Distribution Agreement

In presenting this thesis or dissertation as a partial fulfillment of the requirements for
an advanced degree from Emory University, I hereby grant to Emory University and
its agents the non-exclusive license to archive, make accessible, and display my thesis
or dissertation in whole or in part in all forms of media, now or hereafter known,
including display on the world wide web. I understand that I may select some access
restrictions as part of the online submission of this thesis or dissertation. I retain
all ownership rights to the copyright of the thesis or dissertation. I also retain the
right to use in future works (such as articles or books) all or part of this thesis or
dissertation.

Signature:

Chentao Li Date



Manipulating Optical Nonlinearities in Nanophotonic Systems via Plasmons and
High-index Resonators

By

Chentao Li
Doctor of Philosophy

Physics

Hayk Harutyunyan, Ph.D.
Advisor

Sergei Urazhdin, Ph.D.
Committee Member

Ajit Srivastava, Ph.D.
Committee Member

Justin Burton, Ph.D.
Committee Member

Wenshan Cai, Ph.D.
Committee Member

Accepted:

Kimberly Jacob Arriola, Ph.D.
Dean of the James T. Laney School of Graduate Studies

Date



Manipulating Optical Nonlinearities in Nanophotonic Systems via Plasmons and
High-index Resonators

Chentao Li
B.S., Nanjing University, China, 2016

Advisor: Hayk Harutyunyan, Ph.D.

An abstract of
A dissertation submitted to the Faculty of the
James T. Laney School of Graduate Studies of Emory University
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy
in Physics
2022



Abstract

Manipulating Optical Nonlinearities in Nanophotonic Systems via Plasmons and
High-index Resonators
By Chentao Li

Nanophotonic platforms allow light concentration and confinement at the subwave-
length scales. This property is especially beneficial for the enhancement of nonlinear
optical processes that are typically very weak in the bulk materials. Within this broad
framework of nonlinear nanophotonics my research focuses on two main thrusts. The
first research focus of my dissertation uses plasmonic nanostructures to manipulate
and enhance the nonlinear optical effects in hybrid low-dimensional nanoscale sys-
tems. Introducing plasmonic nanostructures strongly confines the local electric field
distribution and thus remarkably enhances the interaction strength between photons
and adjacent materials. The nonlinear optical properties of these systems can be dra-
matically modified on a nanoscale benefiting from this subwavelength confinement of
electromagnetic energy. The second thrust of my research focuses on using high-index
dielectric resonators to enhance the light- matter interaction at the nanoscale. Lower
optical loss and CMOS-compatibility make these dielectric resonators attractive new
platforms for nanophotonics and nonlinear optics. The reported efficiency of nonlinear
processes is orders of magnitude larger compared with plasmonic resonances.

In Chapter 1, an introduction of the background in nano-optics, nonlinear optics
and ultrafast optics is given for reference.

In Chapter 2, the second harmonic generation (SHG) in the plasmon-W Ses strong-
coupling system is discussed. We report the first experimental observation of Rabi
splitting in the pump frequency dependence of the second-harmonic signal in such sys-
tems and this splitting phenomenon can be explained by a coupled-oscillator model
with second-order nonlinearities. Rigorous numerical simulations utilizing a nonper-
turbative nonlinear hydrodynamic model of conduction electrons support this inter-
pretation and reproduce experimental results. This is a typical example to use plas-
monic nanostructures in manipulating nonlinear optical effects in strong light-matter
interaction systems.

In Chapter 3, an invertible nonlinearity of ITO thin films is investigated. ITO
thin films are unique high-index materials which possess resonance modes in the
epsilon-near-zero (ENZ) region and recently emerge as new platforms for enhancing
the optical nonlinearity. We report a systematic theoretical and experimental study
of the origin of ITO thin film nonlinearities contributed by the intraband transition
in a non-parabolic conduction band and the interband transition via near infrared
(NIR) and ultra-violet (UV) excitations. A new mechanism is found that the non-
parobolicity of the band structure, which brings a larger effective mass in the intra-
band transition, and the Fermi energy, which determines the free carrier density, are
two competing forces that jointly contribute to an invertible nonlinearity of I[TOs in
the NIR region. This corresponds to the second thrust of my dissertation, in which
high-index resonators are implemented in enhancing nonlinear optical effects.
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List of Figures

1.1

(a) Schematic of photonic crystals. Periodic modulation of refrac-
tive indices are represented by alternately arranged yellow and red
regions. From left to right: 1D photonic crystal, 2D photonic crys-
tal, 3D photonic crystal. (b) Schematic of RP1 flakes ((BA)2Pbl4), a
type of hybrid organic/inorganic perovskites, on a Au substrate show-
ing photoluminescence from the exciton-polariton formation. A sim-
ilar phenomenon was also observed in the higher-order systems RP2
((BA)2MAPDB2I7) and RP3 ((BA)2(MA)2Pb3I10). This is an example
of nanocomposites that drastically change the light-matter interaction.
(¢) Schematic of the gold-GST-gold metasurface composed of an array
of gold (35nm thick) /GST (25 nm thick) nanodisks on an gold re-
flector (100 nm thick) and a silicon substrate. The diameter of the
nanodisk is selected as 120 nm and the period of the metasurface is
marked as p. (d) An SEM image of the silicon metasurface fabricated
on the quartz substrate. Panel (b) is reprinted (adapted) with permis-
sion from Ref. 16. Copyright 2021 American Chemical Society. Panel
(d) is reprinted (adapted) with permission from Ref. 17. Copyright

2015 American Chemical Society. . . . . . . . .. .. ... ... ...
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Steps of EBL with positive-tone resists to fabricate nanostructures:
(a) A resist layer is deposited on a conducting substrate with spin-
coating. (b) The resist layer is exposed to the electron beam, which
breaks the chemical bonds in desired areas of the resist layer. (c) After
developing in chemical solutions, these areas are left blank and mark
up the pattern of the nanostructure. (d) Thin films of metal materials
are deposited on the resist mask. (e) The resist layer is lifted off in
chemical solutions along with the thin film on top. (f) The designed
nanostructure is left on the substrate. . . . . . . ... ...
Schematic of some nonlinear optical processes. (a) SHG (b) OPG (c)
THG (d) FWM. wq, ws, ws and wy are various photon energies. The
conservation of energy in each nonlinear process is rigorously obeyed,
as revealed in the formula under each picture. . . . . . . . . ... ..
Resonance structure of the terms in Eq. 1.20 which relates the second-
order nonlinear susceptibility to the transitons between energy lev-
els. Considering the intrinsic permutation symmetry, three transition
modes are unique: (a) highly resonant transition (b) partially resonant
transition with w, in resonance with the transition from the ground
level to level m (c) antiresonant transiton. . . . . .. ... ... ...
Schematics of (a) Q-switch, in which the laser loss is changed from
around 100% to zero and the pulse is allowed to lase. The gain increases
to the saturation level when the pulse comes out, then returns to zero.
(b) saturable absorber, in which the laser absorption decreases with
the laser intensity. As the consequence, high-intensity pulses can pass

the absorber and low-intensity ones are mostly rejected. . . . . . . . .
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2.1

2.2

2.3

Schematic of the pump-probe setup. The pump pulse and the probe
pulse are focused on the same spot of the sample. The probe pulse
is reflected by several mirrors and travels for an additional distance
that is controlled by the delay line. Therefore, the probe pulse arrives
after the pump pulse and can detect the ultrafast dynamics of the

pump-induced nonlinear processes. . . . . . . .. . ... ... ...

Schematic illustration of weak and strong coupling between an optical
cavity and a two-level emitter. (a) Weak coupling results in sponta-
neous decay of the emitter at a rate v accompanied by emission of a
photon. (b) Strong coupling results in Rabi oscillations of the emitter
population inversion at a rate 2. Reprinted (adapted) with permission
from Ref. 46. Copyright 2018 American Chemical Society. . . . . . .
Overview of various platforms that exhibit strong coupling (a) GaAs
quantum wells coupled to gold a nanogroove array. (b) an individual
gold nanorod coupled to the monolayer W.S;. (c) A silver nanoprism
strongly coupled to J-aggregates. Panel (a) is reprinted (adapted) with
permission from Ref. 89. Copyright 2008 American Physical Society.
Panel (b) is reprinted (adapted) with permission from Ref. 82. Copy-
right 2017 American Chemical Society. Panel (c) is reprinted (adapted)

with permission from Ref. 77. Copyright 2017 American Chemical So-

Configurations for generating the surface plasmon resonance: (a) Otto

configuration (b) Kretschmann configuration (c) diffraction grating

32



2.4

2.5

(a) The band structure of a monolayer WSes. (b) Schematic of an
A-exciton at the K point of the monolayer W Se,. (c) The Crystalline
structure of 2D TMD materials. Panel (a) is reprinted (adapted) with
permission from Ref. 95. Copyright 2014 John Wiley and Sons. Panel
(b) is reprinted (adapted) with permission from Ref. 96. Copyright
2013 Springer Nature. Panel (c) is reprinted (adapted) with permission
from Ref. 46. Copyright 2018 American Chemical Society. . . . . . .
Nonlinear optics in strong coupling systems. (a) A GaAs single quan-
tum well (SQW) is strongly coupled to a microcavity. The cavity mir-
rors are diffraction Bragg reflectors (DBR). Experimental observations
of SHG from polaritons in the system exhibit a 2 order higher efficiency
than those from the usual method. (b) A strong third-order nonlin-
earity is given by the polaritonic mode from a nonlinear polymethine
dye embedded within a high-Q silver microcavity. (c¢) The enhanced
SHG from a monolayer WSy coupled to a plasmonic nanocavity is
experimentally and theoretically investigated. The nanocavity is com-
prised of monodispersed Ag nanocubes separated from an Ag film by
a spacer AlyOs. (d) Organic nanofiber crystals are hybridized with
the optical modes of silver microcavities in the strong coupling regime.
The wavelength dependence of the SHG efficiency displays two intense
peaks corresponding to the polaritonic modes. Panel (a) is reprinted
(adapted) with permission from Ref. 99. Copyright 2018 American
Chemical Society. Panel (b) is reprinted (adapted) with permission
from Ref. 100. Copyright 2018 American Chemical Society. Panel (c)
is reprinted (adapted) with permission from Ref. 101. Copyright 2020
American Chemical Society. Panel (d) is reprinted (adapted) with per-

mission from Ref. 70. Copyright 2016 American Chemical Society. . .
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2.6

2.7

2.8

2.9

2.10

2.11

Schematic of the experimental setup. An isolated gold nanorod is
strongly coupled to a monolayer of W Se, on a glass substrate. The
second-harmonic signal at frequency 2w, excited by a fundamental
beam at frequency w, is collected in the epi-illumination configura-
tion. Reprinted (adapted) with permission from Ref. 93. Copyright
2020 American Chemical Society. . . . . . . .. ... ... ... ...
The setup schematic of PL measurements. ND filter: neutral density
filter; M: mirror; MO: microscope objective; FMR: flip-mirror reflector;
LPF: long pass filter; APD: avalanche photodiode. . . . . . . . . . ..
(a)-(c): PL scanning maps of several W Se; monolayer. Each image
shows an area of 100um x 100um. (d)-(e): PL spectra of several W Se,
monolayers. The peaks correspond to the A-exciton luminescence from
WSey and vary from 1.64 eV to 1.67 eV. Reprinted (adapted) with
permission from Ref. 93. Copyright 2020 American Chemical Society.
The setup schematic of dark-field scattering measurements. M: mirror;
MO: microscope objective; FMR: flip-mirror reflector. . . . . . . . ..
The setup schematic of SHG measurements. ND filter: neutral density

filter; M: mirror; MO: microscope objective; FMR: flip-mirror reflector;
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40
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LPF: long pass filter; APD: avalanche photodiode; SPF: short pass filter. 42

The black solid curve shows the raw second-harmonic signal from one
nanorod-W Ses coupled system. The excitation wavelength is 795nm
and the time-averaged excitation power is around 250 uW. The red
dashed curve is a fit to a Gaussian peak representing the second-
harmonic signal plus a quadratic background representing TPPL. The
area under the Gaussian peak is taken to be the intensity of the second
harmonic signal. Reprinted (adapted) with permission from Ref. 93.

Copyright 2020 American Chemical Society. . . . . . ... ... ...



2.12

2.13

2.14

Excitation-power dependence of the second-harmonic intensity from
gold nanorods coupled to a W Se; monolayer, and a power-law fit. The
slope of the fit is 2.03 £ 0.10, in agreement with the expected slope
of 2 for SHG. The excitation wavelength is 795 nm. The excitation
power is measured immediately after the objective without the sample.
Reprinted (adapted) with permission from Ref. 93. Copyright 2020
American Chemical Society. . . . . . . . .. ... ... ... .....
(a) Measured PL spectrum of a monolayer of W Ses (red, top panel),
and measured dark-field-scattering spectra of an isolated gold nanorod
(top panel) and of single nanorods coupled to the same W Se; mono-
layer (bottom panels). Dashed lines are fits using the linear two-
oscillator model. (b) Calculated dark-field scattering spectra of an
isolated gold nanorod (top panel, length is 112 nm and diameter is
40 nm) and of nanorods with different lengths coupled to a W.Se,
monolayer (bottom panels). (c¢) Frequencies of upper polaritons (solid
squares) and lower polaritons (solid circles) extracted from fits to ex-
perimental data. Points with the same colors correspond to frequencies
from the same scattering spectra. Gray lines are fitting results using
the two-oscillator model, showing the anti-crossing behavior charac-
teristic of strong coupling. Reprinted (adapted) with permission from
Ref. 93. Copyright 2020 American Chemical Society. . . . . . . . ..
(a) A SEM image of drop-casted nanorods on glass substrates. (b) A
dark field image of gold nanorods dispersed on the W Sey flake. The

red dashed lines remark the monolayer area. . . . . . . . . ... ...
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2.16

2.17

(a)-(c) Dark-field scattering spectra for single nanorods. (d)-(f) Dark-
field scattering spectra for several nanorods coupled to a W.Ses mono-
layer. Reprinted (adapted) with permission from Ref. 93. Copyright
2020 American Chemical Society. . . . . . . . .. .. ... ... ...
Scattering intensity as a function of the incident photon energy calcu-
lated for gold nanorods on top of a W Se; monolayer. The lengths of
the rods are 112 nm (black), 122 nm (red), 131 nm (blue), and 140
nm (green). The diameter of all nanorods is 40 nm and the distance
between the nanorods and W Se; is 5 nm. The system is excited by
a pulse polarized along the nanorod’s long axis. Panel (a) shows re-
sults using the dielectric function for WSes from Ref. 114. Panel (b)
shows results approximating the dielectric function of WSe, as a single
Lorentz oscillator with parameters from Ref. 87. Reprinted (adapted)
with permission from Ref. 93. Copyright 2020 American Chemical
Society. ...
SHG scanning maps of (a) uncoupled gold nanorods and (b) nanorods
coupled to a monolayer WSey. Each image shows an area of 10um x

10pm. The pump laser wavelength is 750 nm. . . . . . . . . .. . ..
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2.18

2.19

(a) SHG signals measured on a single gold nanorod. The corresponding
linear scattering spectrum is shown in the inset. (b) Second-harmonic
signals measured at different pump frequencies for single gold nanorods
on a W Sey monolayer (solid lines). The corresponding linear scattering
spectra are shown in the insets. Dashed lines show fitting results using
the nonlinear two-oscillator model. (c¢) Calculated second-harmonic
spectra for a single nanorod (length is 112 nm, black) and the nanorod-
W Se, coupled system using x® = 0 (blue) and x® = 10pm/V (red)
for W Sey. Panel (b) and (c) are reprinted (adapted) with permission
from Ref. 93. Copyright 2020 American Chemical Society. . . . . . .
Local second-harmonic and fundamental field distributions and inten-
sity distributions for the coupled nanorod-WSe2 system. Headings on
each panel indicate either a particular component of the electric field,
E, .., and the intensity, I. The x direction is along the long-axis of the
nanorod, and the z direction is normal to the substrate. The left four
panels show the local field (in the units of enhancement) calculated at
the longitudinal SPP frequency (1.83 eV), normalized by the magni-
tude of the incident field (or similarly for intensity). The right four
panels show the electric field components evaluated at the second har-
monic and normalized to the peak amplitude of the pump. All fields
are calculated 10 nm above the surface of the nanorod. The nanorod’s
length is 112 nm and the incident field is polarized along the x direc-
tion. Reprinted (adapted) with permission from Ref. 93. Copyright

2020 American Chemical Society. . . . . . . . . ... ... ... ...
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2.20 (a) Measured pump-polarization-dependent second-harmonic radiation

2.21

2.22

pattern from the nanorod-W Ses coupled system (red dots) and a dipo-
lar emission fit (solid red line). The numerical calculation results under
the same condition are also shown (orange dashed line and filled area).
(b) Measured second-harmonic spectra for the nanorod-WSes system
when pumping longitudinally (violet) and transversely (green) relative
to the long axis of the nanorod. (c) Calculated second-harmonic spec-
tra of a nanorod (length is 112 nm) strongly coupled to W Sey when
pumping with different polarization angles relative to the long axis
of the nanorod. Reprinted (adapted) with permission from Ref. 93.
Copyright 2020 American Chemical Society. . . . . .. ... ... ..
Normalized power spectrum as a function of harmonic number calcu-
lated for a single 112-nm-long gold nanorod pumped at its longitudinal
plasmon resonance (1.83 eV, red) and off the plasmon resonance (2.00
eV, blue). The pump is polarized along the nanorod’s long axis and
is 250 fs long. Total propagation time of the calculations is 500 fs.
Reprinted (adapted) with permission from Ref. 93. Copyright 2020
American Chemical Society. . . . . . . . .. .. ... ... ... ...
Second-harmonic signal as a function of the pump frequency. The
red line (left vertical axis) shows the signal calculated for a stand-
alone monolayer of WSe,;. The dot-dashed blue line (right vertical
axis) shows signal for an isolated 112-nm-long nanorod. The solid blue
line (right vertical axis) shows signal for the nanorod coupled to the
W Ses monolayer. The nonlinear second-order susceptibility for W Ses
is taken to be 10pm/V. Reprinted (adapted) with permission from

Ref. 93. Copyright 2020 American Chemical Society. . . . . . . . ..
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2.23

2.24

3.1

Pump-dependent second-harmonic spectra for several individual gold
nanorods strongly coupled to a monolayer of W Sey. The insets show
the corresponding dark-field scattering spectra. Reprinted (adapted)
with permission from Ref. 93. Copyright 2020 American Chemical
Society. . ...
Panels (a) and (b) show linear scattering intensity as a function of
frequency calculated for a single 112-nm-long nanorod (a) and for the
nanorod on top of WSey (b). Panels (¢) and (d) show corresponding
third-harmonic signals as functions of the pump frequency. Vertical red
dashed lines indicate frequencies of the plasmon mode ((a) and (c)) and
lower and upper polaritons ((b) and (d)). Reprinted (adapted) with

permission from Ref. 93. Copyright 2020 American Chemical Society.

Characteristic properties of ENZ materials. (a) SEM image (left) of
an on-chip ENZ prism placed at the end of a silicon waveguide with
an SU-8 slab guiding region and a circular scattering element. The
phase velocity of the excitation light tends to infinity and a nearly
uniform phase is achieved within the prism, as shown by the simu-
lated interference pattern (center), which results in emission leaving in
the direction normal to the interface instead of at an arbitrary angle
(right). (b) The wavelength expands in a corrugated waveguide (left)
under the ENZ condition. The beat length of the interference pattern
(right) extends greatly as the excitation wavelength approaches the
ENZ region. (c) Field enhancement of the normal component of the
electric field in near- zero-index (NZI) materials. For a wave propa-
gating in a silicon waveguide, when a NZI layer is placed on top of the
waveguide, a strong field confinement is observed. Reprinted (adapted)

with permission from Ref. 31. Copyright 2019 Springer Nature.
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3.2

3.3

3.4

Dispersion relations of the ENZ mode, which exists in thin TCO films,
and the Berreman mode, which is similar to the surface plasmon mode
due to the Drude dispersion (right). The ENZ mode with a nearly
flat dispersion (left) appears at w = w,. Reprinted (adapted) with
permission from Ref. 129. Copyright 2019 Springer Nature. . . . . . .
Nonlinear optical processes in ENZ materials. (a) SHG from ITO thin
layers with various ENZ wavelengths. A peak in the SHG intensity
is consistently observed. (b) Observation of phase conjugation (PC)
and negative refraction (NR) in an AZO thick film near its ENZ wave-
length. A peak in the PC and NR beams occurs in the temporal spectra
(bottom left). The efficiency, 7, of PC and NR generation coincides
with the real index of the film, demonstrating the effect of the ENZ
condition (bottom right). (c) Nonlinear refractive index, ng, of the
ITO thin film is enhanced in the ENZ region. Stronger nonlinear re-
sponse is observed with the increasing incident angle ¢. Panel (a) is
reprinted (adapted) with permission from Ref. 166. Copyright 2015
Amerian Chemical Society. Panel (b) is reprinted (adapted) with per-
mission from Ref. 31. Copyright 2019 Springer Nature. Panel (c) is
reprinted (adapted) with permission from Ref. 129. Copyright 2019
Springer Nature. . . . . . . . . . ... ...
(a) Transmittance of the commercial ITO film measured under differ-
ent incident angles. The dashed curve shows the fitted transmittance
spectrum by using the transfer matrix method (TMM) and the Drude
model. (b) Calculated permittivity of the commercial ITO film by
using the fitted Drude parameters. (c) 60 degree transmittance of
sputtered ITO films with different ENZ wavelengths. Black curves are

from measurements and red curves are calculated using TMM. . . . .
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3.5

3.6

Schematic of the nonlinear optical responses in ITO thin films. (a) The
intraband transition of conduction band electrons introduces a larger
effective mass due to the non-parabolic band structure and decreases
the plasma frequency. F.: conduction band, Ey: Fermi level, E,:
valance band, E},: hot electron energy level, dashed curves give vi-
sual guides for the parabolic band strucutre and the increase of Fermi
level. (b) The interband transition generates more free carriers, in-
creases the plasma frequency and meanwhile introduces a larger ef-
fective mass . The ultimate nonlinearity depends on the competition
between these two mechanisms and can be inverted by controlling the
non-parabolicity and the Fermi level. . . . . . .. ... ... ... ..
(a) Differential transmittance change AA with a broadband probe in
NIR region calculated using the intraband transition model, where E,
is 2.39 eV. Different colors represent different ENZ wavelengths. (b)
Calculated AA for different values of E,;. The ENZ wavelength is 1220
nm. (c) Calculated AA spectra for various E, using the interband
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Chapter 1

Introduction

1.1 Nano-optics

In the history of science, understanding of optics ushered a new era for invigilating
the nature. Optical instruments, such as microscopes and telescopes, enable the
observation of fascinating phenomena that are not directly detectable by human eyes.
As we move to smaller scales with the deeper investigation of natural things and
a higher demand of integration of man-made materials, such as electronic circuits,
however, the traditional optical methodology becomes more limited. New physics
needs to be exploited for the future technological applications. More specifically,
the increasing trend towards nano-science and nano-technology makes it a necessity
to study optics and light-matter interaction on nanoscale, which forms the basis of
nano-optics.

Nano-optics studies optical phenomena on nanoscale and optical properties of
nanostructures. One central goal of nano-optics is to extend the use of optical tech-
niques to length scales beyond the diffraction limit. Far-field microscopy is not suit-
able for nanoscale imaging due to this resolution limitation (> 200nm). Therefore, a

local probe for optical near-fields is necessary to develop some new approaches, for ex-



ample, the photon scanning probing microscopy/[1], nonlinear optical microscopy|[2, 3]
and metal-tip based enhanced field microscopy[4]. Another important aspect of
nano-optics emerges with the modern technology of fabricating nanostructures, such
as nanoparticles for sensor devices[5], single molecules for biophysical fluorescence
and integrated photonic circuits in optical networks. All of these nanophotonic
structures[6] are created to provide unique light-matter interaction properties and

nano-optics aims to establish a basic understanding of them.[7]

1.1.1 Optical Near-fields

In far-field optics, after a light wave passes through a sub-wavelength-sized aperture
on a plate, it is converted into a diverging spherical wave. Such divergence is called
diffraction, an intrinsic characteristic of waves. Diffraction puts a limit on the range
of wavevectors that can reach the far field during the propagation of the wave, and
any wavevector laying outside this range turns into the optical near field. As the
consequence of this loss of optical momentum in the far field, any image produced
by the aperture is always a blur, which is the diffraction pattern. For example, a
circular aperture has a divergence angle of A/a, where X\ and a are the wavelength of
the incident light and the aperture radius, respectively. The spot size of the blurred
image in the far-field, namely the central bright region of the diffraction pattern, is
the Airy disk:

A

where @ 4,y is the diameter of the Airy disk, VA is the numerical aperture. Airy disk
defines the smallest point to which a beam of light can be focused. As focused Airy
patterns from different object details approach one another, they begin to overlap.
When the overlapping patterns create enough constructive interference to reduce

contrast, they eventually become indistinguishable from each other. This also holds



true for imaging under an optical microscope, and the smallest size resolvable with an
optical microscope is called the diffraction limit. It can be inferred from Eq. 1.1 that
this resolution depends on the wavelength of the incident light. Consequently, it is
impossible to image subwavelength features with conventional far-field microscopes.

The use of optical near fields has been proposed to transcend the diffraction limit.
As optical near fields retain all the information of wavevectors irradiating the aper-
ture, the diffraction is no longer a limitation on the resolution of the imaging system.
The spatial resolution of the optical near-field light depends on the size of the aper-
ture instead of the wavelength. Therefore, given the size of the aperture much smaller
than the wavelength, the resolution of the optical near-field image can be significantly
increased from the far-field images. These optical near fields have been applied to
realize diffraction-free, high-resolution optical microscopy, such as the photon scan-
ning probing microscopy, nonlinear optical microscopy and metal-tip based enhanced
field microscopy. It should be noted that evanescent waves, which describe the imag-
inary component of the wave vector k, also occur in the subwavelength dimension
due to a rapid exponential decay instead of propagating. However, the generation
of evanescent waves highly depends on the spatial distribution of the incident light,
thus evanescent waves are still categorized into diffraction limited waves.[8]

Uncertainty principle can be used to understand the property of optical near fields:

AkAz > 1 (1.2)

where Ak is the uncertainty of the wave vector and Az is the uncertainty of the
position. For near-fields of nanoscale apertures or particles, the spatial position can
be accurately defined, indicating a wide distribution of the wave vector. Thus, the
optical near field is free of diffraction, and as a result, optical science and technology

beyond the diffraction limit can be realized by using optical near fields.



(Classical electromagnetic theory, like Maxwell’s equations can explain the mecha-
nisms of optical near-fields generation. Analytical methods such as Green’s function,
multipole expansion, and numerical calculations such as the finite-difference time do-
main (FDTD) method and the finite element methods (FEM), have been developed

to describe the distribution of optical near-fields based on the electromagnetic theory.

1.1.2 Nanoscale Confinement of Matter

Optical near-fields are generated based on nanoscale matter platforms, such as quan-
tum dots (QD), nanoparticles and photonic crystals. This nanoscale confinement of
matter is also a central topic of nano-optics.

Quantum dots are semiconductor particles with a few nanometers in size. Due
to the highly confined structure, electrons in QDs are tightly confined in a similar
way as in the well-known quantum mechanical ’particle in a well” problem, where
electrons are trapped in the potential energy barriers. Therefore, QDs possess discrete
electronic states. When QDs are illuminated by light, the electrons in lower energy
states will be excited to higher energy states if the photon energy is larger than the
bandgap. Then the spontaneous emission allows the excited electrons drop back into
the ground state by emitting photons. This process is called the photoluminescence
(PL). Different sizes of QDs give different energy gaps and different PL wavelengths.
QDs have advantages of high quantum efficiency, long life-time do not photobleach
and are widely applicable in fluorescence markers, bio-labels[9] and nano-lasers[10],
ete.

Metallic materials can also be fabricated into nanoparticles. Unlike semiconduc-
tors where electrons are bound to atoms, metallic materials have electrons with long
mean free paths. Therefore, when metallic nanoparticles are irradiated by light, the
conduction electrons will oscillate coherently with the oscillating incoming electric

fields. When this collective oscillation of electrons is in resonance with the inci-



dent light frequency, the localized surface plasmon modes will be generated. These
plasmon modes greatly enhance the electric field near the nanoparticle surfaces and
have a maximum optical absorption at the plasmon frequency. Moreover, due to the
large surface/volume ratio of nanoparticles, the plasmon frequency can be actively
controlled by changing the size and the geometry shape, for example, the aspect
ratio[11]. Metallic nanoparticles have various applications in bio-labels, automotive
coatings, sunscreen lotions, sensing, etc.[12, 13, 14]

More and more artificial nanostrucutres, such as photonic crystals, nanocompos-
ites and metasurfaces, have recently been created and studied, as shown in Fig. 1.1.[15,
16, 17] They all significantly modify the interaction between light and matter at the
subwavelength scale by creating optical near-fields that are free of diffraction. The
size-dependent property of far-field optical signals, such as scattering and absorption,
makes them attractive for nanophotonic applications. This dissertation will focus on

these material platforms and investigate their influence on nonlinear optical signals.

1.1.3 Nanofabrication

The development of nano-optics heavily relies on the development of modern nanofab-
rication technology, which refers to the manufacturing process of nano-materials dis-
cussed above. Generally speaking, nanofabrication methods are categorized into three
main parts: lithography, thin film deposition and etching.

Lithography is extremely important in designing nanopatterns on substrates, es-
pecially the photolithography and electron beam lithography (EBL). The basic steps
of EBL with positive-tone resists to fabricate nanostructures is shown in Fig. 1.2.[18]
A resist layer is first deposited on the substrate with spin-coating followed by the
thermal treatment, baking for instance, to remove the solvent residue. Next, the re-
sist layer is exposed to the electron beam, which breaks the chemical bonds in desired

areas of the resist layer. After developing in chemical solutions, these areas are left
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Figure 1.1: (a) Schematic of photonic crystals. Periodic modulation of refractive in-
dices are represented by alternately arranged yellow and red regions. From left to
right: 1D photonic crystal, 2D photonic crystal, 3D photonic crystal. (b) Schematic
of RP1 flakes ((BA)2PblI4), a type of hybrid organic/inorganic perovskites, on a Au
substrate showing photoluminescence from the exciton-polariton formation. A similar
phenomenon was also observed in the higher-order systems RP2 ((BA)2MAPbH2I7)
and RP3 ((BA)2(MA)2Pb3I10). This is an example of nanocomposites that drasti-
cally change the light-matter interaction. (c¢) Schematic of the gold-GST-gold meta-
surface composed of an array of gold (35nm thick) /GST (25 nm thick) nanodisks
on an gold reflector (100 nm thick) and a silicon substrate. The diameter of the
nanodisk is selected as 120 nm and the period of the metasurface is marked as p. (d)
An SEM image of the silicon metasurface fabricated on the quartz substrate. Panel
(b) is reprinted (adapted) with permission from Ref. 16. Copyright 2021 American
Chemical Society. Panel (d) is reprinted (adapted) with permission from Ref. 17.
Copyright 2015 American Chemical Society.
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Figure 1.2: Steps of EBL with positive-tone resists to fabricate nanostructures: (a)
A resist layer is deposited on a conducting substrate with spin-coating. (b) The
resist layer is exposed to the electron beam, which breaks the chemical bonds in
desired areas of the resist layer. (c) After developing in chemical solutions, these
areas are left blank and mark up the pattern of the nanostructure. (d) Thin films of
metal materials are deposited on the resist mask. (e) The resist layer is lifted off in
chemical solutions along with the thin film on top. (f) The designed nanostructure is
left on the substrate.

blank and mark up the pattern of the nanostructure. Then thin films of metal or
dielectric materials are deposited on the resist mask. Finally, the resist layer is lifted
off in chemical solutions along with the thin film on top, leaving developed areas the
designed nanostructure.

As mentioned above, the thin film deposition is a key step in nanofabrication.
Modern nanotechnology allows the accurate thickness control of thin films with the
precision of j1 nm. Generally, two main deposition methods are adopted: the chem-
ical vapor deposition (CVD) and the physical vapor deposition (PVD).[19, 20] CVD
introduces reactant gases in the chamber and chemical reactions occur on wafer sur-
faces leading to the deposition of a solid film. Without involving chemical reactions,
PVD creates vapors of constituent materials inside the chamber, and condensation

occurs on wafer surfaces to deposit solid films. Comparing with PVD, CVD allows a



higher growth rate, can grow epitaxial films and has more conformal step coverage.
However, it also has disadvantages of too high process temperatures, toxic gasses and
more impurities. Other methods, including coating with a liquid that becomes solid
upon heating, electro-deposition and thermal oxidation, are increasingly gaining im-
portance in nanofabrication. Choosing which deposition method to use is based on
specific requirements of thin film properties. These properties of thin films, including
the roughness, stress, stoichiometry, impurity level, etc., depend on complicated pa-
rameters used during the deposition process, thus raise wide research interest among
laboratories and industry R&D. In this dissertation, the roughness of thin films is de-
termined by the scanning electron microscope (SEM) and the thickness can be read
from the atomic force microscope (AFM).

Etching is another critical process in nanofabrication, in which thin layers are
removed from the surface of the wafer during manufacturing while some parts pro-
tected by the etching-resist mask are left.[21] Categorized by the etchant, there are
two fundamental types of etching, namely the wet etching and the dry etching. In wet
etching, the substrate is immersed in a bath of liquid-phase etchants. In dry etching,
if chemical mechanism dominates, plasma is introduced to carry chemical radicals
that could selectively format volatile compounds on the surface of the substrate to
remove the deposited solid materials. If physical mechanism dominates, ions which
are accelerated by an electrical field would hit the surface with high kinetic energy

and bring out materials.

1.2 Nonlinear Optics

Nonlinear optics is the study of light-matter interactions which significantly modify
the optical properties of the material system. The term "nonlinear” means that the

response of the matter to an applied electric field is nonlinearly dependent on the



strength of the optical field. This response of matter to an external field can be

quantified by the matter’s polarization:

Pt) =3 i (1) = Naw; (1) (1.3)

where N is the density of charged particle, g; is the charge of each particle and z(¢)
is the displacement of the particle. The polarization represents that charged particles
in the material move collectively in response to the applied electric field. According
to the inhomogeneous wave equation:

O*FE 1 0°E o0*P

2 T 2 g2 Moo (1.4)

0z co? Ot ot
the polarization P acts as the source of the emitted light from the medium. Sine
waves of all frequencies are solutions to the homogeneous wave equation. However,
the inhomogeneous term only allows the frequency at specific values determined by

the polarization. If the medium is linear:

-

P(t) = coxVE(t) (1.5)

where (! is the linear susceptibility and € is the permittivity of free space, then the
light propagates through the material without changing the frequency. Nevertheless,
in nonlinear optics, the polarization is a general function of the electric field P(FE)

instead of the linear expression and can be described by the power series:

Pt) = e VE®) + XD EW®) +xVE® +..] (1.6)

where x? and x® are known as the second- and third-order nonlinear optical suscep-

tibilities, respectively. Therefore, other frequencies would occur besides the frequency
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of the original optical field. A typical example of nonlinear interaction is the second
harmonic generation (SHG), where the emission is generated at the second-harmonic
frequency.

Nonlinear optical processes are abundant in nature and some schematics are shown
in Fig. 1.3.[22] Second-order nonlinearity which involves y® include SHG, sum and
difference frequency generation, two photon absorption, optical parametric generation
(OPQ), etc. Third-order processes with a non-negligible x® include third harmonic
generation (THG), four wave mixing (FWM), optical Kerr effects, etc. However,
nonlinear optical processes are usually weak due to the small magnitude of high-
order susceptibilities and typically can only be generated by lasers that are sufficiently
intense. One of the most important theme of this dissertation is to enhance these
nonlinear interactions with nanophotonic platforms, which could greatly enhance the

optical near-fields to make up for the normally small high-order susceptibilities.

1.2.1 Nonlinear Susceptibility

Nonlinear susceptibility describes the nonlinear electronic responses of charged parti-
cles (atoms, electrons, etc.) to the applied optical fields. Both classical and quantum
mechanical models are developed to calculate the nonlinear susceptibility. Classical
models are based on the Lorentz model and extend the harmonic oscillator descrip-
tion of atoms to anharmonic oscillators. Quantum mechanical models start from the
first principle and are more precise in a sense that completed resonance nature of the
nonlinear susceptibility are considered while classical models only allow one resonance
frequency.

To describe the motion of electrons in a noncentrosymmetric media, the classical
model of nonlinear susceptibility adds a quadratic correction term to the Lorentz
model[23]:

T+ 29T + W’ + ai® = —XeE(t)/m (1.7)
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Figure 1.3: Schematic of some nonlinear optical processes. (a) SHG (b) OPG (c)
THG (d) FWM. wy, we, w3 and wy are various photon energies. The conservation
of energy in each nonlinear process is rigorously obeyed, as revealed in the formula
under each picture.
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where v represents the damping term, a is the characterization of the nonlinearity and
A is a parameter that ranges continuously between zero and one for the convenience

of perturbation expansion. The applied optical field can be written as:
E(t) = Ere ™1 + Eye ™2 4 c.c. (1.8)

where F; and FEs represent the electric field of two incoming light in nonlinear inter-
actions, and w; and wy are the photon energy, respectively. The solution of Eq. 1.7

takes the form of the power series expansion in the strength A\ of the perturbation:
=270+ 2250 4 (1.9)

Plug Eq. 1.9 into Eq. 1.7 and split Eq. 1.7 according to different orders of \. Then Z()
can be derived from the conventional Lorentz model. #® denotes the second-order
movement. In SHG where two w; photons are interacted, #?(2w;) can be solved as:

—a(e/m)*E,*
D(2w1)D?(wy)

PP (t) = e 2t (1.10)

where the complex denominator function is:
D(w;) = wp —w?- — 2iw;y (1.11)

Comparing the definition of the polarization in Eq. 1.3 and the definition of the
nonlinear susceptibility x? in Eq. 1.6, it is straightforward to derive x® (2w, wy, w1 )
in SHG in terms of the linear susceptibility:

eama

X (2w, wi,wy) = o3 X (2w1) [x P (w1)]? (1.12)

The above analysis can readily be extended to general second-order nonlinear
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processes and other higher-order effects by assuming higher order correction terms in
Eq. 1.7. It should be noted that in a centrosymmetric media, if E (t) is reversed to
—E(t), then P(t) will also be reversed to —P(t) accordingly. Substitute E(t) with
—E(t) on the right side of Eq. 1.6 and compare the result with the expression of —P(t),
all even-order susceptibilities are vanished. Therefore, materials with huge asymmetry
are widely used in detecting second-order nonlinearity. While bulk materials with
inversion symmetry in the crystalline structure are more investigated in third-order
nonlinearity. Modifying the surface structure or introducing phase transition to break
the symmetry are necessary when the second-order nonlinearity is needed.
In quantum theory of the nonlinear susceptibility, the Hamiltonian is written
as:[23]
H=Hy+\V(t) (1.13)

where Hy is the Hamiltonian of free atoms and VZt) is the coupling between electric

dipole moments and the electric field:
V()= —p- Bt (1.14)

The solution of the Schrodinger’s equation ¢(r,t) is expanded to power series in A

similarly as in classical oscillator models:
W(r,t) = O t) + AW (r,t) + X2 (r,t) + .. (1.15)
Here 1) (r,t) is the wave function of the atom on the ground state g:
VO (r,t) = ug(r)e Fot/h (1.16)

and all high-order contributions of the wave function can be expressed as the super-
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position of all eigen-energy states:

PN t) =3 af™ (ug(r)e (1.17)

1
where al(N) (t) gives the probability amplitude of state [, u;(r) represents the spatially
varying part and wj is the eigen-energy of each state. By substituting Eq. 1.15, 1.17
into the Schrodinger’s equation and assuming that the optical field has multiple fre-

quency components

E(t) =) E(wy)e ™" (1.18)

the high-order wave function can be derived, which determines the expectation value

of the electric dipole moment

<p>=<Y|ap > (1.19)

and therefore the nonlinear susceptibility. The second-order susceptibility, for exam-

ple, is written as

iod ok
X,Uk(w0'7 Wy, Wp) €0h2 F mz (an — LUU)(wmg - wp) ( ' )

where Pr represents the full permutation operator and w4, wyy defines the energy gap
between two states. fign, tnm, ftmg are known as the transition dipole moments. This
quantum-mechanical model relates nonlinear susceptibilities to transitions between
intrinsic eigen-energy states of atoms, which can be clearly demonstrated in energy-
level diagrams, as shown in Fig. 1.4.[23] It can be a useful tool in interpreting nonlinear

behaviors in strong light-matter interactions.
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Figure 1.4: Resonance structure of the terms in Eq. 1.20 which relates the second-
order nonlinear susceptibility to the transitons between energy levels. Considering
the intrinsic permutation symmetry, three transition modes are unique: (a) highly
resonant transition (b) partially resonant transition with w, in resonance with the
transition from the ground level to level m (c) antiresonant transiton.

1.2.2 Second Harmonic Generation

After determining the nonlinear susceptibility, the electric field and the intensity of
nonlinear signals can be calculated from the inhomogeneous wave equation Eq. 1.4.[23]
As an example, the process of SHG will be considered. Assuming the total electric

field inside the nonlinear medium is
E(z,t) = Ey(2,t) + Ey(z,1) (1.21)

where each component is represented by a slowly varying amplitude A;(z).

—

Ej(z,t) = Aj(z)eikizwib) (1.22)

By substituting Eq. 1.21, 1.21 into Eq. 1.4, we obtain the propagation of the amplitude

dA,  iwix®
dz — kyc?

) .
AgAtei0k= (1.23)
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and
dAy  iwix®
dz ko2

A2 inkz (1.24)

where Ak = 2k; —ko. For an undepleted-pump approximation where A; is a constant,
the spatial dependence of the second-harmonic field amplitude can be readily solved.

It should be noted that if Ak = 0, this amplitude will increase linearly with the
propagation length, which is called phase matching.[24] Phase matching is essentially
the conservation of the momentum and can be realized by precisely modulating the
incoming light angle, polarization and the refractive index of the medium. Under the
phase matching condition, the nonlinear material becomes the gain medium which
produces lasing effect when the propagation length is made sufficiently long in a cavity
design.

As discussed above, second harmonic signals can only be generated from noncen-
trosymmetric materials. However, the surface of bulk materials naturally breaks the
inversion symmetric which enables SHG. Moreover, this surface contribution of SHG
becomes more significant in nanostructures with a large surface/volume ratio. The
subwavelength sizes of nanostructures make the wave equation invalid and the large
field enhancement brought by the light confinement at nanoscale makes it inaccurate
to derive the field distribution using the perturbation theory. Therefore, new theories
are needed to describe the nonlinear SHG signals for nanophotonic systems.[25, 26]
The hydrodynamic model of SHG signals from the plasmonic nanorods will be intro-

duced in Chapter2.

1.2.3 Optical Kerr Effect

Finally, the optical Kerr effect is briefly introduced as an example of the third-order

nonlinear process. Suppose the optical field is of the form

E(t) = E(w)e ™" + c.c. (1.25)
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the third-order term in Eq. 1.6 contributes a nonlinear polarization that influences

the propagation of the original beam at frequency w

PV (w) = 3eox V| E(w)] E(w) (1.26)

An effective susceptibility is introduced to reflect this intensity-dependent modulation

of the original susceptibility
Xerr = XV + 3xP | E(w)? (1.27)
and the refractive index is described by
n = ng + 2ny| E(w)]? (1.28)
where ng is the linear susceptibility and ns is proportional to the third-order suscep-
tibility

3x®
4710

(1.29)

No =

This intensity-dependent refractive index is also named optical Kerr effect by analogy
with the electro-optic Kerr effect where the refractive index of the material is changed
by the applied static electric field.[27]

Optical Kerr effect results in many exotic nonlinear processes, including self-
focusing[28], optical phase conjugation[29] and two-beam coupling[30]. It is widely
applied in designing the ultrafast laser system. Another interesting phenomenon
is that when ng approaches zero, this modulation of the refractive index becomes
infinitely large, which gives rise to the unique nonlinear property of some near-zero-

index (NZI) materials.[31]
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1.3 Ultrafast Optics

Nonlinear interactions are much weaker compared to linear optical processes, which
normally requires the sufficiently intense pump light, such as lasers. A straightforward
method to increase the laser intensity without additional external power supply is to
produce pulsed lasers instead of continuous waves. By reshaping the laser pulse and
decreasing the pulse duration, the peak power of the laser would significantly increase
while keeping the same average power. Recent investigation in compressing the pulse
duration has been developed rapidly and allows the creation of ultrafast pulses as
short as 60 attoseconds.[32] Modern technology of chirped pulse amplification[33]
allows the power of these ultrashort pulses to be peta-watts.

Moreover, in nanophotonic systems, the light-matter interactions mostly occur
on ultrafast time scales due to the limited length scale that is comparable to the
mean free path of electrons ( 10 nm). Measuring the ultrafast dynamics of these
processes would have a profound effect on our understanding of nonlinear optics.
For example, PL signals usually occur on nanosecond scale, and the competing non-
radiative relaxation can be much faster. Semiconductor processes of technological
interest, such as hot electron dissipation and recombination, normally happen on
picosecond and femtosecond time scale. The detection of these ultrafast dynamics

brings forward the requirement of ultrafast spectroscopy study.[34]

1.3.1 Ultrafast Laser

The model of a laser is a gain medium that amplifies the energy of light through
pumping. The laser beam will lase every time it completes a round trip between the
cavity and the intensity is amplified by the gain medium. The cavity wall, which can
be an output mirror, does not have 100 percent reflection, thus allows the leakage

of some power of the laser pulse when hit by the laser travelling inside the cavity.
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Figure 1.5: Schematics of (a) Q-switch, in which the laser loss is changed from around
100% to zero and the pulse is allowed to lase. The gain increases to the saturation level
when the pulse comes out, then returns to zero. (b) saturable absorber, in which the
laser absorption decreases with the laser intensity. As the consequence, high-intensity
pulses can pass the absorber and low-intensity ones are mostly rejected.

Therefore, the output of any laser is a train of pulses and a continuous wave laser
just has a pulse length longer than the round-trip time.

Solid-state laser media are able to yield microsecond to millisecond pulses. How-
ever, this pulse duration is limited by the excited-state lifetimes of the gain mate-
rial, which is typically in the microsecond range. To obtain even shorter pulses, the
mode-locking is necessary. Some widely used mode-locking methods are depicted in
Fig. 1.5.[34] As shown in Fig. 1.5(a), Q-switch creates nanosecond pulses by changing
the laser loss abruptly from around 100% to zero and allowing the laser to lase. This
can be achieved with a Pockels cell, which is made of a polarizer and an electro-optical
crystal. The crystal acts as a quarter-wave plate when a voltage is applied. It will
be switched to a zero-wave plate with zero voltage and the beam polarization will be
changed to pass the polarizer.

Another mode-locking method, as shown in Fig. 1.5(b), is the saturable absorber,
which only absorbs the low-intensity light and allows the high-intensity part to pass.
As the result, the pulse duration becomes shorter with only the vertex of the peak

left. A nonlinear crystal, such as a Ti:Sapphire, behaves as a self-saturable abosrber
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due to optical Kerr effect. A high-intensity laser experiences a larger modulation
of the refractive index and has better overlap with the crystal while a low-intensity
one becomes out-of-focus. This mode-locking technique is called Kerr lens.[35] It is
passive, which is independent on the external voltage switch speed and thus enables

pulses in the picosecond and femtosecond scale.

1.3.2 Pump-probe experiments

After obtaining the ultrafast pulses, ultrafast spectroscopy can be built to investigate
the ultrafast dynamics in light-matter interactions. The setup is based on the mech-
anism of pump-probe, in which a pump beam excites the nonlinear interactions in
materials and a probe beam dynamically records the change of optical properties, such
as the absorption and the transmission, induced by these interactions. The pump and
probe beams are from the same laser source, while the probe beam travels through
an additional delay line and arrives on the material surface sometime after the pump
beam. Therefore, by precisely tuning the delay length and the delay time, the total
relaxation process of any nonlinear signals can be retrieved and depicted in the kinetic
spectra. This method has the advantage of a high time resolution, which makes it
possible to study femtosecond relaxation processes that are inevitable in nonlinear
optics. The pump beam usually has a single wavelength, which can be tuned by the
optical parametric amplifer (OPA). The probe beam can either be monochromatic or
be the broadband supercontinuum generated from a nonlinear crystal. A schematic

of the pump-probe experimental setup is shown in Fig. 1.6.
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Figure 1.6: Schematic of the pump-probe setup. The pump pulse and the probe pulse
are focused on the same spot of the sample. The probe pulse is reflected by several
mirrors and travels for an additional distance that is controlled by the delay line.
Therefore, the probe pulse arrives after the pump pulse and can detect the ultrafast
dynamics of the pump-induced nonlinear processes.
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Chapter 2

Second Harmonic Generation from
a Single Plasmonic Nanorod
Strongly Coupled to a W . Ses

Monolayer

2.1 Cavity QED

Spontaneous emission describes the process where an emitter in the excited state
decays into the ground state and meanwhile emits a photon with photon energy
equal to the energy difference between these two states. As discussed in the quantum-
mechanical model of nonlinear susceptibilities (Chapter 1.2.1), this type of transition
is responsible for nearly all light emission and light-matter interactions. However,
when the emitter is at the high-energy state, there is no apparent reason for it to
decay into the ground state unless it interacts with an external 'field’.[36] This 'field’

turns out to be the quantized vacuum field, which can only be described by quantum
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electrodynamics (QED).[37] The spontaneous emission rate in the vacuum is

3 2
Wo k12

= < 2.1
0 3¢€0h63 ( )

where hwy is the energy difference between the ground and excited states and pyo is
the transition dipole moment. When the emitter is not in free space, this emission
rate will be modified to

B 2@@2 Eg

Iy = TP(WO) (2.2)

where FEj is the electric field generated by a single photon at the position of the
emitter and p(wp) is the electromagnetic local density of states (LDOS). It can be
inferred that the spontaneous emission rate will be modified by the applied optical
field, or in other words, by any change of the electromagnetic environment coupled to
the emitter. Depending on the strength of this light-emitter coupling, two different

regimes are realized, namely the weak coupling regime and the strong coupling regime.

2.1.1 Weak Coupling

In the weak coupling regime, the excited emitter undergoes an exponential decay at
a modified rate I';. For example, when the emitter is placed inside an optical cavity,
the LDOS is modified by the cavity mode that coupled to the emitter, which results
in the change of the emission rate. This is called the Purcell effect and the ratio
between the modified decay rate and the free space emission rate is the Purcell factor

ST, 3N
Ty 497V,

(2.3)

P

where A is the emission wavelength, () is the quality factor of the cavity mode and
Vo is the mode volume. In most cases, Purcell effect brings an enhancement of the

emission rate. For example, in the first proposal of Purcell in 1946[38|, the nuclear
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magnetic transition rate was proved to be increased by placing atoms inside a cavity.
Recent efforts have been focused on enhancing Raman scattering from molecules
that are in vicinity of plasmonic metal nanostructures.[39] Photonic crystals are also
widely investigated to modify emission of quantum wells.[40] However, Purcell effect
does not necessarily accelerate the emission rate. For some plasmonic cavities, due
to the lossy mode featured by the broad line width, the emission rate would even be
reduced. This can be interpreted from Eq. 2.3 which shows that the Purcell effect
is proportional to Q/Vy. A larger quality factor and a smaller mode volume could
bring a larger enhancement of the emission rate, and vice versa. Therefore, the lossy
nature of plasmonic cavity modes are overcome by designing resonators with dark
modes or by coupling to plasmonic-dielectric hybrid systems to enhance the Purcell

factor.[41, 42]

2.1.2 Strong Coupling

In the strong coupling regime, coherent energy exchange between the emitter and the
cavity mode occurs. This energy exchange rate, €, is faster than any decay process in
the coupling system. Therefore, the photon and the emitter no longer possess separate
energy states. Instead, they form hybridized states which are called polaritons.[43,
44, 45] The difference between the weak coupling and the strong coupling regime is
shown in Fig. 2.1.[46] In Fig. 2.1(a), the inversion versus time for a weak coupling
system is still an exponential decay. While in Fig. 2.1(b), the rapid energy exchange
rate between the emitter and the cavity results in multiple rounds of energy exchange
before the system is fully decayed into the ground level. Therefore, an oscillation
occurs within the lifetime of the inversion decay, which is the Rabi oscillation. Rabi
oscillation is a key characteristic of the strong coupling.

To correctly describe the physics of a strong coupling system, a classical two-

oscillator model is developed (see section 2.2.3). This model assumes that all emit-
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Figure 2.1: Schematic illustration of weak and strong coupling between an optical
cavity and a two-level emitter. (a) Weak coupling results in spontaneous decay of
the emitter at a rate  accompanied by emission of a photon. (b) Strong coupling
results in Rabi oscillations of the emitter population inversion at a rate €2. Reprinted
(adapted) with permission from Ref. 46. Copyright 2018 American Chemical Society.
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ters have a collective resonance mode, which is valid in most cases. While a detailed
quantum theory which treats each emitter separately is needed to describe multi-
ple resonance frequencies and multi-photon interactions. A Jaynes-Cummings (JC)

model[47] is first proposed with the Hamiltonian in the form

H = hwyo'é + hwala + hg(6at + 6'a) (2.4)

where wy is the emission frequency, 6 and & are raising and lowering operator of
the emitter, w is the cavity mode frequency and a' and a are photon creation and
annihilation operators. The coupling strength ¢ is related to the transition dipole

moment 15 and the vacuum field Ej

M12E0
= — 2.
g - (2.5)

Assuming |1 > and |2 > are the ground and excited states of the emitter and |n >, is
the cavity Fock state where n denotes the number of photons that occupy the cavity

mode, the eigenstates of a free system omitting the coupling term are
li,n>=1]i>®n>.,i=1,2 (2.6)

Then the eigenstates of the coupled Hamiltonian in Eq. 2.4 assuming wy = w are

CLn4+1>=£2,n>

T
V2

In+1,+> >0 (2.7)

which represent the upper polariton and lower polariton states. The corresponding
eigenenergies are given by

E* = nhwytgy/n (2.8)

It is clearly demonstrated that the coupling opens up the energy gap between upper
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polaritons and lower polaritons. This energy gap

0 =29v/n (2.9)

is referred to as the Rabi splitting. In the absence of the coupling strength, the eigen-
states of the system are the direct product of |1 >, |2 > and the cavity Fock state
|n >. When g is small, the coupling term is perturbative and the Rabi splitting is
easily blurred out by decay and dephasing in the system. When g is large enough, the
incoherent processes no longer kill the polaritonic states and the system enters the
strong coupling regime. To describe the crossover between two coupling scenarios,
it is necessary to introduce losses. Assuming the phenomenological cavity and emit-
ter amplitude decay rates are vy.av and v.m, the non-Hermitian lossy Hamiltonian
becomes|[48]

i — |07 om0 (2.10)

g W — i’Ycav

Diagonalization of this Hamiltonian gives two eigenenergies

w + wo 1

1 :
Ei - 9 2(P)/em + P)/cav) + \/92 + 1(5 — Z(’yem — ’Vcav))z (211)

where § = w — wy represents the detuning. In the resonant case, the Rabi splitting

becomes

Q= V/49% = (Yem — Year)? (2.12)

It can be inferred that the coupling strength g has to be larger than |ve, — Yeav|/2
to enable a real-valued Rabi splitting.[45, 49] More rigorously, the Rabi splitting

must exceed the polariton line widths to guarantee that two polaritonic states are
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resolvable[50, 51], which means

Q > Yermn + Yeaw (2.13)

However, the criteria of strong coupling is more commonly considered to be[45, 52]

1

9> 7 em + Year) (2.14)

which means at least one complete Rabi oscillation occurs during the decay lifetime.

Employing a single emitter is often not sufficient enough to get an observable Rabi
splitting and further studies would focus on the coupling between the cavity and an
ensemble of emitters. Assuming N emitters couple to the same cavity mode, the JC

Hamiltonian now is modified to the Tavis-Cummings (TC) Hamiltonian[53]

Hie =3 hoodlo; + hwita + 3 hg;(6,at + 61a) (2.15)
j .

J

Although the eigenstates are substantially different from JC Hamiltonian, some rep-

resentative states remain similar. For example, the ground state
G >=|1,---,1>®|0 >, (2.16)

would not be affected by the interaction. For N identical emitters, the two polaritonic

states have become two bright dressed states

11> 1> P S I (1

V2

11, + >= (2.17)

with two corresponding energies

Ey = hwy £ gV N (2.18)
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In weak excitations which means far below saturation of all two-level systems, these
identical emitters behave in quite a similar way like a giant harmonic oscillator giving
rise to a Rabi splitting gv/N. Consequently, the factor v/ N has greatly enlarged the
Rabi splitting, making it more accessible to realize observation. In addition to two

bright states, (N-1) dark states are generated that are orthogonal to |1, 4 > states

1
D >=— (&I - &;) G >,5>1 (2.19)

V2

These states are ‘dark’ because the transition dipole moment between the ground
state and any of these states is zero, that is, they cannot be populated by an external
pump.

Strong coupling has enabled abundant novel phenomena, such as control of the
optical Stark effect[54], polariton lasing[55], polariton condensation[56] and control
of chemical reactivity.[57, 58] Recently more research has been conducted in plasma-
induced resonance energy transfer[59], quantum correlations from polaritons[60] and
polaron-polariton interactions.[61] Larger coupling strength has also been investigated
and realized which opens a new era of ultra-strong coupling (USC) and deep-strong
coupling (DSC).[62] Besides these fundamental phenomena, the strongly coupled sys-
tems also have the potential to enable applications in optoelectronic devices, optical

sensors, and quantum computing.[63, 64, 65, 66, 67, 68]

2.2 Plasmon-exciton Strong Coupling

To reach the strong coupling regime, according to Eq. 2.3, it is required to confine
light either in a small mode volume V; or in a low loss cavity (high @)). However,
these two requirements are contradictory, as a tighter confinement usually means a
higher loss of energy. Therefore, the direction of the study in strong coupling sys-

tems is to optimize this trade-off to some extent. Early experiments typically used
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Figure 2.2: Overview of various platforms that exhibit strong coupling (a) GaAs quan-
tum wells coupled to gold a nanogroove array. (b) an individual gold nanorod coupled
to the monolayer W.Ss. (c) A silver nanoprism strongly coupled to J-aggregates. Panel
(a) is reprinted (adapted) with permission from Ref. 89. Copyright 2008 American
Physical Society. Panel (b) is reprinted (adapted) with permission from Ref. 82.
Copyright 2017 American Chemical Society. Panel (c) is reprinted (adapted) with
permission from Ref. 77. Copyright 2017 American Chemical Society.
high-quality-factor dielectric cavities such as Fabry-Perot resonators[69, 70], photonic
crystals[71], whispering-gallery-mode resonators[72] and distributed-Bragg-reflector
cavities[73] with relatively large mode volumes restricted by the diffraction limit
of light. By contrast, metal plasmonic nanocavities such as single nanospheres[74],
nanorods[75] (NR) and nanocomposites are not subject to the diffraction limit and
provide deep subwavelength interaction volumes.

Several material platforms have been used for strong coupling to plasmonic nanocav-
ities, including quantum dots and molecular excitons.[70, 76, 77, 78, 79, 80, 81| Recent
progress in the fabrication and characterization of transition metal dichalcogenides
(TMDs) has enabled several demonstrations of strong coupling between plasmons and
excitons in these TMDs.[74, 82, 83, 84, 85, 86, 87, 88| In this dissertation, a particular
strong coupling system consisting of a single gold nanorod and a monolayer of W Se,,

a type of TMD material, will be utilized. Several other typical platforms that could

realize strong coupling are summarized in Fig. 2.2.[89, 82, 77|
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2.2.1 Plasmonics

Plasmons are widely used as optical cavities to reach the strong coupling regime.
One choice involves the use of propagating surface plasmons, which localize the field
on the scale of skin depth and significantly reduce the mode volume.[90, 91, 92]
Recently, metallic nanostructures which support localized surface plasmons emerge
as new choices for optical cavities in pursuit of even smaller mode volumes. |74, 75, 93]
The intense near fields in the vicinity of the nanostrucutres provide high photonic
density of states that significantly enhance the coupling strength.

To understand how plasmonic nanocavities are involved in the strong coupling, it
is of great importance to first give an introduction to the basic principles of plasmons,
which represent the density fluctuation of free electrons under the excitation of light.
Plasmons can be generated in bulk, surfaces and nanoparticles in the sub-wavelength

scale. In bulk materials, the free electrons can be described by the Drude model and

| Ne?
=4 — 2.20
“r mey (2.20)

Plasmon could also occur on the surface, for example, the metal-dielectric interface,

the plasma frequency is

with the plasmon frequency controlled by the incident light wave vector k(w). By
solving Maxwell’s equations with boundary conditions, the dispersion relation can be

derived

w Gmed 1/2
k, = —(———— 2.21
c (em + ed) ( )

where k, is the wave vector along the surface, €, and €; are permittivity of the
metal and the dielectric layer, respectively. However, the surface plasmon cannot be
directly coupled by light coming from the dielectric layer because of the momentum
mismatch. Several types of additional configurations are needed to generate surface
plasmons, among which the Kretschmann configuration, the Otto configuration and

the gratings are most frequently adopted, as shown in Fig.2.3.[94]
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Figure 2.3: Configurations for generating the surface plasmon resonance: (a) Otto
configuration (b) Kretschmann configuration (c) diffraction grating

Surface plasmons can also be generated in metalic nanoparticles, while the sub-
wavelength scale of these nanostructures limits the propagation of surface waves,
which results in the localized surface plasmon resonances. As mentioned in Section
1.1.2, the frequency of these localized plasmon resonances depends on the sizes and
geometric shapes of nanoparticles. For example, the resonance frequency of the nano-
sphere is analytically described by Mie scattering theory which expands the electric
field in a spherical multipole basis. The scattering cross section with the dipole

approximation is

_ 8pe2wrt e,(w) — €q 2

Cseat = 2.22
' 3ct |ep(w) + 2¢4 (222)

where 7 is the sphere radius and ¢, is the permittivity of the particle. Considering a

lossless medium ¢,,, the scattering cross section is maximized when
Re(ep(w)) = —2¢€p, (2.23)
which corresponds to the resonance frequency of the plasmon.

2.2.2 TMD materials

TMD materials, benefiting from several advantages, are commonly used in strong

coupling systems. First of all, as shown in Fig.2.4(a)(b)[95, 96], the monolayer W Se,
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Figure 2.4: (a) The band structure of a monolayer W Se,. (b) Schematic of an A-
exciton at the K point of the monolayer WSey. (¢) The Crystalline structure of 2D
TMD materials. Panel (a) is reprinted (adapted) with permission from Ref. 95. Copy-
right 2014 John Wiley and Sons. Panel (b) is reprinted (adapted) with permission

from Ref. 96. Copyright 2013 Springer Nature. Panel (c) is reprinted (adapted) with
permission from Ref. 46. Copyright 2018 American Chemical Society.
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shows a direct band gap which supports exciton mode that can act as emitter. The
binding energy of these excitons is large enough to support room temperature PL
emission.[97] Second, the two-dimensional geometry of these materials results in large
in-plane dipole moments in the interaction area, significantly increasing coupling with
the cavity mode. Finally, the crystalline structure of monolayer TMD materials, as
depicted in Fig.2.4(c)[46], breaks the centrosymmetry and potentially gives rise to a

large SHG signal.

2.2.3 Nonlinearity of Plasmon-exciton Strong Coupling

So far, studies of strong coupling systems have been limited to their linear optical
response. However, their nonlinear optical response has the potential to provide
new routes for the development of nanoscale optoelectronic devices. For example,
the nonlinearities may enable efficient entangled photon generation, compact wave
mixing, and phenomena essential for optical quantum technologies and nanophotonic
platforms. Additionally, the nonlinear signals can be potentially used to learn about

the properties of underlying electronic states of the system, for example, by probing
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the symmetries of polaritonic wave functions.

Nonlinear signal generation in the strong coupling regime has been studied using
various platforms, as shown in Fig.2.5. For example, previous studies have focused on
SHG from excitons coupled to GaAs microcavities[98, 99], and THG enhancement has
been observed from polymethine dye-microcavity coupled systems.[100] Furthermore,
SHG enhancement from W Ss-Ag nanocavity systems has been reported in the weak
coupling regime.[101] Finally, a splitting of pump-dependent SHG spectral peaks due
to the formation of polaritonic states was observed for J-aggregates embedded in
Fabry-Perot cavities.[70] However, to our knowledge, no work has previously studied
nonlinear signal generation from plasmon-exciton polaritons in a single nanocavity.

We first start with a classical theoretical description of strong coupling with the
two-oscillator model. Then we show that this two-oscillator model can be extended to
study nonlinearity of strong coupling systems by adding the nonlinear coupling term.
Finally, we experimentally demonstrate SHG from single gold nanorods coupled to a
monolayer of W Se;. The pump-frequency-dependent nonlinear signal shows a distinct
spectral splitting, which agrees with the prediction from finite difference time domain

(FDTD) simulations and the nonlinear two-oscillator model.[93]

2.2.4 Nonlinear Two-oscillator Model

The linear two-oscillator model treats the dipole moment of the plasmon gl and the

exciton[102, 103, 52] p.z as a pair of coupled harmonic oscillators

fpt + Ypifbpr + Wilﬂpl =F,+g (Wpldpl/dex) Hem (2-24)

,U/er + ’Yeyc/lem + wzz,uex =g (Wexdem/dpl) Hopl (225>

where 7,0 is the line width of the plasmon, w,l is the resonance frequency of the

plasmon and d,l is the polarizability of the plasmon. 7.z, w.r and d.x are the
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Figure 2.5: Nonlinear optics in strong coupling systems. (a) A GaAs single quantum
well (SQW) is strongly coupled to a microcavity. The cavity mirrors are diffraction
Bragg reflectors (DBR). Experimental observations of SHG from polaritons in the
system exhibit a 2 order higher efficiency than those from the usual method. (b)
A strong third-order nonlinearity is given by the polaritonic mode from a nonlinear
polymethine dye embedded within a high-Q silver microcavity. (c) The enhanced
SHG from a monolayer WS, coupled to a plasmonic nanocavity is experimentally
and theoretically investigated. The nanocavity is comprised of monodispersed Ag
nanocubes separated from an Ag film by a spacer AlsOs;. (d) Organic nanofiber
crystals are hybridized with the optical modes of silver microcavities in the strong
coupling regime. The wavelength dependence of the SHG efficiency displays two
intense peaks corresponding to the polaritonic modes. Panel (a) is reprinted (adapted)
with permission from Ref. 99. Copyright 2018 American Chemical Society. Panel (b)
is reprinted (adapted) with permission from Ref. 100. Copyright 2018 American
Chemical Society. Panel (c) is reprinted (adapted) with permission from Ref. 101.
Copyright 2020 American Chemical Society. Panel (d) is reprinted (adapted) with
permission from Ref. 70. Copyright 2016 American Chemical Society.
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corresponding terms for the exciton. The external optical field is assumed to produce
a driving force F, on only the plasmon, because it polarizability is much greater than
that of the exciton with more free electrons. The larger polarizability of the plasmon

also means that only its dipole contributes to the scattering cross section o,cat

2,0 2.26
Oscat X |W /'Lpl ( . )
with the steady-state solution for the dipole given by
FO (ng - UJ2 - Z-wf)/ea})
,upl = 2 2 (227)

(W2, — wW? — WYer) (wpl —w? — iuwpl) — WezWpig?

The nonlinear two-oscillator model adds nonlinear terms to Eq. 2.24 and Eq. 2.25.

Assuming the nonlinear term is quadratic, then Eq. 2.24 and Eq. 2.25 become[104]
F“Lpl + ’Ypl/lpl + Wﬁl,upl + a:uf)l = Fo + g (wpldpl/dem) Hex (228>

flez + Vexflew + ngﬂem + b,ugx =g (wewdem/dpl) Hpl (2-29)

where a and b are proportional to the second-order nonlinear susceptibility of the
plasmon and the exciton, respectively. These coupled nonlinear equations can be

solved in the perturbation limit[23]
1) jiw 2) 2iw
Ll = u;l)e t u;l)e2 S (2.30)

few = pig " + e + (2.31)
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(1

pl) and MS) are the same as the solutions to the linear equations

The linear terms

Eq. 2.24 and Eq. 2.25, whereas the second-order terms are given by

2) aFOQ(ng —w - iw'VeI)Q (2.32)
Hol T (Wl — A — i) [(W, — WP — i0Yeq) (W) — WP — W9p1) — WealgF
and
2 ( GWezdeT \2
1 = oF (T8 (2.33)
L (WE — AW —iwYe) [(WE — WP — i) (Wi — WP — W Yp) — Weatpig?]?
The second-order (hyper-Rayleigh) scattering cross section is given by
2 2
OSHG X ‘W2MS) + || (2.34)

For the same reason that we neglect linear scattering from the exciton, we neglect

the second term in Eq. 2.34 due to the much larger polarizability of the plasmon.

2.3 Experiments

Experiments are carried out to demonstrate SHG from single nanorods strongly cou-
pled to a monolayer of W Se;. The schematic of the coupled system is shown in
Fig. 2.6. The gold nanorods are designed to support longitudinal plasmonic reso-
nances around 1.66 eV (750 nm), matching the A-exciton transition of the monolayer
W Ses.[105] Excitation of these plasmon modes gives rise to confined in-plane electric
fields at the surface of the W Se, flake, enabling coupling to excitons in the TMD.

The details of all methods used in experiments are introduced below.
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Figure 2.6: Schematic of the experimental setup. An isolated gold nanorod is strongly
coupled to a monolayer of W .Sey on a glass substrate. The second-harmonic signal
at frequency 2w, excited by a fundamental beam at frequency w, is collected in the
epi-illumination configuration. Reprinted (adapted) with permission from Ref. 93.
Copyright 2020 American Chemical Society.



39
2.3.1 Sample Fabrication

Atomically thin layers of W Sey, are mechanically exfoliated to a PDMS tape and
then transferred to glass coverslips. Before transfer, the coverslips are ultrasonically
cleaned in soap, deionized water, acetone and IPA for 20 minutes in each solvent and
then dried using nitrogen. This method ensures the single crystalline structure of
each W Se, flake.

To add gold nanorods on top of the flake, we adopt the drop casting method
described in the previous literature.[75] An aqueous solution of colloidal gold nanorods
with a diameter of 40 nm and an average length of 112 nm (Nanopartz Inc.) is 20-
fold diluted with deionized water and sonicated to reduce aggregation. It should be
noted that the lengths of nanorods in the solution are distributed around the average
length, so that the plasmon resonances of different individual rods will have different
detunings relative to the exciton transition frequency in WSes. One microliter of
the diluted nanorod solution is then drop-cast onto the substrate with the W Se,
flake and washed off with deionized water after 1 min. These casting parameters
result in around 30 NRs on each several-micron-sized W Sey flake. The nanorods are
functionalized as synthesized with a CTAB layer, which acts as a spacer between gold

nanorods and the W Se, flake to avoid charge transfer.

2.3.2 Optical Characterization

A 633 nm HeNe laser is used for PL measurements on monolayer W Se, flakes. A 50x
objective, the numerical aperture (NA) of which is 0.5, is used to focus the excitation
beam on the sample and to collect PL signals in the epi-illumination configuration.
PL maps are obtained by raster scan of the sample using an XY piezo stage and col-
lecting the PL signals with an avalanche photodiode (APD). An Andor spectrometer
equipped with a silicon charge coupled device (CCD) is used to measure the PL spec-

trum. The optical path of PL. measurements is shown in Fig. 2.7. The scanning maps
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Figure 2.7: The setup schematic of PL measurements. ND filter: neutral density
filter; M: mirror; MO: microscope objective; FMR: flip-mirror reflector; LPF: long
pass filter; APD: avalanche photodiode.

of several monolayer flakes and the corresponding PL spectra are shown in Fig. 2.8.

Dark-field scattering spectra are measured by focusing broadband light from a
halogen lamp on the sample using a dark-field condenser lens. A 50x objective (NA
= 0.5) is used to collect the scattered light while omitting the transmitted light. The
optical path of dark-field scattering measurements is shown in Fig. 2.9.

SHG measurements are conducted to investigate nonlinear optical properties from
these strong coupling systems. A Chameleon Ultra II Ti:sapphire femtosecond laser
with a repetition rate of 80 MHz is used as the excitation source. A 60x oil immersion
objective (NA=1.4) is used to confocally focus the excitation beam and collect the
SHG signals. The schematic of the optical setup used to measure SHG is shown in
Fig. 2.10. To avoid the influence of higher-order plasmonic modes, a paraxial beam
with a diameter of 2 mm at the objective-lens back focal plane is used, ensuring near
normal incidence of the excitation laser beam. Nonlinear spectroscopy is performed
by continuously tuning the pump from 700 to 800 nm (3.1 to 3.6 eV) and recording

the SHG spectrum for every excitation wavelength. To remove the broadband emis-
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Figure 2.8: (a)-(c): PL scanning maps of several W Se; monolayer. Each image shows
an area of 100um x 100um. (d)-(e): PL spectra of several W Se; monolayers. The
peaks correspond to the A-exciton luminescence from W Se; and vary from 1.64 eV to
1.67 eV. Reprinted (adapted) with permission from Ref. 93. Copyright 2020 American
Chemical Society.

condenser

/ sample 50x MO

-~ FMR M
0 |

x.

A\

lens

el -
M

spectrometer
Image camera

Figure 2.9: The setup schematic of dark-field scattering measurements. M: mirror;
MO: microscope objective; FMR: flip-mirror reflector.
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Figure 2.10: The setup schematic of SHG measurements. ND filter: neutral density
filter; M: mirror; MO: microscope objective; FMR: flip-mirror reflector; LPF: long
pass filter; APD: avalanche photodiode; SPF: short pass filter.

sion due to two-photon photoluminescence (TPPL)[106, 107], the raw SHG spectrum
at each pump wavelength is fitted with a second order polynomial background and
a sharp Gaussian peak, as shown in Fig. 2.11. The area under the Gaussian peak is
taken to be the intensity of the SHG signal. The quadratic dependence of the SHG
signal on the excitation power is verified experimentally. As illustrated in Fig. 2.12,
the slope of the power-law fit is 2.03 £ 0.10, in agreement with the expected slope of
2 for SHG. To measure polarization-dependent SHG signals, we use a Berek compen-
sator to rotate the linear polarization of the excitation beam while integrating the

polarization of the emitted signal.

2.4 FDTD simulation

In collaboration with Prof. Maxim Sukharev[93], FDTD simulations are performed
on both linear optical responses and SHG. The spatio-temporal dynamics of electro-

magnetic radiation are calculated using Maxwell’s equations

oE 1 . 9P

o CVxB- 9.
€Oat MOVX It ( 35)
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Figure 2.11: The black solid curve shows the raw second-harmonic signal from one
nanorod-W Se, coupled system. The excitation wavelength is 795nm and the time-
averaged excitation power is around 250 pW. The red dashed curve is a fit to a
Gaussian peak representing the second-harmonic signal plus a quadratic background
representing TPPL. The area under the Gaussian peak is taken to be the intensity
of the second harmonic signal. Reprinted (adapted) with permission from Ref. 93.
Copyright 2020 American Chemical Society.
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Figure 2.12: Excitation-power dependence of the second-harmonic intensity from gold
nanorods coupled to a W Ses monolayer, and a power-law fit. The slope of the fit is
2.0340.10, in agreement with the expected slope of 2 for SHG. The excitation wave-
length is 795 nm. The excitation power is measured immediately after the objective
without the sample. Reprinted (adapted) with permission from Ref. 93. Copyright
2020 American Chemical Society.
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0B

5 = VxE (2.36)

where the macroscopic polarization, P , is evaluated using the nonlinear hydrodynamic
model for the conduction electrons. This model is based on integration of equations

for the electron velocity field, #, and the electron number density, n,

0 e
a—i—(u.V)ujL’yeu—mz(E—i-uxB) (2.37)
8”6 =\
o+ Y (nei)) = 0 (2.38)

Here, m} is the effective conduction electron mass and 7, is a phenomenological decay

constant. The current density, defined as

—

oP

=

= en.u (2.39)

couples Eq. 2.35, Eq. 2.36, Eq. 2.37 and Eq. 2.38. It is convenient to derive an

equation for the polarization combining Eq. 2.37, Eq. 2.38 and Eq. 2.39[108]

*P . oP _

oz T T
e L 9P - 4 . 1 OP 0P 0P oP
z(ngeE—FEXB—E(VP))—n—Oe((VE)E—i‘(EV)E) (240)

The following parameters are used for gold: equilibrium number density ng = 5.9 x
1028m =3, plasma frequency w, = 7.039¢V, and decay constant v, = 0.181eV. Eq. 2.40
reduces to the conventional Drude model for weak electric fields. The nonlinear terms
seen on the right-hand side correspond to (1) the magnetic Lorentz force, (2) the
quadrupole term coming from the continuity equation, and (3) the convection term.
We note that each of these three terms contribute differently to SHG. The most signif-

icant contribution is obtained due to the convection term, especially at the boundaries
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of plasmonic systems, while the term due to magnetic field is usually an order of mag-
nitude smaller. Eq. 2.35, Eq. 2.36 and Eq. 2.40 are solved by numerical propagation
in space and time using home-built FDTD codes. The electric and magnetic field
components are computed at different positions on the Yee lattice. The components
of the macroscopic polarization are calculated at the same spatial positions as the
corresponding components of the electric field.

It is important to note that, in time-domain simulations of harmonic generation
processes, one needs to propagate the equations of motion for a considerable amount
of time to achieve numerical convergence of the power spectrum. We found that
power spectra converge after a simulation time 500 fs if the system is driven by a
250 fs laser pulse with a peak amplitude of 2 x 1072V /nm. The angular distributions
of the second harmonic signal are highly dependent on the duration of the pump
pulse, converging only for pulses longer than 200 fs. Furthermore, the pump peak
amplitude is chosen to ensure simulations are in the perturbative regime; i.e., the
second-harmonic signal scales quadratically with the pump intensity.

The entire computational domain is divided into a number of sub-domains, each
carried by a single processor. We implement send/receive operations using message
passing interface (MPI) subroutines on all six faces of each sub-domain. This paral-
lelization methodology, known as a three-dimensional domain decomposition, renders
the codes highly scalable.[109] Numerical convergence is achieved for a spatial res-
olution of 1 nm with a time step of 1.7 as. All simulations are performed on the
AFRL/DSRC HPC clusters Mustang and Onyx using 1584 processors. Typical exe-
cution times of our codes vary between 20 and 30 minutes for linear simulations and
70 and 90 minutes to obtain SHG results.

To incorporate the optical response of the WSes monolayer into our numerical
scheme, we adopt the Lorentz model with a frequency-independent second-order non-

linear susceptibility y(®). The value of x(? is taken to be an adjustable parameter,
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with typical values varying between 1 pm/V and 100 pm/V.[110] The numerical
method that takes into account both linear dispersion and phenomenological nonlin-
ear susceptibilities of different orders is adapted from Ref. 111.

The critical part in modeling of the experimental data is to ensure that the linear
dispersion of W Ses is properly accounted for. It is well known that the environment
influences the electronic structure of TMD materials rather significantly, which in turn
may have a significant effect on their dielectric functions. When analyzing various
dielectric functions for W Se, available in the literature, we used our experimental

measurements as the main tool to identify the model most suitable for our work.

2.5 Results and Discussion

2.5.1 Linear Optical Characterization Results

Fig. 2.13(a) shows examples of dark-field scattering spectra from an isolated gold
nanorod and from individual nanorods coupled to W Se; monolayers. The scattering
spectra of the coupled systems show two peaks for various detunings, as expected
for the strong-coupling regime. The SEM image of drop-casted nanorods is shown
in Fig. 2.14(a). It should be noted that not all bright spots in dark field images, as
shown in Fig. 2.14(b), are single nanorods. Dark-field scattering spectra are mea-
sured on hundreds of candidate single nanorods coupled to W Sey to exclude signals
due to dimers, clusters, and dust. First, one can look at the dark-field-scattering
images, and exclude spots that have apparent sizes larger than the diffraction limit,
or whose scattering intensity is significantly higher than that obtained from single
nanoparticles. In addition, one can look at the dark-field-scattering spectra, and ex-
clude spectra that are very broad or that contain more than two peaks. Besides the
scattering spectra shown in Fig. 2.13(a), several additional spectra of single nanorods

and coupled systems are shown in Fig. 2.15.
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Figure 2.13: (a) Measured PL spectrum of a monolayer of W Se, (red, top panel), and
measured dark-field-scattering spectra of an isolated gold nanorod (top panel) and
of single nanorods coupled to the same W Ses; monolayer (bottom panels). Dashed
lines are fits using the linear two-oscillator model. (b) Calculated dark-field scattering
spectra of an isolated gold nanorod (top panel, length is 112 nm and diameter is 40
nm) and of nanorods with different lengths coupled to a W.Se; monolayer (bottom
panels). (c¢) Frequencies of upper polaritons (solid squares) and lower polaritons (solid
circles) extracted from fits to experimental data. Points with the same colors corre-
spond to frequencies from the same scattering spectra. Gray lines are fitting results
using the two-oscillator model, showing the anti-crossing behavior characteristic of
strong coupling. Reprinted (adapted) with permission from Ref. 93. Copyright 2020
American Chemical Society.

(a) (b

Monolayer

Figure 2.14: (a) A SEM image of drop-casted nanorods on glass substrates. (b) A
dark field image of gold nanorods dispersed on the W Se, flake. The red dashed lines
remark the monolayer area.
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The TMD monolayers are identified by raster scanning the sample and detecting
the PL signal in a confocal configuration at room temperature. The PL intensity
is highly sensitive to the number of TMD layers, and only monolayers feature a
direct bandgap and strong emission[105, 112, 113]; an example of PL from a W Se,
monolayer is shown in Fig. 2.13(a). A pronounced peak around 1.66 eV is clearly
observed, corresponding to emission from A excitons.

To unambiguously attribute the scattering spectral peaks to exciton-plasmon po-
laritons, Au nanorods of different lengths, and thus different longitudinal plasmon
frequencies, are investigated numerically. FDTD simulations of the coupled systems’
scattering spectra give results very similar to the experimental data, as illustrated in
Fig. 2.13(b). Fig. 2.16 compares linear spectra calculated using experimental param-
eters for W Sey from Ref. 114. and from Ref. 87. The scattering intensity obtained
using the dielectric function of W Sey from Ref. 114 exhibits noticeable splitting reach-
ing 133 meV for a 112nm-long nanorod. Interestingly, the collective exciton mode
is also observed for 122 nm and 131 nm nanorods as a third narrow spike at 1.74
eV. The physical nature of the third mode has been extensively discussed in the
literature both theoretically and experimentally.[115, 116, 117] In our experiments,
however, this feature has not been observed. By comparison, simulations based on
the single Lorentz oscillator model with phenomenological parameters from Ref. 87
result in a Rabi splitting of 150 meV. Calculated widths of each polaritonic state
closely match those seen in our experiments. Additionally, we performed fitting of
the coupled oscillator model with experimental data and found that the closest match
between simulations and experiments was obtained using parameters from Ref. 87.
We therefore use these parameters for all the calculations results in Fig. 2.13(b).

The linear scattering spectra can also be fit to the linear two-oscillator model.
Dashed curves in Fig. 2.13(a) shows sample fits of the experimental data to Eq. 2.26

and Eq. 2.27. In these fits, v,; and w,; are constrained to be within the range measured
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Figure 2.15: (a)-(c) Dark-field scattering spectra for single nanorods. (d)-(f) Dark-
field scattering spectra for several nanorods coupled to a W .Se; monolayer. Reprinted
(adapted) with permission from Ref. 93. Copyright 2020 American Chemical Society.
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Figure 2.16: Scattering intensity as a function of the incident photon energy calculated
for gold nanorods on top of a WSey monolayer. The lengths of the rods are 112
nm (black), 122 nm (red), 131 nm (blue), and 140 nm (green). The diameter of
all nanorods is 40 nm and the distance between the nanorods and W Sey is 5 nm.
The system is excited by a pulse polarized along the nanorod’s long axis. Panel (a)
shows results using the dielectric function for WSey from Ref. 114. Panel (b) shows
results approximating the dielectric function of W Sey as a single Lorentz oscillator
with parameters from Ref. 87. Reprinted (adapted) with permission from Ref. 93.
Copyright 2020 American Chemical Society.

for scattering from gold nanorods uncoupled to W Se,, and 7., and w,, are constrained
to be near the values obtained from the PL spectrum of the bare W.Sey layer; the
only free parameters in the fits are thus the coupling strength g and an arbitrary

overall scaling factor. From the fitted parameters, the real frequencies of the coupled

plasmon-exciton modes can be calculated according to[47]

1 1
Wy = 3 (Wpi + Wez) £ \/92 + Z(wpl — wex)z (2.41)

In Fig. 2.13(c), we plot wy as functions of the detuning 0 = w., — wy;, demonstrat-
ing the characteristic anti-crossing behavior. From this plot, we obtain an average
coupling strength g = 80 £ 13meV. Comparing to the fitted ranges of plasmon line
width 7, = 105 — 150meV and the exciton line width 7., ~ 70meV’, we can see that

the coupled plasmon-W Se, system meets the strong-coupling criterion in Eq. 2.14.
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Figure 2.17: SHG scanning maps of (a) uncoupled gold nanorods and (b) nanorods
coupled to a monolayer W Se,. Each image shows an area of 10um x 10um. The
pump laser wavelength is 750 nm.

(a)

2.5.2 SHG Characterization Results

We now turn our attention to the nonlinear properties of the sample by performing
SHG measurements in a confocal configuration. We first do raster scanning over the
sample with a pump laser at 750 nm and collect the SHG signals (with TPPL accom-
panied) in the APD. The maps of uncoupled gold nanorods and coupled systems are
shown in Fig. 2.17(a) and Fig. 2.17(b), respectively. After determining the positions
of nanorods, The spectral dependence of the integrated SHG signal as a function of
excitation wavelength is measured for a single nanorod, as shown in Fig. 2.18(a), and
two representative coupled systems, as shown in Fig. 2.18(b). The SHG spectrum
of the single nanorod shows a clear peak which corresponds to the plasmonic mode.
While the SHG spectra for the strong coupling systems exhibit two distinct peaks,
which match well with the positions of the peaks in the linear scattering spectra
(Fig. 2.18(a), shaded areas). This indicates that the emitted second harmonic has its
origins in the coupled system, rather than in either the gold nanorod or the W Ses
separately.

The experimental SHG signals are fit with the nonlinear two-oscillator model.
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Figure 2.18: (a) SHG signals measured on a single gold nanorod. The corresponding
linear scattering spectrum is shown in the inset. (b) Second-harmonic signals mea-
sured at different pump frequencies for single gold nanorods on a WSe; monolayer
(solid lines). The corresponding linear scattering spectra are shown in the insets.
Dashed lines show fitting results using the nonlinear two-oscillator model. (c) Cal-
culated second-harmonic spectra for a single nanorod (length is 112 nm, black) and
the nanorod-W Se, coupled system using x? = 0 (blue) and x® = 10pm/V (red)
for W Sey. Panel (b) and (c) are reprinted (adapted) with permission from Ref. 93.
Copyright 2020 American Chemical Society.

All the parameters in the fit to a given SHG sepctrum are constrained by the fit
to the corresponding linear spectrum, and the only free parameter is an arbitrary
overall scaling factor. In practice, we account for possible calibration errors in the
measurement of the SHG spectrum by including an offset and scaling factor for the
frequency axis in the fit.

Fit results are shown in Fig. 2.18(a). The coupled-nonlinear oscillator model shows
good qualitative agreement with the measured SHG spectra. Quantitative differences
are most likely due to errors in measuring SHG intensity at the edge of the spectral
range of the detector used experimentally. To confirm the validity of this simple
physical picture, we also compare experimental SHG spectra to those obtained by
numerically solving the nonperturbative fully vectoral hydrodynamic model coupled

to Maxwell’s equations.[104] Calculation results are shown in Fig. 2.18(b) and clearly

reproduce the observed spectral splitting. We also use these simulations to compare
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Figure 2.19: Local second-harmonic and fundamental field distributions and intensity
distributions for the coupled nanorod-WSe2 system. Headings on each panel indicate
either a particular component of the electric field, E, , ., and the intensity, I. The
x direction is along the long-axis of the nanorod, and the z direction is normal to
the substrate. The left four panels show the local field (in the units of enhancement)
calculated at the longitudinal SPP frequency (1.83 eV), normalized by the magnitude
of the incident field (or similarly for intensity). The right four panels show the
electric field components evaluated at the second harmonic and normalized to the
peak amplitude of the pump. All fields are calculated 10 nm above the surface of the
nanorod. The nanorod’s length is 112 nm and the incident field is polarized along
the x direction. Reprinted (adapted) with permission from Ref. 93. Copyright 2020
American Chemical Society.

SHG from the coupled system when we include a realistic nonlinear coefficient for
the W Ses; monolayer, and when we neglect the nonlinearity of this material. The
differences in the SHG excitation spectra are small, demonstrating that the SHG
arises primarily from the surface nonlinearity of the gold nanoparticle, and justifying
our neglect of the second term in Eq. 2.34. Moreover, the splitting in the SHG
spectrum is unaffected by the source of the nonlinearity, showing that the emitted
second harmonic arises from the polaritons and not from the plasmons or excitons
separately.

Including the second-order nonlinearity of W Se, in the simulations noticeably
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Figure 2.20: (a) Measured pump-polarization-dependent second-harmonic radiation
pattern from the nanorod-WSe; coupled system (red dots) and a dipolar emission fit
(solid red line). The numerical calculation results under the same condition are also
shown (orange dashed line and filled area). (b) Measured second-harmonic spectra
for the nanorod-W Ses system when pumping longitudinally (violet) and transversely
(green) relative to the long axis of the nanorod. (c) Calculated second-harmonic
spectra of a nanorod (length is 112 nm) strongly coupled to WSe; when pumping
with different polarization angles relative to the long axis of the nanorod. Reprinted
(adapted) with permission from Ref. 93. Copyright 2020 American Chemical Society.

reduces the separation between the peaks in the SHG spectrum. This is in agreement
with the nonlinear two-oscillator model, which predicts a smaller splitting in the
SHG spectrum due to the exciton dipole (Eq. 2.33) than in the SHG spectrum due
to the plasmon dipole (Eq. 2.32). Since the total spectrum is a weighted sum of the
exciton and plasmon spectra, increasing the fraction of SHG emitted by the exciton
will reduce the overall peak separation. All of the calculated SHG spectra show
an additional broad peak near 1.6 eV. Part of this peak can also be seen in the
experimental spectra, near the edge of the experimentally accessible frequency range.
This peak is attributed to local field enhancement at the tips of the rod. The field
distribution maps of this strong coupling system is shown in Fig. 2.19.

Finally, we discuss the polarization dependence of the SHG spectra. The exper-
imentally measured radiation pattern for a representative strongly coupled system

is shown in Fig. 2.20 along with results of the corresponding numerical calculation.
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A dipolar SHG emission pattern is observed, corresponding to the longitudinal plas-
monic mode radiation.[118] The fact that the dipolar emission pattern arises from
the longitudinal plasmon can be seen from the following argument. The horizontal
component of the second order macroscopic polarization can be written as

Pf) (2w) ~ Xﬁ,ﬂcosQ(Q) + ngy)ysinQ(Q) (2.42)

where X?j & 1s the second order susceptibility tensor and 6 is the in-plane polarization of
the pump. It is clear from Fig. 2.20(a) that the SHG signal has a dominant horizontal
component, indicating that Xfw)m >> X?(ﬁ,)y.

In Fig. 2.20(b), we show SHG spectra recorded for longitudinal and transverse
polarization of the pump beam. It can be clearly seen that a longitudinally polarized
pump excites the polaritonic states due to coupling between the longitudinal plasmon
and the W Se, excitons. Meanwhile, the transverse pump produces a signal only at
the exciton peak, the intensity of which is 4 times smaller than that of the polariton
peaks. Similar trends are seen for the numerical simulations, as shown in Fig. 2.20(c).
Specifically, maximum splitting in the SHG excitation spectrum is seen when the
pump polarization is aligned along the long axis of the nanorod. Rotating away from
this orientation decreases the splitting in the SHG spectrum; the upper polariton
peak is more affected than the lower polariton peak, because the nonzero detuning

between the plasmon and exciton means that the two polariton branches have unequal

plasmonic character.

2.5.3 More Discussion on SHG

Fig. 2.21 shows normalized power spectra calculated for a single nanorod pumped
on and off its longitudinal plasmon resonance. We note that, due to computational

constraints, we limit the size of W Ses to a two-dimensional sheet with dimensions
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Figure 2.21: Normalized power spectrum as a function of harmonic number calculated
for a single 112-nm-long gold nanorod pumped at its longitudinal plasmon resonance
(1.83 eV, red) and off the plasmon resonance (2.00 eV, blue). The pump is polarized
along the nanorod’s long axis and is 250 fs long. Total propagation time of the
calculations is 500 fs. Reprinted (adapted) with permission from Ref. 93. Copyright
2020 American Chemical Society.
500 nm by 500 nm. By comparison, in actual experiments, the dimensions of W Sey
flakes are orders of magnitude greater than those of a single nanorod. Simulations
carried out for slightly larger or smaller dimensions result in nearly identical data in
the linear regime. However, nonlinear simulations are sensitive to the size of W Ses.
To illustrate this, Fig. 2.22 shows the calculated SHG signal as a function of pump
frequency for a stand-alone W Se, monolayer, for a stand-along gold nanorod, and for
a W Se; monolayer coupled to a gold nanorod. The SHG spectrum from the W Se,
monolayer alone has a peak near 1.7 eV, which results from direct-band-gap exciton.
Additionally, the signal gradually increases with decreasing pump frequency. We ran
several tests varying the size of W .Ses to examine how it may affect SHG. The smaller
the size of W Ses was, the steeper the low-frequency SHG response we obtained. The
knee structure of the SHG signal for a single nanorod seen near 1.6 eV (dot-dashed

line in Fig. 2.22) is attributed to the contribution of the local field enhancement at

the tips of the rod. With the nanorod strongly coupled to a finite W .Se, flake, the



58

08

0.6

L 04

SHG signal (arb. units)
SHG signal (arb. units)

T
o
N

T T T T T 0.0
1.5 16 1.7 18 19 20

pump frequency (eV)

Figure 2.22: Second-harmonic signal as a function of the pump frequency. The red
line (left vertical axis) shows the signal calculated for a stand-alone monolayer of
WSey. The dot-dashed blue line (right vertical axis) shows signal for an isolated
112-nm-long nanorod. The solid blue line (right vertical axis) shows signal for the
nanorod coupled to the W Se, monolayer. The nonlinear second-order susceptibility
for W Sey is taken to be 10pm/V. Reprinted (adapted) with permission from Ref. 93.
Copyright 2020 American Chemical Society.
knee in the SHG response is pushed to lower pump frequencies.

Fig. 2.23 shows additional SHG spectra measured on individual gold nanorods
coupled to W Sey monolayers. From these data it can be inferred that detuning
between the plasmon exciton and the W Se, exciton shifts the maxima of the SHG

excitation spectra. The frequencies of the second harmonic peaks can be estimated by

equating the denominator of Eq. 2.32 to 0 and neglecting all damping terms, giving

1 1
Wt = \/5 (Wpl2 + wex2> + \/gzwemwpl + Z(wpl2 - w€$2)2 (243)

It should be noted that by equating the denominator of Eq. 2.27 to 0 and omitting
all damping terms, we get the same equation. This means that, in the absence of
damping, the maxima of linear and nonlinear spectra are at the same frequencies,

and thus have the same dependence on detuning.
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Figure 2.23: Pump-dependent second-harmonic spectra for several individual gold
nanorods strongly coupled to a monolayer of W Se,. The insets show the correspond-
ing dark-field scattering spectra. Reprinted (adapted) with permission from Ref. 93.
Copyright 2020 American Chemical Society.

2.5.4 More Discussion on THG

As seen from Fig. 2.21, the pump also leads to significant THG. Although we did
not study THG experimentally, it is worth exploring numerically. Fig. 2.24 shows
THG results calculated for a stand-alone nanorod and for a nanorod coupled to lin-
ear WSey (i.e., we did not include the third order susceptibility of W Ses in our
simulations). The results demonstrate that, even though W Ses is modeled as a lin-
ear Lorentz oscillator, THG is significantly altered due to strong coupling with the
longitudinal plasmon of the nanorod. We note that third harmonics of the upper
and lower polaritonic states are clearly visible. Interestingly, the maximum in the
third-harmonic signal due to both polaritons is blue shifted with respect to the linear
frequencies, with the blue shift of the upper polariton being greater than that of the

lower polariton.

2.6 Conclusions

In conclusion, we report the experimental observation of Rabi splitting in the pump-

frequency-dependent SHG signals from a strongly coupled system consisting of a
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Figure 2.24: Panels (a) and (b) show linear scattering intensity as a function of
frequency calculated for a single 112-nm-long nanorod (a) and for the nanorod on
top of WSey (b). Panels (¢) and (d) show corresponding third-harmonic signals as
functions of the pump frequency. Vertical red dashed lines indicate frequencies of the
plasmon mode ((a) and (c)) and lower and upper polaritons ((b) and (d)). Reprinted
(adapted) with permission from Ref. 93. Copyright 2020 American Chemical Society.
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gold nanorod and a monolayer of WSes. As described by FDTD simulations based
on the nonperturbative hydrodynamic-Maxwell model, these polaritons reshape the
SHG response of the system by creating local field enhancement at the polariton
frequencies. The theory and simulations can be described using a simple, analytical
model of two coupled nonlinear classical oscillators. Future work will be dedicated to
extending the studies to nonlinear-optical effects beyond SHG, such as wave mixing,
nonlinear polariton-polariton interactions and nonlinear extinction, and to plasmonic
and excitonic systems with more complex symmetry properties. This in turn will pave
the way for devices such as integrated entangled photon sources, room temperature

quantum repeaters, and wave mixing elements.
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Chapter 3

Invertible Nonlinearities of ITO

Thin Films

3.1 ENZ Materials

The pursuit of achieving the large optical nonlinearity with a moderate optical field
has been a long-time goal in the study of light-matter interactions. At the bottom
of many approaches that could significantly enhance this nonlinearity, a key guid-
ing ideology is seeking materials whose refractive index can be drastically modified
by the optical pump.[31, 119] Among all such materials, epsilon-near-zero (ENZ)
materials have attracted much attention due to their intriguing optical properties,
such as diverging velocities[120, 121], wavelength expansion[122] and the large field
enhancement.[123, 124, 125] ENZ materials have been shown to produce a host of fas-
cinating and sometimes mind-bending optical effects, such as photon tunnelling[126],
super-coupling[127] and control of emission.[128] More recent experiments have re-
vealed the great potential of ENZ materials in nonlinear applications.[129] An in-
tuitive calculation shows that the change of refractive index can be expressed as

dn = de/2+/€, which becomes significant given a near-zero permittivity.
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The ENZ condition, or more general near-zero-index (NZI) condition, has been re-
alized in many material platforms. Homogeneous materials include metals[130, 131],
doped semiconductors[132, 123] and phononic materials.[133, 134] Many structured
materials, such as metamaterials[135], waveguides near the cut-off frequency[121],
resonant cavities[136] and photonic crystals[137], are also proved to be eligible for
the ENZ condition. Transparent conductive oxides (TCO) have emerged as new
platforms for studying ENZ related phenomena, especially for enhancing optical
nonlinearities.[132, 138, 139, 140]

In this section, some featured properties of ENZ materials will be introduced.
Then some material platforms for realizing the ENZ condition will be briefly men-

tioned, with the emphasis being put on TCO thin films.

3.1.1 Properties of ENZ Materials

Diverging velocities are a central feature of ENZ materials. Considering the propa-

gation of a plane wave in an ENZ material, the phase velocity is

vy(w) = = = (3.1)

which tends to diverge if €(w) goes to zero at a certain wavelength. On the other

hand, the group velocity is

dw cy/€(w)
= =_V\7 2

which tends to zero, because the slope of the permittivity is finite. The diverging
velocities produce nearly uniform phase across the ENZ material. As a consequence,
as shown in Fig. 3.1(a), the wavefront of the transmitted light is defined by the shape
of the exit facet.[120] The diverging velocities have been explored across a wide range

of optical applications, including sensors[141], cloaking and transformation optical
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devices[142, 143], near-perfect optical absorbers[144], optical memories[145], systems
with enhanced quantum interactions[120] and nonlinear interactions[132, 123].
Substantial wavelength expansion is a natural consequence of the diverging phase

velocities. The wavelength in ENZ materials is

)\ENZ = /\O/n (33)

which increases drastically when n approaches zero. Fig. 3.1(b) shows the interference
pattern with a diverging beat length that was observed in a corrugated waveguide
under the ENZ condition.[122] This phenomenon indicates an almost uniform phase
over a large propagating distance, which is potentially useful in achieving phase-
matching-free nonlinear optical devices[146], super-coupling[127] and antenna reso-
nance pinning.[147, 148]

Another feature that occurs in ENZ materials is the great field enhancement due

to the Maxwell’s boundary condition

e Bl = eEy (3.4)

where €1, €5 are the permittivity of the ENZ material and its neighbouring layer,
Ei and Ej are the corresponding normal components of the electric field across the
boundary. This results in the enhancement of Ef by a factor of €5 /€1. Because ¢; — 0,
the electric field is effectively confined inside the ENZ layer. Fig. 3.1(c) shows an
example of the sharply increased field intensity in a layer of ENZ material cadmium
oxides (CdO) that wrapped the silicon waveguide.[149] The field enhancement is

widely utilized in strongly coupled systems to enable extreme nonlinear optics.
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Figure 3.1: Characteristic properties of ENZ materials. (a) SEM image (left) of an
on-chip ENZ prism placed at the end of a silicon waveguide with an SU-8 slab guiding
region and a circular scattering element. The phase velocity of the excitation light
tends to infinity and a nearly uniform phase is achieved within the prism, as shown
by the simulated interference pattern (center), which results in emission leaving in
the direction normal to the interface instead of at an arbitrary angle (right). (b) The
wavelength expands in a corrugated waveguide (left) under the ENZ condition. The
beat length of the interference pattern (right) extends greatly as the excitation wave-
length approaches the ENZ region. (c¢) Field enhancement of the normal component
of the electric field in near- zero-index (NZI) materials. For a wave propagating in
a silicon waveguide, when a NZI layer is placed on top of the waveguide, a strong
field confinement is observed. Reprinted (adapted) with permission from Ref. 31.
Copyright 2019 Springer Nature.
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3.1.2 TCO thin films

Transparent conductive oxides (TCOs), a subset of ENZ materials, have emerged
as new platforms for enhancing optical nonlinearities.[132, 138, 139, 140] Typical
examples that have already been widely investigated include Al doped zinc oxides
(AZO)[132, 150], CdOs[151, 152] and Indium tin oxides (ITOs).[153, 154] These
materials support ENZ resonances in the NIR range and are compatible with the
existing complementary metal-oxide semiconductor (CMOS) technologies[155, 156,
thus promise great applications in integrated telecom industries.[157] Moreover, the
stability of these materials is better than traditional metals[158] and highly-doped
semiconductors[159] that show near-zero e in their bulk plasma wavelengths, and
therefore can endure a larger optical pump field to get larger nonlinearities with-
out reaching the damage threshold. A rich design space for photon manipulation
in these materials also allows different strategies being employed to further enhance
the nonlinearity, including patterned structures[160, 161}, combining with plasmonic
materials[153, 162, 163, 127] and bringing in waveguide modes.[164]

It should be noted that bulk TCOs also support propagating surface plasmon
modes due to the Drude dispersion in the ENZ region. This mode is called the
Berreman mode[165, 141] and is different from the ENZ mode that is localized in
thin films. The dispersion relations of these two modes are shown in Fig. 3.2.[129]
Like other confined modes, the ENZ mode is only accessible with an extrinsic coupling
mechanism and the mode frequency is nearly unchanged with the coupled wave vector

of the incident light.

3.2 Nonlinear Optical Effects

Nonlinear optical effects in ENZ materials have gained wide interest in recent studies.

Some featured results are listed in Fig. 3.3. One of the most fundamental nonlin-
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Figure 3.2: Dispersion relations of the ENZ mode, which exists in thin TCO films,
and the Berreman mode, which is similar to the surface plasmon mode due to the
Drude dispersion (right). The ENZ mode with a nearly flat dispersion (left) appears
at w = w,. Reprinted (adapted) with permission from Ref. 129. Copyright 2019
Springer Nature.
ear processes is the SHG. Benefited from the field enhancement and the wavelength
expansion that frees from the phase-matching-condition, a peak in the SHG effi-
ciency is consistently observed in the ENZ region of I'TO thin layers, as shown in
Fig. 3.3(a).[166] Additionally, phase conjugation (PC) is also allowed in ENZ layers,
which implies the time-reversal of the wavefront. The observation of PC and thus a
negative refraction in AZO films near its ENZ wavelength is shown in Fig. 3.3(b).[150]
The optical Kerr effect, which indicates the intensity-dependent refractive index,
is another widely studied nonlinear effect in ENZ materials. Recent studies have
demonstrated the possibility of utilizing transient transmittance (reflectance) spec-
troscopy to dynamically understand this large nonlinearity.[167, 125, 153, 140, 150]
Impressively, a change of refractive index dn in the unity order is observed in the tran-
sient experiments conducted on a ITO thin film[168], as revealed in Fig. 3.3(c).[123]
Among all possible transient dynamics, two ultrafast processes that normally happen

in sub-picosecond scales grab much attention. One is the intraband transition which

usually happens with sub-bandgap pump photon energies and another is the inter-
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Figure 3.3: Nonlinear optical processes in ENZ materials. (a) SHG from ITO thin
layers with various ENZ wavelengths. A peak in the SHG intensity is consistently
observed. (b) Observation of phase conjugation (PC) and negative refraction (NR) in
an AZO thick film near its ENZ wavelength. A peak in the PC and NR beams occurs
in the temporal spectra (bottom left). The efficiency, n, of PC and NR generation
coincides with the real index of the film, demonstrating the effect of the ENZ condition
(bottom right). (c) Nonlinear refractive index, ns, of the ITO thin film is enhanced in
the ENZ region. Stronger nonlinear response is observed with the increasing incident
angle 0. Panel (a) is reprinted (adapted) with permission from Ref. 166. Copyright
2015 Amerian Chemical Society. Panel (b) is reprinted (adapted) with permission
from Ref. 31. Copyright 2019 Springer Nature. Panel (c¢) is reprinted (adapted) with
permission from Ref. 129. Copyright 2019 Springer Nature.
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band transition pumped with high energy photons such as UV lights. To understand
the origin of the nonlinearity observed in these ultrafast experiments necessitates ef-
fective modelling of these two processes.[153, 123, 154] For the interband transition,
the carrier generation followed by trap-assisted recombination can fully describe the
origin of the nonlinearity.[125] For the intraband transition, an optical Kerr effect
model proposed in Ref. 140 and Ref. 169, where the plasma frequency w, or the
refractive index n is linearly dependent on the pump intensity, enables reasonable
quantitative description of the nonlinearity. Specifically, the two-temperature model
reveals that the rise of the electron temperature due to the laser excitation gener-
ates temperature-dependent complex index[123, 153, 125]. This approach uses fitting
parameters, such as the electron-phonon coupling strength G determined from the
measured time-resolved index change An(t). Alternatively, a deterministic (fitting
parameter free) physical model attributes the nonlinearity to the non-parabolic con-
duction band structure, which greatly modifies the electron effective mass for the
excited hot electron population[170, 152, 171, 161]. However, to our knowledge, no
unified approach exists to date and all studies model these mechanisms as separate
processes when explaining the origin of the nonlinearity, while their joint contribu-
tions and simultaneous interactions remain unexplored. Specifically, for instance, the
influence of the non-parabolicity on the interband transition has never been investi-

gated.

3.3 Intraband Transition and Interband Transition

Model

An interband transiton model is developed[172] based on the intraband transition
model described in Ref. 161. We report a new mechanism where the nonlinearity

of ITO thin films is inverted driven by the competition between the intraband and
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interband transitions that happen simultaneously under UV excitation. Our theo-
retical calculation predicts that by varying the non-parobolicity and the Fermi level,
the shift of ENZ resonances would occur in opposite spectral directions. This optical
switching of ENZ resonances gives rise to transient transmittance signals that follow
totally different spectral shapes.

First, the band structure E(k) of ITO thin films is written with the following
formula which takes into account the non-parabolicity[173, 174]

E0 g+ B (3.5)

2m

where m is the effective mass of the conduction band and 1/E, denotes the non-
parabolicity. The plasma frequency w, is derived from the collisionless Boltzmann

equation as[161]

(1, T)? = 3:;2 /OOO iE (2—? (E+ g)) <1 + %)_1 (—%) (3.6)

where g is the chemical potential, T is the electron temperature and fo(u,T') rep-

[\VJ[eM)

resents the Fermi-Dirac distribution. For the intraband transition, the free carrier
density n(u,T') is a constant and the electron energy density U(u,T') is equal to the
room-temperature energy density U (u, 300K) plus the absorbed pump photon energy

density dU

n(mT):%/OOOdE(Qh—TZ(E+§—2>)2%<1+2—E)fo(u,ﬂ (3.7

1 [ om E2\\Z m 2F
U (11,300K) = F/0 dE (ﬁ (E+ E)) B (1 + E) folu,T)  (3.8)

dU is estimated as the absorbed pump photon energy divided by the total volume of
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material illuminated by the pump

B FAcos0

W==25 (3.9)

where F' is the energy per pulse, A is the absorption, 6 is the incident angle, r
is the pump beam radius and h is the thickness of the film. Therefore, once the
band structure parameters m, E, and the Drude parameters w,, 7, are known, the
nonlinearity caused by the intraband transition is fully determined.

For interband transition, however, the free carrier density is no longer a constant.
Instead, n(u,T) is equal to the room-temperature carrier concentration n(u, 300K)
plus the density of absorbed photons dn

1 [ _ /om E2\\? m 2F

2
m g g

dn is given by
FAcost

dn = ———"
" ¢T2hEphoton

(3.11)

where Eppoton is the pump photon energy.

3.4 Experiments

By utilizing annealing in fabricating ITO thin films with tunable ENZ wavelengths,
and adopting a broadband probe beam in transient transmittance spectroscopy, The
theoretical predictions are validated by femtosecond (fs) pump-probe measurements,
where the spectrally invertible nonlinearity is demonstrated. The non-parabolicity of
the band structure, contributing to a larger effective mass in the intraband transition,
and the Fermi energy, which determines the free carrier density, are shown to be two
competing factors that jointly contribute to the invertible nonlinearity of ITO thin

films. Our work reveals the relationship between the large optical nonlinearity and
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Table 3.1: Parameters used in sputtering I'TO thin films
Agnz (nm)  Anneal Temperature (°C')  Anneal Time (min)

1220 450 60
1400 600 60
1500 300 60

the intrinsic dispersion relationships of the ITO films in the ENZ region, which may
guide the development of TCO photonic materials. The ultrafast all-optical active
control demonstrated here may be of interested for applications including all-optical

modulators, integrated telecom circuits and other nonlinear photonic devices.

3.4.1 Sample Fabrication

The 20 nm thick ITO thin films are deposited by radio-frequency (RF) magnetron
sputtering on glass substrates at room temperature. The magnetron sputtering is
performed in vacuum at the pressure of 2 x 1079 Torr, with an Ar gas flow of 12 sccm.
It is followed by a post-deposition annealing process in nitrogen atmosphere to red-
shift the ENZ wavelengths of ITO films to the NIR regime.[130, 175] The annealing
temperatures are shown in Table 3.1. Additional tunability of the ENZ wavelength
is achieved by cutting off the nitrogen gas flow during the annealing process, which

increases the oxygen concentration in the atmosphere.

3.4.2 Optical Characterization

In the linear optical characterization, the oblique transmittance spectra is measured
in an epi-illumination configuration, where the halogen lamp is obliquely incident
on the sample at various angles. The transmitted light is collected with a 10x ob-
jective (NA=0.25). Transient transmittance experiments are performed by optically
pumping the ITO thin films with a single wavelength pulsed laser and probing the

transmitted signals with a broadband white light continuum. The pump laser is gen-
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erated by guiding a Coherent Astrella Ti:Sapphire laser centered at 800 nm through
the optical parametric amplifer (OPA). The pulse length is approximately 150 fs
and the repetition frequency is 1kHz. The broadband probe beam is generated from
a Ti:Sapphire crystal and the spectral range goes from 800 nm to 1600 nm. The
probe beam is obliquely incident at 45 degree and the pump beam is deviated with
a small angle. The probe beam is p-polarized to support out-of-plane electric field
components and the pump beam is s-polarized to avoid extra nonlinearity caused by

two-beam coupling effects.

3.5 Results and Discussion

3.5.1 Linear Characterization Results

Fig. 3.4 shows the linear optical properties of 23nm thick I'TO film on a glass cover slip
(PGO inc).[172] The oblique-angle transmittance measurements reveal a resonance
peak around 1240 nm which corresponds to the ENZ wavelength of ITO. The ampli-
tude of the peak increases with at larger incident angles, while normal incidence does
not reveal any ENZ peak. According to Maxwell’s boundary condition in Eq. 3.4,
given a small permittivity in proximity to the ENZ region, the field normal to the ITO
film would be enhanced with larger incident angles producing larger normal compo-
nents of the field and hence stronger field enhancement. To obtain the permittivity

of the ITO thin film, a Drude model is adopted

w2
(W) =€ +i6 =€ — —— (3.12)
wo + 1yw

where €., is the background permittivity, v is the charge carrier collision rate and
wp is the plasma frequency defined in Eq. 2.20. The transmittance is calculated by

transfer matrix method with the fitted Drude parameters w, and . The transfer
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Figure 3.4: (a) Transmittance of the commercial ITO film measured under different
incident angles. The dashed curve shows the fitted transmittance spectrum by using
the transfer matrix method (TMM) and the Drude model. (b) Calculated permittivity
of the commercial ITO film by using the fitted Drude parameters. (c) 60 degree
transmittance of sputtered ITO films with different ENZ wavelengths. Black curves
are from measurements and red curves are calculated using TMM.

matrix method is based on the continuity of fields on the boundaries. The sample
is modelled as a two layer system which is put in the air environment: a glass layer
of 1.1 mm with n = 1.5,k = 0 and the ITO layer. For each layer, the electric and
magnetic field at the end of the layer can be derived from operating a 2 x 2 matrix
on the field at the beginning of the layer, according to Maxwell’s equations. Then
a stack of layers can then be represented as a system matrix, which is the product
of the individual layer matrices. The transmittance of the system can be obtained
in terms of the system matrix. We coded TMM in Matlab and the dashed curves
in Fig. 3.4(a) show the calculation result using w, = 1.9eV" and 7, = 0.17eV which
match well with the experiments. The calculated dispersion of ITO with the same
Drude parameters is shown in Fig. 3.4(b). The real part of the permittivity switches
sign at 1240 nm defining the ENZ region with ¢; < 1 (shaded are in Fig. 3.4(b)).
To fabricate ITO thin films with different ENZ wavelengths, we use RF sputtering
deposition on a glass substrate, followed by an annealing process (see Section 3.4.1
for fabrication details).[130] The measured and fitted transmittance spectra of three

samples at 60 degree excitation angle are shown in Fig. 3.4(c). All samples clearly

show varying ENZ resonance peaks in the NIR spectral region.
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Figure 3.5: Schematic of the nonlinear optical responses in ITO thin films. (a) The
intraband transition of conduction band electrons introduces a larger effective mass
due to the non-parabolic band structure and decreases the plasma frequency. FE,:
conduction band, E;: Fermi level, E,: valance band, Ej.: hot electron energy level,
dashed curves give visual guides for the parabolic band strucutre and the increase of
Fermi level. (b) The interband transition generates more free carriers, increases the
plasma frequency and meanwhile introduces a larger effective mass . The ultimate
nonlinearity depends on the competition between these two mechanisms and can be
inverted by controlling the non-parabolicity and the Fermi level.

3.5.2 Nonlinear Characterization Results

Fig. 3.5 shows the schematic of transient optical processes.[172] When the pump
photon energy is smaller than the bandgap, the electrons in the conduction band un-
dergo an intraband transition through free carrier absorption, as shown in Fig. 3.5(a).
Before the pulse arrives, the electrons are in equilibrium and described by a room
temperature Fermi distribution. After absorbing the pump photon, the electrons are
excited to higher energy states and forming a hot electron distribution. Due to the
nonparabolicity of the conduction band, the effective mass of the electron sea is in-
creased. Accordingly, this decreases the plasma frequency w, and therefore a red
shifts the ENZ resonance. Since the band gap of ITO films is typically 3.5 eV-4.3
eV[176], this red shift normally happens when the pump wavelength is in the NIR

region. On the other hand, as shown in Fig. 3.5(b), when the photon energy is greater
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Figure 3.6: (a) Differential transmittance change AA with a broadband probe in NIR
region calculated using the intraband transition model, where £ is 2.39 eV. Different
colors represent different ENZ wavelengths. (b) Calculated AA for different values
of E,. The ENZ wavelength is 1220 nm. (c) Calculated AA spectra for various E,
using the interband transition model. The ENZ wavelength is 1220 nm and the pump
wavelength is 360 nm.

than the bandgap, interband transition will occur, in which electrons in the valence
band are promoted into the conduction band and the free carrier concentration is
increased. Consequently, w, increases and the ENZ resonance blue shifts accordingly.
This normally happens for UV pump for which the photon energy is close or above
the band gap. However, with the increase of the free carrier density in the conduction
band, the Fermi level is inevitably raised and the effective mass would also increase
because of the non-parabolicity. Thus, when the non-parabolicity of the material is
large enough so that the effective mass increase is dominant over the free carrier den-
sity increase, interband transition can also result in overall red shift of ENZ, inverting
the nonlinearity. The total change and the shift direction of the plasma frequency and
the nonlinearity will highly depend on the competence between the free carrier den-
sity in the equilibrium state (Fermi level) and the non-parabolicity of the conduction
band structure.

In Fig. 3.6(a) and Fig. 3.6(b), we theoretically explored the differential trans-

mittance change AA near the ENZ region under the NIR pump, where intraband
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transition dominates the nonlinearity. AA is defined as

AA = —log(1+ AT/Ty) (3.13)

where T denotes the reference transmittance and AT is the dynamic change in trans-
mittance after the pump. In Fig. 3.6(a), the ENZ wavelength is varied from 1220 nm
to 1500 nm while the non-parabolicity £, and the effective mass is kept at 2.39 eV
and 0.26mg, respectively, where mg is the electron mass at rest. Evidently, with a
longer ENZ wavelength, which corresponds to a lower free carrier density and a lower
Fermi level, the maximum absolute value of AA becomes larger. This is because the
electrons at a lower Fermi level undergo a larger change of the effective mass when
absorbing the same amount of energy resulting in a larger nonlinearity. On the other
hand, as shown in Fig. 3.6(b), AA becomes smaller with £, changing from 2 eV to
2.8 eV whereas the ENZ wavelength remains unchanged. Smaller F, represents larger
non-parabolicity as shown in Eq. 3.5, thus introducing a larger modification of the
effective mass and a larger nonlinearity.

After individually studying the influence of the free carrier density and the non-
parabolicity on the nonlinearity, we predict a novel phenomenon which involves both
intraband and interband transitions under a UV pump. The calculated AA spectra
under the UV pump is plotted in Fig. 3.6(c), where the ENZ wavelength is 1220 nm
and Ej is varied from 2 eV to 2.8 eV. Interestingly, unlike in Fig. 3.6(a) and 3.6(b)
where the NIR pump gives the same spectral shape of AA, the spectral shape under
UV excitation in Fig. 3.6(c) highly depends on the relative strength between the free
carrier density and the non-parabolicity. If E, is relatively small (Fig. 3.6(c), black
curve) the hot electron-induced Fermi level shift has a stronger contribution than the
increase in carrier density due to band-to-band transition and induces an overall red

shift of the plasma frequency w,. Conversely, an overall blue shift of w, occurs when
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Figure 3.7: (a)(b)(c) Time-resolved transmittance spectra change of ITO films in
pump-probe measurements. The pump wavelength coincides with the ENZ wave-
length at (a) 1220 nm (b) 1400 nm and (c) 1500 nm. (d)(e)(f) AA spectra at the
beginning of the recovery process for ENZ wavelength at (d) 1220 nm (e) 1400 nm and
(f) 1500 nm. The black curves are extracted from the corresponding two-dimensional
maps with the delay time at (d) 0.19 ps (e) 0.13 ps and (f) 0.17 ps. The red curves fit
the plasma frequency omega, after pump. (f) kinetic decay process of the absorbed
energy dU. The pump wavelengths are in the NIR region. The scatter curves show
experimental data and line curves are exponential fits.
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Figure 3.8: Time-resolved transmittance spectra change of the ITO thin film. The
pump wavelength coincides with the ENZ wavelength at 1220nm. The maximum
|AA| = 126mOD under the 1000x.J/cm? pump fluence corresponds to AT/T = 35%.
the hot electron contribution is relatively lower (Fig. 3.6(c), red and green curves).
To the best of our knowledge, this is the first observation of spectral inversion of
the nonlinearity based on the competition between the free carrier density and the
non-parabolicity.

Next, we turn our attention to optical pump-probe measurements to elucidate
the impact of the Fermi level and the non-parabolicity on the ITO nonlinearity.
In a set of transient ultrafast measurements we use a narrowband fs pump laser
pulse to induce excitations in ITO films and a broadband fs probe pulse at various
delay times to measure the time-resolved transmittance spectra (see Section 3.4.2
for details). Fig. 3.7(a) shows the AA spectral map measured on a ITO film with
a ENZ resonance at 1220 nm. Choosing a pump wavelength to coincide with the
ENZ wavelength optimizes the absorption and enhances the nonlinear response. An
ultrafast red-shift of the ENZ resonance is observed, indicating the increase in the
electron effective mass induced by intraband transitions. A maximum of nonlinear
responce of AA = 100mOD is obtained at a pump fluence of 1000u.J/cm?, as shown

in Fig. 3.8, corresponding to AT/T = 35%, which is comparable with values reported
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Table 3.2: Drude and band structure parameters of ITO thin films
Apnz (nm) € (V) wy, (eV) 7, (eV) mx (mg) E, (eV)

1220 3.75 1.95 0.2 0.13 1.77
1400 3.75 1.70 0.14 0.13 2.07
1500 3.75 1.58 0.11 0.43 2.64

in the literature.[125, 153, 161] Additional AA spectral maps measured on ITO films
with different ENZ wavelengths and pumped at their respective resonance peaks are
plotted in Fig. 3.7(b) and Fig. 3.7(c). In Fig. 3.7(d), the spectrum at 0.19 ps from
Fig. 3.7(a) is extracted and fitted by the transfer matrix method to get the plasma
frequency w,, pump immediately after the pump pulse is absorbed. Using the fitted
Wppump and unpumped wy ynpump, the effective mass m and the non-parabolicity E,
can be determined from the intraband transition model. The theoretical spectrum
(Fig. 3.7(d), red curve) is in a good agreement with the experimental data. The same
calculation is conducted on other samples with ENZ wavelengths at 1400 nm and
1500 nm, as shown in Fig. 3.7(e) and Fig. 3.7(f). All of them match well with the
measurements, confirming the validity of our model. The values for all Drude and
band structure parameters are listed in Table 3.2. It is demonstrated that with the
increase of the plasma frequency, the free carrier density will increase and gives rise
to the higher Fermi level. This can be attributed to the sample annealing process
where the grain size shrinks and more electrons are relaxed from the bound states.130
The non-parabolicity, generally also tends to increase with the plasma frequency. The
reason could be the modification of the crystalline structure followed by the annealing
process, however more theoretical and experimental studies are needed to further
understand this.

After absorbing the pump photon energy and creating a hot electron distribu-
tion, the carriers cool down through the electron-phonon coupling and return to the
equilibrium state on a sub-ps time scale.[123, 177] The dissipation of the excitation

energy density dU as a function of time, which represents the dynamics of the relax-
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Figure 3.9: kinetic decay process of the absorbed energy dU. The pump wavelengths
are in the NIR region. The scatter curves show experimental data and line curves are
exponential fits.

ation process, is plotted in Fig. 3.9. The dashed lines are exponential fits to extracted
the relaxation times. All of these values are typically around 100 fs scale and agree
well with the ultrafast intraband transition dynamics. The increasing discrepancy
between the fits and the measurements at shorter delay times can be attributed to
the electron temperature dependent heat capacity of electron gas.[123]

Finally, a UV pulse centered at 360 nm is used as the pump source to introduce
interband transitions in ITO films. The time-resolved transmittance maps measured
on ITO films with various ENZ wavelengths are shown in Fig. 3.10(a)-(c). The pho-
ton energy at 360 nm corresponds to the band gap of these ITO films as shown
in Fig. 3.11, which shows the pump-wavelength dependent maximum of AA. The
Burstein-Moss bandgap shift has been shown to be negligible[178, 179], thus it is
reasonable a assumption that the same amount of electrons in the valence band are
excited to the conduction band in all samples. However, different nonlinear behaviors
are clearly observed as the result of the competition between interband and intraband
absorption. The ITO film with the ENZ wavelength at 1220 nm possesses the largest

non-parabolicity (see Table 3.2), therefore the contribution of intraband transition to
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Figure 3.10: (a)(b)(c) Time-resolved transmittance spectra change of ITO films in
pump-probe measurements. The pump wavelength is 360 nm. The ENZ wavelength
is (a) 1220 nm (b) 1400 nm and (c) 1500 nm. (d)(e)(f) AA spectra at the beginning
of the recovery process for ENZ wavelength at (d) 1220 nm (e) 1400 nm and (f) 1500
nm. The black curves are extracted from the corresponding two-dimensional maps
with the delay time at (d) 0.21 ps (e) 0.16 ps and (f) 0.15ps. The red curves fit the
plasma frequency w, after pump.
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the plasma frequency is larger than the contribution of interband transition. Even-
tually, as shown in Fig. 3.10(a), the plasma frequency is red-shifted which is similar
to the behavior under the NIR pump. On the contrary, films with longer ENZ wave-
lengths have smaller non-parabolicity, which is not able to balance the shift induced
by the free carrier density increase induced by interband transitions. Therefore, the
plasma frequency is blue-shifted as shown in Fig. 3.10(b) and Fig. 3.10(c). These
results agree well with the theoretical calculations shown in Fig. 3.6(c). Moreover, in
Fig. 3.10(d),(e) and (f), the experimental spectra corresponding to the peak of AA are
plotted along with the calculation for wy yump. The same parameters in Table 3.2 are
adopted to fit the spectra with the interband transition model (Fig. 3.10(d),(e) and
(f), red curves). The calculation results agree well with the measurements, indicating
the validity of our theoretical predictions.

Finally, the dynamics of the relaxation process is briefly investigated. This pro-
cess involves thermal dissipation, where the electron temperature decreases through
electron-phonon interactions and recombination, including the radiative and the trap-

assisted recombination channels.[180] Generally the recombination is slower than the
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Figure 3.12: (f) kinetic decay process of the absorbed energy dU. The pump wave-
length is 360 nm. The scatter curves show experimental data and line curves are
exponential fits.

thermal dissipation process. As shown in Fig. 3.12 (black curve), the decay of dU in
the ITO film with the ENZ wavelength at 1220 nm shows a characteristic recovery
time of 142 fs. This agrees well with the typical thermal dissipation time revealed in
Fig. 3.9, indicating the dominance of the intraband transition. On the contrary, red
and green curves in Fig. 3.12 include a slower decay process with 7, located around
500 fs in addition to the faster decay 7, attributed to the thermal dissipation. This
longer relaxation rated may correspond to the recombination, which again indicates
that interband transitions plays a dominant role in I'TO films with the ENZ at 1400

nm and 1500 nm.

3.5.3 More Discussion on Plasmon-ITO Coupling

The coupling between ENZ modes in ITO films and plasmonic modes in gold nanorods
is briefly discussed.[153] The schematic of the gold metasurface fabricated on top of
an ITO thin film is depicted in Fig. 3.13(a). The dimensions of gold nanorods are

determined from the SEM image shown in Fig. 3.13(b). The transmittance spectra
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Figure 3.13: (a) the schematic of the sample structure, which consists of gold antenna
arrays on top of a thin film of ITO. (b) A SEM image of the fabricated structure.
(c) Measured and calculated transmittance spectra of the coupling system. The
variation between the experimental result and the FDTD simulation can be attributed
to inhomogeneous broadening of the linewidth of the antennas due to fabrication
imperfections. Reprinted (adapted) with permission from Ref. 153. Copyright 2018
Springer Nature.

of the coupling system (Fig. 3.13(c)) shows two splitting resonance peaks, indicating
the strong coupling between the plasmon and the ENZ mode.

We performed FDTD simulation on the same system and the calculated trans-
mittance spectrum, as shown in Fig. 3.14(a), clearly reveals the splitting peaks. The
ITO film is 23 nm and the ENZ region is centered at 1400 nm. Gold nanorods are
250 nm by 100 nm, with the plasmonic mode in resonance with the ENZ mode.
Moreover, Fig. 3.13(b) and Fig. 3.13(c) show the field distribution maps at the reso-
nance peaks, where a large enhancement of the electric field is found inside the ITO
layer. This enhancement is attributed to both the gold nanorods that confine light
at nanoscales, and the ITO film that further brings the amplification of the field
according to Maxwell’s boundary condition in Eq. 3.4.

The field enhancement can be further enlarged by utilizing the gold nanorods-
ITO-gold (MIM) structure, in which the gap mode between top and bottom gold
layers is coupled with the ENZ mode. Therefore, the electric field is confined within
the volume that defined by the thickness of the ITO film and the dimensions of the

gold nanorods. The sample is built by depositing a 30 nm layer of gold with the
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Figure 3.14: (a) The calculated transmittance spectrum of a gold nanorod-ITO strong
coupling system. The ITO film is 23 nm and the ENZ region is centered at 1400 nm.
Gold nanorods are 250 nm by 100 nm, with the plasmonic mode in resonance with
the ENZ mode. (b)(c) Distribution of the electric fields at two resonant peaks at (b)
1159 nm and (c) 1516 nm.

thermal evaporation, followed by sputtering a 23 nm layer of ITO. The arrays of gold
nanorods are fabricated by EBL and the thermal evaporation. The period of gold
nanorods is 600 nm in the vertical direction and 800 nm in the horizontal direction.
Fig. 3.15(a) shows the SEM image of the sample and the transmittance spectra of the
MIM structure with various gold nanorods lengths are shown in Fig. 3.15(b). The
measurements agree well with the FDTD simulations, as shown in Fig. 3.15(c).

To elucidate the nonlinear effects in these structures, pump-frequency-dependent
THG spectra are measured, as shown in Fig. 3.15(d). Nevertheless, as the plasmonic
mode frequency approaches the ENZ frequency, the THG intensity decreases. One
possible reason of this interesting phenomenon is that near the ENZ frequency, hot
spots of the gap mode inside the ITO only generate a singular field enhancement.[124]
Due to the near-zero group velocity of the propagating wave in ENZ materials, most of
the power of harmonic signals are lost internally without being emitted. The effective
mode index tends to decrease despite of the larger singular field enhancement with the
smaller detuning.[181] More theoretical works and nonlinear simulations are needed

to understand this phenomenon.
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Figure 3.15: (a) A SEM image of the MIM structure. The size of the nanorods is

around 350 nm by 150 nm. The period of gold nanorods is 600 nm in the vertical
direction and 800 nm in the horizontal direction. (b) Measured transmittance spectra
of the MIM structure with various gold nanorods lengths. blue: 250 nm; red: 350 nm;
yellow: 450 nm; violet: 550 nm.(c) FDTD simulations of the transmittance spectra
of the MIM structure. (d) Pump-wavelength-dependent THG spectra of the MIM

structure.
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3.6 Conclusions

In conclusion, we demonstrate a comprehensive study of various mechanisms respon-
sible for the ultrafast nonlinear properties of ITO thin films near their ENZ wave-
lengths. We have explored the interplay between the intraband transition, which
increases the electron effective mass due to the non-parabolic band structure, and
the interband transition, which generates larger free carrier concentrations. Inter-
estingly, a combination of these two process under the above-bandgap pump results
in different nonlinear behaviors depending on the relative contributions between the
non-parabolicity and the Fermi level shift. An interband transition model is used to
describe this competing mechanism and predict the ultimate shift direction of the
plasma frequency. Transient transmittance measurements agree well with the the-
oretical predictions, demonstrating spectrally invertible nonlinearity. Moreover, the
Drude parameters and band structure parameters extracted from the fits show clear
trends that are related to the material properties of ITO films. Our findings may
guide design and fabrication of TCO photonic platforms based on the tunability of

nonlinear optical interactions.
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Appendix A

List of Publications

Published works with Emory affiliation:
1. Feng Wang, Manoj Manjare, Robert Lemasters, Chentao Li, and Hayk Haru-
tyunyan. ”Enhancing second-harmonic generation using dipolar-parity modes in non-

planar plasmonic nanocavities.” Optics Letters 44 (11), 2787-2790 (2019)

2. Chentao Li, Xin Lu, Ajit Srivastava, S. David Storm, Rachel Gelfand,
Matthew Pelton, Maxim Sukharev, and Hayk Harutyunyan. ”Second harmonic gen-
eration from a single plasmonic nanorod strongly coupled to a W.Sey monolayer.”
Nano Letters 21.4: 1599-1605. (2020)

3. A. V. Agrawal, Robert Lemasters, Chentao Li, Ali Mojibpour, Palash Bharad-
waj, Hayk Harutyunyan, and Mukesh Kumar. ”Comparison of Enhanced Second Har-
monic Generation in Pyramid-like in-plane MoS; flakes to Vertically Aligned M oS,
Flakes” Journal of Applied Physics 129 (6), 063106 (2021)

4. Zhu, Muliang, Sajjad Abdollahramezani, Chentao Li, Tianren Fan, Hayk
Harutyunyan, and Ali Adibi. ”Broadband-Tunable Third-Harmonic Generation Us-

ing Phase-Change Chalcogenides.” Advanced Photonics Research (under review)

5. Zhu, Muliang, Sajjad Abdollahramezani, Chentao Li, Tianren Fan, Hayk

Harutyunyan, and Ali Adibi. ”Dynamically Tunable Second-Harmonic Generation
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Using Hybrid Nanostructures Incorporating Phase-Change Chalcogenides” Nanophotonics

(under review)
6. Zhu, Muliang, Chentao Li, Tianren Fan, Sajjad Abdollahramezani, Xi Wu,
Hayk Harutyunyan, and Ali Adibi. ”Quasibound States in the Continuum for Bidirec-

tional Symmetry-Breaking Nonlinear Metasurfaces.” CLEO: QELS_Fundamental Science,

pp. FTh1M-4 (2021)
7. Chentao Li, Xinyu Tian, Guoce Yang, Sukrith U. Dev, Monica S. Allen,
Jeffery W. Allen, and Hayk Harutyunyan.” Invertible Optical Nonlinearity in Epsilon-

near-zero Materials” https://arxiv.org/abs/2203.09600
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