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Abstract

Since the first report of the extraordinary opticednsmission (EOT) phenomenon
through periodic subwavelength hole arrays milled dptically-thick metal film,
plasmonics have generated considerable interesiubecthey enable new fundamental
science and application technologies. Central i® phenomenon is the role of surface
plasmon polaritons (SPPs), which are essentiabbgtedmagnetic waves trapped at the
interface between a metal and a dielectric medinraugh their interactions with free
electrons at the metal surface. The resonant titerabetween the incident light and
surface charge oscillations enables tbacentrationand manipulationof light at deep
subwavelength scales, opening up exciting apptinatbpportunities ranging from
subwavelength optics and optoelectronics to biofcbal sensing. Furthermore,
additional phenomena arise as the thickness ofliketadecreases to be comparable to
its skin depth (optically-thin), and the singledrface SPPs on the top and bottom metal
surfaces combine to form two coupled SPPs, the-tange and short-range SPPs. Until
now, much less work has focused on the study dasemplasmon resonances (SPRS) in
ultrathin nanostructured metals.

This dissertation seeks to elucidate underlyphgsical mechanisms of SPRs in
ultrathin nanostructured metals and tailor them gaactical applications. Inspired by
state-of-the-art advances on plasmonics in opyithlck nanostructured metals, one-
(1D) and two-dimensional (2D) ultrathin plasmonianostructures are exploited for

particular applications in three essential arpastovoltaicscolor filters andbiosensors
1



achieving superior performances compared with tbpiically-thick counterparts. More
specifically, this thesis is focused on systematigestigations on: (1)plasmonic
transparent electrodes for organic photovoltaics and polarization-insémsi optical
absorption enhancement in the active layerp(@3monic subtractive color filterswith
record-high transmission efficiency and other ueigproperties; (3) rapid and
highly-sensitiveplasmonic bio-sensor&mploying ultrathin nanogratings. The successful
development of these new plasmonic platforms hakeeaching impact on green energy
technologies, next-generation displays and imagearg] label-free bio-sensing for

point-of-care diagnostics.



Chaprer 1

Introduction

1.1 Motivation

Over the past few decades, major technologeablutions have transformed our
society and daily lives. Their remarkable innovasidiave been based primarily on our
improved ability to manipulate two particleslectrons and photons In particular, the
control of electrons in semiconductor materials ¢p@serated fundamental changes, with
laptops, mobile phones, and digital cameras, etcth@ other hand, the development of
materials and devices with which to control photbas made major changes in society,
such as wireless communication and the use ofathers and microwaves. However,
electronic and photonic devices have their own tsbamings: electronic devices have
nanoscale critical dimensions but low operatingegpeelow 10 GHz; in stark contrast,
photonic components possess high operating spegdamdwidth, but are limited in
their size by the laws of diffraction [1.1].

Surface Plasmon Polaritons (SPPs) are hybrid moihes constitute an
electromagnetic field (photons) coupled to osddlas of surface charges (electrons) at
the metal surface, as shown in Fig. 1.1. In thieraction, the free electrons oscillate
collectively in resonance with the incident photomssulting in surface plasmon
resonances (SPRs). The resonant interactions betiyee photons and the electron

oscillations give rise to the unique propertiesaficentration and manipulation light at
3
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Eiectmns u \‘} \J
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Fig. 1.1Upper, SPPs at the interface between a metal iatetttic have a combined electromagnetic wave
(photon) and surface charge (electron) charatbever, calculatecklectromagnetic field distributions of
SPPs at the air/metal interface.

subwavelength scales [1.1-1.4]. SPPs are attracanelidates for overcoming the size
limitation that the diffraction law imposes on ceméional dielectric photonic structures.
Consequently, SPPs offer precisely what electroamnzs photonics do not have: the size
of electronics and the speed of photonics. Plastnsinuctures and devices employing
SPPs in the optical domain have the potential p@lieations such as on-chip integration

of subwavelength optical circuits, data storages][lnd bio-sensing [1.2].

Fig. 1.2 The Lycurgus cup in British Museum dated back tto eéentury AD. Due to scattering of metal
nanoparticles on sidewall (5-60 nm in diametery ¢up appears green in reflected light, and red in
transmission light. Inset: SEM image of a typicahaparticle embedded in the glass.



The coupling of light (photons) to electrical chesg(electrons) at metal surfaces
was utilized hundreds or even thousands of years fag the coloration of some
particular historical artifacts, as shown in Fig,lbut the science was not known at that
time. In the 1950s, surface plasmons (SPs) werelwigcognized in the field of surface
science following the pioneering work of Ritchieg]JL With the development of modern
fabrication (i.e., electron-beam and focus ion-béeéhography, EBL and FIB) and
characterization (i.e., scanning electron and atdimice microscopy, SEM and AFM)
tools, renewed interests are focused on unique eptiep of controlled metallic
nanostructures (that is, plasmonic) [1.3, 1.6]ultesy in the explosion of plasmonics
research in the past decade or so.
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Fig. 1.3Measured zero-order power transmittancg, dt normal incidence for a square array of nareshol
(period L=750 nm, average hole diameter of 280 mmg freestanding optically-thick Ag film (thickness
h=320 nm). Inset is a SEM graph of the nanostrectunetal film [1.8].

In this context, the first report of the extidioary transmission (EOT) phenomenon

through a subwavelength periodic array of nanoholéied in anoptically-thick metal
5



is a milestone in modern plasmonics [1.7], whick banerated considerable interests in
plasmonics research, enabling a dramatic growtloth fundamental sciences and device
technologies. Fig. 1.3 shows the experimental “zed®er” optical transmittance {J), at
normal incidence, through a periodic array of named patterned on a 320nm-thick
metal film [1.8]. The period of the hole array L=766, and the holes had an average
diameter of 280 nm. The EOT effect is clearly olsedr at the wavelengtt=800 nm,
Too oOf the order of 15% was measured. As the arearedvey holes is only 11%, the
normalized-to-area transmittance of light is 13&®8kjch are orders of magnitude larger
than 1% expected from the standard aperture theorg single nanohole [1.9]. Besides
its fundamental interests of light interacting withnostructured metals, this EOT effect
has opened up exciting application opportunitiephotonics and optoelectronics, such
as photolithography, chemical- or bio-sensors, \emgth-tunable filters, optical
modulators, among others [1.6, 1.10].

On the other hand, as the thickness of metal fiéorelses to be comparable to its
skin depth (tens of nanometers in visible regiasjcally-thin), the single-interface
SPPs at the top and bottom flat metal surfaces owrtb form two coupled SPPs, the
long-range and short-range SPPs (LR-SPPs and SR}-$PPR1]. Until recently, much
less work has been attributed to study SPRs irathitr metal films patterned with
nanostructures [1.12]. In 2009, unexpected behavfigextraordinary low transmission
(ELT) opposite to the EOT phenomenon was foundltiratihin Au films patterned with

periodic subwavelength hole arrays: less lightamgmitted through the perforated film
6



compared to the closed metal film [1.13]. Fig. (B¥shows a SEM image together with a
scheme of the structure. A 2x2 Tmquare hole array (period P=300 nm and hole
diameter of D=200 nm) was fabricated on an ultratAu film (t=20 nm) by optical
interference lithography. Surprisingly, additionables do not increase the optical
transmission through the ultrathin Au film, but tlmeverse effect is observed: the

transmission is reduced in the spectral region fioBeV to 2.5eV, as shown in Fig. 3 (b).
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Fig. 1.4 (a) SEM image and scheme of the investigated radaahrays. Period P=300 nm; hole diameter
D=200 nm; Au film thickness t=20 nm. (b) Transmissépectra of the unpatterned ultrathin Au film (top)
and the nanohole arrays (bottom) at normal inciddhcl 3].

This inspiring work has stimulated much fundamkrgaearch from many different
groups [1.13-1.17], since the perfect electricatdrector (PEC) approximation used in
Bethe theoretical descriptions of how light is pagghrough subwavelength apertures in
an perfect metal film with infinitesimal thicknesbmes invalid in this case. Although a
general agreement exists that SPPs play a crudelthere is still an ongoing debate on
underlying physics leading to the ELT effect inraihin nanostructured metals [1.13,

1.16]. For instance, some researchers believeditbagxcitation of SR-SPPs leads to a
7



strong absorption and thus suppresses the tranemids13, 1.15]. However, the other
groups argued that the quenched transmission meisadoribed to localized-SPRs
(LSPRs), while SR-SPPs play only a marginal rolethirs anomalous effect [1.16].

Besides fundamental studies, some practical apjlica of ultrathin nanostructured

metals have been initially proposed by differerdugs. For example, Fan’s group has
theoretically investigated the use of opticallyatl{ilOnm-thick) nanopatterned metallic
films as transparent conductive electrodes (TCHs)ptoelectronic devices [1.18].

However, compared with their optically-thick countarts, ultrathin nanostructured
metals have been much less studied for practiogigses, which may provide superior
performance in some applications, such as plasrenfianced photovoltaics, color

filters, and optical biosensors, etc.

Therefore, it is highly desirable to systematigaihvestigate the light-matter
(photon-electron) interactions in ultrathin nanostured metals for both fundamental
sciences and practical applications. Theoreticad amperimental analysis will be
employed to fully clarify different electromagnetimodes in ultrathin nanostructured
metals with different geometric parameters, findimghe applications in three areas of
plasmonic-enhanced organic photovoltaics (OPVs)kasmbnic color filters, and
plasmonic biosensors.

In this chapter, | will first introduce the basioncepts and mechanisms for different

SPP modes, including the dispersion relations, laagipnechanisms of single-interface



SPPs, LR- and SR-SPPs, and LSPRs. Then, the oagjanizof this thesis will be
outlined.
1.2 Single-interface SPPs on a smooth metal/dielectrimterface of
optically-thick metal films
The electromagnetic fields associated with SPRseahanced at metal/dielectric
interfaces and decay exponentially into the mediaeither side of the interface. The
electron charges on a metal surface can perfornereah fluctuations, also known as
surface plasmon oscillations [1.4]. In this sectime discuss the fundamental properties
of SPPs on the flat smooth single metal/dieledtrierface.
1.2.1 Dispersion Relations of single-interface SPPs (Sl -SPPs)
Let's start from a light wave propagating in frepace [see Fig. 1.5(a)], it is
described as follows:
E=E expiti(k xt k z o 1] (1.1)
Here, kx and k, are propagating constant xnand z directions, respectively is the
frequency of the electromagnetic (EM) wave. Suppaesis the absolute value of the
propagation constant of the EM wave, and consi$téwo components ix and z
directions. So, in the mediunk? = ¢, - (i—:)z = k% + k5, as shown in Fig. 1.5 (a). Here,
go IS relative permittivity of the medium (eg.=1 for air).
In the w—ky diagram, light waves with different incident argylere represented by

dashed straight lines, as shown in Fig. 1.5 (bg Slbpe of the light line is/(\/gsin@o).

When light is propagating in air or vacuum at aglam),, the light line is marked by
9



number 1. When the incident angkgis 90 degrees (propagating in theirection), it is
line 2. If it propagates in a medium with relatpermittivity ¢y, it is line 3. So, in the air

go =1, the largest propagation constant inxlagrection iskp, which is equal td.

(a)nz ko=21t/Ao (b)@,r C/S:net’c c/(y/€gsinBo)
kZ """'"""""""""""“"""""I r‘ll )/"
(00----; .............. :
s ! | !

o '

] '
| o 2
ks - k1 k2 ks -

Fig. 1.5 (a) A wave vector of free-space light wavkg, in x-z plane; (b) an example of the dispersion
relation of SPPs.

Now, let’'s consider the dispersion curve of thd$Rodes supported by a metal/air
interface. Maxwell's equations with boundary comis yield the retarded dispersion
relation for the plane surface of a semi-infinitetal film with the dielectric function
& = & +ig/, adjacent to a mediumg, as air or vacuum:

Dy =k;1/e1+ ky2/e0 =0 (1.2)

g - (%)2 =k2+k% (i=0,1) (1.3)

Since the wave vectds is continuous through the metal/air interface, tlspersion
relation can be described as:

w , &&
kx:_( L0 )1/2
C & +é&,

(1.4)

Incorporating the relative permittivity of metal = ¢; + ie;’ (real and imaginary part),
10



we obtain,

o, &€
kXI:_( 1 0)1/2

C &g+é,
(1.5)
R e ML
C g+e,  2(g)
(1.6)

The dispersion curve of SPPs obtained using Ef) (&.shown by the red curve in Fig.
1.5 (b), which approaches the free-space light ihemallk,, but remains beyond the
light line 2, so that SPPs cannot transform diyecdtito free-space light: it is a
“non-radiative” EM wave. At a given frequeneyo, the propagation constant of SPP
modes along thg direction,ks (kspp, is larger than that of the EM wave in free sp&ge
(ko). Considering thako’=k’+k,%, one obtainsk;’= ko>~ k¢ <0. Consequentlyk, is
imaginary. When thé&;; is incorporated into Eq. (1.1), there will be asp@nential decay
component of exp &li2). In this case, the light intensity will decay exgntially with
the distance from the interface. EM waves with thehavior are evanescent waves,
which are highly confined to the metal/dielectniterface, see Fig. 1.1.
Some critical characteristics of SI-SPPs can bk defined as follows:
1. Skin depth. As mentioned above, the EM field amplitude of tH&PS decreases
exponentially as exp kj|z), normal to the metal surface (z direction), aswahin

Fig. 1.1. The skin depth at which the EM field $aib 1/e becomes

11
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zZ= 1.7
)| (1.7)
8 +80 1/2
Therefore, in the medium 1 (e.g. metd),= z, _—( ) (1.8)
l
And in medium 2 (e.g. air), 84=2, ——(8 +g°)1’2 (1.9)

o
For instance, for wavelengi=600nm, on obtain$,,,=z;=24nm andé,=
2,=390nm for Ag, ands,;,=z;:=31nm and&,;=2,=280nm for Au, respectively.
. Propagation length. Similarly, the intensity of SPPs propagating al@engmooth
surface (x direction) decreaseseap(- X, "x). From Eg. (1.6), the propagating

lengthL; (8,,,) at which the intensity of SPPs decreases toslgeven by

Sspp=Li = (2K, "t _C (51 +‘90)3/2 (&) (1.10)

o g's, &

The length scales of SI-SPPs for Al and Ag fiemns shown in Fig. 1.6.

10nm 100nm Tum 10pm 100um 1 mm

Aluminium at 0.5 um
Silver at 1.5 um

—
W
04

Fig. 1.6The characteristic length scales of SI-SPPs fdiA0.5um) and Ag=1.5um) films [1.1].

1.2.2 Optical coupling of SPPs on a smooth metal/dielectric interface

The coupling of photons to SPPs meet the diffictiigt the dispersion relation of

SPPs lies beyond the light line, as shown in Fi§(k). In order to excite SPPs by

p-polarized light incident on a planar metal suefiom the adjacent dielectric medium,

12



the frequency of the incident light must equalfileguency of SPPs; and the wave-vector
of the incident light parallel to the metal surfasdxxz\/g_o(Zn//lo)sin@o, wherefyis the

angle of incidence, must equal the wave-vector BPS K, =Q(ﬂ)m. The first

C ¢ +t&,

condition is easily satisfied. However, as is skem the SPP dispersion relation in Fig.
1.5(b), the SPP wave vector is larger than thatheffree-space light in the adjacent
dielectric medium (air or vacuum) at the same fegmy wo. Thus, the incident light
through that medium cannot directly couple to SB&es to the wave-vector mismatch.
Therefore, special experimental arrangements hasen bdesigned to provide the
necessary wave-vector conservation. Typically,pheton and SPP wave-vectors can be
matched by using either photon tunneling in thealtahternal reflection geometry
(Kretschmann and Otto configurations) or diffrantieffects (Fig. 1.7). Generally, there

are two popular optical coupling mechanisms for SPP

Diffraction:
Ve VL b
f— —_— +— ] v’ >
Metal Metal g Metal

(d) (© ®

Fig. 1.7 Schematic of the optical coupling mechanisms oP$Ra) Kretschmann configuration, (b)
two-layer Kretschmann configuration, (c) Otto coufiation, (d) diffraction on a grating, (e) exdibaik
with a SNOM tip, and (f) diffraction on a surfacefelct.

1) Total Internal Reflection (TIR) Coupler
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If light (k=w/c) is reflected at a metal surface covered wittigdectric medium
(e2>1, e.g. a quartz prism) at an angle of incideneatgr than the critical angle for total
internal reflection §o>0.), see Fig. 1.7 (a), the projection of the photoawvevvector
parallel to the metal surface becom(;égfa(sin@o). At the angle of incidenc&, at which
the in-plane photon wave-vector coincides with taSPPs at the air-metal interface,

light is tunneled through the metal film and cowjpile SPPs:

koo = 5 (2 D)? = ZEa(sint) (1.12)
The dispersion relation for SPPs propagating on dinénetal interface can thus be
satisfied for a giverth=0s,, [See the dispersion curve of SPPs and light line Big.
1.5(b)]. Under the resonant condition, a sharp mim is observed in the reflection
spectrum as light can be coupled to SPPs with dlh@8% efficiency. Since the SPP
field is highly close to a metal surface, it isrsfgcantly enhanced at the surface. For
example, this gives a field intensity enhancemeniniore than two orders of magnitude
for a 60 nm-thick Ag film illuminated with light oi=600nm [1.4]. In order to excite
SPPs on the internal metal interface, an additidieéctric layer with a refractive index
smaller than the prism should be deposited betwkenprism and the metal film, as
shown in Fig. 1.7(b). In such a two-layer schen@hISPPs on the either side of metal
film can be excited, at different angles of incidenFor surfaces of bulk metal film, SPPs
can be excited in the Otto configuration, see Eig(c). Here, the prism is positioned

close to the metal surface, and the photon tungeoturs through the air gap between

the prism and the metal surface.
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2) Diffraction Effects

Another way to provide the wave-vector conseovefor the excitation of SPPs is to
use diffraction effects. For example, Fig. 1.7(dyws a diffraction grating patterned on a
smooth metal film. If light impinges on a gratingthva grating periogh, at an anglé,
the diffracted components parallel to the metalfaier can have wave-vectors of
(wlc)sindprm2n/p, wherem is an integer indicating the order of diffractifih4]. The
diffracted light on a periodic structure providdse twave-vector conservation and

coupling to SPPs:

. 2 m’
bom (anty e B Lk, D
Or more generally,

k, = (%) sinfy + Ak, = kgpy (1.13)

where Aky=kspky is illustrated in Fig. 1.5 (b). Whem=2n/p equals the momentum
mismatchAky between the free-space photon and the SPP matie aame frequency,
the incident light can be coupled to SPP modeshensmooth metal surface by the
grating. In addition, the optical excitation of SPPan also be achieved through the
diffraction of light from an isolated surface feapas shown in Fig. 1.7 (e) and (f).
Using illumination through a NSOM tip or an isoldtsurface defect, circular SPPs can
be locally launched at the metal surface. One casider a near-field coupling of light
diffracted on the subwavelength aperture or surtifect into SPPs. It should be noted
that the reverse process takes place as well: adiative SPPs propagating along the

grating or a surface defect can reduce their waatovks,, by Aky, so that light can be
15



coupled out of SPP modes.
1.3 Long- and short-range SPPs in optically-thin smodt metal films

It is known that as the thickness of metal film eses to be comparable to or
smaller than its skin depth,,(e.g., 6,,=24nm for Ag at.=600nm), two SI-SPP modes at
top and bottom metal/dielectric interfaces woulteiact with each other and split to
coupled SPR modes with extremely different propagatdistances, long- and
short-range (LR- and SR-) SPP modes [1.19, 1.2@jclwhave anti-symmetric and

symmetric charge distributions, respectively, asaghin Fig. 1.8.

(a) Symmetric Anti-symmetric
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Fig. 1.8Symmetric and anti-symmetric charge and EM distidns of SR- and LR-SPPs, respectively.

I"'_'"\+

The dispersion relations for LR- and SR-SPP moa@eshbe described by the following
equation:

tanhi,t) (£4,64,K2 + €2k K,) + £, K, (£4,K; + £4,K) =0 (1.14)
Herek’ =ki,— gk, K5 =kZ —&,k3, ki =k, —&,k7, ky=w/candt is the thickness of the
metal film. ¢,,, ¢,and ¢, are dielectric constants of the top and bottomedieic media,
and the metal, respectively. For example, for Amdi with different thicknesses from
10nm to semi-infinite, the dispersion curves ofa#nt SPPs modes are calculated using
Eq. (1.14) and shown in Fig. 1.9(a). The black eetsolid curves represent two SI-SPPs

modes at air/Ag and SAg interfaces for semi-infinite Ag films, respaaly. As the
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film thickness decreases from 50nm to 10nm, theraation between two SI-SPPs at
air/Ag and SiQ/Ag interfaces becomes more strongly, leading toenb@nded dispersion
curves. On the other hand, due to the asymmetomggy (air/Ag/SiQ, ¢,<s,,), Fig.
1.9(b) shows that strongly damped SR-SPP moded ®&iih a symmetric charge

distribution at the air/Ag and SiO2/Ag interfaces the 30nm-thick Ag film [1.21].

(b)

Charge distribution

airlAg interface
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Fig. 1.9 (a) Calculated dispersion curves of SPPs for Ag fivith different thicknesses from 10nm

(SR-SPPs) to semi-infinite (black and red solidvesr SI-SPPs). (b) Symmetric charge distributiothat
air/Ag and glass/Ag interfaces for a 30nm-thick .

1.4 Localized SPRs in metal nanoparticles

Fig. 1.10 Schematic diagram of the excitation of Localizd®RS (LSPRs) in metal nanoparticles by an
external light field.

In contrast to propagating SPPs mentioned aboealant light interacts with metal
nanoparticles muchksmaller than the incident wavelength (Fig. 1.1@&ading to a

plasmon that oscillatelcally around the nanoparticle with a frequencywn as the
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LSPR [1.22]. The LSPR mode is related to SPPsaatgplmetal surfaces as discussed in
the previous sections. However, there are someafuedtal differences. For example, we
have seen that SPPs are propagating, dispersivewais coupled to the surface
electrons at the metal/dielectric interface. Ondtreer hand, LSPRs an®n-propagating
excitations of the conduction electrons of metatasiructures coupled to the external
EM field, with a decay length that is 40-50 timémrser than that of SPPs. And the
singular resonance frequency for LSPRs is opposithe dispersion relations for SPPs.
A full theoretical treatment of LSPRs is quite lémgand beyond the scope of this
dissertation. We briefly summarize some basic addoncepts of LSPRs in this section.
141 Simple semi-classical model

The optical properties of LSPRs in metal nanoplagiare qualitatively understood
in the semi-classical model, as shown in Fig.1.%hce the geometric size of a
nanoparticle is on the order of the penetrationttudep EM waves in metalss{, ~30nm
for Ag or Au in visible regions), the excitatiomlit is able to penetrate the nanoparticle.
The EM field inside the metal nanoparticle shitte tonduction electrons collectively
with respect to the fixed positive charge of thtida ions. The electrons build up charges
on the surface at one side of the nanoparticleg dlbctrical attraction between the
negative and positive charges on the opposite delts in a restoring force. If the
frequency of the excitation light is in resonandgthwihe eigen-frequency of the collective
oscillation, a small incident field leads to a sgoresonant oscillation. The resonance

frequency is mainly determined by the strengthhef testoring force, which depends on
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the separation of the surface charges, i.e. theopaaticle size, shape, and the
polarizability of the medium. And the magnitudetbé oscillation depends only on the
damping involved. The alternating surface chardisively form an oscillating dipole

that radiates EM waves.

1.4.2 Quasi-static approximation-Rayleigh theory

A simple quasi-staticmodel is first presented, which is attributed tord. Rayleigh,
for nanoparticles neglecting retardation effects tuself-induction of EM fields. In this
approach, the investigated region is much smatian the wavelength of incident light,
so the phase of the oscillating EM field is constarer the region of interest. This simple
approximation describes the optical properties meaoparticles adequately for many
purposes. The simple electrostatics can be usedatoulate the response (field
distribution) of a metal nanoparticle to an extéri&d field, in which Maxwell’s
equations with boundary conditions yield for thelagpaability a of the metal
nanoparticles [1.22]:

@ = 3V(;((:’))—+‘22) (1.15)

V' is the nanoparticle volume, ardw) and ¢, are the dielectric constants of metal and
surrounding medium, respectively. It is appareat the polarizability experiences a

resonant enhancement under the condition fhéb) + 2¢,| is a minimum, which for

the small or slowly-varying Ina] around the resonance simplifies to:
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Re[e(w)] = —2¢, (1.16)
This relationship is called the Fronhlich conditiamd the associated mode is the dipole
SPR of the metal nanoparticle. The resonance fretuglepends on the dielectric
environment, which red-shifts agw) is increased. Metal nanoparticles are thus ideal
platforms for optical sensing of refractive indenaages of the surrounding environment
[1.2]. Note that the magnitude of polarizability at resonance is limited by the
incomplete vanishing of the denominator of Eq. %), Hue to Im§]+ 0.

The resonance in polarizability also implies a resonant enhancement of both the
internal and dipolar EM fields. It is this field leencement at the resonance on which
many of the prominent applications of LSPRs in me&moparticles for optical devices
and sensors. From the view point of optics, it ischn more interesting to note that
another consequence of the resonantly enhancedizadlgity o is a concomitant
enhancement in the efficiency with which a metaloparticle scatters and absorbs light.
The corresponding scattering and absorption cresess, C,., and C,,;, can be

calculated through the Poynting-vector [1.23]:

3k4v2 2

2T

g(w)—¢gp
g(w)+2¢gg

(1.17)

Coca = = laf? =

Cops = kIm[a] = 3kVIm[;((:))—+_22] (1.18)
For small particles with/ « A3, the absorption efficiency,, «< V dominates over the
scattering efficiency with a rapid scaling 6f., « V2. Eq. (1.17) and (1.18) show that

both absorption and scattering are resonantly erg@that the dipole SPR of the metal

nanoparticles when the Fronhlich condition is mi[é(w)] = —2¢,). For a spherical
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nanoparticle with a volum& and dielectric functiore = ¢; + ie, in the quasi-static

limit, the explicit expression for the extinctioross-sectionCe,; = Cyps + Cseq 1S,

_ w 3/2 €2
Cexe = WV —5 [—(€1+280)2+£§] (1.19)
The assumption of spherical nanoparticle shape lmanrelaxed to more general

geometries [1.23], however, the basic physics ef ISPR of a subwavelength metal

nanostructure is well described by this speciagécas

1.4.3 Mietheory

The theory of scattering and absorption of EM raolieby a small spherical particle
predicts a resonant field enhancement due to anaese of the polarizability. The
nanoparticle acts as an electric dipole, resonaattigorbing and scattering EM fields.
However, this theory of the dipole SPR is strictiglid only for small particles with
dimensions below 100nm illuminated with visible regar-IR radiation. For particles of
larger sizes, where thguasi-staticapproximation is not valid due to significant pbas
changes of the driving field over the whole paéja@ rigorous electrodynamic treatment
is required. In 1908, Mie was the first to devetopomplete theory of the light scattering
and absorption of metal spheres, in order to umaedsthe colors of colloidal Au
particles in solution. Therefore, this approachasv known asMie theory in which the
scattering and extinction efficiencies are caladdby [1.23],

M =S = 2 on+ 1) (lanl? + |byl?) (1.20)

sca Tr2 (kr)2
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Q(Tl) _ Cext _ _2 (27’1 + 1)Re(an + bn) (121)

ext = grz T (kr)2

Where k is wave-vector,r is particle radius, and,,, b,, are the Mie coefficients,

_ Verpn (WVerkr) Y (kr) = (kr)ps (Verkr) (1.22)
VErn (Verkr) & (kr) =&, (k)W) (Verkr) :

b = Wn (VErkr)Pn (k) —Erpn (kr)y, (VErkT) (1.23)
N W (VErkr) & (k) —VEr&n (kr)Yh (Verkr) -

an

with the Riccati-Bessel functiong,, and &,,. These equations allow the calculation of
scattering cross-sections in a relatively straightvard manner using algebraic programs,
such as MATHEMATICA or MATLAB. The quasi-static agmximation for
subwavelength particles can be recovered by a pearges expansion of the absorption
and scattering coefficients and retaining onlyftrst term.

1.4.4 Applications of LSPRsin metal nanoparticles

The most well-known application of LSPRs in metahaparticles is to stain glass,
which dates far back in history and is still useday (e.g. Ruby glass). The strong EM
field around the metal nanoparticles, which canrheh higher than the incident light
field at the resonance frequency, is used to erdhaonlinear optical effects such as
surface enhanced Raman scattering (SERS) [1.28kr@ionlinear applications such as
generation of higher harmonics or white light anerently being investigated.

In addition, since the resonance frequency of LSiBRsgnsitive to the polarizability
(i.e., refractive index changes) of the surroundmngdium, LSPR spectroscopy offers
many of the same advantages for sensing and specpryp as that of traditional
prism-based SPR configurations, along with sevadditional benefits. For example, as

the decay length of LSPR mode is 40-50 times shtréa that of the SPRs, the sensing
22



(sample) volume offered by LSPR sensors is mucHlemaan that of traditional SPR
sensors [1.2]. Single-nanoparticle LSPR spectrgsdspanother application, offering
sensitivity that not only rivals, but can surpabgt of nanoparticle array-based LSPR
spectroscopy [1.25].

1.5 Organization of this thesis

In this thesis, | will selectively summarize my @asch on SPRs in ultrathin
nanostructured metals for both fundamental scienaed practical applications.
Theoretical and experimental analysis will be emptb to fully clarify different
electromagnetic modes in ultrathin nanostructureetata with different geometric
parameters, finding practical applications in theegeas of plasmonic-enhanced organic
photovoltaics, plasmonic color filters, and plasmedrosensors.

In Chapter 2 plasmonic transparent conducting electrodegonsisting of ultrathin
two-dimensional (2D) or two one-dimensional (1Dypendicular Ag nanogratings are
investigated for organic photovoltaics with polatinn-insensitive optical absorption
enhancement.

In Chapter 3 ultrathin 1D Ag nanogratings are employedg@smonic subtractive
color filters with record-high transmission efficiency and otlhwique properties, i.e.
high resolution color filtering with compact pix&ke close to the optical diffraction limit,
and the potential for transparent displaying.

In Chapter 4 a novel rapid and highly-sensitiyégasmonic bio-sensingplatform is

proposed by patterning 1D nanogratings on 30nnkthitrathin Ag films. Excitation of
23



Fano resonances in the ultrathin Ag nanogratingslt®in transmission spectra with high
amplitude, large contrast, and narrow bandwidth ofder-of-magnitude improvement in
the temporal and spatial resolutions is achievetive to state-of-the-art nanoplasmonic
sensors, for comparable detection resolutions.

Fundamental studies of different electromagneticd@soin ultrathin nanostructured
metal films are performed in each chapter for défe applications with specific
geometric parameters. Each chapter includes thearedesign and modeling,
nanofabrication and optical characterization.

Finally, conclusionsare presented and the achievements of this thesisarized in
Chapter 5 Future research directions will also be discussed
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%%c;bm Y
Transparent Conducting Electrodes

employing Ultrathin Ag Nanogratings for
Organic Photovoltaics

2.1 Introduction

One of the greatest challenges facing mankinddsstipply of clean energy to fuel
our economies. Photovoltaics have the potentigréwide an unlimited source of clean
energy by transferring solar energy into electyidi2.1]. Low-cost, light-weight and
mechanically resilient solar power sources arerefginterest for modern applications,
such as electronic textiles, synthetic skin andotiob [2.2]. Compared with inorganic
photovoltaics [2.3], the primary benefits of orgaphotovoltaics (OPVs) are often listed
as low-cost, low-weight, flexibility and compatiityl with reel-to-reel processing for high
volume production [2.4-2.8]. Over the last decdte,power conversion efficiency (PCE)
of OPVs has been steadily increasing from a feweydrto about 12% [2.4-2.12], which
is still much lower than that of inorganic photaaits (~44.4%). A significant challenge
to achieving high performance OPVs lies in the ldvarge carrier mobility and small
exciton diffusion length (1~10nm) in organic senmdacting materials [2.13]. This in
turn limits the thickness of organic active layeesulting in poor absorption of incident

solar photons. Light trapping strategies have bemently employed to increase the
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optical absorption without altering the thickne$smanic active layers [2.14-2.26].

On the other hand, transparent conducting electrol6CES) are essential
components in optoelectronic devices, such as LEBglays, and photovoltaics. Most
OPVs employ indium tin oxide (ITO) as a transpasmdattrode that offers high electrical
conductivity and transmission of solar light in thisible and near-IR spectral regions
[2.27]. However, the limited availability and inaseng cost of ITO, its incompatibility
with flexible substrates, and poor mechanical arendcal stability reduce its
attractiveness for use in OPVs [2.28-2.30]. Hemesy materials and designs have been
suggested as alternatives to ITO electrodes, imguchacroscopic metallic grids [2.31],
Ag nanowires [2.32], randomly perforated ultrathietal films [2.33], carbon nanotube
networks [2.34], and graphene [2.35]. In additiddbne-dimensional (1D) metallic
nanogratings and two-dimensional (2D) metallic maits have been theoretically and
experimentally investigated and shown to possegs dptical transmission and electrical
conductivity, making them particularly attractive aCEs [2.36]. More importantly,
metallic nanostructures can excite surface plasmmesonances (SPRs) at the
metal-dielectric interface [2.17-2.26], generatirtgghly confined and enhanced
electromagnetic fields. This results in an increa$eoptical absorption in ultrathin
organic active light-harvesting layers, providiight trapping effects.

OPVs with ultrathin 1D Ag nanogratings TCEwdahe potential for broadband

absorption enhancement and have recently been showachieve stronger optical
28



absorption and higher PCEs than those with ITOteddes [2.24-2.26]. Under AM 1.5
solar illumination with both transverse-magneticM(T and transverse-electric (TE)
polarizations, a total absorption enhancement % 5@ organic active layers was
reported for OPVs with 1D Ag nanogratings at togeiface [2.25], and 67% for OPVs
with two parallel 1D Ag nanogratings used as the &md bottom electrodes [2.24],
compared to those using ITO and Ag electrodes. Btd#raent of the short circuit current
density J: (40%) and PCE (35%) of molecular OPVs with 1D Agnaogratings have also
been experimentally demonstrated [2.26]. Howewelly one specific polarization of the
incident light was able to excite the plasmonic e®dnd achieve strong light-trapping
effects [2.37]. The simultaneous optimization oé thbsorption enhancement for the
incident light with different polarizations is diult for 1D metallic nanostructures.
Consequently, it is critical to design plasmonicERCthat will lead to broadband and
polarization-insensitive optical absorption enhanest in the organic light-harvesting
layers. Plasmonic TCEs consisting of 2D metallicnowids may provide

polarization-independent light-trapping effects dmndher enhance the optical absorption
in these organic active layers [2.37, 2.38]. Howe®PRs are not excited (and the
electromagnetic fields are not enhanced) in theérakpart of the 2D metallic nanogrids
for both polarizations, since the electric fieldp@rallel to one of the grating directions.
Hence, the central areas of the 2D metallic nadsgdio not contribute to the optical
absorption enhancement in the adjacent active dayBy further enhance the optical

absorption in the adjacent active layers, it iseseary to design new plasmonic
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nanostructures in order to excite SPRs over thdendiea, including the central part. In
the current work, sandwiching the OPV structureMeen one top and one bottom 1D
metallic nanogratings with perpendicular directiossproposed to excite plasmonic
modes for both polarizations, potentially leadirg larger polarization-independent
absorption enhancement. In the following, we repasystematic study of the optical and
electrical properties of ultrathin 1D Ag nanogrgsrmand 2D Ag nanogrids, explore their
use as plasmonic TCEs in OPVs, and optimize alsarehhancement as a function of
nanograting and nanogrid’s thickness, linewidttd pariod.

2.2 Electrical and optical properties of ultrathin 1D Ag nanogratings

and 2D Ag nanogrids

6
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Fig. 2.1 Electrical sheet resistance of 1D Ag nanogratimgD Ag nanogrids (insets show the geometry
with period P=300nm, line-width w=70nm) electrodeasa function of film thickness.t

The proposed plasmonic TCEs consisting of tlinaAg NGs are much thinner than
typical metal films used in optical studies. As thiekness of metal film is comparable to
its skin depth (tens of nanometers) at optical deggies, the physical properties of
ultrathin nanostructured metal film could be qudifferent from that of optically-thick

metal films [2.36, 2.39]. The electrical propert@san electrode is usually described by
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its sheet resistance. The 1D Ag nanogratings orAgDnanogrids with line-width w,
thickness ¢ and period P (see the inset of Fig. 2.1) have aetshesistance
R =(p/t)(P/w) [2.36]. The electrical resistivity of bulk Ag films p=158x10°Q-m
[2.40]. R, changes from 0.65 to @& sq as the thicknedsof the 1D Ag nanogratings
or 2D Ag nanogrids decreases from 100 to 10nm (Pe®0and w=70nm, these values
are the optimum for the largest absorption enhasoénm OPV devices, as will be
discussed in the following sections), as depicteBig. 2.1. These theoretically estimated
values for R, agree reasonably well with experimental resultsl are well below that
of ITO thin film (10~2Q%/sq) used as transparent electrodes [2.38].

In addition to excellent electrical condudiyyihigh optical transmission through
the ultrathin Ag nanogratings or nanogrids is aaotimportant requirement for TCE
applications. Three-dimensional (3D) finite-diffeoe time-domain (FDTD) simulations
were used to investigate the underlying physicalchragisms that determine the
electronic and optical properties of ultrathin Agnogratings and nanogrids [2.41]. In
simulations, 2D Ag NGs with line-width w, thicknegsand period P were positioned on
a glass substrate. Fig. 2.2(a) shows 2D maps afdleelated transmission spectra for 2D
Ag nanogrids as a function of the period and intideavelength when line-width and
thickness are fixed at w=70nm and30nm, respectively. The decreased transmission in
region 1 (550nmx<900nm and 100nm<P<160nm) of Fig. 2.2(a) is caumsethe high
optical reflection, due to the cutoff of propaggtialectromagnetic modes through the

vertically-oriented Ag-air-Ag waveguide [2.36].
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The low transmission in region 2 (350rMw\450nm and 100nm<P<400nm) is
attributed mainly to the intrinsic absorption in 2l nanogrids, as shown in Fig. 2.2(b).
Three different mechanisms may be responsiblentehhanced absorption in the 2D Ag
nanogrids. For the ultrathin 2D Ag nanogrids, twogke-interface surface plasmon
polariton (SI-SPP) modes at top and bottom Ag/diele interfaces would interact with
each other and lead to coupled long-range and-shoge (LR- and SR-) SPP modes.
The dispersion relations for LR- and SR-SPP modesptically-thin continuous metal
film can be described by the following equation [2.423P.

tanhi,t) (£,,64,K> + 2K K,) + &, K, (£4,K; + £4,K) =0 (2.1)
Here ki =ki,—eukd, K =ki k5, ki =ki,—&,k5, ky=w/cand tis the thickness of
the metal film. ¢, ¢,and g, are the dielectric constants of air, glass and Ag,
respectively. For the ultrathin (30nm-thick) Agnlilwith an asymmetric geometry (<
£4,), only strongly damped SRSPP modes exist with-symtimetric Ez field patterns at
the top (Air/Ag) and bottom (SiO2/Ag) interfaces42,2.39]. It is also known that the
momentum mismatch between SPP modes and free ghtean be bridged by the
reciprocal vectors of periodic nanostructuries=mG +nG, (\Gx\:‘ey‘zzﬂ/p, m and n
are integers) [2.37]:

Kepp = Ko SING+ MG, +nG,

(2.2)
where ¢ is the incident angle. The dispersion relatiolSBISPP modes can be obtained

by substituting Eqg. (2) into Eq. (1). The blackidaturve in Fig. 2.2(b) refers to the
32



analytical dispersion of the SRSPP modes excitethbyowest order reciprocal vectors
{(m,n)=(1,0),(-1,0),(0,1),(0,-1)} (100nm<P<230nm)which agrees well with the

absorption spectra where the period is in the ranigd00Onm<P<220nm, since the
dispersion relation of ultrathin Ag nanogrids witlnge duty cycles (linewith/period) can

approximate that of continuous metal films.
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Fig. 2.2 Color maps of the calculated optical transmissjap and absorption (b) spectra for 2D Ag
nanogrids as a function of the period P and indideavelength when line-width w and thickness t1 are
fixed at 70nm and 30nm, respectively. The blackdsahd dash-dotted (dashed) curves in (b) refeheo
analytical dispersions of SRSPP modes and RayMigbd anomaly at the Ag/glass (Ag/air) interface,
respectively. Color maps of the calculated opticahsmission of 1D Ag nanogratings (thickngssdsnm
and line-width w=70nm) as a function of the peraa incident wavelength, under (c) TM and (d) TE
polarizations, respectively. The electric fieldtdisution in the 15nm-thick 1D Ag nanogratings éimidth
w=70nm, period P=300nm) under (¢) TM and (f) TEapiakations, respectively, when the incident
wavelength is 500nm.

As the period P continues to increase frorm28@ 300nm when the line-width of
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Ag NGs is fixed at w=70nm, the distance between adjacent Ag strips becomes larger,
resulting in weak inter-coupling between them [2.3%erefore, the absorption in 2D Ag
NGs with period from 230nm to 300nm is attributeddcalized-SPRs (LSPRs), which
are supported by individual Ag strips [2.44]. Theestral positions of absorption band
almost remain unchanged as the period of Ag NGgases from 230nm to 300nm. This
is due to the resonance wavelength of LSPRs isgpiiyydetermined by the geometry of
individual Ag strips, which are fixed at w=70nm afhgd30nm. When the momentum
matching condition is satisfied%-\/a =k,sind+mG +nG,, ¢, represents the dielectric
constant of the air or glass), the typical Rayléfghod Anomaly (RA) occurs at Ag/glass
and air/Ag interfaces [2.45], respectively, as shdwy the black dash-dotted and dashed
lines in Fig. 2.2(b). Thet1 diffraction orders of incident light are scatteneatallel to
metal surfaces, giving rise to the strong optitelaaption in Ag NGs [2.38].

3D FDTD simulations were also used to investigdie optical properties of
ultrathin 1D Ag nanogratings under different patation conditions. Fig. 2.2(c) and (d)
show color maps of the calculated optical transimmsspectra for 1D Ag nanogratings
(line-width wi=70nm and thickness=t15nm, these parameters are the optimum for
absorption enhancement in OPV devices, as willibeudsed in the following sections)
as a function of its period and the incident wangth, under TM and TE polarizations,
respectively. In Fig. 2.2(c), the low transmissiarthe region of 400nm«700nm and
100nm<Rk<150nm is caused by high optical reflection, whishdue to the cutoff of

propagating electromagnetic modes through 1D Aggeatings with small air openings
34



(30~80nm). For 1D Ag nanogratings with periods darthan 150nm, the transmission
minima locate around the waveleng@thb00nm, which is attributed to LSPRs. The small
decay length (tens of nanometers) of electromagrietid in Fig. 2.2(e) demonstrates
that the resonance mode is LSPR in the 15nm-tHxlAg nanogratings with line-width
w;=70nm and period £300nm at the wavelength of 500nm. The TE-polarinetient
light (Fig. 2.2(f)) transmits through the 15nm-tidD Ag nanogratings (line-width
w;=70nm) with high transmission (>90%) over the entuisible region. Fig. 2.2(f)
clearly shows there is no resonance electromagmetide under TE polarization, in

which case the incident light simply passes throilnghair openings between Ag strips.
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Fig. 2.3 Measured optical transmission through 1D Ag naatiiggs and 2D Ag nanogrids (blue and red
curves) with P=300nm, w=70nm, angt30nm, and 30nm-thick unpatterned flat Ag film ¢{Xacurve).
Insets show SEM images of the fabricated 1D Ag geatings and 2D Ag nanogrids. Scale bar, 1um.

Focused ion beam milling (FEI Dual-Beam sys&3B) was used to fabricate 1D
nanogratings and 2D Ag nanogrids with period P=80@md line-width w=70nm on a
30nm-thick Ag film, deposited by E-beam evaporatfbrdel system) onto a glass slide
(Fisherbrand). An Olympus X81 inverted microscogstam was employed to measure

the optical transmission of the fabricated metatianostructures. Fig. 2.3 shows the
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normalized transmission spectra for 2D Ag nanog(idsl curve), 1D Ag nanogratings
(blue curve), and 30nm-thick Ag solid films (blackrve), which were measured by the
fiber-based compact spectrometer (Ocean Optics 4U8B0). Although there are
differences between the experimental and numerneallts due to fabrication and
measurement errors, obvious transmission valleysbserved at a wavelength of 450nm
for 2D nanogrids and 1D Ag nanogratings, which banattributed to the excitation of
LSPRs in individual Ag strips [2.38]. The opticensmission for 2D nanogrids and 1D
Ag nanogratings is much higher than that of theattigpned flat Ag film over the entire
visible regions (400~800nm). While the optical samssion of the 1D Ag nanogratings
is slightly higher than that of the 2D Ag nanogritise transmission near the resonance
wavelength of 450nm is lower for the 2D Ag nanogridue to a higher Ag strip density
of 2D Ag nanogrids (in two directions) that can tinte to LSPRs under different
polarizations. The higher mode density of LSPRs ganerate stronger field intensity
and thus greater absorption enhancement in theadj®PV active layers.
2.3 Optical absorption enhancement in OPVs with 1D Aghanogratings

and 2D Ag nanogrids electrodes

Fig. 2.4(a) and (b) illustrate schematic diagranfisnmmlecular OPVs with an
ultrathin 2D Ag nanogrids electrode and two perpendr top and bottom 1D Ag
nanogratings electrodes, respectively. In Fig. &,4(he 30nm-thick 2D Ag nanogrids
electrode (linewidth w and period P) is positiomeda glass substrate and embedded in

the poly(3,4-ethylenedioxythiophene):poly(styrerfmate) (PEDOT:PSS) film. Next
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are the light-harvesting layers, consisting of anrhi@hick electron donor copper
phthalocyanine (CuPc) layer and a 10nm-thick ebectrcceptor perylene tetracarboxylic
bisbenzimidazole (PTCBI) layer, followed by an 8timck bathocuproine (BCP) layer
that further transports electrons to the 80nm-thictom Ag electrode. In Fig. 2.4(b), the
15nm-thick top 1D Ag nanogratings electrode (linettv w, and period B is positioned
on a glass substrate and embedded in the PEDOTiR&nd is covered by the organic
light-harvesting layers (10nm-thick CuPc and 1Omimck PTCBI layers). This is
followed by a 60nm-thick bottom 1D Ag nanogratitigéwidth w, and period B where

the grating direction is perpendicular to the t@pAg nanograting embedded in the BCP

layer, and on top of the 80nm-thick bottom Ag alede.

= Two perpendicular 1D Ag nanogratings
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Fig. 2.4 Schematic diagrams of the proposed molecular OWitfs (a) a top 2D Ag nanogrids electrode,
and (b) two perpendicular 1D Ag nanogratings etelts. (c) Calculated optical absorption spectruiy) A(
in the organic active light-harvesting layers (CUFcCBI) with a 100nm-thick ITO electrode (black
dashed curve), 1D Ag nanogratingg=80nm, w=70nm, and P=300nm, blue curve), 2D Ag gsds
(t;=30nm, w=70nm, and P=300nm, red curve), and twpegreticular 1D Ag nanogratings {sw,=70nm,
P;=P,=300nm, green curve).

The 3D FDTD numerical method used to calcuth& optical absorption in the
CuPc:PTCBI light-harvesting layers allows the direxorporation of the experimental
optical constants of PEDOT:PSS, CuPc, PTCBI, BC# Ag. The optical absorption

spectrum AX) in the active layers is determined via FDTD siatigins by calculating the
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difference between the optical power incident on &amnsmitted through the active
light-harvesting layers of the OPV device, and thermalizing it to the incident optical
power. The simulations distinguish between thetlidjat is absorbed or back-scattered
by the plasmonic nanostructures and the forwardgpgmating light. Only the light
propagating past the plasmonic nanogratings amdtiv@ active light-harvesting layer is
employed in calculations of the absorption of thrgaaic layer. In the 3D FDTD
simulation, a unit cell (consisting of one Ag stipth the active layers and Ag back
reflectors) was used with periodic boundary condsgiin the x and y directions (x=y=P)
to simulate an infinite array of periodic nanogngs or nanogrids. Perfectly matched
layer boundary conditions were used in the vertcalirection (z=x5um) to prevent
unphysical scattering at the edge of the simulatiox. A coarse mesh size of 4nm was
used over the whole simulation box. In the aregreét interest (e.g. Ag nanostructures,
thin active layers), the mesh size was decreas@drg which is small enough to ensure
the simulation accuracy. Fig. 2.4(c) shows theudated optical absorption spectral\(
of the OPV active layers with two perpendicular A9 nanogratings (y=w,=70nm,
P1=P,=300nm, green curve), 30nm-thick 2D Ag nanogridss{@nm, P=300nm, red
curve) and 1D Ag nanogratings (w=70nm, P=300nme lourve), and 100nm-thick ITO
electrodes (black dashed curve) under TM and TErzeéld incident light, respectively.
These geometric parameters are the optimum foreaicly the strongest absorption
enhancement in the organic active light-harvestaygrs, as will be discussed in the

following sections. The optical absorption M\(in the active layers with the two
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perpendicular 1D Ag nanogratings is the strondesiughout most of the visible spectral
region. The optical absorption B(with the 2D Ag nanogrids is much stronger and
broader than that with the 1D Ag nanogratings @& RO electrode. The broadband
absorption enhancement with the 2D Ag nanogrids HRdAg nanogratings can be

attributed to the excitation of SPRs, and the fdiomaof plasmonic cavity modes

between the top 1D Ag nanogratings or 2D Ag namsgand the bottom Ag back

reflector electrode, which can significantly comfiand enhance the electromagnetic field
in the ultrathin organic light-harvesting layers.

In order to elucidate the underlying physical measms, different cross-sections
(x-z, x-y, and y-z) of the electric field distribom for the OPVs with the top 1D Ag
nanogratings, 2D Ag nanogrids and the two perpemalid D Ag nanogratings electrodes
are depicted in Fig. 2.5(a-c), respectively, undidfierent polarizations (electric fields
along x and y axis) at the resonance waveleiag800nm. Fig. 2.5(a,i), (b,i) and (b,iii)
show that strong electric field enhancement in@@c:PTCBI active layers occurs for
the 1D Ag nanogratings (electric field along x a0s 2D Ag nanogrids (electric field
along x and y axis) at the resonance wavelength 660nm. Due to the
polarization-dependent excitation of SPRs in 1D nEgogratings, the field intensity in
the active layers could only be enhanced for theedent light with the electric field
perpendicular to the grating direction, as showtheFig. 2.5(a,i) and (a,ii). In addition,
Fig. 2.5(a, iii) and (a, iv) show that the fieldtensity in the active layers is slightly

suppressed when the electric field of the incidigihit is parallel to the grating direction,
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since neither SPRs or waveguide modes are suppa@medpart of the incident light is
blocked by the 1D Ag nanogratings. On the othedhéme x-z and y-z cross-sections of
the electric fields in Fig. 2.5(b,)) and (b,ii) ear identical, due to the
polarization-independent excitation of SPRs in 2BeAg nanogrids. Thus, as shown in
Fig. 2.4(c), the optical absorption4(in OPVs with the 1D Ag nanogratings is weaker
than that with the 2D Ag nanogrids, in which theRSRand plasmonic cavity modes can

be excited under both x and y polarizations.

1D Ag nanogratings (b) 2D Ag nanogrids Two perpendicular 1D Ag nanogratings

e b
[
L..iLJ

Fig. 2.5 Different cross-sections (x-z, x-y, and y-z) oé thalculated electric field distributions for OPVs
with (a) 1D Ag nanogratings, (b) 2D Ag nanogridsdgc) two perpendicular 1D Ag nanogratings under
different polarizations (electric fields along xyaxis) at the resonance wavelengH600nm.

The optical absorption in the OPV active layershwihe 2D Ag nanogrids is
stronger and broader than that with the 1D Ag neatotggys electrode. However, for each
specific polarization (e.g., electric field alongpk y axis), the x-y cross-sections in Fig.
2.5(b,ii) and (b,iv) show that the SPRs are noitegcand thus the electric fields are not
enhanced in the central part of the 2D Ag nanoguitider both polarizations, since the
electric field is parallel to one of the gratingeditions. The central areas of the 2D Ag
nanogrids do not contribute to the optical absormpgnhancement in the adjacent active

layers. To further enhance the optical absorptiornthe adjacent active layers, it is
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necessary to design a different geometry for thenAgostructures in order to excite
SPRs over the whole area, including the central. gag. 2.5(c,i) and (c,iii) clearly
demonstrate that the electric fields are confined enhanced at the bottom and top 1D
Ag nanogratings under x and y polarizations, retpaly. The incident light with the
electric fields along the x-axis, as shown in FEAdg(c,i) and (c,ii), is highly transmitted
through the top ultrathin 1D Ag nanogratings (grgtdirection along x-axis), and then
arrives at the bottom 1D Ag nanogratings (the gratdirection is along y-axis,
perpendicular with the top 1D Ag nanogratings)ut@sg in the excitation of the SPRs
and absorption enhancement in the adjacent aciard. For the incident light with the
electric fields along the y-axis (Fig. 2.5(c,iiifé (c,iv)), SPRs can be excited in the top
1D Ag nanogratings (along the x-axis). Due to thpasately excited SPRs at the top and
bottom 1D Ag nanogratings under different polaias, the electric field is enhanced
over the whole gratings area, including the cenérala under both polarizations, as
depicted in Fig. 2.5(c,ii) and (c,iv). Thereforbettop and bottom perpendicular 1D Ag
nanogratings electrodes provide much stronger alptibsorption enhancement in the
organic active light-harvesting layers than thdtwated for the OPV active layers with
the single layer 2D Ag nanogrids top electrode.eNibat both LSPRs and the plasmonic
cavity modes can be excited in OPVs with the topAbnanogratings, 2D Ag nanogrids
and the two perpendicular 1D Ag nanogratings ebelets, as is clearly shown in Fig. 2.5
(a-c), in which these two modes couple with eadieotand contribute together to the

absorption enhancement in the active layers.
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2.4 Geometric optimizations of single-layer 2D Ag nangrids and two
perpendicular top and bottom 1D Ag nanogratings

2.4.1 Geometric optimization for 2D Ag nanogrids

In order to maximize the overall optical absmnp in the active layers of OPVs with
2D Ag nanogrids, the geometric parameters of 2DnAgogrids need to be optimized.
The solar photon flux density is defined @gA)=S()*}/hc, where S() is the AM1.5
solar irradiance spectrum [2.25]. The absorbed grhdéiux density, A{)*®<()), for the
OPV device is determined via FDTD simulations, veh&()) is the optical absorption in
the active layers. The total photon absorptigf.#, Which represents the fraction of
total solar photon flux density absorbed by thévadayers, can be calculated using the
equation [2.20]:

A= AR @, (DR [ ™ 0, (2)d2 (2.3)

The wavelength region of interest is 400~800nm tfee CuPc:PTCBI active layers
[2.23-2.26]. Anoton-retrefers to the total photon absorption for referei@®Vs with
100nm-thick ITO electrodes. Fig. 2.6(a) gives tb&lt photon absorption foion and its
enhancement(A, ../ Ajnoonrer —1)-100% as a function of the period (P) and thicknegs (t
of 2D Ag NGs when the line-width is fixed at w=70nApnoton With thinner Ag NGs is
larger as the period changes from 100nm to 150muoe she thinner Ag NGs have higher
optical transmission in the spectral region of 68IBNM. Anoton CONtinues to increase as
the period of 30nm-thick Ag NGs increases up tor8@0reaching a maximum value of

0.495. In addition, Fig. 2.6(b) shows the total foimo absorption Anowon and its
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enhancement as a function of the period P andwidéa w when the thickness is fixed at
t;=30nm. The maximum Aowon OCCUrs when the line-width is equal to 70nm arel th
period is 300nm. The maximumywonof 0.495 for OPVs with optimized 2D Ag NGs
represents an enhancement of 150% compared tousiag ITO electrodes. In OPV
devices with the optimized plasmonic nanostructuttes enhanced electromagnetic field
in the active layers is aligned with their absarptprofiles. Note that fowon is greatly
enhanced for a large range of period P or thickhesthe 2D Ag NGs, which provides

good tolerance for the future fabrication of th€d®V nanostrucutures.
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Fig. 2.6 Total photon absorptionfy.nand its enhancement in OPVs as a function of 2ING&g period P
and (a) thickness,twhen the line-width w is fixed at 70nm; or (bddiwidth w, when the thicknessis
30nm. All other parameters are the same as in2Fgg§a).

It is worth noting that the total photon absorptyneon and its enhancement with
the optimized 2D Ag NGs, 0.495 and 150%, respelgtiaee even greater than that (0.45
and 128%) of our previous work on molecular OPVshwilouble 2D plasmonic
nanostructures [2.23], consisting of a top Ag naswdarray and bottom Ag nanohole
array. Obviously, the OPV device with a single lapé 2D Ag NGs is much more

practical and simpler than that with double 2D plasic nanostructures, since it would
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be challenging to fabricate two different plasmoménostructures at the top and bottom
interfaces. If the AM1.5 solar irradiance spectr@ft) is used as a weighting factor
instead of the photon flux densiys(A), the overall optical absorption will be definesl a
the total absorptivity A, — m:x(w).swdl/mxswdﬂ [2.24, 2.25], where
A, (1) and A_(1) are the absorption spectrum in the CuPc:PTCBVadayers for TM
and TE polarized light, respectively, and\)Sis the AM1.5 solar irradiance spectrum.
And the total absorption enhancement (A§.o./ Ajoonrer —1)-100% . The total
absorptivity and total absorption enhancement tivadayers with the proposed 2D Ag
NGs are 0.48 and 141%, respectively, which are nhargier than 0.24 and 50% for that
with 1D Ag nanogratings at the top interface [2,26t even larger than the total
absorption enhancement of 67% for OPVs with pdraiig and bottom 1D Ag
nanogratings electrodes [2.24].
24.2 Geometric optimization of two perpendicular top and bottom 1D Ag

nanogratings

The geometric parameters of two perpendicul@ and bottom 1D Ag
nanogratings need also to be optimized in ordemmtaximize the overall optical
absorption enhancement in the active light-harigdtiyers. Due to the complex scheme,
the geometric parameters of the bottom 1D Ag naatogys are first examined. Fig. 2.7(a)
and (b) give the total photon absorption ;nden and its enhancement

(Avroton! Ashotonrer —1)-100%6 in OPVs with bottom 1D Ag nanogratings and top ITO

electrodes, as a function of thicknesarid line-width w of bottom 1D Ag nanogratings,
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when period Pis fixed at 300nm; or period,Pwhen the thickness and line-width are
fixed at 4 =60nm and w=70nm, respectively. In Fig. 2.7(a) pfdon iS increased as the
thickness 4 changes from 30nm to 60nm, and line-widthflm 20nm to 70nm. hoton
reaches a maximum when the thickness and line-wadéh fixed at 4 =60nm and
wo=70nm, respectively. Fig. 2.7(b) shows that the imarm Agnoon OCCUrs when the

period is equal to 300nm.
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Fig. 2.7 Total photon absorption Ay, and its enhancement in OPVs with bottom 1D Ag gaaiings and
top ITOelectrodes, as a function of (a) thicknesand line-width w of bottom 1D Ag nanogratings, when
period B is fixed at 300nm, or (b) period,Pwhen thickness and line-width are fixed g60nm and
w,=70nm, respectively; and in OPVs with two 1D pewtienlar Ag nanogratings (bottom 1D Ag
nanogratings with the optimized parametgrs@0nm and w=70nm), as a function of (c) thicknessand
line-width wy of top 1D Ag nanogratings, when period is fixe®@0nm, or (d) period;Ror P,), when the
thickness and linewidth arg+15nm w=70nm, respectively.

The total photon absorptionyhwon and its enhancement are calculated in OPVs
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with two perpendicular top and bottom 1D Ag nantiggs (the bottom 1D Ag NGs with
the optimized parameterg=60nm and w=70nm), as a function of thickness dand
line-width wy of top 1D Ag nanogratings, when the period isdix® 300nm; or period;P
(or B,), when the thickness and line-width aree15nm w=70nm, respectively, as shown
in Fig. 2.7(c) and (d). Fig. 2.7(c) shows thagndhn is increased as the thickness t
increases from 5nm to 15nm, and the line-width waries from 30nm to 70nm,
respectively. Mnoton decreases as the thicknes®it the line-width w increases further,
since the thicker or wider top Ag strips resultlawer optical transmission. pfoton
reaches a maximum value of 0.595{#wnenhancement 200%) when the thickness and
line-width of the top 1D Ag nanogratings ageX5nm and w=70nm, respectively. Fig.
2.7(d) shows that f\oton and its enhancement as a function of the periddr®) of 1D

Ag nanogratings when the thickness and linewidttopfand bottom 1D Ag nanogratings
are set at their optimized values. The maximugré occurs when the period is 300nm.
Apnoton IS greatly enhanced over a large range of geomptarameters of the top and
bottom 1D Ag nanogratings, indicating once moreadjtolerance for future fabrication
of these nanostructures. Note thahdn and its enhancement with the optimized two
perpendicular 1D Ag nanogratings, 0.595 and 20@Xpectively, are much greater than
those achieved in previous designs, including moédOPVs with ultrathin 2D Ag NGs
(0.495 and 150%). However, the fabrication of th&WOdevices with the two
perpendicular top and bottom 1D Ag nanogratingsld/guobably be more challenging

than that with a single layer top 2D Ag nanogrig<lf].
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2.5 Angular dependence of the optical absorption enha@ment

In order to prevent the usage of expensive @ar@chl tracking systems that are
often used to align the solar panel surface notm#ie incident light, the solar cell needs
a broad angular response [2.47-2.50]. Thus, itesessary to investigate the angular
dependence of the optical absorption enhancemethieiproposed OPV nanostructures.
The total photon absorption Aphoton and its enhawete (A, ../ Aoionrer —1-100% for
OPVs with the optimized single-layer 2D Ag nanogritecreased from 0.495 and 150%
for normal incidencefe0” to 0.152 and 30.6% for an incident angle9o60°, as red
solid and blue dashed curves as shown in Fig. Q.8fapectively. Compared with our
previous designs (polymeric OPVs with a top Ag riso array and a flat Ag back
reflector electrode), the pvion €nhancement with the 2D Ag nanogrids is strongbee
under normal incidence (e.g. 150% v.s. 31.2%=&) or under larger incident angles
(e.g. 30.6% v.s. 28.7% &£6(°). In addition, Ansonand its enhancement for OPVs with
the optimized two perpendicular top and bottom 1B manogratings decreased from
0.595 and 200% for normal incidence to 0.164 arfb 4thder 60 incident angles (red
solid and blue dashed curves in Fig. 2.8(b)). Caegpavith OPVs with the 2D Ag
nanogrids, Anoton €nhancement with the perpendicular top and bottbih Ag
nanogratings is further increased either under abintidence (e.g. 200% v.s. 150% at

6=0% or large incident angles (e.g. 41% v.s. 30.6%=&0").
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curves), and ITO electrodes fyon-res black dashed curves), angh.do.,enhancement (blue dashed curves).

2.6 Summary

In summary, we have systematically studieddpical and electrical properties of
novel plasmonic transparent electrode consistingjtedithin 1D Ag nanogratings and 2D
Ag nanogrids, with a calculated sheet resistance Qfkq. The underlying physical
mechanisms that determine the optical propertigbentiltrathin 1D Ag nanogratings and
2D Ag nanogrids have been investigated and dekdeaBtrong optical absorption
enhancement in the OPV organic light-harvestingedsywith 2D nanogrids, and two
perpendicular top and bottom 1D Ag nanogratingsteddes have been calculated. The
total photon absorption f.on Was increased to quite high values of 0.495 aGé3for
the optimized single-layer 2D Ag nanogrids and teyer perpendicular top and bottom
1D Ag nanogratings, respectively. This representseaacements in optical absorption of
150% and 200%, respectively, compared to that reference OPV with a conventional
ITO electrode. The fabrication of the OPV devicghwihe two perpendicular top and

bottom 1D Ag nanogratings, which provides the gjest absorption enhancement, may
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prove to be more challenging than that with a gingyer 2D Ag nanogrids. These design

principles are quite general and can be extendedther organic, inorganic, and

organic/inorganic hybrid optoelectronic deviceshwiihin active layers that are adjacent

to the plasmonic nanostructures. Since plasmorson@nces are very sensitive to the

geometric parameters of the metallic nanostructares the dielectric constants of the

surrounding materials, careful consideration isunegl for each specific design and

material used.
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%Zc;ém 3
Ultrathin Nanostructured Metals for Highly

Transmissive Plasmonic Subtractive Color
Filters

In this chapter, nanopatterned ultrathin métals are investigated for the use as
highly transmissive plasmonic subtractive colatefilarrays with sub-micrometer spatial

resolution. This represents an attractive apprdacbn-chip color filters, which are vital
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components for displays, image sensors, digitatqgraphy, projectors and other optical
measurement instrumentation.
3.1 Introduction

Previous approaches based on traditional auiditiers employ organic dyes or
chemical pigments that are vulnerable to processegnicals, and undergo performance
degradation under long-duration ultraviolet irrdiia or at high temperatures.
Furthermore, highly-accurate lithographic alignme&stthniques are required to pattern
each type of pixel in a large-area array, signiftaincreasing fabrication complexity
and cost. Plate-like dielectric deflectors haveently been proposed [3.1], but this
scheme suffers from intrinsic limitations due toop@olor purity, since the deflector
covers only half of the total area. Nanoplasmonior filters have been proposed
recently as a promising means of overcoming the@bmitations [3.2-3.11].

The well-known extraordinary optical transmiss(EOT) phenomenon [3.12-3.14],
observed in a single optically-thick metal film foeated with a periodic subwavelength
hole array, has been extensively studied for addlitiolor filtering (ACF) applications
over the past decade. Such plasmonic color filtefsct the entire visible spectrum
except for selective transmission bands that asecieted with the excitation of surface
plasmon polaritons (SPPs) [3.2, 3.6-3.14]. Thesel BE@nsmission bands can be
spectrally tuned throughout the entire visible speo by simply adjusting geometric
parameters, such as the periodicity, shape and&ranoholes, leading to the high color

tunability. Single-layer nanostructured metals alsve significant advantages over
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colorant-based materials due to their ease of datin and device integration, and
greater reliability under high temperature, hunyidind long-term radiation exposure [3.2,
3.7-3.9]. Despite these advantages, the low trassam efficiency of hole-array
plasmonic ACFs (~30% at visible wavelengths) remanbottleneck that limits their
commercial applications [3.8]. Recently, peak traission efficiencies of 40~50% were
achieved in the state-of-art hole-array plasmon{cFA [3.2], but at the expense of
spectral bandwidth and color crosstalk. This traesion efficiency is still far below that
of commercial image sensors (~80%, FUJIFILM Elemzomaterials U.S.A., Inc.).
Plasmonic ACFs formed by metal-insulator-metal (MIMr metal-dielectric (MD)
waveguide nanoresonators have achieved high trasgmiefficiencies of 50~80% [3.3,
3.10, 3.11], but are not suitable for low-cost rfabdcation and device integration due to
their complex multilayer designs. There is stitritical need for novel plasmonic color
filters with both high transmission efficiency asithple cost-effective architectures.

The present work explores the counter-intuitesdraordinary low transmission
(ELT) phenomenon in a single optically-thin (30ninick) Ag film patterned with one
dimensional (1D) nanogratings [3.15-3.21], and regp@ novel approach to achieving
plasmonic subtractive color filters (SCFs) with snally high transmission of 60~70%.
In this subtractive color filtering scheme, spexiplors (i.e. cyan, magenta, and yellow,
CMY) are generated by removing their complementamyiponents (i.e. red, green, and
blue, RGB) from the visible spectrum. Due to thieibad passbands with twice the

photon throughput of narrowband ACFs, SCFs haverta@r advantages of better light
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transmission and a stronger color signal, and Hzeen successfully used in image
sensors for years [3.22, 3.23]. Unfortunately, higkfficient plasmonic SCFs have not
been previously proposed or realized. The presenk vexploits recent advances in
thin-film plasmonic nanostructures, and achievedtie first time, plasmonic SCFs with
high transmission efficiency close to that for coemoml image sensors. The
transmission minima of plasmonic SCFs, correspandinthe ELT resonances, can be
arbitrarily tuned to specific wavelengths acrose #mtire visible region by simply
varying the geometric parameters of nanogratingsrelgver, owing to short-range
interactions of SPPs between nearest-neighbor tractges at the ELT resonances,
plasmonic SCFs can efficiently filter colors withlp a few (even only two) nanoslits,
yielding ultracompact pixel sizes close to the gdtidiffraction limit (=/2, i.e.
200~350nm) that determines the highest achievalpliicad resolution [3.4, 3.24].
Therefore, plasmonic SCFs are capable of providven smaller pixel sizes than those
currently achieved in commercial image sensor2®1112um, Sony Corp.). In addition,
plasmonic SCFs with ultrathin 1D nanogratings coeised here can be easily generalized
to two-dimensional (2D) nanostructures (i.e. namehio nanosquares) to achieve
polarization-independent operation. It should betedp however, that the
polarization-dependent color filtering function DD plasmonic SCFs, which can either
filter transverse-magnetic (TM) polarized illumimat or function as transparent
windows under transverse-electric (TE) polarizatiorakes them highly attractive for

next-generation transparent displays [3.25, 3.26].
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3.2 Ultrathin  plasmonic subtractive color filters basel on

Extraordinary Low Transmission
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Fig. 3.1 Plasmonic subtractive color filters formed by aihin Ag nanogratings. (a) A photograph of a
30nm-thick semi-transparent Ag film deposited omiaroscope glass slide, showing a Lehigh University
logo in the background. (b) Schematic of the prepgoglasmonic SCFs. (c) Measured TM transmission
spectra for yellow, magenta and cyan plasmonic S€ffsisting of 30nm-thick Ag nanogratings with
periods of 238m, 270hm and 350m, respectively. Right column shows SEM images e&f fhbricated
nanogratings. Scale bargirh

Fig. 3.1(a) is a photograph of a 30nm-thick Ag fildeposited on a standard
microscope glass slide. The background pattern lwanclearly seen through the
semi-transparent Ag film. The Ag film thicknessdistermined to be 29.8nm. Its optical
constants are noticeably different from those obptically thick (350nm) Ag film (see
Fig. 3.2).

58



0.3 T T T T T T T T 8

= = =buk fim-n
ultrathin film - n
= = =bulk film - k
ultrathin film - k

0.25

\\
0201
LY
1
1
)

£ 0.15¢

0.1F
e s o e |
__________________

0.05¢

0 . | | ! | 1
350 400 450 500 550 600 B850 700 750 800
Wavelength (nm)

Fig. 3.2Measured optical constants of ultrathin (30nmkhand bulk (350nm thick) Ag films.

A schematic diagram of the proposed plasmonic S€Bkown in Fig. 3.1(b), where 1D
nanogratings with different periods are patternedhre ultrathin Ag film. For normally
incident light polarized along the x-direction (Tkblarization), the absorption and
reflection are enhanced at the resonance wavelefigttb-3.21], leading to a
transmission minimum, which is opposite to the vkelbwn EOT phenomenon that
exhibits enhanced transmission peak at the resenarmavelength in optically-thick
nanostructured metal films [3.12-3.14]. By simphrying the period of nanopatterns on
the ultrathin metal film, arbitrary colors may bebgracted from broadband white light.
The key features of this design, which containsy anlsingle ultrathin nanopatterned
metal layer, are their simple design rules, eadalwication, and scalable throughput by
means of large-area nanofabrication methods, ssictamoimprint lithography or optical
interference lithography [3.27-3.29]. For a pro®fpanciple experiment, nanogratings
with different periods were fabricated using fodgas beam (FIB) milling. The right

column in Fig. 3.1(c) shows scanning electron nscopy (SEM) images of the
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fabricated nanogratings with three different pesigd30nm, 270nm and 350nm). The
duty cycle of nanogratings was set as 0.5 for comvee. Fig. 3.1(c) presents measured
transmission spectra of the cyan (P=350nm), madg&sta70nm) and yellow (P=230nm)
plasmonic SCFs under TM-polarization, with transitis minima that are positioned in
red, green, and blue spectral regions, respectiigte that the observed absolute peak
transmission, 60~70% in the visible region, repnesen unusually high transmission
efficiency for such structures [3.2, 3.3, 3.6-3.17he full-widths at half maximum
(FWHM) of the stop-bands are approximately 100 mmyellow and cyan SCFs, and
160nm for magenta SCFs, which are comparable to phss-band width for

state-of-the-art plasmonic ACFs [3.2, 3.3].

(i) Experiments (i) Simulations
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Fig. 3.3 Extraordinary low transmission in ultrathin Ag ragmatings. Measured (i) and simulated (ii) TM

transmission spectra through 30nm-thick Ag filmghwhanogratings of period P=340nm (cyan curves)
compared to that for the unpatterned film (blackves). The ELT phenomenon occurs in the gray salectr

region.

The solid cyan and black curves in Fig. 3.3 represke measured transmission
spectra under TM-polarized illumination through 88thick Ag films with and without

340nm-period nanogratings, respectively. The ining characteristic of ELT
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phenomenon is that the optical transmission thrabghultrathin Ag film patterned with

nanogratings (solid or dashed cyan curves) is |dham that through the unpatterned Ag
film (10~12%, solid or dashed black curves) ovdir@ead spectral range (gray region),
even though 50% of the highly-reflective Ag is rerad in the nanogratings compared to
the unpatterned Ag film. The 6% experimental trailgsian minimum centered at a
wavelength of 610nm is consistent with the finitedlence time-domain (FDTD)

simulations (dashed cyan curves). It should bechdbat the calculated transmission
minimum is close to zero (0.39%), indicating thia incident light can in principle be

completely blocked by the ultrathin nanogratings the resonance wavelength.
Differences between the experimental and numerieslilts can be attributed to the
nonparallel incident light employed in the measwrtnnanofabrication defects, surface
roughness, and finite periodicity. The simulateansmission (T), reflection (R) and
absorption (A) for this 30nm-thick Ag nanogratingtwP=340nm are 0.39%, 85.5% and
14.11%, respectively, at the ELT resonance wavdterigote that T=10.9%, R=82.86%
and A=6.24% for the case of the unpatterned filnme Tincreased reflection and

absorption result in the suppression of the trassioim in ultrathin Ag nanogratings.
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Fig. 3.4 Optical micrographs and spectral analyses of thitnaplasmonic subtractive color filters with
varying periods. (a) The full palette of transndttsubtractive colors from yellow to cyan is reveain
above 10x10pfmsquares under TM-polarized white light illuminatias the nanograting period changes
from 220nm to 360nm in 10nm increments. The scateib5um. (b) Simulated (i) and experimental (ii)
TM transmission spectra of nanogratings with pesiodnging from 220nm to 360nm. The trend lines
(dashed black lines) approximate the change otrdresmission minima with varying grating period) (c
Correlation between transmission minima observeithénexperimental (red square) and simulation klac
triangle) data.

In order to achieve a full palette of subtraetcolors that spans the entire visible
region, the period of nanogratings was varied f&2@inm to 360nm in 10nm increments.
All the fabricated nanogratings have the same dgioms of 10x10pf Fig. 3.4(a)
shows the corresponding optical microscope imaffesn(yellow to cyan) of fifteen
square-shaped plasmonic SCFs illuminated by TMrzad white light. At the same
time, these nanostructures strongly transmit TEuéd light, which distinctly contrasts
with that of previous optically-thick plasmonic A€Br wire-grid polarizers [3.3, 3.30].
The polarization-dependent color filtering effedts plasmonic SCFs arise from the
polarization-dependent excitation of SPPs in 1D ragogratings. This unique feature

indicates that the proposed plasmonic SCFs cantiumeither as SCFs or highly
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transparent windows under different polarizatiowhjch has potential applications in
transparent displays [3.25, 3.26]. Fig. 3.4(b) ems transmission spectra of the
plasmonic SCFs, exhibiting transmission minima that tuned across the visible
spectrum by varying the period from 220nm to 360MB.TD simulations (i) agree
reasonably well with the experimental results (Tihe trend lines (dashed black lines)
approximate the variation of transmission minimanfr470nm to 620nm as the periods
change from 220nm to 360nm. The variation of th@gsmission minima with period are
further illustrated in Fig. 3.4(c), showing a ngdrhear relation between the resonance
wavelengths and nanograting period. That arbitsalytractive colors can be obtained by
simply varying the grating period is highly advaggaus. This could extend the
operational range of conventional colorant coltterfs that do not scale well to more than
three spectral bands, making them especially #&tteacfor multispectral imaging
applications [3.6].
3.3 Physical mechanisms responsible for Extraordinary Low

Transmission

The phenomenon of ELT in ultrathin nanopatternedaiém has been the subject
of numerous fundamental investigations since 20®95F3.21]. Although there is a
general agreement that SPPs play a crucial rolELIRy recent studies have reported
different conclusions regarding whether the sumoesof transmission is due to the
excitation of short-range SPPs (SRSPPs) or lo@hlgBPs (LSPPs) [3.17, 3.18]. To

elucidate the physical mechanisms underlying th& pbhenomenon, we model the
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optical properties of ultrathin Ag nanogratings WRBTD simulations. 2D maps of the
calculated transmission, absorption and reflecfmm30nm-thick Ag nanogratings are
shown in Fig. 3.5 (a)-(c), respectively, as a fiorctof the incident wavelength and
grating period. The duty cycle of nanogratingseisas 0.5. The low-transmission band in

Fig. 3.5(a) shifts to longer wavelengths as théimggperiod increases.
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Fig. 3.5 Theoretical clarification of extraordinary low tremission in ultrathin Ag nanogratings. 2D maps
of the calculated TM optical transmission (a), apson (b) and reflection (c) spectra of 30nm-thikg
nanogratings as a function of the incident wavellerand grating period, when the duty cycle of the
nanogratings is set at 0.5. The solid and dasheckBines refer to RA at glass/Ag and air/Ag inaeds,
respectively. The solid and dash-dotted white carv@rrespond to the analytical dispersion relatifoms
the lowest and higher orders SRSPP modes, resplctivhe dashed white line represents the caladlate
spectral positions of LSPP for single Ag lines witle same line-width as that of nanogratings. (dytc
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field (i) and instantaneous, Ezector (ii) distribution at the air/Ag and glasg/Anterfaces of nanogratings
(P=340nm) at the resonance wavelength of 610nm.

The resonance wavelengths of the lowest andehigrders SRSPP modes were
calculated using analytical dispersion relationd 83 and plotted in Fig. 3.5(a)-(c) as
solid and dash-dotted white curves, respectivehe Tontribution of LSPP modes was
estimated by calculating the spectral positiond 8PPs for single Ag lines (with the
same line-width as that of nanogratings). Theseepeesented by the dashed white line
in Fig. 3.5(a)-(c). Both SRSPP and LSPP modes éxbpectral dependence on the
period (line-width) that is in reasonable agreemweiih the FDTD simulations. The
simulated transmission minima and absorption/réflegpeaks, which vary continuously
from 400nm to 650nm in wavelength as the periodeases from 100nm to 400nm, are
located in between the dashed (LSPP) and solidewdutves (SRSPP). This indicates
that LSPP and SRSPP modes both contribute to thesEé&ct for the range of geometric
parameters considered here. A narrow transmisseéak @ttributed to Rayleigh-Wood
anomalies (RA) at the Ag/glass interface (soliccklane) ranges at shorter wavelengths
[3.31, 3.32]. The dashed black line in Fig. 3.3@0resents the RA at the air/Ag interface,
which matches well with a transmission peak inuhiaviolet region (300~400nm). Fig.
3.5(a)-(c) show that for the range of geometricapaaters considered in Fig. 3.4, the
transmission minima are primarily attributed to amted absorption and reflection in the
Ag nanograting, due to the excitation of SRSPPL8®P modes.

To further characterize the electromagnetic esoak the resonance wavelength, we

calculate the electric field (i) and, Eector (ii) distributions at the air/Ag and glasg/
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interfaces for ultrathin nanogratings (P=340nmaavavelength of 610nm. The results
are plotted in Fig. 3.5(d), showing the excitatafrnpropagating SPP modes [3.13]. The
enhanced electromagnetic field (i) is strongly aoed at the Ag/glass interface, with a
decay length of hundreds of nanometers into thesglsubstrate. In addition, the
antisymmetric E patterns (ii) correspond to a symmetric surfacargh distribution,
further demonstrating the propagating SPP model thié characteristics of SRSPPs
[3.21]. Additional simulations reveal that the ¢temagnetic modes in a relatively broad
spectral region close to the transmission minim@awehsimilar k patterns. The electric
field distribution (i) also shows LSPP modes (watllecay length of tens of nanometers)
at the corners of nanogratings. Accordingly, theorant electromagnetic modes in the
ultrathin Ag nanogratings (duty cycle 0.5) have pheperties of hybrid LSPP and SRSPP
modes.

The FDTD simulations performed above, systematicalarying geometric
parameters such as periodicity and line-width (doygle 0.5), help to clarify the
underlying physical mechanisms for ELT in ultrati®g nanogratings, and illustrate the
relative contributions of the different electromatio modes (SRSPPs, LSPPs, and RA).
For the range of geometric parameters used inxqueraments (periods ranging from 220
to 360 nm), ELT results from the excitation of b&RSPP and LSPP modes that lead to
enhanced absorption and reflection.

3.4 High-resolution plasmonic subtractive color filteing and

applications
66



P=350nm

P=270nm
Fig. 3.6 Ultra-compact and high-resolution plasmonic sultive color filters. (a) SEM image (i) of
plasmonic SCFs with 2, 4, 6, 8 and 10 nanoslitp@fiod P=350nm. (ii) and (iii) show the optical
microscope images under TM illumination for theeca$ 2, 4, 6, 8 and 10 nanoslits with periods dirgs
and 270nm, respectively. (b) Optical microscope detaof cyan (top panel, P=350nm) and magenta
(bottom panel, P=270nm) plasmonic SCFs with 2,,43 &nd 10 nanoslits of differing lengths, ranging
from 2um to 0.3um. (c) Top panel shows a SEM image of a plasmo@€& $osaic consisting of four
different 10x10prh color filter squares (nanogratings with differgpetriods of P=220nm, B=260nm,
P3=290nm, and 350nm) with no separation. Bottom panel is thécaptmicroscopy image. All of the
scale bars are 5pm.

We now examine the functional relationship betwpismonic subtractive color
filtering and feature size, to explore the achiéedhCF spatial resolution and determine
the smallest pixel size for imaging applicationgy. B.6(a) shows cyan and magenta
plasmonic SCF arrays consisting of 2, 4, 6, 8 ahddnoslits, all with the same length of
15um and a duty cycle of 0.5. The nanoslit perimighe cyan and magenta SCFs are
350nm and 270nm, respectively. Surprisingly, thé& &@ays with only two nanoslits still
exhibit distinct cyan (ii) or magenta (iii) colorfhe nanoscale dimensions for the cyan
and magenta filters with two nanoslits (525nm af@irnin, respectively) are close to the
diffraction limit of visible light ¢/2, 200~350nm) [3.4, 3.24]. The electric field

distributions were calculated for the cyan and mémealouble-slit structures (see Fig.
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3.7). These simulations indicate that both SRSRPL&SPP modes are excited in these
nanoscale doublet structures and contribute toothserved colors. Additionally, Fig.

3.6(b) shows a series of cyan and magenta SCRuwtescfabricated with 2, 4, 6, 8 and

10 nanoslits, with slit lengths of 2, 1, 0.5, and.On. The microscope images show that
color filtering persists in the plasmonic SCFs watfiew nanoslits even when the length
of nanoslits is decreased to 0.3um. Thereforenpasc SCFs are capable of generating
much smaller pixel sizes (~0.5x0.3f)nthan the smallest pixels achieved today in
commercial image sensors (1.12x1.13urSony Corp.). A unique feature of the

plasmonic SCFs is their ability to perform coldtefiing on the nanometer scale, with

much simpler and thinner structures than that e¥ipus multilayered designs [3.3].

(b)

two slit distance 350nm

two slit distance 270nm
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Fig. 3.7 Electric field distribution of plasmonic SCFs catimig of only two nanoslits that exhibit distinct

magenta or cyan colors, with slit-to-slit distanoéga) 270nm and (b) 350nm, respectively. The dyule,
0.5. Strongly confined and enhanced electromagfielis, associated with SRSPP and LSPP modes, are
observed at the central Ag wires.

Additionally, Fig. 3.6(c) shows a 2x2 array of ptamic SCFs fabricated to
examine the effect of spatial crosstalk betweeadaadjt structures on transmitted colors.
This color filter mosaic consists of four differesquare-shaped (10x10f)plasmonic
SCFs fabricated by FIB with zero separation. Ther f{®&CFs are composed of

nanogratings with different periods;220nm, B=260nm, B=290nm, and E=350nm),
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as shown by the SEM images in the top panel of Ei§(c). The optical microscope
image of the color filter mosaic under TM-polarizetiite light is shown in the bottom
panel of Fig. 3.6(c). Four distinct subtractivearslcan be clearly resolved even at the
center corner or boundaries of adjacent filterdjcating that the proposed plasmonic
SCFs can be applied to high-resolution color fikerays widely used in imaging sensors
or color displays [3.22, 3.23, 3.33]. The imageriihg at boundaries arises from effects

of light diffraction and the limited optical resdion of the microscope.

a c (i) Color filter mode (i) Transparent mode

background object

Fig. 3.8 Ultrathin plasmonic subtractive color filters fepectral imaging and transparent displaying. (a) A
SEM image of the fabricated plasmonic subtractwectroscope with grating periods gradually changing
from 220nm to 360nm (from left to right, with Lnmcrement). The line-width of each nanoslit is fixad
110nm, and the scale bar represents 5um. (b) Optiaoscopy image of the plasmonic spectroscope
illuminated with TM-polarized white light. (c) Optl microscopy image of (i) a magenta pattern riLai
cyan background formed by nanogratings with twdéed#nt periods (E=270nm, BP=350nm) fabricated on

a 30nm-thick Ag film, and illuminated with TM-poiaed white light. The scale bar is 10um. (i) Imagi
the background object through the same structu@euTE illumination.

Spectral imaging combines two normally distitezthniques: imaging, in which the
light intensity is typically measured at each pixel a two dimensional array, and
spectroscopic measurements of intensity as a fumatf wavelength, thus generating a

three-dimensional multispectral data set I(Y.yApplications of spectral imaging range
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from biological studies to remote sensing. Howeveis technique typically employs
bulky filters and scanning interferometers to aog@ complete spectrum at each pixel
[3.34], since conventional miniature color filterrays are normally limited to three
spectral bands (i.e. RGB or CMY) [3.3, 3.6]. Recedies of plasmonic miniature color
filter arrays with wide color tunability were conttad to enable direct recording of
spectral image data in a single exposure withoahsiog. These included plasmonic
photon sorters (which had a limited transmissidiciehcy of 1.5~15% [3.6]) and an
ultra-compact plasmonic spectroscope (composedoaiptex MIM nano-resonators
[3.3]). In the current work, we employ plasmonic F3Carray to achieve a compact
plasmonic subtractive spectroscope. Fig. 3.8(aysha SEM image of the fabricated
device consisting of ultrathin nanogratings withipes gradually changing from 220nm
to 360nm in increments of 1nm and a fixed nanesiitth of 110nm. When illuminated
with TM-polarized white light, the structure prodsca rainbow stripe of continuous
subtractive colors, as shown in Fig. 3.8(b). Thigiature plasmonic subtractive
spectroscope can disperse the entire visible spacinto component colors within a
distance of a few micrometers, which is orders o@gnitude smaller than the
conventional prism- or grating-based devices forltispectral imaging [3.34]. This
plasmonic subtractive spectroscope has a much higiresmission efficiency (60~70%),
a simple scheme consisting of a single ultrathmopatterned metal film, which is five to
ten times thinner than that of previous design3, [3.6].

Next, we demonstrate the potential of plasm&é-s for transparent displays [3.25,
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3.26]. Fig. 3.8(c,i) shows an optical microscopegm of a magenta character ‘L in a
cyan background, formed when nanopatterns are itlai®d with TM-polarized white
light. The letter ‘L’ is constructed by nanogratingith a period of P=270nm, and the
cyan background by nanogratings with a period o83nam. Two distinct colors are
clearly preserved even at the sharp corners anddaoies between the two different
patterns, indicating the high-resolution color€filhg capability. Under TE-polarized
illumination, on the other hand, the same structameains a transparent window, through
which we can clearly observe a background objettt #8 detailed features, as shown in
Fig. 3.8(c,ii). This is quite different from that the plasmonic nanoresonator ACFs, for
which the TE-polarized incident light is totallyodoked [3.3]. Therefore, the ultrathin
plasmonic SCFs can function as color filters asal@rnative to conventional colorant
color filters and plasmonic ACFs, or act as a hjighlansparent window under
illumination with a different polarization, offegna new approach for high-definition
transparent displays through actively controllihg polarization of incident light at each
color pixel.
3.5 Discussion

The theoretical simulations predict that ELT-basmdbtractive color filters in
ultrathin Ag nanogratings can achieve strong extincwithin the resonance band, as
well as high transmission peaks away from the rasoa wavelength (i.e., 60~70% for a
duty cycle of 0.5). This peak transmission is digantly larger than that (7~27%) of a

closed Ag film of the same thickness. Moreovergsithese structures are not optimized,
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further improvement may be possible, potentiallyhiaging transmission values
comparable to or even larger than that of commieotor filters. For example, we
consider how the optical properties of plasmoni¢&S@re affected by varying the grating
duty cycle. The transmission away from the ELT neswe increases with the removal of
highly-reflective Ag. Consequently, increasing theparation between neighboring Ag
lines (i.e. varying the grating period while keegpithe linewidth fixed) would further
enhance the transmission efficiency. However, tharfield coupling between adjacent
Ag lines may also become less efficient as the regipa is increased, potentially
reducing the effectiveness of SRSPP modes relaivieSPP modes and affecting the
ELT minimum. Therefore, the nanograting paramefsteh as line-width, separation
between adjacent lines, and period) should be d'quidiciously to achieve simultaneous

optimization of the SCF transmission efficiency a@nel on-resonance extinction.
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Fig. 3.9 Clarification of different electromagnetic modes ultrathin Ag nanogratings. 2D maps of the
calculated TM optical transmission (a) and absomifb) spectra of 30nm-thick Ag nanogratings as a
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function of the incident wavelength and gratingigerwhen the line-width of individual Ag lines fixed

at 110nm. The solid and dash-dotted white curvesespond to the analytical dispersion relationstier
lowest and higher order SRSPP modes, respectidelg. the dashed white line represents the spectral
position of LSPP for a single Ag line with line-widof 110nm. The solid and dashed black lines i (b
refer to RA at glass/Ag and air/Ag interfaces, extjvely. (c) Electric field distribution at theags-section

of ultrathin Ag nanogratings with the fixed linedtfh w=110nm and period of (i) 150nm, (ii) 220nmnii) (i
380nm; and (iv) a single Ag line with the line-widsf 110nm.

Since the excitation of propagating SRSPP moele=s on the effective coupling of
electromagnetic modes between Ag lines, we perfdrF@TD simulations to study the
optical properties of ultrathin Ag nanogratingshwat constant line-width as a function of
the separation between adjacent Ag lines. Fig(&.%nd (b) show 2D contour maps of
the simulated transmission and absorption speotr@@nm-thick Ag nanogratings as a
function of the incident wavelength and gratingiger keeping the line-width of Ag
wires fixed at 110nm. For periods less than 150, broad transmission minimum in
Fig. 3.9(a) in the 400nmM<800nm spectral region is primarily due to high icggdt
reflection, since the separation between adjacenties (0~40nm) is very small. For
nanogratings with P>150nm, excitation of SRSPPs &&PPs in ultrathin Ag
nanogratings causes enhanced absorption and reflettitat affect the transmission
minimum. The spectral transmission minimum narrand appears less dependent on P
with increasing period, suggesting less effectixeitation of SRSPPs as the separation
between adjacent Ag lines increases.

Fig. 3.9(b) illustrates the contributions ofeal different mechanisms to absorption
enhancement. For periods in the range 150nm<P<25@hen separation between

adjacent Ag lines ranges from 40 to 140nm, andabis®rption is mainly attributed to the
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excitation of SRSPP modes, as indicated by theyaical SRSPP dispersion curves (solid
white curve). As the period increases further, dbsorption spectra are closer to those
predicted for LSPP modes (dashed white curve).desiods greater than 300nm, the
electromagnetic modes excited in individual Ag $ird® not couple effectively with each
other due to the large separation (>190nm) betvaegcent lines. Finally, for P>350nm,
RA modes (solid black curve) interact with SPPsdirg to a red-shift in absorption
spectra.

The physical mechanisms are further illustrabgdthe calculated electric field
distribution at the resonance wavelengths in ti8&s®n-thick Ag nanogratings with a
fixed 110nm line-width. Grating periods of (i) 150n(ii)) 220nm, and (iii) 380nm, as
well as (iv) a single Ag line were considered, #melresults shown in Fig. 3.9(c). For the
150nm period (i), with a 40nm separation betweeatigg lines, the electromagnetic
modes excited in neighboring Ag lines strongly iat¢ with each other. Both LSPP and
SRSPP modes at the Ag/glass interface are cledé$greed. For P=220nm (ii), the
electromagnetic coupling between adjacent Ag liseweaker than that in (i), but the
excitation of SRSPP modes is still observable. ther 380nm period (iii), the SRSPP
modes are much less evident due to the large sepaf@70nm) between adjacent Ag
lines, and the field distribution approaches thaa single Ag line in (iv), which shows
primarily LSPP modes. Slight differences in theoremce wavelengths between (iii) and
(iv) arise due to the RA at the glass/Ag interface.

Plasmonic SCF arrays with only two nanoslitspgaingly exhibited distinct
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subtractive colors, which can be understood in $epfithe strong confinement properties
of SRSPP and LSPP modes [3.15-3.21]. Much of teetrét field is concentrated in the
metal film, resulting in strong Ohmic losses andrskdecay lengths. Because of the short
propagation distance of SRSPPs and small decayhlerid SPPs, interactions between
neighboring nanostructures are weaker than thosé&@®l phenomenon, where SPPs
excited at each nanoslit (or nanohole) stronglgraxtt with numerous nearby nanoslits
(or nanoholes) [3.12-3.14]. Fewer repeat unitsracpiired in the proposed plasmonics
SCFs than are commonly employed in plasmonic AGE&d® on EOT theory.

Although we have only demonstrated polarizatiependent plasmonic subtractive
color filtering with 1D ultrathin nanogratings ihis work, it can be easily generalized to
2D ultrathin nanostructures (i.e. nanoholes or Bgoares) for achieving
polarization-independent operation. Nevertheless, 1D plasmonic SCFs, which can
either function as color filters or highly transpar windows under different polarizations,
making them highly attractive for transparent dagpig [3.25, 3.26]. In traditional
transparent displays, the RGB color pixels of thrcfilter are reduced to the minimum
size for transparency. Display panel makers evemove the color filter, making the
transparent display monochrome. Therefore, the desolution and color gamut is a
fundamental limitation in current transparent dagohg techniques. The 1D plasmonic
SCFs, which are capable of generating extremelyllgpieel sizes (~0.5x0.3uf for
high spatial resolution, could significantly advarthis application area.

Discrepancies between the experimental and nunhegsalts can be attributed to
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the nonparallel incident light employed in the ogli measurement, nanofabrication
defects, finite periodicity in the fabricated stures, and surface roughness, which are
not considered completely in numerical simulatioddthough the experimental
transmission minimum (6%) differs appreciably wiitle numerical value of 0.39% in Fig.
3.2, significant improvements should still be pbksi The surface roughness (large grain
size) in ultrathin Ag films is one of the factorsat could significantly degrade the
performance of plasmonic SCFs, possibly leading measurement errors and
non-uniform colors. Improved plasmonic SCF struesucan be realized, for example, by
introducing an intermediate (1nm) Ge wetting lapefore depositing Ag on the glass
substrate or using template-stripping technique35E3.38], permitting ultra-smooth Ag

films with smaller grain sizes for improved coldtdring performance.

(b) Ti
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Fig. 3.10 Plasmonic v.s. non-plasmonic ultrathin nanogratiifgs A full palette of transmitted subtractive
colors (ranging from yellow to cyan) is revealedainove 10x10ufrsquares under TM-polarized white
light illumination. The scale bar represents 5uime period of the Ag nanogratings varied from 22@om
360nm, in 20nm increments. The inset shows a SEMjanwith a scale bar indicating 500nm. (b) Optical
microscopy images of Ti nanogratings under the seonelitions as that of Ag nanogratings. Electriddi
distribution of (c) Ag and (d) Ti nanogratings wigieriod P=320nm and line-width w=160nm at the
resonance wavelength of 575nm.

Plasmonic v.s. non-plasmonic ultrathin nanogrgs. To distinguish between
plasmonic and non-plasmonic effects in the nanoggat a control experiment was also
performed on a series of nanogratings in an uimaBOnm-thick) Ti film. Ti is a lossy
material that does not support SPPs in this wagéterange. Fig. 3.10 (a) and (b) show
the optical microscope images of the ultrathin Agl & nanogratings (inset shows
representative SEM images of the fabricated natiogsg under the same experimental
conditions. All of the fabricated nanogratings héve same dimensions of 10x10f1rm
Fig. 3.10(a), the Ag nanogratings exhibit a fullgi@ of filtered subtractive colors that
change from yellow to cyan, for periods varyingviieen 220nm and 360nm in 20nm
increments (duty cycle is set as 0.5). On the eoytmo color filtering effects can be
observed in the non-plasmonic Ti nanogratings utitesame experimental condition, as
shown in Fig. 3.10(b). This control experiment ub@uously demonstrates the
plasmonic origin of subtractive color filtering utrathin Ag nanogratings.

To further characterize the plasmonic effece walculate the electric field
distribution of ultrathin (30nm-thick) Ag and Ti magratings (period P=320nm,
line-width w=160nm) at the resonance wavelengtAn@mission minimum) of 575nm,

and plot them in Fig. 3.10(c) and (d), respectivatyFig. 3.10(c), the highly-confined

77



and enhanced electric field at the Ag/glass interfand sharp corners of the Ag strip
clearly demonstrates the excitation of plasmonic@so On the contrary, no such strong
field confinement is observed in the Ti nanogratirgs shown in Fig. 3.10 (d). Therefore,
the above experimental and simulation results lgledemonstrate that plasmonic
interactions are responsible for subtractive cbltaring in ultrathin Ag nanogratings.
3.6 Summary

In summary, systematic theoretical and experimestatlies were performed to
clarify the underlying physical mechanisms thated®ine the ELT phenomenon.
Different electromagnetic modes (SRSPPs, LSPPsRajdcan be excited in ultrathin
Ag nanogratings, depending on their geometric patara. By exploiting ELT theory, we
have proposed and demonstrated plasmonic SCFs iassbovith fundamentally
different color filtering mechanisms than previostste-of-art plasmonic ACFs. The
simple design, with its wide color tunability, easfefabrication and device integration, as
well as robustness and reliability, combines adeanaf SCFs and ultrathin plasmonic
nanostructures to overcome key challenges in cucaorant and plasmonic color filters.
An unusually high transmission efficiency of 60~70% s been achieved, with the
potential for further enhancement. In addition, pineposed plasmonic SCFs are capable
of generating even smaller pixel sizes than thellsstapixels achieved today in
commercial image sensors. Finally, their uniqueappation-dependent features allow
the same structures to function either as coltarfilor highly-transparent windows under

different polarizations, opening an avenue towdrigg-definition transparent displays.
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While only 1D nanograting structures have been detnated here, this design principle

can be extended to 2D structures to achieve pal@sizindependent operation. The

design can also be easily applied to other spectegimes for different applications.
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C@Zc}ém%
Rapid and Highly Sensitive Detection using

Fano Resonances in Ultrathin Plasmonic
Nanogratings

In this chapter, we developed a novel nanoplasmsemsor platform employing the
extraordinary optical properties of one-dimensionahnogratings patterned on
30nm-thick ultrathin Ag films. Excitation of Fancesonances in the ultrathin Ag
nanogratings results in transmission spectra witgh lamplitude, large contrast, and
narrow bandwidth, making them well-suited for ramdd highly-sensitive sensing
applications.

4.1 Introduction
Optical biosensors employing the surface plasm@omance (SPR) in flat thin

metal films have unquestionable advantages for-thea& and label-free detection of
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biomolecular interactions, with detection resolntin the range between t@and 10
refractive index unit (RIU) and a temporal resaatof 1 sec [4.1-4.2]. The optical setup
of a typical commercial SPR system is illustratadFig. 4.1(a), consisting of a light
source, a prism SPP coupler, and a detector. Tddeint light excites SPPs through total
internal reflection at the prism-dielectric inteséa when the momentum matching
condition is fulfilled (Eg. 1.11). Depending on whimodulation approach is employed
(angle, wavelength, or intensity), the detectorords a minimum in the angle or
wavelength spectrum, or the change of reflectdd ligtensity at a fixed incident angle or
wavelength. When there are biomolecules attachethéosensor surface, the local
refractive index increases, producing a changdénpropagation constant of the SPPs.
This change in SPP propagation constant then alersassociated resonant coupling
condition (Eqg. 1.11), which can be measured ashlaage in one of the characteristics of
the light coupled to SPPs. Depending on which ataristics is measured, SPR sensors

can be classified as angular, wavelength, or itiengodulations.
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Fig. 4.1 (a) Schematic of an SPR sensor system. (b) Ty@@fd& wavelength or angular spectrum. The
increase in the refractive index results in theshift of the angular spectrun®, wavelength spectrumi,
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or the decrease of the reflected light intenaiR;

In SPR sensors using angular modulation, eomaband laser beam excites SPPs
through the prism coupler and the resonant lighesSBoupling leads to a minimum in
the angular spectrum of the sensor output, sind® iISPa non-radiative mode that is
highly confined at the metal/dielectric interfade. SPR sensors based on wavelength
modulation, the angle of the incident white lightkiept constant, and the wavelength at
which light is resonantly coupled to SPPs is mea@s the sensor output. In addition,
for SPR sensors employing intensity modulation, Waelength and the angle of the
incident light are both kept constant, the changé¢he intensity of the reflected light
serves as the sensor output. Fig. 4.1(b) showsiaalySPR angular or wavelength
spectrum, which features a reflection minimum at tassonant SPP coupling wavelength
or angle. The increase of the refractive indexresults in a red-shift of the spectruni. (
or AB) or a decrease in the reflected light intenskR) at the fixed wavelength or angle

indicated by the dashed-dotted line.

a

Propagating SPPs

84~hundreds of nm
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Fig. 4.2 (a) Length scales of the decay length of propaga8PPs and bio-molecules. (b) Near field
microscope image of SPP propagation.

Over the past two decades, SPR sensors havenbebe accepted standard for the
rapid kinetic analysis of binding between two pnate[4.3]. However, fundamental
properties of the SPR in flat metal films imposeesal limitations in SPR biosensors
relative to other optical sensing approaches. {19 decay lengths of propagating SPPs
into dielectrics, typically hundreds of nanometatsvisible frequencies (Eq. 1.9), are
much larger than typical sizes of biomoleculeijch occupy only a small fraction of the
evanescent field, leading to a less than optim&adien resolutionas shown in Fig. 4.2(a) [4.4].
(2) The large propagation distances of SPPs (10m4S5ee Fig. 4.2(b)) at the smooth
metal/dielectric interface lead to crosstalk betvadjacent sensing areas, which nianit
the achievable spatial resolution (footprint) ofRSBiosensors, thus the high-throughput
capabilities of multiplexed detections. (3) The gbaxity and cost of the prism-coupled
SPR excitation scheme, as shown in Fig. 4.1(a)it lims powerful tool primarily to
research laboratories, and are far from ideal funtpof-care devices that can provide
instant detection in any place and at any timepersonal healthcare. Therefore, the
increasing need for sensitive, high-throughput,t-effective and portable biosensors
have driven intense research efforts over the gasade to develop next-generation

optical biosensors for clinical and biomedical aadions.
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Fig. 4.3 Nanoplasmonic sensors employing (a) metallic nartages; nanohole (b) or nanoslit (c) arrays
patterned on optically-thick metal films [4.4-4.11jhsets show SEM images and measured extinction or
transmission spectra in different solutions.

Nanoplasmonic biosensors, employing metallicoparticles, nanohole or nanoslit
arrays to directly couple incident light into SPRaye been proposed to overcome above
limitations [4.4-4.11]. The localized surface plasmresonance (LSPR) in metallic
nanoparticles exhibits a decay length of tens afongeters and is highly sensitive to
changes close to the surface, as shown in Figa}}.8{aking this an attractive approach
for biomolecular sensing [4.4-4.6]. However, theaosy radiative damping and
dissipation losses of LSPRs imply broad resonamesvidths, negatively affecting the
device sensing performance [4.4,4.6]. Nanohole anoslit arrays patterned on
optically-thick metal films in Fig. 4.3(b-c) predeadditional opportunities due to the
co-existence of propagating SPPs (along metalfdtrgdeinterfaces), LSPRs (excited
inside individual nanoholes) and plasmonic cavitpdes, giving rise to exciting
phenomena such as extraordinary optical transmmis¢i€OT) and plasmonic Fano
resonances [4.9-4.13]. Due to their narrow linelsdi{~4nm), Fano resonances in

metallic nanohole arrays were reported to have figghres-of-merits, surpassing those of
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commercial SPR sensors [4.9]. However, results rtegoto date suffer from the

relatively weak resonance intensity and low spéctantrast, which limit the

signal-to-noise ratio and thus detection resoluf®-4.11]. In addition, several groups
have recently demonstrated plasmonic interferomdtiosensors utilizing interferences
between free-space light and propagating SPPsh@snsin Fig. 4.4, and achieved a
spectral sensing performance comparable to comal&SBR sensors, as well as a record
high intensity-modulation sensitivity [4.14-4.1@)espite the success of this approach, it
is limited by low optical transmission through aagle nanoslit or nanohole in each

sensor unit, limiting the degree of temporal resotuthat can be achieved.
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Fig. 4.4 Plasmonic interferometric biosensors employing-iole nanostructures. (a) Schematic of the
proposed plasmonic interferometer. (b) Side vied thie operating principle of the device. (c) SEMagas

of the fabricated interferometer array and onéhefinterferometers (inset). (d) The measured tréssiom
spectra of the interferometer array in water angl, ®, 12, 15% glycerol-water mixtures.

In this work, we present a fundamentally newapasmonic sensor platform

exploiting the Fano resonances in one-dimensiofl) (nanogratings patterned on
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30nm-thick ultrathin Ag films [4.17-4.19]. Compare&dth nanohole or nanoslit arrays
patterned on optically-thick metal films [4.7-4.18jano resonances in ultrathin 1D Ag
nanogratings should exhibit significantly higher tiogl transmission [4.17-4.19],
potentially resulting in a strong resonance intgnand high spectral contrast, making
them especially suitable for rapid and highly-sewsi sensing applications. Ultrathin
nanoplasmonic sensors integrated with PDMS micidit.channels were fabricated, and
their refractive index sensitivity and detectiosateition were determined experimentally.
The electric field distributions associated withRESand SPP modes were determined by
FDTD simulations to elucidate the sensor perforreaaod spectral response. The
detection, temporal and spatial resolutions detsechi for the ultrathin plasmonic
nanograting sensor are compared to those for prslioreported nanoplasmonic
biosensors [4.8-4.11,4.14-4.16]. Our results dertnatgssignificantly improved temporal
and spatial resolution (sensor footprint), and #&ed®n resolution comparable to
state-of-the-art nanoplasmonic sensors, creatingramising sensing platform for
characterizing the real-time kinetics of surfacedng events with a high multiplexing

capacity [4.4].

4.2 Fabrication and characterization of the ultrathin plasmonic sensor
chip
Fabrication of 1D nanogratings on 30nm-thicktrathin Ag films. E-beam
evaporation (Indel system) was used to deposit m-tbick titanium film and
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subsequently a 30nm-thick Ag film onto a pre-clearstandard glass slide (Fisher
Scientific). Prior to the evaporation, the glasikled were cleaned thoroughly with
acetone in an ultrasonic cleaner for 20min, folldwey extensive DI water rinsing.

Focused ion beam (FIB) (FEI Dual-Beam system 238nigp (30kV, 30pA) was used to

fabricate 1D nanogratings on the deposited 30nok#g film.

Here FIB milling was used to fabricate the plasmmonanogratings due to its
convenience and precise control over geometricnpetexs, allowing us to fabricate and
optimize the grating design easily. Fig. 4.5 shakiferent nanostructures we fabricated
using FIB, showing the flexibility to easily andegisely control the nanostructure shape
and geometric parameters. For our long-term goaladhigh-throughput bio-sensing,
electron beam lithography will be employed for tekly large-area array patterning.
Possibilities for low-cost and large-area sensatf@tims will also be explored using
other emerging nanofabrication techniques such amimprint lithography, colloidal

lithography, or nano-photolithography.

Fig. 4.5FEI Dual-Beam system 235 used for the nanofabdnatVarious nanostructures fabricated using
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the FIB milling.

Fabrication of PDMS microfluidic channel®icrofluidic channels were fabricated
by conventional photolithography. A SU-8 (SU8-50icMchem) master mold of the
channel (50 um deep and 4 mm wide) was first pateon a 3 inch wafer through the
photolithography processes. A 10:1 ratio of PDMYId&d 184, Dow corning) and
curing agent were used to cast the mold, which thas baked at 7€ for 3 h. The
PDMS channel was cut and peeled from the mastet,irdet and outlet holes were
punched for tubing.

The sensor chip was cleaned using oxygen plasm&@@XMarch Instruments) and
then clamped to the PDMS microfluidic channel. Hid(a) shows a photograph of the
fabricated ultrathin plasmonic nanograting sendup dntegrated with a microfludic
channel. Due to the transparency of ultrathin A fin the visible regime [4.19], the
background patterns can be clearly seen throughsénei-transparent device. In the
central area of Ag film (black box), The fabricattd nanogratings was with a period of

420nm and slit-width 110nm, as shown in Fig. 4.6(b)

I

Fig. 4.6(a) A photograph of an ultra-thin (30nm-thick) Algn integrated with a PDMS microfluidic channel.
The whole device is semitransparent, showing tlekdraund patterns. 1D nanogratings are fabricatéld
center area of Ag film (black box). (b) A detail8&M image of 1D nanogratings patterned on thethitra

|
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Ag film, with a period of 420nm and slit-width 11n Scale bar, @m. Inset, a cross-section illustration of
the ultrathin Ag nanogratings on a glass substrate.

Experimental setup for optical measurem@nitical measurements were performed
in a simple collinear transmission geometry usingOdympus 1X81linverted microscope
[4.15,4.19], as shown in Fig. 4.7. A white lightabe from a 100W halogen lamp
illuminated the sample surface through a 50x ohjectens, with a spot size of
~50x50um. The field and aperture diaphragms of the micrpecaere both closed to
obtain a nearly collimated light beam. A linear gga@der was used to limit the incident
light to transverse magnetic (TM) polarization. Ttransmitted light was collected
through a 40x objective lens (numerical aperturé=016), and then coupled into a
multimode fiber bundle interfaced to a fiber-basedhpact spectrometer (Ocean Optics
USB4000). A CCD camera (Cooke sensicam ge) wasamglto record the positions of

the nanogratings and the illumination spot.

halogen .
Microscope condenser

———— polarizer

[;‘ objective

=  sample

—

objective

CCD camera spectrometer

1§ X

mirror lens

ObjectiVe

Fig. 4.7The experimental setup for the optical transmissn@asurements using an Olympus IX81 inverted
microscope.

4.3 Fano resonances in ultrathin plasmonic nanograting
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What is Fano resonance™ 1961, in a quantum mechanical study of the
autoionizing states of atoms, Ugo Fano discoverewwa type of resonance that now
bears his name. In contrast to a classical Lorantzesonance, the Fano resonance

exhibits a distinctly asymmetric shape with theédwing functional form [4.20]:

(Fy+w—-wg)?

e (w—wo)?+y?

4.1)
Where w, and y are standard parameters that denote the positidnwadth of the
resonance, respectivelyr is the Fano parameter, which describes the degfee
asymmetry. The microscopic origin of the Fano resme arises from the constructive
and destructive interference of a narrow resonafceliscrete state) with a broad
resonance (a continuum state). The first obsemvatiothe Fano resonance in optics is
probably Wood's anomaly, in which the asymmetriedpl profiles is related to
interference of narrow excited leaky modes withbamad incoming radiation. Over the
past few years, the Fano resonance has been othseraenumber of nanoscale optical
systems, e.g. plasmonic nanostructures, metaniaiedad nanohole or nanoparticle

arrays, etc. And the steep dispersion of the Fasonance profile finds applications in

optical sensors, lasing, switching, and slow-ligévices.
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Fig. 4.8(a) Measured and (b) simulated optical transmissfgectra (TM polarization) through 30nm-thick
Ag nanogratings with a period of 420nm and slitt4wid10nm. Two transmission minima are indicated by
the numbers 1 and 2 in (b). (c-d) Electric fieldtdbutions at two different resonance wavelengths,
corresponding to transmission minima 1 and 2 inr@gpectively.

Fig. 4.8(a) and (b) show the measured and simuldi®t polarized optical
transmission spectra for light normally incident @ar80nm-thick Ag nanograting in a
water environment. The period and slit widths & tlanogratings are 420nm and 110nm,
respectively. The spectra were normalized to tifiereace spectrum of an open aperture
with the same area as the nanograting. The trasgmispectrum contains two Fano-type
asymmetric profiles, each containing a maximum @gimum that are attributed to the
constructive and destructive interferences betwberbroadband LSPR in the nanoslits
and two narrowband propagating SPPs on the topw@tgf) or bottom (Ag/ glass)
metal/dielectric interfaces [4.10,4.11,4.20-4.2@spectively. For 1D nanogratings, the

momentum matching condition between incident phetamd SPPs is fulfilled when the

94



Bragg coupling condition_ - 2z/4,-sino+i-2z/p iS met [4.23]. Here kspp is the
wave-vector of SPP&g incident wavelength,6 incident angle, i is the grating order, P is
the period of nanogratings. The wave-vector retatibor SPPs at the metal/dielectric
interface is Igppzz#ﬂo-m) (em and g, are the dielectric constants of metal
and dielectric material) [4.23]. For normally ineitt light 6=0°, the theoretical
resonance wavelengths of SPPslarb96nm and\,=665nm at Ag/water and Ag/glass
interfaces, respectively, which agree well with theasured and simulated transmission
minima [4.24], as shown in Fig. 4.8(a) and (b). Bpectra differ significantly from the
Fano resonances observed in nanoslit or nanohodgsapatterned on optically-thick
metal films, which exhibit an extremely low resoparnntensity (~1% peak transmission)
and modulation ratio [4.9-4.11]. The transmissi@alpin the Fano-type spectrum of the
ultrathin Ag nanogratings studied here increasedtaumearly 40%. The increase in
transmitted intensity and modulation ratio at reswe can be attributed to the strong
SPPs excited by light transmitted through the niitsos the ultrathin metal film. The
resonant amplitude of the SPPs is comparable toofharoadband LSPRs, leading to a
strong interference between these two modes. Tiesference is expected to degrade
with increasing film thickness, as the reduced dgmaigsion through nanoslits (or
nanoholes) results in a much lower SPP mode inter(see Fig. 4.9) and Fano
resonances with a low resonance intensity and ratidal ratio. The proposed ultrathin
nanostructures with strong Fano resonances craaiprtunity to achieve sensing with

high signal-to-noise ratio and improved detectiesotution.
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Fig. 4.9 (a, c, e) Simulated optical transmission spec¥ (polarization) through @@m, 120m
30nmthick Ag nanogratings with a period of 486 and slit-width 116m (b,d,f) Electric field
distributions, corresponding to Fano resonancés,me), respectivelyLSPPs show up on both surfaces as
the film becomes thicker from (b) 6t to (d) 12Gim And then the cavity mode (f) appears as the film
thickness increases up to 30Q As the film thickness increases frornB0to 300hm, the intensity of SPPs
excited by the light transmitted through the naimd®comes weaker, leading to less-effective ietrerice
with broadband LSPPs and smaller modulation rétieemo resonances.

In order to elucidate the physical mechanisms, &i8(c) and (d) plot electric field
distributions at two resonance wavelengths cornedipg to the transmission minima 1
and 2 in Fig. 4.8(b), respectively. Fig. 4.8(c)arlg shows LSPR modes (with a decay
length of tens of nanometers) around the cornerth@fnanogratings at the glass/Ag

interface, and SPP modes (with a decay length efdieds of nanometers) at the

96



water/Ag interface. This pattern is reversed in. Bi@(d), where the field distributions of
LSPR and SPP modes are located at the water/Agylasd/Ag interfaces, respectively.
The electric field distributions clearly demonsérdhe co-existence of both LSPR and
SPP modes for different resonance wavelengths LBfRR and SPP modes interact with
each other and generate Fano resonances with assimspectral profiles [4.20-4.22].
The fields of propagating SPPs penetrate hundréammometers into the surrounding
dielectric, while the fields of LSPR mode are cortcated within tens of nanometers at
the metal surfaces. Thus, LSPRs have the potdat@obe surface binding events more
sensitively than SPP modes, while SPP modes mayobe effective for monitoring bulk
solution refractive index change. By properly seterthe wavelength, it is possible to
excite either LSPR or SPP modes at the water/Agyfante, as shown in Fig. 4.8(c) and
(d), and help to differentiate surface and bulkaetive index changes through their
significantly different decay lengths. This unigieature would improve the ability of
sensors to detect target biomolecules in complaxisas, such as blood samples [4.25].
4.4 Ultrathin plasmonic sensor chip for high-performarce spectral

sensing

To calibrate the sensor sensitivity and detectiesolution, we integrated the
fabricated sensor chip with a PDMS microfluidic ehal and injected a series of
glycerol-water solutions (0, 3, 6, 9, 12, and 19%eeyol concentration) with measured
refractive index (RI) ranging from 1.331 to 1.35R2 A. Woollam, V-VASE). As shown

in Fig. 4.10(a), the transmission spectrum redtshifonotonically with increase in the
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RI of liquid solutions. The multiple maxima and fm@ in the non-normalized
transmission spectrum arise from interferencesQPR and SPPs (Fano resonances), as
discussed above. The resonance wavelengths of lE8ERSPPs depend on the grating
period, film thickness, slit-width, as well as tRé of substrate and surrounding medium.
Thus, changes in the local RI of surrounding medi@g. glycerol-water solutions)
shifts the positions of these spectral featuresl ean be monitored in real-time by

continually recording these spectral features.
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Fig. 4.10 Refractive index sensing using the proposed nasopbnic sensors consisting of ultrathin Ag
nanogratings (period 420nm and slit-width 110nra). The measured optical transmission spectra of the
sensor in water and 3, 6, 9, 12, 15% glycerol-waigtures with RI ranging from 1.331 to 1.352, hewn

in the inset box. (b) The relative intensity chan@é.) — I0(1))/I0(1) )x100% for liquids with different RI.
The black dashed lines indicate the integrationoregc) The integrated sensor response as a amofi
time. The inset shows the noise level of the seresponse over 15 data points with the time intexf/a sec.

(d) Extracted sensor output for liquids with difat RI. The red line is the linear fit to the maasudata
(black dot), showing good sensor linearity.

To exploit this sensing principle, we employ naultispectral data analysis
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method, which makes use of more SPP-mediated spedrmation than the traditional
single-peak tracking method, and significantly ioy@s the detection signal-to-noise
ratio and sensor resolution [4.14-4.16, 4.26]. Thethod integrates the magnitude of the
relative intensity changes X) - lo(A))/1o(A) as a function of wavelength, whegé\) and
I(A) are the transmitted intensities at wavelerigith water and glycerol-water mixtures,
respectively. The integrated response (IR) of teaser can be expressed &R:=
Zji(ll(/l) —I,(D)|/1,(1)) x 100%, where); and), define the wavelength range for
integration. Fig. 4.10(b) shows the relative intgnghanges in percent for liquids of
different refractive indices. The signals are masiminent in the spectral range from
590nm to 700nm, as indicated by the black dashsekliThe magnitude of relative
intensity changes was integrated within this spéacainge, providing the sensor output
IR as a function of time. As shown in Fig. 4.10(it§e change in IR is approximately
proportional to the increase in refractive indelxpwing excellent sensor linearity. Fig.
4.10(d) shows the extracted IR values as a fundaifahe refractive index. The linear fit
to the data points yields a sensor sensitivity di441G%/RIU. The inset of Fig.
4.10(c) indicates the noise level of the IR sigmaijch exhibits a standard deviation of
0.59% over 15 data points with a time interval obdc. This corresponds to a bulk
refractive index resolution of 1.46xTRIU (i.e., 0.59%/(4.04xT06/RIUV)).

4.5 Discussion

Table 4.1 Comparison of detection, temporal andiapaesolutions of state-of-the-art nanoplasmonic

biosensors.
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State-of-the-art Detection Resolution | Temporal Resolution | Spatial Resolution

Nanoplasmonic sensors (RIU) (sec) (ymz)
Nanogratings on 1.46x10-6 1 50%50
optically-thin Ag film
Nanohole arrays on

. . 3.1x10-6 2 200x200
optically-thick Au film [8] )
Interferometric nanoring- 0.8x10 10 150%150
hole arrays [15] ’
Nanogratings on optically- 1 74x10° 30 150150
thick Au film [10, 11]
Quasi-3D plasmonic 1x10°5 90 1000x5000

crystals [26]

Table 4.1 compares the detection, temporal, andiaspeesolutions of the
optically-thin Ag nanogratings studied here to #o®f other state-of-the-art
nanoplasmonic sensors. As discussed in Ref. [4tB&le are inherent tradeoffs between
these quantities, which need to be carefully badrto achieve optimal performance of
nanoplasmonic sensors. Note that the detectionluteso demonstrated for the
optically-thin Ag nanogratings (1.6xI10RIU) is among the lowest reported for
state-of-the-art nanoplasmonic sensors, and companry well with results reported for
optically-thick nanohole arrays (3.1xf®IU) [4.8], but with 2x better temporal
resolution and an order of magnitude improvemerggatial resolution (50x501fnv.s.
200x200urf). The ultrathin nanogratings exhibit a slightlyghér detection resolution
than the ring-hole arrays (0.8x£@®RIU), but have approximately an order of magnitude
improvement in both temporal (1 ses. 10 sec) and spatial resolution (50x5Gns.
150x150pm). In the real-time measurements=R0D0 spectrum frames are averaged with

an integration time ot=5msec for each spectrum, yielding a temporal gl of
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T=N; © =1 sec. This is much shorter than that of nanopdesc sensors using ring-hole
arrays (T=10 sec) [4.15], 1D nanogratings patteredptically-thick metal films (T=30
sec) [4.10, 4.11], and quasi-3D plasmonic crys(@s90 sec) [4.26]. This improved
temporal resolution is attributed to the high resdroptical transmission (~40%) of the
ultra-thin Ag nanogratings, which leads to a lapg®ton flux on each detector pixel,
permitting a rapid integration time=5 msec. The temporal resolution T=1 sec is
comparable to that of commercial SPR sensors, ansufficient for measuring the
binding kinetics of most antibodies.

The temporal resolution, which is important time-resolved sensing systems, can
be further improved by averaging over a smaller Ineimof spectra (e.g.#&50 or 100
frames) with only a modest increase in sensor n@ise 1/\/ﬁt), resulting in a slightly
poorer detection resolution [4.15, 4.27]. The temapoesolution could also be improved
by enlarging the sensor footprint (currently 50xB8)to increase the overall detected
photon flux and allow a shorter integration timebut this would be at the expense of
spatial resolution (sensor footprint), which istical for high-throughput multiplexed
sensing. Shorter integration times are desire@doce the effects of shot noise and dark
noise in the detector (dominant noise sources ticapbiosensor systems), and hence
improve the signal-to-noise ratio and detectiorolgson [4.8, 4.27]. Note that although
optically-thick nanohole and ring-hole arrays enypld larger sensor footprints
(200x200pum and 150x150uf to increase the overall photon flux, the temporal

resolution and integration time were still quit long due to the inherently low
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transmission of those structures. The interferoimeing-hole arrays used &=50msec
integration time, yielding a temporal resolution ©& 200x50msec=10 sec, while
nanohole arrays had a 10msec integration time andenaporal resolution of
T=200x10msec=2 sec [4.8, 4.15].

The observed improvements in sensor performaasults from the high-contrast,
narrow bandwidth, and large amplitude of the Fametspectrum profiles, as well as the
advanced data analysis method employed. Severahttimprovements could further
enhance the signal-to-noise ratio and sensor résolurhese include: (1) increasing the
size of ultra-thin nanogratings using large-areaoffi@rication techniques (e.g., optical
interference lithography [4.28]); (2) reducing tB®P loss by employing ultra-smooth
metal films with larger grain sizes (e.g., usingnpdate stripping methods) [4.8,4.29,4.30];
(3) using a detector with a higher saturation leared faster frame rates to reduce the shot
noise; (4) integrating temperature controllers withith sensor chip and light source to
decrease the noise caused by temperature fluatgafi?25]; and (5) optimization of
microfluidic channels and sample transport to #rssg surface [4.4,4.31], etc.

4.6 Summary

In summary, we have demonstrated a novel nasopnic sensor platform
employing Fano resonances in 1D nanogratings patieon ultrathin Ag films. We have
observed Fano-type asymmetric spectral profilesh idrge transmission amplitude
(~40%), high modulation ratio, and narrow line-viaglt In addition to the simple sensor

design, employing a standard microscope, a portagectrometer, and PDMS
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microfluidic channels, this sensor system can aghi&detection resolution of 1.46X10

RIU with high temporal resolution of 1 sec, and @iaturized sensor footprint of

50x50pmM. The sensor resolution is among the lowest regofte state-of-the-art

nanoplasmonic sensors using ring-hole or nanohrodgs but the temporal (1 ses.10

sec) and spatial (50x50jims. 200x200uR) resolutions are significantly improved by 1

order of magnitude. Several potential methods halge been discussed for further

performance improvement. The superior temporaltiapand detection resolutions and

simple optical geometry suggests exciting potenfial sensitive, cost-effective, and

portable biosensors with a high multiplexing capaavhich would significantly impact

point-of-care diagnostics for personal healthcare.
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Conclusions

In this chapter, we first summarize the resattlieved in this dissertation and then
propose future research directions.
5.1 Conclusions

This dissertation have clarified underlying pleggimechanisms of SPRs in ultrathin
nanostructured metals and tailored them for praktapplications. Specifically, we
discussed the physical mechanisms, designs, féibncand characterization of 1D and 2D
ultrathin Ag plasmonic nanostructures for applicas in three most common and
successful areas: plasmonic photovoltaics, plascnamlor filters, and plasmonic
biosensors, achieving superior sensing performaoccegparable to their optically-thick
counterparts.

In Chapter 2, we have studied plasmonic transparenducting electrodes (TCES)
consisting of ultrathin two-dimensional (2D) or twae-dimensional (1D) perpendicular
Ag nanogratings for organic photovoltaics (OPVsjhwpolarization-insensitive optical
absorption enhancement. The proposed ultrathispanent conducting electrodes have a
calculated sheet resistance €13q, indicating a better electrical conductivitaththat of
traditional ITO electrodes. In addition, a stroraguization-insensitive optical absorption

enhancement in the active layers of molecular OlfAssbeen demonstrated with ultrathin
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2D Ag nanogrids and two 1D perpendicular Ag nantigga electrodes, achieving
record-high optical absorption enhancements of 180%200%, respectively. The OPV
device with two 1D perpendicular Ag nanogratingsgvimling the strongest absorption
enhancement in active layers, are more complex tti@nwith single-layer ultrathin 2D
nanogrids, but still should be feasible. This degiginciple is quite general and can be
extended to other optoelectronic devices.

In addition, in Chapter 3, systematic theoretmadl experimental studies have been
performed to clarify the underlying physical medsars that determine the
counter-intuitive Extraordinary Low TransmissionL{ phenomenon in ultrathin Ag
plasmonic nanogratings. By exploiting the ELT thgowe have proposed and
demonstrated novel plasmonic subtractive colouterBl (SCFs) associated with
fundamentally different colour filtering mechanismban previous state-of-the-art
plasmonic colour filters, overcoming key challengescurrent colorant and plasmonic
colour filters. An unusually high transmission ei#incy of 60~70% has been achieved,
with the potential for further enhancement. In &ddi the proposed plasmonic SCFs are
capable of generating even smaller pixel sizes tharsmallest pixels achieved today in
commercial image sensors. Finally, their uniquapshtion-dependent features allow the
same structures to function either as colour 8lter highly-transparent windows under
different polarizations, opening an avenue towdigh-definition transparent displays.

Finally, in Chapter 4, we have demonstrated a hoaeoplasmonic sensor platform

employing Fano resonances in 1D nanogratings patieon ultrathin Ag films, in which
108



we have observed Fano-type asymmetric spectralilggofvith large transmission
amplitude (~40%), high modulation ratio, and narrbme-widths. In addition to its
simple design, this sensor system employed a ealtifransmission optical setup
associated with a portable spectrometer, experefigrachieving a detection resolution
of 1.46x10° RIU with high temporal resolution of 1 sec, andminiaturized sensor
footprint of 50x50urh The detection resolution is among the lowest mepofor other
state-of-the-art nanoplasmonic sensors, but thepdesh and spatial resolutions are
significantly improved by 1 order of magnitude. Thaperior temporal, spatial and
detection resolutions and simple optical geomaiggssts exciting potential for sensitive,
cost-effective, and portable biosensors with a higlhitiplexing capacity, which would
significantly impact point-of-care diagnostics fuersonal healthcare.
5.2 Future directions

Experimental demonstration of power conversiditiehcy (PCE) enhancement in
OPVs with ultrathin plasmonic TCE®Ithough we have numerically demonstrated
record-high optical absorption enhancements in ORWth the proposed ultrathin
plasmonic TCEs, the absorption enhancements doneogssarily transfer to PCE
enhancement in OPVs, which is the ultimate go#thefproposed plasmonic light-trapping
approaches. Until now, a single-layer ultrathin AQ NGs has been demonstrated to
replace traditional ITO electrodes and enhanceéP®@E in OPVs [5.1], as shown in Fig.
5.1(a). However, due to fabrication challengesedirevidence of PCE enhancement in

OPVs with ultrathin 2D Ag NG and two 1D perpendaiulhg NG electrodes, which have
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been demonstrated to achieve much stronger optiisarption enhancements than 1D Ag
NGs, is still lacking. The OPV device with two 1@rpendicular Ag NGs, providing the

strongest absorption enhancement in active layaes,more complex than that with

single-layer ultrathin 2D NGs, but still should feasible. For instance, in Fig. 5.1(b),
improved PCE in OPVs with dual metallic nanostruesuhave been experimentally
demonstrated by simultaneously incorporating Auopanticles and Ag nanogratings on
the top and bottom interfaces [5.2]. With the depetent of nanofabrication techniques, it
is promising to obtain experimental evidence of P&hancements in OPVs with the

proposed ultrathin 2D Ag NG and two 1D perpendiclg NG electrodes.
a
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Fig. 5.1 (a) Schematic and SEM images of the fabricated ©Wkh a single-layer of ultrathin Ag NGs.
Organic layers are depicted with solid lines angl shuare shows the position of the Ag NGs on glass
substrate [5.1]. The scale bar is 200 nm. (b) Seltierof the OPV device with dual metallic strucsuféeft).
AFM (top) and SEM (bottom) images of the OPVs wéthbedded Au nanoparticles (50 nm) in the active
layer and patterned with Ag nanogratings (gratiaggal = 750 nm) (right) [5.2].

Further development of ultrathin plasmonic tsabtive color filters for practical
applications.First of all, while only 1D ultrathin Ag nanogratjrstructures have been
demonstrated for a proof-of-principle experimente tdesign principle of ultrathin
plasmonic SCFs can be extended to 2D structurgs rfanoholes, nanosquares, etc.) to
achieve polarization-independent operation for ficak applications in high-resolution
image sensors, displays, and cameras, etc. Thgndeasn also be easily applied to other
spectrum regimes for different applications. Iniddd, since the structural parameters of
plasmonic SCFs have not been optimized, furtherrongment may be possible to
achieve transmission effiencies comparable to @nedarger than that of commercial
colorant color filters (80%). On the other hande firoposed ultrathin plasmonic SCFs
can function either as color filters or transpanemmidows under different polarizations.
By combining liquid crystals that can actively camthe polarization of incident light, a
new approach for high-definition transparent digplean be realized.

Performance improvement in the ultrathin nanopiasic sensor platform/hile the
demonstrated sensor resolution for single-charefedctive index sensing is comparable
to state-of-the-art nanoplasmonic sensors and coomheSPR systems, significant
improvements in sensor performance are still ptssfdditional improvements have the

potential for further enhancement of the signahtise ratio and sensor resolution,
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including: (1) increasing the size of ultrathin ngratings using large-area nanofabrication
techniques; (2) reducing the SPP loss by employltrg-smooth metal films with larger
grain sizes; (3) using a detector with a higheursaion level and faster frame rates to
reduce the sensor noise; (4) integrating tempexatontrollers with both sensor chip and
light source to decrease the noise caused by tatuperfluctuations; and (5) optimization
of microfluidic channels and sample transport ®4knsing surface, etc.

Sensing in complex biological samplés.facilitate the application in real biomedical
sensing, this demonstrated ultrathin nanoplasmseinsor platform needs to be able to
detect analytes in complex biological samples sschlood, human serum, urine, etc. To
achieve this goal, the next-step would be to otinthe surface modification to maintain
receptor stability and minimize non-specific bingénn a complex solution. In addition,
due to the significantly different decay lengthsL&PR and SPP modes (LSPR modes,
with decay lengths of tens of nanometers, haveptitential to probe surface binding
events more sensitively than SPP modes; while S&des) with hundreds of nanometers
decay lengths, may be more effective for monitobotk solution changes), it is possible
to excite either LSPR or SPP modes at the wateifgrface, which could aid in
differentiating surface and bulk changes [5.3].

Sensor miniaturization and integratioAn unique advantage of nanoplasmonic
sensors with respect to commercially SPR systemgheésr potential for system
miniaturization and integration. For instance, ig..2, it will significantly decrease the

cost and size of the system by replacing the sp@eter and white light source with a
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simple CMOS detector and a LED light source [5adfhough trade-offs must be made
between system miniaturization and performance atkdion. Integration of
nanoplamsonic sensor chips with smart phones ithanoesearch direction. Finally, to
commercialize the proposed sensor system, we &sd to package the sensor system,
develop friendly software and hardware user-intax$a and automate the instrument

operation and sample handling.

LED
illumination

Plasmonic substrate Transmission of the
plasmonic chip

Fig. 5.20n-chip sensing platform with plasmonic microagrand lens-free computational imaging. (a) Real
picture of the portable biosensing device. (b) &wdtéc of the on-chip biosensing platform comprisang
battery, an LED, a plasmonic sensor chip and a CNf@&jer chip. (c) SEM image of plasmonic sensor
pixels and the zoomed image of a plasmonic pixataining periodic nanohole array. (d) FDTD simudati

of the near-field intensity enhancement distributior the nanohole array [5.4].
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