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ABSTRACT

Nanostructuring Plasmonic Materials to Engineer Optical Responses

Michael P. Knudson

Plasmonic nanostructures are capable of trapping and confining light at the nanoscale, leading to
interesting optical phenomena involving enhanced light-matter interactions. These responses arise in
two forms: surface plasmon polaritons propagating on the surface of metal films and localized surface
plasmons confined to the surface of metal nanoparticles. Plasmonic modes can couple to free space light
with a wavelength dependent on the size and shape of the nanostructuring, the metal material properties,
and the surrounding dielectric environment. The properties and applications of these optical responses
are discussed in Chapter 1, providing an introduction for plasmonics. In the remainder of this thesis
I explore methods to tailor the plasmonic responses by controlling the nanostructuring of plasmonic
devices.

I explore this topic from the fabrication perspective in Chapter 2. I discuss and demonstrate a com-
plete fabrication process using parallel patterning techniques for sequential feature density doubling of
periodic silicon gratings. These silicon substrates were used for template stripping to produce plasmonic
films with nanostructuring to support surface plasmon polaritons. The optical responses were charac-
terized to illustrate their ultraviolet plasmonic activity and to examine the importance of developing
scalable patterning methods that access shorter periodicities for manipulating surface plasmon polariton

wavelengths across the UV spectrum.



Chapter 3 and 4 describe progress toward tailoring optical cavities for enhancing the photolumines-
cence intensity of single-walled carbon nanotubes and few-layer black phosphorus, respectively. Both
of these nanomaterials possess unique optical properties that show promise for applications in optoelec-
tronics and telecommunications technology but suffer from weak fluorescence efficiency. Lattice plasmon
modes were tested as optical cavities for enhancing the emission rate of these two nanomaterials. The
lattice plasmon modes were engineered by controlling the geometry of nanoparticle arrays through fabri-
cation methods and by selecting optimal materials for the substrates and superstrates.

Chapter 5 investigates low-symmetry nanoparticle arrays as a way to examine the effects of geometry
in photonic lasers. I developed a new, scalable fabrication procedure capable of patterning nanoparticle
arrays composed of rhombus-shaped nanoparticles arranged in rhombohedral lattices. This low-symmetry
platform provided insight regarding how nanoparticle shape can be used to engineer the electromagnetic
hot spots of lattice plasmon modes. Examination of lasing behavior revealed that plasmon-exciton energy
transfer is polarization dependent, with stronger coupling and faster dynamics observed when the dipolar
orientations of plasmonic modes and gain materials are aligned. As a result, two lattice plasmon modes
localized to the same nanoscale hot spots were shown to support lasing simultaneously by coupling to

different polarizations of excited dye populations.
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CHAPTER 1

Introduction to Plasmonics

Referenced work: D. Wang, W. Wang, M. P. Knudson, G. C. Schatz, and T. W. Odom, “Structural engineering in plasmonic
nanolasers.” Chemical Reviews. DOI: 10.1021/acs.chemrev.7b00424. [Accepted)
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1.1. Surface Plasmons in Metal Nanostructures

Surface plasmons are collective oscillations of conduction band electrons at the interface of a metal
and a dielectric that typically show optical activity due to coupling with the electromagnetic waves of
light 1119 The field of plasmonics has drawn attention recently as a way to trap and confine light at the
nanoscale, increasing field intensities by orders of magnitude. As a result, plasmons are often used as a
tool for enhancing light-matter interactions for a broad range of applications including lasers,® biological
imaging agents,1% chemical sensors,” photovoltaics,1” and optical lenses. 8 Surface plasmons are classified
into two broad categories based upon their fundamental behavior, although coupling and hybridization

with different types of optical modes have been demonstrated in several systems.

1.1.1. Surface Plasmon Polaritons

Surface plasmon polaritons (SPPs) are traveling waves that propagate with wavevector kgpp along the
surface of a continuous metal film (Figure ) U The relationship for coupling an SPP mode with free

space light of wave vector kg = w/c is described by the dispersion relation:™>

€d€m
1.1 kspp = ko /| ————
( ) PP 0 €4+ €m

where w is the angular frequency of light, ¢ the speed of light, and €4 and ¢, the relative permittivities
of the dielectric and metal. In most plasmonic systems, the dielectric function of the metal has a large,
negative real part Re (¢4) << 0 and a small, positive imaginary part Im (¢4) > 0. In contrast dielectric
materials that are non-absorbing have negligible imaginary components and their dielectric functions are
characterized by the refractive index n = ,/eg. These permittivities will yield a surface plasmon wave
vector larger than that of free space light, which represents a momentum mismatch that prohibits direct
coupling of light with surface plasmon polaritons.

To overcome the momentum mismatch, surface plasmon polaritons are often excited by light using
either prism coupling or grating coupling. In the former case, evanescent fields from light in a high

refractive index dielectric excite SPPs on a metal film in a low index environment that is within close
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Figure 1.1. Classes of Surface Plasmons. (a) Surface plasmon polaritons propagate on
the surface of continuous metal films. (b) Localized surface plasmons are confined to
metal nanoparticles. Figure adapted from Henzie et al.l

proximity (tens of nm). This is frequently performed using the Kretschmann configuration, in which a
thin metal film deposited on a prism is illuminated from the back side (through the prism) to excited
SPPs on the front of the film in air. In the latter case, the metal film is patterned with a periodic grating

structure that contributes an additional grating vector G to account for the momentum mismatch:1%20
(1.2) |kspp| = |k|| + G|

where k| = kg sin (0) is the in-plane wavevector of light. The grating vector is inversely proportional to
the grating spacing, so tuning of SPP modes relies upon control over the nanostructuring of plasmonic

materials as discussed in Chapter

1.1.2. Localized Surface Plasmons

Localized surface plasmons (LSPs) are oscillations confined to metal nanoparticles with dimensions
smaller than the wavelength of light (Figure ).III LSP modes create regions of positive and negative
charge on the surface of the nanoparticle, so the modes can be further classified as dipolar or quadrupolar
oscillations, for example. This will relate to how the mode couples to light, as well as the electromagnetic

fields. The resonant frequency of light for LSPs depends upon the nanoparticle size, shape, material,
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and refractive index environment, so controlling these properties through synthesis techniques“t23 or

fabrication approaches™ is key to tuning LSP modes.

1.2. Nanopatterning of Plasmonic Materials

Nanopatterning is examined in this thesis as a method for structuring plasmonic materials to engineer
their optical responses and their coupling with other materials. Microfabrication was developed using
photolithography to generate patterns in photoresist by shining light through a reusable binary mask
(typically Cr on glass) to expose selected regions of the photoresist. While fast, scalable, and robust, this
method is fundamentally limited in resolution by the wavelength of light (typically hundreds of nanome-
ters). Therefore, the push for nanotechnology has driven developments in fabrication with tools such
as electron-beam lithography and phase-shifting photolithography. Most research studies and commer-
cial applications of nanodevices use electron-beam lithography for patterning, in which an electron-beam
(e-beam) is focused to nanoscale spot sizes and scanned over a film of e-beam resist to write patterns
serially?®. Using electrons instead of light improves the resolution to tens of nanometers or even several

nanometers, but this serial writing tool scales poorly because writing time depends on pattern area.

1.2.1. Soft Lithography Tools

Phase-shifting photolithography (PSP) has been adopted by major computer chip manufacturers as
modification of traditional photolithography that preserves the speed, scalability, and fidelity, with the
added benefit of sub-wavelength resolution down to tens of nm. In this system, ultraviolet light is shone
through a mask that may be fully transparent, but is structured topographically. The relative phase of
light passing through the mask is shifted by the topographical features, creating variations in the near-
field intensity that can be transferred into photoresist (Figure . While commercial manufacturing
facilities will typically use hard (glass) masks, the same principles can applied with soft lithography, which
uses soft masks made entirely of elastomeric polymer such as polydimethyl siloxane (PDMS, commonly

known as silicone) molded from a silicon master pattern.1#25:26
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Figure 1.2. Phase-shifting Photolithography. (a) A monolithic silicon master patterned
with posts arrays is fabricated using interference lithography and used to mold a PDMS
mask. (b) Phase-shifting photolithography is performed to create resist posts that are
then transferred into Au masks. (c¢) Soft lithography is used to pattern gold hole arrays
over cm-scale areas. Figure adapted from Henzie et al.”

Another type of soft lithography using PDMS masks patterned with nanoscale topography is solvent-
assisted nanoscale embossing (SANE).2 The PDMS mask acts as a stamp that is soaked in a solvent to
load solvent into the stamp (Figure . Placing the solvent-loaded stamp into direct contact with a
resist-coated wafer, causes the resist to dissolve and conform to the nanoscale topography of the mask.
After the solvent has all evaporated, the stamp can be removed to leave the embossed resist features. This
lithography technique offers high-fidelity patterning with nanoscale resolution without the use of special
equipment, making it a highly versatile research tool. PSP and SANE are implemented throughout the

research projects discussed in this thesis.

1.2.2. Fabrication of Nanoparticle Arrays

Following lithography, several processing steps are required to transfer the resist patterns into other mate-
rials, such as metal nanostructures. One fabrication process called PEEL was incorparated in Chapters
for the production of nanoparticle arrays.2Z PEEL is an acronym for combining photolithogra-

phy, etching, e-beam deposition, and lift-off to produce free-standing Au films perforated with arrays of
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Figure 1.3. Nanopatterning with SANE. (a) A PDMS stamp is molded from a master
template. The stamp is loaded with solvent by soaking and then used for embossing
polymer resist. (b) An SEM image of sample photoresist post arrays patterned by
SANE. Figure adapted from Lee et al.2

nanoholes. These hole arrays are useful as physical deposition masks for deposition of nanoparticles with

the same shape and array structure as the nanoholes.

1.2.3. Replication Through Template Stripping

Plasmonic grating structures can be generated using template stripping, in which a metal film is deposited
directly onto a patterned surface (a template) to define the film morphology. The film is then removed
(stripped) from the template using an adhesive backing layer. 2829 Template stripping is capable of
producing several identical samples with high fidelity by reusing the template pattern. Furthermore,
SPP applications benefit from this fabrication method because it reduces surface roughness, which is a
critical cause of energy loss in SPP systems.3%31 Template stripping relies upon low adhesion between
the template and metal film, which creates material constraints. To resolve this issue, methods have been

developed for reducing surface adhesion by incorporating an intermediate coating or release layer such
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as gold=2 or fluoropolymer.33 Template stripping was incorporated in Chapter [2| for the generation of

plasmonic grating structures used in SPP studies.

1.3. Plasmonic Cavities for Enhancing Fluorescence

Metal nanostructures supporting plasmonic resonances have been used as optical resonators to couple
with active materials for enhanced light matter interactions. Examples include enhanced emission from

fluorescent materials=432

and lasing in a variety of gain media.®4%41 I former case, the nanoparticles
serve as cavities with a high local density of optical states (LDOS) for trapping and confining light.
Emission is therefore increased within an optical cavity according to Fermi’s golden rule that states that
the radiative decay rate of an emitter is proportional to the LDOS, which is a function of wavelength,

position, and dipole orientation. The increased LDOS for an optical cavity can be approximated Using

the Purcell factor F:42

(1.3) F= 4%2 (vﬁ) (22)3

where @ is the mode quality factor, V;,.qe is the effective mode volume, A is the resonant wavelength, and
n is the refractive index of the surrounding medium. This equation helps us to identify parameters we can
manipulate through proper cavity mode engineering to increase the Purcell factor F' and take advantage
of a high LDOS for emission enhancement. Namely, optical cavities will show the highest Purcell factor
for high quality factor and small mode volumes. The following subsections will examine how this applies

in the case of plasmonic nanocavity arrays.

1.3.1. Mode Volume

Plasmonic modes in general localize electromagnetic fields to hotspots with nanoscale volumes. This
characteristic offers intuitively small mode volumes in comparison to photonic cavities, which cannot be
confined below the diffraction limit:

A 3
1.4 mode Y
(1.4) Voate > (51 )
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Plasmonic modes bypass the diffraction limit, allowing for smaller mode volumes that contribute to high
Purcell factors. Therefore, plasmonic cavities are promising candidates enhancing fluorescent emission.

The effective mode volume V4. for a cavity mode resonant at frequency w is typically defined
by 235

J Re |2t }u?(m?dr
max (Re[ we( )

where €(7) and E(7) are the dielectric constant and electric field vector respectively at position vector 7.

(15) Vinode =

This simplifies to

fRe[ de@) | (*)} |\ B(7)2d7
max (Re [ d(e(r)) +e fﬂ |E(7)|2 )

(16) Vmode =

by expanding the derivative. For non-dispersive cavities, the remaining derivative goes to zero in Equation
further condensing the expression. However, for cavities based upon plasmonic nanoparticles, the
dispersive characteristics of the materials must be considered by including all terms in Equation [I.6] in
calculations. This definition of mode volume can be conceptualized in terms of normalizing the electric
field intensity and then each volume element of the cavity contributes to the mode volume according to
its relative field strength.

Although this definition is commonly used to calculate the mode volume of photonic cavities, it
presents the challenge of identifying an appropriate volume over which to integrate. This consideration
is particularly important for plasmonic cavities that do not confine electric fields within a well-defined
space, but instead support modes in open volumes. Therefore, the standard definition in Equation
diverges with increasing integration volume. 4648

One way to overcome this shortcoming of the standard mode volume definition is to recognize that
the mode volume diverges linearly for significantly large enough integration volumes. This is because
dipole field intensity decays as 1/R? in the far field while integration volume increases as R®, creating
a linear dependence on R for the mode volume V4. in Equation [I.6 for sufficiently large integration

volumes. Though seemingly problematic, one simple correction is to plot the mode volume for increasing
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integration distance R and use the intercept of the linear divergence to define a robust mode volume.46

While other methods have been proposed to rigorously define mode volume,*™48 this particular method
largely maintains the familiar definition, making it an attractive choice for mode volume calculations in

practice.

1.3.2. Quality Factor

Quality factor represents the losses of light trapped in an optical resonator. In traditional Fabry—Pérot

cavities, quality factor ) is defined in terms of cavity energy loss by?

stored energy

(1.7) Q=2r

energy loss per cycle

Experimentally, this may also be expressed in terms of the resonant frequency wgy and the resonance

linewidth (full width at half maximum) dw as*50

(1.8) Q=2

T ow

Conceptually, at a given resonance frequency wp, a narrower linewidth dw corresponds to higher qual-
ity factor ). Plasmonic modes have notoriously poor quality factors in comparison to photonic cavities
because energy is readily lost by radiative scattering and absorption in metals. For this reason, strategies
for engineering plasmonic cavity modes to increase the mode volume are important for applications in

enhancing fluorescent materials, as discussed in Chapters (3| and

1.4. Applications of Plasmonics for Lasing

An important application of optical cavities is their use in laser systems. Fabry-Pérot cavities are
standard for a range of lasers with different gain, including solid-state, gas, semiconductor, and dye
media.?1"68 Gain material affects wavelength, tunable range, pumping mechanisms, and timescales of
lasing dynamics.**” The earliest lasers were based on insulators doped with ions: Cr:Al,O3 (ruby),>

Ti:Al,O3 (Tisapphire),®® and Nd:Y3Al;0:2 (Nd:YAG).53#54 Advantages of solid-state lasers include
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tunable emission over hundreds of nanometers®? and generation of ultrashort pulses for femtosecond
measurements, 2220

The development of other types of gain materials produced different lasing signatures. Gas and
semiconductor lasers can be electrically pumped, and so they are frequently used to optically pump other

57HS9

laser systems that cannot be driven electrically. > 20102 Gas lasers rely on electrical discharge and

have pulse durations < 0.1 ps;%% excimer lasers are a subcategory and emit at ultraviolet wavelengths."

Semiconductor lasers based on light emitting diodes®1%2

are advantageous because wavelength can be
tuned by adjusting composition; for example, partial substitution of In or Al in GaAs can control the
band gap over a broad range of wavelengths. In contrast, organic dye molecules dispersed in a liquid or
solid medium must be optically pumped; however, they can achieve a similar range of tunability based
64165

on broad absorption and emission spectra.

Plasmonic cavities have also found use in a variety of laser systems that incorporate various gain

OHTTIB0/45 3HBIGSH

media including organic dye semiconductors. & Two large classes of plasmon-based lasers

are nanowire-on-film lasers and nanoparticle array lasers.

1.5. Nanowire-on-film Lasers

To compensate for large ohmic losses at optical frequencies in metal structures,™ calculations pre-
dicted that incorporating a dielectric layer between metal and semiconductor materials could reduce
losses while maintaining ultra-small mode volumes.™ The standard-of-the-art system is composed of
a semiconducting nanowire separated from a metal film by a thin dielectric spacer; the semiconductor
functions as the gain material and its length defines the lateral cavity dimensions. When the spacer is
reduced to nanoscale dimensions (< 10 nm), a hybrid mode is confined in the gap having features of
both a waveguide mode from the nanowire and an SPP mode from the metal. Lasing from these confined
modes has been observed in a wide range of materials systems># 00 (Figures [1.4a—b). The first
nanowire-on-film plasmon laser had a lasing mode cross-section of A?/400 confined between a circular

CdS nanowire and a Ag film.?
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Figure 1.4. Nanowire-on-film spaser designs. (a,b) Spaser designs based upon semicon-
ductor nanowires on plasmonic metal films may incorporate different materials depending
upon laser wavelength. (c,d) Nanowire geometry influences surface plasmon polariton
hybridization with waveguide modes within insulator gaps. Panels a and ¢ adapted from
Oulton et al.® Panels b and d adapted from Zhang et al.?

Nanowire-on-film plasmon lasers can span visible and ultraviolet wavelengths using a variety of
nanowire materials, including CdS,*7% InGaN,™ GaN % and Zn0.78 Nanowire heterostructures, which
contain more than one semiconductor material, allow for broad emission spectra of laser modes spanning
the entire visible spectrum.™72 Nanowire shape affects the contact area defining dielectric waveguide
modes and corresponding hybrid modes for lasing; hexagonal and triangular cross-sections have larger
contact areas than circular ones, which can reduce scattering losses and increase plasmon-exciton cou-
pling® (Figures —d). Nanowire diameter also affects efficiency of output coupling to plasmons versus
photons, as revealed in dark emission from spasing.™ Surface plasmons amplified within the cavity mode

are emitted at the edges of the nanowire as evanescent waves propagating along the metal-dielectric in-

terface, and this signal can be imaged using leakage radiation microscopy. While photon scattering also
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Figure 1.5. Multimodal lasing from nanowire-on-film devices. (a) Emission spectra for
increasing pump intensities show progression from spontaneous emission (blue), amplified
spontaneous emission (red), and multimodal lasing (green and yellow). (b) Plot of mode
spacing versus inverse nanowire length 1/L shows a linear relationship. Figure adapted
from Oulton et al.”®

occurs, plasmon emission dominates the output and reaches nearly 100% efficiency at small (order of 50
nm) nanowire diameters.®

Because semiconductor nanowires are typically several microns in length, nanowire-on-film lasers
show multi-modal lasing spectra (Figure ) similar to Fabry-Pérot devices.” Standing waves with an
integer number of nodes along the length of the nanowire provided resonant modes for lasing, and longer
or shorter nanowires dictated the mode spacing (Figure ) Shortening the nanowire reduced the
number of lasing modes within the gain envelope, and single mode lasing emerged at nanowire lengths

of roughly 200 nm."™ Single-mode lasing has also been achieved with semiconductor nano-square patches

on plasmonic films using the total internal reflection of SPP modes for feedback.™ The number of
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supported modes depended on the geometry of the patch, with micron-sized square patches exhibiting
multiple modes and breaking the symmetry resulting in single-mode emission.™

One attractive feature of nanowire-on-film plasmon lasers is the fast decay dynamics compared to
nanowire photonic lasers without metal films.”™@ The spontaneous carrier recombination rate can be
several times faster for plasmon modes compared to photonic modes. As a result of these short lifetimes,
plasmonic systems can achieve lasing pulse widths < 800 fs, around ten times shorter than their photonic
counterparts.’ Because lasers based upon SPPs tend to exhibit high ohmic losses from the metal, early
work required cryogenic temperatures.®*™! Improvements in design and fabrication, however, have since
lowered the lasing thresholds and allowed operation at room temperature. 2947 Another limitation for
nanowire-on-film lasers is their lack of directional emission in the far-field since the light is scattered
from the end-facets of the nanowire;® however, these devices can be integrated with waveguides to direct
emission. For example, semiconductor nanobelt waveguides can direct the output light from lasing
cavities formed by the intersection of the nanobelt and a plasmonic metal strip.%® Such architectures
enable wavelength multiplexing and potential electrical modulation for on-chip applications.

Nanowire-on-film lasers can be used for lasing-enhanced sensing, where analytes are detected based
on changes in lasing output.?®?™ Most plasmon-based sensors monitor local changes of refractive index
in plasmon wavelength, where a common figure of merit is wavelength shift per refractive index unit
divided by peak width.™®! Hence, sensors based on broad plasmon resonance linewidths (10-100 nm)
have limited sensitivity.™ In contrast, lasing signals are very narrow (order of 1 nm) and allow for easily-
resolved shifts in peak wavelength or amplitude for small changes in index.%?™ Nanowire-on-film lasing
sensors are also sensitive to fluctuations in lasing intensity.” For example, explosives (2,4-dinitrotoluene;
ammonium nitrate; and nitrobenzene) were detected at few-ppb or even sub-ppb concentrations in air
with almost no measurable interference from common air species (Figure . The low detection lim-
its were possible due to surface chemistry effects on the gain. Adsorption of analyte on semiconductor
nanowires reduced non-radiative exciton decay channels, which caused longer exciton lifetimes and in-
creased lasing intensity without changing peak wavelength.® These effects were reversible and changes in

analyte concentration could be monitored in real time.
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Figure 1.6. Lasing-based sensors for explosives. (a) Scheme for DNT sensing based
on a nanowire-on-film laser. (b) Laser intensity shows ppb sensitivity to DNT in the
surrounding environment while laser wavelength remains unchanged. Figure adapted
from Ma et al.®

1.6. Nanoparticle Array Lasers

LSP modes of individual nanoparticles generally show broad spectral lineshapes corresponding to
high loss and poor quality factor (). For this reason, using individual nanoparticles as optical resonators
for lasing is challenging. A large contribution to loss in LSP modes is radiative dipolar oscillation by
the nanoparticles, so strategies for mitigating this loss mechanism could contribute to improved quality
factors. Omne such strategy is to arrange the nanoparticles in a periodic lattice. Under proper material
and geometry conditions, this lattice configuration allows the nanoparticles to oscillate in phase with one
another, canceling out the radiative dipole loss.” This interaction of the particles in a lattice is observed
both experimentally and theoretically as sharp peaks in the the extinction spectra (Figure . The
sharp spectral features are called lattice plasmon modes or surface lattice resonances, which arise from
the hybridization of individual nanoparticle LSP with Bragg diffraction modes. Bragg modes occur for
periodic lattices in a uniform refractive index environment, and they depend on both lattice spacing and

refractive index.®2 Interference between the discrete state of the Bragg mode with the continuum of states
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Figure 1.7. Lattice plasmons with sharp resonances in periodic metal nanoparticle
arrays. (a) Experimental demonstration of sharp lattice plasmon resonances from gold
nanorod arrays. (b) Simulated extinction spectra of an 1D chain of silver nanoparticles
with varying spacings by coupled dipole method. Inset shows the real and imaginary
parts of the normalized dipole sum. Panel a adapted from Auguie et al.% Panel b adapted
from Zou et al.”

of the LSP creates a Fano-type lineshape in the transmission spectrum. This sharp spectral peak can be
optimized to create a high quality lattice plasmon mode by tuning the LSP based on nanoparticle size
(Figure ) or the Bragg mode based on lattice spacing (Figure )

Nanoparticle arrays supporting lattice plasmon modes are ideal candidates for nanoscale laser devices
and have been demonstrated in a number of configurations. 183 The typical setup for these devices
is to fabricate plasmonic nanoparticle arrays on a glassy substrate, and incorporate a gain material in
the form of a superstrate coating (Figure ) An example would be an organic laser dye, such as
IR-140 with NIR emission, dispersed in either a polymer matrix (polyurethane) or an organic solvent
(dimethyl sulfoxide) with a refractive index matching the substrate. The completed devices show lattice
plasmon modes with dispersive character following the diffraction mode of the array for different angles
of incidence (Figure ) At normal angle of incidence (kj|), the lattice mode has zero group velocity
(dw/dky = 0), which identifies a standing wave with a high local density of optical states (Figure
red circle). The phase mapping for near-field simulations also shows standing wave behavior in the form
of bands of constant phase for all of the nanoparticles (Figure )

Lasing experiments using lattice plasmons coupled to dye excitons shows narrow emission linewidths
(< 1.5 nm) above the lasing threshold (Figure ) Lasing threshold can be studied by examining

the emission intensity as a function of pump intensity (Figure ) The lasing threshold is observed
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Figure 1.8. Directional lasing from NP arrays. (a) Scheme of a laser device including

gold NP arrays embedded in liquid or solid-state gain media. (b) Calculated optical

band structure. (c¢) Simulated phase profile at lattice plasmon resonances. (d-e) Power

dependent lasing emission and input-power output-intensity curves. (f) Far-field beam

profile with a highly directional lasing spot. Panel a adapted from Wang et al.® Panel b

adapted from Wang et al.? Panels c-e adapted from Zhou et al.’0 Panel f adapted from

Yang et al. Tl
as a sudden change in slope for the emission intensity. Unlike nanowire-on-film lasers that shows non-
directional scattering of their laser emission, lattice plasmon lasers take advantage of diffractive coupling
as an emission channel to provide highly directional laser output (Figure ) In most studies, the
far-field beam profile showed laser emission normal to the nanoparticle array and with a beam divergence
of less than 1.5°.

Engineering lattice plasmon lasers has allowed for tailoring of their emission with interesting proper-
ties. The first example of this is in the form of real-time tunability of laser emission wavelength through
changes in the dielectric environment (Figure [1.9) Iy this configuration, liquid gain material (dye in
organic solvent) is sandwiched between the nanoparticle array and a cover slip for capping (Figure )
The refractive index environment could be changed statically by switching the substrate material, and

this shifted the lattice mode lasing wavelength even though the nanoparticle geometry and lattice spacing

was fixed (Figure ) Taking this strategy a step further, a microfluidic channel allowed for gain
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Figure 1.9. Real-time tunable nanolasing from plasmonic nanoparticle arrays by re-
freshing liquid dye solutions. (a) Scheme of a lasing device consisting of gold NP arrays
sandwiched between liquid dye solutions and a glass coverslip. (b) Statically tuned las-
ing wavelengths can span the entire emission bandwidth of the dye. (c¢) Scheme of the
dynamic laser with a microfluidic channel. (d) Continuous shifting of lasing emission to

longer wavelengths and then back to shorter wavelengths. Figure adapted from Yang et
al.1l

medium to be refreshed by pumping through dye dissolved in solvents of varying refractive index (Figure
). The lasing wavelength was thereby dynamically tuned with a spectral range spanning the emission
bandwidth of the dye (Figure ) This device relied upon the tolerance of lattice plasmon modes to
slight mismatch in refractive index between the substrate and superstrate materials (An < 0.05). This
study demonstrated the utility of refractive index for engineering the plasmonic resonances for novel ap-
plications, and this concept will be touched on in the process of selecting device materials in (Chapters
Bl and [

A second example of engineering lattice plasmon lasers is using device structuring to generate multi-
modal lasing emission.? This study used hierarchical structuring to form superlattices composed of
nanoparticle array patches. The nanoparticle arrays had a spacing of 600 nm like in previous stud-

ies, and the patches offered an additional periodicity of several microns (Figure [1.10p). This multiscale
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Figure 1.10. Multi-modal nanolasing in gold nanoparticle superlattices surrounded by
liquid dye solutions. (a) SEM image of gold superlattice arrays with NP spacing a0 =
600 nm, patch side length 1 = 18 m and patch periodicity A0 = 24 m. (b) lasing emission
profile (in black), dye emission profile (in orange) and linear optical properties (in blue).
(c) Measured optical band structure of superlattice arrays. (d) Angle-resolved emission
spectra of multi-modal lasing. (e) Switchable lasing between single and multiple lasing
peaks from symmetry-broken NP line patches. Figure adapted from Wang et al.2!

patterning created coupling between the lattice plasmons of the finite patches of nanoparticle and the
diffraction mode from the patch periodicity. This interaction generated multiple superlattice plasmon
modes seen in both the cavity transmission spectrum and lasing spectrum when integrated with dye
(Figure [1.10p). While infinite arrays of nanoparticles showed a single band edge state with zero group
velocity at normal angle (k = 0), the nanoparticle superlattices showed several band edge states at both
normal and off-normal angles due to crossing of superlattice diffraction modes (Figure [1.10c). The
plasmonic lasing followed the array band structure, showing emission from the band edge states (Figure
1.10d). This study is a prime example of tailoring the optical responses of plasmonic devices through
modifications to the geometrical structure, and additional methods for controlling photonic responses

and lasing through device symmetry will be discussed in Chapter
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CHAPTER 2

Sequential Feature-Density Doubling for Ultraviolet Plasmonics

Referenced work: M. P. Knudson, A. J. Hryn, M. D. Huntington, and T. W. Odom, “Sequential feature-density doubling
for ultraviolet plasmonics.” ACS Applied Materials and Interfaces 9, 33554-33558 (2017).
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2.1. Introduction for Patterning Tools

PRI 97

Chemical synthesis and nanofabrication™?# are two complementary methods that can generate
plasmonic nanostructures. As a bottom-up approach, synthesis adjusts growth conditions to control
particle size and shape for targeted optical responses.?12 Plasmonic resonances in the ultraviolet (UV)
range require materials with suitable dielectric functions, such as Al and Ga.®# These materials often re-
quire difficult procedures to prevent oxidation, show undesired heterogeneity, and form a limited range of
nanoparticle geometries compared to conventional plasmonic materials Au and Ag.22248586 Ty contrast,
top-down fabrication approaches provide better uniformity and control over nanostructure organization to
realize collective optical interactions.t4 Although procedures are reasonably well-developed for designing

plasmonic substrates at visible and infrared wavelengths,' UV plasmons require not only materials with

low losses in this range but also smaller sizes and spacings.?* The ability to access increasingly smaller pe-
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riodicities is needed for emerging plasmonic applications in photocatalysis, enhanced fluorescence,
enhanced Raman spectroscopy,®? and lasing.®

The production of nanostructures with periodicities on the order of 100 nm over macroscale areas is
challenging using common patterning techniques. Serial writing methods, such as electron-beam lithog-
raphy, are time-consuming for dense features and require writing rates on the order of 10 days/cm? for
100-nm pitch structures using typical electron-beam conditions.?%! Interference lithography can pattern
wafer-scale areas in a single step but involves specialized setups to produce periodicities below 200 nm.24
For example, a 157-nm laser interferometer carefully aligned with a vacuum, UV-grade sapphire prism
and a high-index immersion liquid can generate resist gratings with 44-nm periodicity.?? Molding and

2489

printing methods based on patterned molds or stamps, such as nano-imprint lithography and soft

L2931 are powerful tools for large areas but still rely upon other techniques to create the

lithography,
patterns on the stamps.

One strategy to create smaller periodicities is self-aligned double patterning by sidewall image trans-
fer.9% This process is a type of edge lithography where the outlines of lithographically defined features are

transferred into the substrate with twice the feature density of the original pattern. Preparation of hard

masks involves anisotropic dry-etching of oxide or nitride thin films whose thickness determines the final
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linewidth. Since etching through thick masking layers can damage the underlying material, self-aligned
double patterning typically uses thin films to target linewidths <25 nm and periodicities <50 nm,?44>
although periodicities up to 100 nm have been achieved.“¢

In this chapter we demonstrate a feature-density doubling method that spans periodicities in the
100-200 nm range with an application for UV plasmonics. Our approach incorporates wet-etching to
pattern atomic layer deposition (ALD)-deposited alumina on silicon wafers. Using thin (5-nm) alumina
films as masks for controlled wet over-etching, we tuned feature sizes down to several nanometers with
high uniformity. To demonstrate functionality of the nanopatterns, we transferred silicon line gratings
patterned >3 cm? into aluminum gratings with excellent fidelity by template-stripping. These substrates

displayed UV plasmon modes that were tunable in the range of 300-400 nm based on sample periodicity

and incident angle.

2.2. Fabrication of Si Lines Through Sequential Feature Density Doubling

Figure depicts the process for tuning nanostructure features by wet over-etching of alumina.
First, polymer resist was patterned by solvent-assisted nanoscale embossing (SANE)? on a 5-nm thin
film of ALD-deposited alumina on silicon (Si) wafers. The resist was used as an etch mask to protect the
alumina during wet-etching, where the widths of alumina lines depended on etching time. We started
with a fixed resist pattern of periodic lines with a = 450 nm as well as a 48% duty cycle (linewidth
divided by line periodicity) since 50% duty cycles are common and so that we could easily extend this
starting pattern to other (smaller) linewidths by wet over-etching. Alumina lines were then used as a
mask for deep reactive ion etching (DRIE) to transfer the patterns into Si. We achieved a wide range of
duty cycles from 48% to 8% (Figure [2.1b—i), which corresponded to 83% reduction in linewidth. For
our recipe, Si features were dry-etched to a depth of 70 nm using DRIE process times of 30 s (Figure
2.2).

We determined that ALD alumina was a desirable masking material because of a combination of
material properties. First, over-etching could be controlled to several nm because the wet-etching rate

of alumina depended on temperature. Etching at 50°C produced a linear over-etching rate of 1 nm/s
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Figure 2.1. Tunable linewidths. (a) Controlled wet over-etching of ALD-alumina lines
for use as DRIE masks. (b)—(i) SEM images of Si lines after DRIE showing decreasing
Si linewidths for increasing wet over-etching times.

with a root mean square (RMS) error of 4 nm in the linear regression (Figure that represented
the random deviation of observed linewidths from expected values. Second, small feature sizes were
possible because the wet-etched ALD patterns showed low line-edge roughness. Linewidths down to 40
nm could be achieved at the longest wet-etching time of ¢t = 220 s, while etching beyond this time caused
discontinuities in the lines. We characterized the RMS line edge roughness from SEM images (Figure
and found that typical values ranged from 2 nm for short wet-etch times up to 5 nm at the longest
times (Figure . In comparison, previous work on wet over-etching using Cr thin films showed a
97

roughness of ca. 25 nm for wet-etching only a few seconds.”Z Third, we found that a thin 5-nm alumina

mask was sufficient to dry-etch Si features >70 nm deep because ALD alumina is resistant to SF6 plasma

etching. 98499
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Figure 2.2. Atomic force microscopy (AFM) data for Si lines. Image and cross section
for ¢ = 130 s of alumina wet over-etching. Using a DRIE time of 30 s, Si etch depth is

70 nm for these samples. Features appear wider than corresponding SEM image due to
AFM tip effects.
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Figure 2.3. Trend in linewidths for wet over-etching times. The plot shows a linear
trend with a slope of -1 nm/s and a root mean square error of 4 nm.
Figure shows our feature-density doubling scheme using a parent line array with periodicity
a = 400 nm to generate a daughter array with periodicity ¢’ = a/2 = 200 nm. The starting periodicity
was chosen to provide round numbers in each generation, and a large duty cycle (75%) was used to meet
requirements of our doubling scheme. (i) A parent Si array was used to create a PDMS mold for (ii)
patterning polymer resist lines using SANE on an ALD alumina-coated Si wafer. (iii) Resist features

served as a wet-etching mask for the alumina layer, which created a set of alumina lines with periodicity
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Figure 2.4. Image processing and edge fitting for computing roughness. (a) SEM image
of a Si line pattern with a” = 100 nm periodicity before (left) and after (right) converting
to binary black and white coloration. The image includes eight edges, each 2.2 microns
long. (b) The black and white regions are used to define a set of points along the line
edges with pixel connectivity 8. (c) Each edge is individually fit to a least-squares line,
and the mean square error of each linear fit is converted from units of pixels to nm. The

mean square error is averaged for eight edges to determine the mean square error line
edge roughness in nm for each sample.

roughness (nm)

0 50 100 150 200
Alumina etch time ¢ (s)
Figure 2.5. Trend in roughness with etch time. Each data point represents the average
line edge roughness for the corresponding image in Figure using 8 edges per sample,
each 2.2 microns long. Line edge roughness is ~ 3 nm for short etch times and increases

slightly as wet etch time increases. The linear fit has a slope of 0.01 nm/s and a root
mean square error of 0.3 nm.
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Figure 2.6. Feature density doubling process. A parent Si pattern with line periodicity
a = 400 nm was used to generate a daughter Si pattern with periodicity ¢’ = 200 nm. A
second doubling sequence produced a granddaughter pattern with periodicity a’” = 100
nm.

a = 400 nm. (iv) Cr deposition normal to the surface and (v) resist lift-off produced a set of Cr lines
also with periodicity a = 400 nm in-between alumina lines. (vi) Together, alumina and Cr lines formed
an effective mask with periodicity a’ = 200 nm for DRIE processing to create a daughter pattern in Si.
(vii) Once the Cr and alumina lines were removed, the Si pattern with periodicity ' = 200 nm could
be used for the next sequence of feature-doubling. For this scheme to produce uniform Si linewidths, we
needed to ensure the alumina and Cr masks had equal dimensions. Since the Cr linewidths were fixed
based upon the gap size between resist lines, the alumina was precisely matched to the Cr by tuning the
wet-etching times (Figure [2.3).

We performed two sequences of feature-density doubling to produce Si lines of increasingly smaller
periodicities (Figure @, starting with a parent Si line array of a = 400 nm patterned by interference
lithography (>3 cm?) (Figure , inset). The first doubling process created a’ = 200 nm, and a PDMS
mask from this array was then used for a second cycle of doubling to produce an array of o’ = 100 nm.
We found that 100 nm was the lower bound for this combination of PDMS masks and materials substrate
since narrower features with high aspect-ratios did not transfer well for SANE. Periodicities of o’ = 200
nm and a¢” = 100 nm in Si were too small to show diffraction at visible wavelengths, although contrast
between patterned and un-patterned areas of the wafer was evident.

Linewidths for the three generations were 299+2 nm, 14244 nm, and 7647 nm with a fixed duty cycle

of ~75%. The same DRIE process was applied to all three generations for transferring the patterns into
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a” =100 nm

Figure 2.7. Two sequences of feature density doubling. SEM images of periodic Si
lines. (a) Generation 1: a = 400 nm with a photograph inset to show total patterned
area >3 cm?. (b) Generation 2: @’ = 200 nm. (c) Generation 3: a” = 100 nm.

Si and produced feature heights of 70 nm, 50 nm, and 35 nm, depending upon trench width (Figure .
Differences in height were likely from aspect-ratio dependent etching, a common phenomenon in which
narrower features are dry-etched to shorter depths.20¥ Two factors may limit etching of even narrower
feature sizes. First, ALD-alumina masks had vertical sidewalls (89°) with our DRIE recipe, but Cr masks
produced sidewalls with an 84° slope (Figure . Second, for both mask materials, dry-etched features
were slightly rounded at the base with a radius of curvature of 20 nm. Nevertheless, our methods and
materials could produce dry-etch depths down to 90 nm (Figure . Wet-etched ALD alumina and
evaporated Cr also produced indistinguishable line edge roughness, so the mask materials were further
complementary for our doubling scheme. The RMS line edge roughness for each generation was between

3—4 nm, and no trend was observed across generations since wet-etch times were relatively short (<120
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Figure 2.8. Cross sections of etched Si lines. SEM cross sections show Si line patterns
with periodicities ¢ = 400 nm (a), ¢’ = 200 nm (b), and ¢” = 100 nm (c). Etch
depths for these patterns are 70 nm, 50 nm, and 35 nm, respectively, using the same
DRIE process for each sample. Differences in etch depth are attributed to aspect ratio
dependent etching, a well-known phenomenon in which narrower features are etched to
shorter depths in DRIE.

s). Importantly, roughness did not transfer from one generation to the next to a noticeable degree, which

we attribute to the smoothing of resist features during SANE.

2.3. Transfer of Patterns into Plasmonic Materials

Our nanopatterned Si substrates were ideal for producing plasmonic gratings using template stripping
(Figure ), in which the original pattern directly defines sample topography.2%3052 (i) We briefly
treated the Si templates with a C4Fg plasma to produce a thin conformal fluoropolymer coating on the
Si surface that acted as a release layer to prevent adhesion.®? (ii) An optically thick film (120 nm) of Al
was then deposited onto the Si templates by electron-beam evaporation, and (iii) UV-curing of an optical
adhesive (NOA 61, Norland Products Inc.) was used to strip the patterned Al from the Si templates. The
final substrates were Al line gratings with periodicities of @ = 400 nm, a’ = 200 nm, and &’ = 100 nm
(Figures [2.10p—d) for which the entire patterned Si areas could be transferred into Al (Figure [2.10p,

inset). These Al patterns could be formed up to 65 nm tall, about the depth of the Si templates; their
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Figure 2.9. SEM cross sections showing etching profiles. Alternating lines of evaporated
Cr (wide) and ALD alumina (narrow) were used for masking Si during DRIE etching.
The different widths allowed identification of mask materials. Cr masks produced slightly
slanted sidewalls (~ 84°) during DRIE processing, while ALD alumina masks produced
vertical sidewalls (~ 89°). All sidewalls, however, were sufficiently vertical for the feature-
doubling process. Si lines were etched to a depth of 90 nm with evaporated Cr and ALD
alumina masks, 7-nm and 5-nm thick, respectively, showing potential for high etch depths
with these thin film materials.

linewidths (83 + 2 nm, 55 + 3 nm, and 22 + 2 nm) were slightly narrower than trenches in Si patterns
because of the fluoropolymer coating (Figure [2.11]). These nanoscale dimensions are ideal to excite

surface plasmon polaritons (SPPs).58

2.4. Optical Properties of Al Gratings

We tested the plasmonic properties of the Al line arrays by analyzing their reflectance spectra.

Periodic nano-grating structures support SPP modes described by1%20

w €dEm
2.1 koppl = —4/ = |k G
( ) | pp| c\ e+ em | |+ |

where w is the angular frequency of light, ¢ the speed of light, and €; and €, the relative permittivities

of the dielectric and metal. k; = kgsin6 is the in-plane wavevector of light with momentum kg incident

at angle . G is the Bragg vector with components of the form iG, = i2% that depend upon periodicity

a

a and mode order i. Figure shows the reflectance properties of Al line gratings measured in air
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Figure 2.10. Template-stripped Al line patterns. (a) Template stripping scheme. (b—d)
SEM images of Al line gratings with ¢ = 400 nm, @’ = 200 nm, and a” = 100 nm.
Photograph inset shows a patterned area >3 cm? that is identical to the template in

Figure [2.10p.

(n = /ég = 1.0) over the wavelength range 200-900 nm with incident angles varying from 6 = 5° to

f = 55° in increments of 5°. For one-dimensional line patterns, the SPP dispersion relation simplifies to
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Figure 2.11. AFM data for AL lines. Images and cross sections for Al line arrays with
periodicities (a) a = 400 nm, (b), ¢’ = 200 nm, and (c) @’ = 100 nm. Heights are 65
nm, 45 nm, and 5 nm, respectively, which are consistent with Si line depths within 5 nm
aside from the a” = 100 nm sample. The sharp minima in the a” = 100 nm cross section,
however, suggest the AFM tip was too wide to reach the bottom of the trenches between
lines. AFM tip effects prevented measuring the full depth, and so the true feature height
was likely larger than 5 nm.

The a = 400 nm Al lines showed two distinct SPP modes: one at visible wavelengths corresponding
to the first order (i = 1) SPP mode and a second at UV wavelengths corresponding to the second
order (i = 2) SPP mode (Figure [2.12p). The ¢’ = 200 nm Al lines showed a single SPP mode
at UV wavelengths matching a first-order (¢ = 1) SPP dispersion relation and no features at visible
wavelengths (Figure [2.12p). The o’ = 100 nm Al lines showed no optical modes (Figure [2.12kc)
because the expected wavelengths were below the 200-nm cutoff for measurements in air. Large-area
patterns enabled incident angles to be swept up to 55° and allowed SPP modes to be tuned over a broad
wavelength range because of their dispersive character. SPPs coupled to longer wavelengths of light at

higher incident angles for a = 400 nm and ¢’ = 200 nm, and the measurements agreed with Equation 2

as well as finite-difference time-domain simulations (Figure [2.13]).

2.5. Summary

In summary, we demonstrated a feature-density doubling method to access periodicities down to 100
nm over cm?-scale areas. We expect this advance in nanofabrication will enable UV optical devices for

applications in sensing and catalysis. Also, since the patterned Si substrates can function as masters,
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Figure 2.12. Plasmonic modes of Al line patterns. Reflectance spectra for periodicities
of @ = 400 nm (a), ' = 200 nm (b), and a” = 100 nm (c). Spectra were collected from
5° to 55° in increments of 5°. Devices showed UV and visible modes with dispersive
character based on incident angle.

they can be reused to produce plasmonic substrates by template stripping. Moreover, the Si templates
can be used to create hard molds for nano-imprint lithography or PDMS stamps for soft nanolithography.
Discrete features, such as posts and holes, can be created by two lithographic patterning steps of one-

dimensional molds crossing at arbitrary angles. Therefore, our feature-density doubling approach offers
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Figure 2.13. Dispersion diagrams for reflectance of Al devices. Spectra for a = 400 nm
periodicity Al lines from (a) experimental measurement and (b) simulation. Spectra for
a’ = 200 nm periodicity Al lines from (c) measurement and (d) simulation. Spectra for

"= 100 nm periodicity Al lines from (e¢) measurement and (f) simulation. The lines
in the plot show analytical calculations of first order (i = 1) SPP modes in blue and
second order (i = 2) SPP modes in green for the respective structures. Simulations were
performed using finite-difference time-domain (FDTD) simulations in Lumerical with a
plane wave light source and periodic boundary conditions using a broadband fixed-angle
source technique (BFAST).
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prospects in nanofabrication techniques beyond template stripping. For example, nanoparticle arrays

with small spacings could show high-quality plasmonic modes”® for applications like UV nanolasers.

2.6. Methods

2.6.1. Feature-Density Doubling of Si Lines

Si wafers were first coated with 5 nm of ALD alumina at a process temperature of 200°C using water and
trimethylaluminum precursors. Alumina-coated wafers were then treated with MicroChem MCC Primer
80/20. Shipley 1805 photoresist was diluted with propylene glycol monomethyl ether acetate (PGMEA),
spun on the wafers to thicknesses of 60-90 nm, and baked at 115°C for 2 minutes. PDMS masks for
soft lithography were molded from Si line patterns?® and used to perform solvent-assisted nanoscale
embossing (SANE), where PDMS masks were first soaked in dimethylformamide (DMF) and then placed
on resist-coated wafers to produce resist patterns inverse to those on the PDMS mask.? Residual resist was
removed with a brief oxygen plasma treatment. We used a commercial wet-etchant (Transene Aluminum
Etchant Type A) for controlled over-etching of ALD alumina heated to 50°C and stirred at 100 RPM.
A thin (7-nm) Cr film was deposited by thermal evaporation, followed by resist liftoff using MicroChem
Remover 1165. Si masked by Cr and alumina lines was dry-etched to form trenches by deep reactive ion
etching (DRIE) using a co-flow of SF6 and C4F8 process gases.?®%9 Cr and alumina masks were removed

from the Si patterns by wet-etching (Transene Al Etchant and Transene Cr Etchant).

2.6.2. Template Stripping of Al Arrays

Si pattern templates were treated for 5 seconds with a C4Fg plasma using a DRIE tool to form a few-nm
conformal coating of fluoropolymer.®3 An optically thick layer of Al (120 nm) was deposited onto the
coated Si templates by e-beam evaporation. Template stripping was performed using glass microscope
slide substrates and optical adhesive (NOA 61, Norland Products Inc.) cured under a UV lamp for ~5

minutes.3Y
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2.6.3. UV-vis Measurements

Reflection measurements were performed using a Cary 5000 UV-vis spectrophotometer with DRA-2500
integrating sphere module and center-mounted sample holder. We used a 3-nm slit band width, 0.5-s
integration time, and 1-nm data interval, 200-900 nm spectral range, and a square 1 cm x 1 cm spot
size. To limit loss of reflected and scattered light, a circular (5-mm diameter) reflectance aperture was
used to reduce the size of the integrating sphere entrance port. The aperture did not affect the spot
size because the beam was focused at the sample and not at the aperture. Al line samples were aligned
with 0° azimuthal angle (lines vertical), while light was incident in the horizontal plane. Spectra were

collected from 5° to 55° incident angle in 5° increments.
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Plasmonic Enhancement of Carbon Nanotube
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3.1. Introduction to Lattice Plasmon Modes

Lattice plasmons (also termed surface lattice resonances) are optical modes generated by the inter-
action of metal nanoparticles in an array structure within a uniform refractive index environment. Each
individual nanoparticle supports a localized surface plasmon (LSP) resonance whose wavelength depends
upon the nanoparticle’s size, shape, material, and refractive index environment. Arranging the nanopar-
ticles in a periodic array produces diffraction modes that are a function of lattice geometry and refractive
index. A Fano-type resonance forms due to the interference between the LSP (continuum state) and
diffraction mode (discrete state) in which the nanoparticles oscillate in phase with each other and cancel
out scattering loss. This hybrid mode exhibits both plasmonic characteristics like high electromagnetic
field intensities and nanoscale field confinement, as well as photonic properties like high quality factor.
Lattice plasmons have therefore benefited applications for nanoscale lasing and emission enhancement
that take advantage of cavities with high local density of optical states (LDOS). Carbon nanotubes dis-
play promising properties as nanoscale emitters that would become further valuable through plasmonic

enhancement.

3.2. Carbon Nanotube Optical Properties

Conceptually, carbon nanotubes can be thought of as sheets of graphene rolled into cylinders (Figure
3.1). The nanotube chirality, identified by a set of (n,m) indices, defines the nanotube diameter and
helicity (twist) in terms of graphene lattice vectors.2**102 The corresponding band structure, electrical
properties, and optical properties of a carbon nanotube are also derived from its chirality, with some
species demonstrating either semiconducting or metallic behavior. 201193 Critically, carbon nanotubes
may form into bundles or even concentric multi-walled nanotubes, but they must be individualized (typ-
ically using a surfactant such as sodium dodecyl sulfate) into single-walled carbon nanotubes (SWNTs)
in order to maintain their interesting optical properties.04
Carbon nanotubes show an assortment of near-IR emission wavelengths, support continuous excita-

tion and emission without blinking, and are robust against photo-bleaching.!%3 These properties make

carbon nanotubes an attractive emitter in comparison to organic dyes or quantum dots for applications
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Figure 3.1. Structure of Carbon Nanotubes. (a) A schematic diagram showing how
nanotubes can be visualized as sheets of graphene rolled along different directions. Dif-
ferent classes of nanotube chiralities are shown, including zig-zag (b), chiral (c), and
armchair (d). Figure adapted from Zhang et al. 12

such as bio-compatible sensors and telecommunications devices.™05107 However, low photoluminescence
quantum efficiency QF < 0.1% has hindered optical applications of carbon nanotubes 03106108109 jp)
comparison with some organic dyes with QF > 90%.106

Dimensions for carbon nanotubes range drastically from tens of nanometers to centimeters in length
and from several angstroms to a few nanometers in diameter.0 For semiconducting carbon nanotubes,
the band gap is inversely proportional to the tube diameter,10%102 corresponding to a range from 820
nm to over 1400 nm in emission Wavelength. Carbon nanotube synthesis typically results in a
polydisperse mixture of chiralities, but recent advances in scalable sorting methods allow for the separation
of carbon nanotubes based on electronic type and diameter with high purity. L8 This breakthrough
allows for applications requiring specific electronic character (metallic or semiconducting) or specified
emission wavelength.

Semiconducting SWNTs behave as one-dimensional semiconductors, creating sharp peaks in their

density of states, called van Hove singularities, as shown in Figure Excitonic optical transitions
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Figure 3.2. The density of states in a semiconducting SWNT shows van Hove singu-
larities forming peaks in the valence and conduction bands at positions dependent on
chirality. Photon absorption (green arrow) is followed by non-radiative decay within the
valence band and within the conduction band (dashed arrows) to the band edges from
which emission (red arrow) may occur. Reproduced from Bachilo et al. =¥

are identified as Ej; indicating transitions between the " valence band and i*"* conduction band. The
photoluminescence pathway in this system starts with photon absorption at the Fso transition, followed
by non-radiative relaxation to the valence and conduction band edges where F71; photon emission may
oceur, I3UI06

Fluorescence measurements on individualized SWNTs have shown decay lifetimes of roughly 7 ~ 10
ps in combination with low quantum efficiency (QF =~ 1.7 x 10_4). This points to a relatively long
radiative lifetime 7,4 on the order of 10 to 110 ns in comparison to organic molecule radiative lifetimes on
the order of a few ns.T0%113 Nonetheless, Trqq is not long enough to suggest a weak radiative transition,
but instead implies that fast decay of measured fluorescence results from a non-radiative relaxation
mechanism with a much shorter lifetime 7, that rapidly quenches the emission.T22113 The origin of this
non-radiative relaxation mechanism is unclear, but some point to recombination at defects, such as at
the ends of the nanotubes.103106I08I09 (7tilizing the Purcell effect within an optical cavity may allow

for faster emission, preventing many excitons from ever reaching a defect state, thereby leading to higher

overall quantum efficiency.
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In this chapter we show that the photoluminescence intensity of semiconducting single-walled carbon
nanotubes can be enhanced coupling to lattice plasmons in a Au nanoparticle array. We performed
photoluminescence mapping to establish target wavelengths for excitation and cavity-enhanced emission.
Based on this information, we designed and fabricated nanoparticle optical resonators that showed high
quality factor, high field enhancement, and excellent spectral overlap with the targeted nanotube emission
peak. The carbon nanotube emission was enhanced by a factor of two when incorporated into the lattice
plasmon cavity. Lifetime measurements showed little effect on the emission decay rate, and a few potential

reasons for this are discussed.

3.3. Designing Optical Cavities to Target Nanotubes.

Optical cavities need to be designed based upon their intended applications so that resonant cavity
modes match with their target wavelengths. Therefore, we first focused on the absorption and emission
properties of the nanotubes. SG65 carbon nanotubes were dispersed in aqueous solution using ionic
surfactant. Aggregates of bundled nanotubes were individualized further by sonication and centrifugation
to separate the remaining bundles from the individualized nanotubes. The nanotubes were redispersed in
ionic surfactant solutions for measuring the photoluminescent properties. We used a spectrofluorometer to
create a photoluminescence map (Figure . The PL map shows emission intensity as a function of both
excitation wavelength and emission wavelength, and both of these parameters depend upon the nanotube
chirality. Because the nanotubes were unsorted, several chiralities of nanotube were present in the aqueous
dispersion. We therefore observed several bright spots in our PL map with brighter intensity for more
abundant species. The strongest emission arose at an excitation wavelength of 570 nm for an emission
peak near 995 nm, and these optical properties matched the (6, 5) nanotube chirality values for Eos and
E;; transitions, respectively. Nanotube sorting methods using density-gradient ultracentrifugation can
help to isolate specific species to a large degree, but the more abundant species in the unsorted samples
provide the highest yields after sorting. We therefore decided to target the (6,5) chirality for our studies

of plasmonic interaction.
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Figure 3.3. Photoluminescence map for carbon nanotubes. Unsorted solutions of car-
bon nanotubes showed several bright spots in their PL. map corresponding to different
chiralities of nanotubes. The brightest spot is attributed to (6, 5) chirality that emit
near 995 nm with excited at 570 nm.

We designed our cavities to be resonant with the (6, 5) emission wavelength of 995 nm by tuning the
lattice plasmon mode based upon refractive index n, array lattice spacing a, nanoparticle material, and
nanoparticle diameter d (Figure ) Lattice plasmons always occur spectrally close to a diffraction
mode, which in the simple case of square lattices, is determined based upon on array spacing a and

refractive index n.
(3.1) A=na

We chose to use borosilicate glass and nanotubes dispersed in gelatin films as our dielectric materials,
which set the refractive index at n = 1.52. Therefore, we calculated that a lattice spacing of @ = 650 nm
would produce a diffraction mode and associated lattice plasmon mode near our target of A = 995 nm. The
LSP mode used for coupling was dependent upon nanoparticle (nanodisk) material and diameter, with
little effect from nanodisk height. Au was chosen for the nanoparticles because of it’s strong plasmonic

response at NIR wavelengths and chemical stability. Simulations were used to optimize the lattice mode
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Figure 3.4. Tuning and optimization of lattice modes. (a) Scheme showing a Au nan-

odisks array on a glass substrate and embedded within a thin film of carbon nanotubes

and gelatin. (b) Simulated transmission spectra for varying nanoparticle diameters to

optimize the quality factor and peak intensity for the lattice mode near 1000 nm.
quality factor and intensity by sweeping the nanoparticle diameter while keeping the height fixed at
h =50 nm (Figure ) The simulated spectra showed broad dips from LSP modes between 700-1000
nm with sharp, narrow lattice plasmon mode dips between 1000-1030 nm. Smaller diameters showed a
higher quality factor but a lower peak intensity. We found that diameter d = 130 to 140 nm offers a good
balance in this tradeoff between quality factor and peak intensity.

The near-field mappings provided additional insight about the nature of these lattice plasmon modes
(Figure . The optimized lattice mode (n = 1.52, a = 650 nm, d = 140 nm) showed electric
field intensities in the nanoparticle hot spots 600 times higher than the background intensity from the
excitation pulse (Figure ) These electromagnetic hot spots enhance light-matter interaction to
assist with increased PL from nanotubes near the nanoparticles. A unique property of lattice plasmon

modes is the formation of standing waves as seen in the bands of constant phase for all nanoparticles

in the array (Figure ) This property arises from the nanoparticles all oscillating in phase with
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Figure 3.5. Lattice mode near-field properties. Mappings of electromagnetic field in-
tensity (a), phase (b), and charge density distributuion (c) for a lattice mode at 1003 nm.
The light was incident at normal angle and polarized along the z-axis of the nanoparticle
arrays. Nanoparticles are shown in white dotted line outlines.

each other, and occurs only for non-dispersive points (where group velocity dw/dk = 0) in the band
structure diagram. The plasmonic oscillation of electrons sets upon non-uniform charge distributions on

the surfaces of the nanoparticles. Mapping charge density shows that the lattice mode is linked to a
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Figure 3.6. Fabrication of Au nanoparticle arrays. (a) A scheme showing the fabri-
cation process for producing nanoparticle arrays on glass. (b) An SEM image showing
the fabricated arrays of Au nanodisks with @ = 650 nm periodicity and d = 140 nm
diameter.

dipolar oscillation of the nanoparticles based upon the positively-charged and negatively-charged regions

(Figure [3.5¢).

3.4. Fabrication and Testing of Plasmonic Arrays

Au nanoparticle arrays with the optimized structure parameters were fabricated using parallel pat-
terning on glass using the PEEL method2? (Figure ) Briefly, soft lithography was used to produce
Au films patterned with nanohole arrays covering 1-cm? areas on silicon. The Au hole array films were
transferred onto the chosen substrate by floating on water. The Au holes array was used as a sac-
rificial physical deposition mask for depositing a thin (2-nm) Cr adhesion layer and Au nanoparticles
using thermal evaporation. Finally the sacrificial Au film was lifted off with adhesive tape, leaving Au
nanoparticles on glass. The fabricated structures showed round nanoparticles with dimension close to

the targeted 140-nm diameter and 650-nm periodicity (Figure )
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Figure 3.7. Optical properties of nanotubes with nanoparticle array. (a) The measured
transmission spectrum for a Au NP array is shown with the emission spectrum for (6,
5) sorted carbon nanotubes. The lattice mode and emission peak show spectral overlap
near 1000 nm. (b) PL spectra for a nanotube film comparing areas on the Au NP array
against areas off the array show PL enhancement by a factor of two.

The array optical properties where characterized by measuring the transmission when index-matched
using immersion oil (n = 1.52) and a UV-vis spectrophotometer. The transmission spectrum matched
the simulated behavior from (Figure [3.4b) with a broad dip between 700-1000 nm from the individual
nanoparticle LSP and a sharp dip near 1000 nm from the lattice plasmon mode (Figure , blue
curve). A small bump in the spectrum is seen near 800-nm due to the UV-vis detector changeover.

Samples of carbon nanotubes were sorted by density-gradient ultracentrifugation to increase the
relative abundance of (6, 5) chirality nanotubes while removing the unwanted chiralities. The sorted
nanotubes were pumped at their Eos = 570 nm transition in a spectrofluorometer to examine their

refined emission spectrum (Figure [3.7h, black curve). Emission from the (6, 5) E;; transition at 995
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nm dominated the PL spectrum, but a broad shoulder near 1150 nm from another nanotube chirality
persisted even after the sorting process. Importantly, the measured lattice mode from the array and
emission from the nanotubes showed excellent spectral overlap near 1000 nm (highlighted in yellow),
which is critical for achieving cavity-enhanced fluorescence.

Gelatin powder was mixed into the sorted nanotube solutions and used to create thin films via blade-
coating. The thin films covered large areas, including regions on the nanoparticle arrays and on bare glass
substrate with uniform thickness. PL intensity was measured for film regions both on and off the array
(Figure , red and black curves, respectively), with the nanoparticle arrays showing an enhancement
factor by a factor of two in comparison to bare glass. Lattice plasmon modes are dispersive such that
the resonant wavelength depends on the angle of incident/emitted light. The PL was measured using a
wide collection angle, so the enhancement covered a broad range of wavelengths. Since carbon nanotube
fluorescence is usually studied in aqueous dispersion or for isolated structures in air, it is also worth
noting that the fluorescent properties of nanotubes are preserved even when embedded in a solid gelatin
matrix.

Cavity-enhanced emission is often characterized by and increase in the emission decay rate, or equiva-
lently a decrease in the emission lifetime for the nanotubes. In order to test this mechanism, we performed
measurements of nanotube emission decay dynamics using time-correlated single-photon counting spec-
troscopy (Figure [3.8a). The nanotubes were excited at their Eqs transition using an optical parametric
amplifier that provided laser pumping tuned to 570 nm, and the emission was monitored by a streak
camera that provided both spectrally and temporally resolved information about the decay dynamics.
The data was binned by wavelength to select the E;; emission band, and the curves were plotted against
time. Dynamics data was collected for nanotube films both on and off the plasmonic array (Figure [3.8b,
red and black curves, respectively), and the curves were each fitted with an exponential decay function
to determine lifetime. The on-array measurement showed a lifetime of 5.2 + 0.1 ps versus 5.3 £ 0.3 ps off
the array, so no statistical difference in lifetime was observed.

There are a couple potential reasons we observed no detectable change in lifetime associated with the

enhanced PL of the nanotubes coupled to the NP array system. First, the PL signal may be dominated



68

a variable band pass lens
OPA ND filter filter sample
laser
> ——
long pass
filter
streak
camera
beam block
single mode fiber
b
1k —— OnArray
E —— Off Array
’:'i:‘ L
S L
s L
kel
g 0.1
€
]
0.01 L 1

Figure 3.8. Lifetim

20
Time (ps)

e measurements of nanotube emission. (a) A scheme for lifetime

measurements using a streak camera to perform time-correlated single-photon counting
spectroscopy. (b) Emission decay plots for nanotube films on nanoparticle arrays on and
off nanoparticle arrays.

by nanotubes that are outside the plasmonic hotspots and therefore cannot couple to the plasmonic

cavity mode. In this case the

large background fluorescence from uncoupled nanotubes may be obscuring

the signal of coupled nanotubes. Remedying this problem is tricky. Ideally we would want to localize

the nanotubes within tens of nanometers from the nanoparticles, using an extremely thin gelatin and

nanotube film to increase the

fraction of nanotubes in the plasmonic hot spots. However, this reduces the

overall intensity of the PL signal to unusable levels since the total number of nanotubes is reduced and

the nanotubes show relatively

weak PL due to their low quantum efficiency. Therefore, we would want to

try using higher concentrations of nanotubes with lower concentrations of gelatin applied in thinner films

to our arrays. Second, the PL

enhancement may be partially arising from plasmon-enhanced absorption.

Our nanoparticle arrays showed some optical activity near the 570 nm Ess absorption band, which could
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improve the excitation efficiency for the nanotubes. Increased absorption, would in turn lead to higher

PL intensity without necessarily modifying the emission decay dynamics.

3.5. Summary

In summary, we discussed the methodology for designing and structuring Au nanoparticle arrays to
support lattice plasmon modes that targeted emission enhancement in carbon nanotubes. We demon-
strated good spectral overlap of our optical cavity lattice plasmon mode with the nanotube emission
wavelength. These cavities induced a two-fold enhancement of (6, 5) carbon nanotube PL intensity
over a broad wavelength range. However, the plasmonic arrays had no effect on the emission decay life-
time, which suggests that the enhancement may be toward stronger nanotube enhancement or a large
background of PL from nanotubes outside the plasmonic hotspots. In the following chapter we will dis-
cuss strategies for remedying this problem of spatial overlap by studying two dimensional semiconductor

nanomaterials.

3.6. Methods

3.6.1. Carbon Nanotube Preparation

The nanotube dispersion and films were prepared by Yu Jin Shin from Prof. Mark Hersam’s research
group. Commercially available, as-synthesized carbon nanotubes (CoMoCat SG65 carbon nanotubes:
Sigma Aldrich 704148) were dispersed in aqueous solutions of 2% w/v sodium deoxycholate (SDC) with
an initial nanotube concentration of 1 mg/mL. The negatively-charged SDC surfactant helped to disperse
individualized nanotubes within the solution by adsorbing onto the nanotube walls. The nanotubes
solutions were then sonicated and centrifuged to separate out bundles of nanotubes and create a more
individualized dispersion of nanotubes. After centrifugation, the nanotubes were redispersed in 1% w/v
sodium dodecyl sulfate (SDS) before adding gelatin (10% w/v). These nanotube and gelatin solutions

were then applied to the nanoparticle array samples using blade-coating to form films of uniform thickness.
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3.6.2. Photoluminescence Spectroscopy Measurements

PL measurements were taking using a Horiba Fluorolog-3 spectrofluorometer with integration times of
60 s. Excitation was performed using a broad spectrum lamp with a spectrometer to select a 570-nm
pump wavelength. Emission was detected through a front-facing port leading to an InGaAs photodetector
cooled with liquid nitrogen. The excitation and detection grating spectrometers both used 10-nm band

slit widths.

3.6.3. Band Structure Mapping

The band structures are mapped using a transmission spectrometer setup with the sample mounted on a
motor-controlled rotation-axis stage. White light from a lamp is focused to a beam and directed through
the sample. The transmitted light is coupled into an optical fiber and directed to a grating spectrometer
with a CCD camera. The angle of the samples is rotations in increments of 1° and a transmission
spectrum is collected at each angle. The data are then plotted as either individual spectra or compiled
into dispersion diagrams showing transmission intensity as a function of wavelength (related to frequency

or energy) and angle (related to the in-plane wavevector) to observe the optical band structure.

3.6.4. Time-correlated Single-photon Counting Spectroscopy

Emission decay dynamics were measured using time-correlated single-photon counting spectroscopy (TC-
SPC) at Argonne National Laboratory at the Center for Nanoscale Materials in the lab of Prof. Richard
Schaller. An optical parametric amplifier provided pulsed laser emission at 570 nm using 35-fs pulses
with a 2 kHz pulse repetition rate. Intensity was controlled with a variable neutral density filter, and
unwanted laser modes were eliminated using a band-pass filter. The beam was focused with a lens to a
spot of 1-2 mm on the sample. Emission at normal angle was sent through a long-pass filter to remove
the pump laser signal and collected by a fiber that was coupled into a streak camera. The streak camera
generated intensity mappings as a function of time and wavelength. The streak camera was locked to
the frequency of the laser rep. rate, so we could integrate over 441k laser pulses to collect a usable signal

level. Nanotube PL data was binned by wavelength from 940-1040 nm to plot emission intensity as a
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function of time, and the curves were fit with exponential decay functions to determine the decay lifetime.
The instrument response time was found to be 3 ps by measuring the instrument decay dynamics with

the 35-fs OPA pulses.

3.6.5. Finite-Difference Time-Domain Simulations

Simulations were performed using Lumerical, a commercially available FDTD software. The source was
injected along the z-direction (normal to the nanoparticle array) with polarization in the x-direction.
A single unit cell was constructed using antisymmetric and symmetric boundary conditions for the x-
boundary and y-boundary, respectively. The z-boundary was set to use perfectly match layer (PML
conditions). A 4-nm mesh was created for the Au nanodisk (Au material optical constants data from

Johnson and Christy?%).

The background index was set to 1.52 to represent the glass substrate and
gelatin superstrate. Near-field monitors were placed in the plane of the nanoparticles, and the transmis-

sion monitor was placed opposite the light source.

3.6.6. Fabrication of Au Nanoparticle Arrays

Solvent-assisted nanoscale embossing was used to pattern photoresist posts on silicon.? Cr deposition
(thermal evaporation) and photoresist lift-off created Cr hole arrays that served as a hard mask for dry-
etching silicon pits using deep-reactive ion etching (SFg with C4Fg plasma). Au was deposited onto the
Cr/Si hole arrays to create a Au hole array mask. Cr wet etching (Transene Cr etchant) released the Au
mask which was then transferred onto a borosilicate glass substrate by floating the Au hole array film on
water. The Au holes were used as a physical deposition mask for depositing a 2-nm Cr adhesion layer
and 50-nm thick Au nanoparticles. Finally, the sacrificial Au hole array mask was removed with adhesive

tape, leaving only the Au nanoparticles on glass.
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Amplified Light-Matter Interactions in Phosphorene
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Figure 4.1. Phosphorene chemical structure. A schematic diagram of the chemical
structure of phosphorene showing a layered composed of two dimensional sheets of phos-
phorus atoms with strong in-plane bonding. The layers have a corrugated structure that
creates aniosotropic properties. Figure adapted from Bagheri et al. 4

4.1. Introduction to Two-Dimensional Semiconductor Nanomaterials

Two-dimensional nanomaterials are a broad class of atomically-layered substances with strong in-
plane bonding and weak inter-layer interactions that allow for exfoliation of single-layer or few-layer
sheets. Unique optical and electrical properties arise out of confinement in one dimension, with graphene,
transition metal dichalcogenides, and hexagonal boron-nitride exhibiting exhibiting metallic, semicon-
ducting, and insulating behavior, respectively. ™ Furthermore, their optical absorption bands span the
UV-vis-NIR spectrum, with promising applications in electronics, displays, and telecommunications.%

Black phosphorus (BP) or phosphorene is a layered material composed of atomic sheets of phospho-
rus with a corrugation (Figure that generates anisotropic optical, electrical, and thermal proper-
ties. I6HII8 Thig characteristic in combination with near-IR optical activity and high carrier mobility make
BP an interesting candidate for optoelectronic devices with polarization-dependent responses. BP has a
direct band gap that is tunable from 0.3 eV in bulk form up to 2.0 eV in monolayer form, depending upon
how many layers thick the sample is. 7 The tunable optical properties of BP then hinge upon finding was
to generate monolayer or few-layer flakes of BP. One powerful method for scalable production of other
two-dimensional materials like graphene and transition metal dichalcogenides is liquid-phase exfoliation
of bulk crystals to isolate few-layer flakes. 12 While these methods commonly include sonication in water
and surfactants to disperse the flakes, few-layer BP oxidizes readily, so anhydrous solvents or deoxy-

genated water must be used to prevent chemical degradation of this material. & The resulting aqueous
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dispersion of nanotubes show characteristic Raman shift peaks and weak PL at 910 nm attributed to
monolayer BP.H8

In this chapter, we examine the use of lattice plasmon optical cavities for enhancing the optical activity
of few-layer BP. We used the choice of cavity materials to change the refractive index environment around
consistently structured Au NP arrays in order to tune the lattice mode to the emission wavelength of
monolayer BP. The PL intensity and Raman intensity of BP flakes was examined both on and off the
nanoparticle arrays to test for plasmonic cavity effects. We found weak enhancement of both the Raman
signal and PL intensity for flakes of BP on the array. Using the Raman intensity to account for the

amount of BP in a flake, we saw normalized PL intensity increased by a factor of two.

4.2. Targeting Phosphorene Emission with Lattice Plasmons

Au nanoparticle arrays with periodicity ¢ = 650 nm, diameter d = 140 nm, and height h = 50
nm were fabricated on quartz (Figure ) and later coated with polymethyl methacrylate (PMMA).
While the array dimensions were identical to the NP arrays in Figure [3.6]b, the change in substrate and
superstrate materials created a lower refractive index environment for quartz/PMMA (n = 1.41) than
for borosilicate glass/gelatin (n = 1.52). This alteration shifted the lattice plasmon mode to 935 nm
(Figure ), providing good spectral overlap with the broad emission peak at 910 nm reported for
BP. These results were verified using simulations of these Au NP arrays structures with a non-dispersive
background index of n = 1.41 and obtained a similar transmission spectrum. Slight differences in spectral
shape, particularly the wavelength for the second-order diffraction peak near 650 nm, are attributed to
disagreements for the dispersive refractive index of the experimental materials (quartz and PMMA) versus
the non-dispersive simulated index. Furthermore, rounding of the blue shoulder on the lattice mode, which
should be sharp due to the Fano lineshape, is likely due to slight refractive index mismatch for quartz
and PMMA that hinders the first-order diffraction mode. Even so, the experimentally measured lattice
mode shows high quality factor (Q = 125).

Transmission measurements at off-normal angle were collected for these nanoparticle arrays using

transverse magnetic (TM) polarization. Dispersion diagrams were plotted as a function of angle and
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Figure 4.2. Nanoparticle arrays for phosphorene enhancement. (a) SEM images de-
picting Au nanoparticle arrays on a quartz substrate. (b) Measured (red) and simulated
(blue) spectra for normal angle transmission with a PMMA index-matching layer. (c¢) A
dispersion diagram showing the optical band structure of the nanoparticle arrays under
TM polarization with Bragg modes traced in dotted lines.

wavelength to examine the optical band structure (Figure [4.2). First-order Bragg modes are plotted in

blue dotted lines, and second-order modes in green. The lattice plasmon mode is shown to couple to the
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first-order (0, 1) and (0, -1) Bragg modes and therefore have zero group velocity (dw/dk = 0) at normal

incident angle (6 = 0).

4.3. Near-field Properties of Lattice Modes

The FDTD simulations were also used to map the near-field profiles for the Au NP arrays for injection
of light at normal angle (Figure [4.3pb). These plots showed qualitatively similar behavior to the lattice
plasmons in (Figure . The electric field intensity showed plasmonic hot spots that concentrated the
light by a factor of more than 600 in comparison to the injected light intensity. The phase plot revealed
bands of constant phase indicating that the nanoparticles were all oscillating in phase with each other
(Figure ) This property was characteristic of standing waves (zero group velocity) and agreed
with the zero group velocity (slope = 0) for the lattice mode at normal angle in (Figure ), which is
important for achieving a high local density of optical states for cavity-enhanced emission. The charge
density mapping again showed dipolar character for the lattice plasmon mode (Figure ) with the

charge bound tightly on the surface of the nanopaticles.

4.4. Integrating Nanoparticle Arrays with Phosphorene

The far-field and near-field characterization of these lattice plasmon cavities displayed ideal proper-
ties for enhancing the optical properties of monolayer phosphorene with emission near 910 nm, so the two
materials were integrated by phosphorene transfer (Figure . Black phosphorus crystals underwent
liquid phase exfoliation in deoxygenated water to separate the material into few-layer phosphorene con-
taining monolayer, bi-layer, and tri-layer flakes. The flakes were then vacuum-filtered with an amorphous
aluminum oxide membrane to remove the surfactant and water. The dry phosphorene film was stamped
with PDMS to pick up patches of few-layer phosphorene and transferred to the Au nanoparticle arrays.
Index-matching was performed by spin-coating a layer of PMMA for an average index of n = 1.41 around
the nanoparticles.

The completed structures were characterized using a Raman microscope to simultaneously collect

PL spectra and Raman spectra of individual flakes of phosphorene (Figure |4.5)). Representative flakes
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Figure 4.3. Simulated near-field mappings for Au NP arrays. Plots of electric field
intensity (a), phase (b), and charge density distribution (c) for a lattice plasmon mode at
932 nm. The simulation uses light injected at normal angle (2-direction) with polarization
along the z-axis. Dotted white lines outline the Au nanoparticle positions.

both on and off the array area were chosen for the plots, which used 30 second integration times for the
PL measurements and 60 second integration times for the Raman measurements and excitation using a

532-nm continuous wave laser. Spectra were fit with Voigt functions to match the expected spectral line
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exfoliated

Figure 4.4. Transfer of phosphorene. Exfoliated few-layer phosphorene was filtered
using an amorphous aluminum oxide membrane. The dried film was stamped with PDMS
to pick up patches of phosphorene film that are transferred to the Au nanoparticle arrays
on a glass or MgFs substrate. Index-matching was performed by spin-coating PMMA.
Image courtesy of Dr. Yu Jin Shin.

shapes and to reduce the noise level. The Flakes on the array generally showed a higher PL intensity
than flakes off the array (Figure —b). Similar trends of higher signal on the nanoparticle arrays
were observed for Raman intensity for the three peaks corresponding to the A (pink), Bag (green), and
A§ (blue) vibrational modes. Importantly, the ratio of A$/A§ < 0.6 indicates that the phosphorene has
not oxidized in either case.

Because variations in phosphorene flake size can cause changes in the PL intensity independent of
cavity effects, the Raman intensity was used to normalize the PL spectra. The A$ was chosen for this
task because it was the only of the three modes to arise from out of plane vibrations. The normalized
PL spectra showed that the nanoparticle array created a two-fold enhancement of the PL (Figure .
The actual PL enhancement factor is likely higher than the x2 value because the plasmonic array likely
also amplifies the Raman shifts through a common phenomenon of surface enhanced Raman scattering
(SERS). The plasmonic nanoparticles concentrates the incoming lasing light, thereby increasing light-

matter interactions like Raman scattering. Therefore, equivalently sized flakes of phosphorene may show
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Figure 4.5. Optical properties of few-layer phosphorene. (a) and (b) PL spectra for
representative flakes of few-layer phosphorene on and off of a Au NP array showing
emission near 910 nm. (c) and (d) Raman shift spectra for the same flakes on and off
array, showing three vibrational modes: A (pink), Bog (green), and A§ (blue).
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higher Raman signal when placed in a plasmonic cavity. Controlling and quantifying this confounding
effect was challenging given our samples and measurement system.

One idea for comparing the PL intensity on and off the array was to normalize the monolayer
PL peak using the bilayer PL peak. Since cavity-enhanced emission depends on spectral overlap, the
bilayer emission at 1200 nm should be sufficiently separated in wavelength to avoid any cavity effects.
However, this wavelength is not within the spectral range of the detector on the available Raman system,
necessitating a Raman microscopy setup equipped with both a NIR detector and visible detector with
capability to switch back and forth for successive measurements of both emission peaks. Furthermore,
the PL signal of the bilayer phosphorene prepared via this method showed an intensity two orders of
magnitude lower than the monolayer peak.! 18 Therefore, integration times of roughly an hour would be
required to measure the bilayer emission intensity (based on the 30 s integration time for the monolayer
peak).

A second reason the comparison of flakes on and off the array was challenging, is that we had no
information regarding the alignment of the phosphorene corrugation relative to the laser orientation and
plasmonic lattice. The phosphorene optical properties, including Raman intensity, are highly polarization
dependent and the flakes are oriented randomly. Similarly, we have no control over the placement of the
flakes, so the flakes likely had varying degrees of spatial overlap with the plasmonic hot spots. Both of
these factors add variability to the PL and Raman measurements that is difficult to eliminate when using
flake transfer via stamping. To improve upon these limitation, it may be worthwhile to investigate other
methods of integrating phosphorene into plasmonic cavities that will provide more uniform coverage and

consistent crystal orientation.

4.5. Materials Selection for Improving Lattice Mode Overlap and Quality

Different dielectric materials were also explored for the array substrate and superstrate (Figure [4.7)).
Quartz substrates were examined in combination with PMMA or PDMS applied by spin-coating (Figure
4.7a). The two showed similar spectral behavior but the baseline for PDMS was much lower because

scattering from the non-smooth PDMS film cause some loss of transmitted light at all wavelengths.
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Figure 4.7. Lattice Modes in Different Materials Systems. (a) Quartz and (b) MgFs
substrates were used in combination with PMMA and PMDS superstrates to investigate
effects on lattice mode wavelength and linewidth.

Magnesium flouride (MgF2) was explored as a low index substrate (n = 1.38) in an attempt to shift the
lattice mode to bluer wavelengths for better spectral overlap with the phosphorene emission peak(Figure
4.7b). In this case PMMA was applied by spin-coating, but PDMS was appled as a cured solid slab
(roughly 2-mm thick) placed in conformal contact with the array. The MgFs with PDMS slab provided
good index matching and a fairly uniform refractive index environment, which indicated the PDMS
conformed to the topography of the array despite the presence of nanoparticles with 50-nm height.
Furthermore, the lattice mode had a narrower linewidth with quality factor improved to @ = 150 for this
combination of materials. This setup therefore shows promise for the application of phosphorene because
it both improves the spectral overlap of the lattice plasmon and PL peaks and also allows for simple

transfer of the phosphorene. In this case, the PDMS slab used for stamping the phosphorene flakes can
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be placed on the array for both transfer and index matching for direct optical characterization. PL and
Raman measurements were carried out using the MgF, with PDMS platform, but it unfortunately did

not improve upon the results obtained with quartz and PMMA dielectric materials.

4.6. Summary

Nanocavity arrays were designed and fabricated for the enhancement of emission from few-layer
phosphorene. Flakes of few-layer phosphorene were incorporated into the optical cavities and their optical
responses were compared with flakes outside the cavities. We observed on average the plasmonic modes
produced enhancement of both photoluminescence and Ramen signal. We tested new materials for lattice
plasmon systems that provided compatibility with different refractive index environments with similar
levels of phosphorene enhancement. Nevertheless, this demonstration of lattice plasmon systems using a
range of substrate and superstrate materials for index-matching provides greater versatility in designing

optical nanocavities.

4.7. Methods
4.7.1. Preparation of Few-layer Phosphorene

Phosphorene preparation was performed by Joohoon Kang and Yu Jin Shin from the Hersam Group using
their previously published procedure.™ 8 Bulk cystals of black phosphorus (Smart Elements) underwent
liquid phase exfoliation in a conical plastic tube filled with deoxygenated water with 2% (w/v) of sodium
dodecyl sulfate surfactant to help with dispersion and an initial BP concentration of 1 mg/mL. The
tube was sealed with parafilm and purged with Ar gas to minimize exposure to oxygen. The sample is
tip-sonicated at 70 W for 1 hour in an ice bath and then the dispersion is centrifuged at 7500 rpm for
2 hours to crash out any flakes thicker than a few nm. The supernatant is then collected, centrifuged
again at 14000 rpm, and re-dispersed in deoxygenated water. The flakes were then vacuum filtered with
an amorphous aluminum oxide membrane (100-nm pore size) to remove the surfactant by rinsing with
deoxygenated water. The dry films were stamped with pieces of cured PDMS (Sylgard 184) and then

stamped onto the nanoparticle arrays, followed immediately by spin-coating. PMMA (MicroChem 950
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PMMA A4) was applied at 500 rpm for 10 s followed by 2000 rpm at 45 s and then heated at 180° C for

30 s.

4.7.2. Raman Microscopy Measurements

Raman spectra and PL spectra were both measured using a Horiba LabRAM HR, Evolution system with
532-nm continuous wave laser for excitation. These microscopy measurements used 10% power intensities,

30 s integration times for PL, and 60 s integration times for Raman signal.

4.7.3. Band Structure Mapping

The band structures are mapped using a transmission spectrometer setup with the sample mounted on a
motor-controlled rotation-axis stage. White light from a lamp is focused to a beam and directed through
the sample. The transmitted light is coupled into an optical fiber and directed to a grating spectrometer
with a CCD camera. The angle of the samples is rotations in increments of 1° and a transmission
spectrum is collected at each angle. The data are then plotted as either individual spectra or compiled
into dispersion diagrams showing transmission intensity as a function of wavelength (related to frequency

or energy) and angle (related to the in-plane wavevector) to observe the optical band structure.
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CHAPTER 5

Polarization Dependent Lasing Behavior in Low-Symmetry

Nanocavity Arrays

Referenced work: M. P. Knudson, R. Li, W. Wang, D. Wang, R. Schaller, and T. W. Odom, “Polarization Dependent
Lasing Behavior in Low-Symmetry Nanocavity Arrays.” [In Preparation]
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5.1. Introduction to Symmetry Effects in Photonic Systems

The spatial symmetry of photonic devices is a key factor in defining optical properties, including band
structure, mode degeneracy, localization of enhanced electric fields, and mode polarization. Several types
of optical systems offer examples where symmetry has been broken or manipulated to introduce new
and interesting optical phenomena. Collections of metal nanoparticles may be arranged into asymmetric
clusters to produce chiral interactions with circularly polarized light. 129121 Perturbations to resonator
unit geometry allows dark modes to couple to bright modes for far-field radiation.22:123 Quasicrystals,
while lacking translational symmetry, take advantage of high orders of rotational symmetry to exhibit

12473127 Lastly, metal films patterned with rhombohedral lattices

rotationally invariant band structures.
produce tunable, broadband plasmonic responses as a result of breaking mode degeneracy.28 While
several photonic systems benefit from symmetry effects, this concept has not been investigated with
lattice plasmons: optical resonances in metal nanoparticle arrays that follow Bragg modes according to
lattice geometry, 01224130

The high quality factors of lattice plasmons combined with their ability to concentrate light fields

within nanoscopic hot spots has enabled their application toward a wide range of enhanced fluorescence

SRIBIT3IHIZS OHITIT34

studies and lasing applications. These previous studies primarily focused on square and
hexagonal lattices of circular nanoparticles that allowed for simple fabrication methods. 88393 Plagmonic
arrays of circular nanoparticles have been tested with a couple of more complicated honeycomb and
Lieb crystal structures. The unit cells of these patterns contain multiple nanoparticles, but the overall
band structures reflected their underlying hexagonal and square lattices, respectively.13% Other examples
of reduced symmetry in lattice plasmon cavities implement nanoparticle patches with finite dimensions
to break the symmetry of infinite arrays for unique lasing behavior. Dark modes bound in infinite
nanoparticle arrays are then able to couple to the far-field lasing due to edge effects in the patches.’34
In a second case, hierarchical arrays of nanoparticle patches produced superlattice plasmons supporting
polarization-based switching between multi-mode and single-mode lasing.”

Despite these advances, breaking symmetry through changes in nanoparticle shape and lattice angle

(defined by the angle between basis vectors) has not been examined and promises to provide insight
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regarding fundamental properties of lattice plasmon lasers. Fabrication capabilities represent a major
challenge in investigating new symmetries of lattices and nanoparticle shapes. While other array ge-
ometries are possible using electron-beam lithography, this writing technique does not scale well to large
areas. Therefore, new fabrication procedures are needed to access anisotropic nanoparticle shapes and a
broader range of lattice geometries in order to uncover the effects of symmetry in lattice plasmon lasing
systems.

Here we show a new fabrication process using scalable lithography methods to produce low-symmetry
nanoparticle arrays that provide a unique platform for revealing the interaction between lattice plasmon
lasing modes. Our fabrication process produced infinite arrays of rhombus-shaped plasmonic nanoparti-
cles arranged in a rhombohedral lattice. We found that the anisotropic nanoparticles could be used to
engineer the electromagnetic near-fields of lattice plasmon modes and laser emission. By examining the
lasing dynamics under different pump polarizations, we discovered that energy transfer between excitons
and plasmons is faster when their polarizations are aligned, leading to shorter lasing rise time and decay
lifetime. Furthermore, aluminum nanoparticles used in our platform allowed for shorter wavelengths of

lattice plasmon lasing than previously demonstrated with gold and silver nanoparticles.

5.2. Fabrication of Low-Symmetry Nanoparticle Arrays

Al nanoparticle arrays were fabricated on quartz slides by deposition through sacrificial Au hole
array masks followed by liftoff of the Au masks and Al films (Figure ) We designed a new, scalable
method to pattern the hole array masks involving solvent assisted nanoscale embossing. Briefly, polymer
resist lines were embossed on Si using elastomeric (PDMS) stamps, followed by Cr deposition and resist
liftoff to produce an array of Cr lines. The process was repeated with the stamp rotated at a chosen angle
1) to create a second set of intersecting lines, producing a two-dimensional array of Cr holes. The Cr
provided a mask for etching pits in the Si substrate through DRIE, followed by Au deposition. Finally, the
Au hole array films (Figure ) were transferred to quartz substrates for Al nanoparticle deposition.
This fabrication process offers the advantage of rhombus-shaped nanoparticles arranged in rhombohedral

arrays of chosen lattice angles to an accuracy of +3° (Figure )
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Figure 5.1. Low Symmetry Nanoparticle Arrays. (a) Fabrication scheme using a Au
hole array as a physical deposition mask. (b) SEM image of a sample Au hole array
patterned with a rhombus-shaped nanoholes arranged in a rhombohedral lattice. (c)
SEM image of a rhombohedral Al nanoparticle array showing the lattice geometry. (d)
The reciprocal space for a rhombohedral lattice with first order modes shown in blue
and second order modes in green. (e) Transmission spectra showing two lattice modes.
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The rhombohedral lattices were defined by two real-space basis vectors a; and as of equal length

forming a lattice angle ¢ (Figure 5.1k, overlay) described by

(5.1)

1

1
(
-1 1
= < 2cos (4/2) 2sin (¢/2) >

with corresponding reciprocal space basis vectors k1 and ko

(5.2)

ki = <cos (¥/2),—sin (1/)/2)>
ko = <cos (1/2), sin (¢/2)>

The reciprocal space lattices were indexed using (i,j) to represent a combination of reciprocal space

basis vectors k;; = ik1 + jko (Figure [5.1d). Each point in reciprocal space represented a wave vector

contribution for a Bragg diffraction mode in the array described by

(5.3)

w
z €4 = |k|| +G|
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(i) k K A=z
(1, 0) <sin(%),qﬁcos(%’)> 1 na
(0, 1)

(-1, 0) <—sin(%),icos(%)> 1 na
(07 '1)

(1, 1) <i2s1n(%),0> 2sinf e
(_17 _1)

(1,-1) <0,:F200s(%)> 2cos 5 ﬁ
(_17 1)

Table 5.1. Bragg modes for rhombohedral lattices. Bragg mode wave vectors are given
for several diffraction modes using arbitrary lattice angle 1) and periodicity a to calculate
the Bragg mode wavelength at normal incident angle. Degenerate modes are shown in
the same color, with first-order modes in blue and second-order modes in green or red.

where w is the angular frequency of light, ¢ is the speed of light, and ¢, is the relative permittivity of the
dielectric. k|| = kgsin6 is the in-plane wavevector of light with momentum ko incident at angle 6. G is

the Bragg grating vector that depends upon periodicity a according to1<4

2T
(5.4) Gy = Lk,

Because we were interested in cavity modes that support lasing with emission normal to the array plane
(6 = 0) and wavelength A = 2m¢/w may be substituted for frequency, Equation simplified to

na

5.5 Nij = ——
( ) J |k”|

where n = ,/€g is the refractive index of the dielectric environment. The wavelength for different diffrac-
tion modes (i, j) could then be calculated based upon the magnitude of its wave vector k;;. The reciprocal
space vector from Equation [5.2] was plugged into the Bragg grating vector in Equation to calculate
expressions for the Bragg mode wavelengths at normal angle for specific diffraction modes using Equa-
tion The values for the first-order modes (blue text) and second order modes (green or red text)
were calculated in Table with degenerate modes shown in the same color text. These Bragg modes

could be coupled to the nanoparticle LSP modes with proper spectral overlap to produce lattice plasmon
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Figure 5.2. AFM of Al Nanoparticles. AFM image (a) and height profile (b) for the
cross section shown in white dashed line. The arrays showed average nanoparticle heights
of 100 nm.

resonances. Our samples used an a = 400-nm periodic line mask and crossing angles between 60°-70°
to optimize the position of Bragg modes relative to the short-axis LSP of the 80x140 nm nanoparticles.
AFM identified the nanoparticle height to be 100 nm (Figure [5.2]).

The nanoparticle arrays were covered with dimethyl sulfoxide (DMSO) solvent to match the index of
the quartz substrate. The normal angle transmission spectrum for an array of 67° lattice angle showed
two lattice modes at Ay = 513 nm and Ay = 570 nm using in-plane polarization along the nanoparticle
short axis (¢ = 0°) (Figure [5.1f). The choice of Al as the nanoparticle material allowed for plasmonic
resonances at shorter wavelengths than Au or Ag supported in previous studies. Comparison with a
second array of 67° lattice angle showed similar behavior for Ay = 570 nm but a longer wavelength Ay
= 553 nm (Figure -b). To clarify the origin of these lattice plasmon modes, transmission spectra
measured at off-normal incidence were collected to form dispersion diagrams (Figure -d). The
lattice modes closely followed the dispersion of Bragg modes from analytical calculations and formed two

non-dispersive band edge states at normal incident angle. The band edge at A\; was found to couple with
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Figure 5.3. Transmission of Nanoparticle Arrays. (a-b) Normal incident angle trans-
mission spectra for NP arrays of two lattice angles obtained from both experiment and
simulation. (c-d) Dispersion diagrams of off-normal transmission with dashed lines show-
ing analytical Bragg modes of first order (black) and second order (blue). Ay and Ay are
identified using blue and black arrows, respectively.

the degenerate (1,1) and (-1,-1) modes, while the band edge at A2 formed at the crossing of the (0,1) and

(1,0) modes with the (0,-1) and (-1,0) modes.

5.3. Nanoparticle Shape Effects in Lattice Plasmon Systems

The Al nanoparticle arrays were simulated using finite-difference time-domain methods and n=1.41
refractive index to represent the quartz/DMSO environment. Simulated transmission spectra showed
lattice mode peaks matching the measured data (Figure and Figure -b)7 which demonstrated
the FDTD model fit the samples well. Previous lattice plasmon studies considered primarily circular
nanoparticles, so we used the FDTD simulations to analyze how anisotropic nanoparticle shape affected
lattice mode coupling for a fixed lattice geometry. Plots of lattice plasmon phase showed standing wave

behavior with preferred polarizations of ¢1 = 0° for the A\ mode and ¢o = 56.5° for the Ay mode (Figure
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Figure 5.4. Near-field maps of rhombohedral and circular nanoparticles. (a-b) Phase
for \; showing standing waves under 0° polarization for the (1,1) mode for both rhombus-
shaped and circular nanoparticles, respectively. (c-d) Phase for Ao showing standing
waves under 56.5° polarization for the (1,0) mode. (e-f) Electric field intensity for A
showing the (1,1) mode. (g-h) Electric field intensity for Ao showing the (1,0) mode.
[6.4h-d). These polarizations were dictated by the (1,1) and (1,0) Bragg modes of the rhombohedral lattice
geometry.

For the A\; mode with ¢; = 0° polarization, both circular and rhombus-shaped nanoparticles showed
hot spots of high electromagnetic field intensity concentrated at the nanoparticle edges along the hori-
zontal axis (Figure -f). In the case of the A2 mode with ¢ = 56.5° polarization, hot spots appeared
on the same horizontal axis of the rhombus-shaped nanoparticles, but shifted to the diagonal axis of the
circular nanoparticles (Figure -h). Nanoparticle symmetry was responsible for this difference in
near-field behavior because isotropic (circular) nanoparticles support dipolar resonances along any axis,
while anisotropic (rhombus-shaped) nanoparticles have preferred dipolar directions along their short and

long axes. Therefore, our array geometry was an ideal example of using nanoparticle shape to control

locations of hot spots and furthermore co-localize photonic modes of different polarizations.

5.4. Lasing Properties of Co-localized Cavity Modes

In lasing systems, spatially overlapping modes frequently compete for energy from gain material.

To test how co-localized lattice plasmon modes would interact, we coupled our arrays to a laser dye



92

a —
0onon Sample
A

Pulsed Laser

i| Dichroic Filter

Depolarizer \
Spectrometer
b
100 F g, — 67° Lattice
5 = Dye Only
8
c
kel
[}
2
IS
I}
500 520 540 560 580 600
Wavelength (nm)
C 108
El
8 108 H
2
2
2 104 -
=
< 0
S 107 05 0.7 0.9
n- 1 1 1
0 1 2 3

Pump Pulse Energy (mJ/cm?)

Figure 5.5. Lasing measurements of rhombohedral array. (a) Scheme of experimental
setup for lasing measurements pumping and collecting emission at normal incident angle.
(b) Lasing spectrum for 67° lattice angle with overlay of dye emission. (c) Light-light
curve showing evolution of lasing emission intensity for increasing pump intensity with
an inset showing a zoomed-in view of the lasing threshold.

(C-481) emitting at green wavelengths with good spectral overlap with the lattice modes. Samples were
excited with an unpolarized pump beam, and emission spectra were collected at normal angle (Figure
5.5R). Spectrally narrow lasing peaks (FWHM < 1.5 nm) appeared at both A; and Ay lattice plasmon
wavelengths (Figure ) Emission intensity at peak wavelengths showed threshold behavior between
0.7-0.8 mJ/cm? for both lasing modes (Figure ) Lasing intensities rose sharply above threshold.
The slope was steeper than in previous studies due to the higher concentration of dye molecules (20
mMol) which provided increased gain. Above 1.5 mJ/cm? pump intensity, lasing emission plateaued and
remained stable up to maximum pump intensity of 3.3 mJ/cm?. Lasing from a 67° array showed similar

characteristics, but with slightly lower thresholds (0.6-0.7 mJ/cm?) likely due to minor differences in
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Figure 5.6. Lasing measurements with different lattice angle. (a) Lasing spectrum for
62° lattice angle with overlay of dye emission. (b) Light-light curve showing evolution of
lasing emission intensity for increasing pump intensity with an inset showing a zoomed-in
view of the lasing threshold.

nanoparticle size (Figure . Far-field emission profiles were measured to assess the directionality of
laser output. In all cases, beams showed well-confined emission with divergence angles of 1.5° x 0.5°
or less (Figure . Beam profiles were elongated due to amplified spontaneous emission at slightly
non-zero emission angles.

To better understand how our rhombohedral nanoparticle arrays supported two lasing modes despite
spatial overlap in their near-field distributions, we performed FDTD simulations of Al nanoparticles
embedded in a 4-level gain medium modeled after the dye. The system was pumped with a 400-nm light
pulse, and changing in-plane pump polarization caused switching between lasing modes (Figure )
A1 lasing preferred pumping near ¢; = 0° while A\ lasing preferred pumping near ¢, = 56.5°, and both
modes were supported at intermediate polarizations. Rather than monitoring population inversion, which
offers no information about emission wavelengths, we studied the near-field intensities at the specific lasing
wavelengths (with more than 100 nm of spectral separation from the pump source). Mapping emission

in the near field for both wavelengths showed the two modes were co-localized on the same corners of the
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Figure 5.7. Beam profile measurements. Far-field beam profiles for both laser wave-
lengths from the 62° lattice (a) and 67° lattice (b) showing directional emission with
small divergence angles in all cases.
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Figure 5.8. Simulated lasing near-field profiles. (a) Simulated lasing spectra of a 67°
array for different in-plane polarization angles ¢. (b) Associated near-field mappings of
lattice plasmon laser emission for different polarizations plotted for the A\; mode (top)
and Ay mode (bottom) showing lasing hot spots at the nanoparticle corners.
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Figure 5.9. Polarization dependent lasing dynamics.  Spectrally resolved time-

correlated single-photon counting images showing lasing output as a function of time

and wavelength for different in-plane pump polarizations in the case of a 67° array.
nanoparticles (Figure ) The hot spots showed no A\; emission for ¢, = 56.5°, and no Ay emission
for ¢1 = 0°. In these two cases, the difference in polarization between the lattice plasmon modes and
gain dipoles was too great to allow for efficient plasmon-exciton coupling and energy transfer. This
polarization dependence provided insight regarding our experimental lasing system. Although the two
lattice plasmon modes occupied the same hot spots, they coupled to different populations of dye molecules
within that nanoscopic volume according to dipole orientations. Therefore, simultaneous lasing from the
two modes benefits from the random dipole orientations of dye molecules dispersed in solution. The
implications of such effects must be kept in mind when considering integration of gain materials with

polarization-dependent emission responses, such as many low-dimensional materials.

5.5. Influence of Pump Polarization on Lasing Dynamics

We found that pump polarization influenced plasmon-exciton coupling efficiency, which can affect not
only the spectral output but also the lasing dynamics. We studied this property using spectrally resolved
time-correlated single-photon counting (TCSPC), which mapped emission intensity as a function of time
and wavelength (Figure . Lasing signal appeared for A1 and Ay near their preferred polarizations of
¢1 = 0° and ¢ = 56.5°, respectively. The A\; mode emitted brighter and for more polarization angles than
the Ay mode because measurements were conducted just above threshold to discern changes in dynamics

without saturating gain. Rising time provides one metric of emission dynamics and is characterized by



96

¢ =-30° 9 =-10° 9 =10° 0 =30° ¢ =50° 9 =70° 9 =90°

200

Time (ps)

400

Figure 5.10. Lasing dynamics with different lattice angle. Spectrally resolved time-
correlated single-photon counting images for a 62° array.

the delay between the pump pulse (¢ = 0) and the onset of lasing. We observed shorter A; rising times

for polarizations close to ¢; = 0° for both the 67° array (Figure [5.9) and the 62° array (Figure [5.10).

Another important metric of dynamics is the emission decay lifetime, which is found by fitting an
exponential decay function to the emission intensity. We binned the emission data according to wavelength
to examine the time component (Figure . The section of each curve following peak intensity was
fit using a single exponential decay function to extract the lifetimes. From this analysis, we discovered
that \; decay lifetime was shorter for polarizations close to the ideal case of ¢; = 0° for both lattice
angles tested. Although A lasing occurred for fewer polarizations, the lifetimes and rising times were
also shortest near the preferred polarization of ¢o = 56.5° (or 59°). Furthermore, these lasing lifetimes
of 7-30 ps were an order of magnitude shorter than the 586 ps emission decay lifetime measured for the
dye solution (Figure [5.12)). The observation of accelerated dynamics at preferred polarizations could
be explained by plasmon-exciton coupling conditions. Dipoles in the dye were excited with orientations
aligned with the pump beam polarization. Plasmon-exciton energy transfer was faster for dye excitons
and lattice plasmon modes that were aligned, leading to faster lasing dynamics for both the onset of
lasing (rising time) and the depletion of excited gain populations (decay lifetime).

Changes in lasing dynamics due to pump polarization were further examined using FDTD simulations

of nanoparticle arrays embedded in gain media. The overall lasing emission field intensity and spectral
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Figure 5.11. Trends in lasing dynamics. Emission curves showing lasing output as a

function of time for a 67° array (a) and a 62° array (b).
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Figure 5.12. Intrinsic dye dynamics. C-481 dye emission showed an intrinsic emission
decay lifetime of 586 ps without a photonic cavity.
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output varied with pump polarization (Figure |5.13]). While the simulated dynamics occurred on faster

timescales than the experimental measurements, the qualitative behavior was the same. The field intensity
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Figure 5.13. Simulated lasing dynamics. Simulated field intensity over time (a) and
spectral output (b) for different in-plane pump polarizations. A; lasing appears for po-
larizations of 0-50° with rising times between 1-2 ps. Ao lasing appears for polarizations
of 40-90° with rising times between 2-3 ps. Dynamics were accelerated near ideal polar-
izations of 0° and 56.5°, respectively.

dynamics showed two sets of emission peaks (Figure ) The earlier set of field intensity peaks from
1-2 ps corresponded to A; lasing while the second set of peaks from 2-3 ps arose from Ao lasing, and these
assignments were confirmed using the emission spectra (Figure ) At 50 polarization (bright pink
curve), the two modes lased simultaneously, so the single wave packet was a convolution of the two lasing
frequencies. As in the experimental dynamics measurements, A; lasing preferred polarizations close to
¢1 = 0°, while A, lasing preferred polarizations near ¢o = 56.5°. Therefore, the fastest dynamics in terms
of both rising times and decay lifetimes were observed at these pump polarizations, which supported our

proposed mechanism.

5.6. Summary

In summary, we developed a new fabrication process for patterning low-symmetry plasmonic arrays

composed of rhombus-shaped nanoparticles arranged in rhombohedral lattices. This platform allowed us
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to uncover symmetry effects in lattice plasmon lasing, including the roles of anisotropic nanoparticles and
pump polarization. We found that nanoparticle shape is the dominant factor in defining lattice plasmon
hot spots, while lattice geometry determines lattice mode polarization direction. Therefore, lasing modes
were spatially co-localized while still coupling to different populations of excited gain according to their
polarizations. Furthermore, lasing dynamics were accelerated using pump polarizations aligned with the
lattice plasmon modes due to improved plasmon-exciton energy transfer. This study provides design
rules for lasing systems more broadly, suggesting polarizations must be considered in coupling photonic

cavities to emitters with anisotropic optical properties such as many low-dimensional semiconductors.

5.7. Methods

5.7.1. Fabrication of Au Hole Array Masks

Si wafers were treated with MicroChem MCC Primer 80/20. Shipley 1805 photoresist was diluted with
propylene glycol monomethyl ether acetate (PGMEA), spun on the wafers to thicknesses of 60790 nm,
and baked at 115 C for Ay minutes. PDMS stamps patterned with 400-nm periodic lines were used to
perform solvent-assisted nanoscale embossing (SANE) with dimethylformamide (DMF) as the solvent.26
Residual resist was removed with a brief oxygen plasma treatment. A thin (7-nm) Cr film was deposited
by thermal evaporation, followed by resist liftoff using MicroChem Remover 1165. The previous steps
were repeated a second time to with the lines rotated at the chosen lattice angle to form a Cr hole array.
Si masked by Cr was etched to form pits by deep reactive ion etching (DRIE) using a co-flow of SF6 and
C4F8 process gases. 899 A thick (120-nm) layer of Au was deposited by thermal evaporation, producing
a gold hole array. Wet etching the Cr adhesion layer (Transene Cr Etchant) released the Au hole array
from the silicon, so it could float on water for transfer to a quartz substrate. Al nanoparticles 100-nm
tall were deposited by e-beam evaporation using the Au hole array as a physical deposition mask, after

which the mask was removed using adhesive tape.
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5.7.2. Band Structure Mapping

The band structures are mapped using a transmission spectrometer setup with the sample mounted on a
motor-controlled rotation-axis stage. White light from a lamp is focused to a beam and directed through
the sample. The transmitted light is coupled into an optical fiber and directed to a grating spectrometer
with a CCD camera. The angle of the samples is rotations in increments of 1° and a transmission
spectrum is collected at each angle. The data are then plotted as either individual spectra or compiled
into dispersion diagrams showing transmission intensity as a function of wavelength (related to frequency

or energy) and angle (related to the in-plane wave vector) to observe the optical band structure.

5.7.3. Finite-Difference Time-Domain Simulations

Simulations were performed using commercial software (Lumerical). Simulations used a background
indes of n = 1.41, and a 4-nm mesh was applied to the rhombohedral Al nanoparticles (Palik). The
rhombohedral lattice geometry was defined using 2 or 4 nanoparticles per simulation area and applying
periodic (non-symmetric) x- and y-boundary conditions. Perfectly matched layers were applied at the
z-boundary conditions. Transmission simulations used a broadband light source, while lasing simulations
were pumped using a 400-nm wavelength. For lasing simulations, nanoparticles were embedded in a layer
of gain material modeled after the 4-level laser dye with an absorption peak near 400 nm, broad emission
centered at 520 nm, and concentration equivalent to 20 mMol.

The near-field plots in Figure were created by exporting the electric field monitor data from
Lumerical into Matlab data files (Appendix . A Matlab script was then used to calculate the phase at
polarization angles selected to match the mode polarization angle, as this functionality is not built in to

Lumerical. This phase calculation is based upon the complex field components E,(z,y, z) and E,(z,y, 2)



101

since the polarization ¢ is in the z-y plane:

Re (E) = cos (¢) Re (E;) + sin (¢) Re (Ey)

(5.6) Re (E) = cos (¢) Re (E;) + sin (¢) Re (Ey)

i)

phase = arctan (

5.7.4. Lasing Measurements

A drop of 20 mMol solution of C-481 dye dissolved in DMSO was placed on each nanoparticle array and
capped with a cover slip. The completed samples were pumped at normal incidence using 400-nm light
with a pulse frequency of 1 kHz, beam diameter of 152 microns, and pulse energies between 0-3.3 mJ/cm?
using a variable neutral density filter. The polarized pump beam was either passed through a depolarizer
to produce unpolarized light or through a half-wave plate to rotate the in-plane polarization angle. Pulsed
laser emission was collected at normal angle with pump signal removed using a dichroic filter and long-
pass filters. Far-field emission with a free space distance of at least several cm was measured using either

a spectrometer, beam profiler, or streak camera.

5.7.5. Beam Profile Measurements

A two-dimensional charge coupled device (CCD) array was positioned directly behind the nanolaser to
collect the normal angle emission. A combination of two long-pass filters (560 nm and 570 nm) was used
to isolate the redder mode at 570 nm, and they were replaced with a band pass filter (550 + 10 nm) to
isolate the bluer mode at 553 nm. The effectiveness of these filters was verified based on the laser spectral
profiles before implementing the filters with the beam profiler. The intensity distribution above lasing
threshold was mapped spatially for the beam profile cross-section in the z-y plane. The distance z from
the nanolaser to the beam profiler CCD was measured and used to convert from pixels to divergence

angle:

{ pixel 1
(5.7) divergence angle = arctan <# © jlxe i 375 I];I)lizlels)
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5.7.6. Time-Correlated Single-Photon Counting Measurements

Emission was coupled into a streak camera that was locked to the 1 kHz repetition rate of the pump laser
so repeating nanolaser pulses were synchronized on the camera. Integration times of 0.5 seconds allowed
averaging over several nanolaser pulses for better signal to noise ratios. Streak camera data was binned
by wavelength with an 8-nm bin width around each laser mode. Each emission curve was fit to a single

exponential decay using only the time points after its peak emission intensity.
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CHAPTER 6

Conclusion and Outlook
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This dissertation discussed a variety of methods for manipulating the plasmonic responses of metallic
nanostructures to target specified properties. Chapter 1 discussed the fundamental properties of plas-
monic resonances and the parameters that are relevant for tuning their optical responses. We used this
information to identify potential methods for controlling the geometrical nanostructuring of plasmonic
optical resonators for applications in ultraviolet plasmonics, fluorescence enhancement, and lasing.

Chapter 2 developed a nanopatterning process for sequential feature density of line arrays, which was
used for generating plasmonic substrate showing SPP modes at UV wavelengths. This patterning process
shows potential for a wide assortment of applications in industry and research where fast, parallel, and
scalable patterning methods are needed for studying large area samples. This is critical for nanostructures
that show angle-dependent properties, which are difficult to observe for small pattern areas. And it is
further useful for applications like photocatalysis, with large area substrates providing suitably large areas
for interfacing with reactive species. This fabrication method holds greater potential when expanded from
1D arrays to 2D arrays, enabling potential studies of large-area samples of nanoparticles with 100-200
nm spacings for ultraviolet lattice plasmon modes.

Chapters 3 and 4 examined the concept of enhancing fluorescence of semiconducting carbon nanotubes
and few-layer black phosphorus, respectively, by integrating them with resonant optical cavities. These
chapters demonstrated strategies for tuning lattice plasmon modes based upon the emission profiles and
constraints of different emitters. Lattice plasmon modes were manipulated through independent control
over the LSP modes and diffraction modes through informed choices and optimizations for the lattice
spacing, nanoparticle dimensions, and dielectric materials. Using these techniques, high spectral overlap
was achieved in both systems.

In both cases we observed an enhancement factor of 2 in the PL intensity when compared to SWNTs
or phosphorene without the nanoparticle arrays. Improving this enhancement factor could be approached
from a number of directions. In particular, the nanotubes likely showed poor spatial overlap with the
nanoparticle lattice modes. This could be remedied by decreasing the thickness of the nanotube films, to
reduce the number of nanotubes contributing un-enhanced PL outside the plasmonic hot spots. In the

case of phosphorene, a major limitation was the overall low PL signal due to the sparse coverage of the
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phosphorene flakes. Techniques for large area deposition of phosphorene may provide higher PL signals
and with more consistent intensities that will allow for more robust measurements without the need for
PL normalization by Raman intensity. This would also allow for identifying the crystal orientation for
individual flakes, so that a consistent polarization of light could be used in each case.

Chapter 6 developed a new fabrication method for created low-symmetry plasmonic arrays that were
used to examined the effects of nanoparticle shape and lattice angle in photonic systems. Anisotropic
nanoparticles were found to localize electromagnetic hot spots along their short and long axes, regardless
of the direction of diffractive coupling between nanoparticles. In this way, lattice plasmon modes could
be spatially co-localized to the same electromagnetic hot spots, which generated unusual and insightful
lasing properties. Lattice plasmon lasing occurred for both modes simultaneous, with changes in both
spectral output and emission dynamics depending on in-plane pump polarization. These characteristics
revealed that energy transfer rates for plasmon-exciton coupling are tied to relative orientations of these
dipolar excitations, with good alignment producing stronger coupling and faster energy transfer dynamics.
Therefore, lasing modes are able to emit from the same nanoscopic hot spots by drawing energy from
different populations of dye molecules based on dipole orientation. In a broader context, this uncovers
mode polarization and gain dipole orientations as important considerations for the coupling of photonic
cavities with gain media showing anisotropic optical properties.

Aside from understanding the fundamental physics of these lattice plasmon laser systems, our work
also lays the foundation for applications in multi-color lasers. Photonic lasers based on Fabry—Pérot
cavities generally support several optical modes with small wavelength separation, depending upon cavity
length.® This property makes it challenging to design photonic lasers that have a few specifically selected
lasing wavelengths. Here we have shown that lattice plasmons, which previously supported a single lasing
mode, can be engineering based on lattice angle to produce two lasing modes. Crossing lines of different
periodicities would break the degeneracy of the (0, 1) and (1, 0) modes and produce three-color lasers
with modes that can be tuned independently based upon periodicity one, periodicity two, and lattice

angle. This advance would open new possibilities for RGB lasers and white-light sources.
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APPENDIX A

Near-field Mapping

Lumerical has useful but limited capabilities for plotting near-field properties. This appendix provides
suitable code for exporting the field monitor data from Lumerical into a Matlab data file and an additional
script for making calculations and plots in Matlab. This is particularly useful for mapping the phase for
modes that are not polarized along one of the major axes, as Lumerical has functionality for plotting

only the x-phase, y-phase, or z-phase.

Listing A.1l. Lumerical script for exporting electric field intensity and electric field

phase from Lumerical monitors into a Matlab data file.

Y%Make the following character substitutions to convert this to a
Lumerical script:

%Comments: percent signs % in Matlab and hashtags # in Lumerical

%Text Strings: single quotes ' in Matlab and double quotes 7 in
Lumerical
i=62; %Lattice Angle. Used only for tracking the file.

% get Field matrix data from the simulation

mname="'field 0'; % Electric Field monitor name

x=getdata (mname, 'x"'); % position vectors associated with Ex
fields

y=getdata (mname, 'y ') ; % position vectors associated with Ex

fields
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Ex=getdata (mname, 'Ex"); % Ex fields at monitor
E

; % Ey fields at monitor

)
Y

Ey=getdata (mname, 'Ey
Ez=getdata (mname, 'Ez'); % Ez fields at monitor
Y%I=transmission (mname) ; % Power transmission through monitor

% save matrix variables x, y, E(x,y,z), and T to a data file

filename="'Fields0'; % set filename.

matlabsave (filename , x,y,Ex,Ey,Ez, i);

% get Charge matrix data from the simulation
mname2="'divergencecurrent '; % Charge monitor name
rhom=getresult (mname2, 'rho"'); % position vectors associated

with Charge Values

rho=rhom.rho; % Charge

rhox=rhom.x; % x values
rhoy=rhom.y; % y values
rhoz=rhom.z; % z values

% save matrix variables for charge and position vectors to a data

file

filename="'charge'; % set filename.

matlabsave (filename , rhox,rhoy,rhoz,rho,i);




Listing A.2. Matlab script for calculating and plotting electric field intensity and elec-
tric field phase using Lumerical output of field monitors, and charge density maps using

Lumerical output of charge monitors.

% Instructions for use:
% 1) Open field files and charge files
% 2) Set mode polarization angle for phase

% 3) Rename figure titles according to lattice angle

V)

%Squeeze: eliminate singleton dimensions

YEx
Exl=squeeze (Ex(:,:,:,2)); %Blue wavelength Ex
Ex2=squeeze (Ex(:,:,:,1)); %Red wavelength Ex

ExlRe=real (Ex1l); %Real of Ex, Blue wavelength

ExlIm=imag (Ex1); %Imaginary of Ex, Blue wavelength

Ex2Re=real (Ex2); %Real of Ex, Red wavelength

Ex2Im=imag (Ex2); %Imaginary of Ex, Red wavelength

Y Ey
Eyl=squeeze (Ey (:,:,:,2)); %Blue wavelength Ey
Ey2=squeeze (Ey(:,:,:,1)); %Red wavelength Ey

EylRe=real (Eyl); %Real of Ey, Blue wavelength

Eyllm=imag (Eyl); %Imaginary of Ey, Blue wavelength

120



Ey2Re=real (Ey2); %Real of Ey, Red wavelength

Ey2Ilm=imag (Ey2); %lmaginary of Ey, Red wavelength

Y%Ez
Ezl=squeeze (Ez(:,:,:,2)); %Blue wavelength Ey
Ez2=squeeze (Ez (:,:,:,1)); %Red wavelength Ey

EzlRe=real (Ezl); %Real of Ey, Blue wavelength

EzlIm=imag (Ezl); %Imaginary of Ey, Blue wavelength

Ez2Re=real (Ez2); %Real of Ey, Red wavelength

Ez2Im=imag (Ez2); %Imaginary of Ey, Red wavelength

Yxyz
xs=10"9xsqueeze (x);

ys=10"9xsqueeze (y) ;

9%
%E"2 Calculations

%close all

%Blue Mode E"2
El=Exl.*conj (Ex1)+Eyl.*conj (Eyl)+Ezl.*conj(Ezl);
figure;

surf(xs, ys, E1', 'EdgeColor', 'None', 'facecolor

9

“interp');
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view (2) ;

colormap jet ;

title (' |E|"2 for \lambda_1");
xlabel ('x (nm)"');

ylabel ('y (mn)"');

colorbar

box on

grid off

fig=gcft;

fig.Color = [1 1 1];

%Red Mode E"2
E2=Ex2.* conj (Ex2)+Ey2.x conj (Ey2)+Ez2.* conj (Ez2) ;

figure;

surf(xs, ys, E2', 'EdgeColor', 'None', 'facecolor"’

view (2) ;

colormap jet;

title (' |E|"2 for \lambda_2');
xlabel ('x (nm)"');

ylabel ('y (nm)');

colorbar

box on

grid off

fig=gcf;

fig.Color = [1 1 1];

)

“interp');
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(7(:%

%Phase Calculations

%Blue Mode

thetal=0 %For Blue Mode (1,1)-—>0
RealEl=cos (thetal )*Ex1Re+sin (thetal)*EylRe;
ImagEl=cos (thetal ) *ExlIm+sin (thetal )*Eyllm;
phasel=atan (ImagEl./RealEl);

phasel (RealE1<0) = phasel (RealE1<0) + pi();

phasel (phasel> pi()) = phasel(phasel> pi()) — 2*pi();

%Phase Plot Blue

figure;

surf(xs, ys, phasel'  'EdgeColor', 'None');
view (2) ;

colormap hsv;

caxis ([—3.14, 3.14])

title ('Phase for \lambda_1');
xlabel ('x (nm)"');

ylabel ('y (nm)');

colorbar

box on

grid off

fig=gcf;

fig.Color = [1 1 1];

123



%Red Mode

theta2=(90—-67/2)*pi/180; %For Red Mode (0,1)—> 90—Lattice Angle/2

RealE2=cos (theta2)*Ex2Re+sin (theta2)*Ey2Re;
ImagE2=cos (theta2)*Ex2Im+sin (theta2)+*Ey2Im;
phase2=atan (ImagE2./RealE2) ;

phase2 (RealE2<0) = phase2(RealE2<0) + pi();

phase2 (phase2> pi()) = phase2(phase2> pi()) — 2xpi();

%Phase Plot Red

figure;

surf(xs, ys, phase2','EdgeColor', 'None');
view (2) ;

colormap hsv;

caxis ([—3.14, 3.14])

title ('Phase for \lambda_2');
xlabel ('x (nm)"');

ylabel ('y (nm)");

colorbar

box on

grid off

fig=gcft;

fig.Color = [1 1 1];
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VAL
%Charge Calculations

close all

%Blue Charge

chargel=real (rho(:,:,10,2));

figure;

surf(rhox*10"9, rhoy=*10"9, chargel ','EdgeColor",
facecolor', 'interp');

view (2) ;

colormap jet;

title (' Charge for \lambda_1');

xlabel ('x (nm)"');

ylabel ("y (mm)");

colorbar

box on

grid off

fig=gecf;

fig.Color = [1 1 1];

%Red Charge

charge2=real (rho(:,:,10,1));

figure;

surf(rhox*10"9, rhoy*10"9, charge2 ', 'EdgeColor",

facecolor', ‘'interp');

view (2) ;

‘None',

"None' ,
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colormap jet;

title (' Charge for \lambda_2');
xlabel ('x (nm)"');

ylabel ("y (nm)');

colorbar

box on

grid off

fig=gcf;

fig.Color = [1 1 1];
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