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color-correspondent dashed) parts of refractive index of the 3
different crystallinity states of GST with different percent
crystallization shown by L. The data for the amorphous and fully
crystalline states is measured by ellipsometry of deposited GST
samples. The property of the intermediate state is calculated using
the Lorentz-Lorenz formula.

— Fabrication process for the as-grown asymmetric F-P cavity
structure, in which e-beam evaporations and RF-sputtering were
conducted.

— Simulated (a) reflectance spectra, and (b) THG spectral responses
of the asymmetric F-P structure in Figure 2(a) for different GST
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Measured (c) reflectance spectra and (d) THG spectral responses of
the corresponding fabricated sample with tgst = 25 nm, considering
the GST oxidation effect.

— Simulated (a) reflectance spectra, and b) THG spectral responses
of the asymmetric F-P structure in Figure 2(a) with different L, tbo =
25 nm, tgst = 10 nm, and to = 50 nm. Measured (c) reflectance
spectra, and (d) THG spectral responses of the corresponding
fabricated samples with tst ~ 15 nm, considering the GST oxidation
effect.

— Simulated (a) reflectance spectra, and (b) THG spectral responses
of the structure in Figure 2(a) of different L, tho = 25 nm, tgst = 15
nm, and tio = 50 nm. Measured (c) reflectance spectra, and (d) THG
spectral responses of the corresponding fabricated samples with tast
~ 20 nm, considering the GST oxidation effect.
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— Plots of simulated resonant THG intensity and THG Q at different
resonant fundamental wavelengths for the asymmetric F-P structure
in Figure 2(a) with different values of L, with (a) test = 10 nm
(asterisk), test = 15 nm (cross), test = 20 nm (diamond), and with tbo
=25 nm and ti = 50 nm for all cases; (b) tbo = 10 nm (asterisk) and
tbo = 25 nm (cross), tbo = 50 nm (diamond), and with tgst = 20 nm
and to = 50 nm for all cases; and (c) to = 10 nm (asterisk), to = 50
nm (cross), to = 100 nm (diamond), and with tbo = 25 nm and tcst =
20 nm for all cases. The arbitrary units (a.u.) in (a), (b), and (c)
represent the same normalization for the conversion efficiency.

— Plots of simulated linear nearfield normalized to the incidence
(left) and THG nearfield in an a.u. (right) for the asymmetric F-P
structure in Figure 2(a) for the (a) a-GST state and (b) c-GST state
with teo = 25 nm, test = 20 nm, and t = 50 nm. The extent of all
materials is marked by solid lines. wa and @ are angular frequencies
for the fundamental wavelengths of 1050 nm and 1500 nm at THG
resonances for the a-GST and c¢-GST states, respectively.

— The setup schematic for the reflectance measurement of the GST
F-P cavity devices, where ‘M’ and ‘10x MO’ represent a mirror and
the 10x microscopic objective lens, respectively.

— The setup schematic for the THG measurement of the GST F-P
cavity devices, where ND, LPF, and SPF represent neutral density,
long-pass filter, and short-pass filter, respectively.

— Excitation power (i.e., pump power) dependence of the measured
THG intensity from the a-GST sample of the structure in Figure 2(a)
with deposited GST thickness ~ 20 nm at the excitation Ar = 1215
nm. A power-law fit is applied to the measured data. The slope of the
fit is 2.93 + 0.15 at a confidence level of 95%, in agreement with the
expected slope of 3 for THG. The excitation power was measured
immediately after the ‘10x MO’ in Figure 10 without the sample. All
fittings in this thesis are estimated at the 95% confidence.

— (a) Schematic of the Ag-GST-Ag device on a Si substrate. The
square lattice period and the diameter of the nano-disk are 250 nm
and 100 nm, respectively, for all simulations in this numerical study.
(b) Real (n, solid curves) and imaginary (k, color-correspondent
dashed) parts of refractive index of the 6 different crystallinity states
of GST with different percent crystallization shown by L. The data
for the extreme and intermediate states are the same and calculated
in the same way as Figure 2(b).

— Simulated side-view normalized nearfields to incidence at
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Figure 15
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Figure 18

a-GST state and (b) c-GST state. Nearfields are calculated in the
same ways for the a-GST state with (c) Ag plasmonic material with
Tag = 50 nm and (d) Au plasmonic material with Tau = 50 nm. Ar
values for different nearfield plots are (a) 1120 nm, (b) 1645 nm, (c)
1115 nm, and (d) 1115 nm. All material components of the nano-
disks are marked in the plots. The nano-disks are placed on the same
metal as the plasmonic nano-disk and surrounded by air for all plots.

— Simulated (a) reflectance and (b) THG spectra of the structure in
Figure 12(a) for the 6 different GST crystallinities (L).

— (a) Schematic of the Au-GST-Au device composed of an array of
Au (35-nm-thick) / GST (25-nm-thick) nano-disks on an Au reflector
(100-nm-thick) and a Si substrate. The diameter of the nano-disk is
selected as 120 nm, and the period of the MS is marked as p. (b)
Schematic of the asymmetric F-P structure to be measured SHG and
compared with the Au-GST-Au device. The Au reflector is also 100-
nm thick, the bottom SiO2 is 25-nm thick, the GST is 20-nm thick,
and the top SiO2 is 50-nm thick. (c) Fabrication process for the as-
grown Au-GST-Au structure, in which e-beam evaporations of Au,
spin coating of the e-beam resist, EBL, development of the resist,
RF-sputtering of GST, lift-off, and ALD of an ultrathin SiO2
protective layer were conducted. (d) A top-view SEM image of
micron-scale area of an Au-GST-Au sample. (e¢) A top-view SEM
image of submicron-scale area of another Au-GST-Au sample. All
SEM images in this thesis are with a scaling measure marked.

— (a) Simulated and (b) measured reflectance spectra for the structure
in Figure 15(a) with cases of p = 220 nm, p = 250 nm, and p = 280
nm at the a-GST state.

— (a) Simulated and (b) measured reflectance spectra for the structure
in Figure 15(a) with p = 220 nm at investigated GST states. (c)
Simulated reflectance spectra of the structure with parameters for
Figure 17(a) at the visible wavelengths. (d) Measured SHG response
of the correspondent fabricated samples, where Asu represents the SH
wavelength, and the inset shows a zoomed-in view of the weak SHG
signal for the a-GST case.

— Measured (a) linear reflectance spectrum for the structure in Figure
15(b) at the c-GST state (L = 100%); (b) c-GST state SHG spectra
of the structure in Figure 15(a) with p =220 nm, and the structure in
Figure 15(b); (c) reflected NL emission intensity spectra, at the
visible wavelengths, of the asymmetric F-P structure for the a-GST
and c-GST states at a pump wavelength of 1150 nm. TPL: two-
photon luminescence.
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Figure 19

Figure 20

Figure 21

Figure 22

Figure 23

— Middle cross-sectional plots of simulated normalized nearfields in
a plane parallel to the polarization direction (i.e., the incident
polarization is in the place of this figure) in (a) Figure 15(a) and (b)
Figure 15(b) for the c-GST state at A = 1260 nm. The fields are
normalized to the incident field. Figure 19(a) and Figure 19(b) are in
the same scale, and the maximum value of the scale bar is set to the
maximum normalized nearfield in the Au-c-GST-Au structure at A =
1260 nm. Figure 19(c) shows the normalized nearfield plot for the
incidence wavelength of A/2 (i.e., SH wavelength) under the same
way of excitation. The mode overlap between nearfields in Figure
19(a) and Figure 19(c) is plotted in Figure 19(d) in terms of
normalized inner-product of the nearfields to the square of incident
field. Solid lines show the extent of all materials. All material
components of the structures are marked in the plot except for the
GST oxide, which is represented by unmarked areas (on top of the c-
GST layer) in the plots.

— The setup schematic for the SHG measurement of the Au-GST-Au
and F-P GST devices, where ND, ‘M’, ‘100x MO’, LPF, and SPF
represent neutral density, a mirror, the 10x microscopic objective
lens, a long-pass filter, and a short-pass filter, respectively.

— Excitation power (i.e., pump power) dependence of the measured
SHG intensity from the sample of the structure in Figure 15(a) with
p = 220 nm and the excitation Ar = 1080 nm. A power-law fit is
applied to the measured data. The slope of the fit (b) is 1.83 £ 0.24,
in acceptable agreement with the expected slope of 2 for SHG. The
excitation power was measured immediately after the ‘100x MO’ in
Figure 20 without the sample.

— Schematic of the reconfigurable NL MS; the device structure
includes (on top of a Si handle layer) successive layers of 100-nm-
thick Au, 10-nm-thick bottom buffer SiO2, 50-nm-thick GST, 450-
nm-thick top SiO2, and a-Si with thickness Tasi = 150 nm. The
dimensions of the a-Si MS are p1=p2=910 nm, a =240 nm, b =850
nm, g1 =75 nm, and g2 = 85 nm. Tg and T are the glass and melting
temperatures of GST.

— (a) The linear transmission efficiency plot, and (b) simulated
middle-z-plane nearfield plot at Ar = 1552.5 nm of the a-Si MS on
infinitely thick SiO: at plane-wave normal incidence from air
exhibiting EIT. The nearfields are normalized to the incident field
(Eo), geometric dimensions of the MS are the same as those in the
captions of Figure 22. (c) Simulated normalized middle-z-plane
nearfield plots for the same MS on top of a 570-nm-thick SiO2 on
the same Au reflector as in Figure 22 at Ar= 1550 nm.
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Figure 24

Figure 25

Figure 26

Figure 27

Figure 28

Figure 29

Figure 30

Figure 31

— Simulated normalized nearfield at the middle-z-plane of the MS
for the structure in Figure 22 with (a) a-GST and (b) c-GST states.
Simulated normalized nearfield plots of asymmetric (c) a-GST and
(d) c-GST F-P cavity of Tast = 50 nm sandwiched between two SiO2
layers with thicknesses Tto =450 nm and Tvo = 10 nm without the a-
Si MS. Solid lines show the extent of all materials. The example
planes of interference observations are marked with dashed lines. All
plots are for plane-wave normal incidence at Ar= 1550 nm. The large
difference between the field enhancements in (a) and (b) is due to the
constructive and destructive interference between the incident and
reflected beams at ~ 200 nm above the top SiOz2 layer as seen in (c)
and (d) for the a-GST and c-GST case, respectively.

— Simulated (a) linear reflectance spectra and (b) vertical-component
THG efficiency plots for fundamental C-band for the 6 GST
crystallinity percentages (L). THG efficiencies of this device are
calculated in comparison to the simulation result in Ref. [101].

— Fabrication process for the as-grown structure in Figure 22, in
which e-beam evaporations, PECVDs, RF-sputtering, ALD, spin
coating of the e-beam resist, EBL and resist development, and ICP
etching were conducted.

— A top-view SEM image of a few unit cells of an a-Si MS in a
sample for the structure in Figure 22.

— Measured reflected NL emission intensity spectra, at the visible
wavelengths, of the structure in Figure 22 for the a-GST, semi-c-
GST, and c-GST states at a pump wavelength of 1600 nm.

— (a) Schematic of the designed linear and NL tunable-foci MS. (b)
Real (solid curves) and imaginary (dashed curves) parts of the

refractive indices of a-Sb2Ss and c-Sb2Ss extrapolated from data in
Ref. [41].

— Simulated middle-incident-plane nearfields for the MS of (a) a-
Sb2Ss state @ Ar = 950 nm and (b) a-Sb2S3 state @ Aty =317 nm, in
relative field and a.u., respectively; (c) c-Sb2S3 state @ Ar = 950 nm
and (d) c-Sb2S3 state @ Ara = 317 nm, in relative field and a.u.,
respectively, with length scale in the orientation normal to the MS
and dashed ellipses enclosing regions of focus marked.

— (a) Unit cell schematic of the normal-reflection-mode MS that
comprises two identical nano-blocks with two mirror-symmetric
corners cut in each nano-block on a SiO2 substrate. Critical
dimensions are marked as denotations. The square lattice period of
unit cell p is 740 nm and the respective corners of adjacent parallel
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Figure 32

Figure 33

Figure 34

Figure 35

Figure 36

nano-blocks are p/2 distant. The height of the nano-blocks is 300 nm,
and the width of the nano-blocks  is in the range of 220 nm to 230
nm to fit the linear resonance to 1200-1400 nm. The length of the
nano-blocks is 2. The perimeter of all cut corners is 360 nm and
those from the left nano-block are squares. The width d of cut-
corners in the right nano-block is 80 nm, 70 nm, or 60 nm, which
makes the parallel cut-corner nano-blocks very similar in planar size
with a minimum area difference of 200 nm?. (b) A control structure
unit cell also evolved from the identical nano-blocks of W= 220 nm
as in (a), but the width of its right nano-block is 210 nm, resulting in
a planar area difference between the symmetry-breaking nano-
blocks of 4400 nm?. The square lattice period of unit cell p is 740 nm
and the respective corners of the parallel nano-blocks are p/2 distant,
same as in (a).

— Fabrication process for the a-Si MS samples with left-over HSQ,
in which low-temperature PECVD of a-Si, EBL of spin coated HSQ,
and ICP etching with Cl2 were conducted.

— Top-view SEM images of a unit cell of the fabricated structure in
Figure 31(a) with W = 220 nm (left, Sample 1) and W = 230 nm
(right, Sample 2), with the scaling measure marked. The left/right
image shows the square-corner-cut nano-block on the right/left.

— Simulated plots of the normalized nearfields at middle-plane
interceptions to all axes based on each pre-symmetry-breaking nano-
block, due to incidence at the quasi-BIC resonances (a) ~ 1217.24
nm for the structure in Figure 31(a) with W =220 nm and d = 80 nm;
(b) ~ 1248.8 nm for the structure in Figure 31(b). Simulated
reflectance spectra (c¢) and (d) marked with Q factors in the vicinity
of (a) and (b). The reflectance Qs are defined as the ratio of the dip
frequency to the FWHM of the dip in the reflectance spectrum. The
half-maximum level of a reflectance dip is approximated by
averaging the dip reflectance and the highest reflectance in the
vicinity of the dip.

— Simulated cross-planar plots of the normalized nearfields for
incidence at the quasi-BIC resonances (a) ~ 1217.24 nm (simplified
from Figure 34(a) of W/d =220 nm/ 80 nm), (b) ~ 1217.9 nm for the
structure in Figure 31(a) with W/d=220nm/70 nm, and (c) ~1219.4
nm for the structure in Figure 31(a) with W/d =220 nm / 60 nm.

— Simulated reflectance spectra in the range of the quasi-BIC
resonance and inset middle intercept planar plots of the normalized
nearfields for incidence at the resonances (a) ~ 1217.24 nm for the
base structure of W/d = 220 nm / 80 nm, (b) ~ 1230.16 nm for the
structure in Figure 31(a) with W/d =225 nm / 80 nm, (c) ~ 1242.24
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Figure 37

Figure 38

Figure 39

Figure 40

Figure 41

nm for the structure in Figure 31(a) with W/d =230 nm / 80 nm. The
reflectance Qs are marked in the plots and planar contours of the cut-
corner nano-blocks are marked by solid lines. The reflectance Qs are
defined as the ratio of the dip frequency to the FWHM of the dip in
the reflectance spectrum. The half-maximum level of a reflectance
dip is approximated by averaging the dip reflectance and the highest
reflectance in the vicinity of the dip.

— Measured right-y-axis-calibrated linear reflectance spectrum
(dashed) joint with THG efficiency spectra at peak pump intensities
(Irps) of ~ 1.33 GW/cm? and ~ 3.34 GW/cm?, for (a) Sample 1 and
(b) Sample 2.

— The setup schematic for the linear reflectance measurement of the
a-Si BIC MS samples, where ‘M’ and ‘10x MO’ represent a mirror
and the 10 microscopic objective lens, respectively.

— The setup schematic for the THG measurement of the a-Si BIC MS
samples, where ND, LPF, and SPF represent neutral density, long-
pass filter, and short-pass filter, respectively.

— (a) Example schematic of the unit cell of a square-lattice MS with
a single random binary-pixelated contractible Si nano-resonator on a
Si0: substrate, which works at plane-wave normal incidence from
air and a transmission mode. (b) An illustration of the CNN structure
for predicting the THG response of the MS with a unit cell as that in
(a). The CNN is composed of 3 blocks of convolutional layers (each
one includes 2 convolutional layers with ReLU activation function
and a maximum pooling layer); a fully connected layer with 512
nodes; and fully connected layers with 256 nodes, 128 nodes, and 3
nodes (2 layers for each number of nodes in a layer).

— Model prediction accuracies and confusion matrices for (a) the
THG resonance wavelength and (b) the resonant THG output
intensity data of the binary-pixelated MSs.
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SUMMARY

Optical frequency conversion processes, such as second- and third-harmonic
generation, are commonly realized in nonlinear (NL) optics, offering application
opportunities in photonics, chemistry, material science, and biosensing. Limited by the
intrinsic weak NL response of natural materials, optically large samples and complex
phase-matching techniques are typically required to realize significant NL conversions. In
order to realize efficient frequency conversions in much smaller volumes, current research
has been devoted to the quest of synthesizing novel materials with enhanced optical
nonlinearities at moderate input intensities. Frequency preserving NL processes, such as
the optical Kerr effect and saturable absorption, are more suited for computing
applications, due to efficient optical-intensity-dependent operation. In particular, several
approaches for engineering the NL properties of artificial materials, metamaterials (MMs),
and metasurfaces (MSs) of ordered building block arrays have been introduced to
manipulate light at the subwavelength scale. High-refractive-index phase-change materials
(PCMs), such as germanium antimony telluride (GST) and antimony sulfide (Sb2S3), that
inherently exhibit strongly active tunable large optical nonlinearities have the potential to
further enhance the tunability of NL MMs and MSs. Passive silicon-based MMs and MSs
have various mode engineering opportunities (thanks to the high refractive index of silicon
and the ease of fabrication of a variety of nanostructures in it) to realize enhanced optical

nonlinearity as well.

This thesis is focused on both numerical designs and experimental demonstrations

of PCM- and silicon-based reconfigurable NL MMs and MSs. I demonstrated a broadband-
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tunable subwavelength third-harmonic generation (THG) device with an asymmetric
Fabry-Perot (F-P) cavity numerically and experimentally, based on both extreme and
intermediate crystallinity states of GST. I also extended the numerical study of the THG
band tunability of GST to a gap-surface-plasmon hybridized structure with enhanced THG
efficiency, and experimentally demonstrated the same structure for intensity tunability of
efficient second-harmonic generation (SHG). To mitigate the optical loss of GST, I
designed a passive high-quality-factor (high-Q) silicon MS of optical responses modulated
by an active subwavelength GST F-P cavity. Large resonant field enhancement can be
exhibited in the nano-resonators. Using the resulting elevated conversion efficiency, I have
numerically and experimentally demonstrated a THG intensity switch with a large
extinction ratio. These tunable NL demonstrations have great potential for applications
such as NL optical microscopy and communications due to the strong tunability of GST.
The last result in the PCM-based research part is a numerical demonstration of an all-Sb2S3
linear and THG MS. The designed MS interchanges foci of the MS at amorphous and
crystalline Sb2Ss states for the fundamental frequency and the third harmonic frequency,

respectively. This structure is of interest for NL imaging and microscopy applications.

The silicon-based research part is focused on the use of higher-Q bounded states in
the continuum (BIC) resonance phenomena and the implementation of a deep learning
technique for all-silicon MSs. The objectives are physical-driven high nonlinearity and
algorithm prediction of NL conversion characteristics of the MSs, respectively. A type of
novel bidirectional breaking-symmetry MSs is numerically designed to feature a quasi-BIC
resonance for ultra-large field enhancement in the meta-atoms, expecting efficient THG.

Experimental optical Kerr effect is observed in efficient THG from the MSs, which paves

xxiil



the way for variational quasi-BIC designs for switchable NL generation applications. In
the other work, to demonstrate a prediction method for resonant THG characteristics of
free-form patterned dielectric MSs without time-consuming numerical simulations,
classifications of the spectral location and the intensity level of the simulated THG
resonance of binary-pixel-patterned silicon MSs using a convolutional neural network are

conducted.
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CHAPTER 1. INTRODUCTION AND BACKGROUND

This chapter summarizes background research findings and engineering practices
that are the building blocks for this thesis as well as an outline of the thesis. The first part
is a general review of the photonic metamaterials (MMs) and metasurfaces (MSs). Besides
its subwavelength resonant features, the focus is on lossless functional dielectric MSs and
dynamic tunability introduced to the MMs in comparison with conventional photonic
materials. The second part is a review of the previous works on nonlinear (NL) MMs and
MSs. Different types of NL MM and MS device configurations, especially for tunable NL
MMs and efficient NL dielectric MSs, will be discussed. The NL dielectric MSs will be
reviewed by dividing to categories of frequency conversion (second- / third-harmonic
generations, efc.) and frequency preserving (all-optical modulation, etc.). The last part

presents the thesis outline.

1.1 Metamaterials and Metasurfaces

Photonic MMs are three-dimensional (3D) artificial assemblies of subwavelength
plasmonic/dielectric building blocks, in another word ‘meta-atoms’, to control light-matter
interaction in ways that differs from natural materials [1, 2]. Fine designs of the material
and geometry of the meta-atoms can tailor linear optical properties such as the effective
permittivity and permeability of the MMs, which break the limits of meta-atom materials’
chemical compositions imposed on the electromagnetic responses of the meta-atoms [3].
Novel optical phenomena such as negative refraction, superlensing, and cloaking have been
demonstrated in various MM designs [3]. However, the 3D MMs face challenges of

nanofabrication and large optical losses due to multi-layer operations, which affects their



practical applications in the optical regime [3]. MSs, the two-dimensional (2D) counterpart
of MMs as structured interfaces with meta-atoms forming spatially varying patterns [3],
have attracted tremendous attention from the optics community as highly functional,
broadband, and spatial tailoring large-area platforms for flat-optics components [4] and
chip-scale nanophotonic devices [5] due to their improved compactness and
nanofabrication feasibility with reduced loss compared to 3D MMs. However, MSs of a
single layer or only a few layers are restricted by limited functionality of each layer. Despite
the limitations of 3D MMs and 2D MSs, these meta-structures have been demonstrated
great potentials in emerging applications of cloaking [6], sensing [7, 8], vortex beam
generation [9], holography and data storage [10, 11], high numerical aperture (NA)

imaging [12, 13], encryption [14], NL optics [3, 15, 16], etc.

1.1.1 Resonances in MSs

Resonances play a crucial role in the light interaction with MSs for tailoring linear
transmission or reflection amplitude and phase, and NL responses as the resonances allow
substantial enhancement of both the electric and magnetic fields [4]. The effects are
equivalent to off-resonance excitation of the MSs with a substantially more intense light
beam. These resonances include both local and collective resonances. Local resonances are
generally exhibited in individual nanoparticles (NPs) such as surface plasmon resonances
(SPRs) of metallic (plasmonic) NPs and Mie resonances of dielectric NPs [4]. In
comparison, collective resonances such as Fano-type resonances, guided-mode resonances,
and bound states in the continuum (BICs) [4] are commonly designed with dense periodic

NP arrays.



SPR is the resonant oscillation of conduction electrons at the surface of a plasmonic
NP separating negative (metal) and positive (surrounding media) permittivity materials
excited by the incident light, which are associated with strong localization of energy in
subwavelength regions, but with strong absorption by the plasmonic NPs, typically gold
(Au) or silver (Ag) [4]. Mie resonances are conventionally associated with the analytical
Mie solutions of Maxwell’s equations for spherical particles. This type of resonances is
emergingly employed for the light manipulation below the free-space diffraction limit [17]
by high-index dielectric NPs supporting electric and magnetic type dipolar (or multipolar)

[17, 18] resonances of comparable strengths [4].

Fano resonances are supported by appropriate combinations of NPs generating
collective interference between different localized modes and radiative electromagnetic
waves [19], and manifesting resonant suppression of the total scattering cross section
accompanied by enhanced absorption in the MSs [4]. Fano resonances are promising for
nanoscale bio-sensing, switching, and lasing applications due to more efficient light
confinement [4] and narrower resonance line-shapes or higher spectral quality factors (Qs).
Guided-mode resonances occur when the input light couples to leaky waveguide modes of
the MSs [4]. BICs are non-radiating states, characterized by the resonant frequencies
embedded to the continuum spectrum of radiating modes of the surrounding space for the
designed MSs [20], that aim at infinite radiative Q [21]. Fano- and BIC- type resonances
will be applied in this thesis due to their strong light-matter interactions, which are

promising for NL optical applications.



1.1.2 Dielectric MSs

Dielectric MSs are attracting increased attention due to their much smaller losses
and generally higher light irradiation damage thresholds than the plasmonic counterpart, at
the visible and near-infrared (NIR) wavelengths. The relatively low damage thresholds of
plasmonic MSs are induced by the intrinsic losses of metal due to heating of the
nanostructures [4]. Multiple types of high-Q (Q > 100) resonances are supported in
dielectric MSs, such as Mie [22], Fano [23], guided-mode [24], and BIC resonances [25,
26], due to the low-loss characteristics of dielectric materials. Dielectric MSs with
materials of higher refractive indices are more favorable due to higher optical field
confinement in the MS at a lossless condition. A wide range of dielectric materials has
been investigated and implemented in MSs. Silicon (Si) is one of the most used materials
due to its large refractive index and maturity of nanofabrication, and it has been
implemented in MS designs for applications of sensing [8], vortex generation [9],
holographic encryption [14], NL optics [16, 27, 28] with Mie and Fano-type resonances,
whereas ultra-high-Q (Q > 1000) guided-mode [24] and BIC-type [26] resonances haven’t
yet been discussed about applications due to the requirement of precise operations of
highly-collimated optical beam incidence. The operating wavelength range strongly
depends on the crystallinity of Si [29]: amorphous and polycrystalline Si devices can
efficiently operate in the infrared and near-infrared wavelength ranges [30], while single-
crystal Si devices can efficiently function at visible wavelengths due to its relatively low
absorption losses [31]. III-V semiconductors with refractive indices comparable to that of
Si, such as gallium arsenide (GaAs) and its alloy with indium, i.e., InxGaixAs, can also

serve in high-efficiency NIR MSs [30, 32, 33], especially for quantum applications [34,



35], although with the drawback of high cost. For devices operating in the visible spectrum
and parts of the ultraviolet spectrum, titanium dioxide (Ti0O2) [12] and gallium nitride [36]
are suitable due to their transparency at those wavelengths, but they have smaller refractive
indices than Si [30]. There have also been demonstrations of MSs materials with even

lower refractive indices, such as silicon nitride (Si3N4) [37] and hafnium oxide [38].

1.1.3 Tunable Linear MMs

Although MMs and MSs have been able to manipulate light at the subwavelength
scale, most of the meta-structures are statically designed by the fixed structures and the
immutability of the materials used in their construction [39]. Tunability and
reconfigurability are significant factors for functional devices using active MMs [40].
Phase-change materials (PCMs) which exhibit reconfigurable changes of refractive indices
among different crystallinity states with external stimuli, such as conventional annealing
[41], Joule heating [42, 43], and focused-beam irradiation [44], are capturing worldwide
linear nanophotonic research efforts due to the fast, repeatable and nonvolatile responses
to stimuli [5], and compatibility to chip-based microsystems. Chemical and
electrochemical tuning [45], volume-changing materials [46], and external environment
reconfiguration (flexible and stretchable substrate [47], shape memory effect [48], and
micro-electromechanical system (MEMS) integration [49]) are also widely explored in
tunable linear MMs [39]. However, it is either challenging to adopt these tunabilities on

chip-based microsystems or limited in performance to implement them compared to PCMs.

Vanadium dioxide (VOz2) is one of the representative PCMs that exhibit an

insulator-to-conductor transition at the characteristic temperature of ~ 69°C  [39].



However, only ~ 10% of spectral tuning scope has been demonstrated in VO2 MMs at the
NIR and visible [5, 39], since VO2 exhibits limited changes in the optical properties at these
spectral ranges compared to more pronounced contrasts at the mid-infrared (MIR) [39, 50].
Phase-change chalcogenides are a class of amorphous semiconductors widely used in
phase-change memories [51], which have representatives of germanium antimony telluride
Ge2SbaTes (in short, GST) and antimony sulfide (Sb2S3) that exhibit large differences of
refractive indices between the amorphous states and crystalline states (up to ~ 50%
compared to the low-index amorphous states) at the NIR and visible, respectively [41, 52].
Optical bandgaps of both materials experience are decreased during crystallization.
Therefore, their crystalline states are lossier than the amorphous states. GST, which
exhibits a glass transition temperature (Tg) of ~ 130°C [53] and a relatively low melting
point (Tm) of ~ 600°C [42], is promising for ultra-compact nanoscale modulator
components of on-chip NIR communication systems. This is due to GST’s phase change
characteristics of large contrast in the optical and electronic properties, the subwavelength
scalability (down to nanometers), reasonably fast switching speed (10’s-100’s
nanoseconds) [52], high switching robustness (potentially up to 10" cycles) [54],
nonvolatility (and thus, power efficiency), high thermal stability, and adaptability with the
CMOS fabrication technology [55]. Sb2S3 has a larger bandgap (Eg) and concomitantly
lower absorption loss than GST, however, exhibits both smaller refractive indices change
in both real and imaginary parts for most of visible and NIR spectra, and a higher T of ~
250°C, however slightly lower Tm of ~ 550°C [41]. Nanoscale reprogrammable Sb2S3
devices have been demonstrated similarly short phase switching times as nanoscale GST

devices [41, 56], and with similar nonvolatility and thermal characteristic as GST, which



are in common for chalcogenide glasses. Thus, Sb2Ss3 has potential for reconfigurable flat

optics and micro-optical modulation systems operating at the visible spectrum.

Table 1 compares some reported tunable linear optical MMs based on VO2, GST,
and Sb2Ss. The values of modulation depth/rate are for spectral differences except for two
demonstrations of phase shift (in degrees) and geometric broadening (in millimeters),
respectively. It is clear that GST-based devices generally exhibit larger spectral modulation
depths than Sb2S3 at the desired spectral range due to slightly larger tunability of GST and
the infancy of research on Sb2S3 photonics. Oxidation issues of both GST [42] and Sb2Ss3

[57] can be partially resolved by the deposition of oxide capping layers [42].

Table 1 — Examples of tunable linear MMs based on VO», GST, and Sb,Ss.

Active material ~ External stimuli ~ Modulation depth/rate =~ Advantages Limitations Refs

Thermal annealing ~ 80% [50]

VO Electrical heating ~ 10°/ms clagglﬁlovtviz; o gallgon [58]

Focused beam 0.03—2 mm/s P p [44]

Thermal annealing ~50% Nonvolatile, Oxidation, [59]

GST Electrical heating ~ (0.2-40) %/us thermally absorption [60]

Focused beam ~70% stable loss [61]

Thermal annealing ~30% Visible Oxidation at ~ [62]

Sb2S3 Electrical heating ~ 10%/pus spectrum phase [41]
Focused beam ~0.25%/ns operation conversions

1.2 Nonlinear MMs and MSs

Frequency conversion processes (such as second- and third-harmonic generation
[63, 64]) and frequency preserving NL phenomena (such as optical Kerr effect [65] and

two-photon absorption (TPA) [66]) are commonly realized in NL optics, offering
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opportunities for applications in optical signal processing and computing [67, 68], ultra-
short pulsed lasing and amplification [69, 70], ultrafast switching [71], sensing [72, 73],
high-resolution imaging and microscopy [74, 75], etc. Given the inherently weak NL
response of natural materials, optically large samples and complex phase-matching
techniques for frequency conversion are typically required to realize significant NL
responses [76]. To produce similar effects on chip-scale devices, a large portion of research
has been devoted to the quest of engineering NL properties of ordered MMs and MSs with

stability for enhanced optical nonlinearity at moderate input intensities [76].

1.2.1 Tunable NL MMs

Most reported tunable NL MMs have featured 1) external stimuli to tune the NL
responses of nanostructures in real-time [77, 78], or 2) passive components for offline
manipulation of the optical nonlinearity [79, 80] with conventional plasmonic or dielectric
materials. Traditional stimulating methods, such as global heating and mechanical
deformation [81, 82], can rarely meet the demands of high-speed NL modulators/switches
for on-chip photonic systems. Stimuli of electric signals are widely used due to their fast
operations and high controllability. The electric signals generally bring substantial electric
field induced second-harmonic generation (EFISH) to centrosymmetric media [77, 83], or
drive carrier movements (such as in indium-tin oxide (ITO) [84] and graphene [85]) to
realize tunable operations of NL MMs without the need of voltages more than 10’s of volts.
All-optical modulations [27, 80, 86] can be deemed a combination of optical stimuli (pump
lights with possible excitation of carrier transports) and passive components (typically Kerr
NL materials that exhibit traceable NL dispersion at enhanced local optical intensity),

which is a trending research topic in MMs for all-optical computing that circumvents less-
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efficient electric control signals. However, current demonstrations of all-optical
modulations by MMs are mostly limited to transient responses at pulsed laser operations.
Ultrahigh-Q Si MSs will be applied in the Si-based research part for Kerr-effect operation

to circumvent transient operations.

Since these demonstrations are limited by inherently weak NL optical tunability of
the material compositions, there are investigations resorting to high-index PCM GST [87]
and Ge2SbaSesTe1 (GSST) [88], an engineered low-loss alloy of GST [89]. These materials
exhibit large third-order optical nonlinearity at amorphous states and many-fold increase
of the nonlinearity after crystallization, according to empirical Miller’s rule [90].
Especially, Cao et al. experimentally demonstrated a giant third-harmonic generation
(THG) intensity modulation of ~ 400-fold by GST at a decent THG efficiency of ~ 1071
with a subwavelength cavity device pumped at the NIR [87]. This is an unprecedented NL
intensity modulation depth to the best of my knowledge. Since more practical NL optical
designs, such as band-tunable frequency conversion and dynamic second-harmonic
generation (SHG) switching of high extinction ratios (potential platforms for NL optical
microscopy and communication), reconfigurable NL focusing (potential platforms for NL
imaging and microscopy), have not been demonstrated with MMs based on high-index
PCMs, GST and SbaS3 will be applied in the PCM-based research part for these novel

demonstrations.

1.2.2  Frequency Conversion MSs

Although the short NL interaction length in MSs hampers frequency conversion

efficiency, these MSs have several other merits over bulk materials than large nearfield



enhancements to make compensations: 1) Phase-matching issue, which originates from
material dispersion, is resolved in subwavelength structures; 2) Symmetric-breaking design
opportunities to imbalance interference between excited counter-propagating waves, which
circumvents macroscopic suppression by symmetries of the materials and fields, for Fano-
shape high-Q resonances [4, 91]; 3) Possible dispersion engineering at the harmonic, since

subwavelength resonances are sensitive to the composite refractive indices [4].

SHG is a stronger NL process compared to higher-harmonic generations, however,
can be only obtained with non-centrosymmetric materials or interfaces [92]. SHG has been
initially investigated at the surfaces of noble metal nanostructures in the development of
plasmonic MSs [4, 93]. These plasmonic implementations of SHG MSs suffer from
intrinsic losses of metals and their relatively low damage thresholds, which in particular
limits the applicability of NL applications due to the power-dependent efficiencies [4]. It
has been shown that by switching to dielectric MSs, NL efficiencies could be considerably
enhanced with MSs made of 1) second-order NL crystals (such as zinc oxide [94] and GaAs
[95]) and ferroelectrics (such as lithium niobate [96]) with intrinsic nonlinearity, or 2)
breaking-symmetry resonators of high-index non-centrosymmetric materials (such as Si
[97]) with surface nonlinearity [4]. In these MSs, SHG efficiency has been increased as

compared to homogeneous films by a factor of up to 10* [4] and reached up to ~ 10 [98].

Unlike second-order NL effects, third-order effects do not require non-
centrosymmetric structures. Therefore, the widely available high-index material Si has
become the material of choice for the realization of efficient THG in MSs [4] for NIR
fundamental harmonic (FH). Figure 1 is an example schematic of a THG MS made of

amorphous Si (a-

10



Figure 1 — Schematic of a THG MS made of a-Si. o is the angular frequency of FH.

Si), where o is the angular frequency of FH. Due to the large frequency shift from FH to
the third harmonic (TH), dispersion in resonant MSs becomes more important for THG
than for SHG [4]. It has been discovered that magnetic dipole modes, which exhibit better
field overlap with the NL harmonic and higher Q factors [99], should be preferred over
electric dipole modes [4]. Further improvement of THG efficiency was achieved by
increasing the field trapping based on hybridization of Si nano-resonators with plasmonic
Au structures [4, 100]. Based on the maturity and high precision of Si nanofabrication,
complicated MS geometries fabricated for collective resonance effects have demonstrated
up to 1.5 x 10°-fold THG output intensity enhancement compared to an unpatterned Si film
and THG efficiencies up to 1.2 x 10 [101]. High-harmonic generation (HHG) and
frequency mixing are high-order NL processes applicable to attosecond photonics [102]
and supercontinuum generation [103], respectively, requiring ultrahigh pump intensity and
thus all-dielectric MSs [4]. High-order odd harmonic generation, not requiring non-

centrosymmetric structures [102, 104], is studied more frequently than high-order even
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harmonic generation [104]. High-Q all-Si MSs will be designed with giant THG tunability
by PCMs in the PCM-based research part, and for the purpose of more efficient THG in

the Si-based research.

1.2.3  Frequency Preserving NL MMs

Frequency preserving NL processes are generally more detectable than frequency
conversions in MSs. Optical Kerr effect gives rise to an increase of the refractive index
with intensity [105] with n = no + n2l, where no is the refractive index at zero optical
intensity, 2 is the second-order NL index of refraction, / is the optical intensity. It had been
conventionally applied to flat self-focusing lenses [106] for high-power Gaussian profile
laser beams, creating elongated optical path in the center of the lens, which is analogous to
a convex lens. Recently, the Kerr effect has been leveraged in all-optical modulations in
MMs [80, 107] and MSs [108, 109] of both plasmonic [110, 111] and dielectric
components [109, 112]. There are reported normalized modulation depths (Mas) of ~ 40%
by gallium phosphide nano-disks [109] and ~ 20% with epsilon-near-zero (ENZ) ITO
hybridized by plasmonic Au [80]. Tremendously enhanced local optical intensity at
resonance, especially for ENZ materials that can capacitate infinite electric field in theory
[113], enables strengthened Kerr effect compared to conventional material platforms. The
optical responses, in turn, gains sensitivity to the Kerr effect due to generally associated

high-Q characteristics of the strong resonance.

In addition to all-optical modulations with Kerr effect, there are studies on
frequency preserving NL MMs by employing TPA of Si [4, 27] and strong absorption

saturation in plasmonic Au (Ma = 60%) [114] and GaAs (Ma of ~ 15%) [115] at the NIR.
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However, these finds are generally limited by transient operations of high peak pump
intensity at the scale of GW/cm? [27, 115], comparable to those for frequency conversion

[95, 101, 116].

1.3 Machine Learning in Metaphotonics

Artificial intelligence (AI) has thrived in research areas of computer vision, natural
language processing, cyber security, speech and character recognition for decades. In the
recent era, Al has also been witnessed to aid designs of microelectronic [117-119] and
integrated photonic systems [120, 121]. Besides these system-level implementations, Al
techniques have been found accelerating research at the MM and MS devices level, i.e.,
metaphotonics [122, 123], as well. Machine learning (ML), as a study of algorithms that
automate prediction and decision-making based on high-dimensional data, is one of the
most effective techniques in the field of Al study [123]. Thanks to recent advances in
technologies of fabricating metaphotonic devices, extensive design flexibility exists
through selection of constituent materials and geometrical properties of individual meta-
atoms [124]. Therefore, ML is emergingly demanded in metaphotonics research to analyze
and predict responses under high-dimensional design parameters, where filtering these
parameters by numerical simulations can be time-consuming. Since the underlying physics
of the electromagnetic nanostructures remains largely elusive, knowledge discovery on
photonic interactions with MMs and MSs has been expedited by studies of dimensionality

reduction enabled by ML techniques [125, 126].

Inverse design is a more popular topic in leveraging ML techniques in

metaphotonics. The purpose of the design is to obtain material or geometric design
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parameters of a predefined photonic structure given a desired spectral response, in contrary
to the normal forward design of simulating the spectral response under given design
parameters. The metaphotonic inverse design is a prediction problem in ML and is usually
challenging, due to a large number of parameters in both design and response spaces. ML
architectures based on neural networks, which are inspired by the learning patterns in
biological nervous systems, [123] and deeper layers of linear and NL learning functions,
i.e. deep learning (DL) networks, are essential for this type of problems of prediction.
These networks can be conceptually divided to discriminative and generative models.
Discriminative models can approximate forward simulations more accurately, whereas
generative models can reduce the dimensionality of extraordinarily high-dimensional
design space when it is infeasible to generate sufficient data in the original design space
for training a discriminative model [123]. Bidirectional neural networks [127, 128] and
convolutional neural networks (CNNs) [129, 130] have been reported in metaphotonic
inverse designs with deep discriminative models. Generative adversarial networks [131,
132], autoencoders [124, 126], and variational autoencoders [133, 134] have been reported

for designs with deep generative models.

Simulations of metaphotonic frequency conversion, which comprise two frequency
domains and additional physical assumptions, are susceptible to relatively larger numerical
errors and are even more time-consuming than linear simulations. Hence, it is worth
studying forward prediction of the NL responses based on DL. Designed for data with
spatial structure, CNNs have conventional employment in digital image classifications
[135]. Labeling the rough NL responses of training data with discrete classes can be an

effective way to estimate the responses for complex geometric patterns of the structure
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with a CNN. An image-classification CNN will be explored to predict range and level for
THG resonance wavelength and intensity of pixelated MSs, respectively, in the Si-based

research part.

1.4 Thesis Outline

This dissertation is devoted to the development of a hybrid platform for wideband
reconfigurable photonic MMs and MSs based on PCMs and Si, which has potential for
applications of NL imaging. microscopy, communication, computing, and information

processing.

Chapter 2 numerically and experimentally demonstrates an asymmetric Fabry-
Perot (F-P) cavity device with subwavelength features for broadband-tunable THG using
the GST. The structure demonstrated provides the first truly wideband-tunable THG
devices and paves the way for the design of NL optical structures with improved efficiency
and functionality for a wide range of applications, such as a combined band-and-phase

modulation for THG imaging and microscopy.

Chapter 3 numerically designs a wideband tunable THG device and experimentally
demonstrates an efficient tunable SHG device by integrating GST with a plasmonic MM.
This advocates more sophisticated designs for further improved frequency conversion

efficiency, which might be applicable to NL microscopy, communication, and computing.

Chapter 4 numerically and experimentally demonstrates an a-Si MS tuned by an

asymmetric F-P GST subwavelength cavity device for a large THG modulation depth. The
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results show the high potential of PCM-based devices for realization of fast dynamic THG

switches and pave the way for applications such as THG communications and computing.

Chapter 5 numerically studies an all-Sb2S3 MS to co-focus FH and TH signals of
tunable foci with a high dynamic range, which can inspire the field of imaging and

information processing with reconfigurable NL metalenses.

Chapter 6 numerically designs and experimentally demonstrates a bidirectional
symmetry-breaking a-Si MS for efficient THG by featuring a novel and robust quasi-BIC
scheme. The presented design outperforms most state-of-the-art demonstrations in terms
of nearfield enhancement with high tolerance to fabrication errors. There is observable
reconfigurability of the THG resonance at different pump intensity levels. This paves the

way for all-optical modulation of THG and its application in NL computing.

Chapter 7 presents a novel strategy for the prediction of resonant THG wavelength
and intensity for a type of free-form Si MSs using an image-classification-targeted CNN.
This method compensates for the time consumption and relatively large numerical errors
in electromagnetic simulations of frequency conversions. It can facilitate faster selection

processes for effective NL applications at certain wavelength ranges.

Chapter 8 briefly summarizes the achievements of this dissertation work and
discusses outlook for fabrication process optimization of the studies, potential expansion
of the hybrid platform for wideband reconfigurable NL. MMs to more optical processes,
and applications of reconfigurable NL metaphotonics. Dynamic THG/SHG imaging and

THG holographic applications are envisioned.
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CHAPTER 2. BROADBAND-TUNABLE THG WITH AN

ASYMMETRIC F-P GST CAVITY

This chapter summarizes the numerical and experimental demonstrations of a
broadband-tunable subwavelength THG device with an asymmetric F-P cavity based on
the PCM GST, leveraging intermediate crystallinity states of GST. The experimental
demonstration shows the first truly wideband-tunable THG device, having potential for
applications such as NL optical microscopic and communication. The content of this

chapter is assembled from Refs. [136] and [137] published by the author.

2.1 Introduction to Dynamically Controlled THG with Chalcogenide Nanodevices

Third-order NL optical processes [92], such as THG [64] and four-wave mixing
(FWM) [138] have been widely researched due to their potential for highly efficient
frequency conversion with easily-obtained centrosymmetric media [92]. Notably, THG can
generate light of shorter wavelengths than those of SHG; it can even extend the wavelength
range of converted light to deep ultraviolet [139]. Ultra-compact NL optical sources
demand photonic nanostructures to manipulate light at the subwavelength scale. A highly
desired feature is spectral tunability (or reconfigurability) of the NL response. Very limited
research has been focused on reconfiguration of the frequency band of NL generation due
to the need for significant modulation of the NL refractive index. Well-known NL optical
effects, such as Pockels and Kerr effects, are greatly limited by the available electro-optic
coefficients and NL indices of refraction, respectively [92], of the conventional NL optical

materials. Cao et al. [87] elicited the insight of giant THG modulation at a fixed frequency
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band with a simple asymmetric quarter-wave-resonant layer [140] of GST on an Au
reflector. They obtained a THG efficiency of 5.46 x 10! with a maximum unsaturable
pump power of 13.37 mW at the fundamental wavelength (Af) of 1450 nm. More recently,
Liu et al. utilized the gap plasmon resonance to greatly enhance THG nearfield in GST

aiming at fixed-band dynamic control of THG [141].

Chalcogenide glasses are a class of amorphous semiconductors widely used in
phase-change memories [51], especially in rewriteable optical data storage and electronic
flash memories. The well-known phase-change alloy germanium antimony telluride,
Ge2SbaTes (in short, GST), has been of great interest lately for nanophotonic [42, 59, 142-
144] and terahertz metaphotonic [145] applications due to its very large change in the index
of refraction through conversion between amorphous and crystalline states, especially in
the NIR wavelength range. In addition, the refractive index of GST can be selectively
controlled within the intermediate states between the terminal amorphous and fully
crystalline states. Correspondingly, with the increase of electric conductivity during
crystallization, the extinction coefficient of GST grows. Due to the large changes in the
optical and electronic properties, the subwavelength scalability (down to 10’s nanometers),
reasonably fast switching speed (10’s-100’s nanoseconds) [ 146], high switching robustness
(up to 10'3 cycles) [55], nonvolatility (and thus, power efficiency), high thermal stability,
and compatibility with the CMOS fabrication technology, GST is highly desirable for
large-scale reconfigurable integrated networks [52]. There is reported research utilizing the
increased loss at the crystalline GST (c-GST) state to exhibit THG off-state hybridizing
with a Fano-resonant a-Si MS, while the THG response at the less lossy amorphous GST

(a-GST) state represents the on-state [147].
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Additional to large refractive indices of a-GST and c-GST, the third-order NL
optical susceptibilities (y¥s) of GST at the NIR wavelengths [148] are comparable to that
of the widely used a-Si (~ 2.79 x 10"'¥ m*/V?) [101, 149]. Thus, nanoscale devices with
GST as the y® media can potentially enable reconfigurable NL devices with reasonably
high THG conversion efficiencies and increased nonlinearity. We demonstrate such an
important capability by integrating GST into a resonance-enhanced asymmetric quarter-

wave F-P cavity.

2.2 Design and Fabrication of the F-P GST Cavity

The schematic of the asymmetric F-P device under study is illustrated in Figure
2(a). The device is comprised of four layers. A layer of Au as the back reflector is first
deposited on a Si substrate. The Au layer is followed by a sandwiched structure of silicon
dioxide (S102)-GST-Si02. The simulated thickness of the GST layer (tgsr) is set to 10 nm,
15 nm, or 20 nm as a design parameter to control the tuning range. The bottom SiO: layer
is optically thick enough to guarantee the coherent interference of the incident and reflected
linear signals at the GST layer. The thickness of the bottom SiO:z layer (tbo) is set to 10 nm,
25 nm, and 50 nm for different simulations. The top SiO2 layer serves as a capping layer
to protect the GST layer from oxidation and provide additional THG tunability. The
thickness of the top SiO: layer (tw) is considerably smaller than the TH wavelengths (Atn)
of interest (370 nm to 530 nm). In different simulations, tw is selected to be 10 nm, 50 nm,
or 100 nm. For the sake of simplicity, we numerically study plane-wave excitation with
only normal incidence from the air as shown in Figure 2(a). The reflected THG response

is simulated using the finite element method (FEM) through the full-wave electromagnetic
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modeling software COMSOL Multiphysics, which is also used in all other numerical

simulations in this thesis.

There are 3 different crystallinity states of GST (i.e., amorphous, crystalline, and a
semi-crystalline state) considered in the simulations. These GST states and the real and
imaginary parts of their refractive index are shown in Figure 2(b). These indices are used
in all other simulations with the 3 crystallinity states of GST in this thesis. Material settings
in the simulations are as follows. Refractive indices of amorphous and fully crystalline
states of GST in the wavelength range of 370—-1700 nm are calculated from ellipsometry
data of experimentally deposited GST samples at the Institute of Electronics and

Nanotechnology (IEN) at Georgia Tech. The effective medium theory represented by the
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Figure 2 — (a) Schematic of the planar F-P-based NL device with operation under the
normal-reflection mode. The thicknesses of the layers in this multilayer structure
from bottom to top for all simulations in this subsection are 500 nm (Si), 100 nm (Au),
10, 20, or 50 nm (Si0O2), 15-35 nm (GST), and 10, 50, or 100 nm (SiO3). The inset shows
the schematic of GST in crystalline and amorphous states. T; and Ty, are the glass
and melting temperatures of the PCM in schematic pictures throughout this thesis.
(b) Real (n, solid curves) and imaginary (k, color-correspondent dashed) parts of
refractive index of the 3 different crystallinity states of GST with different percent
crystallization shown by L. The data for the amorphous and fully crystalline states is
measured by ellipsometry of deposited GST samples. The property of the
intermediate state is calculated using the Lorentz-Lorenz formula.
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Lorentz-Lorenz formula [150] was exploited to calculate the refractive index of GST in the
intermediate crystallinity states. It has been experimentally shown that by precisely
controlling the annealing time of GST using an external stimulus, several intermediate
states can be readily achieved [142]. The complex refractive index of Au is adopted from
Johnson and Christy’s experimental data [151] and used in all modeling of Au in this thesis.
The refractive index of SiOz is also taken from measurement data [152]. The ¥ of GST is
assumed to be isotropic and homogeneous for all states. An experimental study shows that
13 of ¢-GST (x®egst) is about 12 times that of a-GST (}®a-gst) [87]. These settings of
GST %®s are used throughout THG simulations of GST in this thesis. According to that
¥ ~ n?* — 1 for non-magnetic media in limited electric fields, and the empirical Miller’s
rule that ¥ o (x(V)*, where ¥V is the first-order optical susceptibility of the material [90],
we estimate in-plane @ of L = 50% GST ~ 3.5 y®acst. The ¥ of Au is not taken into
account due to negligible field magnitude compared to that in the GST layer. The 3® of
Si0O2 with a refractive index of less than half of that of GST is also negligible. The THG
simulation is composed of two steps. The linear optical electric field vector (E(w)) under
plane-wave excitation at radian frequency o is first calculated. Then, the THG polarization
at each mesh point of the GST domain is calculated as P (3o) = 0> E(0) - E(0) - E(®),
where €0 1s the vacuum permittivity. The THG polarization of GST serves as a source for
the electromagnetic field simulation at the third-harmonic (TH) frequency. Since the
optical field of the TH signal is very small compared to the linear optical field at the pump
frequency, pump depletion is not considered. This THG simulation method is also used in
all other THG simulations in this thesis. In this study, the 2D mesh element sizes are set to

be no larger than 1/18 of the Ar in each medium to ensure an accurate calculation.
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We fabricated the as-grown samples by consequent electron-beam (e-beam)
evaporations of the Au reflector and the bottom SiO2 layer (tau = 100 nm and tbo = 10 nm,
25 nm, or 50 nm), radio-frequency (RF) magnetron sputtering of ~ 15, 20, and 25 nm-thick
GST (~ 5 nm-thick low-index GST oxide upon immediate exposure to air [153] is
considered), and the e-beam evaporation of the top SiO2 layer (to = 10 nm, 50 nm or 100
nm) on a prime Si substrate. All e-beam evaporation processes in this thesis were conducted
with a Denton Explorer system and all GST sputtering processes in this thesis were
conducted with a Chalcogenide Materials Sputterer at the IEN. A flowchart of the

fabrication process for the as-grown samples is shown in Figure 3.

The non-a-GST samples were obtained with controllable annealing to semi-c-GST
and c-GST states on a hotplate at ~ 145°C and ~ 250°C for 10 minutes, respectively. The
annealing condition for L = 50% was obtained through calibration studies using different
annealing temperatures and times. In each step, the crystallinity percentage (L) is identified
through ellipsometry measurements and comparison with the GST refractive index
approximated by Lorentz-Lorenz formula with the measured ellipsometry results of L =
0% and L = 100% cases. The annealing conditions for GST crystallization are used

throughout the thesis.

E-beam Au E-beam RF-
evaporation evaporation sputtering

Figure 3 — Fabrication process for the as-grown asymmetric F-P cavity structure, in
which e-beam evaporations and RF-sputtering were conducted.
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2.3 Results and Discussion on the Device

Simulated linear reflectance spectra and THG spectral responses of the structure in
Figure 2(a) with tost = 20 nm for the three investigated GST states are shown in Figure
4(a) and Figure 4(b), respectively. The resonance bands at different values of L in Figure
4(b) clearly demonstrate the broadband THG modulation possibility. Less overshadowing
of resonance bands happens at longer wavelengths that correspond to GST states with
larger L and higher values of y) and refractive index (and thus, higher field confinements).
Note that the increased loss at larger L is overcome by the increase in ). The measured
linear and THG spectra of the corresponding fabricated samples with test ~ 25 nm
(considering the 5 nm oxidation layer) are shown in Figure 4(c) and Figure 4(d),
respectively. The measured data are comparable to the simulation results, although the
measured THG resonance bands are narrower than the simulated ones. We believe the
discrepancy between simulation and experimental results (see Figure 4(a) and Figure 4(c),
Figure 4(b) and Figure 4(d)) is primarily due to the fabrication imperfections including the
relatively rough GST surface resulted from ion bombardment during sputtering. Annealing
for GST phase change can add to the surface roughness resulting in increased discrepancy
at larger values of L. The discrepancy at L = 100% becomes particularly remarkable as the
blue-half of the reflection spectrum is almost flat, which complicates identifying the
resonance. Nevertheless, a shallow dip between wavelengths of ~ 1000 nm and ~ 1200 nm
can be identified through a closer look at the reflection spectrum (see Figure 4(c)). Our a-
GST sample has a resonant THG efficiency of 4.52 x 10! at a peak pump intensity of ~
0.8 GW/cm?. This efficiency is comparable to the peak THG efficiency reported on a planar

a-GST nano-cavity (5.46 x 107'") [87] at a similar resonance band and a larger estimated
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Figure 4 — Simulated (a) reflectance spectra, and (b) THG spectral responses of the
asymmetric F-P structure in Figure 2(a) for different GST crystallinities (L) with tno
=25 nm, tgst = 20 nm, and t,, = 50 nm. Measured (c) reflectance spectra and (d) THG
spectral responses of the corresponding fabricated sample with tgst = 25 nm,
considering the GST oxidation effect.

peak pump intensity (~ 3 GW/cm?).

To study the possibility of broadband THG modulation using devices with
compressed GST thicknesses, we compare the measured linear reflected and THG spectra
with simulated responses for tgst = 10 nm and for tgst = 15 nm while keeping tbo = 25 nm
and to = 50 nm (see Figure 5 and Figure 6). The resonance bands for both cases (Figure
5(a) and Figure 6(a)) are substantially blue-shifted compared to those in Figure 4(a) due to

the smaller tast. Since THG resonances for larger-L (higher ¥®)) GST with tst = 10 nm
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(see Figure 5(b)) shift to the center of the fundamental wavelengths of interest (1100—1700
nm), substantial overshadowing of THG resonance bands happens at the fundamental
wavelengths of interest. The measured linear and THG spectra of the corresponding
fabricated samples with deposited GST thickness of ~ 15 nm (considering the GST
oxidation effect) are shown in Figure 5(c) and Figure 5(d), respectively. The agreement
between the measured and the simulated results is worse than that for the test = 20 nm
design. This is due to the reduced controllability of the roughness and uniformity at the

extremely low sputtering deposition thickness of ~ 15 nm. There is also a possibility of a
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Figure 5 — Simulated (a) reflectance spectra, and b) THG spectral responses of the
asymmetric F-P structure in Figure 2(a) with different L, tp, = 25 nm, tgst = 10 nm,
and t,, = 50 nm. Measured (¢) reflectance spectra, and (d) THG spectral responses of
the corresponding fabricated samples with tgst ~ 15 nm, considering the GST
oxidation effect.
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larger contribution of interfacial THG hotspots with increased GST/SiO2 roughness at
annealed GST states with larger values of L, which results in almost complete
overshadowing of the THG responses compared to those at GST states with smaller values

of L over the wavelength range of interest.

In comparison, the simulated linear reflectance spectra and THG spectral responses
of the structure in Figure 2(a) with tegst = 15 nm for the three GST states are shown in

Figure 6(a) and Figure 6(b), respectively. The corresponding measurement results for the
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Figure 6 — Simulated (a) reflectance spectra, and (b) THG spectral responses of the
structure in Figure 2(a) of different L, ty, = 25 nm, tgst = 15 nm, and t;, = 50 nm.
Measured (c) reflectance spectra, and (d) THG spectral responses of the
corresponding fabricated samples with tgst ~ 20 nm, considering the GST oxidation
effect.
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deposited GST thickness of ~ 20 nm (considering the GST oxidation effect) and the
investigated GST states are shown in Figure 6(c) and Figure 6(d), respectively. The linear
and THG resonance band positions and the comparability of measurement results with
simulations are between those of the structures with tgst = 10 nm and tgst = 20 nm as

expected.

To further study the role of the thicknesses of different layers of the F-P structure
in Figure 2, we numerically study the effect of the variation of the structural parameters on
the THG response. The first step is to find the fundamental wavelength at the THG
resonance and the resonant THG intensity. The second step is to calculate the THG Qs for
the simulated THG responses for different values of Ls at different tcst mentioned above.
The THG Q is defined as the ratio of the resonance (or peak) frequency to the full-width-
at-half-maximum (FWHM) of the THG spectrum. Figure 7(a) shows the simulated
resonant THG intensity and THG Q at different fundamental wavelengths at THG
resonance for the asymmetric F-P structure with different thicknesses of the GST layer.
This plot suggests that using thinner GST layers (e.g., test = 10 nm) results in a larger
variation of the resonant THG intensity with L while exhibiting an overall lower THG
intensity. On the other hand, using relatively thicker GST layers can result in larger THG
intensities with a smaller range of variation with L. Thus, a relatively thicker GST layer is
a plausibly better choice for achieving more efficient broadband tunable THG. Figure 7(a)
also shows the powerful design flexibility that our structure provides by only changing the
GST thickness. In addition, the THG Qs for phase-variant resonances of each thickness in

Figure 7(a) exhibit a smaller rate of increase with increasing L from Ar= 1200 nm to Ar=
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1400 nm compared to the rest of the observed spectrum, due to the considerably larger

GST losses at the corresponding range of AtH.

The variation of tho and tw can also modify the resonance bands significantly as
shown by Figure 7(b) and Figure 7(c), respectively. It is observed that a larger tvo induces
a redshift on the resonance (see Figure 7(b)) due to the larger optical length of the cavity.
Moreover, a fixed-thickness GST layer that is only a few 10s of nanometers away from the
Au reflector can potentially make use of more constructive interference to greatly increase
the resonance amplitude, compared to the case that the GST layer is placed closer to the
Au reflector (or directly on top of it). Thus, the resonance intensities for tbo = 50 nm in
Figure 7(b) can be considerably larger than those for tvo = 10 nm. The selection of tw can
also impact the modulated THG bands, although not as strongly as tvo can (see Figure 7(c)).
With a smaller refractive index compared to GST, the top SiO2 layer works as a transparent
window for the optical input and output to the F-P cavity. Thus, the variation of tw does
not significantly induce the resonant-band shifts as that of two. As it can be noticed from
Figure 7(c), the resonance-band shifts for the fundamental wavelengths are only about 50
nm for tw varying from 10 nm to 100 nm. This small shift is caused by the change in the
amplitude of the field inside the GST layer through changing tw. The thickness of the top
Si10: layer thus has a lower impact on the total THG spectral response. Comparing Figure
7(b) and Figure 7(c) clearly suggests that the thickness of the bottom oxide layer (two) is a

stronger design parameter than that of the top oxide layer for controlling the THG response.

Investigation of THG resonant nearfield profiles of the F-P structure can
consolidate understandings on the reason for comparable THG bands in resonant amplitude

at different GST crystallinities for the selected design parameters. Simulated THG resonant
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Figure 7 — Plots of simulated resonant THG intensity and THG Q at different
resonant fundamental wavelengths for the asymmetric F-P structure in Figure 2(a)
with different values of L, with (a) tgst = 10 nm (asterisk), tgst = 15 nm (cross), tgsrt
=20 nm (diamond), and with tp, = 25 nm and ti,, = 50 nm for all cases; (b) tyo =10 nm
(asterisk) and ty, = 25 nm (cross), tho = 50 nm (diamond), and with tgst = 20 nm and
tio = 50 nm for all cases; and (c) t,, = 10 nm (asterisk), ti, = 50 nm (cross), tic =100 nm
(diamond), and with ty, = 25 nm and tgst = 20 nm for all cases. The arbitrary units
(a.u.) in (a), (b), and (c) represent the same normalization for the conversion
efficiency.

nearfield profiles of the structure in Figure 2(a) with tbo = 25 nm, tgst = 20 nm, and tio = 50
nm for the a-GST and c-GST states are plotted in Figure 8(a) and Figure 8(b), respectively.
Both the linear electric field amplitude (normalized to the incident field) and the THG
electric field amplitude in arbitrary units (a.u.) are plotted in each sub-figure, where the
a.u. in Figure 8(a) represents an identical field amplitude to that in Figure 8(b). It is clear
that the linear field strength in the GST layer for the a-GST structure is considerably larger
than that for the c-GST structure. This is possibly due to the larger loss of c-GST compared
to a-GST at the fundamental wavelengths. Also, the a-GST structure exhibits a more
coherent THG output (see the air region on top of the structure in Figure 8) than the ¢c-GST
structure as the field amplitude of THG output in air is ~ 1.5 (1.25) times that in the a-GST
(c-GST) layer at resonance, as seen from the right of Figure 8(a) (Figure 8(b)). These
effects partially compensate for the effect of ¥®c.gst being much larger than ¥®agsr,

resulting in comparable resonant THG outputs of the device at the extreme states (L = 0%
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Figure 8 — Plots of simulated linear nearfield normalized to the incidence (left) and
THG nearfield in an a.u. (right) for the asymmetric F-P structure in Figure 2(a) for
the (a) a-GST state and (b) c-GST state with ty,, = 25 nm, tgst = 20 nm, and ti, = 50
nm. The extent of all materials is marked by solid lines. ®. and ®. are angular
frequencies for the fundamental wavelengths of 1050 nm and 1500 nm at THG
resonances for the a-GST and c-GST states, respectively.

and L = 100%). This is also observed in Figure 8, which shows that the resonant THG
output field for the c-GST structure is only ~ 2.3 times larger than that of the a-GST

structure.
2.4 The Characterization Setups and THG-Excitation Power Dependence

The characterizations are done with a modified version of the setups in Ref. [154].
All linear characterizations in this thesis were done with an incandescent white light source,
a 10x objective lens (NA = 0.25), and an InGaAs linear array detector coupled with a
spectrometer. Reflectance spectra were normalized by the reflected power of sample
control areas of simply 100 nm-thick Au on the substrate. The THG characterizations were
conducted with an optical parametric oscillator (OPO) of 1100-1600 nm tuning range and
a Si charge-coupled device. The OPO is pumped by a Ti:Sapphire laser (150 fs pulse
duration and 80 MHz repetition rate, Coherent Chameleon), and used in all NL

characterizations in this thesis. The 10x objective lens and a pin hole of a ~ 0.8-mm
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diameter in front of the objective lens was used to make an approximate normal incidence.
Figure 9 and Figure 10 show detailed setup schematics including the optical paths of the

linear and THG characterizations, respectively.

Figure 11 presents excitation power (i.e., pump power) dependence of the measured

M lens iris White light
103 KO diffuser
SampleC Ml M M
pinhole spectrometer
- N
camera lens

Figure 9 — The setup schematic for the reflectance measurement of the GST F-P cavity
devices, where ‘M’ and ‘10x MO’ represent a mirror and the 10x microscopic
objective lens, respectively.

M pinhole ND filter Ti: Sa femtosecond laser
OIS 1000nm LPF
Samplet M M M
532nm SPF spectrometer
—
camera lens

Figure 10 — The setup schematic for the THG measurement of the GST F-P cavity
devices, where ND, LPF, and SPF represent neutral density, long-pass filter, and
short-pass filter, respectively.
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Figure 11 — Excitation power (i.e., pump power) dependence of the measured THG
intensity from the a-GST sample of the structure in Figure 2(a) with deposited GST
thickness ~ 20 nm at the excitation A+ = 1215 nm. A power-law fit is applied to the
measured data. The slope of the fit is 2.93 £+ 0.15 at a confidence level of 95%, in
agreement with the expected slope of 3 for THG. The excitation power was measured

immediately after the ‘10x MO’ in Figure 10 without the sample. All fittings in this
thesis are estimated at the 95% confidence.

THG intensity from the a-GST sample of deposited GST thickness ~ 20 nm at the excitation
At = 1215 nm. A power-law fit is applied to the measured data. The slope of the fit is 2.93
+ 0.15, in agreement with the expected slope of 3 for THG. The excitation power was
measured immediately after the ‘10x MO’ in Figure 10 without the sample. The
demonstration of this structure uses the excitation power of ~ 3 mW (the peak pump
intensity of ~ 0.8 GW/cm?), which fits in the linear regime shown in Figure 11, and should
be safe from NL saturation [155] and GST phase conversion (change of no and ¥*) upon

laser annealing.
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2.5 Conclusion and Outlook

In this study, a new device based on an asymmetric subwavelength-scale F-P cavity
structure is demonstrated for broadband-tunable THG of Ar from 1100 nm to 1600 nm
numerically as in Ref. [156], and from 1150 nm to 1400 nm experimentally by finely
controlling the refractive index of the extreme states and semi-crystalline state of the
conveniently controllable PCM GST. The carefully designed resonance-enhanced
asymmetric quarter-wave F-P cavity configuration significantly promotes the tunability
and THG effects. The demonstrated structure provides the first truly wideband-tunable NL
generation devices and inspires the design of NL photonics MMs and MSs with enhanced
efficiency and functionality for various applications, e.g., combined band-and-phase
modulations for NL imaging, microscopy, and holography. These structures can be
combined with ultrafast and compact heating processes using ITO Joule heaters as
demonstrated in Refs. [157-159] to form a new platform for electrically tunable chip-scale
NL optical devices. The structure here can also be a reliable platform for wideband tuning
of THG with higher conversion efficiencies: 1) at the longer infrared wavelengths where
the GST optical loss is minimal or 2) by using alloys of GST, e.g., GSST [88, 89], which

provide less optical loss at the 1100—1600 nm wavelength range.
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CHAPTER 3. DYNAMICALLY TUNABLE HARMONIC
GENERATION USING HYBRID PLASMONIC METASURFACES

WITH GST

This chapter summarizes a numerical demonstration of wideband tunable THG of
resonant fundamental wavelengths from ~ 1100 nm to 1700 nm (Section 3.1) and an
experimental demonstration of efficient fixed-band switchable SHG of a modulation depth
as high as ~ 20 dB (Section 3.2), by gap-surface plasmon hybridized GST MSs. These pave
the way for designs of strong resonances to realize more efficient NL conversion, which
might be applicable to NL microscopy, communication, and computing. Section 3.1 is
revised from Ref. [160] and Section 3.2 is assembled from Ref. [161], both published by

the author.

3.1 Numerical Study of Wideband-Tunable THG Using Hybrid MSs with GST

Due to limited field enhancement in planar high-index F-P cavities, the extension
of the broadband-tunable F-P GST device to patterned nanostructures, which exhibit higher
surface-to-volume ratios than planar structures, is demanded. The patterned nanostructures
are expected to interact with optical harmonics more intensively for dynamic manipulation
of NL generations in the subwavelength scale. Liu ef al. numerically demonstrated THG
nearfield intensity enhancement of ~ 10° in GST with a hybrid metal-insulator-metal
(MIM) structure supporting gap-SPRs [141]. Improving the linear nearfield and THG
scattering of the GST-based device and resorting to GST states of intermediate crystallinity

can lead to a more efficient reconfigurable, ultra-compact, and wide-range THG
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nanophotonic source. In this study, the reconfiguration of a GST-based hybrid gap-surface
plasmonic MM for wideband-tunable THG is numerically demonstrated with enhanced
efficiency compared to the structure in Section 2.2 Figure 2(a). Different plasmonic
materials and geometric configurations are studied and selected from, which is to

substantially increase resonant THG scattering for enhanced output efficiency.

3.1.1 Design and Simulations of the MIM MM

Ag is selected as the plasmonic material for its lower loss than Au at intended
operational wavelengths and THG SPR at the a-GST state, compensating for much smaller
¥Past than y®e.gst. The reconfigurable GST device is composed of an array of Ag/GST
nano-disks on an Ag reflector, which can function as a micro-heater, as can be imagined
from Figure 12(a). The device is designed for Ar between 1000 nm and 1800 nm. The Ag
reflector is set to be 100-nm thick to prevent light transmission. The Ag/GST nano-disk
comprises a 30-nm-thick GST layer and a 90-nm-thick (or a 50-nm-thick for comparison)
Ag layer. The diameter of the nano-disk is selected as 100 nm, and square lattice period is
selected as 250 nm that is even smaller than TH wavelengths, which will result in normal
THG reflection. The surface sulfurization [162] / oxidation of Ag/GST is not considered
in this numerical study for the sake of simplicity. The thickness of the Ag nano-disk is set
to 90 nm, which is comparable to the diameter to afford stronger THG scattering at shorter
wavelengths. The reflected THG flow is calculated through the simulation under normal
excitation of a plane wave polarized in one periodic direction of the MS. Au-(a-GST)-Au

structure is also simulated for comparison.
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There are 6 different crystallinity states of GST (i.e., amorphous, crystalline, and 4
intermediate crystallinity states) considered in the simulations. More intermediate states
than that in Section 2.2 Figure 2(b) are studied due to increased complexity of the structure
in Figure 12(a). THG spectra might exhibit various characteristics under complicated
scattering at fundamental and TH wavelength ranges. These GST states and the real and
imaginary parts of their refractive index are shown in Figure 12(b). These indices are used
in all other simulations with the 6 crystallinity states of GST in this thesis. y*’s of GST are
only taken into consideration for THG simulations in this study, while ¥® of Ag/Au is not
considered as the optical field at the surface of Ag/Au is negligible compared to that in the
GST. The %®s of the intermediate states in Figure 12(b) are assumed to form an equal-ratio
series according to the Lorentz-Lorenz formula [150] and the empirical Miller’s rule [90].

The complex refractive index of Ag is adopted from Johnson and Christy’s experimental
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Figure 12 — (a) Schematic of the Ag-GST-Ag device on a Si substrate. The square
lattice period and the diameter of the nano-disk are 250 nm and 100 nm, respectively,
for all simulations in this numerical study. (b) Real (n, solid curves) and imaginary
(k, color-correspondent dashed) parts of refractive index of the 6 different
crystallinity states of GST with different percent crystallization shown by L. The data
for the extreme and intermediate states are the same and calculated in the same way
as Figure 2(b).
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data [151]. The incident optical field amplitude in this study is set to only ~ 0.43 times that
for the structure in Section 2.2 Figure 2(a) considering generally lower thermal thresholds
of plasmonic nanostructures under laser annealing. The mesh element sizes in the device
simulations of this study are set to be no larger than 1/10 of the Ar in media to ensure an
accurate calculation, which are also applied to all other 3D THG simulations in this thesis.

This setting is coarser than 2D THG simulations to reduce time consumption.

3.1.2 Results and Discussion

Figure 13 shows the resonant linear and THG nearfields along the plane of
incidence for a series of designs with different plasmonic materials (Ag or Au), GST
crystallinity, and plasmonic nano-disk thicknesses (Tm where M is the metal) of interest.
The linear resonance in a-GST is stronger than that in c-GST due to a much smaller loss in
a-GST, as mildly suggested by Figure 13(a) and Figure 13(b). A more vivid observation is

the considerably stronger THG hot spots on the edges of the Ag nano-disk in the a-GST

(a) (b)

[°31/1(m)3|
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Figure 13 — Simulated side-view normalized nearfields to incidence at resonances
(top: linear; bottom: THG x 10%) for Tag = 90 nm and (a) a-GST state and (b) c-GST
state. Nearfields are calculated in the same ways for the a-GST state with (c) Ag
plasmonic material with Ta; = 50 nm and (d) Au plasmonic material with Tau = 50
nm. A values for different nearfield plots are (a) 1120 nm, (b) 1645 nm, (c¢) 1115 nm,
and (d) 1115 nm. All material components of the nano-disks are marked in the plots.
The nano-disks are placed on the same metal as the plasmonic nano-disk and
surrounded by air for all plots.
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case (see Figure 13(a) and Figure 13(b)) despite stronger xPc.gsr, as a result of designed
SPR. Figure 13(a) and Figure 13(c) suggest that a larger thickness of the Ag nano-disk (90
nm in Figure 13(a) and 50 nm in Figure 13(c)) results in stronger THG hot spots, especially
at the edge of the top surface of the plasmonic nano-disk. Comparing Figure 13(c) and
Figure 13(d) also reveals that the Ag-based MM has a slightly larger linear field response,
however, a considerably enhanced THG response compared to the Au-based structure due
to the enhanced scattering at short visible by Ag. The THG of the Ag-(a-GST)-Ag structure

turns out to be ~ 10 times that of the Au-(a-GST)-Au structure.

Linear reflection spectra of the structure in Figure 12(a) at the 6 different GST states
are shown in Figure 14(a). The gradually broadened reflection ‘dip’ with the red shift of
resonance is observed with increasing L as expected, which is like the ‘dip’ broadening in
Section 2.3 Figure 4(a). The ‘dip’ is also gradually shallowed with increasing L, due to

possibly more decrease in absorption by Au under resonance weakening than increase in

L 0% 20% 40% 60% 80% 100%
(a) (b)

~100 ‘ : — 200

O\ —

> =

- © 150t

o 75 / 2

O - —

= 2 100!

= / 5 100

= C

S 50 =

3 \_/ T /\

5 =

m O T —

25 : ‘ :
1000 1200 1400 1600 1800 1000 1200 1400 1600 1800
Wavelength (nm) Fundamental Wavelength (nm)

Figure 14 — Simulated (a) reflectance and (b) THG spectra of the structure in Figure
12(a) for the 6 different GST crystallinities (L).
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absorption by more-c-GST. Corresponding reflected THG intensity spectra are plotted in
Figure 14(b). The a.u. in Figure 14(b) is normalized to that in Section 2.3 Figure 4(b)
considering the same incident field amplitude. The unique feature of this structure is its
wide effective tuning of the THG resonances from corresponding Ar of ~ 1100 nm to 1700
nm as seen in Figure 14(b) that match or are very close to the linear resonances in Figure
14(a). This is due to the strong tunability of GST combined with the unique plasmonic
structure supporting the strong linear resonance dominating over possible resonances at
TH wavelengths in the design. To the best of our knowledge, this is the largest wavelength
tunability range for THG reported. In addition, there is substantially less over-shadowing
of the resonance bands compared to Section 2.3 Figure 4(b) owing to the designed strong
resonance, although more GST states are shown in Figure 14(b). The resonance THG
intensities for different GST states are more comparable than those in Figure 4(b) as
explained through Figure 13. And the THG output at the a-GST state is significantly larger
than that at the c-GST state, suggesting the joint effect of the strong linear resonance and
THG scattering at the a-GST states substantially surpasses the impact of the larger y®c-gst
than ®s.st. Existence of resonances of much lower intensity in the vicinity of the primary
resonance for more-a-GST states as shown in Figure 14(b) is another indicator for

increased THG scattering with the nano-disks of Ag / more-a-GST.

3.1.3 Conclusion and Outlook

A subwavelength-scale wideband-tunable THG device by incorporating the well-
known phase-change chalcogenide GST into an Ag-based structure featuring gap-SPR is
numerically demonstrated in this work. Tunable THG response of fundamental

wavelengths from 1100 nm to 1700 nm is presented with intermediate crystallinity states

39



of GST, which corresponds to a wide-range THG source from violet to yellow light. The
amplitudes of the THG responses are more comparable to those demonstrated with the

subwavelength-thick asymmetric F-P cavities in Section 2.3.

This hybrid GST-plasmonic structure advocates more sophisticated designs for
applications such as THG microscopy and communication with further enhanced
conversion efficiency by design. The structure can also be combined with ITO micro-strip
resistors featuring ultrafast heating processes as envisioned for the F-P GST nanocavity
device in Section 2.5. ITO is more thermal-resistant than Ag/Au as Joule heaters for chip-

scale electro-optical NL devices.

3.2 Switchable SHG Using Hybrid Plasmonic MSs with GST

Considering the large-area sulfurization tarnishing issue of Ag, the difficulty of the
lift-off process of plasmonic nano-disks with high aspect ratios of height to width such as
in Figure 12(a), and even the structure in Figure 13(d) can be challenging to lift-off, we
fabricated only Au-GST-Au samples of ever lower nano-disk thicknesses. THG signals of
the samples were not detected due to not only the multiple factors of deficiency discussed
above but also GST oxidation. In addition, GST oxidation substantially blue-shifts the
resonances to Arof ~ 1050 nm to 1100 nm that corresponds to TH wavelengths in the

ultraviolet, which is hard to detect.

Orderly structured GST has a high potential for tunable SHG with a non-
centrosymmetric crystal structure at the crystalline state, while the amorphous state of GST

does not exhibit bulk second-order nonlinearity. SHG signals of the samples were detected,
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and the signals are highly switchable with GST crystallinity states as expected and being

studied in this section.

3.2.1 Introduction to Dynamically Controlled SHG and THG with Nanodevices

SHG is widely employed in conversion of an optical signal to shorter wavelengths
[63, 163] using non-centrosymmetric media [63, 92] and second-order surface nonlinearity
[92, 164], originated from the symmetry breaking of the inherent crystal structure of a
material [92] and large refractive index differences of materials on the two sides of an
interface [165], respectively. This poses special requirements for materials or material
interface selections to realize efficient SHG. Nevertheless, SHG is more frequently used
than THG for generating light with shorter wavelengths, because SHG is generally a
stronger effect, and thus, more efficient than THG [166]. Ultracompact SHG sources
demand nanophotonic structures to manipulate light at subwavelength scales with
extraordinary optical properties [167] beyond those achieved in bulk materials in addition
to strong second-order nonlinearities. Tunable nanophotonic SHGs are typically realized
by 1) all-optical modulation induced by Kerr-type coupled resonance shifting [168]
and transient symmetry breaking [169] of passive nanostructures, or 2) using an external
stimulus to tune the second-harmonic (SH) signal from the nanostructures in real time [77,
170]. However, the reconfigurability of these structures is limited by the relatively small
tunability of the second-order optical nonlinearity in passively or actively tunable material

configurations.

With fast and large refractive index tunability, PCMs [42, 59, 171, 172] have

recently been widely studied for optical reconfigurability in the linear regime and
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subwavelength scale. GST, as one of the most widely used PCMs, has garnered widespread
interest in nanophotonics [52, 173-175]. The real and imaginary parts of the refractive
index of GST can experience changes by over 50% and 10 times, respectively, when
switching between a-GST and c-GST states through precisely controlled heating. The
relatively high optical loss of GST during crystallization, especially at the visible and NIR
wavelengths, is a major obstacle for the performance of GST-based NL optical devices.
Yue et al. demonstrated MIR-excited THG with a very high efficiency by patterning arrays
of subwavelength cylinders made of the lower-loss phase-change chalcogenide GSST and
supporting a magnetic dipolar resonance [88]. However, using GSST has the shortcoming

of a relatively slow response of the phase change mechanism.

In terms of NL reconfiguration, THG modulation is mostly reported for MMs
incorporating GST, where both a-GST and c-GST exhibit third-order nonlinearity. The
refractive index, loss, and third-order NL optical susceptibility () of a-GST are
substantially smaller than those of c-GST [87] as discussed in Section 2.3. Experimental
studies of THG amplitude [87] and band [136] modulations with asymmetric
subwavelength F-P cavities have been showcased by incorporating GST as the dominant
¥® medium. The details for Ref. [136] are elaborated in Section 2.3. Patterned
nanostructures incorporating GST for THG modulations mostly appear in reported
theoretical studies due to challenges with associated fabrications. The gap-SPR structure
exhibiting an enhanced THG nearfield intensity modulation incorporating GST as the y®
medium [141], and our giant switching design of THG from an all-dielectric Fano-resonant
MS modulated by an asymmetric F-P cavity incorporating GST [176] that will be

elaborated in Section 4.1, have been reported. More recently, the increased loss at the c-
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GST state is utilized [147] to exhibit THG off-state hybridizing with a Fano-resonant a-Si
MS, while the THG response at the less lossy a-GST state represents the on-state. In
contrast, fewer SHG modulation demonstrations have been reported with GST. The
potential for SHG modulation with GST phase change was indicated by a study of tunable
grain orientation of GST thin films by exhibiting substantially contrasted SHG responses
before and after annealing [177]. A theoretical study leverages GST phase change for
manipulating SHG response by adjusting the nearfield in LiNbO3 nano-resonators in a
GST/LiNbOs3 hybrid device [178]. The manipulation principle is based on distinct losses

of GST states of different crystallinity as revealed in Ref. [147].

In this study, we seek to leverage metal-GST-metal gap-surface-plasmon resonance
(compared with an asymmetric F-P GST nanoscale cavity) and multiple crystallinity states
of GST (a-GST, semi-c-GST, and c-GST) to demonstrate efficient three-level SHG
switching using the potential high contrast of second-order NL optical susceptibility x?
between a-GST and c-GST states. The design and fabrication of the gap-SPR structure are
covered in Section 3.2.2. The design and fabrication of the control structure have been
described in Section 2.2 since the F-P cavity structure is the same as that for Figure 6(c).
Results are presented and discussed in Section 3.2.3. The settings of experimental
characterization and an accepted range of the SHG excitation power are described in

Section 3.2.4. Final conclusions and envisions are made in Section 3.2.5.
3.2.2 Design and Fabrication of the MIM MM
The hybrid GST device featuring gap-SPR is composed of an array of Au/GST

nano-disks on an Au reflector, as shown in Figure 15(a). The Au reflector is set to be 100-
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nm thick as in the structure for Figure 13(d). The Au/GST nano-disk comprises a 25 nm-
thick GST layer and a 35 nm-thick Au layer. The diameter of the nano-disk is selected as
120 nm, and the considered periods p of the MS are 220 nm, 250 nm, and 280 nm. The
schematic of the asymmetric F-P device is illustrated in Figure 15(b) with the only
difference from Figure 2(a) that the structure is studied for SHG instead of THG in this
work. The bottom SiO2, GST, and top SiOz layers are fabricated to be ~ 25 nm, 20 nm, and
50 nm, respectively. The bottom SiO2 / GST layers form the quarter-wave cavity on Au for
a Ar of interest ~ 1150 nm, which can exhibit substantial field interference in the dielectric
layers featuring absorption resonance [140], despite the high loss of GST at Ar of ~ 1150
nm. In addition to serving as a capping layer to protect the GST from oxidation, the top
SiO2 layer also provides a transmission window for SHG emission, as that for THG. As
mentioned, GST surface is oxidized upon immediate exposure to air, a GST oxide layer of
10 nm is considered at the top interface (i.e., between GST and Au) of the Au-GST-Au
nanostructure as well as on the sidewalls, which is thicker that the 5 nm-thick GST oxide
at the GST / top oxide interface considered for the asymmetric F-P cavity structure. No
GST oxide is added to the bottom interface for this nanostructure (i.e., between the bottom
Au reflector and GST) since the deposition of GST on Au does not expose the GST at that
interface to air. These GST oxide thicknesses are selected based on previous experience in
working with GST-based MMs and comparing theory and experiments. We believe that
with the smaller surface-to-volume ratio of the F-P structure, the oxidation effect is reduced
compared to that in the Au-GST-Au nanostructure. For the sake of simplicity, the GST
oxide layers are modeled as a non-dispersive lossless material with an assumed refractive

index of 2.5 in this study. For the sake of simplicity, only plane-wave excitations to the

44



PMMA

Development-

Sputterln

E- beam
evaporatlon

Device ready
for phase
conversion

(d)

. ALD
“10nm Si0, SiO,

L|ft-off

Si _ E-beam Spln Coating
Substrate evaporatlon

o
© ©

—
SU8230 30.0kV 8.9mm x80.0k SE(UL) SU8230 30.0kV 8.9mm x180k SE(UL)

Figure 15 — (a) Schematic of the Au-GST-Au device composed of an array of Au (35-
nm-thick) / GST (25-nm-thick) nano-disks on an Au reflector (100-nm-thick) and a
Si substrate. The diameter of the nano-disk is selected as 120 nm, and the period of
the MS is marked as p. (b) Schematic of the asymmetric F-P structure to be measured
SHG and compared with the Au-GST-Au device. The Au reflector is also 100-nm
thick, the bottom SiO: is 25-nm thick, the GST is 20-nm thick, and the top SiO; is 50-
nm thick. (¢) Fabrication process for the as-grown Au-GST-Au structure, in which e-
beam evaporations of Au, spin coating of the e-beam resist, EBL, development of the
resist, RF-sputtering of GST, lift-off, and ALD of an ultrathin SiO; protective layer
were conducted. (d) A top-view SEM image of micron-scale area of an Au-GST-Au
sample. (e) A top-view SEM image of submicron-scale area of another Au-GST-Au
sample. All SEM images in this thesis are with a scaling measure marked.
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structures with normal incidence from the air are studied as shown in Figure 15(a) and

Figure 15(b).

We fabricated the as-grown Au-GST-Au structures by 1) e-beam evaporation of the
Au reflector; 2) patterning of the e-beam lithography (EBL) resist poly (methyl
methacrylate), in short PMMA; 3) RF magnetron sputtering of GST; 4) the e-beam
evaporation of the top Au layer on a prime Si substrate, and lift-off. The samples were
encapsulated by a ~ 10 nm-thick layer of SiO2 deposited using atomic layer deposition
(ALD) at ~ 100 °C (a safe temperature for SiO2 deposition while preventing GST
crystallization, which begins at Tg of ~ 135°C [42]) immediately after the lift-off process
to protect GST from oxidation. The EBL process was conducted with an Elionix ELS-
G100 system at IEN. The ALD process was conducted with the Cambridge NanoTech
Plasma ALD at IEN. Figure 15(c) shows a flowchart of the fabrication process for the as-
grown samples. Figure 15(d) and Figure 15(e) show top-view scanning electron
microscopy (SEM) images of micron-scale and submicron-scale areas of an Au-GST-Au
sample, respectively, with scaling marked. All SEM images in this thesis were taken with
the Hitachi SU-8230 at IEN. The GST nano-disks exhibit radii slightly larger than the Au
nano-disks due to the slight shadowing effect by the patterned PMMA during e-beam
evaporation of the top Au layer. Only the extreme crystallinity GST states are considered
for SHG from the asymmetric F-P cavity sample as the control structure for the Au-GST-

Au samples.
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3.2.3 Results and Discussion on the Structure

Simulated and measured linear reflectance spectra of the structure in Figure 15(a) with
periods p = 220 nm, 250 nm, and 280 nm for the a-GST state are shown in Figure 16(a)
and Figure 16(b), respectively. There is a general blue-shift of the measured resonances at
different values of p compared to the simulation results, and the measured resonances cover
a wider wavelength range compared to the simulated resonances. This is possibly due to
fabrication imperfections including the error caused by shadowing effect indicated in
Figure 15(e). The resonance blue-shifts with increasing p since the effective index of the
structure (considering equivalent uniform layers) decreases, with no change in the Au/GST
nano-disk dimensions. The absorption of the structure at resonance decreases with
increasing p since the ratio of lossy Au/GST nano-disk area to the total MS area decreases.
The structure at non-a-GST states is expected to exhibit a red-shifted resonance compared
to the a-GST state since the refractive index of GST increases with crystallinity.

Considering the range of resonances for different values of p, we selected Au-GST-Au
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Figure 16 — (a) Simulated and (b) measured reflectance spectra for the structure in
Figure 15(a) with cases of p =220 nm, p =250 nm, and p = 280 nm at the a-GST state.
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MMs with p =220 nm for SHG in the rest of our designs and experimental investigations.
This is primarily due to the limitation in the characterization system that the OPO exhibits

limited stability at excitation wavelengths < 1050 nm.

Simulated and measured linear reflectance spectra of the structure in Figure 15(a)
with period p =220 nm for all investigated GST states are shown in Figure 17(a) and Figure
17(b), respectively. There is a general blue-shift of the resonances at the investigated GST
states compared to those of the simulations, and the measured resonances are closer to each
other compared to the simulated resonances possibly due to fabrication imperfections. The
gradually broadened reflection ‘dip’ is observed with increasing L due to the higher GST
loss at higher values of L. Figure 17(c) shows the simulated linear reflectance spectra of
the structure with parameters for Figure 17(a) at the visible wavelengths. There is a
resonance ‘dip’ with significantly increased depth with GST crystallinity, starting from a
depth of ~ 0 at the a-GST state, which indicates increased strength of the resonance. In
addition, the resonance exhibits a much smaller redshift with increased GST crystallinity,
compared to the designed resonance at the NIR. And the resonance wavelength is slightly
longer than the SH at the NIR resonance, considering both simulated results in Figure 17(a)
and measured results in Figure 17(b). Figure 17(d) presents measured reflected SHG
intensity spectra of the device for the investigated GST states. One a.u. in Figure 17(d) is
estimated to correspond to a SHG efficiency of ~ 7 x 107!2 at a pump power density of ~
0.1 GW/cm?. This a.u. applies to all SHG efficiencies in this section. As shown in the inset
of Figure 17(d), the SHG peak intensity for the device at L = 0% (i.e., a-GST) is observed
at the SHG emission wavelength of ~ 535 nm, which approximately matches the linear

reflection ‘dip’ of Ar (~ 1070 nm from Figure 17(b)). There is a SHG peak of smaller
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intensity at ~ 575 nm possibly due to the resonant mode at the SH wavelength indicated in
Figure 17(c) that can overcome the reduced signal at the Ar. The SHG peak intensities of
the device for L = 50% and L = 100% are ~ 50 and ~ 100 times higher than that for L =
0%, respectively, although the Q of linear resonance is reduced with GST crystallization.
This clearly indicates that the second-order nonlinearity of c-GST is much stronger than
the surface second-order nonlinearity of Au in this device. Note that the SHG peaks at ~

575 nm for the non-a-GST states (see the yellow and red curves in Figure 17(d)) are higher
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Figure 17 — (a) Simulated and (b) measured reflectance spectra for the structure in
Figure 15(a) with p = 220 nm at investigated GST states. (¢) Simulated reflectance
spectra of the structure with parameters for Figure 17(a) at the visible wavelengths.
(d) Measured SHG response of the correspondent fabricated samples, where Asu
represents the SH wavelength, and the inset shows a zoomed-in view of the weak SHG
signal for the a-GST case.
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than the peaks corresponding to the linear resonances, which indicates that the
hybridization of the linear mode with the SH resonant mode becomes stronger than the
peak of the non-hybridized linear mode with GST crystallization. The observation is in
accordance with the strengthened resonance around SH wavelengths, which is indicated in
Figure 17(c). This device, to the best of our knowledge, exhibits the largest extinction ratio
of SHG switching for a NL MM reported to date. In addition, by using different values of
L (different levels of GST crystallinity), both the amplitude and the wavelength of the
maximum SH signal can be modified. We attribute this to the strong tunability of the GST
nonlinearity with its change of crystallinity (L). This makes the device an unmatched

solution for other applications of MMs for second-order optical nonlinearity.

Using the observations for the SHG in the structure in Figure 15(a), we found the
asymmetric F-P GST device of certain dimensions in Figure 15(b) experimentally
matching the SHG resonance wavelength from the F-P device to that from the Au-GST-
Au MM at the c-GST state (to achieve substantial second-order nonlinearity). The
measured linear reflectance spectrum of the F-P structure in Figure 15(b) for the c-GST
state is shown in Figure 18(a). The reflectance band is much broader than that of the Au-
c-GST-Au patterned structure. This is due to the fact that the absorption resonance of a loss
mechanism [140] is much weaker than the gap-surface-plasmon resonance with high field
confinement. Figure 18(b) shows a comparison plot of measured SHG spectra at the c-GST
state of the selected structure in Figure 15(a) with p = 220 nm and the structure in Figure
15(b). As shown in the inset of Figure 18(b), the SHG peak intensity for the F-P device
with the ¢-GST state is observed at the SH emission wavelength of ~ 575 nm, which

approximately matches the shallow reflection ‘dip’ (~ 1150 nm) at the Ar in Figure 18(a).
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The SHG resonance wavelength of the Au-c-GST-Au patterned structure is approximately
the same as that of the F-P ¢c-GST structure. However, it is clear from Figure 18(b) that the
SHG output intensity of the Au-c-GST-Au patterned structure is ~ 100 times that of the F-
P c-GST structure given that their GST thicknesses are similar. This is additional evidence
for the strength of the gap-surface-plasmon resonance, which can mitigate the relatively
high loss of GST, especially for its most lossy (i.e., crystalline) state. Figure 18(c) shows
measured reflected NL emission intensity spectra, at the visible wavelengths, of the
asymmetric F-P structure in Figure 15(b) for the a-GST and c-GST states at the pump
wavelength of 1150 nm. The output SHG peak intensity of the F-P structure for the c-GST
state is measured to be ~ 50 that of the a-GST case, showing the possibility of ON/OFF
switching of the SH signal. This modulation depth is lower than that of the Au-GST-Au
structure (~ 100), which might be due to greater susceptibility of the relatively weak SHG
signal to the background noise for the F-P structure. As shown in the inset of Figure 18(c),

a heavy tail of the SHG emission spectrum at the a-GST state (extending to longer spectral
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Figure 18 — Measured (a) linear reflectance spectrum for the structure in Figure 15(b)
at the c-GST state (L =100%); (b) c-GST state SHG spectra of the structure in Figure
15(a) with p = 220 nm, and the structure in Figure 15(b); (c¢) reflected NL emission
intensity spectra, at the visible wavelengths, of the asymmetric F-P structure for the
a-GST and c¢-GST states at a pump wavelength of 1150 nm. TPL: two-photon
luminescence.
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wavelengths than the SHG emission) represents the two-photon luminescence (TPL)
following the TPA process, which is a NL optical process related to the imaginary part of
the ¥®s of NL materials [83]. It is evident that the TPL at the c-GST phase of the F-P
structure is generally weaker than that observed at the a-GST phase, though the imaginary
part of x®c.gstis generally larger than that of x®a.st at the NIR wavelengths according to
the empirical Miller’s rule, i.e., ¥ o« (3)* [90]. The weaker TPL of the ¢-GST structure
can be due to a smaller linear nearfield and larger absorption of the intrinsic TPL signal in

the more lossy c-GST state.

To better illustrate the sharp difference between SHG from the Au-c-GST-Au gap-
surface-plasmon resonance and asymmetric F-P ¢c-GST absorption resonance, we show in
Figure 19(a) and Figure 19(b) the middle cross-sectional plots of simulated normalized
nearfields in a plane parallel to the polarization direction in Figure 15(a) and Figure 15(b),
respectively, at the c-GST state at Ar= 1260 nm. This corresponds to the simulated gap-
surface-plasmon resonance of the structure in Figure 15(a) and approximates the simulated
absorption resonance of the structure in Figure 15(b). From Figure 19, we can observe that
although the largest nearfield enhancement in the Au-c-GST-Au structure lies in the GST
oxide between the lossy GST and the top Au layer (i.e., top GST-oxide layer, see Figure
19(a)), the nearfield enhancement in c-GST in Figure 19(a) is still substantially larger than
that in Figure 19(b). Note that due to the large resonance nearfield on the Au/dielectric
interfaces (as clearly seen from Figure 19(a)), the surface ¥ of Au cannot be ignored as a
component in the SHG sources of the Au-c-GST-Au structure. Thus, both surface ¥ of
Au and bulk ¥ of ¢c-GST coupling to the strong linear field interference contribute

significantly to the largely enhanced SHG from the patterned Au-c-GST-Au structure
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Figure 19 — Middle cross-sectional plots of simulated normalized nearfields in a plane
parallel to the polarization direction (i.e., the incident polarization is in the place of
this figure) in (a) Figure 15(a) and (b) Figure 15(b) for the c-GST state at L = 1260
nm. The fields are normalized to the incident field. Figure 19(a) and Figure 19(b) are
in the same scale, and the maximum value of the scale bar is set to the maximum
normalized nearfield in the Au-c-GST-Au structure at A = 1260 nm. Figure 19(c)
shows the normalized nearfield plot for the incidence wavelength of A/2 (i.e., SH
wavelength) under the same way of excitation. The mode overlap between nearfields
in Figure 19(a) and Figure 19(c) is plotted in Figure 19(d) in terms of normalized
inner-product of the nearfields to the square of incident field. Solid lines show the
extent of all materials. All material components of the structures are marked in the
plot except for the GST oxide, which is represented by unmarked areas (on top of the
¢-GST layer) in the plots.

compared to the asymmetric F-P ¢-GST cavity structure. In addition, we studied the
simulated nearfield at incidence of the correspondent SH wavelength (i.e., 630 nm), and
the mode overlap of the nearfields at the fundamental and SH wavelength incidences.
Figure 19(c) shows the normalized nearfield plot for the SH wavelength incidence. The
mode overlap between nearfields in Figure 19(a) and Figure 19(c) is plotted in Figure 19(d)
in terms of normalized inner-product of the nearfields to the square of incident field. It is
clear in Figure 19(c) that the largest nearfield enhancement in the Au-c-GST-Au structure
also lies in the top GST oxide layer, except for some hotspots on interfacial corners on the
Au/c-GST nano-disk. Figure 19(d) shows a large mode overlap in the top GST oxide layer
as well. Therefore, surface y'® of c-GST, which can couple efficiently with the mode

overlap, might also be much larger than that of a-GST. The contributions of bulk ¥® of c-
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GST, and surface ¥®s of Au and GST of different crystallinities to the SHG outputs in this

structure are worth further studying.

3.2.4  The Characterization Setups and SHG-Excitation Power Dependence

The linear reflectance spectra were normalized with the reflected power of control
areas of 100-nm-thick Au on the substrates for the samples. The SHG characterizations
were conducted with the same Si charge-coupled device (~400-700 nm in detection range)
used in Section 2.4. A 100% objective lens (NA = 0.95) was used for effective collection
of SHG signals under the formation of out-of-plane resonant electric dipole components
[179]. These characterization settings were applied to all the samples for Figure 15(a) and
Figure 15(b). Figure 20 shows detailed setup schematics including the optical paths of the
SHG characterization. A 750-nm SPF and a 700-nm SPF are used sequentially before SHG
detection due to that their individual attenuations at the NIR wavelengths are smaller than

that of the 532-nm SPF in Figure 10.

Figure 21 presents excitation power dependence of the measured SHG intensity
from the a-GST from the sample of the structure in Figure 15(a) with p = 220 nm and the
excitation Ar= 1080 nm. The excitation power dependence for the samples of the structure
in Figure 15(b) is not tested. This is because of a higher laser damage threshold expected
for the F-P cavity than the MIM structure that contains plasmonic nanoparticles. The fact
is supported by that the excitation power level in Figure 11 (~ 10° mW) is higher than that
in Figure 21 (~ 10"' mW). The demonstrations of these structures use the excitation power
of ~ 0.1 mW (the peak pump intensity of ~ 0.1 GW/cm?), which fits in the quasi-linear

regime shown in Figure 21 and should be free from GST phase conversion (change of no
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Figure 20 — The setup schematic for the SHG measurement of the Au-GST-Au and
F-P GST devices, where ND, ‘M’, ‘100x MO’, LPF, and SPF represent neutral
density, a mirror, the 10x microscopic objective lens, a long-pass filter, and a short-
pass filter, respectively.
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Figure 21 — Excitation power (i.e., pump power) dependence of the measured SHG
intensity from the sample of the structure in Figure 15(a) with p = 220 nm and the
excitation As = 1080 nm. A power-law fit is applied to the measured data. The slope of
the fit (b) is 1.83 £ 0.24, in acceptable agreement with the expected slope of 2 for SHG.
The excitation power was measured immediately after the ‘100x MO’ in Figure 20
without the sample.
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and ¥®) upon laser annealing. The slope is most likely only slightly below the expected
slope of 2 for SHG (1.83 + 0.24), which indicates that the SHG is possibly accompanied

by substantial NL absorption [180].

3.2.5 Conclusion and Outlook

We experimentally demonstrated a new device based on a MIM structure for
efficient tunable SHG by integrating conveniently reconfigurable PCM GST with a
plasmonic MS. The performance of the structure is compared to SHG from one of the
samples of the counterpart asymmetric F-P GST cavity structure that has been studied for
THG in Section 2.3. Both structures are in subwavelength scale and exhibit SHG switching
with ON/OFF ratios of ~ 10%. The Au-GST-Au structure exhibits a much higher average
SHG efficiency than the F-P GST structure among investigated GST crystallinity states.
This is caused by the fact that the MIM structure exhibits a gap-surface plasmon resonance
with a stronger photonic interaction than the absorption resonance in the F-P structure. This
study expands the linear optical intensity switching nanodevices to the SH paradigm and
paves the way for more sophisticated designs for improved efficiency and functionality,
which might be applicable to SHG microscopy, communication, and computing. These
structures can be combined with ultrafast and compact heating processes using ITO Joule
micro-heaters as suggested in Section 2.5 which is for the device in Figure 2(a) of Section
2.2. Robust metals (e.g., tungsten (W), demonstrated in Ref. [158]) can also be
incorporated as micro-heaters to expand the device with new features for ultrafast and
compact tunable microelectronic chip-scale SHG devices. The Au-GST-Au structure can
also be a reliable platform for SHG switching with higher conversion efficiencies by 1)

shifting the operation frequency to a regime of very low GST optical loss as elicited in
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Section 2.5, or 2) by using phase-change chalcogenides of more significant inversion

asymmetry in ordered crystalline structures, such as KPSes [181] and K4GeP4Sei12 [182].
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CHAPTER 4. DYNAMICALLY TUNABLE THG WITH A GST-

MODULATED A-SI MS

This chapter summarizes a numerical demonstration of 1) switchable THG of a
giant modulation depth as high as ~ 70 dB at the optical communication conventional band
(C-band, 1530-1565 nm) for fundamental wavelengths (Section 4.2), and 2) an
experimental demonstration of efficient switchable THG of a modulation depth as high as
~ 20 dB at the fundamental wavelength of 1600 nm (Section 4.3). The demonstrations are
based on a dielectric MS supporting a Fano-type resonance, electromagnetically-induced
transparency (EIT), that is actively controlled by a quarter-wave asymmetric F-P cavity
incorporating multiple crystallinity percentage states of GST. This shows the high potential
of GST-based fast dynamic THG switches for real-world applications ranging from
communications to computing. Section 4.2 is assembled from Ref. [176] and Section 4.3

is revised from the presentation of Ref. [183], both published by the author.

4.1 Introduction to All-Si THG MSs

Si, with a high refractive index reaching 3.7 amorphous and polycrystalline states
[101], a small optical loss (Eg ~ 1.12 eV at the room temperature), a large ¥, and
compatibility with CMOS fabrication processes, is widely researched for THG in MSs.
Yang et al. experimentally demonstrated a high-Q polycrystalline Si (poly-Si) MS (linear
Q ~ 300) with a simulated maximum linear nearfield enhancement of ~ 50 to obtain high
THG efficiency of 1.2 x 107¢ using an OPO with a repetition rate of 80 MHz, a pulse

duration of ~ 250 fs, and a peak intensity of ~ 3.2 GW/cm?, which fairly surpasses other
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demonstrations [101]. They also demonstrated a resonant THG intensity ~ 10° times that
off-resonance, which is levels higher than that obtained using the GSST THG MS in Ref.
[88]. They utilized an EIT-type Fano resonance for dielectric bright-dark mode conceived
from plasmonic EIT structures. Recently, Koshelev ef al. investigated BIC to further
enhance the linear Q for boosting THG efficiency [184]. Details on BIC MSs will be
discussed in Section 6.1. Liu et al. designed a high-Q symmetry-broken 500-nm-thick Si
MS governed by quasi-BIC to achieve an ultra-high Q of ~ 2 x 10* and a record-breaking
THG conversion efficiency of 1.4 x 1078 [W2] with a pulsed laser with a repetition rate of
80 MHz, a pulse duration of ~ 5 ps, and a peak power of ~3 mW [26]. Yang ef al. observed
up to 5 x 107 increase in THG from an a-Si MS of nanopillars coupled to a gold reflector,
compared to the unpatterned film, and a record high THG efficiency of 1.8 x 10° at a
relatively low peak pump intensity of 0.4 GW/cm? for fs-scale excitation [185].
Nevertheless, the maximum reported THG efficiency in a-Si MSs is still limited to the

order of 107®, which is possibly due to fabrication imperfections as a partial reason.

In this chapter, we leverage an a-Si MS structure consisting of coupled bright-mode
nano-bars and dark-mode nano-disks hybridized with a reflective quarter-wave F-P GST
cavity to realize a THG switch. The large refractive index change between the a-GST and
c-GST induces a significant phase difference in the linear beam reflected from the MS.
This enables the realization of constructive/destructive interference between the normal
incident beam and the reflected beam at the two extreme states of GST. Reflected THG
intensity can exhibit a large modulation depth according to P (3w) = g0 x®E(0) - E(w) -

E(w). This cubic relationship between P (3w) and E(®) results in a much larger THG

59



nearfield amplitude difference between constructive and destructive interferences than that

for the linear nearfield.

4.2 Numerical Study of Tunable THG with a GST-Modulated a-Si MS

4.2.1 Design and Simulations of the GST-Modulated NL MS

The device is comprised of 5 layers aiming to work at the Ar of 1550 nm wavelength.
A 100-nm-thick Au layer is first deposited on a Si substrate as a back-reflector. Then, a
three-layer sandwich structure of Si02-GST-SiO: is formed on top of it. Lastly, the a-Si
MS could be fabricated through EBL and dry etching. The thickness of the GST layer is
50 nm. The thickness of the bottom SiO2 layer is 10 nm to avoid the diffusion of Au into
GST during annealing. The thickness of the top SiO2 layer is 450 nm to generate
constructive interference at its top surface for a-GST. This layer can be also deemed
sufficiently thick to avoid lowering the Q by the GST loss. The thickness of the a-Si layer
(Ta-si) is 150 nm. The planar dimensions of the meta-atoms are shown in Figure 22, which
illustrates the device schematic without showing the heating structure. The MS structure is
selected based on previous reports to ensure the formation of an EIT mode [101]. To
simplify the simulations, the MS is excited from the top (air) with a plane wave polarized
along the long axis of the a-Si nano-bars (i.e., the y-axis in Figure 22). Incident angles from
-10° to 10° with 1" increments are considered for both in-plane and out-of-plane directions.
The absorption losses of all materials at the corresponding wavelengths have been carefully

considered in all simulations.

Similar to Section 3.1.1, crystallinity percentages L = 0%, 20%, 40%, 60%, 80%,

and 100% of GST are simulated in this study. The extinction coefficients of a-GST and c-
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Figure 22 — Schematic of the reconfigurable NL. MS; the device structure includes (on
top of a Si handle layer) successive layers of 100-nm-thick Au, 10-nm-thick bottom
buffer SiO2, 50-nm-thick GST, 450-nm-thick top SiO,, and a-Si with thickness T,.si =
150 nm. The dimensions of the a-Si MS are p;1=p2 =910 nm, a =240 nm, b = 850 nm,
g1 =75 nm, and g; = 85 nm. T and Ty, are the glass and melting temperatures of GST.

GST at the fundamental wavelength of interest (i.e., 1550 nm) are small (~ 0.005 and ~
0.89, respectively), comparable to those in Ref. [186]. In addition, the Au layer and the Si
substrate work as efficient heatsinks to prevent the crystallization of a-GST and melting of
c-GST during optical measurements. We numerically simulated the opto-thermal response
of the structure with a-GST and c-GST states under 250-fs-long laser pulses with a
repetition rate of 80 MHz and a peak intensity of 3.2 GW/cm? as used in Ref. [101]. The
local temperature has been found not being able to exceed 38°C even for the more
absorptive c-GST structure during the annealing by the pulse. Such a temperature is far
lower than that needed for changing the crystallinity state of GST. ¥® of a-Si is assumed
to be 1.4 x 107'® m?/V?in account of empirical Miller’s rule that 3 o (x")* for lossless

materials, and the refractive index of our sample of uniform sub-micron-thick a-Si film is

61



measured to be ~ 3.42 at the wavelength of 1550 nm. Here we use the experimentally
calculated value of ¥V for our deposited a-Si. ¥® of GST is also considered in the
simulations as its effect can be comparable to that of a-Si, and the optical field is not limited

to the interface.

The a-Si MS dimensions are designed by simulating the EIT MS on only a thick-
enough layer of SiO2 under normal incidence with Ar ~ 1550 nm (the exact resonance
wavelength for the MS is 1552.5 nm) as shown in the linear transmission spectrum in
Figure 23(a). Figure 23(b) shows the linear nearfield enhancement plot for the MS on SiO2
at the middle-z-plane of the MS (Ta-si/2 distance above the interface between the SiO2 layer
and the MS in air) under normal incidence with Ar= 1552.5 nm. A large maximum linear
nearfield enhancement similar to that in the MS of Ref. [101] is exhibited at the dark-mode
nano-disk, as the electric dipoles of the bright-mode nano-bar feed electromagnetic energy

to the magnetic dipoles of the dark-mode nano-disk at resonance [23]. Figure 23(c) shows
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Figure 23 — (a) The linear transmission efficiency plot, and (b) simulated middle-z-
plane nearfield plot at Ar = 1552.5 nm of the a-Si MS on infinitely thick SiO: at plane-
wave normal incidence from air exhibiting EIT. The nearfields are normalized to the
incident field (Eo), geometric dimensions of the MS are the same as those in the
captions of Figure 22. (c) Simulated normalized middle-z-plane nearfield plots for the
same MS on top of a 570-nm-thick SiO: on the same Au reflector as in Figure 22 at A
= 1550 nm.
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the linear nearfield enhancement plot at the middle-z-plane of the same a-Si MS on an
optimized SiO:2 layer of 570-nm-thick on the same Au reflector as in Figure 22(a) that
resulted in ~ doubling the maximum linear nearfield compared to that in Figure 23(b). This
indicates almost perfect constructive interference between incident and reflected light at

the MS in this control structure.

The thickness of the GST layer in Figure 22 is selected to ensure ~ 180° phase
difference for the reflected beam out of the structure between the two cases of a-GST and
c-GST. The thickness of the top SiOz2 layer in Figure 22 is selected to result in constructive
interference at the pump wavelength between the incident and the reflected beams around
the middle-z-plane of the a-Si MS for the structure at the a-GST state. Combining these
two design criteria also ensures destructive interference between the incident and reflected
beams at the pump wavelength around the middle-z-plane of the a-Si MS for the c-GST
case. This is clearly seen in Figure 24(a) and Figure 24(b), which show the linear nearfield
enhancement plots at the middle-z-plane of the MS under normal incidence with Ar= 1550
nm for the structure in Figure 22 with a-GST and c-GST states, respectively. The maximum
linear nearfield enhancement of ~ 70 in Figure 24(a) is substantially larger than that in Fig.
2(b) (~ 50) but smaller than that in Figure 23(c) (~ 100). These results indicate imperfect
constructive interference of the incident and reflected beams in the MS for the structure in
Figure 22 with the a-GST state, due to the loss of a-GST. Figure 24(c) and Figure 24(d)
show the linear nearfield plots of the designed F-P cavity without the MS for a-GST and
c-GST, respectively. It is clear that the interference patterns at the two states are
approximately out of phase. These results clearly show that the use of the F-P structure

mitigates to some degree the loss of the GST layer and provides a reasonably large nearfield
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enhancement while enabling the large tuning range. The large difference between the
maximum nearfields in Figure 24(a) and Figure 24(b) stems from the large refractive index
contrast of a-GST and ¢-GST, which considerably modifies the resonance of the overall
structures (including the F-P cavity and the meta-atoms). The results in Figure 24(b) also
show that our design mitigates the problem of high loss in the c-GST state by assigning the

off state of switching to this state.
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Figure 24 — Simulated normalized nearfield at the middle-z-plane of the MS for the
structure in Figure 22 with (a) a-GST and (b) ¢-GST states. Simulated normalized
nearfield plots of asymmetric (¢) a-GST and (d) ¢-GST F-P cavity of Tgst = 50 nm
sandwiched between two SiO; layers with thicknesses T¢, = 450 nm and Ty, = 10 nm
without the a-Si MS. Solid lines show the extent of all materials. The example planes
of interference observations are marked with dashed lines. All plots are for plane-
wave normal incidence at A = 1550 nm. The large difference between the field
enhancements in (a) and (b) is due to the constructive and destructive interference
between the incident and reflected beams at ~200 nm above the top SiO: layer as seen
in (¢) and (d) for the a-GST and c-GST case, respectively.
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4.2.2  Results and Discussion on the Numerical Design

Figure 25(a) further demonstrates the role of GST crystallinity level (L) by showing
the linear reflection responses of the structure in Figure 22 for different values of L. It is
clear that the changes in the index of refraction and the loss due to varying L have a
profound effect on the reflectance amplitude and its rate of variation with wavelength. The
resonances near 1550 nm are gradually red-shifted with increased L due to the refractive
index increase before vanishing (and becoming off-resonance) at L = 80%. In addition, the
increase in the optical loss of GST by increasing L affects the sharpness of the reflection
dips. Note that the overall linear reflection response is the result of the interference pattern
at the a-Si layer and the resonance lineshape in Figure 23(a). Thus, the overall linear
reflection response is not just a simple function of the refractive index and the optical loss
of GST. This explains why the reflectance of the structure with L = 100% in Fig. 4(a) is
larger than that for the structure with L = 80%. Figure 25(b) shows the THG efficiency of
the structure in Figure 22 at different values of L in terms of the vertical component of the
reflected THG power flow at 3.2 GW/cm? pump intensity calculated by the formalism in
Ref. [101]. Figure 22(b) shows multi-level switching with an ultra-large modulation depth
of ~ 70 dB around Ar = 1550 nm, which is a solid result of the large tunability of the
refractive index of GST over multiple states. It can be observed from Figure 22(b) that the
structures with larger L provide the red-shifting of the TH signal while exhibiting some
smoothening of the THG peak due to the added optical loss. This functionality vanishes at
larger values of L (e.g., L > 80%) as such structures become off-resonance with a

considerable optical loss.
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Figure 25 — Simulated (a) linear reflectance spectra and (b) vertical-component THG
efficiency plots for fundamental C-band for the 6 GST crystallinity percentages (L).
THG efficiencies of this device are calculated in comparison to the simulation result
in Ref. [101].

The key advantages of the structure in Figure 22 are: 1) a potentially tunable THG
source with a reasonably large tuning bandwidth (e.g., 5 nm for the pump wavelength, see
Figure 25(b)); 2) a potentially large switching extinction ratio (e.g., 70 dB, see Figure 25
(b)); 3) a highly miniaturized integrated structure (see Figure 22) with full CMOS
fabrication compatibility. The loss of GST can be addressed by using alternative PCMs.
The structure in Figure 22 with GST can contribute to more efficient THG responses than
that of the a-Si MS in the longer infrared wavelengths where its optical loss is minimal.
However, less lossy PCMs such as GSST have the potential for all-PCM MSs to realize

giant THG switching with the low-loss amorphous state forming the high-Q resonance.

4.3 Experimental Study of Tunable THG with a GST-Modulated a-Si MS

4.3.1 Fabrication and Characterizations of the Device

The as-grown samples on crystalline Si (c-Si) substrates for structure in Figure 22

were fabricated by consequent e-beam evaporation of Au, low-temperature (~ 100°C)
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plasma-enhanced chemical vapor deposition (PECVD) of SiO2, sputtering of GST, ALD
(~ 100°C) of 20-nm-thick SiO2 adhesive layer, PECVD (~ 100°C) of top SiO2 and a-Si,
and EBL patterning of the a-Si MS. The low-temperature depositions are for low-stress
and adhesive films as well as the prevention of GST phase transition. The a-Si deposition
is done by the Unaxis PECVD tool at the IEN. A flowchart of the fabrication process,
including hydrogen silsesquioxane (HSQ) e-beam resist development and inductively
coupled plasma (ICP) etching, for the as-grown samples is shown in Figure 26. The 20-
nm-thick ALD SiOz layer also covers the edge of the GST layer to protect GST from being
eroded by resist development solution. The details of resist development and etching for a-
Si MSs are in Section 6.2.2. The left-over HSQ on the a-Si meta-atoms is not removed at
the end for both simplicity and impedance matching of the top HSQ/a-Si and bottom a-
Si/Si102 interfaces at the MS. This is according to the fact that the chemical compositions
of them are very similar, therefore low-index and lossless characteristics of HSQ is very
similar to SiO2. The coupling among the meta-atoms is mostly in the plane of the MS,
therefore, is not affected by the left-over HSQ. A top-view SEM image of a sample

showing a few unit cells of the MS is displayed in Figure 27. HSQ residuals are observable
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Figure 26 — Fabrication process for the as-grown structure in Figure 22, in which e-
beam evaporations, PECVDs, RF-sputtering, ALD, spin coating of the e-beam resist,
EBL and resist development, and ICP etching were conducted.
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Figure 27 — A top-view SEM image of a few unit cells of an a-Si MS in a sample for
the structure in Figure 22.

at the edges of the a-Si nanoparticles in Figure 27. For the nano-bars, the residuals tend to
be more obvious near the vertices. This can be due to the deformation of HSQ residuals,

which can worsen fabrication imperfection.

Linear reflectance spectra were measured to identify the resonance wavelengths of
the samples that are susceptible to fabrication imperfections and select the one with the
highest quality for THG characterization. The reflectance spectra were normalized with the
reflected power of a thick Au sample, due to that control areas of simply 100 nm-thick Au
on the substrate for the sample in Figure 27 are difficult to justify. The THG
characterization setup is the same as that in Figure 10 of Section 2.4. THG-excitation power
dependence was not measured due to that the structure in Figure 22 has a higher expected

damage threshold than that in Figure 15(a) of Section 3.2.2. The expectation is based on
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that dielectric and plasmonic MSs are incorporated in the structures in Figure 22 and Figure

15(a), respectively.

4.3.2 Results and Discussion

Resonance of the sample in Figure 27 exhibits substantial red-shift probably due to
fabrication imperfections. Thus, we measured the NL emission spectra of the sample of
different GST crystallinities at visible wavelengths for the THG signal under an excitation
Ar = 1600 nm that is at the long wavelength end of the effective range of the OPO. Figure
28 shows the measured NL emission intensity spectra of the sample for the a-GST, semi-

c-GST, and c-GST states at a pump power comparable to that for Figure 4(d) in Section

-10
X
3 1 0 T T T T T T
—a-GST
25} semi-c-GST
' —c-GST
>$10'12 ‘ ‘ |
—a-GST
= 2 I semi-c- 7
3. 57 —c-GST esT
8 3.
Z 1.5¢ s |
= [}
= 2l
[ | IS |
g |
=
ik
051 | | | | | | ‘ |
532 533 534 535 536 537 538 539
_________ Wavelength (nm)
O r_ -
_0 5 L 1 | | i i ‘

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 28 — Measured reflected NL emission intensity spectra, at the visible
wavelengths, of the structure in Figure 22 for the a-GST, semi-c-GST, and c-GST
states at a pump wavelength of 1600 nm.
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2.3. The NL emission intensity in Figure 28 divided by the a.u. approximately represents
corresponding emission efficiency. The NL emission peaks are located at or close to the
Ath as expected. It can also be seen from Figure 28 that the a-GST state device exhibits the
highest THG efficiency among the three considered crystallinity states. THG efficiency at
the a-GST state is higher than that of Figure 4(d) (4.52 x 10°'!). The three-level switching
presents a large modulation depth of ~ 20 dB at the Aru. This modulation depth is much
smaller than that of ~ 70 dB by simulations possibly due to both fabrication imperfections
and limited collimation of the incident beam in the measurement. According to Figure 28,
the THG efficiency of the sample at the a-GST state is only a few times larger than that of
the semi-c-GST state, whereas the THG efficiency of the sample at the semi-c-GST state
is about a few tens of times larger than that of the c-GST state. This observation agrees
with the blue-half of the simulated spectra in Figure 25(b) that the THG efficiencies exhibit
smaller differences at more-a-GST states than at more-c-GST states for a certain Arshorter

than the resonance wavelength of the a-GST state device.

4.4 Conclusion and Outlook

We presented a miniaturized, integrated, CMOS-compatible, tunable THG switch
with extinction ratios of ~ 70 dB at the resonant band in theory and ~ 20 dB near the red-
shifted resonance by experiments. By taking advantage of the large multi-level variation
of the refractive index of GST, we demonstrated multilevel THG intensity modulation for
long NIR fundamental wavelengths. The design mitigates the effect of GST loss on the
THG MS with a hybrid structure that integrates a high-Q MS (formed using a-Si) and a
subwavelength GST layer at a sufficiently large distance without increasing the device size

considerably. Similar to Section 3.2.5, this structure can be combined with compact
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microheaters using transparent conductive oxides (e.g., ITO) or robust metals (e.g., W) to
form a novel ps-scale switching platform for electrically tunable chip-scale NL optical

devices.

This study also shows the high potential of PCM-based devices for realization of
NL photonic switches and paves the way for more sophisticated designs for higher
modulation depths. For example, the dielectric EIT MS requires precise coupling between
the bright-mode and dark-mode resonators, which makes the design highly sensitive to
material index variations and geometry errors. This is equivalent to low fabrication
tolerance and advocates incorporating dielectric MSs of higher fabrication tolerance.
Moreover, low-optical-loss PCMs (e.g., Sb2S3 and Sb2Ses) can be potentially hybridized
with high-Q NL dielectric MSs at a smaller distance without substantial effect on the
resonant nearfield enhancement in the MSs at the ON state of the switching. These PCMs
are also promising for NL all-PCM MSs at the NIR fundamental wavelengths where there
is no optical loss, which can simplify the design of ON/OFF switching of NL harmonic

generation as the structure in Ref. [88] using GSST at the MIR fundamental wavelengths.
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CHAPTERSS. NUMERICAL STUDY OF RECONFIGURABLE

LINEAR AND NL FOCUSING SB:S; METASURFACES

This chapter presents a numerical demonstration of an all-Sb2Ss linear and THG
MS, that exchanges foci of the MS at amorphous Sb2S3 (a-Sb2S3) and crystalline Sb2Ss (c-
Sb2S3) states for FH and TH. The demonstration is practical towards NL imaging and
microscopic applications. The content of this chapter is assembled from Ref. [187]

published by the author.

5.1 Brief Introduction to NL All-Dielectric Metalenses

All-dielectric metalenses have been widely investigated as a promising candidate
to replace ubiquitous bulky curved lenses. So far, most demonstrations of metalenses have
relied on linear materials since NL materials significantly restrict the overall performance
of metalenses [188]. However, to our interest, NL metalenses provide a future platform for
applications in NL information processing, all-optical higher-order Fourier
transformations, short laser pulse diagnostics, efc. [16]. More importantly, metalenses
conveying information at both linear and NL frequencies could potentially reveal more
information about the imaging object. Due to significant material dispersion of constituent
high-index material (such as semiconductors), NL signal generation confocal with the

linear signal is challenging.

Low-loss phase-change chalcogenide Sb2Ss has shown high-contrast optical
constants in the switchable a-Sb2Ss and c-Sb2S3 states and intrinsic large third-order

nonlinearities [41, 42], potentially enabling material platforms for efficient tunable-foci
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metalenses that enable co-focusing of FH and TH signals. The following section describes

the design idea to approach this objective.
5.2 Design of the NL All-Sb2S3 Metalens

For the sake of simplicity, a reconfigurable all-dielectric NL MS with wavefront
shaping in one of the dimensions and single-element periodicity in the other dimension is
designed. MS wavefront is shaped by arrays of eleven Sb2S3 nano-ellipsoids as depicted in
Figure 29(a). The nano-ellipsoids are sitting on a SiO2 substrate with square lattice period
and height of 400 nm, with both semi-axial lengths in the range of 100 nm to 160 nm,
which are set to exhibit resonance behaviors at 950-nm incidence for both crystallinity
states of Sb2S3. Optical constants of a-Sb2S3/c-Sb2S3 are adopted from Ref. [41] with quasi-
linear extrapolations at short wavelengths following the dispersion characteristics towards

shorter wavelengths from real-part refractive index peaks of the two states, respectively.

The aim is to utilize unique dispersion relationship between a-Sb2S3 and c- SbaS3

as shown in Figure 29(b) for the device works at the Ar of 950 nm, where the refractive
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Figure 29 — (a) Schematic of the designed linear and NL tunable-foci MS. (b) Real
(solid curves) and imaginary (dashed curves) parts of the refractive indices of a-Sb2S3
and c-Sb:S;3 extrapolated from data in Ref. [41].
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index of a-Sb2S3 (na-sb2s3) at Ar is close to that of c-Sb2S3 (ne-sb2s3) at Arn whereas ne-sb2ss
at Aris close to na-sh2s3 at Atu. Circles with SbaSs state-correspondent color enclose the
respective real-part index values in Figure 29(b). The principle of phase delay should bring
foci of THG signal from the MS of one crystallinity state and the transmitted fundamental

signal of the other crystallinity state closer.

5.3 Simulation Results and Discussion

A plane wave polarized in wavefront-shaping orientation is normal-incident on the
MS in the simulations. The third-order NL optical coefficient of c-Sb2S3 is evaluated to be
approximately 7 times that of a-Sb2S3 at 950 nm, with values comparable to the a-Si used

in Ref. [101], according to the empirical Miller’s rule [90].

Figure 30 shows the middle-incident-plane plots of the focusing nearfield of FH
and TH induced by MS the a-Sb2S3 and c-Sb2S3 states, with scaling of length in the
orientation normal to the MS. Figure 30(a) and Figure 30(b) are plotted for the FH in
normalized nearfields and the TH in an a.u. at the a-Sb2Ss state, respectively. Figure 30(c)
and Figure 30(d) are corresponding plots at the c-SbaS3 state. Dashed ellipses mark the
regions that exhibit focusing behaviors of the four conditions. Zeroth order THG signals
are evidently identified to focus in the marked, although immersed in high-order diffraction
signals. Figure 30(a) and Figure 30(d) show close transmission focusing regions of ~ 8 pm
from the air/SiO2 interface for the FH at the a-Sb2S3 state and the zeroth order THG signal
at the c-SbaSs state, respectively, whereas Figure 30(b) and Figure 30(c) show close
transmission focusing regions of ~ 5 um from the air/SiO: interface for the FH at the c-

Sb2S3 state and the zeroth order TH at the a-Sb2Ss state, respectively.
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Figure 30 — Simulated middle-incident-plane nearfields for the MS of (a) a-Sb,S3 state
@ =950 nm and (b) a-Sb>S; state @ Atu = 317 nm, in normalized fields and a.u.,
respectively; (c) c-Sb2S; state @ Ar= 950 nm and (d) c-Sb2S; state @ Aty =317 nm, in
normalized fields and a.u., respectively, with length scale in the orientation normal to
the MS and dashed ellipses enclosing regions of focus marked.

Above all, the double-frequency foci-reconfiguration is realized with the strong and
unique refractive index reconfigurability between amorphous and crystalline states of low-
loss PCM Sb2S3 in this study. The results can inspire the field of frequency-based

microscopic image processing with reconfigurable NL metalenses.
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CHAPTER 6. QUASI-BIC FOR BIDIRECTIONAL BREAKING-

SYMMETRY NL METASURFACES

This chapter summarizes the numerical design and experimental demonstration of
ultra-high Q factors and reconfigurable efficient THG with bidirectional symmetry-broken
a-Si MSs, respectively. The symmetry-breaking tactic is based on the formation of
quasibound states in the continuum. The theoretical linear Qs are up to the order of 10°,
considering fabrication feasibility. The experimental demonstration shows the optical Kerr
effect in THG, having potential for applications such as all-optical modulation and
computing at NL harmonics. The content of this chapter is extended from Ref. [189]

published by the author.

6.1 Introduction to BIC-based NL MSs

Highly efficient TH frequency conversion processes are typically realized by
phase-matching techniques featuring precise material dispersion engineering in
conventional bulk structures [190, 191]. It is known that subwavelength-scale structures
can exhibit extraordinary optical properties that macroscopic material structures do not
possess. Among ordered subwavelength-scale artificial structures, MSs have advantages
over their 3D counterpart (MMs): lower optical losses and easier fabrication. Lower optical
losses could improve spectral modulation depth and the reduced dimension of MSs can
lead to faster optical switching [184, 192]. Moreover, resonant MSs have experimentally
demonstrated sensible THG conversion efficiencies [26, 101, 193] without the need for

phase matching.
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Non-radiating sources of energy have been conventionally studied in quantum
mechanics and astrophysics but recently explored in nanophotonics for localizing high-
intensity electromagnetic fields within small volumes of matter [20], expected to provide
stronger field localization than most radiating sources that dissipate a substantial portion
of energy to the surrounding. Traditionally, non-radiating sources did not attract much
attention from the photonics community because it was believed that such states forbid
energy from propagating away from the source [20]. Recently, research interest in non-
radiating electromagnetic states at optical wavelengths has been boosted by many studies
on light propagation and interactions with all-dielectric resonant nanoparticle systems
supporting multipolar Mie-type resonances [20, 194], including high-refractive-index
dielectric MMs [195-197]. These structures can exhibit subwavelength confinement
properties similar to plasmonic MSs [20], but with electromagnetic field enhancement deep
within the resonators, instead of only exhibiting equivalently large field enhancement at
the surface as lossy metal. This makes high-index dielectric MSs supporting non-radiating
states favorable for high-order harmonic generation. High-odd-order NL optical
susceptibilities of centrosymmetric high-index materials can be estimated by the relation
¥ () < ¢V (nw) - (P (o))", where o is the fundamental angular frequency, and ™ is
the nth-order optical susceptibility of the material [198]. Besides these characteristics,
relatively high thermal damage thresholds and low optical loss of dielectric materials, with
weak absorption of the pump power, also facilitate the studies of high-index dielectric MSs

for high-order harmonic generation.

Non-radiating photonic BIC states have been widely discussed in the last decade.

Optical BIC modes are currently classified as the symmetry-protected BIC [199],
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accidental BIC [200, 201] (also called Friedrich-Wintgen BIC), and Fabry-Perot BIC [202,
203]). The symmetry-protected BIC is defined as BIC in which no outgoing wave exists
for modes of a particular symmetry. Accidental BIC is defined as the outcome of radiation
suppression for all incident angles and polarizations. Fabry-Perot BIC simultaneously
exhibits Fano and Fabry-Perot resonances [204]. Real BIC modes are dark modes [204,
205] with infinite Q factors [26], therefore, the far field spectral characteristic of high-Q
resonances can be potentially excited in terms of quasi-BIC and nearly BIC modes [204].
High-Q resonances can arise from quasi-BIC modes by distorting symmetry-protected BIC
[21] to realize minimized but perceptible interaction with the continuum [26]. The
demonstrations of symmetric distortions on meta-atoms to form quasi-BIC [26, 206], to
the best of our knowledge, have lower geometric sensitivity and tolerance, compared to
asymmetrically distorted meta-molecules [21]. Symmetry-breaking dielectric MSs with
quasi-BIC modes generally exhibit magnetic-dipole Fano resonances under normal
excitations [21, 207, 208]. Lower degree of symmetry breaking generally corresponds to

higher Q factors that are typically restricted by the geometric resolution and error of EBL.

Si is the most promising material for efficient THG and generation of higher-order
odd harmonics [102] using BIC MSs fabricated with mature techniques. There are
demonstrations of symmetric c-Si quasi-BIC MSs. Liu et al. designed MSs of symmetric
cut-corner meta-atoms 500 nm in height to achieve an ultra-high Q factor of ~ 2 x 10* and
an unprecedented THG conversion efficiency of 1.4 x 10" [W2], as mentioned in Section
4.1 [26]. Fang et al. studied MSs of symmetric cut-edge meta-atoms (measuring 230 nm in
height) with a high Q factor of ~ 3500 and THG efficiency was calculated to be enhanced

368 times compared to the flat Si film [206]. A-Si quasi-BIC NL MSs are more commonly

78



discussed than c-Si ones. Yang et al. observed an increase of up to 5 x 107 in THG from
an a-Si BIC MS of nanopillars coupled to a gold reflector, compared to the unpatterned
film, and a record high THG efficiency of 1.8 x 107 at a relatively low peak pump intensity
of 0.4 GW/cm?, as mentioned in Section 4.1 [185]. Their quasi-BIC mode is formed by
critical coupling between the MS and the reflector [185]. Bar-David ef al. experimented
with a 280-nm thick MS of asymmetric a-Si meta-atoms to manipulate SH light and control
its diffraction patterns [97]. Gandolfi et al. numerically demonstrated near-unity third-
harmonic circular dichroism with 575-nm thick MSs composed of parallel block pair arrays
that have the broken pair symmetry in terms of block length [209]. Sinev ef al. observed
ultrafast TH resonance blue-shift and broadening due to laser-driven generation of free
carriers and multiphoton absorption which change the material refractive index on time
scales less than the pulse duration in MSs featuring quasi-BIC [208]. The structure is
composed of 500-nm thick parallel block pair arrays that the pair symmetry was broken in
block widths. These MS thicknesses were designed to fit the BIC resonance wavelengths

to the NIR.

6.2 Theoretical Ultrahigh-Q a-Si MSs that Experimentally Reconfigure THG

6.2.1 Introduction to Optical Kerr Effect in NL MSs

The optical Kerr effect is caused by the multiplication of NL refractive indices (72)
of materials and the local optical intensity. Yang et al. found a THG resonance red shift of
2.6 nm during a peak pump intensity (Ipp) increment from 0.8 GW/cm? to 1.6 GW/cm?,
with the poly-Si MS exhibiting Fano resonance due to EIT [101]. The impressive Kerr

effect on THG stems from the large simulated maximum nearfield enhancement of ~ 50 in
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the dark-mode nano-resonator, joint with a high n2 of Si ~ 2.7x107'® m?> /W [149] in the
NIR wavelength range. However, as discussed in Section 4.4, the resonance strength is
highly dependent on the coupling between the sensitive bright-mode and dark-mode nano-
resonators, which is not robust to nano-resonator geometry and refractive indices of the

surroundings to the MS.

It is in our interest to explore symmetry-breaking methods, which aim at larger
nearfield enhancement at higher Q factors in fabricatable BIC-based Si MSs that are
flexible to geometric errors and the surrounding environment, can be a potential approach
to realize more efficient subwavelength-scale THG and robust optical-Kerr-based
switching of THG. In this study, we demonstrate a-Si MSs featuring quasi-BIC with both
co-polarized and cross-polarized symmetry breaking from parallel block pairs for efficient
THG. Compared with the studies that only break symmetry in width [208] or length [209]
of the nano-blocks, we expect much larger theoretical resonant nearfield enhancement / Q
factors, given a same feature resolution considering fabrication reality. Although the
experimental Qs of the bidirectional symmetry-broken MSs are limited by fabrication
imperfections and characterization constraints, we observe a substantial optical Kerr effect

through efficient THG responses at Ipp~ 1.33 GW/cm? and Ipp ~ 3.34 GW/cm?.

6.2.2 Design and Fabrication of the a-Si MSs

The a-Si MS is composed of unit cell arrays of two identical nano-blocks with two
mirror-symmetric corners cut in each nano-block, which are placed on a SiOz substrate as
shown in Figure 31(a). The square lattice period of unit cell p is 740 nm and the respective

corners of adjacent parallel nano-blocks are p/2 distant as shown in Figure 31(a). The
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height of the nano-blocks is set to 300 nm and the width of the nano-blocks W is set in the
range of 220 nm to 230 nm in the simulation, to fit the linear resonance to 1200—-1400 nm
and compare with experimental results. The length of the nano-blocks is 2/ as shown in
Figure 31(a). The cut-corners break the spatial symmetry of the two nano-blocks. A unitless
asymmetric factor o =2AL / L, where L and L —2AL are the widths of the two nano-blocks,
was introduced in a theoretical modeling [25] to denote the degree of symmetry breaking
in one-dimensional (1D) widths of the two nano-blocks. The breaking of symmetry is
applied in the study by shortening each end of one of the nano-blocks in the unit cell by
AL in width. It was concluded in the study that the radiative Q of the 1D-symmetry-
breaking MS is proportional to o> under normal excitation polarized along the non-
symmetry-breaking long axes of the nano-blocks [25]. A higher Q factor in the quasi-BIC
structure means a larger resonant nearfield enhancement in the meta-molecules. We devise
the evolved structure that breaks the symmetry in both co-polarized and cross-polarized
directions with the dimensions of the cut-corners. The MS is designed with a minimum
geometric feature difference, defined as the minimum differences in corresponding
dimensions between the two blocks, of 10 nm, considering fabrication feasibility. The cut
corners on the left and right nano-block are squares and rectangles, respectively, but their
perimeters are identically 360 nm. The width d of cut-corners in the right nano-block is set
to 80 nm, 70 nm, or 60 nm in simulations, which makes the parallel cut-corner nano-blocks
very similar in planar size with a minimum area difference of 200 nm?. These cut corners
are designed to not affect the field confinement, by making them much smaller than the
nano-bar. Figure 31(b) shows a control structure unit cell that is evolved, similar to cut

corners from the nano-blocks of W =220 nm before corners being cut in Figure 31(a), but
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Figure 31 — (a) Unit cell schematic of the normal-reflection-mode MS that comprises
two identical nano-blocks with two mirror-symmetric corners cut in each nano-block
on a SiO; substrate. Critical dimensions are marked as denotations. The square lattice
period of unit cell p is 740 nm and the respective corners of adjacent parallel nano-
blocks are p/2 distant. The height of the nano-blocks is 300 nm, and the width of the
nano-blocks W is in the range of 220 nm to 230 nm to fit the linear resonance to 1200-
1400 nm. The length of the nano-blocks is 2. The perimeter of all cut corners is 360
nm and those from the left nano-block are squares. The width d of cut-corners in the
right nano-block is 80 nm, 70 nm, or 60 nm, which makes the parallel cut-corner
nano-blocks very similar in planar size with a minimum area difference of 200 nm?,
(b) A control structure unit cell also evolved from the identical nano-blocks of W =
220 nm as in (a), but the width of its right nano-block is 210 nm, resulting in a planar
area difference between the symmetry-breaking nano-blocks of 4400 nm?. The square
lattice period of unit cell p is 740 nm and the respective corners of the parallel nano-
blocks are p/2 distant, same as in (a).

the width of its right nano-block is 210 nm, which is similar to the structure in an
aforementioned study [208]. These structures are used to determine the better symmetry-
breaking tactic for optimizing THG output intensity by comparing their numerical linear
response. If the planar area of the right meta-atom is A, then the planar area difference
between the two meta-atoms A4 in Figure 31(b) is 4400 nm?, which is much larger than

that of 200 nm? given by Figure 31(a), given the minimum feature difference of 10 nm.
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Therefore, the structure in Figure 31(a) is expected to exhibit a higher Q factor and

nearfield enhancement than the structure in Figure 31(b) at the BIC resonance.

For the sake of simplicity, we simulate the resonant linear nearfield responses
considering only normal excitation of the MS polarized along the long axes of the nano-
blocks. The a-Si refractive indices used in the simulations are calculated from ellipsometry
data of the samples we deposited in a study of linear MSs [59]. The mesh element sizes are
set to be no larger than 1/10 of the wavelengths of incidence in media to ensure accuracy.
All planar corners of the MS geometry are rounded with a fillet of 20 nm in radius, to
reduce computational singularity in the simulations. Samples for the structure in Figure
31(a) with w = 80 nm, i.e., the smallest planar area difference of 200 nm? between the cut-
corner nano-blocks, are fabricated. The fabrication starts with PECVD (~ 100°C) of a-Si
for a 300-nm-thick low-stress film. The a-Si deposition is done by the Unaxis PECVD as
in Section 4.3.1. The a-Si MS is fabricated by EBL patterning and ICP etching of the a-Si
film. XR-1541-006 negative-tone e-beam resist, i.e., a solution of 6% HSQ, is used. The
spin coated and e-beam exposed resist is developed with a solution of 25%
tetramethylammonium hydroxide (TMAH) at ~ 40°C. The etching process is conducted
using chlorine (Cl2) in the Plasma Therm ICP tool at IEN. The left-over HSQ on the a-Si
cut-corner nano-blocks is not removed at the end for both simplicity and impedance
matching of the top HSQ/a-Si and bottom a-Si/Si02 interfaces at the MSs, as described in
Section 4.3.1. Figure 32 shows a flowchart of the fabrication process. Figure 33 presents
top-view scanning SEM images of a unit cell of the fabricated structure in Figure 31(a)
with W =220 nm (left, Sample 1) and W = 230 nm (right, Sample 2). The cut-corner sizes

in the two images are expected to match as the variation of W is controlled by adjusting the
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Figure 32 — Fabrication process for the a-Si MS samples with left-over HSQ, in which
low-temperature PECVD of a-Si, EBL of spin coated HSQ, and ICP etching with Cl,
were conducted.
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Figure 33 — Top-view SEM images of a unit cell of the fabricated structure in Figure
31(a) with W =220 nm (left, Sample 1) and W = 230 nm (right, Sample 2), with the
scaling measure marked. The left/right image shows the square-corner-cut nano-
block on the right/left.

exposure dose to a fixed computer-aided design pattern of W = 220 nm during EBL. The
left/right image shows the square-corner-cut nano-block on the right/left. Both SEM
images have a scaling measure of 400 nm. There is an enclosed contour clearly in contrast
to other parts for each cut-corner nano-block in the images, possibly due to the non-uniform

thickness of the left-over HSQ after development and etching.

6.2.3 Results and Discussion

Figure 34(a) and Figure 34(b) show the simulated plots of the normalized nearfields
at middle-plane intersections of all axes based on each pre-symmetry-breaking nano-block,

due to incidence at the quasi-BIC resonances ~ 1217.24 nm and ~ 1248.8 nm for the base

84



structure in Figure 31(a) (W = 220 nm, d = 80 nm) and the structure in Figure 31(b),
respectively. The nearfield enhancement in Figure 34(a) is much larger than Figure 34(b),
as expected, indicating a larger resonant THG efficiency for the base structure in Figure
31(a) than the structure in Figure 31(b), in theory. The nearfield enhancement in Figure
34(a) is almost the largest in reported structures that have the potential to be achieved with
adequate fabrication precision. The relation of a higher nearfield enhancement to a higher
Q factor is as anticipated by comparing the nearfield enhancements in Figure 34(a) and
Figure 34(b) to the linear Q factors marked in Figure 34(c) and Figure 34(d) showing the
simulated reflectance spectra in the vicinity of Figure 34(a) and Figure 34(b), respectively.
All reflectance Qs in this work are defined as the ratio of the resonance (or dip) frequency
to the FWHM of the dip in the reflectance spectrum. The half-maximum level of a
simulated reflectance dip is approximated by averaging the dip reflectance and the highest
reflectance in the vicinity of the dip. The dip in Figure 34(c) is shallower than that in Figure
34(d), which is possibly attributed to more mode leakage in Figure 34(a) that can be
contributed through the cut corners, compared to Figure 34(b). In addition, it can be
observed that the resonance mode in Figure 34(a) has relatively higher field enhancement
in a-Si than that of Figure 34(b), which further enhances potential for the Figure 31(a)
structure in efficient THG, given the geometry scale. The Fano parameter [19]
characterizes the degree and orientation that a Fano line shape deviates from Lorentzian.
The obviously different modes in Figure 34(a) and Figure 34(b) can be the main origin for
different signs of the Fano parameter clearly speculated from the nearly mirror-symmetric

Fano line shapes in Figure 34(c) and Figure 34(d).
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Figure 34 — Simulated plots of the normalized nearfields at middle-plane
interceptions to all axes based on each pre-symmetry-breaking nano-block, due to
incidence at the quasi-BIC resonances (a) ~ 1217.24 nm for the structure in Figure
31(a) with W = 220 nm and d = 80 nm; (b) ~ 1248.8 nm for the structure in Figure
31(b). Simulated reflectance spectra (¢) and (d) marked with Q factors in the vicinity
of (a) and (b). The reflectance Qs are defined as the ratio of the dip frequency to the
FWHM of the dip in the reflectance spectrum. The half-maximum level of a
reflectance dip is approximated by averaging the dip reflectance and the highest
reflectance in the vicinity of the dip.

In order to compare the resonant nearfield profiles and Q factors under different
AAs in the symmetry-breaking cut-corner nano-blocks, without changing A4 and the
electromagnetic mode, we also simulate for the structure in Figure 31(a) with design
parameter combinations of W/d =220 nm /70 nm and W/d =220 nm / 60 nm. Figure 35(a),
Figure 35(b), and Figure 35(c) show the simulated cross-planar plots of the normalized

nearfields for incidence at the quasi-BIC resonances ~ 1217.24 nm, for the base structure
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of W/d =220 nm / 80 nm (simplified from Figure 34(a)), ~ 1217.9 nm for the structure in
Figure 31(a) with W/d =220 nm /70 nm, and ~ 1219.4 nm for the structure in Figure 31(a)
with W/d =220 nm / 60 nm, respectively. The slight redshift of the resonance wavelength
is due to a very small size increase in the right cut-corner nano-block from Figure 35(a) to
Figure 35(c). It is observable that the maximum nearfield enhancement in Figure 35(b) is
only ~ 1/4 of that in Figure 35(a), and about twice that in Figure 35(c). The reflectance Qs
for Figure 35(b) and Figure 35(c) are ~ 1.42x10* under A4 = 800 nm?, and ~ 2.97x10°
under A4 = 1800 nm?, respectively. Let the maximum nearfield enhancement be M and
note the reflectance Q for Figure 35(a) is 1.90x10° under A4 = 200 nm?, the results
approximately follow Q oc M2 « A4 given the same structure geometry before breaking

symmetry. This strongly matches existing theory [25] and consolidates our design strategy.

In addition to comparison with experimental results, since Figure 34(c) and Figure
34(d) show possible effect of mode leakage by the cut-corners in nano-blocks, the structure

in Figure 31(a) is simulated for design parameter combinations of W/d =225 nm / 80 nm
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Figure 35 — Simulated cross-planar plots of the normalized nearfields for incidence
at the quasi-BIC resonances (a) ~ 1217.24 nm (simplified from Figure 34(a) of W/d =
220 nm / 80 nm), (b) ~1217.9 nm for the structure in Figure 31(a) with W/d = 220 nm
/70 nm, and (c) ~ 1219.4 nm for the structure in Figure 31(a) with W/d =220 nm / 60
nm.
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and W/d =230 nm / 80 nm, to compare with the base structure of W/d =220 nm / 80 nm
by varying 4 without changing the sizes of the cut corners. Figure 36(a), Figure 36(b), and
Figure 36(c) show the simulated reflectance spectra in the vicinity of the quasi-BIC
resonance and inset middle intercept planar plots of the normalized nearfields for incidence
at the resonances ~ 1217.24 nm for the base structure of W/d =220 nm / 80 nm, ~ 1230.16
nm for the structure in Figure 31(a) with W/d = 225 nm / 80 nm, ~ 1242.24 nm for the
structure in Figure 31(a) with W/d =230 nm / 80 nm, respectively. The reflectance Qs are
marked in the plots and planar contours of the cut-corner nano-blocks are marked by solid
lines. The resonance wavelength in Figure 36(b) is approximately the average of those of
Figure 36(a) and Figure 36(c), which is natural as the increment in 4 from Figure 36(a) to
Figure 36(b) is approximately that from Figure 36(b) to Figure 36(c). It is clear that the cut
corners occupy substantial amount of resonance mode localization. The reflectance dip that

gradually deepens from Figure 36(a) to Figure 36(c) can be interpreted as decreased mode
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Figure 36 — Simulated reflectance spectra in the range of the quasi-BIC resonance
and inset middle intercept planar plots of the normalized nearfields for incidence at
the resonances (a) ~ 1217.24 nm for the base structure of W/d =220 nm / 80 nm, (b) ~
1230.16 nm for the structure in Figure 31(a) with W/d =225 nm / 80 nm, (c) ~ 1242.24
nm for the structure in Figure 31(a) with W/d = 230 nm / 80 nm. The reflectance Qs
are marked in the plots and planar contours of the cut-corner nano-blocks are
marked by solid lines. The reflectance Qs are defined as the ratio of the dip frequency
to the FWHM of the dip in the reflectance spectrum. The half-maximum level of a
reflectance dip is approximated by averaging the dip reflectance and the highest
reflectance in the vicinity of the dip.
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leakage as d/W decreases. Meanwhile, the nearfield enhancement exhibits slight
increments from Figure 36(a) to Figure 36(c), which can be due to slightly more localized
mode at a very small decrease in d/W as well as the slight decrease in the degree of
symmetry breaking AA/A. The Q factor increases accordingly with the nearfield
enhancement, however, the increment from Figure 36(a) to Figure 36(b) is tens of times
larger than that from Figure 36(b) to Figure 36(c). This can be largely due to our FWHM-
based Q-factor calculation method that involves the level of reflection dip, which decreases

a lot more from Figure 36(a) to Figure 36(b) than that from Figure 36(b) to Figure 36(c).

Figure 37(a) / Figure 37(b) present measured linear reflectance spectrum (dashed)
joint with THG efficiency spectra in an a.u. at Ipps of ~ 1.33 GW/cm? and ~ 3.34 GW/cm?,
for Sample 1 / Sample 2. The linear spectra exhibit Q factors of ~ 300, according to half-
maximum levels of the measured linear reflectance dips approximated by averaging the
dip reflectance and the highest reflectance in the blue region of the dip. The approximation
is aligned with the line shape. The Q factors are very small compared to those in theory,
and the reflectance dips are much shallower than those simulated. These are due to
fabrication imperfections, limited collimation of the incidence, and resolution of the
spectrometer in the measurement. The overall reflectance level of Sample 2 is slightly
higher than Sample 1, because of slightly more area covered with a-Si in Sample 2 than
Sample 1, which is clear in Figure 33. The maximum reflectance in Figure 37(b) is slightly
greater than unity. This is due to the uncollimated incidence that some light that is not
collected when measuring the reference might be scattered by the MS into the objective
lens when measuring the sample. Sample 1 has THG efficiency levels in the order of 107!

at the two pump intensities. Since the THG intensity I(3w) < I(w)® regardless of NL
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absorption, the THG efficiency 1(3w)/I(w) « I(w)* under the assumption. The ratios of
resonant THG efficiencies between the lower peak pump intensity Ipp. = 1.33 GW/cm? and
the higher peak pump intensity Irpn = 3.34 GW/cm? are both ~ 5.5 in Figure 37(a) and
Figure 37(b), which is slightly smaller than (Ippr/Ippr)>. This should be mainly due to
increasing NL absorptivity at the higher pump intensity in the lower saturation regime.
There are exhibited THG resonance redshifts in Figure 37(a) although the collected data
points are limited. In Figure 37(a), the THG efficiency at 404.7 nm is lower than that at
403.7 nm for Ipp= 1.33 GW/cm?, whereas the THG efficiency at 404.7 nm is higher than
that at 403.7 nm for Iep = 3.34 GW/cm?. In Figure 37(b), the THG efficiency at 421 nm
exhibits a substantially more relative increase from that at 420 nm for Irp = 3.34 GW/cm?
compared to Ipp= 1.33 GW/cm?. This is the first demonstration of BIC MSs featuring the
optical Kerr effect in THG to the best of our knowledge on reported structures. The
characteristics are most likely due to the concentrated large nearfield enhancement in a-Si

with high ¥ and 72 at the linear resonance. The level of THG efficiency in Figure 37(b) is
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Figure 37 — Measured right-y-axis-calibrated linear reflectance spectrum (dashed)
joint with THG efficiency spectra at peak pump intensities (Ipps) of ~ 1.33 GW/cm?
and ~ 3.34 GW/cm?, for (a) Sample 1 and (b) Sample 2.
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much lower than that of Figure 37(a), though the dimensions of Sample 2 should result in
slightly higher resonant nearfield enhancement than that of Sample 1. This could be caused
by increased visible light scattering loss at a rougher geometric resolution of Sample 2
patterned at a higher e-beam dose than Sample 1. The device performance can be improved
for further studies by optimizing the fabrication process under the current precision and

enhancing collimation of the optical paths in the characterization setups.

6.2.4 The Characterization Setups

Though the structure in Figure 31(a) exhibits some transmittance in the vicinity of
resonance, most incident power is reflected which is indicated in Figure 37(a) and Figure
37(b). Due to the momentum conservation of photons in high-order harmonic generation
[210], most THG power is also expected to be reflected. In addition, high collimation is
needed for the high-Q MS. Thus, the linear and THG characterization setups presented in

Figure 38 and Figure 39, respectively, are the same as those in Section 2.4. THG-excitation

M lens iris White light
B MG diffuser
Sample’C Ml M M
pinhole spectrometer
- n
camera lens

Figure 38 — The setup schematic for the linear reflectance measurement of the a-Si
BIC MS samples, where ‘M’ and ‘10x MO’ represent a mirror and the 10x
microscopic objective lens, respectively.
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Figure 39 — The setup schematic for the THG measurement of the a-Si BIC MS
samples, where ND, LPF, and SPF represent neutral density, long-pass filter, and
short-pass filter, respectively.

power dependences of the samples were not measured for the same reason as that in Section

4.3.1.

6.2.5 Conclusion and Outlook

We demonstrate a bidirectional symmetry-breaking a-Si MS for efficient THG
conversion based on a novel and robust quasi-BIC scheme. Our presented design
outperforms most state-of-the-art demonstrations in terms of nearfield enhancement with
a more practically feasible structure, which is promising for high-efficiency
subwavelength-scale high-order harmonic generation. We observe the optical Kerr effect
by comparing the THG resonance from the MS at two different peak pump intensity levels.
This observation paves the way for structural modification of subwavelength-scale quasi-
BIC designs for all-optical switching of NL harmonic generation. This includes SHG
resorting to either the surface ¥ of centrosymmetric media [168, 169] or the bulk ¢® of

non-centrosymmetric media [211]. The quasi-BIC design could potentially be extended for
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other ¥ processes such as FWM [103, 212] and TPA [27, 66] due to highly intensified
optical field in the ¥*® medium, which provides a compact platform for possible mixtures

of the ¥® processes to realize multiple functions.
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CHAPTER 7. DL-BASED PREDICTION OF THG RESONANCE

FOR SI METASURFACES

This chapter presents an image-classification-targeted CNN prediction method on
binary-pixelated free-form Si MSs, with high accuracies of ~ 0.7 and ~ 0.8 for three classes
of THG resonance wavelength range and three classes of resonant THG output intensity
levels, respectively. This method expedites the design process of THG MSs by ultrafast
filtration of patterns for certain ranges of NIR resonant excitation wavelengths and high-
level THG output, which can be referenced in the design of NL MSs of other geometry,

materials, and processes.

7.1 Brief Introduction

Symmetry-breaking MSs have attracted extensive research attention due to the
potential of achieving high-Q resonances featuring quasi-BIC, especially for those based
on high-index lossless dielectric materials (e.g., Si). However, efficient THG output from
irregular-shape symmetry-breaking MSs has remained elusive, due to the near-infeasibility
of theoretical analysis and computation complexity of forward design with electromagnetic

simulation attempts.

The recent era has witnessed the application of Al and ML methods in
metaphotonics. Most studies leverage DL networks to inversely design nanostructures
[213] or discover underlying physics [125] that are in general associated with very-high
dimensional data. Precise DL predictions of NL harmonic generation from irregular-shape

MSs can be challenging. As described in the last paragraph of Section 1.3, this is due to
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that training data generated by NL optical simulations are more complex and prone to
larger errors than linear simulations. Labeling the training data of rough NL responses with
discrete classes can convert the prediction study to a classification problem. Random
binary-pixel-patterned Si MSs of fixed period and thickness are classified by two

representative THG resonance characteristics in this work.

7.2 Simulations and the CNN

The random MSs are composed of binary-pixelated Si nano-resonators on a SiO2
substrate, and work in a transmission mode at normal incidence of a plane wave from air,
as shown in Figure 40(a). The nano-resonators are designed to be contractible in shape for
the consideration of easy fabrication. The MSs have a thickness of 200 nm and are arranged
in a square lattice with a period of 1000 nm. The unit cell of this periodic structure has one
nano-resonator, and the binary-pixelated pattern is located within a 16-by-16 matrix with
a resolution of 50 nm. The resolution is selected considering a trade-off between pattern
complexity and fabrication feasibility. Our binary matrices tend to have comparable
numbers of ‘0’ and ‘1 digits according to the generation method, however, largely vary in
sequences. The contractible patterns are generated by compressing ‘0’s to the center of the
random binary matrices in the column and row directions (magnetic and electric field
directions of an incident plane wave in Figure 40(a)) sequentially, where a ‘0’ indicates
that there is 200-nm-thick Si in the corresponding square area of the side length of 50 nm.
Linear simulations of 15000 random binary MSs are first conducted. Most of these MSs
exhibit linear magnetic-dipole resonances in the wavelength range of 1450—1650 nm, so
that the Ar of THG resonance for each pattern is selected from this range. Since the intensity

of the TH source at a node in the THG simulation I(3m) < I(w)* « E(w)®, where I(») and
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E(w) are simulated local optical intensity and electric field amplitude at the FH,
respectively. Regardless of THG scattering and mode overlap with the FH, the Ar of THG
resonance for each MS is determined by a simple indicator of the maximum volume
integration of the sixth power of electric field amplitude over the nano-resonator. The Si
refractive indices used in the simulations are the same as those for Section 6.2.2. The %®
of Si is assumed to be uniform. The NL simulation result THG output intensity is
represented by the transmitted THG power flow component in the direction perpendicular

to the air/SiO; interface.

THG resonance wavelengths inferred from the linear simulations and output
intensities calculated from the NL simulations are classified into three groups each by range
and level, respectively. The ranges and levels are continuous segments to fit the groups
with comparable number of samples for classifications of resonance and output intensity,

respectively. With the given patterns and assigned classes, we train a CNN composed of 2

Figure 40 — (a) Example schematic of the unit cell of a square-lattice MS with a single
random binary-pixelated contractible Si nano-resonator on a SiO; substrate, which
works at plane-wave normal incidence from air and a transmission mode. (b) An
illustration of the CNN structure for predicting the THG response of the MS with a
unit cell as that in (a). The CNN is composed of 3 blocks of convolutional layers (each
one includes 2 convolutional layers with ReLU activation function and a maximum
pooling layer); a fully connected layer with 512 nodes; and fully connected layers with
256 nodes, 128 nodes, and 3 nodes (2 layers for each number of nodes in a layer).
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blocks of convolutional layers (each one includes two convolutional layers with rectified
linear unit (ReLU) activation functions and a maximum pooling layer), and 2 fully
connected layers with 100 and 50 nodes, respectively. An illustration of the CNN structure
for predicting the THG response of the MS with a unit cell as that in Figure 40(b). The
categorical cross-entropy loss function is minimized over the training set using the Adam
optimizer. From all the 15000 samples, we use 70% for training, 10% for validation, and
20% for testing the model, which can potentially predict THG resonance range and output

intensity level for the Si MS structure of given patterns.

7.3 Results and Discussion

The inferred fundamental wavelengths of THG resonance are labeled into classes
of 1450-1461.3, 1461.3—-1471.1, and 1471.1-1650 in nanometers. The wavelength
intervals gradually shrink along shorter wavelengths as the structures tend to exhibit THG
resonances closer to the Ar of 1450 nm. The simulated resonant THG output intensities are
labeled into classes of 1043-10"4, 10714-10"°, and 10°°-10'%3 in an a.u. The medium
level is narrower than the low and high levels in the exponential scaling range due to the
regular Mie-type resonance that most likely happens in these structures, which is more
common than resonance destruction and the formation of high-Q quasi-BIC. Though the
high-level TH output intensities that are most likely generated with high-Q quasi-BIC
occupy the broadest exponential range among the three levels, thus, are most sparsely
distributed, the broad range of high-level THG intensities indicates high potential for the
studied structures to exhibit high-intensity THG outputs. Prediction accuracies / confusion
matrices for the THG resonance wavelength and the resonant THG output intensity data

are shown in Figure 41(a) and Figure 41(b), respectively. Each value in the confusion
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matrix shows the proportion of the associated predicted label among the associated true
label. We have achieved prediction accuracies of ~ 0.7 for the THG resonance wavelengths
and ~ 0.8 for the resonant THG output intensities. Both accuracies are moderately high
considering that discriminating adjacent classes is challenging. The accuracy for the THG
intensity is slightly higher than that for THG resonance wavelength due to that there are
slightly more samples in the group of the medium THG level than those of the other two
levels, while the resonance wavelength labels are more balanced in distribution. The
classification of THG output intensity levels is slightly biased towards the medium level
of relatively more samples and most adjacent levels. The bias can possibly increase the
probability that the predicted intensity level matches the true intensity. As can be observed
in Figure 41(a) and Figure 41(b), Misclassifications occur more in the adjacent classes and
the error rate is considerably lower for non-adjacent classes. This also supports the fact that

discriminating adjacent classes in THG resonance wavelengths and intensities is more
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Figure 41 — Model prediction accuracies and confusion matrices for (a) the THG

resonance wavelength and (b) the resonant THG output intensity data of the binary-
pixelated MSs.
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challenging compared to non-adjacent classes, due to larger errors in NL electromagnetic
simulations compared to linear simulations overall. Therefore, the model can effectively
predict the major THG characteristics of resonance wavelength and intensity for the
random Si MS structures of pixelated contractible patterns in the unit cell, which facilitates
the selection from the easy-to-fabricate Si MSs of given period and thickness for highly

efficient output THG in specific wavelength ranges.

7.4 Conclusion and Outlook

We presented a CNN prediction method for THG resonance wavelengths and
output intensities of a type of binary-pixel-patterned Si MSs of periodic contractible nano-
resonators. The prediction accuracies for the THG resonance wavelengths and output
intensities are ~ 0.7 and ~ 0.8 by dividing the datasets into three classes, respectively. The
accuracies are moderately high that the effective classification method is promising for
predictions of Si THG MSs of other unit cell dimensions, THG MSs based on plasmonic
materials (e.g., Au and Ag) and/or other dielectric materials (e.g., Si3sN4 and TiO2), and
MSs for other NL processes (e.g., SHG and FWM). While design customization of the NL
MSs, including Kerr-type reconfigurable MSs, is time-consuming with conventional
theoretical analysis and electromagnetic modeling, this strategy can potentially accelerate

the process with expedited pattern filtration.
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CHAPTER 8. EPILOGUE

8.1 Brief Summary of Contributions

In conclusion, this dissertation has successfully demonstrated a hybrid platform for
wideband reconfigurable MMs. The platform is a collection of dynamic PCM-controlled

devices and passive Si structures.

The first part of the platform is based on PCMs GST and Sb2S3. A broadband-
tunable subwavelength-scale THG device at the NIR fundamental wavelengths ranging
over a 200 nm bandwidth with an asymmetric F-P cavity was numerically and
experimentally demonstrated for the first time, based on both extreme and intermediate
crystallinity states of the well-known PCM GST. It was extended to a numerical study of
the THG band tunability of GST to a gap-SPR hybridized structure with both enhanced
THG efficiency and an even wider tunability range. Intensity tunability of efficient SHG
has been experimentally demonstrated with the same structure under realistic material and
geometry considerations and compared with tunable SHG from a subwavelength-scale
asymmetric F-P GST cavity. A high-Q Si MS of resonant nearfield responses modulated
by a subwavelength F-P cavity incorporating GST has been designed, exhibiting large
extinction ratios on the THG intensity in numerical and experimental demonstrations. The
last study of dynamic PCM-controlled devices was a numerical demonstration of an all-
dielectric linear and THG MS based on the low-loss PCM Sb2Ss that interchanges foci of
the MS at a-Sb2S; and c-Sba2Ss states for the FH and TH, respectively. These
demonstrations of tunable frequency conversions are promising for applications such as

harmonic-generation-based microscopy, imaging, and optical communications.
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The second part of the platform is based on all-Si passive MSs. A type of novel
bidirectional symmetry-broken MSs was numerically designed to exhibit a quasi-BIC
resonance with Q ~ 10° for ultra-large field enhancement in the meta-atoms, expecting
efficient THG. Optical Kerr effect has been observed and used in efficient THG
(demonstrated experimentally) from the MSs, which paves the way for quasi-BIC design
modifications for computing applications of all-optical switchable harmonic generation.
The other work of the passive part of the platform was the demonstration of a prediction
method for resonant THG characteristics of random contractible binary-pixel-patterned
MSs of specific unit-cell dimensions, without NL electromagnetic simulations that are
time-consuming. The unit-cell dimensions were selected for possible MS patterns to
exhibit quasi-BIC. An inferred THG resonance wavelength from the linear simulation and
the THG output intensity of the NL simulation at the inferred resonance wavelength for
each MS pattern were labeled by the range and the level, respectively. Moderately high
prediction accuracies have been achieved with an image-classification-targeted CNN,
which can potentially be extended to implementations for the efficient selection of highly

NL quasi-BIC MSs for all-optical switching and computing.

8.2 Future Directions

8.2.1 Optimization of Fabrication Processes

The experimentally measured nonlinear performance of the GST-based
nanostructures is degraded due to their immediate exposure to air during transfer of
intermediate samples between deposition tools in the fabrication processes. This is

especially a major reason that THG signals from the structure in Figure 15(a) of Section
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3.2.2 were not detected. Using an in-situ transfer process between the depositions to keep
the intermediate samples in vacuum during the transfer can be a potential solution to the
oxidation problem. The Chalcogenide Materials Sputterer could be connected to an e-beam
evaporator for physical vapor deposition [214] of materials not to cover vertical sidewalls
of the structure, an ALD tool for uniform deposition of ultrathin high-quality material
layers, and a PECVD tool for uniform deposition of thicker material layers that do not
require qualities as high as those deposited by ALD, through vacuum pressure transition

channels.

The samples for the structure in Figure 15(a) are impacted by multiple fabrication
imperfections. The shadowing effect in Au deposition mentioned at the end of Section 3.2.2
can be reduced by testing different settings of the e-beam evaporation (e.g., distances
between the intermediate sample and the evaporation source, e-beam sweeping patterns).
Besides the GST oxidation issue and the shadowing effect in Au deposition mentioned at
the end of Section 3.2.2, possible coverage of GST on the sidewalls of developed e-beam
resist i1s an undesired issue (also indicated by that the slightly larger radii of GST nano-
disks than those of the Au nano-disks as seen in Figure 15(e)). Similar to the evaporation
of Au, the sidewall coverage of GST can be possibly reduced by optimizing the settings of
the sputtering process (e.g., the distance between the intermediate sample and the

sputtering target, electric fields to the target and substrate holder).

Additionally, I observed substantial deformation of remnant HSQ in Figure 27 of
Section 4.3.1 and Figure 33 of Section 6.2.2. This indicates room for improvement in pre-
EBL processing, post-EBL processing, and development process of the HSQ resist. Lastly,

the structure in Figure 29(a) of Section 5.2 was not fabricated due to immature processing
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techniques of Sb2Ss. Fabrication of the device is expected in the future. All the perspectives
in this section for fabrication process optimization also apply to potential extensions of the

hybrid platform for wideband reconfigurable MMs.

8.2.2 Expansion to More NL Processes

Parametric processes in optics are light-matter interactions in which initial and final
quantum-mechanical states (e.g., energy, momentum, angular momentum) of the material
system are identical [92]. Besides SHG, THG, and the optical Kerr effect focused in the
studies of this thesis, HHG, sum-frequency generation (SFG), difference-frequency
generation (DFG), and FWM are also typical NL parametric processes [92]. Input lights of
different frequencies are mixed in SFG, DFG, and FWM. Conversely, non-parametric NL
processes involve different initial and final quantum-mechanical states, such as TPA and

TPL.

The hybrid platform in this thesis can be potentially extended to the other NL
parametric processes. Reconfigurable HHG is extremely challenging to be realized with
phase-change chalcogenides like GST and Sb2S3 due to very high pump power
requirements that could always crystallize the phase-change chalcogenides. And there is
an experimental demonstration of efficient HHG from an all-Si MS [102]. Thus, the all-Si
MS structures of large in-Si nearfield enhancement in this dissertation have a higher
potential for HHG reconfiguration. The structures in Section 3.2 demonstrated significant
SHG, especially for that in Figure 15(a) exhibiting resonances at different wavelength
bands (see Figure 17(a) and Figure 17(c)). These structures can possibly be used for other

second-order parametric processes like SFG and DFG. Other structures demonstrated in
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this thesis, except for the structure in Section 5.2, have the potential for reconfigurable
FWM, especially for input lights of similar frequencies located within the resonance band.
Moreover, FWM with both input and output lights in the NIR wavelength range [103] can
be more efficient than THG with Arin the NIR and Atn in the visible wavelength range, due

to lower optical losses in the materials at the NIR than at the visible wavelengths.

The hybrid platform can also be extended to the non-parametric NL processes.
Since the high-index materials in this thesis generally exhibit bandgaps smaller than the
total energy of two NIR photons, I deem the structures demonstrated in this thesis with
linear Qs > 10 (e.g., the structures in Figure 12(a) of Section 3.1.1, Figure 15(a) of Section
3.2.2, as well as Figure 31(a) and Figure 31(b) of Section 6.2.2) can be promising for TPA
reconfigurations due to relatively large resonant nearfields within the NL media. The
structure in Figure 15(b) has shown substantial TPL tunability in Figure 18(c) with the
GST phase change. This can pave the way for investigations of TPL reconfiguration with

more sophisticated PCM-based nanostructures.

All the perspectives in this section for extensions to more NL processes also apply
to possible extended reconfigurable hybrid MM platforms in terms of operation wavelength

ranges, materials, and device structures.

8.2.3 Imaging and Holography Applications

In addition to NL optical switches for potential communication applications and the
optical Kerr effect for potential computing applications, the hybrid platform is promising
for applications of dynamic imaging and reconfigurable holography. Recently,

Schlickriede ef al. theoretically and experimentally demonstrated THG imaging of higher-
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order spatial correlations (i.e., higher resolutions) than linear imaging, by employing an
all-dielectric metalens composed of Si nanopillars [16]. The higher-order spatial
correlations are due to the relation I(3w) « I(w)®, where I(3w) and I(w) are local optical
intensities within the nanopillars at the FH and TH, respectively. A similar principle applies
to high-resolution SHG imaging [74]. The Sb2S3 structure in Figure 29(a) of Section 5.2
can be evolved to 2D-focusing for dynamic high-resolution THG imaging. GST-based
dielectric MSs have the potential for dynamic high-resolution SHG imaging at longer
infrared wavelengths than those in Section 3.2, given the y'® tunability and reduced optical

loss of orderly structured GST.

Frequency conversion holography has an advantage over its linear counterparts by
encoding information to another frequency. Gao et al. numerically designed and
experimentally demonstrated high-efficiency cyan and blue THG holograms with all-
dielectric MSs composed of C-shaped Si nano-antennas, by introducing full-range optical
phase changes from 0 to 2x to the C elements [28]. Optical phase changes from 0 to only
21/3 are needed to be introduced by the nano-antennas for the linear regime. This greatly
reduces the difficulty in designing the nano-antennas. Thus, it could be potentially applied
to Sb2S3 meta-atoms and GST meta-atoms at longer infrared wavelengths. The perspective

sheds light on the design of reconfigurable MSs for THG holography.
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