrochromic polymer has a negligible contribution to the contrast ratio. Another key
piece of information Fig[4.7c indicates that the contrast ratio increases with the thickness of the
PEDOT. This is consistent with our FDTD calculation and EIS measurement predictions. Our
FDTD calculations show that we need a PEDOT thickness of approximately 25 nm to cover
the drastically enhanced electrical field in plasmonic hot spots and to make use of enhanced
light-matter interactions. In addition, our EIS results predicted that increasing thickness would
enhance the doping / depositing process by enhancing the faradaic capacitance Cpgpor. We
therefore need an electrochromic thickness that covers hot spots and offers a relatively large
Cpepor. In this regard, the thickness of ~ 25 nm addresses both of these criteria and results
in a higher contrast ratio compared to the thickness of less than 25 nm, as confirmed by our
demonstration in Figure[d.7c.

Our system inherits ultra-fast time response due to the use of nanoscale thick elec-
trochromic loads. To confirm this, we demonstrate the ultra-fast switching dynamics of the
EPSOM using a nanoscale PEDOT load (thickness 25 nm). We apply a square wave voltage
of 100 Hz between +0.5 volt and —1 volt versus Ag/AgCI. A high-speed Si photodetector is
used to detect the signal. The photodiode signal is collected with a data acquisition device and
LabVIEW. Figure presents the dynamic response plot in which the left vertical modula-
tor response axis (blue line) and right vertical applied potential axis (red line) are plotted as a

function of time on the horizontal axis. The measurements shown here indicate that even with a
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Figure 4.8: Demonstration of high bandwidth operation of EPSOM. (a) Timing data of the
EPSOM (blue curve) subject to applied square wave voltage between +0.5 V and —1 V (red
curve) with a frequency 100 Hz. PEDOT active area is 1 mm? and thickness is 25 nm. Light
form broadband source transmitted through the EPSOM. Transmitted light is collected with
10x objectives and couple to the photodiode. (b) High bandwidth capability of the EPSOM is
shown. Contrast ratio varies with frequency in the range of 100 Hz to 1000 Hz. The dashed
lines are guide for the eye.

Table 4.2: Summary of previously reported electrochromic (EC) polymer modulators.

Reference Mechanism EC Polymer Thickness (nm) Switching (ms) Contrast ratio (dB)
DeLongchamp et al. [296]  Electrochemical PEDOT 1000 > 1000 7.4
Agrawal et al. [80] Electroplasmonic  Persian blue 20 600 14

Xu at al. [[79] Electroplasmonic PANI 25 9 8.2

Peng et al. [67] Electroplasmonic PANI 25 20 3

This work Electroplasmonic PEDOT 25 0.5 17.6

relatively large surface area (~ 1 mm?), the modulated signal is precisely following the square
wave applied at 100 Hz. Also, our EPSOM allows the electro-optical modulation of light up to
a few kilohertz without substantially losing the contrast ratio (Figure 4.8p).

4.3 Discussion

In summary, we introduced an elegant and powerful electro-plasmonic approach en-
abling ultra-high contrast ratio electro-optic switching at high video rates. Remarkably, this
approach shows that the Fano resonant EOT spectrum of the plasmonic nanohole array can

be sensitively tuned to the notch filter passband by harnessing the electrical field tunability of
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the electrochromic load. A relatively small potential (~ 1.5 volt) causes reversible tuning of
the electrochromic load by doping (dedoping) due to cation efflux (influx) in the electrolyte
medium. Such ‘electro-plasmonic’ tuning effects contradict conventional electrochromic de-
vice trends. In conventional electrochromic devices, the thicker film achieves a higher contrast
ratio of switching, but takes an inevitable dramatic toll on switching time. However, the combi-
nation of nanometer thick electrochromic material with plasmonic resonators favors our system
with a high contrast ratio in conjunction with faster switching time thanks to enhanced light-
matter interactions due to nanoscale light confinement in plasmonic nanostructures and a highly
dispersive Fano resonance EOT effect. Further, the interplay between the transmission window
of the notch filter (second filter) with the minimum transmission (maximum) electro-plasmon
filter enables a bright (dark) state. The dark state has a negligible intensity and is much better
than the recently reported electrochemical and electrochemical plasmonic devices [67}/79]]. The
excellent dark state realizes an ultra-high contrast ratio beyond the scope of recently reported
electrochromic technologies. Table summarizes the performance metrics of some of the re-
cent reports on the experimental demonstration of electrochromic devices. Our EPSOM with a
contrast ratio of up to 17.6 dB and a sub-millisecond switching time down to 0.5 ms represents,
to the best of our knowledge, the best performance of any type of electrochromic device that
has been experimentally demonstrated so far.

From a technological standpoint, EPSOM can be used to create high-definition, high-
fresh-rate electronic displays, and it can overcome the limitations of liquid crystal displays
(LCD) in displaying moving images due to their slow decay time in the millisecond range
[293,297]]. The slow decay time 74 is inherent to LCDs, depends on the distance between LCD
parallel electrodes d, rotational viscosity and elastic constant K of LCs (14 = yd? / K )
[298]]. With EPSOM ’s superior sub-microsecond decay time, high refresh rate displays suitable
for viewing moving images can be realized. Another drawback of LCDs is the difficulty of
achieving a high pixel density (resolution) greater than 1000 pixels/ inch due to increased optical
crosstalk [293[]. EPSOM based displays can achieve ultrahigh resolution with a pixel pitch (~ 3
pm) and pixel footprint less than 1 um? area [299]. Thus, a large number of pixels with a
resolution of more than 6000 pixels / inch can be easily integrated into the active area of the
displays without running into the optical crosstalk issues by adding plasmonic Bragg mirrors

surrounding the nanohole array. Future studies should explore how the current understanding
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of the performance of the EPSOM on a rigid substrate evolves with a flexible substrate. Future
studies should also explore how full color plasmonic pixels can be achieved by using alternative

plasmonic materials such as aluminum.
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Chapter 5

Conclusions and Future Work

Active plasmonic is a growing and challenging plasmonic sub-field. Active control
over plasmonic resonances is inevitably needed for the advancement of future plasmonic tech-
nologies such as modulators, switches and field-effect neurophotonics devices. This thesis has
demonstrated such active control by incorporating nanoelectrochromic load consist of lumped
nanocircuit elements. The nanoelectrochromic loading approaches demonstrated in this thesis
overcome the inherent low voltage sensitivities of plasmonic resonators [[72,265]]. Findings in
this thesis pave the way for realizing ultrasensitive field-effect neuroelectrode and ultra-high
modulation depth flat optical modulators for ultrathin display applications. In conclusion, this

thesis has achieved three aims:

e Active plasmonic nanoantenna. I discussed the underlying physical mechanisms un-
derpinning the dynamic reconfigurability and outline several promising approaches in
realizing active plasmonic nanoantennas with novel characteristics. I envision that this
review will provide unambiguous insights and guidelines in building high-performance
dynamic plasmonic nanoantennas for a plethora of emerging applications, including ultra-
broadband sensors and detectors, dynamic switches and large-scale electrophysiological

recordings for neuroscience applications.

e Nanoelectrochromic field reporters in electrophysiological applications. I introduced
an ultrasensitive and extremely bright nanoscale electric-field probe overcoming the low
photon-count limitations of existing optical field reporters. My electro-plasmonic ap-

proach lays foundation of a new class of extracellular in vitro and in vivo electrophys-
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iological probes offering non-invasive, ultrasensitive and high spatiotemporal resolution

measurement capabilities with light.

e Nanoelectrochromic flat optical modulators. I introduced a subwavelength-thick (<
250 nm) nano-electrochromic flat optic modulator that can simultaneously deliver ultra-
fast (~ 500 ps) and remarkably high-contrast ratio ~ 17.6 dB) electro-optic switching
capability and operate at high operational bandwidths (2 kHz). The field-effect flat optic
modulator shown here paves the way to the advancement of ultrathin and high bandwidth
display technologies based on electrochromic soft materials suitable for flexible electron-

ics.

5.1 Future Work

Beyond the in vitro experiments I have shown in chapter 3, our electro-plasmonic
probes open the possibility of in vivo electrophysiological studies with high SSNRs for pro-
longed periods. For in vivo electrophysiological testing, it is possible to utilize our electro-
plasmonic probes using two distinct approaches: (i) electro-plasmonic probes can be integrated
on flexible and biocompatible substrates for surgical implantation, and (ii) colloidal versions of
them can be synthesized and functionalized with cell specific biomolecules for deep tissue brain
imaging. Several recent studies have already demonstrated integration of plasmonic devices on
flexible substrates and optical fibers using high-throughput fabrication techniques [[127,(300].
For deep tissue use, high quality colloidal plasmonic nanoparticles can be synthesized in so-
lution [301]] and loaded with electrochromic polymers using electrostatic oxidative polymer-
ization [231]]. Furthermore, biocompatible PEDOT polymer enables surface functionalization
with proteins for tethering colloidal electro-plasmonic nanoprobes to specific cell types [275].
A similar approach has been successfully used for interfacing extracellular QDs to a range of
cell lines, including neurons [260]]. An important consideration for in vivo applications is the
light scattering and absorption in tissue. Electrochromic properties of PEDOT polymer are man-
ifested over a broad wavelength spectrum spanning well into near-infrared wavelengths [260]].
Using spherically symmetric core-shell plasmonic structures [301]] loaded with electrochromic
polymers, it is possible to operate electro-plasmonic probes at near-infrared wavelengths, which

is particularly amenable for in vivo applications due to reduced photon scattering and absorp-
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tion in deep tissue as shown in a recent study [[302]. Another important consideration for in vivo
probes is the inherent immune response. In this respect, electro-plasmonic nanoparticles offers
two important advantages. PEDOT films functionalized with bioactive molecules are shown to
dramatically minimize immune response and enable in vivo recording of electrical activity for
long time periods [275]]. Moreover, probe dimensions that are smaller than 12 psm are shown in-
duce minimal reactive cell responses [274]. In this sense, nanoscale dimensions of our polymer

coated electro-plasmonic probes is particularly advantageous for long-term operation.
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