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Localized surface plasmon resonance (LSPR) is a collective oscillation of electrons at the
interface of metallic nanostructures or metal-dielectric interface. At the resonance frequency, light-
matter interaction results in a coherent coupling between surface conduction electrons and
incident light, generating an enhanced electromagnetic (EM) field at the plasmonic nanostructure
surface. Taking advantage of this EM field enhancement, plasmonic nanostructures have been
widely used in nonlinear optics, chemical sensing, biomedical imaging, and photocatalysis.
However, due to the requirement for precisely controlled size, shape, and orientation, most of
these plasmonic nanostructures have been fabricated with top-down methods; the major
challenge has been industrial-scale production of plasmonic devices.

In this work, | have developed a four-step bottom-up total fabrication process for cost-
effective and wafer-scale fabrication of plasmonic platforms. First, we used wet chemistry
methods to synthesize (1) plasmonic noble metal nanocrystals with a tunable size and shape,
and (2) plasmonic semiconductor nanocrystals with a tunable composition, resonance frequency,
and bandgap. Next, we used self-assembly methods to group multiple plasmonic components
together and build a submicron-scale meta-atom. Owing to nanometer-scale separation between
plasmonic components, there was a strong plasmon coupling effect within the artificial building
blocks of metasurface (named as meta-atoms) that resulted in two orders of magnitude in near-
field enhancement. Then we used a micro-fabrication method, such as Langmuir-Blodgett film, a
soft imprint, etc., to build a wafer-scale plasmonic device that consists of billions of repeating
meta-atoms. Finally, we used surface chemistry to functionalize the surface of plasmonic devices
and then used these plasmonic devices for different applications, including optical second
harmonic generation, water pollutant molecules sensing, and wafer-scale 2D materials

characterization.
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Chapter 1

An Introduction to the Total Fabrication and Plasmonic Devices

Yuan Zeng'?

!Department of NanoEngineering, University of California, San Diego, 9500 Gilman Drive MC
0448, La Jolla, California 92093-0448

2Materials Science and Engineering, University of California, San Diego, 9500 Gilman Drive, La
Jolla, California 92093-0448



1.1 Total Fabrication from the Bottom-up.

Nanotechnology is the manipulation of matter on the nanometer-scale to produce new
structures, materials, and devices. In nanotechnology, the engineering and manufacturing of
materials are developed by two general strategies: a top-down approach and a bottom-up
approach.! The top-down approach, through patterning and etching, is a subtractive process
where bulk materials are removed to produce features with controlled size and shape. The
bottom-up approach, through supramolecular chemistry and self-assembly, is an additive process
where atoms and molecules are used to build up the desired objects. In the past half-century,
people spent tremendous efforts to make top-down approaches get smaller feature size to
increase the efficiency and make bottom-up approach get large device area to decrease the cost
(Figure 1.1a).2 Recently, significant progress has been made in both avenues. Using a top-down
approach, IBM announced a 2-nm chip technology which has a 45% higher performance or 75%
lower energy use than 7-nm node chips.® For the bottom-up approach, researchers in the
University of Chicago developed a micron-scale all-inorganic supercrystal which is strongly
electronically coupled.* However, owing to significant challenges, such as impurities and defects
induced local aggregation and thermodynamical stability induced domain size limitation, in
scaling-up from micron-scale to centimeter-scale, industrial production with bottom-up
approaches has not been well-developed yet. To overcome challenges in industrial production of
wafer-scale platforms, | have integrated self-assembly methods with microfabrication techniques
and developed a novel nanoengineering process, called the “Total Fabrication”. In organic
chemistry, total synthesis is one of the most important topics because it is the complete chemical
synthesis of a complex molecule, from simple and commercially available precursors.>® Similarly,
bottom-up total fabrication is a complete nanoengineering fabrication of wafer-scale devices, from
simple and commercially available precursors. Figure 1.1b shows the schematic’ of bottom-up
total fabrication. First, commercially available precursors and wet chemistry methods are used to

synthesis 10 — 100 nm scale nanocrystals. Secondly, self-assembly method is used to assemble



nanocrystals into sub-micron scale meta-atoms. Then, microfabrication processes are used to
group billions of meta-atoms into wafer-scale platforms. Finally, surface modification is used to
functionalize platform surface and these platforms are used for different technological applications,

such as optical second harmonic generation (SHG), Surface Enhancement Raman Spectroscopy
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Figure 1.1 | Total Fabrication from the bottom-up. (a) Progress of bottom-up approach and top-down
approach. Reproduced with permission from ref 2 (b) Schematic of Bottom-up total fabrication. Reproduced and
modified with permission from ref 7



(SERS) sensor and wafer-scale two-dimensional materials characterization, via device level

engineering.

1.2 Localized Surface Plasmon Resonance (LSPR) and Plasmonic Materials.

Localized Surface Plasmon Resonance (LSPR) is a collective free carrier oscillation on
the confined surface of noble metal nanostructures.® At the resonance frequency, incident
electromagnetic (EM) wave excites LSPR and results a significant increased extinction cross-

section (o.,:), Which is related to the complex materials dielectric function as follow:

&
O- ~
XL (g + 26,)2 + £,2

Where ¢, is the real part of dielectric function, ¢, is the imaginary part of dielectric function and
&m is the dielectric constant of the medium.® Because the real part of the dielectric function
describes the polarizability of metal and the imaginary part of dielectric function describes the
probability of photon absorption through one electron excitation, metals with small &, (Au, Ag, Cu)
have good plasmonic properties and widely used in plasmonic applications.° In addition to metal,
degenerately doped compound semiconductors, such as copper chalcogenide!'*? and transition
metal oxide® also been developed for plasmonic applications. Owing to large carrier density
(102%/cm?®) in metal and relative low carrier density (102! to 10%2/cm®) in semiconductor, the LSPR
wavelength of plasmonic metal is located in visible range and the LSPR wavelength of plasmonic
semiconductor is located NIR wavelength.'* Moreover, because noble metal nanostructures have
minimized electron oscillation damping and dephasing, the quality factor’® and optical
enhancement is optimized.*®* Compare with noble metals, plasmonic semiconductors have lower
quality factor and less optical enhancement. However, owing to great composition tunability in
compound semiconductor!’, plasmonic semiconductors have higher degree of freedom in tuning

plasmonic properties and enable more applications in the future.



1.3 Plasmon Coupling and Optical Applications
1.3.1 Plasmon Coupling

Taking the advantages of near-field enhancement, electromagnetic hotspots are
generated at the surface of nanostructure and result more than one order of magnitude local field
enhancement inside the hotspots.8 In most cases, the resonance frequency and hotspot strength
only dependent on size, shape, orientation, and composition of nanostructure. However, when
we have two or more plasmonic nanostructures in a system, the LSPR of individual nanostructure
hybridize with each other and cause a new phenomenon called “plasmon coupling” occurs.® At
large interparticle distances (4 to 7 particles separation), far-field coupling is observed in
experiment and results a slightly shift in the scattering spectra.?’ At small interparticle distances,
near-field coupling becomes more dominant, resulting in a large shift in far-field spectra and a
large enhancement in near-field.?* This extremely strong local field enhancement enables
different optical applications, including optical second harmonic generation and Surface
Enhanced Raman Spectroscopy (SERS).

1.3.2 Second Harmonic Generation (SHG)

Second Harmonic Generation is a nonlinear optical process that two photons with the
same energy interact with a nonlinear material, combine with each other, and generate a new
photon with twice the energy of incident photons. Because SHG originates from light matter
interactions with nano-centrosymmetric crystal lattice, bulk materials with large nonlinear
susceptibility and long optical path are required. In the past decade, people realized that
conventional optical components rely on light propagation over large distances have significant
challenges in microdevice fabrication. Therefore, development on flat and ultrathin optical
components is focused recently.?22® However, owing to reduced nonlinear interaction length, SHG
supported by flat optics has much lower efficiency than conventional nonlinear crystal and limits

the nonlinear optical applications of flat optics. To overcome this challenge, double resonance



plasmonic nanostructures have been developed to enhance both excitation and emission process
of SHG, and result in an orders of magnitude enhancement in SHG efficiency.?*2°
1.3.3 Surface Enhanced Raman Spectroscopy (SERS)

Raman scattering is an inelastic scattering of photons by the material. Typically, the
incident photons interact with the chemical bonds, excite the bond vibrations and transfer energy
to the bond vibrational modes. Owing to energy loss during energy transfer, the Raman scattering
photons have lower energy than incident photons. Therefore, by measuring the energy difference
between incident photons and Raman scattering photons, we are able to calculate the bond
vibrational energy indirectly. However, different from elastic Rayleigh scattering which efficiency
is about 10 to 104, Raman scattering efficiency is more than 4 orders magnitude lower and
causes a significant challenge in detecting Raman scattering photons. To overcome this
challenge, Van Duyne’s group used rough surface from silver electrode to enhance the Raman
scattering and significantly increase the efficiency. This new technique is called Surface
Enhanced Raman Spectroscopy (SERS).?® After more than three decades of research and
development, the enhancement factor of SERS has been improved to 10%° to 10! and capable
for single molecule level detection.?”? To explain the SERS phenomenon, both electromagnetic
theory and chemical theory have been proposed. In chemical theory, there is a high intensity
charge transfer from metal surface to the adsorbing molecules, results in a huge enhancement of
Raman scattering intensity.?® In electromagnetic theory, LSPR magnifies the incident light
intensity and create hotspots on nanostructure surface. Because both excitation and emission

process have been enhanced as E?, the total SERS signal is enhanced as E*.*°

1.4 Organization of Chapters
This dissertation is organized by the procedure of bottom-up total fabrication. As we
introduced in section 1.1, bottom-up total fabrication includes four steps. In the first stage, we

used wet chemistry method to synthesize 10 — 100 nm scale nanocrystals. In the second stage,



we used self-assembly methods to fabricate sub-micron scale meta-atoms. In the third stage, we
used microfabrication methods to fabricate wafer-scale plasmonic devices. In the fourth stage,
we used surface chemistry to functionalize the devices and then used them for different
applications.

Chapter 2 is dedicated to the first stage of bottom-up total fabrication. It involves calculated
electronic and optical properties of CuSexSi alloy, experimental synthesis of CuSexSi alloy,
measured bandgap and LSPR of as-synthesized CuSe,Si.x alloy.

Chapter 3 is dedicated to the second stage of bottom-up total fabrication. It involves
Langmuir film preparation, designing and fabrication of first generation colloidal metasurface.
Also, we performed a systematic study on the metasurface resonance modes and build-up a
double resonance SHG device based on this colloidal metasurface

Chapter 4 is dedicated to the second stage of bottom-up total fabrication. It involves more
deep understanding of first generation colloidal metasurface, including meta-atom density
dependent study, molecular orientation dependent study and a demonstration of sensor design.

Chapter 5 is dedicated to the third and fourth stage of bottom-up total fabrication. It

involves design of new microfabrication process and fabrication of second generation colloidal
metasurface. Also, we designed a rapid sensor for polybrominated diphenyl ether (PBDE)
molecules based on the second generation colloidal metasurface.
Chapter 6 is dedicated to the third stage of bottom-up total fabrication. It involves the design of
wafer-scale characterization platform based on second generation colloidal metasurface. Also,
we performed a systematic study and demonstrated this platform can be used to characterize
different properties of 2-D materials.

Chapter 7 is dedicated to the fourth stage of bottom-up total fabrication. It involves surface
functionalization with different alkanethiol and the critical chain length for quantum effects. Also,
we did a fundamental study on the observed quantum effects and studied the relationship

between quantum effects and near-field strength and SERS intensity.
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Copper (Il) sulfide (CusS, covellite) is a highly self-doped p-type semiconductor! with free
carrier densities on the order of 10?2 cm22 that exhibit a strong LSPR at 1150 nm (1.08 eV) and
a direct bandgap of 2.4 eV 2 at room temperature. The LSPR feature provides strong NIR
absorption and use in potential applications, ranging from photothermal therapy*, drug delivery,
therapeutics, cancel cell diagnostic® to photoacoustic imaging®. In addition, because its optical
bandgap energy is approximately twice that of the dipolar LSPR, CuS nanopatrticles can be used
as a platform for studying nonlinear optical phenomena?® including plasmon-enhanced two-photon
emission’ and exciton-plasmon coupling.® To achieve higher efficiencies in these optical
processes and to realize processes that rely on exciton-plasmon coupling, the ability to tune the

LSPR and bandgap energies (i) relative to each other and (ii) over a wide energy range is desired.

Strategies to tune LSPR energy typically focus on changing parameters such as carrier
density, nanopatrticle size, or nanopatrticle shape. Based on the free electron model, LSPR energy
is expected to scale exponentially with carrier concentration.® For example, an increase in carrier
density accomplished via cation doping in an n-type semiconductor (e.g., 10% Sn in indium
oxide)!! or anion doping in p-type semiconductor (e.g., 2.3% Se in CuS)’ can increase LSPR
energy by 20%. For CuS, tuning carrier concentration is limited by the stability of the crystal phase;
for the Cu2«S system, the carrier concentration of CuS represents the upper limit for self-doping
via Cu vacancies. Further, while LSPR energy tuning through nanoparticle size!? and shape®*1°
is well-studied for Ag and Au nanoparticles, the lower carrier concentrations exhibited by copper
chalcogenides (10%1-10%? cm™) limits LSPR excitation to below 1.38 eV (=900 nm) regardless of

nanoparticle geometry.®

A complementary strategy is to tune the energy of the optical bandgap associated with
CusS nanoparticles. Alloying is a well-known strategy in the semiconductor industry for bandgap
engineering”*, where the bandgap of an alloyed material is manipulated by controlling the

stoichiometry of the constituent components. Alloying has been demonstrated as particularly
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useful for mixed chalcogen systems such as CdSexTeix and ZnSexTeix. According to Vegard’s

Law?®, the bandgap of an alloy with consituents A and B can be expressed as:
Eg,AB = ng,A + (1 - x)Eg’B - bx(l - x)

where E; 45 is the alloy bandgap, Eg 4 is the bandgap of material A, E; 5 is the bandgap of

material B, and x is the molar fraction of constituent A.2° The bowing parameter, b, is included to
correct for nonlinear relationships between alloy bandgap and molar fraction?, which is
particularly pronounced in mixed chalcogens. In these alloys, b is typically high because of strong
competition between different anions in charge trapping and charge loss, resulting in a large
variation of the charge distribution across the different metal-chalcogen bonds and a significant

valence-band offset.

For plasmonic CuS nanoparticles, alloying with CuSe (klockmannite) to generate a ternary
CuSexSi-x semiconductor alloy (where 0 < x < 1) has the potential to tune the optical bandgap
adequately without significantly altering free carrier densities, and thus, the characteristic LSPR
energies of the nanoparticles. CuSe is a semiconductor with a direct bandgap in the range of
1.66-1.75 eV?? and is known to possess a similar crystal structure (hexagonal,P63/mmc) and
carrier density as CuS. Owing to the large size difference between different chalcogen atoms,
one major challenge in forming mixed micron-scale (> 1000 nm) chalcogenide compounds is the
large lattice mismatch between different chalcogenide compounds (e.g. a 5% size difference
between S atoms and Se atoms) which can break structure under thermal stress. However,
alloyed semiconductor nanomaterials (< 40 nm) respond to dissimilar expansion elastically, result
in a much larger tolerance for atomic bond misfit and thus provide more opportunities for growing

new alloy compositions.?*24

To-date, efforts have demonstrated limited success with both bandgap tuning and

retaining the desired plasmonic properties in CuSe,Si1« alloys. Xu et al. reported the synthesis of
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CuSexSix alloys with tunable composition by co-reacting Cu ions with controlled ratios of S and
Se precursors.? However, the reactivity difference between the respective chalcogen precursors
at low reaction temperatures (~90°C) resulted in a large polydispersity of both size and shape of
the CuSexSix hanocrystals. Co-reaction methods that promote epitaxial growth/deposition tend
to require higher temperatures during the nucleation and growth process, yielding more
polydisperse nanocrystals.?6-28 lon exchange is an alternative method to co-reaction that achieves
more monodisperse samples of alloyed nanocrystals. While cation exchange is a widely used
method in metal chalcogenide alloy synthesis?®*-32, anion exchange typically requires longer
reaction times and higher reaction temperatures since exchange must occur between species
with large ionic radii and lower mobilities.®*3* A commonly observed structure from the anion
exchange of metal chalcogenide nanostructures are hollow morphologies corresponding to the
Kirkendall effect.>® These hollow structures result from the discrepancy in diffusion rate between
outward transport and inward diffusion during anion exchange. Faster outward transport produces
inner vacancies that are progressively generated during nanocrystal synthesis.*® More recently,
Lim et al. reported a promising strategy for anion exchange that avoids formation of these hollow
structures using an anion extracting reagent to facilitate the exchange process. They successfully
transformed solid oxide (FesO4 , ZnO, MNO) nanoparticles to their solid sulfide counterparts using

a complexed extracting agent that contains oxophilic and nucleophilic functional groups.®’

Here, we report a method to synthesize solid CuSeSix hanodisks using an anion
exchange protocol starting with a CuS nanodisk, which serves as an initial template or seed for
alloy formation. This method overcomes the challenges of co-reacting S- and Se-based
precursors, producing plasmonic nanodisks with tunable alloy compositions where Se atomic
percentage is controlled by varying reaction time. First-principles density functional theory (DFT)
is used to understand how the optical and plasmonic properties of such nanostructures is affected

by alloy composition. The ability to use DFT calculations to provide predictions on the plasmonic
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properties of a given nanostructure is advantageous because it does not require a priori
knowledge of a material’s composition- and wavelength-dependent bulk dielectric function, which
can be difficult to obtain experimentally. This allows us to probe new alloy compositions, such as
CuSexSix, Which have the potential to support strong LSPRs but for which clear structure-optical
function relationships do not exist. Our experimental results from the anion exchange process are
then compared against DFT results. The ability to tune both optical bandgap and LSPRs via alloy
composition is potentially enabling for the study of light-matter interactions these plasmonic

semiconductor nanostructures.®

Experimental Methods

DFT Computation. First-principles density functional theory (DFT) calculations were
performed using the Vienna Ab initio Simulation Package (VASP).® The projector-Augmented
Wave (PAW) potential was employed for the electron-ion interactions treatment®® and the
Generalized Gradient Approximation (GGA) parameterized by Perdew-Burke-Ernzerhof (PBE)
was used for the electron exchange-correlation functional.*® The cut-off energy was set to 400 eV
and 5 x 5 x 2 k-point meshed centered at I" point was used. The cell parameters and all the atoms
were relaxed until all components of the residual forces became less than 0.01 eV A-1 and the

tolerance of convergence for the self-consistent-field iteration was set to 10-5 eV.

Chemicals. Oleylamine (70%, technical grade), Oleic acid (90%, technical grade), Sulfur
(100 mesh particle size, reagent grade) were purchased from Sigma-Aldrich.1-Octadecene (90%),
Selenium (99.999%, metal basis) were purchased from Fisher Scientific. Copper (Il) nitrate,
hemipentahydrate (>98%, ACS reagent) was purchased from VWR International, LLC. All

reagents were used as purchased.
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Preparation of CuS templates. This synthesis protocol was modified from Brandon C.
Marin et al.” that 464 mg Copper (ll) nitrate, hemipentahydrate, 5 mL Oleylamine, 15 mL 1-
Octadecene was mixed in a 100 mL round bottom flask (RBF) and sonicated till fully disperse (0.1
M Cu precursor). 100 mg Sulfur powder was added into the Cu precursor solution and heated in
160 °C silicone oil bath for 35 minutes. After reaction completed and cooled down to room
temperature, 20 mL ethanol was added and centrifuged at 3K rpm for 7.5 min. The precipitation
was dispersed in chloroform/ethanol mixture, centrifuged at 3K for 15 min, and repeat once.

Finally, the washed nanocrystals were dispersed in 6 mL chloroform for later use.

Preparation of 0.2 M Se-oleate precursor. This synthesis protocol was modified from
Xin Liu et al.*! that 474 mg (6mmol) selenium and 30 mL oleic acid was mixed in a 100 mL RBF,
sonicated 5 min, degassed at room temperature for 1 hour and filled with nitrogen gas. Then, the
RBF was heated in a 220 °C aluminum heating mantle for 8 hours, until all Se powder dissolved
(transparent orange color solution). Finally, the as-made Se-oleate precursor was cooled in air
for 20 min, transferred to glass vial (5mL in each vial) and stored for later use. When Se-oleate
precursor cooled down to room temperature, it was solidified and has yellowish color. For the
synthesis batches named as 0.1M Se and 0.15M Se in Figure 4, the only variable is amount of
selenium added into oleic acid. Instead of 474 mg selenium, we added 355.5 mg selenium to

prepare 0.15M Se-oleate and 237 mg selenium to prepare 0.1M Se-oleate.

Synthesis CuSeSix with anion exchange method. 3 mL oleylamine, 9 mL 1-
Octadecene, 1 mL CusS (in chloroform) was added in 50 mL RBF, degassed at room temperature
for 30 min and filled with nitrogen. To remove excess chloroform and make reaction temperature
approach to equilibrium, the mixture was pre-heated in 160 °C silicone oil bath for 15 min. During
the pre-heating process, 5 mL solid Se-oleate was placed in 80 °C oven for melting. When
reaction started (O min), 5 mL Se-oleate was injected into the 50 mL RBF and keep varied time,

from 10 min to 240 min and cooled in air when reaction completed. To remove excess precursor
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and capping ligand, 20 mL ethanol was added to as-made nanocrystals and centrifuged at 3K for
7.5 min to precipitate down nanocrystals. These nanocrystals were washed with 1:2 ratio

chloroform: ethanol for three times and dispersed in 4 mL chloroform for later use.

Characterization: TEM samples were prepared by dissolving as-made nanocrystals in
chloroform and drop-casted on air-water interface, then transferred to 200 mesh Carbon-film Cu
grid by dip-coating method. The TEM images were obtained with FEI Tecnai G2 Sphera with a
200kV LaBs filament and Gatan Ultrascan 1000 UHS CCD camera. SEM and Raman samples
were prepared by drop-casting ~ 50 uL as-made nanocrystals to 0.5 cm X 0.5 cm ethanol washed
silicon wafer substrate. EDS results were obtained with Philips XL30 ESEM with an Oxford EDS
detector. Raman results were obtained with Renishaw inVia confocal Raman microscope, the
setting we used is 514 nm excitation, 2400 grating, 10 seconds exposure time, 10% power and
10 accumulations. XRD samples were prepared by drop-casting ~ 90 uL as-made nanocrystals
on zero background single crystal silicon substrate. XRD pattern was obtained with Bruker D8
Advanced XRD and scan setup is 1 second dwell time and 0.04° step size. UV-VIS spectra were
obtained with PerkinElmer Lambda-1050 UV-vis-NIR spectrophotometer (three-detector module),
we used standard quartz cuvette with 1 cm path length and scan setup is wavelength range from

300 nm to 2000 nm and 1 nm step size.
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Result and Discussion
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Figure 2.1 | DFT simulation results probing the fundamental materials properties of various CuSexSi«x
alloys. (a) Representative schematics of the various CuSexSix unit cells used in DFT models for different Se
concentrations. High-throughput algorithms are used to probe all possible non-equivalent unit cell structures. (b)
Calculated carrier density (blue) and effective mass (red) of CuSexS1-x alloys as a function of Se content. (c)
Predicted values of bulk plasma frequency based on DFT-obtained values in (b). (d) Predicted optical bandgap
enerqgy (blue) for CuSexS1x alloys and LSPR eneray (red) for CuSexSi-x nanodisks as a function of Se content.

To understand the influence of Se content (herein defined as the total atomic ratio, x=

[Se]/[S+Se]) on the fundamental electronic and optical properties of CuSexSix, we investigated

carrier density, effective mass, and bandgap of alloys with varying composition using DFT

calculations. (For details on these calculations, see Experimental Section) Geometrical

representations of the unit cells used to model the various compositions of CuSexSi« (with 0.17 <

X < 0.83) are shown in Figure 2.1a. In principle, there are multiple structures for the alloyed

CuSexSix system at any given x, which are differentiated by the different occupation sites of Se

atoms. For each x, we calculated the total energy for all the possible non-equivalent structural

models using high-throughput first-principles calculations and studied the formation probability for

each model based on the Boltzmann distribution.*? Figure 2.1 shows the CuSe«Si« structure

model (unit cell) with the highest formation probability at each value of x. Figure 2.1b shows the
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calculated carrier density (blue line) and effective mass (red line) for CuSexSix as a function of x.
The weighted average carrier density and the hole effective mass were calculated by considering
all the non-equivalent structural models with their room-temperature formation probability at each
value of x. As Se content increases from x =0 to x=1, the carrier density decreases 14% from
0.867 x 1022 cm™ to 0.746 x 1022 cm. Our calculations indicate that this decrease is primarily
attributed to physical lattice expansion and that the number of carriers per unit cell does not
change significantly. Since Se possesses a larger atomic radius than S, the calculated unit cell
volume for CuSe is 11.6% larger than CuS because of large Cu-Se bond. This atomic “misfit” also
induces a structural distortion in the CuSexS1.x cell between 0.33<x<1. We also observe that the
hole effective mass decreases by 60% from 0.75 to 0.3 as Se content is increased, attributed to
the more diffuse 4p orbitals of the Se atom compared to the 3p orbitals of the S atom. The valence
band of CuSe is mainly composed of Se 4p orbitals, whereas the valence band of CuS is mainly
composed of S 3p orbitals, as confirmed from our DFT calculations. The more diffuse 4p orbitals
lead to more dispersive valence bands and thus result in a lower hole effective mass. Using these
data generated from DFT calculations, we calculated the bulk plasma energy of CuSe,Six as a
function of Se content,!® as shown in Figure 2.1c. The bulk plasma energy increases nonlinearly
with Se content from 3.99 eV at x=0 to 5.86 eV a at x=1. These values are comparable with
experimental and simulated CuS bulk plasma energies (near 4.5 eV*), indicating that our

computational model is reliable for predicting these core materials parameters.
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Table 2.1 | DFT-derived LSPR Energy. (a) Plasmon frequency (w,) is calculated with following equation: w, =

Ne? . .
fmfe , where w,, = plasmon frequency, n = carrier density, e = elementary charge, m = electron mass and ¢, =
0

2

permittivity of free space (b) LSPR frequency (ws,) is calculated with following e*344: w, = ’1‘"2’ —y2, where
—erz2

1 — &.,=20.51 (calculated with parameters from 21 nm diameter, 5 nm thickness CuS nanodisk*?) and y=0.3.

Se Carrier density Hole effective plasmon bulk plasma LSPR Energy
content (x10*?1 cm3) mass (mo) frequency energy (eV) (eV)
(x10*5rad/s)

0 10.1 0.75 6.55 4.31 0.903
0.17 9.674 0.73 6.48 4.27 0.893
0.33 9.485 0.45 8.17 5.38 1.15
0.50 9.382 0.36 9.14 6.02 1.29
0.66 9.129 0.33 9.32 6.13 1.32
0.83 8.953 0.30 9.75 6.41 1.38

1 8.841 0.30 9.68 6.37 1.38

These DFT-derived parameters can be used to provide a general roadmap for the
synthesis of ternary CuSe;Six semiconductor nanocrystals whose optical bandgap can be tuned
relative to the LSPR energy. The LSPR energy of CuSexSix hanopatrticles can be calculated using
the DFT-derived bulk plasma energy. For CuSexS1x nanodisks, the frequency of the longitudinal
dipolar LSPR can be approximated using Mie theory** and by inputting a shape factor for a
nanodisk aspect-ratio of 5. (Table 2.1). The corresponding energy of the dipolar LSPR can then
be compared against the optical bandgap energies derived from DFT calculations, as shown in
Figure 2.1d. As Se content increases from x=0 to x=1, the calculated LSPR energy (red circles)
increases from 0.83 eV to 1.26 eV. The optical bandgap (blue squares) decreases from 2.3 eV at
x=0 (the E4 for CuS) to 1.8 eV at x=1 (the E4 for CuSe) and can be fit to Vegard’s law to obtain
a bowing parameter of b=0.51. It should be noted that first-principles calculation methods
intrinsically underestimate the value of the bandgap.***’ However, the observed bowing
parameter is consistent with the expected competition between S and Se anions for trapped
charges? and charge redistribution associated with a change in bond strain.*® The predicted
values are also in agreement with previous observations for CuSexSix synthesized by a co-

reaction method.? These data suggest the possibility of CuSexS1.x compositions where the optical
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bandgap and LSPR energies differ by only a few tenths of an eV, sufficient for weak to moderate

plasmon-exciton coupling.
LSPR Energy (eV)

b 248 1.24 0.83 0e2 © Cus
Se-o+leate =
Q
vooo3
o
=) %
2 e i
=i o
PO
g ®
: am.
g
=}

¢A

500 1000 1500 2000

Wavelength (nm)
Figure 2.2 | CuS nanodisk templates. a) TEM image of as-synthesized CuS nanodisks, which show faceting
due to stabilization of the (110) crystal face during nucleation and growth. b) UV-VIS spectrum of colloidal CuS
nanodisks dispersed in CHCIs showing the characteristic dipolar, longitudinal LSPR mode. c) Schematic of the
anion-exchange reaction for the CuS nanodisk, showing the displacement of S atoms in CuS (green) by Se to
form a CuSexSix phase (blue). Influx of the Se atoms occurs at the (110) side facets of the nanodisk, which are
less protected by oleate/oleylamine capping ligands than the (001) basal planes.

To experimentally realize these ternary semiconductor nanocrystals, we designed a two-
step anion exchange reaction that utilizes a CuS nanodisk as the starting template (Details
provided in the Methods section). In the first step, CuS nanodisks were prepared by reacting sulfur
powder and Cu(NOs3)-2.5H,0 at 160°C in a mixture of 1-octadecene and oleylamine for 35 min,
according to a previously published protocol.” The as-made CuS nanodisks have an average
diameter of 24.6 nm and an aspect ratio of 3.6, as confirmed by electron microscopy (Figure 2.2a).
Figure 2.2b shows an optical absorption spectrum for a CuS nanodisk dispersion with
characteristic peaks at 468 nm (2.65 eV) attributed to the optical bandgap and at 1145 nm + 20
nm (1.08 eV + 0.02 eV) attributed to the longitudinal, dipolar LSPR mode. In the second step, the
as-made CuS nanodisks were used as templates for anion exchange employing a Se-oleate
complex as the Se source. The Se-oleate precursor was prepared by reacting Se powder in oleic

acid at 220°C under nitrogen.** The Se content of the nanocrystals can be tuned by controlling

the anion exchange time, shown schematically in Figure 2.2c. Given the crystallographically flat
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basal facets of the CuS nanodisk and strong oleylamine adsorption on these facets, S/Se ion
exchange is expected to occur primarily at the nanodisk edges, resulting in an anisotropic and

laterally directed exchange process.*9:°0
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Figure 2.3 | Characterizing the anion exchange process. a) Plot of the time-dependent atomic percentages of
Cu (red), S (green), and Se (blue) of the CuSexS1-x alloy nanodisks during the reaction, as measured by EDS. b)
Raman spectra obtained at various reaction times in the low wavenumber range show chalcogen vibrational
modes indicative of alloy formation. Peak intensities are normalized relative to the intensity of the S-S stretch
peak within each spectrum. c) TEM images of the resulting nanodisks at varying times during the anion exchange
reaction, showing a change in the nanodisk size distribution at later reaction times.

The resulting CuSe\Si1.x nanocrystals were characterized by energy-dispersive X-ray
spectroscopy (EDS), Raman spectroscopy, and transmission electron microscopy (TEM). EDS
results clearly indicate that Se atoms displace S atoms with throughout the anion exchange
reaction while retaining the 1:1 metal-to-chalcogen stoichiometry. (Figure 2.3a). As the anion
exchange progresses from 10 min to 240 min, the Cu atomic percentage increases by 11.7%
from 44.97% to 50.25%, which indicates a decrease in Cu vacancies and the absence of Cu-rich
impurity phases, such as Cu,Se\Si1« alloys, in the ternary nanocrystals. The Se atomic percentage
increases exponentially (from 9.4% to 25%) while the S atomic percentage decreases
exponentially (from 44.2% to 24.8%) over the same reaction period and with equal rates. This
corresponds to an overall stoichiometry change from CuSeo.1sSs2 at 10 min to CuSeos0Seoso at
240 min, and the reaction kinetics fit well to a second-order model. (Appendix A, A1) Figure 2.3b

shows Raman spectra of the different CuSexSix products as a function of anion exchange time,

with specific attention given to the S-S stretching band (442-470 cm™?), the Se-Se stretching band
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(260-274 cm?), and the Se-S stretching band (365-380 cm™). For comparison across these
different alloy products, all spectra were normalized relative to the intensity of the S-S stretching
band. As anion exchange progresses from 10 min to 240 min, both the Se-Se and S-Se bands
increase in intensity, confirming the formation of a ternary CuSexS1« alloy.?® Figure 2.3c shows
TEM images of the CuSexSix hanocrystals with respect to reaction time, showing that the
nanodisks maintain their shape and display no evidence of phase segregation. While average
nanodisk diameter stays constant at 24 nm £2 nm, the size distribution of the nanodisks increases
significantly with reaction time, as given by the increase in the standard deviation of average
diameter from +£3.2 at 10 min to £7.3 at 240 min. This is seen in the appearance of larger
nanoplates after 120 min. This increase in size dispersity is attributed to Ostwald ripening, as
observed in the synthesis of other metal chalcogenide nanocrystals (e.g. PbS quantum dots) in
the presence of oleylamine. Oleylamine is hypothesized to react with unpassivated surface
atoms, leading to nanocrystal etching and an increase in nanoparticle size distribution.! However,
because CuS nanodisks adopt a preferential growth direction normal to the <001> direction®?,
nanodisk thickness remains fairly constant at 7.3 + 0.8 nm during the anion exchange process.
Thus, a significant change in the transverse dipolar LSPR mode due to an increase in

polydispersity is not expected.

Interestingly, the ternary CuSexSix nanodisks are quite different from the hollow
nanocrystals observed for other anion exchange reactions. For example, when S anions are used
to displace O anions using ZnO or Cu,O nanocrystal templates, spherical shells form due to the
well-known Kirkendall effect.>*-%¢ In these reactions, hollow morphologies result from fast anion
diffusion from the nanocrystal core. In our system, no evidence of hollow structures are observed,
likely due to the small size mismatch between S and Se? anions (an 8% mismatch) versus S
and O? anions (a 35% size mismatch). As a result, the difference in anion diffusivity between S*

and Se? is expected to be negligible. Another contribution to the formation of solid ternary
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CuSeS1x nanodisks is that anion exchange may occur preferentially at the CuS/CuSexSi«
interface rather than at the CuSexSi-x/solution interface. This may be due to strong ligand-surface
interactions that more effectively passivate the nanocrystal surface.®’
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Figure 2.4 | XRD analysis of ternary phase nanodisks. a) XRD pattern (from 20° to 60°) for as-made
nanodisks at different anion exchange times. (b) Close-up of XRD peaks corresponding to the (110) plane, with
the 26=47.95° peak (green) corresponding to (110) in CusS reference pattern [JCPDS Data File No.-04-004-8687]
and 206=46° (blue) corresponding to (110) in CuSe reference pattern [JCPDS Data File No.-00-020-1020]. The
peak at 26=46.5 (red) corresponds to the ternary CuSexSi1x alloy.

To gain further insight into the nanodisk morphology, we carried out X-ray diffraction (XRD)
analysis of the ternary alloy products. Figure 2.4a shows XRD pattern (from 20 = 20-60°) as a
function of anion exchange time. As the reaction proceeds from 10 to 240 min, the covellite CuS
peaks (green bars) gradually decrease and a new set of peaks appear, which are attributed to a
CuSexSix alloy because they lie at a smaller inter-plane distance than CuSe (blue bar) and a
larger inter-plane distance than CuS. This confirms the formation of a CuS/CuSexSi«
heterostructure that is composed of a CuSexSix alloyed shell and a shrinking CuS core. As
reaction time increases to 240 min, the relative intensity of the alloy (103) peak increases
dramatically and becomes dominant in the XRD pattern, which indicates a significant morphology
change that form large nanoplates. Figure 2.4b shows a close-up of the XRD pattern between 44-
54°. The peak at 48.0° corresponds to CuS (110) and the peak at 46.5° corresponds to the (110)

plane of the CuSexSix alloy. As anion exchange progresses, the CuSe,S:x peak stays at a
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constant 20, indicating that the composition of the CuSexSi1x alloy does not change during the

reaction. However, the relative intensity of the CuSe,S1.x (110) peak increases, consistent with a
shrinking CusS core. After 240 min of anion exchange, the CuS (110) peak completely disappears,

indicating that the anion exchange reaction has run to completion and that a homogenous

CuSexS1« nanodisk should be the final end-product.
I.£9 1
a b c
i o
~.. o
08 R 26 <Fo
_ s 11 1 11 o N Op
2 = P Sq O s 09y
Ft 3 B88 o 251 A
5 S0 0o -1 § =¥
= [i'4 ~
_'-E 04+ & 240 min 524 ~
< a
094 O 0.1MSseOleate O 0.1 M Se-Oleate
O 015 M Se-Oleate 231 O 0.15M SeOleate
02 M Se-Oleate 0.2 M Se-Oleate
: . - ‘ 084, . : : : : 224, . . ‘ . -
800 1200 1600 2000 00 01 0.2 0.3 04 05 0.0 0.1 02 03 04 05
Wavelength (nm) Se Content (x) Se Content (x)

Figure 2.5 | Optical characterization of ternary phase plasmonic nanodisks. a) UV-Vis spectra of colloidal
nanodisk dispersions for different anion exchange reaction times. b) Peak LSPR energies plotted as a function of
anion exchange reaction times for reactions run with different Se-oleate concentrations. (c) Measured optical
bandgap energies plotted as a function of anion exchange reaction times for reactions run with different Se-
oleate concentrations.

Finally, we characterized the optical properties of the resulting alloyed CuSexSi«
nanodisks by UV-VIS absorption spectroscopy. Figure 2.5a shows absorption spectra for
CuSe,S1.x nanodisks with different anion exchange times. As anion exchange progresses from 0
min to 240 min, the full width at half maximum (FWHM) of the peak corresponding to LSPR
excitation increases from 282 nmto 717 nm and LSPR wavelength experiences a slightly red shift
from 1126 nm to 1242 nm. The observed LSPR broadening can be attributed to the increase in
size dispersity, variant amount of alloy between nanocrystals (Appendix A, A2) and the formation
of larger nanoplates after 120 min. To account for this ensemble effect, which varies across a
reaction batch, we carried out anion exchange at various reaction times using three different Se-
oleate concentrations (0.1 M, 0.15 M, and 0.2 M Se-oleate) to achieve a range of nanodisks with
varying Se content. Figure 2.5b shows that the dipolar LSPR energy lies within a 0.1 eV (~10%)

energy range when Se content is increased from 0 to 0.5. This is discrepant from our DFT-derived
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calculations (Figure 2.1d), which predict LSPR energy to increase with Se content. Instead, we
observe nearly constant (~0.05 eV) LSPR energy for the alloyed nanodisks with increasing Se
content, which consistent with observations by Manna et al. in a similar Cu,xSe,S1.y system®8. The
outliers to this are alloyed nanodisks obtained after a 240 min reaction time with high (> 0.15 M)
Se-oleate concentrations (indicated by red arrows), which we attribute to the formation of larger

nanoplates as confirmed by TEM.

This negligible change in LSPR energy is at odds with our observations from our DFT
results, which suggest that that LSPR should blueshift. There are three potential mechanisms not
included in our DFT calculation can cause this deviation. The first possibility is that the anion
exchange process results in a decrease in free carriers in the alloy, which cancels out the effect
of the increasing Se content. This is supported by our observation that there is an 11.7% increase
in Cu content during anion exchange. (Figure 2.3a) This significant increase in Cu content
suggests that anion exchange may promote a decrease in Cu vacancies and subsequent
decrease in the number of free carriers (holes). As second possibility is that the surface of the
alloyed nanocrystals may interact with adsorbates that modulate free carrier density. For example,
our DFT models no not account for the presence of chemisorbed oleic acid, which has been
reported to contribute to a decrease in hole carrier density for Cu chalcogenide nanostructures.®®
However, we carried out post-synthetic modification of the CuS nanocrystals (with oleic acid,
oleylamine, and 1-dodecanethiol) that shows changing the adsorbed species on the nanodisk
surfaces lead to a negligible redshift (0.02 eV) in LSPR (Appendix A, A3). A third possibility is that
the dielectric constant in our calculations for LSPR energy do not take into account variable Se
content. However, this is not likely to play a large role given that the CuS dielectric constant (3.8

to 4.4)% in the relevant wavelength range is very close to the CuSe dielectric constant (3.756)%

Figure 2.5c plots the measured bandgap energies of the alloyed nanodisks as a function

of Se content, showing a clear linear relationship. As Se content increases from x=0 to x=0.5, the
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bandgap energy can be directly tuned from 2.66 eV to 2.26 eV, respectively. This linear
relationship is different from previous experiments using a co-reaction method® and our
simulation results in which the nonlinear relationship (i.e. bowing) between bandgap energy and
Se content was observed. Because the thickness of the nanodisks do not change significantly
during anion exchange and the nanodisk diameter is one order of magnitude larger than the
exciton Bohr radius (3-5 nm) of CuxS,%5 we do not expect that quantum confinement effects to
play a significant role in bandgap tuning. Rather, we believe this difference originates from the
biphasic morphology of our nanodisk, which consists of an alloyed shell and an inner CusS core.
Se content increases as the thickness of the alloy shell increases; however, the composition of
the alloy remains constant. In contrast, our simulation results assume that the nanodisks adopt a
homogeneous alloyed nanostructure, where increasing Se content is obtained by increasing the
value of x in the CuSe\Six alloy. It is likely that the heterogeneous CuSeS:x/CuS core-shell
nanodisks are able to relax bond strain and charge redistribution through the introduction of an

interface, resulting in a nearly zero bowing parameter.

Conclusion

Overall, this work uses both DFT calculations and chemical synthesis to study the
electrical and optical properties of alloyed CuSexSi.x hanocrystals. Using first-principles electronic
structure calculations, we built a homogeneous CuSe,Si1.x model and calculated carrier density,
carrier effective mass, and plasma energy with respect to Se content. Our calculations show the
potential for wide range tunability in both LSPR energy and optical bandgap, indicating that these
alloyed nanomaterials are good candidates for exciton-plasmon coupling. Motivated by these
results, we designed a novel anion exchange protocol that utilizes CuS nanodisks as a template
for the synthesis of CuSexSi1.x hanocrystals. The synthesized nanocrystals exhibit a bandgap that

is tunable from 2.66 eV to 2.26 eV by changing Se content between 0<x<0.5, whereas LSPR
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energy remains relatively unchanged. Future efforts will explore how exotic chalcogen
compositions can be used to close the exciton-LSPR energy gap, including the exploration of
CuTe alloys, given that CuTe has an even smaller direct bandgap (1.1 to 1.5 eV)% than CuSe.
Discrepancies between our DFT and experimental results are attributed to two factors: (i) the
difference in nanocrystal structure (homogenous alloy in our DFT calculations vs. a
heterogeneous core-shell structure in experiments) and (i) an increase in Cu content that
modulates free carrier concentrations in the synthesized alloyed nanodisks. As a result, the
synthesized nanodisks have a larger exciton-plasmon energy gap than we predicted in our DFT-
based calculations. These discrepancies point to the ever-present need for rational alloyed
nanocrystal synthesis, both for the accurate validation of DFT models that can lead to predictive
materials design and for achieving the tight compositional and morphological control required for

enabling strong light-matter interactions such as exciton-plasmon coupling.
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Metallic nanostructures that support surface plasmons have been demonstrated to exhibit
a wide range of nonlinear optical phenomena,? including enhanced second harmonic generation
(SHG).>® SHG is a nonlinear wave-mixing process where two incident photons at the same
fundamental wavelength (Arw) combine to produce a single, higher energy photon at the second
harmonic (Ash=Arw/2) wavelength. In bulk materials that possess a large nonlinear susceptibility®
(x?) such as B-barium borate and lithium niobate, SHG stems from light-matter interactions with
a non-centrosymmetric crystal lattice. SHG is also supported by under-coordinated surface
structures due to centrosymmetric break-down.””" A major drawback with using surface-
generated SHG, however, is a reduced nonlinear interaction length. Enhanced SHG overcomes
this by taking advantage of metal surfaces that support the excitation of surface plasmon
resonances (SPRs)'?>' that can serve to enhance the near-field intensity'*'® at either the
fundamental or the second harmonic wavelengths.>'"'® However, it is difficult to match both
optical excitation and emission by a structure that exhibits only a single plasmon resonance.

Double resonance nanostructures can be designed to support two different types of optical
modes (e.g. a Fabry-Perot-like resonance mode and a SPR mode)," similar types of resonance
modes with different polarizations,?° two separate optical components that each supports a
resonance mode,"?"-2* or multi-resonances structure with either multiple components or
branches.?*2° The ability of these double resonance structures to maximize re-emission into the
far-field is highly promising for the development of nonlinear light sources. However, the majority
of these designs require components that possess complex nanostructured architectures and
precise control of the resonance frequencies, which determined by the size,® shape3'3? and
orientation®® of metal nanostructures. As a result, nanostructured metasurfaces supporting SHG
have predominantly relied on direct-write or lithography-based nanofabrication
techniques, 19223435 |limiting the ability to generate large-scale arrays for light emission. While
suitable for building proof-of-concept structures, such fabrication processes are not amenable to

nanomanufacturing considerations such as scalability, throughput, and cost.
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Plasmonic metasurfaces have the potential to serve as effective platforms for enhanced
SHG because they can be designed to exhibit a double resonance effect, with near-field
enhancement occurring at both the fundamental and the second harmonic wavelengths. Here,
we present a highly scalable, bottom-up approach to fabricating plasmonic metasurfaces for SHG
and light emission. Colloidal nanocrystals assembled into periodic arrays serve as the foundation
for ultrathin nonlinear optical metasurfaces that absorb in the near-infrared (IR) and emit in the
visible. We observe SHG from a nanocube-on-metal structure similar to those first reported by
Moreau et al.*® Rozin et al. previously demonstrated that colloidal metasurfaces are capable of
supporting multiple, spectrally separated but spatially overlapping plasmon resonances that
induce strongly enhanced optical fields.®” Such colloidal metasurfaces are particularly
advantageous for enhanced SHG platforms because the parameters that affect field

enhancement at the fundamental and second harmonic frequencies can be independently tuned.

Experimental Methods

Gold Substrate Fabrication. Au Substrates are fabricated through Sputtering (using
Denton Discovery 18 Sputter System). 500 um thick, 1 cm by 1 cm size glass substrates were
washed with ethanol, piranha solution, DI water and dryied with Nitrogen stream. The sputtering
RF bias is used to clean the substrate for 40 seconds, and follows with Cr (400 W, 5 second) and
Au film (300 W, 115 second) sputtering with the Ar gas pressure as 2.4 mTorr.

AgNC Synthesis. AgNCs are synthesized via a polyol synthesis described before#*°, We
add CuCl, AgNOs3, 1,5-pentanediol in a glass vial and dissolve through sonication. In a separate
glass vial, we dissolved PVP (MW=55000) in 1,5-pentanediol. Then we add 10mL 1,5-pentanediol
in a 50mL Round Bottom Flask, heat up to 193 degrees and inject the precursors into the hot
solution. The synthesized AgNCs are vaccum-filtered (using 650 nm, 450 nm and 220 nm pore
size Millipore Durapore membranes) to reduce the polydispersity. The filtered AgNCs are

centrifuged in ethanol to remove excess PVP and re-dispersed in 15 mL ethanol for later using.
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Metasurface Fabrication. Take 3 mL AgNCs (stored in ethanol), add 17 mL ethanol and
centrifuge at 3400 RPMs for 15 minutes, re-disperse in 10 mL ethanol and centrifuge at 3400
RPMs for 15 minutes. Then add 1 mL CHCI; and sonicate to fully dispersed. Fill a glass petri dish
with DI water, add AgNCs (in CHCIs) drop by drop to the petri dish. More drops added, the higher
AgNCs film density we achieved. After making the AQNCs film, wait about 1 hour and transfer the
AgNCs film to the Au substrates by simply dipping into the petri dish.

SHG Measurement With Confocal Microscope (Figure 3b, c). We use back-scattering
mode of Leica SP5 Confocal/MultiPhoton System (Leica Upright Microscope; 0.75NA 20x dry
objective; Leica GaAsP hybrid PMT detector). A tunable Ti-Sapphire laser was used as the
excitation source with approximately 100 femtosecond pulse width, 80 MHz repetition rate, and
tunable emission from 690—-1040 nm.

SHG Measurement With Picosecond Photon Detection Series. We use picosecond
photon detection series for all SHG measurements except for Figure 3b,c because it has well-
calibrated counts to photon number conversion efficiency, for accurate measurement of SHG
emission power. The excitation laser source is MaiTai HP (100fs Pulse Width and 80MHz
Repetition Rate, 690 nm to 1040 nm tunable wavelength); the objective lens is 20x with 0.45NA;
microscope is Olympus IX81; detector is Horiba PM, Picosecond Photon Detection Series.

We chose excitation wavelength from 750 nm to 1040 nm, with 50 nm increment (with the
exception of a 40 nm increment between last two data point). For each individual measurement,
excitation wavelength and laser power are constant, we carried out an emission scan using a

monochromator starting at 300 nm and with a 2 nm bandwidth, 2 nm increments, and a 1 second dwell

time (unless otherwise noted). Then we calculated the total counts from (AE"“%"”" - 5) nm to

(W%io" + 5) nm because the bandwidth of laser is roughly 10 nm. System detection efficiency at

different wavelengths is calibrated with standard nonlinear crystal, we use the system detection
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efficiency to covert measured counts to SHG photon numbers, and then calculate the SHG power.

Excitation power at fundamental wavelength is measured with Vega P/N 7201560 Power Meter.

Results and Discussion
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Figure 3.1 | Schematic and simulated metasurface near-field distributions: (a) schematic of single meta-atom
(90 nm cube, 10 nm radius of curvature on the corners, 3 nm dielectric layer), L is cube size and H is gap height, (b)
Electric field distributions on distal plane, proximal plane, and schematic of hotspots at fundamental wavelengths (c)
Electric field distributions on distal plane, proximal plane, and schematic of hotspots at second harmonic
wavelengths. (d) Far-field scattering, absorbance, and calculated extinction spectra for the metasurface. (e) Local

electric field intensity in the cavity (proximal) and on the AgNC top surface (distal plane) as a function of incident
wavelength, inset is schematic of distal plane and proximal plane.

A schematic of the metasurface geometry is shown in Figure 3.1a. Ag nanocubes
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deposited onto a metal backplane forms a metal-dielectric-metal interface that serves as the
structural repeat unit, or meta-atom, of the SHG metasurface. Near-field enhancement at the
fundamental frequency is largely dictated by the thickness of the polymer space layer due to a
gap mode that results from capacitive coupling between the nanocube and the Au backplane.
This gap mode (Figure 3.1b) is largely dependent on both spacer layer thickness (which
determines gap height) and cube size (which determines gap size). Field enhancement at the
second harmonic frequency stems from a localized surface plasmon resonance (LSPR)
associated with the Ag nanocube (Figure 3.1c), and is thus primarily dictated by the size of the
Ag cube. This cube mode is highly dependent on cube size, but independent on spacer layer
thickness. Thus, control over the structural parameters of the colloidal metasurface allow for
orthogonal control over near-field enhancement at the fundamental and second harmonic
frequencies.

First, we carried out full-wave electrodynamic simulations (Lumerical FDTD Solutions)
to investigate how the LSPRs of the nanocube and coupled nanocube-film architecture influence
SHG enhancement. The local electric-field enhancement (|E/Eo|) distribution for a cross-section
located in the nanocube-film gap, 0.5 nm below Ag nanocube bottom surface (proximal plane) is
shown in Figure 3.1b,c. Figure 3.1d plots the simulated far-field scattering (black), absorbance
(red), and the calculated extinction (blue) of the metasurface. The fundamental gap mode (A=1060
nm) is a source of strong optical absorption and moderate scattering. Absorptions associated with
confinement of the gap mode are observed at the edges of the nanocube, and are present in the
simulated absorbance as oscillations in the absorbance intensity at wavelengths just above and
below the fundamental mode. The absorption and scattering peaks located between 400 nm to
700 nm in the simulated spectra are consistent with “isolated” LSPR modes of the Ag nanocube.*°
The broad feature at A=500 nm corresponds to the first order dipole mode of the Ag nanocube,
whereas the peak located near A=420 nm originates from the quadrupole and other higher-order

LSPRs.*! However, the field enhancement induced by the quadrupole mode is dominant over the
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enhancement induced by dipole modes at the SHG wavelength.*? The field enhancement
distribution for a cross-section taken just above (0.5 nm) the top surface of the Ag nanocube
(distal plane) and a cross-section taken inside the gap (proximal plane) is shown in Figure 3.1e.
Thus, the nanocube metasurface exhibits a clear double SPR resonance: the gap mode
responsible for enhanced absorption, and the nanocube LSPR responsible for emission. From
the simulation of near-field distribution, we assigned the gap mode at the fundamental wavelength
as a dipole mode that stems from coupling between the Ag nanocube and Au substrate. Thus,
field enhancement is consistent with SHG selection rules,*** where the excitation of a SH
quadrupole mode results from combined photons that stem from a dipole mode at the
fundamental wavelength.*® The spatial mode overlap that occurs inside the metasurface gap
between the fundamental mode and SH mode is likely a major contributor to increasing the

efficiency of the SHG process.?°
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Figure 3.2 | Simulation, dependence of gap height and cube size: (a) Schematic of Meta-atom made by different
size of cube. (b)(c) Scattering and absorption Cross-section of metasurfaces with constant (3 nm) gap size and
varied cube size (Red is 75 nm, blue is 90 nm, black is 105 nm). (d) Schematic of Meta-atom made by different
thickness of dielectric layer. (e, f) Scattering and absorption Cross-section of metasurfaces with constant (90 nm)
cube size and varied gap size (red is= 3 nm, blue =5 nm, black = 7 nm).

To investigate whether these two resonances can be independently tuned, we used FDTD
simulations to investigate metasurface dependence on nanocube size and gap height. Figure 3.2
shows the resulting NIR absorption and visible scattering spectra obtained for three colloidal
metasurfaces composed of: (i) different cube sizes a constant gap of H= 3 nm; and (ii) different
gap heights and a constant cube edge length L=90 nm. The strong scattering peak in the visible
range red-shifts significantly with increasing nanocube size, from A= 410 nm for L=75 nm to A=
448 nm for L=105 nm. However, optical scattering remains constant at A=428 nm for all three gap
heights, confirming that field enhancement near Asy is completely independent of H. The strong
NIR absorption response is dependent on both cube size and gap height. For increasing cube
size from L=75 nm to L=105 nm, the absorption peak red-shifts by 286 nm due to an increase in

the optical cavity size. For increasing gap height from H=3 nm to H=7 nm, the absorption peak

blue-shifts 243 nm due to weaker coupling between the nanocube and Au substrate.
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Figure 3.3 | Wavelength, power and density dependence of metasurface Second Harmonic Generation (a)
SEM image of nanocube metasurface displaying well-spaced NC array. (b) Nonlinear emission spectra from a
colloidal metasurface with a fundamental gap mode at 900 nm showing Arw-dependent SHG. (Corresponding
reflectance spectra in Appendix B, B1) (c) SHG power dependence, showing SHG is a 2"-order NLO process. (d)
Metasurface second harmonic enhancement factor. (e) Reflectance spectra of Ag nanocube metasurfaces. (f)
Nonlinear emission spectra (measured with Picosecond Photon Detection Series). Showing SHG at Asi=450 nm,
inset is SEM images of two metasurfaces with different density. (a-c),(d-f) used two different batches of metasurfaces

To fabricate the metasurfaces, colloidal Ag nanocubes were synthesized according to a
modified polyol reaction, described in detail elsewhere® and deposited onto a supported 50-nm
Au film using Langmuir-Blodgett deposition.*® (Details in Methods Section) Each nanocube is
encapsulated in a thin (<2 nm) polymer shell, providing a nanoscale spacer layer that insulates
the Ag nanocube from the underlying Au film. Figure 3.3a shows a (top-down) SEM image of a
metasurface fabricated with nanocubes possessing an average edge length of 8944 nm. The
nanocube array has an average nanocube center-to-center spacing of 224145 nm, and a
nanocube purity of >98% (particle defect rate of <2%). Nanocube density and spacing can be
controlled during the deposition process. A typical nonlinear optical emission spectrum for the
nanocube metasurface is shown in Figure 3.3b (black), excited with a scanning, normal incidence

pulse train at Arw=900 nm. During excitation at the fundamental wavelength, light-matter interactions
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of the plasmonic structure (at the gap mode resonance) can convert the far-field Ex, component of the
normal incident light to a near-field E; component.#” Plasmon excitation also promotes the interaction
of the near-field with the zzz component of the second-order susceptibility tensor, which is strongly
localized near the bottom facet of the AgNCs (inside the metasurface gap). Owing to the surface
centrosymmetry broken at these metasurface junctions*? along z-direction, only zzz component of the
second-order susceptibility tensor is non-vanished, therefore, a significant near-field z-polarized
coherent SHG response can be generated inside the particle-substrate gaps. The narrow SHG peak
is prominent in the emission spectrum at precisely Asu=450 nm. The other prominent feature is
the expansive range of cathedral-like peaks throughout the visible spectrum from 450 nm to 700
nm, which we attribute to multi-photon photoluminescence; their investigation is outside the
primary scope of the present work and has been reported elsewhere.*® For comparison, the
nonlinear emission from a pristine Au thin-film (sans nanocubes) is shown with an identical
illumination configuration, revealing a relatively flat and featureless spectrum (Figure 3.3b red).

The nonlinear emission spectra were also recorded for optical excitation at Arw= 900, 910,
and 920 nm (Figure 3.3b). Each spectrum exhibits a narrow second harmonic peak (FWHM<6
nm) whose position follows a strict Arw/2 dependence. Unlike this SHG peak, the broad signal
attributed to multiphoton emission does not exhibit a spectral shift with varying incident
wavelengths. Figure 3.3c shows a log-log plot of the intensity of the second harmonic peak with
respect to the input power for excitation at Arw=900 nm. Peak intensity was found to increase with
a nonlinearity order of approximately 1.9, confirms the optical signal we measured originate from
second order nonlinear process.

In order to compare the performance of our colloidal metasurface to other SPR-based
SHG platforms,'® we calculated the SHG enhancement factor (EF). Here, we define the SHG EF
as the ratio of metasurface SHG power (Pus) to the SHG power of a pristine Au thin-film (Pay),
consistent with other studies.*® Figure 3.3d plots the SHG emission intensity for both the colloidal

metasurface, a 75 nm Au thin-film, and a 500 pm-thick Si substrate, normalized to accommodate
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for pump power. Here, the metasurface was fabricated with Ag nanocubes (average size=87.5
3.8 nm) deposited at a surface density of 12.1%, and onto an underlying Au thin-film that is 75
nm thick. For an excitation power of 3.80 mW at Arw=900 nm, we measured the power of the SHG
signal to be Pus = 2.20x10"® W. Because the unenhanced SHG signal from the bare Au film is
much weaker, a higher pump power was required to detect the SHG. Using an excitation power
of 264.75 mW at Arw=900 nm, we measured the SHG power from the Au film to be Pa, = 7.00x10"
4 W (equivalent to 1.45x10"" W at 3.80 mW incident power). This gives a metasurface SHG
enhancement factor of EFus = 1.52x10%. In addition, we did a comparison with AGNCs on a bare Si
substrate. Since there is no coupling between the AgNCs and Si, this structure serves as a single
resonance structure that only exhibits a nanocube mode resonance and field enhancement at the SHG
emission wavelength. As a result, the SHG efficiency of the colloidal AQNC metasurface fabricated on
Au (double resonance structure) is one order of magnitude higher than AgNCs on silicon (single
resonance structure). (Appendix B, B2)”

We then compared the SHG efficiencies of two colloidal metasurfaces fabricated with
different nanocube densities (12% and 20%) and all other parameters the same. Figure 3.3e
shows their near-normal specular reflectance spectra. The large dip in reflectance centered at
875 nm corresponds to the fundamental gap resonance. The spectral positions of the fundamental
gap mode for both metasurfaces are similar, indicating that there is minimal interaction between
the Ag nanocubes in-plane and that both metasurfaces operate within the weak interparticle
coupling limit.>” The only significant difference between the far-field response of each metasurface
is the marked decrease in reflectance for the higher nanocube density. To calculate the SHG
efficiency of each metasurface, we define efficiency as the ratio of the fundamental beam power
to the metasurface SHG power:

Ppw

‘n =
SHG PMS

For a colloidal metasurface with a 12% nanocube density excited with Pew = 3.80%10° W, we

45



measured SHG efficiency to be nsne=(4.87 % 0.28)x10"", whereas for the 20% density
metasurface the efficiency is nsnie=(8.29 + 1.23)x10"". This 67% increase in the density of meta-
atoms covering the surface leads to a 70% increase in SHG efficiency (Figure 3.3f), indicates the
far-field emission we collected is incoherent SHG. During emission process, near-field E;
component at fundamental frequency been converted to near-field coherent z-polarized SHG signal
which confined inside junction. Then, through cube mode plasmonic resonance (at SHG frequency),
near-field SHG signal emits out from junction and become incoherent far-field SHG due to the
plasmonic resonance lifetime. Furthermore, owing to the aperiodic macroscopic pattern, the far-field
SHG signal from different junctions has interference with poor phase matching in spatial, therefore,
the overall far-field SHG signal is incoherent 3 which propagate off-(z)axis, and collected by the
aperture of the objective.

The highest efficiencies we measured were nsnic=5.36x10° (Appendix B, B3) with 15.6
GW/cm? peak excitation intensity (A\rw=800 nm, 0.2 s dwell time) and nsne=1.2%x10° from the same
metasurface with a longer 1 s dwell time. This decrease in efficiency indicates some materials
degradation of the colloidal metasurface under extended laser illumination, potentially from either
oxidation of Ag or nanocrystal reshaping due to photothermal effects.5'~°3 In comparison, previous
reports for bowtie apertures made by lithography exhibit nste=6.33%10° under 0.8 GW/cm?,"® and
comparably nsue=1.23%x10% under 1.61 GW/cm? for ultrasmooth antennas.?° While our colloidal
metasurfaces exhibit lower SHG emission efficiencies, they possess much larger device areas
with the potential for high meta-atom densities and wafer-scale fabrication. (See Appendix B, B4
for a detailed comparison)

Tunability of the colloidal metasurface structure also enables further investigation of the
double resonance effect. SHG enhancement is proportional to f(Ask)?-f(Arw)* where f is field
strength.®* Thus, the near-field enhancement at Arw is expected to dominate the observed SHG
signal in our double-resonance structure. In a double-resonance structure, energy transfer from

mode coupling (nra¢) has also been shown to be a crucial factor in determining SHG efficiency.?'
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To investigate the relative importance of near-field enhancement versus mode coupling, we
fabricated two colloidal metasurfaces that exhibit the same nanocube LSPR modes but possess
different gap resonance wavelengths at A=890 nm (labeled M890) and A=1020 nm (labeled
M1020).

Figure 3.4a,b shows the SHG excitation spectrum, which is a plot of the SHG intensity for
varying fundamental excitation wavelengths between Arn=750-1050 nm. Data points were
obtained in 50 nm increments and normalized to the incident intensity (10 GW/ cm?) (Appendix B,
B5) and detector efficiency. The data points are fit with two overlapped Gaussian functions
(Appendix B, B6) to identify SHG maxima. In Figure 4a, a maximum in SHG signal intensity for
M890 is obtained at Arw=815 nm excitation, with a secondary SHG peak obtained at Arw=884 nm
and a weak but non-zero SHG signal at Arw>1000 nm. Figure 4b, shows the SHG excitation scan
for M1020, where a peak in SHG emission occurs at Arw=1029 nm, another peak located at
Aw=875 nm. Figure 3.4c,d shows the reflectance and absorbance for M890 and M1020,
respectively. For M890, the optical resonances of the metasurface are designed to possess good
overlap with Arw and Asy. For M1020, the LSPR modes of the metasurface are designed to
possess poor overlap with either Arw or Asw. Figure 4e,f shows the expected SHG enhancement
factors and radiation efficiencies for each metasurface. Experimental absorbance and reflectance
spectra in Figure 4c,d were used to calculate the relative SHG enhancement factor f(Asn)? f(Arw)*
(Appendix B, B7). To validate these results, we performed Finite Element Method simulations to
obtain the wavelength dependent radiation efficiency (blue line). These results were obtained by
adding 28 dipoles sources at the hotspots inside gap (Appendix B, B8), this radiation efficiency
corresponds to conversion of near-field SHG to far-field SHG. The radiation efficiency includes
several factors, including coupling between the near-field SHG quadrupole mode and the far-field
SHG dipole mode.

For M890 (Figure 3.4e), the SHG enhancement factor peak (black) at Arw=825
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Figure 3.4 Linear and nonlinear optical metasurface response. Excitation wavelength dependent SHG efficiency
of M890 (a) and M1020 (b), respectively, black dots are measured data points, red and blue curve are Gaussian
function curve fitting. All SHG efficiency data is normalized to excitation intensity of 10 GW/cm?2. Experimental
reflectance and absorbance spectra for metasurfaces with fundamental gap-modes centered at 890 nm (c), and 1020
nm (d). blue curve is reflectance measurement at emission wavelength (top axis) and black curve is absorption
measurement at excitation wavelength (bottom axis). Wavelength dependent radiation efficiency (blue curve) and

calculated enhancement f(AsH)2-f(AFw)* (black curve) of M890 (e) and M1020 (f), respectively.
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nm is consistent with strong SHG efficiency peak at Arw=815 nm, and the radiation efficiency peak
(blue) at Arw=880 nm is consistent with the secondary SHG efficiency peak at 884 nm. For M1020
(Figure 3.4f), the SHG enhancement factor peak (black) at 1040 nm is consistent with peak in
SHG emission (black) at Arw=1029 nm, and the maximum radiation efficiency (blue) at Arw=880
nm is consistent with another SHG efficiency peak at Arw=875 nm. To confirm the peak
identification and analysis, we fabricate another metasurface with 920 nm gap mode resonance
(M920) and perform excitation scan with 25 nm data interval (Appendix B, B9). Our experimental
data shows M920 has two SHG efficiency peaks, one peak at 825 nm consists with enhancement
factor peak, another peak at 875 nm consists with radiation efficiency peak, and both peaks can
be fitted with gaussian function. As a result, we find that SHG is proportional to both SHG

enhancement factor and radiation efficiency (f(Asn)?-f(Aew)* Nrad).

Conclusion

Overall, this work demonstrates the scalable fabrication of colloidal metasurfaces for
enhanced SHG platforms utilizing a double resonance structure. We use these platforms to
explore the mechanism for enhanced SHG, and determine that both near field enhancement and
mode coupling are critical parameters. By tuning meta-atom size, density, and arrangement, the
field enhancement associated with both nonlinear absorption and linear scattering processes can
be precisely controlled. Given the ability to synthesize metal nanocrystal with a wide variety of
shapes and materials, it may be possible to greatly increase SHG efficiencies of these platforms
and extend SPR-based enhancement to other nonlinear optical conversion processes. The
tunability of the colloidal device structure also provides a convenient strategy for designing SHG
platforms with different working frequencies, with the potential for creating hybrid structures with
multiple working frequencies on a single platform. Also, owing to plasmonic resonance lifetime
and poor phase matching in spatial, the far-field SHG signal we measured is incoherent. In the

future, with proper design of the periodic colloidal metasurface by using surface functionalized
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AgNCs, it is possible to generate far-field spatial-coherent SHG from colloidal metasurface. Such
metasurface will enable the phase and polarization control for the further functionalization in the

integrated nonlinear optics.
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Surface-enhanced Raman spectroscopy (SERS) is a well-developed surface-sensitive
technique that relies on large enhancements — with a theoretical enhancement factor up to 10
and most experimental enhancement factors measuring between 107 to 10" "2 —of Raman
scattering signals from chemisorbed or physiosorbed molecules near a metal surface.®>* The
enhancement mechanism is mainly explained by two phenomena associated with
electromagnetic and chemical charge transfer effects. In the first, the excitation of localized
surface plasmon resonances (LSPRs) supports nanoscale localization of the electromagnetic
near-field (i.e. the formation of hotspots), where enhancement factor is approximately proportional
to the fourth power of this near-field intensity.*® In the second mechanism, intermolecular charge
transfer, charge transfer between a metallic surface and adsorbed molecules produces
enhancements in Raman scattering due to resonance effects between the excitation of light and
various electronic processes.”® Decades of effort have been dedicated toward understanding
and optimizing these two mechanisms for maximizing SERS signals for applications such as
single-molecule sensing'®"" and biomedical imaging.

While SERS performed on rough metal surfaces has been used as a platform to provide
signal enhancement for over forty years,'® such substrates provide low hotspot uniformity, poor
optical tunability in operation wavelength, and low surface sensitivities due to poor near-field
confinement. In response, the past two decades has seen incredible growth of SERS substrates
based on aggregated nanoparticles (NPs) that generate large field confinement due to plasmonic
coupling between closely spaced NPs.'%'4'" While aggregated NPs can provide large SERS
signals and can provide a means toward large-scale fabrication of SERS platforms, the large
sample-to-sample variation of these materials inherently limits the ability to perform quantitative
SERS analysis of analyte concentration. For example, prior work measuring the distribution of
SERS intensities for molecules adsorbed to a closed-packed Ag NP film showed that “cold” sites
contain 61% of analyte molecules and that 24% of the total observed SERS signal is given by

less than 0.007% of the total analyte molecules located in hotspots with anomalously highest
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enhancement factors.'® This heterogeneity in signal collection over a single SERS substate
creates challenges in utilizing these NP-based platforms for calculating sensing metrics such as
limit of detection (LOD), where a clear dependence between SERS signal and molecular
concentration must be established. In addition, the nanogaps responsible for hotspot formation in
these NP aggregates are characterized by random orientations and morphologies, which limits
the optimization of charge transfer processes that depend highly on molecular orientation within
a nanogap.

In more recent years, the design of SERS platforms has focused on metallic substrates
that utilize coupling between individual plasmonic NPs and metal films, such as nanoscale patch
antenna (NPA) structures and metasurfaces comprised of nanoparticles deposited on top of metal
substrates.’®?° Yi et al. drop-casted a colloidal mixture of Rhodamine 6G (R6G) and Ag
nanocubes (AgNCs) onto a polymer coated silver thin film and achieved 10" M limit of detection
for R6G molecules.?’ Marshall et al. used a spin coating method to deposit Ag nanospheres
(AgNS) on a polymer-coated Ag thin-film.?223 The relative SERS intensity depends on the
molecular orientation relative to the local electric field because SERS intensity is proportional to
cos?(8), where 6 is the angle between the local electric field and Raman tensor directions.?* By
modeling molecular geometry and local field directions in density functional theory calculations,
they were able to calculate the molecular orientation of a trapped analyte. However, to avoid
interparticle coupling stemming from disordered aggregation, both NPA structures typically have
a very low surface density of NPs, precluding many of these SERS platforms from being employed
in SERS mapping and quantitative analysis of large-scale analytes (e.g. molecular monolayers or
two-dimensional materials).

To address these challenges with molecular orientation and large-scale SERS mapping,
we fabricated colloidal metasurfaces using a previously published method?® using AQNCs that are
deposited onto a flat metal film.?6-28 The resulting metasurface-based surface-enhanced Raman

spectroscopy (MSERS) substrate possess a “nanocube-on-metal” (NOM) type structure and
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operate by confining light to a resonant optical gap,?” where a molecular analyte is trapped.
Advantageously, Raman enhancement can be generated from a large cross-sectional area (>20%
of the total substrate area) of the mSERS substrate,? which allows for sampling a broad range of
different analytes without necessitating specific binding chemistries. Here, we characterize these
MSERS substrates and the design parameters that dictate mSERS detection capabilities at low
analyte concentrations, such as nanocrystal density, illumination wavelength, near-field
polarization, and molecular analyte orientation. As a demonstration, we carry out sensing
experiments for an emerging organic pollutant in drinking water, Bis (4-bromophenyl) ether (BDE-
15) that is expected to possess highly anisotropic molecular orientations when adsorbed onto a
surface. We measure the quantitative LOD for BDE-15 in aqueous solutions to compare to other

SERS-based PBDE sensors.?®

Experimental Methods

Materials. Ethanethiol (97%), Thiophenol (97%) were purchased from Sigma-Aldrich.
Pyrene (in solution), SPEX CertiPrep (1.2 mL, 1000 ug / mL) was purchased from Fisher scientific.
Pyrene (powder) was purchased from Spectrum Chemical. Bis(4-bromophenyyl) ether (BDE-15),
99% was purchased from Alfa Aesar. Monolayer graphene on pre-diced Au substrate (1cm x 1
cm) was ordered from Grolltex, Inc. All materials were used as purchased.

Gold Substrate Fabrication. Au thin-film substrates were fabricated through Sputter
Deposition (using Denton Discovery 18 Sputter System). 100mm diameter, 500 ym thick P type
doped wafer (University wafer) was cleaned with isopropanol and cleanroom cloth. The sputtering
RF bias is used to clean the substrate for 20 seconds and followed with 10 seconds Cr (400 W)
and 120 seconds Au (300 W) sputtering with the Ar gas pressure as 2.4 mTorr. Then the wafer

was diced into 1cm x 1cm size for later use.
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BT SAM Substrate Fabrication. Au thin-film substrates were washed with ethanol,
piranha solution (60 seconds), DI water and dried with compressed air. Then the washed
substrates were incubated in 1mL, 10% BT solution (in Ethanol) for 3 hours, rinsed 8 times with
ethanol thoroughly, dried under compressed air and kept in a fume hood overnight (about 16
hours).

Pyrene SAM Substrate Fabrication. 2mL, 5 ug / mL pyrene solution (in chloroform) was
deposited dropwise onto a deionized water (18 MQ) subphase in KSV Nima KN2001 Langmuir-
Blodgett trough. Then the Teflon barriers were compressed at 4 mm / min speed until the end and
achieved 10mN £ 1mN surface pressure (surface area is about 30 cm?). Pre-cleaned Au thin-film
substrate was mechanically dipped into the air-water interface quickly, placed vertically on paper
towel and dried in air.

Ag nanocubes (AgNCs) Preparation. Ag Nanocubes were synthesized via a polyol
method published elsewhere.®® AgNO; is reduced in a solution of pentanediol, CuCl,, and
polyvinylpyrrolidone (PVP) (Mw=55,000). PVP serves as a selective capping agent that controls
nanocube nucleation and growth. The reaction was allowed to proceed until the resulting colloidal
dispersion turned an opaque yellow-green color. To remove excess reactants, the nanocube
dispersion product was centrifuged (2700 rpm for 10 min) using a Thermo Scientific CL2
Centrifuge, and the resulting precipitate was redispersed and diluted in an ethanol and water
mixture, and then vacuum-filtered (Millipore Durapore membranes, with 0.65 um, 0.45 um, then
0.22 um pore sizes) to remove any larger, unwanted particles.

Metasurface Fabrication. To prepare the AQNCs for Langmuir-Schaefer deposition, a
nanocube dispersion is washed by centrifugation and the precipitate is dispersed in EtOH. This
process was repeated three times before finally dispersing the precipitate in chloroform. AGNC
films were fabricated using a KSV Nima KN2001 Langmuir-Blodgett trough, as previously
described.?" The AgNC solution was deposited drop-wise onto a deionized water (18 MQ)

subphase. The film formed at the air-water interface was allowed to equilibrate for 30 min. The Ag
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nanocube film was isothermally compressed to a desired surface density before being transferred
to the Au or functionalized Au substrates via mechanical dipping.

PBDE mSERS Sensor Fabrication. Pre-cleaned Au thin-film substrate was incubated in
1mL, 1% Ethanethiol solution (in Ethanol) for 3 hours. Washed with Ethanol 5 times and dried
under compressed air. Then the substrates were held in a glass vial with 10 mL BDE-15 DI water
solution (prepared by diluting 0.1mM BDE-15 ethanol solution with DI water), stirring at 500 RPMs
and keep 3 hours. Because the surface is hydrophobic, there was no water residue left on the Au
thin-film substrate with the BDE-15 molecules. Then AgNCs were deposited on the thin-film with
the method introduced before.

mMSERS measurements. All Raman spectra were obtained using a Renishaw inVia
confocal Raman microscope. Measurements were taken at powers < 1 mW to prevent laser
induced damage. 785 nm illumination was provided by a Renishaw 300 mW diode laser. 633 nm
illumination was provided by a Renishaw 17mW HeNe laser. 514, 488, and 457 nm illumination
was provided by a Modu-Laser 50 mW Ar+ lon laser. All spectra were collected through a 50x,
0.75 NA objective.

FDTD Simulations & Simulated EF. Electromagnetic modeling was performed with
Lumerical FDTD Solutions. AgNCs (Palik dielectric data) were modeled in 90 nm cube size, 10
nm radius of curvature on the corners with an underlying 75 nm Au thin-film. A 6 nm dielectric
layer with n = 1.4 was added to reflect the analyte layer positioned within the plasmon volume.
Incident light was injected normal to the substrate and polarized parallel to the (100) faces of the
AgNC. A 1 nm global mesh was used; to improve accuracy, the mesh size was reduced in the
gap region to 0.5 nm. The electric field profiles were calculated in the plane of the Au thin film, 1
nm offset from the surface. An average EF for the mSERS substrate is calculated by summing
|E/Eo|* at each pixel (1x1 nm) and normalizing to the cross-sectional area of each nanocubes.

This calculation was carried out at discrete wavelengths over the visible range.
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Results and Discussion
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Figure 4.1 | Fabrication of the mSERS platform: (a) Schematic of the colloidal metasurface via deposition of
AgNCs onto a flat Au film. (b) Top-down SEM image of the resulting metasurface showing well-spaced AgNCs (90
nm in edge length). (c) Schematic of a single nanocube-on-metal (NOM) meta-atom and the location of the
electromagnetic hotspot inside the meta-atom gap. The color map shows FDTD simulation results indicating the
overall electric field strength associated with the optical gap. For the excitation plane wave, propagation direction is
along the z-axis and polarization is along the x-axis.

A schematic of the fabrication process for our NOM metasurface is shown in Figure 4.1a,
depicting how Langmuir-Schaefer deposition is used to generate the layered metallic structure.?®
Briefly, Ag nanocubes (AgNCs) are dispersed in chloroform, drop-casted onto an air-water
interface to form a floating AQNC monolayer, and isothermally compressed with a mechanical
barrier until a target AQNC density within the monolayer is reached. Here, we aim for a target
AgNC density range of 5-30% surface coverage, which avoids the formation of AQNC clusters or
close-packing within the monolayer. The AQNC monolayer is then transferred to an Au thin-film by
horizontal dip-coating. This bottom-up assembly technique allows us to form a NOM metasurface
with controlled AgNC densities in the range of 11-65 AgNCs / um? such that the AgNCs that
behave as well-separated optical meta-atoms (Fig. 4.1b). Figure 4.1c shows a finite-difference
time-domain (FDTD) model and electromagnetic heat map for a single meta-atom consisting of
AgNCs (edge length=90 nm, edge/corner radius of curvature=10 nm) and a 95 nm thick Au thin-
film (Appendix C, C1), separated by a dielectric gap of 6 nm. In this model, the dielectric gap is
modeled to approximate the polymer layer that serves as the capping agent in the AGQNC synthesis
and is retained on the AgNC surface. Strong capacitive coupling between the AGNC and Au thin-

film in this meta-atom produces an electromagnetic hot-spot located inside the dielectric gap that

gives rise to a 70-fold near-field enhancement (E/Eo) within the optical gap at the resonant
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wavelength of 847 nm (Appendix C, C2). This heat map includes both the in-plane polarized
electric field components (Ex, Ey) and the out-of-plane polarized electric field component E,, with
the highest intensity near-field generated from the E; component.

First, we investigated how meta-atom density affects mSERS intensity. We selected the
widely used Raman analyte benzenethiol (BT) 3>* as a SERS benchmark for our analysis
because it is known to form an oriented, uniform self-assembled monolayer (SAM) on metal
surfaces® and because the SERS fingerprint of BT adsorbed on a metal surface is identical to
that of free BT molecules in solution.?® We deposited AgNCs (edge length=91 + 4 nm) on a BT
functionalized Au thin-film with an AgNC density estimated by SEM at the following surface

coverages: 6%, 16%, 17%, 27%, 32%, 43%, and 65%. Figure 4.2a shows averaged mSERS
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Figure 4.2 | mSERS intensity and enhancement factor: (a) Raman Spectra for BT collected using our mSERS
platform as a function of increasing meta-atom density. (b) Raman intensity of the 1023 cm™ vibrational mode of BT
as a function of meta-atom density. (c) Calculated meta-atom density dependent enhancement factor (EF) showing a
falloff as AgNCs begin to aggregate at higher surface densities.
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spectra for these various surface coverages, where each spectral point is an average of 100
points collected over the metasurface. The peaks at 999 cm™ and 1076 cm™ correspond to the
Bcce(an) vibrational mode, the peak at 1023 cm™' corresponds to Bcn(a+) vibrational mode and the
peak at 1575 cm™ corresponds to C=C ring stretch mode.?":3¢ As coverage density increases from
6% to 32%, the mSERS intensity of all the peaks gradually increases. However, when coverage
density increases above 32%, the mSERS intensity starts to decrease. We plotted the intensity
of the Bcr(aq) vibrational mode (1023 cm™') for each coverage density (Figure 4.2b). As coverage
density increases from 6% to 32%, the SERS intensity increases linearly (R? = 0.96) from 1950
to 9492 counts. At 43% and 65% coverage density, the average cluster size is 2 AgQNCs and 56
aggregated AgNCs, respectively, resulting in a significant decrease in SERS intensity to 3015 and
1150 counts, respectively. Figure 4.2c shows the calculated change in SERS enhancement factor
(EF) using the procedure reported by Zhang et al.*® As coverage density increases from 6% to
32%, the EF stays constant at 108, indicating that near-field intensity is independent of coverage
density when meta-atoms are well spaced. However, when coverage density increases from 32%
to 65%, the EF decreases by more than one order of magnitude. This EF decrease is attributed
to interparticle coupling between neighboring AgNCs, which causes a redshift of the optical
resonance and causes the metasurface to move off-resonance and significant decrease in E/Eq

at our laser wavelength (785 nm) (Appendix C, C3).28
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Figure 4.3 | Simulated far-field spectra, near-field distributions, and EFs: a) Simulated optical scattering (black),
absorption (red) and extinction spectra (blue). b) Color map showing the simulated electric field distribution for
different polarizations at the nanogap resonance. From left to right: E/Eo, x-polarized E-field, y-polarized E-field, and
z-polarized E-field. For the excitation plane wave, propagation direction is along the z-axis and polarization is along
the x-axis. (c) Wavelength-dependent E-field with different polarizations. The black line (E/Eo) overlaps significantly
with the green line and is not visible in this plot

Because SERS enhancement is known to exhibit a strong polarization dependence that
is dictated by the geometries of the metal nanostructures used as substrates,**#2? we carried out
a wavelength-dependent simulation of both in-plane (Ex, Ey) and out-of-plane (E,) components of
the near-field to calculate the theoretical contribution of each component to the mSERS
enhancement factor in Fig. 4.2c. Figure 4.3a shows a simulated far-field spectra of our NOM
metasurface (Appendix C, C4). At 425 nm, there is a large scattering cross-section peak and a
broad absorption cross-section peak originating from a cube mode resonance.?” At 847 nm, the
gap mode resonance results in a strong absorption cross-section and moderate scattering cross-
section, which can provide enhancement for both excitation and emission processes of mSERS.
Figure 4.3b shows a color map of the electric field distribution for illumination at the gap mode
resonance wavelength, 847 nm. This on-resonance gap mode is a dipolar mode with a maximum

enhancement of E/Eo =71. Also, this gap mode resonance is highly polarized. The Ex component
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of near-field enhancement is 4.5, the E, component is 1.3 and the E, component is 66, indicating
that the out-of-plane (E;) polarized electric-field is dominant in our metasurface. We then
integrated the electric field strength over the hot spot area for each wavelength, as plotted in
Figure 4.3c. At the gap mode resonance (847 nm), the E; component is more than 2 orders of
magnitude higher than the Ex and Ey, components. At the cube mode resonance (425 nm), this
NOM structure has a large scattering cross-section, but the near-field enhancement is much
weaker than the gap mode resonance.

The large out-of-plane component of the near-field suggests that molecular orientation is
likely to play a large role in determining the Raman EF of our NOM metasurface when detecting
analytes that are highly anisotropic and that adopt preferred orientations within the optical gap.
To better quantify the relationship between molecular analyte orientation and the EF of our NOM
metasurface, we characterized our mSERS response using two different analytes that adopt
different orientations within the NOM gap: BT and pyrene. Figure 4.4a shows a schematic of these
two analyte orientations. Owing to T-11 interactions between aromatic rings, BT molecules
preferentially orientate normal to the metal surface and self-organize in this manner 3. On the
other hand, because the transition dipoles of pyrene are in-plane polarized, pyrene molecules
preferentially orient parallel to the metal surface.** Figure 4.4b shows a comparison of the Raman
spectra obtained for isotropic BT molecules dispersed in ethanol (black line), the bare NOM

metasurface prior to BT exposure (blue line), and the NOM metasurface after exposure to BT (red
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Figure 4.4 | Schematic and wavelength dependent EF of molecule analyst: (a) Schematic of meta-atom with BT
molecules (left) and pyrene molecules (right) in gap. (b) Raman spectra of BT-NOM under 785 nm excitation (black is
free BT molecules in Ethanol, red is BT metasurface and blue is metasurface without BT). (c) Raman spectra of
pyrene metasurface under 785 nm excitation (black is pyrene powder on Au thin-film, red is pyrene metasurface and
blue is metasurface without pyrene). (d) wavelength dependent EF for BT metasurface (black square is BT
vibrational mode at 999 cm?, black circle = 1023 cm?), pyrene metasurface (red square = 590 cm™) and graphene
metasurface (red triangle = 2593 cm).

line). The BT-NOM exhibits peaks corresponding to the Bccc(a1) vibrational mode at 999 cm™,
Bcr(aq) vibrational mode at 1023 cm™' and Bccc(as) vibrational mode at 1076 cm™. Compared to
the Raman spectra of free BT molecules, the vibrational modes at 999 cm™ and 1023 cm™ are
redshifted ~3 cm™ which is attributed to surface adsorption. However, the vibrational mode at
1076 cm™ is redshifted ~15 cm™',which overlaps with the ethanol C-H rocking mode at 1096 cm-
13745 |In addition, the peak at 884 cm™ can be assigned to the ethanol C-C stretching mode and
the peak at 1055 cm™ corresponds to the ethanol C-O stretching mode (Appendix C, C5).%° The

weak modes in the Au NOM reference spectrum originate from trace amounts of PVP molecules
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that remain grafted on the AgNC surface.*® Figure 4.4c shows the Raman spectra of pyrene
molecule dispersed in ethanol solution (black line) and pyrene adsorbed to the NOM metasurface
(red line). Because pyrene is an excimer with strong fluorescence, pyrene solution has a broad
band background centered around 450 cm™.#® The Raman peaks at 408 cm™, 458 cm™ and
593 cm™ correspond to skeletal stretching modes, the peaks at 1067 cm™ and 1145 cm™’
correspond to C-H in-plane bending and the peak at 1244 cm™' corresponds to C-C stretching/C-
H in-plane bending.*® Compared with pyrene solution, the pyrene NOM signature only has two
detectable peaks at 458 cm™ and 593 cm™. The pyrene band at 408 cm™ is notably weaker when
adsorbed to the NOM, which is likely due to charge transfer with the Au thin-film. This is also

supported by the observed fluorescence quenching in the pyrene-NOM spectrum.

We then calculated EF using the fourth-power approximation where EF = (E/Eo)* where
E/Eo is the local electric field.*5. Because our NOM metasurface has a polarized E-field which
dominated by E; and because our surface analytes are highly oriented, we modified this fourth-

power equation with an additional dipole moment term, as follows:??
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Where E, is the incident electric field, E is the electric field at molecule location, w, is incident
frequency, w, is scattering frequency, E, and E correspond to polarization direction of incident
electric field and electric field at the molecule location, /i corresponds to the oriented molecular

dipole, and p corresponds to optical density. Because both E and ji have x-, y-, and z-

components, |E - ji ? can be rewritten as (Exit)?® + (Eypy)?® + (Euz)? where (Expy)? + (Eypy)?

is an in-plane term and (E,u,)? is an out-of-plane term.

Figure 4.4d shows the calculated and experimental wavelength-dependent Raman EFs
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for the BT-NOM and pyrene-NOM samples (Appendix C, C6, C7, C8, and C11). Calculated EFs
are obtained from the FDTD-simulated near-field strengths for the out-of-plane (E., black dashed
line) and in-plane (E,y, red dashed line) polarized components. At resonance, the in-plane
oriented dipole moments are enhanced by more than 4-orders of magnitude and the out-of-plane
oriented dipole moments are enhanced by more than 6-orders of magnitude. Experimental EFs
were obtained by measuring mSERS intensities for the BT-NOM and pyrene-NOM at five different
Raman excitation wavelengths: 457 nm, 488 nm, 514 nm, 633 nm and 785 nm. We then used the
strongest Raman bands (the 999 cm™ and 1023 cm™ peaks for BT and the 593 cm™' peak for
pyrene) to calculate the experimental EFs. In the BT-NOM, the experimental EFs are one order
of magnitude higher than the calculated EFs at 457 nm, 488 nm, 514 nm and 785 nm. This is
attributed to chemical contributions®®-52 to SERS enhancement. At 633 nm excitation, the
experimental EF is more than two orders of magnitude higher than calculated EF. This large
overperformance likely originates from two factors: i) partially on-resonance meta-atoms in our
metasurface due to the size distribution of AGQNCs, and ii) the areal distribution of hotspots inside
NOM junctions. Also, we observed that the EF of the Bcn(a+) vibrational mode (1023 cm™) is 2.58-
fold larger than the EF of the Bccc(ar) vibrational mode (999 cm™') at resonance. This difference
in EF originates from the difference in dipole moment orientation, given that Bcn(a1) has larger u,
component than Bccc(ar). At off-resonance wavelengths, near-field enhancement does not play a

dominant role and there is no difference between these two EFs for Bch(a1) and Becec(ar).

In the pyrene-NOM, we only have two data points at 633 nm and 785 nm because pyrene
has a lower Raman scattering cross-section and its experimental EF at 457 nm, 488 nm and 514
nm is lower than our instrumental detection limit (around 10%). The theoretical EF is calculated
using the in-plane polarized near-field (red dashes). Overall, the experimental EF of the pyrene-
NOM is more than two orders of magnitude lower than the experimental EF of the BT-NOM,

indicating that pyrene molecules are enhanced by the relative weakly in-plane polarized near-
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Figure 4.5 | Schematic of PBDE mSERS sensor fabrication and Raman spectra of PBDE metasurface: (a)
Schematic of PBDE mSERS fabrication. (b) mSERS spectra of metasurface sensor incubated in different BDE-15
concentration (c) Concentration-dependent and (d) post-fabrication time-dependent Raman intensity of BDE-15
collected at 781cm-2.

field. Similar to BT-NOM, pyrene-NOM also exhibits a discrepancy of ~10 between experimental
data and simulations. To confirm weaker enhancement on in-plane orientated bonds, we replaced
pyrene molecules with monolayer graphene (Graphene-NOM) and the experimental EF is
consistent with the calculated EF at 785 nm excitation. At 633 nm, there is a small overestimation

in experimental EF owing to heterogeneities in AgQNC size and areal distribution of NOM
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junctions.®® The experimental EF of pyrene NOM is slightly higher than Graphene-NOM at 785
nm because trace amounts of misaligned pyrene molecules due to molecular aggregation

possess an out-of-plane orientation and, thus, a large p,.

Because our NOM structure provides an EF greater than four orders of magnitude for flat
aromatic hydrocarbon molecules such as pyrene, it suggests that such a sensor platform might
perform exceptionally well for in detecting hazardous analytes with similar planar molecular
structures, such as BDEs. To demonstrate, we prepared a BDE mSERS sensor using the
fabrication method shown in Figure 4.5a. First, a piranha-cleaned Au thin-film was functionalized
with ethanethiol and incubated in a 1 uM BDE-15 solution. BDE-15 molecules spontaneously
physisorb to the functionalized Au thin-film due to poor solubility of BDE-15 in water and due to
attractive hydrophobic interactions between BDE-15 molecules and the alkyl chains of ethanethiol.
Following this incubation, we transferred AgNCs to the functionalized Au thin-film via Langmuir-
Schaefer deposition, trapping the physisorbed BDE-15 molecules inside a NOM junction.
Because our NOM structure has highest EF at 785 nm, our BDE-15 SERS measurement was
carried out using 785 nm laser. nSERS spectra were obtained by generating a Raman map with
automated collection using a programmed x-y stage. Each mSERS spectrum obtained is the
averaged lineshape from 49 different collection points (a 7x7 array) across the mSERS substrate.
This averaging allows us to obtain highly reproducible mSERS signatures over thousands of
meta-atoms. Figure 4.5b shows the mSERS spectra of our BDE sensor incubated at different
BDE-15 concentrations. The peak at 781 cm™' corresponds to the B(C-H) mode, the peak at 1071
cm™ corresponds to the v(C-Br), ring stretch mode, and the peaks at 1163 cm™ and 1198 cm™’
correspond to the vs (C-0), B(C-H) modes.>* Although the peaks at 781 cm™', 1071 cm™ and 1163
cm™ have similar intensities in the BDE-15 powder reference spectrum (Appendix C, C9), the

peak at 781 cm™ has a higher relative intensity in our BDE mSERS sensor owing to stronger
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enhancement of the B(C-H) mode. This is attributed to symmetry-breaking upon BDE-15
adsorption to the mSERS substrate and the larger u, component in (C-H) dipole moment. At

concentrations from 0 yM to 0.25 uM, no BDE-15 peak is apparent in the mSERS spectra because
the BDE-15 concentration is lower than the limit of detection (LOD) of the platform. Above 0.25
UM, the peak intensity of the B(C-H) mode (781 cm™) gradually increases with concentration;
however, owing to strong background noise (1000 cm™ to 1200 cm™) from polyvinylpyrrolidone
(PVP) on the AgNCs, the peaks at 1071 cm™ and 1163 cm™" are not detectable at concentrations
below 2.5 uM. As BDE-15 concentration is increased to above 2.5 pM, three BDE-15 vibrational
modes appear at 781 cm™, 1071 cm™ and 1163 cm™. This is consistent with the BDE-15 powder

spectrum, although the peak maxima are slightly shifted by ~5 cm™.

Moving forward, we chose to analyze the response of the 781 cm™ peak (8 C-H mode) for

quantitative BDE-15 analysis, aligned with previous studies.?® Figure 4.5¢c shows the plot of
MSERS intensity vs. BDE-15 concentration, it has a linear relation below 5 uM and decreases
above 5 pM. This decreased detection at higher concentration ranges is indicative of: i) saturation
of surface binding sites on Au substrate, ii) increased thickness in the adsorbed BDE-15 layer,
which results in a larger gap distance and weaker near-field enhancement, and iii) increased
surface roughness due to adsorbed BDE-15 causing a decrease in AQNC density. We performed
a time-dependent study of the response of the BDE sensor to probe how robust the mSERS signal
is. We observed a decrease in mSERS intensity with time, as plotted in Figure 4.5d which displays
Raman counts at various times after AQNC transfer. At 7.5 min, 0.25 uM sensor has 334 counts,
0.5 UM sensor has 597 counts and 0.75 uM sensor has 873 counts. As post-fabrication time
increases from 7.5 min to 67.5 min, the Raman intensity decreases exponentially to 46 counts,
111 counts and 350 counts, respectively. We attribute this exponential decay to molecular diffusion

of analytes inside the nanogap, which has been previously observed?°°° and likely to occur
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given that the mSERS hotspot is located less than 10 nm away from the edge of the nanogap.
While this molecular diffusion potentially results in an underestimation of the LOD for our mSERS
sensor, it provides added challenges in carrying out in-line quantitative analysis due to this time-
dependent Raman signal, which will depend on both analyte diffusion timescales and the kinetics

of analyte adsorption.

Conclusion

Overall, we show that a colloidal NOM metasurface with a strong gap mode resonance
can serve as a valuable platform for chemical detection based on mSERS. Both FDTD simulations
and experimental results confirm that the strong out-of-plane polarized near-field plays the
dominant role in mMSERS enhancement, providing ~10” enhancement for the out-of-plane and
~10° enhancement for the in-plane aligned aromatic molecules observed in this study. Because
vibrational modes with different dipole moment orientations provide vastly different mSERS signal
intensities, this platform provides the ability to study molecular orientation and local
order/orientation of 2D materials and thin-flms. As a chemical sensor for aromatic BDE-15
analytes, we achieved quantitative and reproducible measurements at low-level concentrations
with a LOD of 0.25 uM. Although our metasurface has relative low maximum EF (107), the large
hotspot area of the AQNC meta-atom provides sampling over many more molecules and leads to
a comparable LOD as other SERS-based BDE sensors that rely on only a few, high-performing
hotspots. In the future, by decreasing meta-atom gap distance and precise engineering of the
metasurface resonance frequency, the EF of this mSERS platform has the potential to exhibit
even lower LODs in chemical sensing. Future work will focus on how such mSERS platforms can
be utilized for in situ or in-line chemical sensing, where directional diffusion of physiosorbed
molecules inside the gap will be addressed, in addition to improving mSERS performance and

signal stability.
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Introduction

Waterborne diseases are a major public health concern and are attributed with an
economic cost of ~1 billion dollars per year in United States."? Drinking water containing chemical
contaminants related to pollutants, municipal and industrial discharges, and agricultural run-off
have been linked to liver and kidney damage, cancer, and anomalous occurrences of birth defects.
New contaminants are constantly emerging based on evolving urban, agricultural, industrial,
recreational, and environmental practices. The ability to rapidly detect and identify these

contaminants is imperative in ensuring drinking water quality and safety.

Optical platforms that are capable of rapid, high-sensitivity detection of water
contaminants are highly desired because they have the potential to be deployed for continuous,
online (e.g. real-time) water quality monitoring. This is especially desirable for water recycling and
wastewater management, since contaminants can be introduced at any point in space/time within
a water distribution system.® Deployment of multiple online sensors would allow accurate and
early contaminant detection within these water distribution systems. Optical absorbance and
emission spectroscopy methods are already employed for the online detection of dissolved
organic matter (e.g. TOC), with the ability to determine total organic content down to a few mg/L.*
6 However, detection of TOC is not contaminant specific and does not allow for accurate
comparison against limit values set forth by agencies such as the World Health Organization.
Analysis of specific contaminants is usually carried out offline using sample-based analysis
methods. For example, trace organic contaminants’ such pesticides and pharmaceuticals are
typically analyzed by liquid chromatography-mass spectrometry (LC-MS) or electrospray

ionization-MS8 with quantification in the range of 0.006—0.208 ug/L.

Recently, surface-enhanced Raman spectroscopy (SERS) has emerged as an optical

sensing modality that has the potential to detect trace chemical contaminants found in drinking
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water.® Raman spectroscopy provides the vibrational fingerprint for a given analyte, enabling high-
specificity for chemical detection without the use of molecular tags or labels. In addition, SERS
platforms offer increased sensitivities and often required only a small volume of analyte with
minimal preparation, making it a suitable technique for real-time water quality measurements.
One such application is the detection of polydibrominated phenyl ethers (PBDEs), a common
byproduct of recycled plastic waste that is of growing concern due to PBDE bioaccumulation.
PBDEs are brominated flame retardants that were heavily used in consumer plastics and textiles
from the 1970s until early 2000s and are present as multiple PBDE congeners; because PBDEs
are blended in during formation and are not chemically bound to polymer substrates, PBDEs are
migrating from consumer products into the environment.! Recent epidemiological studies have
suggested that long-term exposure to PBDEs poses potential health risks such as hormone
disruption, adverse neurobehavioral toxicity, and reproductive or developmental effects.?? Typical
concentrations of PBDEs in wastewater are found in the few ng/L range, as determined by liquid-
liquid extractions from water samples followed by GC-MS analysis. SERS has been demonstrated
as an alternative method in the detection of PBDEs. Jiang et al. used SERS to detect BDE-15
(4,4’-dibromodiphenyl ether) at concentrations between 250 pg/L (0.76 pM) to 5000 pg/L (15.24
HMM) by a SERS platform prepared by decorating a hydrophobic substrate with Ag nanoparticle
aggregates that trap PBDE molecules. Upon direct incubation with PBDE solutions, they
demonstrated a detection limit of 120 pg/L (0.37 uM)."® Jing et al. similarly fabricated a SERS
platform by electrochemical deposition of hydrophobic Au nanostructures, achieving a Raman
enhancement factor of 2.6 x 10* for BDE-15 and a detection limit of 2.6 nM."" Utilizing a SERS
platform composed of a Cu/TiO> nanocomposite has also been demonstrated to provide both
SERS enhancement for PBDE detection and debromination under mild conditions, enabling
observation of the Br-C stretching mode at 1033 cm™" due to analyte adsorption onto the SERS-
active Cu nanoparticles.'? However, the low concentrations and low water-solubility of PBDEs still

present challenges to SERS detection, specifically in achieving appropriate limits of detection (<6
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ug/m?) for minimal risk level (MRL) established by the Agency for Toxic Substance and Disease
Registry (ATSDR).™ Also, owing to surface oxidation and potential contamination on metallic
nanoparticles, all these SERS platforms need to be freshly prepared in wet lab just before the

use, limit the detection speed, large scale fabrication and reproducibility in qualitative analysis.

To address these challenges in SERS sensing, we have developed a novel optical sensing
platform by modifying nanoparticle-on-metal (NOM) optical metasurface fabrication''6. Our
SERS platform is composed of silver nanocube (AgNC) embedded PDMS film and a flat gold
substrate, owing to the protection from PDMS (Polydimethylsiloxane), AgQNCs are stable and
clean for at least few months in ambient condition after embedding. For PBDE sensing, we simply
incubated the pre-functionalized AQNC embedded PDMS film into PBDE solution and then
attached to gold substrate to build up the sensor. As a demonstration, we carried out sensing
experiments for the PBDE congener Bis (4-bromophenyl) ether (BDE-15) and our SERS platform
has limit of detection (LOD) at 2.5 nM, quantitative detection ranges from 2.5 nM to 2.5 uM and
rapid detection speed (< 20 min). Also, take the advantages of soft PDMS film, this SERS platform

fabrication can scale up easily and cost-effectively.

Experimental Methods

Materials. Ethanethiol (97%), 1-Propanethiol (99%), 1-Butanethiol (99%) were purchased
from Sigma-Aldrich. Methanethiol 1.2mL (S2433) was purchased from Fisher scientific. Bis(4-
bromophenyyl) ether (BDE-15), 99% was purchased from Alfa Aesar. Sylgard 184 Silicon
Elastomer was purchased Electron Microscopy Science.

Gold Substrate Fabrication. Au thin-film substrates were fabricated through Sputter
Deposition (using Denton Discovery 18 Sputter System). 100mm diameter, 500 um thick P type

doped wafer (University wafer) was cleaned with isopropanol and cleanroom cloth. The sputtering
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RF bias is used to clean the substrate for 20 seconds and followed with 10 seconds Cr (400 W)
and 120 seconds Au (300 W) sputtering with the Ar gas pressure as 2.4 mTorr. Then the wafer
was diced into 1cm x 1cm size for later use.

Ag nanocubes (AgNCs) Preparation. Ag Nanocubes were synthesized via a polyol
method published elsewhere.' AgNO; is reduced in a solution of pentanediol, CuCl,, and
polyvinylpyrrolidone (PVP) (Mw=55,000). PVP serves as a selective capping agent that controls
nanocube nucleation and growth. The reaction was allowed to proceed until the resulting colloidal
dispersion turned an opaque yellow-green color. To remove excess reactants, the nanocube
dispersion product was centrifuged (2700 rpm for 10 min) using a Thermo Scientific CL2
Centrifuge, and the resulting precipitate was redispersed and diluted in an ethanol and water
mixture, and then vacuum-filtered (Millipore Durapore membranes, with 0.65 um, 0.45 um, then
0.22 um pore sizes) to remove any larger, unwanted particles.

PDMS Embedded Metasurface Fabrication. AQNCs on silicon substrate was prepared
by Langmuir-Blodgett deposition, as previously described. PDMS solution was prepared by
mixing 10-part solution A and 1-part solution B of Sylgard 184, stirring 5 min, and degassing in
vacuum desiccator for 30 min. We added few drops PDMS solution on the AQNCs supported by
Si substrate and spin coated in 3 steps (500 RPMs for 15 sec, 2000 RPMs for 60 sec and 300
RPMs for 10 sec), followed by 20 hours curing at room temperature and 48 hours curing at 80°C.

PDMS Embedded Metasurface Functionalization. We cut the edges with blade and
slowly lift off the AQNCs embedded PDMS film (plasmonic PDMS stamp) from the silicon substrate,
turned over and attached to a clean silicon substrate. Then, the plasmonic PDMS stamp
(supported with a silicon substrate) was incubated in 5mL alkanethiol ethanol solution (0.1%) for
3 hours and rinse 6 times with pure ethanol. This plasmonic PDMS stamp was covered with glass
beaker and dried in ambient overnight.

PBDE mSERS Sensor Fabrication. BDE-15 water solution was prepared by diluting 0.1 mL

BDE-15 stock solution in 9.9 mL DI water (Appendix D, D1). Pre-functionalized plasmonic PDMS
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stamp was held in a glass vial with 10 mL BDE-15 water solution, stirring at 500 RPMs and keep
3 hours (In time dependent study, the incubation time is varied). Because the surface is
hydrophobic, there was no water residue left on the plasmonic PDMS stamp after incubation.
Then, plasmonic PDMS stamp was slowly removed from silicon substrate, turned over and
attached to the Au substrate.

MSERS measurements. All Raman spectra were obtained using a Renishaw inVia
confocal Raman microscope. Measurements were taken under 785 nm excitation with 2 seconds
exposure, 10% excitation power (time dependent study used 5% excitation power) and 3
accumulations. 785 nm illumination was provided by a Renishaw 300 mW diode laser and spectra
were collected through a 50x, 0.75 NA objective. For each sample, we randomly picked 5 different
areas, mapping scanned 49 points in each area (245 points total) and calculate the average and
standard deviation.

FDTD Simulations & Simulated EF. Electromagnetic modeling was performed with
Lumerical FDTD Solutions. 90 nm AgNCs (Palik dielectric data) were modeled in 3 dimensions
with an underlying 75 nm Au thin film. A 5 nm dielectric layer with n = 1.55 was added around
AgNC to reflect PVP coating. Background refractive index was set to n = 1 in conventional NOM
simulation and n = 1.43 in PDMS NOM. Incident light was injected normal to the substrate and
polarized parallel to the (100) faces of the AGQNC. A 1 nm global mesh was used. The electric field
profiles were calculated in the plane parallel to Au thin film, distance to Au thin film is varied due
to different gap location. An average EF for the mSERS substrate is calculated by summing |E/Eo|*
at each pixel (1x1 nm) and normalizing to the cross-sectional area of each nanocubes. This

calculation was carried out at discrete wavelengths over the visible range.
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Results and Discussion
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Figure 5.1 | Simulated far-field and near-field in PDMS metasurface. Schematic of nanocube-on-metal (NOM)
meta-atom in air (conventional NOM, left) and embedded in PDMS (PDMS NOM, right). Simulated absorption spectra
(solid) and scattering spectra (dashed) for conventional NOM (black) and PDMS NOM (red). (c) Near-field distribution
at middle of the dielectric gap (left) and top of the dielectric gap (right). (d) Distance (to Au substrate) dependent near-
field enhancement factor (circle represents average EF, triangle represents maximum EF, black represents
conventional NOM and red represents PDMS NOM)

To get a fundamental insight of PDMS embedded metasurface (PDMS NOM), we
performed full-wave electrodynamic FDTD simulation and make a comparison with conventional
nanocubes on metal metasurface (NOM). Figure 5.1a shows a schematic of NOM meta-atom and
PDMS NOM meta-atom. In NOM, the meta-atom is made by 90 nm silver nanocube (AgNC) with
10 nm radius of curvature on the corners, 5 nm thick PVP (Polyvinylpyrrolidone) layer around
AgNC and 75 nm thick Au film. The PVP layer results a 5 nm dielectric nanojunction between
AgNC and Au film. In PDMS NOM, we change the background refractive index from 1 (air) to 1.43
(PDMS) and all the other parameters are consistent with NOM. The insert figure shows location
of near-field measurements (Z = 0 nm is gold surface and Z = 5 nm is AgQNC bottom surface).
Figure 5.1b shows the near-field distribution at different location of the dielectric nanojunction. To
avoid interfacial effect from simulation, we use Z = 0.5 nm to represent bottom of nanojunction

and Z = 4.5 nm to represent top of nanojunction. At the bottom of nanojunction (Z = 0.5 nm), the
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near-field enhancement (E/Ey) is 79-fold in NOM and 85-fold in PDMS NOM. At the middle of
nanojunction (Z = 2.5 nm), the near-field enhancement and hot spot distribution is nearly
consistent with bottom of nanojunction. However, at the top of nanojunction (Z = 4.5 nm), E/E¢
increases significantly to 106-fold in NOM and 122-fold in PDMS NOM, and the hotspot is more
confined to edge of AgNC, indicates a strong localization effect near the surface of AQNC. Figure
5.1c shows wavelength dependent absorption cross-section of NOM and PDMS NOM. In NOM,
cube mode dipole resonance at 480 nm results a moderate absorption peak and gap mode
resonance at 933 nm results a strong absorption peak. In PDMS NOM, owing to increased
environment refractive index, the cube mode resonance red-shifted to 617 nm and the gap mode
resonance red-shifted to 993 nm.'® The maximum absorption cross-section in PDMS NOM (1.23
x 10 m?) is only 8% smaller than NOM (1.34 x 10"3). Figure 5.1d shows wavelength dependent
scattering cross-section of NOM and PDMS NOM. At cube mode resonance, the scattering cross-
section in PDMS NOM (1.44 x 10"*m?) is 74% larger than NOM (8.27 x 10"'* m?). At gap mode
resonance, PDMS NOM scattering cross-section is 9.26 x 10'* m?, 2.9-fold larger than NOM
scattering cross-section (3.3x 104 m?2).

From this near-field and far-field analysis, PDMS NOM has the following advantages: i)
larger near-field enhancement, ii) much larger scattering cross-section and iii) smaller mode
volume due to higher refractive index'®?°. Because both near-field enhancement and far-field
scattering play a significant role in SERS, we believe PDMS NOM is a better platform for building
SERS sensor. To find the optimized location for loading analyst molecules, we also performed
gap location (Z) dependent study in PDMS NOM and shown in Figure 5.1e. At Z = 0 nm (Au
surface) and Z =5 nm (AgNC surface), large plasmon density on metal surface causes an electric-
field screening effect?' and results a relative weak near-field intensity. Between Z = 0.5 nm and Z
= 4.5 nm, the average E/Eo remains constant at 64(+2)-fold. Different from average E/EO,
maximum E/E, remains constant between Z = 0.5 nm and Z = 3 nm and increases exponentially

from Z =3 nmto Z = 4.5 nm. The largest maximum E/Eg is obtained at Z = 4.5 nm, indicates the
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Figure 5.2 | Fabrication of plasmonic PDMS stamp, surface modification and PDMS mSERS sensor design.
optimized position for loading analyst molecules is 0.5 nm away from AgNC bottom surface

because most of the SERS signals is given by a small fraction of hotspots with highest
enhancement factor.?

To fabricate the PDMS embedded metasurface, we designed a novel fabrication protocol
based on Langmuir-Blodgett (LB) deposition method?® and soft imprint method?* (Figure 5.2).
Briefly, we transferred AQNCs Langmuir film to silicon substrate by dip-coating, followed by spin-
coating of PDMS solution. After PDMS curing, we stripped plasmonic PDMS stamp from silicon
substrate, turned it over and attached to a clean silicon substrate for alkanethiol surface
functionalization, then alkanethiol functionalized plasmonic PDMS stamp was incubated in BDE-
15 aqueous solution, owing to strong hydrophobic interaction with alkanethiol and low surface
energy on PDMS, BDE-15 molecules were selectively bind to AGNCs surface. After incubation,
we removed the silicon substrate and attached plasmonic PDMS stamp to a clean Au substrate,
formed a PDMS mSERS sensor platform (PDMS NOM) that BDE-15 molecules were trapped

inside the hotspot between AgNCs and Au film.

Figure 5.3a (left) shows photo images of Au thin film, NOM and PDMS NOM. Because
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Figure 5.3 | Characterization of PDMS NOM. (a) Photo images of PDMS NOM (left), SEM image of LB deposited
AgNCs on silicon before PDMS coating (middle) and silicon substrate after removing PDMS film (right). (b) AFM
image of AQNCs embedded PDMS and height profile (bottom), Insert figure is schematic of AQNCs embedded PDMS
after peeling off from silicon substrate (c) Scattering spectra of pristine Au substrate (black), conventional NOM
metasurface (red) and PDMS embedded NOM metasurface (blue)

NOM has strong absorption around 800 nm due to strong gap mode resonance and PDMS NOM
has strong scattering around 600 nm owing to larger dielectric constant, NOM has dark orange
color and PDMS NOM has bright purple color. Figure 5.3a (middle) shows SEM image after
AgNCs transferring to silicon substrate. The AGQNCs LB film is dominant by well separated AgNCs
which has minimized interparticle coupling, however, there are small number of aggregations and
defect particles (rods, prisms etc.) in the LB film. After coating and removing PDMS film (Figure
5.3a (right)), most of the aggregations and defects are left on the silicon substrate because they
have smaller surface to volume ratio than individual AQNCs and weaker interaction with PDMS
film than the Van der Waals interaction with substrate. Therefore, compare to original AQNCs LB

film, PDMS film has much less aggregations / defects and higher quality plasmon resonance
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feature. Figure 5.3b shows AFM image of plasmonic PDMS stamp. Because aggregated AgNCs
and large defects are left on silicon substrate, there are some vacancies left in the plasmonic
PDMS stamp and the embedded particles are dominant by separated AQNCs. From the height
measurement, all the AgNCs protrude out by about 20 nm, owing to Van der Waals interaction
induced drag force during the peeling off process. Figure 5.3c shows far-field scattering spectra
of Au film, NOM and PDMS NOM. NOM (red) has a broad scattering peak (18%) at 548 nm and
another broad scattering peak in NIR range, the scattering at resonance wavelength (928 nm) is
8.6%. Owing to increased environment refractive index from 1 to 1.43, the scattering peak red
shifts 140 nm to 688 nm in PDMS NOM (blue). Different from NOM, PDMS NOM has another
scattering peak (20.4%) at 882 nm and nearly constant scattering intensity in NIR range. At the
resonance frequency, NOM has 28.4% reflection, 8.6% scattering and 63% absorption and PDMS
NOM has 4.3% reflection (85% decrease), 18.6% scattering (116.3% increase) and 77.1%
absorption (22.4% increase). (Appendix D, D2) This is consistent with our simulation result in
Figure 5.1b) that scattering cross-section increases significantly, and absorption cross-section

changes slightly after PDMS embedding.
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Figure 5.4 | Time dependent study and concentration dependent study on PDMS NOM. (a) SERS spectra of
PDMS NOM sensor incubated in 250 nM BDE-15 for difference time. (b) Time dependent intensity of BDE-15
(vibrational mode at 1163 cm-1). (c) SERS spectra of PDMS NOM sensor incubated in different BDE-15
concentration. (d) Concentration dependent intensity of BDE-15, insert plot is linear relation between intensity and
concentration at sub-100 nM range.

Because our PDMS NOM has stronger near-field enhancement, larger far-field scattering
cross-section and excellent stability from PDMS protection, we used this platform to build a sensor
for BDE-15 molecules detection. BDE-15 molecules have 3 major Raman peaks that B(C-H) mode
at 779 cm™, v(C-Br) ring stretch mode at 1076 cm™ and vs (C-O), B(C-H) modes at 1167 cm™".2°
Owing to strong intensity and weak background noise at 1163 cm™', we used peak intensity at
1163 cm™ for time dependent and concentration dependent study in Figure 5.4. First, we carried

out a time dependent study at fixed concentration, 250 nM. Figure 5.4a shows the Raman spectra
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after different incubation time in BDE-15 aqueous solution. There is only a background signal (336
counts) at 0 min and there is a 929 counts peak shows up at 5 min, corresponds to a signal to
noise ratio of 2.76. As time increases from 5 min to 30 min, the peak intensity increases from 929
counts to 2521 counts, indicates more BDE-15 molecules binding on the surface. Figure 5.3b
shows the plot of Raman intensity at 1163 cm™ vs. incubation time. As time increases from 0 min
to 30 min, the Raman intensity increases exponentially, and the saturation intensity is 2940 counts
according to curve fitting (Appendix D, D3). It indicates that 31.6%, 56.2%, 80.5% and 85.8%
BDE-15 molecules binding on the surface at 5 min, 10 min, 20 min and 30 min, respectively.
Figure 5.4c shows the Raman spectra of PDMS NOM incubated at different BDE-15
concentrations. As concentration increases from 2.5 nM to 250 nM, the peak intensity at 1076 cm"
"and 1163 cm™ gradually increased owing to more BDE-15 molecules physiosorbed on the
surface. Figure 5.4d shows the plot of Raman intensity vs. PBDE concentration. As concentration
increases from 2.5 nM to 5000 nM, the peak intensity at 1163 cm™' increases exponentially from
686 counts to 24522 counts and stays constant, indicates a saturation concentration at 2.5 yM
(Appendix D, D4) in PDMS NOM sensor. The insert figure shows linear relation between Raman
intensity and BDE-15 concentration below 100 nM. The background noise is 359 counts (blue
dashed line) and the signal to noise ratio is 1.93 at 2.5 nM, indicates the limit of detection (LOD)
of our PDMS NOM sensor is comparable or better than previous PBDE sensors'®'" and other
aromatic molecule sensors?.

Finally, we modified the AgQNCs surface with different alkanethiols to study how surface
functionalization affects the PBDE sensor performance. In this experiment, we used methanethiol
(C1SH), ethanethiol (C2SH), 1-propanethiol (C3sSH) and 1-butanethiol (C.SH) to functionalize the
AgNCs embedded in PDMS film, then used them to fabricate the PDMS NOM sensors. Figure
5.5a shows the SERS spectra of PDMS sensor functionalized with different alkanethiols and
incubated in 500 nM BDE-15 solution. As chain length (Cn) increases from 1 to 4, the peak

intensity at 1076 cm-' and 1163 cm-' decreases dramatically from more than 10000 counts to
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background noise level. Figure 5.5b shows the plot of Raman intensity at 1163 cm™ vs. alkanethiol
chain length. As C, increases from 1 to 4, the peak intensity decreases exponentially from 14849
counts to 827 counts that C1SH functionalized PDMS NOM (C1SH PDMS NOM) has 18 times
higher peak intensity than C4SH functionalized PDMS NOM (PDMS NOM). Because C4SH self-
assembled monolayer (SAM) is 0.5 nm thicker?” than C1SH SAM and the enhancement factor
difference between C1SH PDMS NOM and C,SH PDMS NOM is less than 2 times (Appendix D,
D5), near-field does not play a significant role in the exponential decay. This chain length
dependent exponential decay can originate from 3 possible reasons: i) more BDE-15 molecules
binding on short alkanethiol functionalized PDMS NOM because short alkanethiol SAM is has
weaker intermolecular interaction and lower packing density?2° ii) BDE-15 molecules binding on
short alkanethiol functionalized NOM are more out-of-plane orientated and larger enhancement
factor due to z-polarized near-field inside nanojunction®’, and iii) BDE-15 molecules binding on
short alkanethiol functionalized NOM has smaller distance with AgNCs surface, results more
efficient hot carrier transfer and larger charge-transfer enhancement®'. Then, we prepared a
reference sample consist of C.SH functionalized Au thin film (served as binding sites) and PVP
AgNCs (Figure 5.5c left). Owing to nearly identical lattice spacing between Au and Ag,*? C,SH
SAM on Au thin-film and AgNCs in plasmonic PDMS stamp should be nearly consistent and BDE-
15 molecules binding on surface should have same orientation and density. Figure 5.5d shows
the Raman spectra of BDE-15 powder (black), BDE-15 binding on AgNCs (red) and BDE-15
binding on Au thin film (blue). Different from BDE-15 powder that has nearly consistent peak
intensity at 780 cm™, 1076 cm™, and 1163 cm™, BDE-15 binding on Au film has larger peak
intensity at 780 cm™', indicates a larger enhancement factor on B(C-H) mode. This observation is

consistent with previous BDE-15 sensors that peak intensity at 780 cm™ is higher or equivalent to
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Figure 5.5 | Surface functionalization of PDMS NOM. SERS spectra of PDMS NOM functionalized with different
alkanethiol and incubated in 500 nM PBDE solution. (b) Alkanethiol chain length dependent intensity of BDE-15 (c)
schematic of BDE-15 molecules binding on alkanethiol functionalized Au thin-film (left) and BDE-15 molecules
binding on alkanethiol functionalized AgNCs in plasmonic PDMS stamp (right). (d) Raman spectra of BDE-15 powder
(black), BDE-15 molecules binding on Au thin film (blue) and BDE-15 molecules binding on AgNCs (red)

peak intensity at 1076 cm™ and 1163 cm™.'%"" However, when BDE-15 binding on AgNCs, peak

intensity at 780 cm™' is orders of magnitude lower than peak intensity at 1076 cm™ and 1163 cm-

'. It means there is a selective excitation of vibrational mode, and BDE-15 orientation and density

does not play a significant role. The most possible mechanism is hot carrier transfer from AgNCs

to BDE-15 molecules. When BDE-15 binding on short alkanethiol functionalized AgNCs in

plasmonic PDMS stamp, there is 0.5 nm separation between AQNCs and BDE-15 molecules.

Because 0.5 nm is smaller than the electron tunneling distance*-°, hot carriers generated from

non-radiative Landau damping®+=” can be injected into BDE-15 molecules and selectively excite
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the vibrational mode.*® When BDE-15 binding on Au film (reference sample), there is a few-
nanometer thick PVP layer between BDE-15 and AgNCs surface, and the charge transfer is
completely forbidden. In addition, because extended metal surface requires significantly higher
light intensity compared with plasmonic metal nanoparticles®, this charge transfer does not occur
between Au film and BDE-15 molecules. This charge transfer mechanism also provides a
reasonable explanation for chain length dependent decay in Figure 5.5b. As alkanethiol chain
length (C,) increases from 1 to 4, alkanethiol SAM thickness increase from 0.458 nm to 0.836 nm
(Appendix D, D6) and electron tunneling efficiency decreases exponentially due to increased
tunneling distance. It means both charge-transfer enhancement and electromagnetic

enhancement play a significant role in our SERS platform.

Conclusion

Overall, we designed a SERS sensing platform based on PDMS embedded optical
metasurface. Owing to increased dielectric constant from PDMS coating, this optical metasurface
has stronger near-field enhancement and larger far-field scattering cross-section at resonance
wavelength, resulting in a great improvement in Raman scattering. In our FDTD simulation, the
average EF is nearly consistent inside the optical gap, however, owing to strong field localization
at the AgNC surface, the maximum EF is located 0.5 nm below AgNC bottom surface. Then, we
used this PDMS embedded metasurface to build up a sensor for PBDE congener Bis (4-
bromophenyl) ether (BDE-15) detection. Take the advantages of increased optical cross-section
and large maximum EF at the bottom surface of AQNCs, our SERS platform has a LOD at 2.5 nM
and rapid detection speed that more than 80% binding at 20 min. Compare with previous SERS
sensing platforms, our metasurface has lower LOD, faster detection speed, better reproducibility
in qualitative analysis, and more importantly, no wet lab chemical processing is needed during the
sensing procedure. Finally, we performed a systematic study and shown the importance of surface

functionalization. In our experiment, methanethiol functionalized PDMS NOM has more than 1

94



orders magnitude stronger signal than 1-butanethiol functionalized PDMS NOM, probably due to
hot carrier transfer between AQNCs and BDE-15 molecules which selectively excite the molecule
vibrational mode. Therefore, we believe our novel SERS platform has a potential in other

plasmonic applications, especially plasmonic catalysis.
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Introduction

In the past 15 years, owing to special electronic, magnetic, mechanical, and thermal
properties which never been observed in their 3D structure, graphene and related two-
dimensional (2D) materials are focused by physicists, chemists, and engineers from different
fields."? Different from conventional material, 2D materials are composed of one or a few atomic
layers. The atoms within a layer are chemically bonded and no chemical bonds between each
individual layers. The only interaction between atomic layers is van der Waals (vdW) interaction.®
Take the advantages of unique physical and chemical properties, 2D materials have been well
developed and widely used in catalysis*, energy storage®, optical devices®’, microelectronics®®,
sensing'®, and superconducting'. For prove concept experiments on 2D materials, mechanical
exfoliation is sufficient to produce micron-scale high-quality demonstration samples.®> However,
for industrial-scale production, the yield of mechanical exfoliation is orders magnitude lower and
the cost is much higher than business expectation. An alternative strategy for industrial-scale
production is solution-based (liquid phase) exfoliation.'?'® Because electronic band structure of
2D materials is very sensitive to 2D materials thickness, the major drawbacks of solution-based
processing are chemical induced defects and structural polydispersity induced heterogeneity in

properties.?

To make a balance between 2D materials quality and fabrication scale, chemical vapor
deposition and related thin-film deposition is the most promising strategy of 2D materials
synthesis. In 2013, Future and Emerging Technologies program in European Union organized a
large-scale scientific research project, called “Graphene Flagship”.'* The main target of this
project is translating 2D materials-based technologies from university laboratories to industrial
environment and establishing an early prototype of cost-competitive production line.' Therefore,
wafer-scale synthesis of single crystal 2D materials was focused by researchers around the world

in the past decade and a significant progress was made recently.'®'® Because defects and
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impurities on substrate can lead to uncontrollable nucleation of 2D materials, full on-chip
monitoring is required both within a single wafer and across wafers, to track unavoidable
variations in 2D materials.'® To characterize 2D materials morphology, optical imaging and Atomic
Force Microscopy (AFM) are the most cost-efficient and widely used methods.®?° However,
owing to limitation in contrast, these methods cannot characterize fundamental properties of 2D
materials, such as chemical bonding and crystal structure. Surface Enhanced Raman
Spectroscopy (SERS) is a great complementary technique because the vibrational modes in
Raman spectra can provide detailed binding footprint in 2D materials. Soniya et. al. developed
SERS characterization platform based on focused ion beam (FIB) nanofabrication and electron
beam (E-beam) nanofabrication.?’ However, owing to expensive fabrication method, limited
device size (tens of micron scale) and lack of reusability, this SERS platform cannot be integrated

into industrial production line.

Here, inspired by PDMS assisted damage-free transfer mechanics of 2D materials??, we
integrated PDMS stamp fabrication from nanoimprint lithography (NIL)?® with colloidal plasmonic
metasurface?*, and developed a novel wafer-scale SERS platform, called plasmonic PDMS stamp,
for 2D materials characterization. Because most 2D devices are fabrication with different types of
2D materials, we used graphene and h-BN heterostructure as the benchmark to demonstrate the
ability of heterostructure characterization. Also, because 2D materials properties depend on both
thickness? and structure, we used TiN as the benchmark to demonstrate the ability of monitoring
thickness variation and phase transition. Owing to nearly consistent fabrication process and more
than a decade industrial-scale application of NIL, we believe there is no significant barrier in
scaling-up this characterization platform and integrating into current semiconductor industrial

production line.

Experimental Methods
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Materials. Sylgard 184 Silicon Elastomer was purchased Electron Microscopy Science.
Graphene/h-BN heterostructure was ordered from the Grolltex Inc. TiN thin-films were grown and
characterized by Steven, using the well-established protocol from his lab (Details in Appendix E,

E1).

Gold Substrate Fabrication. Au thin-film substrates were fabricated through Sputter
Deposition (using Denton Discovery 18 Sputter System). 100mm diameter, 500 um thick P type
doped wafer (University wafer) was cleaned with isopropanol and cleanroom cloth. The sputtering
RF bias is used to clean the substrate for 20 seconds and followed with 10 seconds Cr (400 W)
and 120 seconds Au (300 W) sputtering with the Ar gas pressure as 2.4 mTorr. Then the wafer

was diced into 1cm x 1cm size for later use.

Ag nanocubes (AgNCs) Preparation. Ag Nanocubes were synthesized via a polyol
method published elsewhere.17 AgNO3 is reduced in a solution of pentanediol, CuClI2, and
polyvinylpyrrolidone (PVP) (Mw=55,000). PVP serves as a selective capping agent that controls
nanocube nucleation and growth. The reaction was allowed to proceed until the resulting colloidal
dispersion turned an opaque yellow-green color. To remove excess reactants, the nanocube
dispersion product was centrifuged (2700 rpm for 10 min) using a Thermo Scientific CL2
Centrifuge, and the resulting precipitate was redispersed and diluted in an ethanol and water
mixture, and then vacuum-filtered (Millipore Durapore membranes, with 0.65 um, 0.45 um, then

0.22 um pore sizes) to remove any larger, unwanted particles.

Plasmonic PDMS Stamp Fabrication. AQNCs on silicon substrate was prepared by
Langmuir-Schaefer deposition, as previously described?*. PDMS solution was prepared by mixing
10-part solution A and 1-part solution B of Sylgard 184, stirring 5 min, and degassing in vacuum
desiccator for 30 min. We added few drops PDMS solution on the AgNCs supported by Si
substrate and spin coated in 3 steps (500 RPMs for 15 sec, 2000 RPMs for 60 sec and 300 RPMs

for 10 sec), followed by 20 hours curing at room temperature and 48 hours curing at 80°C.
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PDMS NOM Fabrication. The edges of silicon supported plasmonic PDMS stamp were
cut by blade, and tweezer was used to strip plasmonic PDMS stamp from the silicon substrate.
Then, plasmonic PDMS stamp was slowly transferred to Au supported 2D materials and form

PDMS NOM.

UV-Vis-NIR measurements. UV-Vis-NIR measurements were carried out using
PerkinElmer Lambda 1050 spectrometer and Universal Reflectance Accessory and 8° reflection

angle. Absorption spectra was calculated by A (%) = 100 (%) — R (%).

MSERS measurements. 785 nm illumination was provided by a Renishaw 300 mW diode
laser and all Raman spectra were obtained using a Renishaw inVia confocal Raman microscope.
Large-scale Raman mappings (1 mm x 1 mm mapping area, 500 uym step size, 400 data points)
were taken under 785 nm excitation with 2 seconds exposure, 50% excitation power and 3
accumulations. The spectra were collected through a 20x, 0.4 NA objective. High resolution
Raman mapping (500 pm x 500 um mapping area, 50um step size, 100 data points) was taken
under 785 nm excitation with 2 seconds exposure, 5% excitation power and 3 accumulations. The

spectra were collected through a 50x, 0.75 NA objective.

FDTD Simulations & Simulated EF. Electromagnetic modeling was performed with
Lumerical FDTD Solutions. 90 nm AgNCs (Palik dielectric data) were modeled in 3 dimensions
with an underlying 75 nm Au thin film. A 5 nm dielectric layer with n = 1.55 was added around
AgNC to reflect PVP coating. Background refractive index was set to n = 1 in conventional NOM
simulation and n = 1.43 in PDMS NOM. Incident light was injected normal to the substrate and
polarized parallel to the (100) faces of the AQNC. A 1 nm global mesh was used. The electric field
profiles were calculated in the plane parallel to Au thin film, distance to Au thin film is varied due
to different gap location. An average EF for the mSERS substrate is calculated by summing
|E/Eo|* at each pixel (1x1 nm) and normalizing to the cross-sectional area of each nanocubes.

This calculation was carried out at discrete wavelengths over the visible range. In Graphene/h-
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BN hybrid model, we used graphene surface conductivity material from Lumerical materials
database to represent monolayer graphene (location is 0.2 nm above Au thin film), and modified

surface conductivity material?®® (o=10"3(Q-m)™) to represent monolayer h-BN (location is 0.4 nm

above Au thin film). The effective gap distance was adjusted based on experimental resonance
shift and field monitor was placed at 0.5 nm above Au thin film to monitor near-field enhancement.
In TiN volumetric permittivity model, TiN (Palik dielectric database) with varied thickness was

added above Au thin film and field monitor was placed at 0.5 nm above TiN layer.

Results and Discussion

a)
Langmuir-Schaefer Deposition PDMS Coated AgNCs AgNCs@PDMS
I '
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Figure 6.1 | 2D Materials characterization platform fabrication. a) Deposition and encapsulation of AQNCs in
PDMS. b) Application and reusability of plasmonic PDMS stamp in scanning mSERS. c) Graphene/hBN and TiN
NOM device schematics.
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In Figure 6.1a, the fabrication process for silver nanocubes (AgNCs) embedded PDMS is

schematically drawn. AgNCs were dispersed in chloroform and drop-cast onto an air-wafer
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interface to form a monolayer. Langmuir-Schaefer deposition was used to transfer the AgNC
monolayer to a bis(trimethylsilyl)Jamine (HMDS) functionalized Si substrate. A layer of
polydimethylsiloxane (PDMS) was subsequently applied to the surface via spin coating. After
curing, the PDMS was lifted off the Si substrate to yield a plasmonic PDMS stamp. Figure 6.1b
shows the utilization a plasmonic PDMS stamp in our 2D mSERS (micro-surface-enhanced
Raman scattering) characterization method for 2D materials on thin Au films. A plasmonic PDMS
stamp is transferred onto a 2D materials on Au to form a nanoparticle-on-metal (NOM)
metasurface. Next, we use a scanning confocal Raman microscope to map an area of the sample
surface (1cm x 1cm) with a 500 um step size. As a result of the ~5 nm dielectric gap between the
AgNCs and the Au thin film, gap mode capacitive coupling causes strong near-field enhancement
in the 2D materials and provides a strong enhancement factor (EF). After Raman mapping, the
plasmonic PDMS stamp is stripped from the 2D material/Au heterostructure and reused for
subsequent characterizations. Two types of 2D materials on Au thin film samples were fabricated
to be used as a testbed to demonstrate the capabilities of our 2D mSERS characterization
platform and each are schematically drawn in Figure 6.1c. The graphene/h-BN NOM is composed
of a graphene monolayer (0.33 nm) and an h-BN monolayer (0.34 nm) on an Au thin-film. TiN film
NOM samples were grown with a range of thicknesses using RF sputtering on DC-sputtered ~30

nm Au on c-sapphire substrates (Appendix E, E1).
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Figure 6.2 | Simulated far-field and near-field in PDMS metasurface with Graphene/h-BN heterostructure. a)
Experimentally determined absorptivity of the graphene/h-BN NOM compared to a bare Au reference NOM. b)
Schematic of hybrid model generated to study quantum effects in the graphene/h-BN NOM. ¢) Simulated far-
absorption cross section comparison of a bare Au reference NOM and a graphene/h-BN NOM generated with the
hybrid model. d) Simulated enhancement factor comparison of a bare Au reference NOM and a graphene/h-BN NOM
generated with the hybrid model.

In Figure 6.2a, the measured absorption spectra of a Graphene/h-BN NOM is given in
comparison to a reference of a bare Au NOM (e.g. not having graphene and h-BN). As a result of
the screening effect contributed by either graphene’s conductivity or the high-k dielectric barrier
of h-BN, the graphene/h-BN NOM has a weaker coupling between the AGNCs and the Au thin film
as compared to the bare Au NOM used for reference and the absorption peak blue-shifts from
740 nm to 680 nm. Because the signal intensity in SERS intensity is proportional to (E/Eo)*, we
used a finite-difference time-domain (FDTD) simulation to investigate effects of the near-field

enhancement in the Graphene/h-BN NOM. Quantum size effects (due to the ~1/3 nm layer
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thicknesses) play a significant role in these devices. In order to characterize the influences of
these quantum size effects, we generated a surface conductivity model to study charge screening
effects graphene, and a quantum-corrected model to study the effects arising from a dielectric
barrier (Appendix E, E2). In order to study both of these effects, a surface conductivity model and
quantum-corrected model were combined to create a hybrid model which is given in Figure 6.2b.
In this hybrid model, we increased the effective gap distance to 7 nm and added a volumeless 2D
conductor layer (material: graphene, conductivity scale = 1) to represent graphene and a
volumeless 2D insulator layer (conductivity = 1 x 103 (Qm)™) to represent h-BN. In Figure 6.2c,
the simulated far-field absorption spectrum of an Au NOM reference (black) is given in comparison
to the hybrid model (red) for the graphene/h-BN NOM. The model shows that an Au NOM wiill
have a moderate absorption peak at 581 nm originating from nanocube (NC) mode resonances,
and a strong absorption peak at 908 nm originating from the gap mode resonance. In hybrid
model, owing to a two-nanometer increase in effective gap distance, the coupling strength of the
gap mode resonance decreases and results in a 55 nm blue-shift to 853 nm. Because the two-
nanometer increase in effective gap distance is 3 times larger than the thickness of the
graphene/h-BN bilayer (~ 0.67 nm), we believe that the dielectric barrier effect plays a significant
role in the origin of the blue-shifted gap mode resonance. Simulated wavelength-dependent near-
field enhancement (E/Eo) factors are shown in Figure 6.2d. At the gap mode resonance
wavelength, the Au NOM has an E/E, of 61 and the hybrid model has an E/E, of just 37 meaning
that the combined screening and barrier effects result in a 39.3% decrease in the near-field
enhancement and a seven times decrease in the EF. Because the EF in the Au NOM is up to 107,
a less than one order of magnitude decrease in EF is not a significant issue and suggests that
these metasurfaces can be used as a SERS platform for graphene and h-BN characterization.
Furthermore, although our metasurface has a moderate absorption peak from the NC mode
resonance at 581 nm, E/Egat 581 nm is about two times lower than gap mode resonance at 908

nm. Therefore, we choose 785 nm laser excitation for all Raman measurements.
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Figure 6.3 | Raman mapping of Graphene/h-BN heterostructure. (a) Averaged Raman spectra (400 points) in low
wavenumber regime. (b) Averaged Raman spectra (400 points) in high wavenumber regime. (c) h-BN Raman
heatmap plotted with intensity at 812 cm-. (d) Graphene Raman heatmap plotted with intensity at 2596 cm-1.

To demonstrate the effectiveness of this characterization technique, we transferred a
plasmonic PDMS stamp onto a 1 cm x 1 cm graphene/h-BN sample and carried out Raman
mapping with a 500 um step size over the sample surface. Figure 6.3a and Figure 6.3b show the
averaged Raman spectra of graphene/h-BN NOM and the Au NOM reference in low (400 cm™ to
1500 cm™), and high (2400 cm™ to 3200 cm™) wavenumber regimes respectively. The strong
peaks at 490 cm™, 616 cm™, and 710 cm™ (blue squares) originate from the PDMS film and the

moderate peaks at 934 cm™, 1002 cm™, and 1028 cm™ (green squares) originate from trace
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polyvinyl propylene (PVP) residue grafted onto the AgQNC surfaces. The broad peaks located
between 1230 cm™ and 1480 cm™" are attributed to C-C stretch in PVP and CH3 deformation in
PDMS, and the peaks at 2904 cm™ and 2963 cm™ are attributed to C-H stretching in both PVP
and PDMS (blue and green squares). In FTIR spectroscopy, h-BN has two strong bands at 1370
cm™ and 812 cm™ which originate from B-N in-plane ring vibration modes and a B-N-B out of
plane bending mode respectively.?” In conventional Raman spectroscopy, because out of plane
vibrational (ZO) mode at 812 cm™ is not Raman active?, the in-plane ring vibrational mode at
1370 cm™ is the only peak which can be used for h-BN characterization and analysis.?** In our
graphene/h-BN NOM, owing to the small Raman cross-section and limited B-N bonds in
monolayer h-BN, the peak at 1370 cm™' is completely overwhelmed by background and cannot
be used for h-BN characterization. However, take the advantage of strong coupling between
AgNC and Au thin film, our metasurface has near-field enhancement inside the dielectric gap
which is dominated by z-polarized E-field, and results an excitation of the Raman silent mode at
812 cm™ (red triangle). Monolayer graphene exhibits three vibrational modes in Raman
spectroscopy. The D band at 1350 cm™ is attributed to defects and sp? sites in graphene, the G
band at 1587 cm-1 is attributed to in-plane vibrational mode of sp? hybridized carbon, and the 2D
band is attributed to two phonon lattice vibrational process. Owing to large amount of sp? and sp?
carbon in PDMS and PVP, we measured 2D band in Graphene/h-BN NOM and used it for
quantitative analysis. Then, we plotted the Raman heatmap of Graphene/h-BN NOM with h-BN
Z0 mode (Figure 6.3c, h-BN heatmap) and graphene 2D mode (Figure 6.3d, graphene heatmap).
In the area without plasmonic PDMS stamp, both h-BN heatmap and graphene heatmap is
completely dark due to the lack of near-field enhancement (Appendix E, E3). In the area covered
by plasmonic PDMS stamp, near-field enhancement from metasurface provides us macroscopic
information about the graphene/h-BN heterostructure: i) both h-BN heatmap and graphene
heatmap has a bright spot at starred area (4.75 mm, 6.75 mm), indicating the presence of

graphene/h-BN heterostructure, ii) h-BN heatmap has a bright spot and graphene heatmap has
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a dark spot at triangled area (3.75 mm, 3.75mm), indicating the presence of graphene voids, iii)
h-BN heatmap has a dark spot and graphene heatmap has a bright spot at circled area (7.75 mm,
5.75 mm), indicating the presence of h-BN voids, and iv) both h-BN heatmap and graphene
heatmap have a dark spot at squared area (6.75 mm, 3.25 mm), indicating the presence of both
graphene and h-BN voids (Appendix E, E4). Also, because the most frequent Raman intensity is
1020 + 255 counts (green in Figure 6.3c) in h-BN heatmap and 2660 + 665 counts (green in
Figure 6.3d) in graphene heatmap, approximately half of the maximum intensity in each map.

Therefore, we hypothesize that the red/yellow spots in h-BN heatmap originates from double layer
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Figure 6.4 | Simulated far-field and near-field in PDMS metasurface with TiN. (a) Experimental absorption
spectra of Au NOM (black), 4-layer-TiN NOM (red) and 25-layer-TiN NOM. (b) Schematic of TIN NOM simulation
model. (c) Simulated absorption spectra of NOM with different TiN thickness. (d) Simulated enhancement factor of
NOM with different TiN thickness.
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h-BN and the red/yellow spots in graphene heatmap originates from double layer graphene

(Appendix E5).

To demonstrate our metasurface platform is generally available for other 2-D materials like
Mxene, we used epitaxy growth to synthesize titanium nitride with 1 nm thickness (4 layers) and
6.25 nm thickness (25 layers) on Au thin-film. Because a single layer of TiN has a thickness of
approximately 0.25 nm, The NOM with 4 layers TiN (labelled 4-layer TIN-NOM) has additional 1
nm TiN inside dielectric gap and The NOM with 25 layers TiN (labelled 25-layer TiN-NOM) has
additional 6.25 nm TiN inside dielectric gap. Figure 6.4a shows the experimentally determined
absorption spectra of the following: Au NOM, 4-layer TiN-NOM, and 25-layer TiN-NOM. As TiN
thickness increases from 0 layer to 25 layers, the gap mode resonance blue-shifted slightly from
794 nm to 764 nm because TiN has properties that are similar to gold in the visible spectral
range.?'% It suggests that TiN does not serve as a dielectric material and instead couples
plasmons between AgNCs and TiN. Also, the increased absorption peak broadness indicates a
decreased quality factor®*** of the gap mode resonance. Figure 6.4b shows a schematic of our
simulation model for TIN NOM. Here, TiN NOM is simulated with volumetric permittivity model and
TiN is treated as a 3-D material with finite thickness. Figure 6.4c shows simulated absorption
spectra for a range of TiN thickness. Similar to experimental spectra in Figure 6.4a, the broadness
of simulated gap mode resonance increases significantly with TiN thickness. However, in contrast
to blue-shifted gap mode resonance, the simulated gap mode resonance redshifted slightly from
923 nm to 938 nm. This discrepancy between experiment and simulation might originate from two
factors: i) defects and surface oxidation in our experiment and ii) dielectric constant change with
phase transition from 3-D bulk crystal to 2-D MXene. Figure 6.4d shows simulated near-field
enhancement (E/Eo) for a range of TiN thicknesses. As TiN thickness increases from 0 nm to 10
nm, the E/Eop ratio at the resonance wavelength decreases from 53 to 22, corresponding to a

decrease in EF by a factor of 34.
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Figure 6.5a shows Raman spectra of Au NOM, 4-layer-TiN NOM and 25-layer-TiN NOM.
TiN has three Raman bands at 213 cm™, 305 cm™ and 636 cm™ and they are attributed to
transverse acoustic (TA), longitudinal accounts (LA) and transverse optical (TO) modes,
respectively.>® Also, owing to strain-induced vibrational energy increase®®, decreased TiN
thickness results a blue-shift in Raman modes.3® In Au NOM, the strong peaks at 490 cm™, 616
cm™, and 710 cm™ are attributed to PDMS the moderate peaks at 934 cm™, 1002 cm™', and 1028
cm™ are attributed to PVP on AgNC surface. The peak at 223 cm™ is attributed to surface oxidation
of AgNC.3¢ In 25-layer-TiN NOM, the broad peak at ~ 615 cm™ (dashed blue) is attribute to TO
mode and the peak at 336 cm™ is attributed to LA mode. The peak at 230 cm™ is attributed to
overlapping of TiN TA mode and background from AgNC surface oxidation. In 4-layer-TiN NOM,
TO mode blue-shifted to ~ 656 cm™ (dashed red) due to the decreased thickness. However, the
peak at 336 cm-1 drops significantly to background noise level, indicating that LA mode is
suppressed. We hypothesize that a decrease in the LA mode originates from a kinetically
dominated transition in the preferred bonding from 3-D bulk crystal regime to trans-dimensional
mononitride MXene. To confirm this hypothesis, we calculated the relaxed crystal structures of

(111)-oriented TiN layers on a (111)-oriented Au slab using the Vienna Ab initio Simulation
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Package (VASP).3":38 Figure 6.5b shows the results of these VASP calculations (Appendix E, E6).
The calculations show that low-strain (to the 2.1175A equilibrium bonding length of relaxed bulk
rock salt TiN) interlayer bonds do not begin to form until 5 layers of TiN are deposited. Furthermore,
low-strain interlayer bonds begin forming between atomic layer pairs, strongly reminiscent of the
MXene regime. Furthermore, because PVP peaks in the 25-layer-TiN NOM have a much lower
magnitude than the Au NOM and 4-layer-TiN NOM, we believe the 25-layer-TiN NOM has a lower
EF than the 4-layer-TiN NOM which is consistent with our simulation in Figure 6.4d). This

thickness dependent EF causes a challenge in TiN thickness characterization with Raman
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Figure 6.6 | Raman mapping of TiN with different thickness. (a) Raman spectra of 5-layer-TiN NOM and 9-layer-
TiN NOM (b) Raman spectra of 3-layer-TIN NOM and 4-layer-TiN NOM. (c) Wafer-scale Raman heatmap of 5/9-
layer-TiN NOM. (d) Wafer-scale Raman heatmap of 3/4-layer-TiN NOM
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mapping.

To demonstrate the ability of characterizing thickness variation, we prepared two types of
mask-patterned multilayers (Appendix E, E7): i) nanometer variation in thickness: we grew 5
layers TiN in mask patterned area and 9 layers TiN in non-patterned area, the thickness difference
is 1 nm (labelled as 5/9-layer-TiN) and ii) monolayer variation in thickness: we grew 3 layers TiN
in patterned area and 4 layers TiN in non-patterned area, the thickness difference is 1 atomic
layer (labelled 3/4-layer-TiN). Figure 6.6a shows the Raman spectra of 5/9-layer-TiN NOM. In 9
layers TiN (non-patterned area), there is a strong peak at 656 cm™ which is attributed to TO mode
and a moderate peak at 341 cm™ which is attributed to LA mode, indicating that 9 layers TiN
exhibits 3-D bulk crystal structure. In 5 layers TiN (patterned area), the TO mode ~ 660 cm™' has
much lower intensity owing to less amount of B-N bonds. Because LA mode is not presented in 5
layers TiN area, we believe 5 layers TiN exhibits 2-D Mxene structure. Owing to significant
difference in Raman intensity and line shape, we are able to use the Raman intensity at 656 cm-
' to plot a heatmap and identify nanometer variation in TiN thickness. Figure 6.6b shows Raman
heatmap of 5/9-layer-TiN NOM which is plotted with TO mode intensity at 656 cm™'. In the dashed
triangle, Raman intensity is significantly lower than other plasmonic PDMS stamp covered area.
It suggests that 5/9-layer-TiN NOM has 5 layers TiN in the dashed triangle and 9 layers TiN outside
the dashed triangle, which is consistent with the mask patterned multilayer growth (Appendix E,
E8). Also, there are some bright spots (red/yellow) next to the patterned area, it might originate
from edge induced accumulation and relative thick (> 9 layers) TiN. Furthermore, based on the
information from large-scale mapping, we are able to zoom into the boundary between different
thickness and take a high-resolution mapping with 50 ym resolution (Appendix E, E9). Figure 6.6¢
shows the Raman spectra of 3/4-layer-TiN NOM. Owing to compensation between increased
number of TiN bonds and decreased EF with increased thickness, Raman spectra of 3 layers TiN

(patterned area) and 4 layers TiN (non-patterned area) has nearly identical line shape and similar
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intensity at 656 cm™ Therefore, a Raman heatmap plotted with the TO mode intensity does not
have enough resolution to identify single-layer variation in TiN thickness (Appendix E, E10). To
overcome this challenge, we calculated TiN/PVP ratio with TiN TO mode intensity at 656 cm™' and
PVP intensity at 1002 cm™ and use it to plot the heatmap (Figure 6.6d). Because both TiN and
PVP molecules are trapped inside the dielectric gap and near-field enhancement is nearly
consistent, TiN/PVP ratio can normalize the EF difference and increase the resolution of heatmap.
In the dashed triangle area, TiN/PVP ratio is smaller than other plasmonic PDMS stamp covered
area. It suggests that 3/4-layer-TiN NOM has 3 layers TiN in the dashed triangle and 4 layers TiN
outside the dashed triangle, which is consistent with the mask patterned multilayer growth

(Appendix E, E11)

Conclusion

Overall, we proposed a novel 2-D material characterization platform based on
metasurface enhanced Raman spectroscopy. Take the advantage of near-field enhancement, our
MSERS platform can be used to characterize different types of 2-D materials, including graphene,
h-BN, and TiN (Mxene). From the wafer-scale Raman heatmap analysis, we are able to
characterize 2-D materials distribution in a graphene/h-BN heterostructure, thickness variation
and phase transition in TiN (Mxene). Because our plasmonic PDMS stamp fabrication is very
similar to the stamp fabrication in nanoimprint lithography (NIL), there is no significant challenge
in scaling up this mSERS platform and integrating into 8-inch/12-inch production line of
semiconductor industry. Also, because most 2-D materials are synthesized on single crystal Cu
foil and the gap mode coupling between AgNC and Cu thin-film is nearly consistent with coupling
between AgNC and Au thin-film (Appendix E, E12), we believe this platform can be used to
characterize both as-synthesized 2-D materials and 2-D devices fabricated on a metal substrate.

In the future, we will perform three optimizations to improve this 2-D materials characterization
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platform: i) generating Raman intensity (or Raman intensity to reference peak ratio) vs. number
of layers calibration curves for quantitative analysis of 2-D materials thickness, ii) using machine
learning to remove background peaks from PVP and PDMS for more precise peak identification
and intensity calculation, and iii) using high young’s modules PDMS and substrate conformal
imprint lithography (SCIL) to improve the plasmonic PDMS stamp lifetime (the expected lifetime

is 100 to 1000 cycles).
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Introduction

Surface plasmons are capable of confining electromagnetic fields to subwavelength
scales, overcoming the classical optical diffraction limit and providing optical enhancements by
orders of magnitude in the near-field.>2 However, as optical volumes shrink beyond this to the
deep subwavelength scale (< 1 nm), a classical descriptions of surface plasmons become
insufficient and quantum behaviors — such as wave-particle duality and non-local tunneling
effects — start to play an important role.®> This quantum mechanics description of surface
plasmons and related light-matter interactions has opened up a new research field on quantum
plasmonics, combining quantum optics with modern plasmonics research.*® When plasmonic
nanostructures approach the quantum regime, new phenomena such as the electrical excitation
of plasmons®2 and optical rectification® are observed to occur and provides new opportunities to
integrate plasmonic nanostructures for electronics!?, design sub-nanometer scale photonics for
biochemical sensing and molecular spectroscopy,’! and develop novel quantum plasmonics
devices includes optical scanning tunneling microscopes, quantum optical antennas®'?, tunneling

diodes,*® and optical rectifiers.

Although quantum plasmonic benefits many applications in quantum optics and
nanophotonic, however, it is a major drawback in near-field dependent optical process, such as
Surface Enhanced Raman Spectroscopy (SERS). SERS is a surface sensitive technique that
molecular Raman scattering been enhanced after binding on the rough metal surface.'® In
electromagnetic (EM) theory, incident light excites localized surface plasmon resonance (LSPR)
at resonance frequency, create hot-spots and provide a strong near-field enhancement.*® This
electric field is enhanced as E? at both excitation stage and emission stage, results a total
enhancement of E*1"1° In quantum plasmonics, tunneling current through the nanojunction

causes a charge neutralization on opposite side of nanojunction and significant decrease in local
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field enhances.!! Therefore, the SERS enhancement can decrease orders of magnitude when

guantum plasmonics play an important role.?°

On the experimental side, owing to easily controlled gap distance and less plasmonic
coupling with near-by structures, plasmonic dimer are widely used in quantum plasmonic study
and both quantum regime and classical regime are well characterized. Duan et al. used
lithography to fabricate gold nanoprism dimers with different nanojunction gap distance;?* Scholl
et al. built nanosphere dimers with ligand-free silver nanopatrticles, then used an electron beam
to induce nanoparticle motion and manipulate the nanojunction size.?? Cha et al. developed an
assembly method to fabricated gold nanosphere dimers where nanojunction size is controlled by
ligand length.?® Based on these studies where optical properties are measured as function of
nanojunction size, three different optical regimes have been observed: a classical regime, a
crossover regime, and a quantum regime.?* In the classical regime (nanoparticle separation > 1
nm), plasmonic coupling between nanoparticles can be described by hybridized surface
plasmons, include a bonding dipolar plasmon (BDP) mode at lower energy and a higher order
bonding quadrupolar plasmon (BQP) mode at higher energy.?? As interparticle spacing
decreases, the BQP mode becomes dominant and both modes red-shift. In the crossover regime
(nanoparticle separation 0.5-1 nm), there is a small amount of charge transfer across the
plasmonic nanojunction that neutralizes the charge densities on opposing sides of the junction'?,
resulting in a much lower degree of plasmon hybridization and decreased red-shift of the BDP
mode. In the quantum regime (< 0.5 nm), more electrons tunnel across the nanojunction and
induce a new charge transfer plasmon (CTP) mode which blue-shifts with decreasing interparticle

distance.

To study SERS in quantum regime, plasmonic dimer structures have a limitation in large
scale fabrication. Previous work measuring SERS intensity distribution and they found 24% of

total observed SERS signal originates from 0.007% of the total analyte molecules and 61% of
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analyte molecules only contribute to 4% of total SERS intensity.2® This non-uniform distribution of
enhancement causes large point to point variation and requires large amount of data points for
SERS analysis. Therefore, large scale fabrication which provide more than thousands of
nanojunctions with consistent gap distance and orientation is required for studying SERS in

guantum regime.

Here, we designed a novel nanofabrication protocol, used PDMS stamping and alkanethiol
ligand exchange to make a chip-scale colloidal metasurface with gap distance smaller than critical
distance of quantum effect and consistent orientation in out-of-plane direction. This allows us to
carry out independent chemical surface modification of the AgQNCs and metal surface, providing
a versatile method for introducing SERS analytes into the plasmonic nanojunction and for tuning
the gap with sub-nanometer resoution. Unlike previous investigations of AQNC metasurfaces
where the smallest gap size observed was 2-3 nm,?® we are able to tune gap size between 0.9 -
3.2 nm, allowing us to accurately observe the onset of electron tunneling. In this manner, we are
able to carry out systematic studies that measure how the optical gap-mode and corresponding
SERS intensities change as a function of gap height. Because SERS intensity is proportional to
enhancement factor (E/Eo)?, therefore, we can qualitatively compare near-field enhancement at

different gap height which significantly modified by quantum tunneling.

Experimental Methods

Gold Substrate Fabrication. Au Substrates are fabricated through Sputtering (using
Denton Discovery 18 Sputter System). 500 um thick, 4 inches size silicon substrates were washed
with ethanol, piranha solution, DI water and dryied with Nitrogen stream. The sputtering RF bias

is used to clean the substrate for 40 seconds, and follows with Cr (400 W, 10 second) and Au film
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(300 W, 115 second) sputtering with the Ar gas pressure as 2.4 mTorr. Then diced into 1cm by 1
cm pieces for later use.

Ag nanocubes (AgNCs) Synthesis. Ag nanocubes were synthesized using a modified
polyol reaction as previously described.?’ Briefly, AgNOswas reduced in 1,5-pentanediol heated
to ~200 °C. CuCl, and PVP (55000 MW) were added to control the nucleation and growth process,
as well as to passivate the nanocube surfaces after growth. In order to decrease polydispersity
and remove non-cubic particles, nanocubes were vacuum filtered. Millipore Durapore membranes
were used in three different sizes to remove sequentially smaller nanoparticles: 650 nm, 450 nm,
and 220 nm.

Metasurface fabrication. Ag nanoparticles are repeatedly washed by centrifugation in
ethanol and finally redispersed in chloroform. The nanoparticle solution is then carefully drop-cast
onto a DI water sub-phase and allowed to equilibrate. Thin (150 um) PDMS adhered to a silicon
backing was then mechanically dipped through the film to transfer it to the substrate. Alkanethiols
were used to displace the PVP and form SAMs on the nanoparticle surfaces. Nanopatrticle coated
PDMS surfaces were submerged in a 1 mM ethanolic solution of the desired alkanethiol for 1
hour. They were then rinsed copiously with ethanol, dried in N2, and adhered immediately to an
Au thin-film substrate. The Au thin film was then either treated with a 1 mM ethanolic solution of
a desired thiolated molecule prior to adhesion to the Ag nanoparticle PDMS surface, or
immediately adhered to form the metasurface.

Gap Height Determination. We used theoretical calculation to determine the gap
distance. For bare Au substrates, we have used previously reported alkanethiol SAMs on Ag
thickness measurements.?® For PhSH, we have assumed a linear addition of the thickness PhSH
SAM on Au and the alkanethiol SAMs on Ag.?° For the gap distance of dHDT Au substrates,
interdigitation was assumed to calculate gap thickness. It has been shown that opposing
alkanethiol monolayers on nanopatrticles will interdigitate on assembly.2° The distance calculation

was followed the equation:
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D = 0.458 + 0.126 x n + D (PhSH)

Where D is gap distance in nanometer, n is number of CH; groups in alkanethiols and D (PhSH)
is thickness of thiophenol SAM (0.6 nm).%

UV-Vis and SERS Measurements. a Perkin-Elmer Lambda 1050 was used for all
reflectance measurements. Data was collected with an 8° angle of incidence. Raman
measurements were collected on a Renishaw inVia Raman microscope, either with a 633 nm
HeNe laser or a 785 nm diode laser. All measurements were collected with < 1 mW with a 0.9 NA
50x objective. 100 measurements were collected at random for each substrate.

FDTD Simulation. FDTD simulations were carried out with Lumerical FDTD Solutions.
AgNCs (Palik dielectric data) were modeled in 3 dimensions with a flat gold film as a substrate. A
spacer of various thickness was added with index of refraction (n) = 1.4 to reflect the organic SAM
spacers. Incident light was normal to the substrate with s-polarized light. A 1 nm global mesh was
used with a 0.5 nm local mesh at the junction added to improve accuracy. The model was solved
from 300-1500 nm. The electric field enhancements were calculated in the plane of the Ag film,

in the center of the gap.

Results and Discussion

Finite difference time domain (FDTD) simulations were used to characterize the expected
classical response (e.g. in the absence of tunneling) of the AgNC metasurfaces. Figure 7.1a
shows the FDTD model, where a 73.6 nm edge length (e) AGNC with a corner radius of curvature
of 17 nmis placed over a 50 nm thick (T) Au film with a gap height, h. The molecular gap between
the metal structures is modeled as a dielectric with a refractive index of n= 1.4 and a conductivity
of or = 0. The condition of or = 0 denotes a purely insulating gap medium, where electron
tunneling probability is zero regardless of h, consistent with a classical response.!! The structure

is illuminated from the top of silver nanocube (AgNC) with a polarized plane wave source (red
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Figure 7.1 | Schematic and simulated classical model metasurface: (a Schematic for FDTD simulation of an
Ag NC on an Au substrate separated by a gap of height h and conductivity ar=0 (b) Simulated reflectance
spectra of metasurface for different values of h (c) Simulated average electric field enhancement for different gap
height h (d) Gap height dependence of Resonance energy (black curve) and average near-field enhancement at
resnonance freatiencv(red curve) circle renresents RNDP mode and trianale renresents ROP mode

dot) where the electric field is polarized in y-direction (dashed arrows) and propagate along the
negative z-direction (solid arrow). At resonance frequency, strong plasmonic coupling between
AgNC and Au substrate will generate a near-field hot-spot inside gap. Figure 7.1b shows
simulated far-field reflectance spectra with different gap height, the dips between 650 nm and
1100 nm corresponds to bonding dipolar plasmon (BDP) mode and the dip between 400 nm and
650 nm corresponds to both band to band transition of gold and bonding quadrupolar plasmon
(BQP) mode of plasmonic coupling.3! As gap distance decreases from 5 nm to 1 nm, the coupling
strength become stronger and results a redshift of BDP mode from 667 nm to 1089 nm. Figure

7.1c shows the average near-field enhancement factor (EF), an integration of |E/Eo| over the
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junction area, obtained for nanojunctions with varied gap heights (h) from 5 nm to 1 nm. The
averaged peak enhancement factor increases and redshifts with BDP mode as gap distance
decreasing. When gap distance smaller than 3 nm, the BQP mode appears due to the strong
coupling and red shift weakly with distance decrease.?* Figure 7.1d shows gap height
dependence of resonance energy and average enhancement factor (EF). For gap height
decreases from 5 nm to 1 nm, the BDP mode red-shifts from 1.86 eV to 1.14 eV and EF increases
from 44-folds to 91 folds. The BQP mode also red-shifts from 2.2 eV to 1.66 eV and EF increases
from 11-folds to 34-folds. When gap distance keep decreasing to O nm, the resonance energy of
BDP mode and BQP mode will keep decreasing and eventually approach to 0 eV, which is
consistent with previous theoretical and computational work examining classical model plasmonic

coupling between two metallic antennas with sub-nanometer spherical gap.t132

In the classical model, we used a perfect insulator as dielectric material of hanojunctions,
and the calculation is consistent with experimental results in nanojunctions with few nanometers
separation. However, when nanojunctions shrink to sub-nanometer scale and quantum tunneling
effect starts to play an important role, this classical model deviates from the experimental
observations. To model the presence of electron tunneling, time-dependent density functional
theory (TDDFT)3*33* has been used to generate a quantum-mechanical model (QM) of the optical
response of plasmonic materials at fully quantum ab initio resolutions. However, this fully QM
model is limited to small plasmonic structures with a few thousands of conducting electrons?*3°
and is not suitable for larger plasmonic system containing millions or billions of electrons. To
overcome this challenge and simulate quantum effects in larger plasmonic system, we applied
the quantum corrected model (QCM) developed by Esteban and co-workers, which used a
fictitious conductive material to replace the purely insulating gap medium and mimics electron
tunneling.!* This allows quantum optical properties to be calculated within a classical

electrodynamic framework® and has excellent agreement with fully QM calculations, indicating
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that QCM can be applied to larger plasmonic systems consist of multiple metallic nanostructures

with arbitrary shapes and sizes.
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Figure 7.2 | Simulated quantum correction model metasurface: (a) Simulated reflectance spectra for
metasurface with constant gap height (2 nm) and varied conductivity or, insert is reflectance intensity map for
metasurface with different conductivity (b) Simulated average electric field enhancements for metasurface with
constant gap height (2 nm) and varied conductivity oT. (c) near-field distribution for metasurface with different
conductivity ot

To apply the QCM to our FDTD simulations of a plasmonic nanojunction, we keep the gap
height as a constant (2 nm) and the nanojunction gap is considered as being filled with a
conductive medium with non-zero variable or, effectively allowing electrons to cross the gap in

the model. Figure 7.2a shows the simulated reflectance spectra of metasurface with varied gap
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medium conductivity. As conductivity increased from 0 to 2.5 x 10° S/m, the dip intensity at 632
nm (BQP) and 863 nm (BDP) gradually decreases to 0 because the tunneling current neutralizes
the induced charges at the opposite side of the junction3. Also, when conductivity approach to
2.5 x 10*S/m, there is a new dip shows up at 576 nm and increases with conductivity, which can
be assigned to charge transfer plasmon (CTP) mode!*?2. Figure 7.2b shows calculated average
enhancement factor with different gap medium conductivity. For increased conductivity from 0 to
2.5 x 10® S/m, the maximum enhancement factor of BDP mode drops 30% from 66-folds to 46-
folds and BQP mode drops 14% from 28-folds to 24-folds, also, the wavelength of maximum EF
does not shift with increased conductivity. For increased conductivity from 2.5 x 10°S/m to 2.5 x
10° S/m, the BDP mode drops significantly to 5-folds and BQP mode drops to 15-folds owing to
reduced electric field enhancement from charge neutralization. Figure 7.2c shows near-field
distribution at 576 nm (CTP mode), 632 nm (BQP mode) and 863 nm (BDP mode) with varied
gap medium conductivity. For increased conductivity from 0 to 2.5 x 10® S/m, there is a slightly
decrease in near-field intensity but no change in the distribution of hot-spot. When conductivity
keep increasing to 2.5 x 10* S/m, the near-field distribution start to move from the center to the

edge and completely disappeared when conductivity approach to 2.5 x 10° S/m.

To understand how SERS mechanism performs in quantum regime, we carried out
experiments using a modified fabrication of the AQNC metasurface previously described by our
group.®”3 A schematic of the PDMS stamping colloidal metasurface fabrication is shown in Figure
7.3a. Colloidal Ag nanocubes with an edge length of 74 nm were synthesized using methods
previously reported (see Methods), then deposited onto a PDMS-coated support by Langmuir-
Blodgett film transfer. PDMS is chosen for the stamp because it is optically transparent and
provides an easily identified Raman background without signal overlapping with analyst
molecules. The capping polymer (Polyvinylpyrrolidone, PVP) on the surface of the as-made

AgNCs was displaced through a solution-based ligand exchange using a 1 mM ethanolic solution
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Figure 7.3 | Schematic and far field spectra of metasurface: (a) Schematic of colloidal metasurface
fabrication using PDMS stamping method (b) Schematic of a single meta-atom formed by AgNC and Au thin-film
and separated by a dielectric gap consist of Raman analyte (dHDT) and alkanethiol (DDT). (c) Experimental
(blue) reflectance spectra for an AQNC metasurface in classical regime (d = 3.27 nm) and simulated (red)
reflectance spectra with classical model (h = 3 nm, ot = 0). The inset shows an SEM image of AgNCs (73.6 +
3.7 nm) deposited on PDMS prior to adhesion to an Au substrate, dashed line shows the reflectance spectra of
PDMS adhered to Au with no AgNCs

of an end-terminated alkanethiol (CH3(CH2),SH) of variable number of carbon atoms, C,. The
flexible elastomer substrate is removed from its solid support and can be used to bring the AgNC
film into contact with arbitrary flat surfaces. Figure 7.3b shows a schematic of PDMS stamping

metasurface. By changing C, of alkanethiol on AgNCs, we can maintain precise control over the
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separation distance of the AgNC to Raman analyte (RA). In our experiments, we employ
alkanethiols as the RA since they form a self-assembled monolayer with a known thickness. To
prepare the RA films, we sputtered a 75 nm Au thin film onto a solid support and allowed the RA
layer to adsorb to the Au surface from solution. The total gap height, h is dictated by both the
thickness of the RA layer and C, of alkanethiols on AgNCs. Figure 7.3c shows UV/Vis reflectance
spectra for an AQNC metasurface with gap height in classical regime. For this metasurface, the
AgNCs were functionalized with 1-dodecanethiol (DDT, C, = 12) and deuterated 1-
hexadecanethiol (dHDT) was used as the RA. We estimate the gap size to be 3.27 nm (see
Methods) based on thickness of alkanethiol self-assembled monolayer (SAM)*® and interdigitation
of absorbed thiolate groups®. The BDP mode is observed as a dip in the reflectance spectrum at
Aes=756 nm, consistent with other reports.?6340 For comparison we include the simulated
reflectance obtained from our classical model with h=3 nm. It should be noted that this spectrum
differs from the plot in Figure 1b since it has been normalized to reproduce the surface density of
the fabricated AgQNC metasurface shown in the inset in Figure 3c. There is excellent agreement
between the simulated and experimental data, indicating that for 3.27 nm gap distance, the
metasurface is well within the classical regime and no electron tunneling is expected. The larger
full-width half-maximum (FWHM) of the experimental data can be ascribed to the polydispersity
of the AgNCs, which exhibit a size distribution of 73.6 + 3.7 nm and corner sharpness of 17 £ 2.2

nm as observed by image analysis of scanning electron microscope (SEM) images.

We then fabricated ANCs metasurface functionalized with different alkanethiol lengths
ranging from C, = 2 to C,, = 18. Thiophenol (PhSH) was chosen as the RA and adsorbed onto an
Au film because it has large Raman cross-section and relatively small molecule size (Figure 7.4a).
Figure 7.4b shows the UV/vis spectra of these AQNCs metasurface. For decreasing C, from 18

to 6, the dip at 780 nm redshifts to 820 nm due to smaller distance and stronger BDP mode
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Figure 7.4 | Schematic and far field spectra of metasurface with varied gap height: (a) Schematic of a
AgNCs metasurface separated by a dielectric gap consist of Raman analyte (PhSH) and alkanethiol (varied chain
length). (b) Calculated gap distance for metasurface with different alkanethiol chain lengths. (c) Experimental
reflectance spectra for metasurface with varied chain length

coupling. This observation is consistent with our classical model simulation in Figure 7.1b and
indicates the metasurface located in classical regime. As C, decreases from 6 to 4, the dip no

longer redshift and dip wavelength stay constant at 820 nm. It means the metasurface located in

crossover regime where electron begin to tunnel between AgNCs and Au substrate.?* In this case,
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the redshift induced by smaller distance compensates with blue shift induced by charge transfer

and results a non-shifted overall spectrum. For decreased C,, from 4 to 2, the dip corresponds to

BDP mode starts to blue-shift from 820 nm to 770 nm, indicates the metasurface is in quantum

regime. This blue-shifting phenomenon has been observed in previous quantum tunneling

model** because decrease in gap distance causes an increase in conductivity*? and results a

blue-shift in resonance frequency*®. Also, when C, = 4, there is another dip shows up at 610 nm

and become more intensity when n decreases, this observation is consistent with our quantum

correction model simulation in Figure 7.2. This peak can be assigned to higher order charge

transfer plasmon (CTP’) mode, which induced by charge transfer between AgNCs and Au
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Figure 7.5 | SERS measurement and gap height dependent Raman intensity: (a) Raman spectra for
metasurface separated by different chain length alkanethiol at 633 nm excitation. (b) Raman spectra for
metasurface separated by different chain length alkanethiol at 785 nm excitation. (c) Gap distance dependent
Raman intensity at 633 nm excitation. (d) Gap distance dependent Raman intensity at 785 nm excitation.
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substrate and plays a significant role in quantum regime. Figure 7.4c shows the calculated gap
distance for metasurface with different alkanethiol chain lengths. The gap distance corresponds
to Ch= 4 is 1.44 nm and the gap distance corresponds to C,= 6 is 1.69 nm, indicates that critical
gap distance between quantum regime and classical regime is approximately 1.55 nm £+ 0.15 nm

in our metasurface.

To further investigate quantum tunneling effect in our metasurface, we performed a SERS
experiment for metasurface with different gap heights. According to our quantum correction model
and previous papers, we expected to observe a significant decrease in Raman intensity when the
metasurface approach to quantum regime because quantum tunneling neutralizes the induced
charges and decreases coupling strength and near-field intensity. It should be noted that tunneling
current can also play a role in generating Raman signal and affect chemical enhancement even
the near-field enhancement is the dominant factor.® Figure 7.5a and 7.5b shows Raman intensity
at 633 nm and 785 nm laser excitation, respectively. The thiophenol (analyst) exhibits the Bccc(ai)
vibrational mode at 999cm?, Bcn(as) vibrational mode at 1023 cm™ and Bccc(as) vibrational mode
at 1076 cm™. For decreased C, from 18 to 3, there is an increase in Raman counts because
smaller gap distance provides stronger near-field enhancement, indicates the metasurface stays
in classical regime. For decreased C, from 3 to O, there is a significant decrease in Raman
intensity, represents a large decrease in near-field enhancement because the metasurface moves
into quantum regime as we predicted before. Then we used the chain length of alkanethiol and
thiophenol to calculate the estimated gap distance?®*°. Figure 7.5¢ shows distance dependent
Raman intensity (999 cm) under 633 nm excitation. For gap distance > 1.31 nm, the Raman
intensity increases exponentially with decreased gap distance, this is consistent with exponential
increase in near-field enhancement calculation in Figure 1d. For gap distance < 1.31 nm, the
Raman intensity decreases dramatically with gap distance, indicates a significantly decrease in

near-field enhancement owing to metasurface in quantum regime. Figure 7.5d shows distance
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dependent Raman intensity under 785 nm excitation. For gap distance > 1.44 nm, the Raman
intensity increases exponentially with decreased gap distance which consistent with classical
model. When gap distance decreases from 1.44 nm to 1.31 nm, the Raman intensity remains
nearly constant and indicates the metasurface located in a crossover regime that finite electron
density is present inside the junction.?* As distance further decreases to less than 1.31 nm, the
Raman intensity starts to drop significantly, indicates the metasurface moved into quantum
regime. The critical distance between quantum regime and classical regime is dependent on
wavelength that 785 nm excitation has approximately 0.13 nm larger critical distance than 633
nm excitation. This is originate from wavelength dependence of critical distance that critical
distance = In(3q Aa/2m)/2q, where q is semiclassical electron tunneling wavenumber, 1 is optical
plasmon wavelength and « is the fine structure constant.** Compare to previous observation that
guantum tunneling effects only become significant below two atomic lattice spacing?? (0.8 nm for
silver), the critical tunneling distance in our metasurface is approximately 0.5 nm to 0.6 nm larger.
This relatively large distance (1.3 nm) tunneling has also been observed in tunneling junction
between two AgNCs separated with 1,4-benzenedithiolates self-assembled monolayer.** At the
critical distance (1.3 nm), the dielectric gap is composed of 0.6 nm thick PhSH SAM and 0.7 nm
alkanethiol SAM. Owing to the conductive link through the Tr-orbitals*3#°, aromatic PhSH SAM
has large conductivity and can be treated as a conductive layer. However, alkanethiol SAM has
a large electronic energy barrier and form an insulating dielectric layer.*¢ As a result, the effective
tunneling distance (electronic energy barrier) is 0.7 nm, smaller than the physical critical distance

of dielectric gap.

Conclusion
Overall, we designed a scalable method to fabricate colloidal metasurface with tunable

gap distance at sub-nanometer scale. By changing the chain length of surface functionalized
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alkanethiol, the gap distance of metasurface was precisely controlled between 0.9 nm to 3.2 nm.
In this metasurface, the experimental critical distance between quantum regime and classical
regime is 1.3 — 1.4 nm. For gap distance larger than 1.4 nm, the optical properties of metasurface
are consistent with the classical model of plasmonic nanojunction. However, when gap distance
smaller than 1.3 nm, charge transfer mechanism plays a dominant role inside nanojunction and
our metasurface is more consistent with the qguantum model. Owing to charge neutralization on
opposite side of junctions, near-field strength decreases significantly with gap distance in
guantum regime, results orders of magnitude decrease in SERS intensity. Therefore, the
optimized SERS intensity is observed at the critical distance and smaller critical distance is
important for further improvement of SERS enhancement. Because shorter optical plasmon
wavelength has smaller critical distance, plasmonic nanojunctions with higher resonance energy
has a higher limit in SERS enhancement. Also, to minimize the charge transfer across the
nanojunction, replacing polymer dielectric layer with high-k materials, such as HfO;, ZrO, and
TiOg, is an alternative method to decrease the critical distance and increase SERS enhancement.
Furthermore, owing to easily controlled nanojunction distance and large range tunability, this

metasurface has a great potential to be used as a cost-effective platform for quantum devices.
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8.1 Total Fabrication and Reverse Engineering
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Figure 8.1 | Overview of Total Fabrication.

In this dissertation, we developed a novel bottom-up fabrication process for cost-efficient
and wafer-scale plasmonic platforms, named as the “Total Fabrication” (Figure 8.1). The initial
stage of Total Fabrication is commercially available molecular/atomic/ionic precursors (stage 0).
First, colloidal synthesis is performed in wet chemistry lab to achieve nanocrystals in batch-scale
(stage 1). Next, self-assembly and Langmuir-Schaefer deposition are performed on Langmuir-
Blodgett trough to create billions of meta-atoms (stage 2). Then, microfabrication processes, such
as soft-lithography, are performed to build the wafer-scale metasurface platform (stage 3). Based
on the requirements of platform surface properties, such as hydrophobicity, solution-based ligand
exchange is performed to selectively functionalize the metasurface platform and enables the
interaction with other nanoscale materials, such as molecules (stage 4). Finally, device-level
engineering is performed and the metasurface platform is used for different applications, including

nonlinear optics, SERS sensing, and wafer-scale 2D materials characterization (stage 5).
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Figure 8.2 | Total Fabrication and Reverse Engineering

Owing to great tunability on each stage of Total Fabrication, we can customize this bottom-
up fabrication process based on the technological applications of wafer-scale platform. Here, we
proposed a reverse engineering process from stage 5 to stage 1, for efficient development of
Total Fabrication (Figure 8.2). First, device level engineering is performed to guide the design of
wafer-scale platform (stage 5). Based on requirements on surface properties, selective surface
modification on metasurface platform is developed after device level engineering (stage 4). Next,
different microfabrication processes, such as patterning, etching, nanoimprinting etc., are
integrated and permutated for targeted metasurface platform (stage 3). Then, according to the
requirements on meta-atom size, shape, orientation, and interparticle distance etc., self-assembly
methods are developed (stage 2). Finally, to prepare nanoparticles for self-assembly, colloidal
synthesis is engineered by controlling temperature, concentration, surfactant etc., to achieve
desired nanopatrticle size, shape, and composition (stage 1). In the following sections, we will
focus on Total Fabrication of plasmonic metasurface platform and discuss each stage of reverse

engineering.

8.2 Stage 5: Light-Matter Interaction and Device-Level Engineering
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Figure 8.3 | Light-Matter interaction and device level enginnering. (a) plasmon-plasmon coupling, (b)

plasmon-exciton coupling, (¢) plasmon-phonon coupling, (d) plasmon-molecule interaction, (e) plasmon-atom

interaction. (a)-(c) are quasiparticle-quasiparticle coupling, (d) and (e) are particle-quasiparticle interaction
Particles are the building blocks of the universe, if we consider the universe as a stage of time
and space, particles are the “actors” in this stage.* The proton, electron, and neutron are the most
fundamental building blocks of all matter around us. Owing to strong nuclear force induced
attraction, atoms are composed of these three fundamental building blocks. Then, strong
attractions between atoms result in chemical bonds and create more complex particles, like
molecules, organic complexes, and microbials. In quantum physics, “particle-like” quantized

entitles play a significant role in determining matter properties.? For examples, quantum of

electromagnetic wave can be described as photon; quantum of vibrational mechanical energy can

145



be described as phonon; quantum of free carrier oscillation can be described as plasmon.
Because these “particle-like” entitles are massless and have different physical properties than
real particles, they are named as “quasiparticles” by Lev Landau in the 1930s.3

In particle physics, if two particles are connected by one of the four fundamental
interactions*: (1) electromagnetic interactions, (2) gravitational interactions, (3) strong
interactions, and (4) weak interactions, they are considered as coupled particles and the
interaction between them is named as coupling. Owing to new physical phenomenal arises from
particle-particle, particle-quasiparticle, quasiparticle-quasiparticle coupling, we can engineer
these coupling effects and use them for different technological applications. In this section, we
will focus on engineering and application of plasmon based coupling (Figure 8.3).
8.2.1 Plasmon-Plasmon Coupling

When interparticle distance between two or more plasmonic particles smaller than their
dimensions, plasmon resonance of individual particles start to hybridize and result in a red-shifted
resonance spectrum and significantly increased near-field intensity compared to individual
particles (Figure 8.4a).>" This phenomenon is called plasmon-plasmon coupling or plasmon
coupling. In addition to particle size, shape, and composition, interparticle distance plays a
significant role in plasmon-plasmon coupling. Figure 8.4b) shows interparticle distance
dependent EM field intensity (E2) between two face-face orientated silver nanocubes (red) and
edge to edge orientated silver nanocubes. As interparticle distance increase from 2 nm to 20 nm,
E? decreases exponentially from more than 4 orders of magnitude to around 3 orders of
magnitude.” When interparticle distance increase to hundred nanometer scale, plasmon
resonance hybridization and near-field enhancement become negligible. However, owing to far-
field coupling between well-spaced plasmonic particles, the extinction spectra also redshifted with
increased distance from 150 nm to 450 nm (Figure 8.4c).% The critical distance is about one

diameter’s length, less than one diameter’s length is near-field coupling regime, and between 1-
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Figure 8.4 | Plasmon-Plasmon coupling. (a) Electromagnetic hotspots from plasmon-plasmon coupling.

Reproduced with permission from ref 5. Copyright xx The xx. (b) Distance dependent Intensity (E2) between

coupled silver nanocubes. Reproduced with permission from ref 7. (c) Distance dependent extinction spectra for

far-field coupling. Reproduced with permission from ref 8.
7 diameter’s length is far-field coupling regime. There is a special case called quantum regime.
When interparticle distance approach to sub-nanometer regimes, quantum effects like electron
tunneling starts to play a dominant role. Tunneling electron causes charge neutralization and
reduce the coupling strength, result in a blue-shifted resonance spectrum, and significantly
decreased near-field enhancement.®® Because plasmon-plasmon coupling has different
characteristics in each regime, we are able to develop different applications by controlling
interparticle distance. Take the advantage of near-field enhancement, plasmon-plasmon coupling

in near-field regime can be used for enhanced nonlinear optical process!! and SERS®. Owing to

distance dependent spectrum shift, plasmon-plasmon coupling in far-field regime can be used for
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plasmonic ruler.®? Application in quantum regime has not been well-developed yet, but we
believe plasmon-plasmon coupling in quantum regime has a great potential for developing
guantum devices®.

8.2.2 Plasmon-Exciton Coupling
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Figure 8.5 | Plasmon-Exciton coupling. (a) Sketched reflectance spectra of strong coupling of light and matter.
Reproduced with permission from ref 21. (b) High energy polariton (HEP) and low energy polariton (LEP) as a
function of detuning. Reproduced with permission from ref.14.

Like plasmon-plasmon coupling, plasmon-exciton coupling also has two distinct regimes:

i) strong coupling regime and ii) weak coupling regime. Generally, strong plasmon-exciton
coupling occurs in highly confined environment that excitonic TMDs are trapped inside a
plasmonic cavity!**® or close to an plasmonic optical antenna!®. Owing to strong near-field
enhancement in plasmonic cavity, plasmonic resonator interact with exitonic resonator and form
in a new light-matter hybridized state with brand new physical properties. To make a better
description of this hybridized state, a new quasiparticle called plexciton (plasmon-exciton
polariton) is used to describe the quantized entitle.?%2* Plasmon-exciton coupling is defined by
three important parameters: i) energy transfer rate between light and matter (g), ii) rate of light
escape from the cavity (k), and rate of matter loses its polarization (y). In strong coupling regime,
energy transfer rate between light and matter is faster than light escape rate and matter loss rate,
and result in two new resonance frequencies in optical spectrum (Figure 8.5a).2 When energy
transfer rate slower than light escape rate and matter loss rate, plasmon-exciton coupling locate

in weak coupling regime and does not affect wave functions of plasmons and excitons. Owing to
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great tunability in plasmon energy, plasmon-exciton coupling can be manipulated. In Figure 8.5b),
exciton energy is fixed at 1.85 eV and plasmon energy increases from 1.6 eV to 2.1 eV.'* When
detuning energy (energy difference between plasmon and exciton) is larger than 150 meV,
polariton energy is similar to plasmon energy and exciton energy, indicates a weak plasmon-
exciton coupling. When detuning energy approaches to 0, energy transfer rate between plasmon
and exciton increases significantly, and polariton energy starts to deviate from plasmon energy
and exciton energy. This clear anti-crossing behavior indicates the formation of hybridized states
and strong plasmon-exciton coupling. Therefore, coupling strength can be tuned by controlling
energy difference between plasmon and exciton, and we are able to build nanophotonic devices
based on plasmon-exciton coupling. In strong coupling regime, plasmon-exciton coupling can be
used for chemical rate modification, quantum information processing and low threshold laser. In
weak coupling regime, plasmon-exciton coupling can be used for SERS, surface enhanced
fluorescence, and photovoltaics.
8.2.3 Plasmon-Phonon Coupling

In quantum physics, the vibrational motion of atom or molecule lattice can be described
by a quasiparticle, phonon. Acoustic phonon has transverse acoustic (TA) mode and longitudinal
acoustic (LA) mode, owing to low frequency coherent movements of atom out of their equilibrium
position. Similarly, optical phonon has transverse optical (TO) mode and longitudinal acoustic
(LO) mode, owing to out of phase (two atoms in opposite direction) movement of neighboring
atoms. Owing to strong light-matter interaction, plasmon can couple with optical phonon and form
plasmon-phonon coupling.???® To achieve strong coupling between plasmon and phonon, Yoo,
D. et. al. developed epsilon-near-zero (ENZ) nanocavities filled with SiO.?*. By increase cavities
diameter from 430 nm to 1120 nm, ENZ resonance is tuned from 1000 to 2500 cm™. As cavities
resonance energy approaches to transverse optical (TO) and longitudinal optical (LO) phonon
energy, strong coupling occurs and results in modal splitting in transmittance spectra. This ENZ

nanocavities platform provides a new path to study strong plasmon-phonon coupling, which may
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lead to application in optoelectronic devices and quantum sensing. Also, because phonon
properties are determine by atomic lattice, plasmon-phonon coupling can be used to probe crystal
structure, chemical composition and electronic properties simultaneously.®
8.2.4 Plasmon-Molecule Interaction

Plasmon-molecule interaction is observed when molecules are trapped in plasmonic
cavities?®-28 or absorbed on plasmonic nanocrystal surface?®. The behavior of plasmon-molecule
interaction is highly dependent on organic molecules electronic structures and can be described
in three constituents at resonance frequencies: i) refractive index-dependent plasmon resonance,
ii) plasmon-molecule resonance coupling, and iii) plasmon enhanced fluorescence.® In the first
case, organic molecules do not have light absorption and the interaction with plasmonic
nanocrystal results in an increased refractive index of surround environment and red-shifted
plasmon resonance. This type of plasmon-molecule interaction can be used for refractive index
sensor. In the second case, organic molecules have strong absorption on plasmonic nanocrystal
surface, lead to fast energy transfer rate between plasmonic nanocrystals and molecules,
formation of hybridized state, and anti-crossing behavior. This type of plasmon-molecule
interaction can be used for SERS. In the third case, organic molecules have both strong
absorption and emission. Owing to near-field enhancement during excitation process and
increased local density of photonic states during emission process®!, the radiative emission rate
is significantly boosted, and the fluorescence lifetime is also decreased. This type of plasmon-
molecule interaction can be used for biological imaging?® and two-photon fluorescence®?,
8.2.5 Plasmon-Atom Interaction

In plasmonic nanostructures, there are two channels for plasmon decay: i) radiative
damping by photon emission, and ii) non-radiative Landau damping by creating hot electron-hole
pairs.®* In the first 100 fs of nonradiative channel, plasmon decay via Landau damping generate
“hot” electron-hole pairs. At t = 100 fs to 1 ps, electron-electron interaction leads to carrier

relaxation. At t = 1- 100 ps, electron-phonon collision leads to nanoparticle heating.*® Typically,
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hot carrier production is maximized when imaginary part of the permittivity is large.*® However,
owing to small imaginary permittivity in plasmonic materials®’, the rate of hot carrier generation is
limited.

To overcome this challenge, Aslam et.al. synthesized Ag-Pt core-shell nanocubes and
achieved strong light absorption and large hot carrier generation spontaneously.® In this multi-
metallic nanostructure, plasmonic Ag core plays the dominant role in photon absorption and
generates localized surface plasmons. By introduce Pt shell, a fast plasmon decay channel is
opened, and large friction of energy is dissipated through Pt shell via hot carrier generation. In
this case, the plasmon energy transfer between Ag core and Pt shell is mediated by interaction
between plasmon and Pt atoms. Recently, Zhou et, al. developed an antenna-reaction platform
for photocatalysis.*® This plasmonic photocatalyst consisting of plasmonic Cu nanoparticle
“antenna” with Ru atom “reactor” sites. Because Cu nanoparticles play the dominant role in the
light absorption and Ru atoms play the dominate role in catalysis, there is an energy transfer
channel between Cu nanopatrticles and Ru atoms, due to plasmon-atom interaction. Although the
detailed energy transfer mechanism has not been well-studied yet, the experimental observation
indicates that plasmon-atom interaction has a great potential in plasmonic catalysis and chemical
reaction modification®,

8.2.6 Summary

In this section, we provide a brief overview of light-matter interaction, including plasmon-
guasiparticle couplings and plasmon-particle couplings, and their technological applications.
Based on technological need from customer, we can select the most appropriate light-matter
interaction and develop a plasmonic metasurface platform. Because coupling is determined by
multiple critical factors, such as particle size, shape, composition and interparticle distance, a
device-level engineering is required before Total Fabrication. Moreover, most of these coupling
originate from interaction between different types of particles, for example, plasmon-exciton

coupling is interaction between plasmonic particle and excitonic particle. Therefore, precise
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engineering of complex heterogeneous system is critical and need to be involved in the

customization of Total Fabrication.

8.3 Stage 4: Surface Modification and Ligand Exchange

Surface modification is an engineering process that brings new physical or chemical
characteristics, such as roughness*, hydrophobicity*?, surface charge®, surface energy*, and
reactivity* etc., to material surface and makes it different from the original surface. Because
interparticle interaction is highly dependent on the interface properties between particles, surface
modification is critical for engineering plasmon-quasiparticle couplings and plasmon-particle
interactions. For example, Benz et. al. developed molecular-shunted plasmonic nanojunctions
using biphenyl-4-thiol (BPT) and biphenyl-4,4’-dithiol (BPDT) molecules.*® Because BPDT
molecules have two thiol groups, they form conductive linkers between plasmonic nanoparticle
and planar gold film. However, owing to lack of second thiol group, BPT modified nanojunction
does not form conductive linkers and has significantly lower charge transfer rate. Owing to
electron transfer induced charge neutralization on opposite nanojunction?®, BPDT modified
nanojunction has weaker coupling strength and blue-shifted gap mode resonance.
8.3.1 Ligand Exchange

Owing to formation of dense and uniform molecular layer on surface, Ligand exchange (or
ligand substitution) is one of the most widely used surface modification method, especially for
solution dispersed nanocrystals. In plasmonic nanostructures, amine, alkanoic acid, and thiolated
molecules are used for surface modification because amino group and carboxylic group have
strong electrostatic bonding, and thiol group has strong covalent bonding with surface metal
atoms. In the surface modification of metal oxides, phosphates and phosphonates are the most
studied ones.*’ For silicon-based materials (Si, SiO; etc.), aminosilane and silazane are used for
surface modification. In general, molecules with high affinity functional groups have stronger

binding with surface atoms and can be used to replace molecules with lower binding energy.
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However, if two ligands have similar binding energy on surface, concentration will play an
important role during ligand exchange, especially for reversible binding.
8.3.2 Specific Interaction and Non-Specific Interaction

After surface modification, plasmonic nanostructures are surrounded by organic
molecules and these surface binding molecules interact with other particles in two ways: i) specific
interaction (or specific binding), and ii) non-specific interaction (or non-specific binding). In specific
interaction, a molecule (specific binder) interacts with its partner via a defined end state with shape
complementarity and stereospecificity. In non-specific interaction, a molecule (non-specific
binder) with ill-defined binding interface interacts with another molecule in multiple ways without
shape complementarity and stereospecificity.*® In Chapter 5, we designed a PBDE sensor using
alkanethiol functionalized plasmonic metasurface. Because both alkanethiol and PBDE are
hydrophobic, PBDE molecules are more favorable to bind on the metasurface rather than dissolve
in water solution. This hydrophobic interaction between alkanethiol and PBDE is non-specific,
which means other hydrophobic molecules like fluorocarbon can also bind on the alkanethiol
functionalized surface. Biotin-streptavidin affinity is a well-known specific interaction system.
Based on specific binding between streptavidin and biotin-labeled N-gene probe, Song et. al.
developed a COVID-19 nucleic acid detection platform.*® Therefore, surface modification provides
us an appropriate way to manipulate specific interaction and non-specific interaction, and realize

the technological application from device-level engineering.

8.4 Stage 3: Microfabrication

Microfabrication is the bridge between sub-micron scale meta-atoms and wafer-scale
metasurface platforms. Because the Total Fabrication aims for cost-efficient and industrial-scale
production of plasmonic metasurface platforms, in addition to performance in technological
applications, a lot of other metrics such as cost, throughput, yield, and safety (toxicity) need to be

considered and balanced. Owing to more than four decades experiences in nano-scale device
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manufacturing, microfabrication processes in semiconductor industry are well-developed and
ready to use. In this dissertation (Chapter 6), we used soft-imprint method inspired by nanoimprint
lithography (NIL) and developed the Total Fabrication for wafer-scale plasmonic platforms. In the
future, other microfabrication processes such as templating, and masking and etching can also
be integrated into the Total Fabrication, lead to lower cost, higher resolution, better uniformity,
and more technological applications.
8.4.1 Nanoimprint Lithography

Nanoimprint Lithography is a low cost, high resolution, high throughput microfabrication
process for nanoscale patterning. In general, an inverse patterned stamp (or template) is used to
mechanically deform the monomer or polymer imprint resist, followed by UV or heat curing. UV
or heat induced reaction generate covalent bonds and form solid state nanostructures. After
curing, stamp is released from the nanostructures and recycled for another imprinting. In soft-
imprint, poly(dimethylsiloxane) (PDMS) is the most demonstrated stamp material.>® Take the
advantage of flexible elastomer, soft stamp can deform around contaminated particles and avoid
damage to the stamp. The major challenge in soft stamp is limited resolution because nanometer-
scale elastomer features collapse under influence of surface tension.®**? To replicate high
resolution features below 10 nm, Kumar et. al. developed nanomould with amorphous metal.>3
The major challenge in this rigid stamp is lack of local deformation and particle contamination
induced stamp damage. To make a balance between resolution and local deformation,
Verschuuren developed a nanoimprint method using composite stamp, named as Substrate
Conformal Imprint Lithography (SCIL).>* In this composite stamp, high Young’s modulus PDMS
(X-PDMS) is used to fabricate nanometer-scale features, low Young’s modulus PDMS is used for
supporting layer, and 150 — 200 micron thick glass is used for substrate. Owing to balance
between resolution and local deformation, SCIL stamp has demonstrated replication of
nanometer-scale structures and 100 — 1000 cycles lifetime.

8.4.2 Templating, Masking and Etching
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In addition to NIL, templating, masking and etching are the most widely used
microfabrication processes in semiconductor industry. By integrating these processes with
colloidal nanocrystal assembly, large-scale high-resolution patterns have been created.*®
Recently, Schulevitz et.al. fabricated millimeter-scale area nanodiamond array with template-
assisted self-assembly method.*® First, electron-beam lithography is used to fabricate PMMA
templates with periodic holes, and then home-built apparatus is used to deposit agueous
nanodiamond dispersion and let them assemble in template. Keller et. al. developed a masking
and etching process with self-assembled GdFs nanocrystal monolayer.>” GdFz nanocrystals SAM
are transferred from air-water interface to SiO/Si substrate and form a patterned mask. Then,
CF4/O, ICP RIE is used to etch SiO; layer between nanocrystals and Cl,/Ar ICP RIE is used to
etch underlayer Si and form patterned nanostructures. Finally, GdF; nanocrystals are lift-off via
HF wet etch on SiO; layer. In the future, multi-step microfabrication process can be developed for

more complex heterostructure and enable more possibilities in technological applications.

8.5 Stage 2: Programmable Assembly of Meta-Atoms

Except for plasmon-plasmon coupling, most of the plasmon-quasiparticle coupling and
plasmon-particle interactions are based on two different types of nanocrystals. Therefore,
heterogeneous meta-atom consisting of two particles with different composition is desired. To
achieve large-scale and uniform heterogeneous meta-atoms, two programmable assembly
methods have been developed: i) binary nanoparticle superlattice and ii) DNA-mediated self-
assembly.
8.5.1 binary nanopatrticle superlattice

In a mixture with two different sized spheres, the superlattice growth depends on the size
ratio between two spheres.®® In theoretical calculation, binary superlattice assembly can be driven
by entropy alone without interparticle interactions and only a few binary superlattices are

thermodynamically stable.®*% However, in experimental practice, Schevchenko et. al. fabricated
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various superlattices using different combination of metal particles, semiconductor particles and
metal oxide nanoparticles.5! Because the packing density of these binary superlattices is lower
than FCC close packing, the main driving force in assembly is not entropy. Also, because these
binary superlattices have lower packing density than single component superlattices, van der
Waals, steric or dipolar interactions between particles do not play an important role. In this case,
opposite surface charge induced Coulomb energy difference is the driving force in binary
superlattice growth and determines the stoichiometry. To achieve broad range tunability, they
also demonstrated that adding surfactant molecules like carboxylic acid and alkyl-phosphine
oxide can alter the surface charge and superlattice structure. Moreover, nanoparticles with
different shapes, such as triangular nanoplate and spherical nanopatrticles, can also be used to
grow binary superlattices.
8.5.2 DNA mediated self-assembly

Owing to selective affinity and strong hydrogen in DNA hybridization, DNA mediate self-
assembly can be used to build-up well-arranged nanostructures.®> Recently, Xiong et. al.
developed a molecular stamping method to transfer multiple tyles of DNA sequences on
nanoparticle surface and form anisotropic patterning.®® Taking the advantage of distinctive
affinities between different DNA sequences, functionalized nanoparticles can selectively bond
with quantum dots, and form complex heterogeneous nanoclusters. In general, DNA mediate self-
assembly has three major advantages: i) because DNA sequence and size are programmable,
interparticle interaction is selective and interparticle distance is tunable,®** ii) because DNA
hybridization is sensitive to temperature, self-assembled nanostructures can be dynamically
controlled®®®, iii) because DNA origami can build any desired architectures, self-assembled
nanostructures have great tunability in 2D and 3D organizations.®’-%° Owing to significant progress
in large-scale DNA self-assembly’®’* and biotechnological mass production of DNA origami’?,

DNA mediated self-assembly is a good fit for the Total Fabrication.
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8.6 Stage 1: Colloidal Nanoparticle Synthesis

In the Total Fabrication, colloidal nanoparticle synthesis is the prerequisite of other stages.
Nanoparticles size and shape play a significant role in self-assembly (stage 2), nanoparticles
polydispersity affects the microfabrication process (stage 3), nanoparticles surface chemistry
determines the surface modification (stage 4, and nanoparticles composition controls the function
of light-matter interaction (stage 5). Therefore, a precise control on nanopatrticles size, shape,
uniformity, surface chemistry, and composition during colloidal synthesis is important for the
success in the Total Fabrication.
8.6.1 Heterogeneous nanoparticles

Although heterogeneous meta-atoms are good candidates for light-matter interaction,
owing to few nanometers thick and insulating surfactant layer, direct charge transport and energy
transfer between nanoparticles are nearly negligible.” To achieve lower interface barrier and
more efficient energy transport between different components, heterogeneous nanoparticles are
focused. Core-shell nanoparticles’™ are the most well-known heterostructure in colloidal synthesis
and there are three approaches to synthesize them: i) epitaxial growth method, (ii) ion exchange
method, iii) multi-step method. In the epitaxial growth approach, core nanoparticles are
synthesized and redispersed in a solution containing shell precursor. Then, mild reduction agent
is added to reduce shell precursor and epitaxially grow on the core particles to form core-shell
structure.” In the ion exchange approach, shell precursor and ligands are introduced to template
nanoparticles consisting of core materials, Then, ligand coordination can extra core material out
and shell material are more favorable to replace the vacancies to form core-shell structure. The
extent of ion exchange (volumetric ratio between core and shell) is determined by ligand
coordination strength and concentration.’”® Multistep approach is used for heterostructures with
large lattice constant and composition difference between core and shell, such as Au/CdS core-
shell nanocrystals.” First, epitaxial growth is used to grow Au/Ag core-shell structure. Then,

sulfur-oleylamine complex is introduced and reacted with Ag shell, to form Au/Ag.S core-shell
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structure. Finally, Cd precursor is added and replace Ag atom via ion exchange, lead to Au/CdS
core-shell structure. Owing to unique properties in heterogeneous nanoparticles, they have been
widely used in a lot of technological applications, including plasmonic catalysis®, photothermal
therapy’’, photoluminescence’®, and biomedical applications®.
8.6.2 Shape control and 2D materials

Owing to large surface to volume ratio, nanoparticle geometry is directly related to its
properties. In plasmonic nanoparticles, the geometry determines both resonance features
(frequency, linewidth, extinction cross-section etc.)®8! and energy transfer path®, and impact the
device level performance. Although both size and shape are the dominant factors in nanoparticles
geometry and resulted properties, the shape control is more focused because size can be easily
controlled via tuning reactant concentration, reaction time, and temperature. In colloidal synthesis,
shape control is achieved by manipulating surface energy which is defined as the excess free
energy per unit area for a particular crystallographic face and plays the dominate role in crystal
growth and faceting. Owing to selective binding preference between different crystal planes,
molecules such as surfactant, polymers, biomolecules, adsorbed gas, and atomic species (metal
ions) can be used to control the surface energy, lead to a selective growth and shape control.83

In addition to mechanical exfoliation88 and CVD epitaxial growth®®, colloidal synthesis of
2D materials is focused on the past decade and two synthesis methods are designed. Huang et.
al. developed a surfactant directed soft-templating method to synthesis colloidal Au square
sheet.®” First, Au* complexed with 1-amino-9-octadecne absorbed on graphene oxide (GO)
surface and form a self-assembled organic layer. Then, Au+ are reduced to Au atom via
increasing temperature, lead to the formation of 2D Au square sheet. Huang et. al. developed a
CO-confined growth method to prepare colloidal palladium nanosheets.® Strong CO adsorption
on the basal (111) plane of palladium nanosheet prevent overgrowth along [111] direction and
result in the anisotropic 2D nanosheet. Owing to unique properties in 2D materials and flexible

processing in colloidal solution, colloidal synthesized 2D materials can open up new avenues via
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the Total fabrication. Solution-based exfoliation is an alternative method for large-scale production
2D colloidal nanomaterials.®® However, owing to large polydispersity in size, shape, and thickness,

exfoliated 2D nanomaterials have more challenges on the other stages of the Total Fabrication.

8.7 Conclusion
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Figure 8.6 | Future possibilities in the Total Fabrication of plasmonic platforms
In conclusion, we developed a cost-efficient fabrication process to build-up wafer-scale

plasmonic metasurface platforms, from simple and commercially available precursors. Because
this concept is similar to the “Total Synthesis” in organic chemistry, we named it as the “Total
Fabrication”. Then, we performed a device-level engineering with these plasmonic metasurface
platforms and used them for different applications, including optical second harmonic generation
(nonlinear optics), 2D materials characterization and SERS sensing of pollutant PBDE molecules.
Owing to great tunability on each stage of Total Fabrication, we are able to customize the Total
Fabrication and open up more possibility in the future, such as flat optics, plasmonic catalysis,
electrolysis etc. (Figure 8.6) To improve the efficiency of Total Fabrication development, we
proposed a reverse engineering process from device level (stage 5) back to precursors (stage 0).

In device level engineering (stage 5), plasmon-particle and/or plasmon-quasiparticle can be
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manipulated and enable different applications. In surface modification stage (stage 4), plasmonic
metasurface platform can be functionalized with electrostatic binding (amine-group, carboxyl
group) or covalent binding (thiol-group) molecules. By engineering interaction between surface
binding molecules and external nanomaterials, such as hydrophobic interaction, biotin-
streptavidin interaction etc., this plasmonic metasurface platform can meet the requirements from
device level engineering. In microfabrication (stage 3), substrate conformal imprint and
lithography can be used to optimize the soft-imprint method we used. Also, by integrating other
microfabrication processes, such as templating, masking, and etching, uniformity and quality can
be improved significantly. In self-assembly (stage 2), binary nanoparticle superlattices and DNA
mediated self-assembly enable the design of complex hybrid plasmonic metasurface and open
new opportunities for applications. In colloidal synthesis (stage 1), manipulation in reaction
parameters (reactant, surfactant, temperature, temperature etc.) can control the size, shape,
structure, and composition of nanoparticles, and provide the required nanomaterials for self-
assembly. Also, owing to sub-micron scale thickness in our wafer-scale plasmonic metasurface
platform, we believe hybridization of nanoparticle and 2D van der Waals materials / Mxenes is an
interesting topic. Furthermore, by alternating the precursors, the Total Fabrication can be used in
fields beyond plasmonic. For example, cadmium-based and chalcogenide-based precursors can
be used for total fabrication of photonic device, and transition metal precursors (Pt, Pd, Ru etc.)
can be used for total fabrication of catalysis devices. In the next decade, we expect the Total

Fabrication can make a significant contribution in the lab-to-fab journey of nanomaterials.
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Supplementary Information for Chapter 2: Computation-Motivated Design of Ternary
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A1l: Reaction Kinetics
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Fiaure Al. Reaction Kinetics
We performed linear fitting for both first order reaction (Ln[Ao]- Ln[A]) and second order

reaction (1/A — 1/Ao), the R-square value is 0.866 for first order reaction and 0.917 for second

order reaction. Therefore, this anion exchange should be second order reaction
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A2: EDS Mapping of Anion Exchanged Alloy

Figure A2. EDS Mapping of Anion Exchanged Alloy, green represents sulfur element, blue represents
Se element and red represents Cu element
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A3: Ligand Exchange Experiments
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Figure A3. UV-vis absorption spectra after ligand exchange with 1-DDT and oleic acid

The ligand exchange protocol is modified from previous papers®. 0.5 mL CuS chloroform
solution, 0.5 mL ethanol and 1 mL capping ligand were added in a 20 mL glass vial and stirring
24 hours. Then washed three time with excess chloroform/ethanol mixture, centrifuge at 6k RPM

and dispersed in chloroform solution for UV/Vis Characterization.

Both oleylamine capped CuS and 1-DDT exchanged CuS has LSPR resonance at 1076

nm and oleic acid exchanged CuS has LSPR resonance at 1104 nm.
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Characterization:

TEM: FEI Tenia G2 Sphera running a LaB6 filament at 200 kV. A Gatan Ultrascan 1000 UHS

CCD camera running Gatan Digital Micrograph was used for imaging
SEM: ZEISS SIGMA 500 Field Emission Scanning Electron Microscope

Reflection and Absorption: PerkinEImer LAMBDA 1050 UV/Vis/NIR

B1: Figure 3b Reflectance Spectrum:
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B2: Comparison between metasurface with Au substrate and Si substrate

we fabricated a colloidal metasurface with silicon substrate (Si metasurface) and compare
it with metasurface with Au substrate (Au metasurface), these two metasurface has exact same
cube size and cube density. Figure a) shows reflection spectrum, Au metasurface has both gap
mode resonance at 920 nm and cube mode resonance at 380 nm, which is a double resonance
structure. Si metasurface only has a stronger cube mode resonance at 380 nm and no gap mode

resonance owing to lack coupling between AgNCs and substrate, therefore it is a single
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Figure a) Figure b)
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resonance structure. Because this Au metasurface has peak enhancement factor at Arw=825 nm
(Supporting Information S9b), therefore we compare the efficiency of Au metasurface and Si
metasurface with 825 nm excitation. Figure b) shows SHG measurement of both metasurface
with 825 nm excitation, take the advantage of double resonance, the SHG efficiency of Au

metasurface is one order of magnitude higher than the one in single resonance Si metasurface.

B3: Calculation:

# of photon = SHG counts per sec / Detector Efficiency

SHG power = # of photon X Photon energy

Active time per second = pulse width X Repetition Rate

Average Power

Peak Power = ———
Active time per second

Power sy peak

Efficiency =

PowerExcitation peak

(ex. Au metasurface with 900 nm gap resonance, 800 nm excitation wavelength, 0.2 second dwell

time, 2 nm detector bandwidth)
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Average Averaged SHG | Detector Efficiency | # photon | photon Average SHG
Excitation counts per 0.2 | (counts/ photon) per energy Power (W)
Power (mW) second second (eV)
3.91 50233 0.00594 4.23E+07 | 3.1 2.1E-11

Pulse width | Repetition Active time | Peak Peak SHG | Efficiency

(fs) Rate (MHz) (sec) per | Excitation Power (W)

second Power (W)
1.00E+02 8.00E+01 8.00E-06 4.89E+02 2.62E-06 5.36E-09

(ex. Au metasurface with 900 nm gap resonance, 800 nm excitation wavelength, 1 second dwell

time, 2 nm detector bandwidth)

Average SHG counts | Detector  Efficiency | # photon photon Average SHG
Excitation per second (counts/ photon) energy Power (W)
Power (mW) (eV)
3.91 43333 0.004752 9.12E+06 3.1 4.52E-12

Pulse width | Repetition Active time | Peak Peak SHG | Efficiency

(fs) Rate (MHz) (sec) per | Excitation Power (W)

second Power (W)
1.00E+02 8.00E+01 8.00E-06 4.89E+02 5.65E-07 1.2E-09

B4: Comparison with Au antenna (2015)* and Bowtie aperture (2012)?
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Excitation Pulse rep. rate | Peak Beam area
power (W) length (s) (Hz) excitation (cm”2)
power (W)
Metasurface 3.91E-03 1.00E-13 8.00E+07 4.89E+02 3.14E-08
Au Nanoantenna | 1.20E-04 1.20E-13 8.00E+07 1.25E+01 1.54E-08
(2015)
Bowtie (2012) 1.30E-03 1.50E-13 7.60E+Q07 1.14E+02 7.1E-08
peak excitation | SHG SHG peak | SHG peak
intensity (W/cm”2) power(W) power (W) intensity
(W/icm”2)
Metasurface 1.56E+10 2.1E-11 2.62E-06 83.44
Au Nanoantenna (2015) 8.12E+08 7.6E-13 7.92E-08 5.14
Bowtie (2012) 1.61E+09 1.7E-11 1.5E-06 21.13
Measured
Efficiency
Metasurface 5.36E-09
Au nanoantenna 2015 6.33E-09
Bowtie (2012) 1.31E-08

Note: Due to the degradation effects we mentioned in the paper, it is difficult to back calculate the

efficiency and make direct comparison at same excitation intensity.
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B5: Normalization (All the measurement of excitation wavelength dependent efficiency

using 1 sec dwell time and 2 nm detector bandwidth)

Wavelength Dependent Beam Spot Area

\ ®  Beam SpotArea\

6.0

Area (um”"2)
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|
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. . . Peak Excitation P
Excitation Intensity = ————— 21" O7¢T

Beam Spot Area

Peak SHG Power

Excitation Intensity = Beam Spot Ared

SHG intensity @ 10 GW = ———o0< Intensity

Excitatation Intensity)2
10 GW

Follow the principle: SHG intensity is proportional to excitation intensity squared

(ex. Au metasurface with 900 nm gap resonance, 800 nm excitation wavelength, 1 second dwell

time, 2 nm detector bandwidth)
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Beam spot | Excitation SHG SHG intensity @ | Efficiency @ 10GW

Area @ 800 nm | Intensity intensity 10GW excitation | Excitation (W/cm”2)
(cm”2) (W/cm”2) (W/cm”2) (W/cm”"2)
3.14E-08 1.56E+10 1.8E+01 7.4 7.4E-10

B6: Curve Fitting of SHG Excitation Scan Spectrum

For M890, Peak 1 has FWHM =50.5 nm and Peak 2 has FWHM = 64.5 nm, Reduced Chi-Square

value =0

For M1020, Peak 1 has FWHM = 85 nm and Peak 2 has FWHM = 86.5 nm, Reduced Chi-Square

value =0

B7: Calculation of SHG enhancement factor.

Parameter:

From experiment:

A: Absorbance; A4, Maximum absorbance; R: Reflectance; R,,,4,: Maximum absorbance; f(Asw):

Enhancement at SHG wavelength; f(Arw): Enhancement at fundamental wavelength

From simulation:

Esye : maximum near field enhancement from cube resonance; Ery : maximum near field

enhancement from gap resonance
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Figure S6 | Radiation Efficiency Simulation: (a) Location of dipoles in the simulation model. (b) x-component, (c) y-
component (d) z-component of near field enhancement on bottom surface of AQNC at fundamental wavelength. (e) x-
component, (f) y-component, (g) z-component of near field enhancement on top surface of gold substrate at
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Because Reflectance is proportional to f(Asy)? and Absorbance is proportional to f (Agy)?

vR

Rmax

1: Normalization: f(Asn)=

f(Arw)= A x Zrw

Amax Esne

2: SHG Enhancement Factor = f(Asyc)? * f Aew)*

B8: Simulated Radiation Efficiency

Because SHG generated from noble metal surface, we add 14 dipole sources on bottom
surface of AgNCs and 14 dipole sources on top surface of gold substrate. All these dipoles located
at the hotspots, amplitude and phase of each dipole are calculated based on near field

enhancement (Figure S6).

B9: M920 Excitation Scan
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we fabricate a new metasurface with a different batch of 90 nm AgNCs and gold substrate
and take excitation scan with 25 nm data interval instead of 50 nm interval. Figure a) shows UV-
VIS spectrum of this metasurface, it has cube mode resonance at 380 nm (Aew=760 nm) and gap
mode resonance at Aew=920 nm. Figure b) shows wavelength dependent radiation efficiency and
calculated SHG enhancement factor. The simulated radiation efficiency peak located at Arw=875
nm and calculated SHG enhancement factor peak located at Ar.w=813 nm. Figure c¢) shows
wavelength dependent SHG efficiency and there are two SHG efficiency peaks. The peak at
Aw=825 nm consists with SHG enhancement factor peak and the peak at Arw=875 nm consists
with radiation efficiency peak. Also, these two peaks can be fitted with the gaussian function,

which confirms that the peak identification and analysis we did in the manuscript is reliable.

Figure a) Figure b) Figure c)
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C1: AFM Measurement of Au thin film

Baq eb rem

0.8 um

Figure C1. AFM image of Au film

Au film thickness is 94.9 nm, RMS roughness is 2.96 nm and average roughness is 2.27

nm
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C2: Simulation Model

——
Figure C2. Simulation model of a single meta-atom, pink represents light propagation direction and blue arrow
represents E-field polarization. For the excitation plane wave, propagation direction is along the z-axis and
polarization is along the x-axis.

Figure S2 shows the XZ view of nanostructure model in our FDTD simulation. This
nanostructure consists of 90 nm silver nanocube (AgNC) with 10 nm radius of curvature on the
corners (gray), 6 nm dielectric layer (blue) and 75 nm Au (yellow). Because the analyst molecules
are functionalized on Au surface, we placed the field monitor 1 nm away from the top surface of
Au (yellow line). The in-plane polarized electric field components (Ex, Ey) are defined as the
polarization parallel to the Au surface and out-of-plane component (E;) is defined as the
polarization perpendicular to the Au surface.

Local field (near-field) enhancement factor is defined as E/Eo, which E is the local
maximum electric field and Ep is the amplitude of input source electric field. To calculate the
averaged local field EF, we used field monitor to collect the total local field EF and divided by the

area of bottom surface of 90 nm AgNC (8100 nm?).
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C3: Aggregation Effect
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Figure C3. (a) schematlc of AgNC clusters (b) far-field spectra of AgNC clusters (c) near—fleld distribution of AQNC

clusters (at 847 nm)
Figure S3a) shows schematics of AgQNC clusters made by 2/3/4 AgNCs. Owing to strong

-

interparticle coupling, the strongest absorption peak significantly redshifted (Figure S3b) and
results a decreased hotspot area and E/Eq at gap mode resonance (Figure S3c). Because Raman
intensity is proportional to hotspot area and fourth power of E/Eo, SERS intensity from well-spaced

AgNCs is orders magnitude higher than AgNC clusters. Therefore, the contribution from AgNCs

clusters is negligible.
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C4: Peak Broadening Effect
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Figure C4. (a) experimental far-field of NOM metasurface (black is scattering, red is reflection, blue is absorption. (b)
comparison between experimental absorption spectra and simulated absorption spectra. (c) schematic of
experimental spectra broadening.

Figure S4a) shows experimental far-field spectra of our metasurface, including scattering
spectra (black), absorption spectra (red) and reflection spectra (blue). At gap mode resonance
(926 nm), there is a peak in absorption spectra owing to significant increase in absorption cross-
section. Figure S4b) shows a comparison between experimental absorption spectra and
simulated absorption spectra. The lineshapes are consistent but experimental absorption spectra
is much broader. Figures S4c) shows a schematic of peak broadening. In our metasurface, the
fundamental building block is meta-atom. In simulation, all the meta-atoms have consistent size
and results a narrow gap mode resonance. In experiment, owing to size/shape variation in our
experiment, meta-atom made by smaller AQNC has a blue-shifted spectra and meta-atom made
by larger AQNC has a red-shifted spectra. Therefore, the experimental absorption spectra is much

broader than simulation.
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C5: Background of BT Functionalized Au thin-film and Ethanol Solution Background
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Figure C5. (a) Raman spectra of pristine Au (black), BT functionalized Au (514 nm excitation, red), BT
functionalized Au (633 nm excitation, blue). (b) Raman spectra of ethanol background

We used 514 nm and 633 nm laser lines to measure the Raman spectra of a BT-
functionalized Au thin-film. Figure S5a shows the corresponding Raman spectra, where no BT
peak is observed even at the highest excitation power. The sharp peaks in Figure Sba are
assigned to background noise (e.g. gamma rays) and are visible due to averaging.

For the BT NOM, we observe an enhancement of 107 at 785 nm and the BT peak is
approximately 8 x 10° counts. Because background noise of our instrument (@ 1000 cm™) is
approximately 10% counts, we believe the enhancement factor of BT on the Au thin-film alone is
less than 102 and below the limit of detection. because of this, we used an isotropic solution of
BT molecules as our reference spectrum. We dissolved BT molecules in ethanol to measurement
the unenhanced bulk Raman intensity which we then used to calculate the enhancement factor

(EF) of our BT NOM. Figure S5b shows the Raman spectra of pure ethanol as a background.
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C6: Wavelength Dependent Raman Spectra of BT Ethanol Solution
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Figure C6. Raman spectra of BT in ethanol solution (I(bulk)) at different excitation wavelength. (a) 457 nm, (b) 488
nm, (c) 514 nm, (d) 633 nm, and (e) 785 nm. the sharp peaks only shown (e) are assigned to background noise (e.g.
gamma rays).
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C7: Wavelength Dependent Raman Spectra of Pyrene Ethanol Solution
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Figure C7. Raman spectra of Pyrene in ethanol solution (I(bulk)) at different excitation wavelength. (a) 457 nm, (b)
488 nm, (c) 514 nm, (d) 633 nm, and (e) 785 nm.
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C8: Wavelength Dependent Raman Spectra of BT NOM and Pyrene NOM
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Figure C8. SERS spectra of BT NOM and pyrene NOM (I(SERS)) measurement at different excitation
wavelength. (a) 457 nm, (b) 488 nm, (c) 514 nm, (d) 633 nm, and (e) 785 nm.
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Raman Spectra of BDE-15 Powder
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Figure C9. Raman Spectra of BDE-15 Powder
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C10: SEM and UV-Vis Spectra of BDE-15 NOM
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Figure C10. (a) SEM image of BT NOM (left), Pyrene NOM (middle) and BDE-15 NOM (right) (b) reflection

spectra of BT NOM and Pyrene NOM (c) reflection spectra of BDE-15 NOM which incubated in different

BDE-15 concentration

BDE-15 NOM is prepared with 89.2 nm AgNCs. 9.2% surface coverage density in BDE-
15 NOM corresponds to 207 nm interparticle distance. BT NOM and Pyrene NOM are prepared
with a different batch of AQNCs (73.4 nm). 8.6% surface coverage density in BT NOM corresponds
to 177 nm averaged interparticle distance and 12.6% surface coverage density in Pyrene NOM
corresponds to 133 nm averaged interparticle distance (Figure S8a). Because interparticle
distance is much larger than AgNCs size, we believe interparticle coupling does not play a role in
our measurements. Figure S8b) shows reflection spectra of Pyrene NOM and BT NOM, and
Figure S8c) shows reflection spectra of BDE-15 NOM. Because peak wavelength and broadness

is nearly consistent with Au NOM reference, we believe our simulation model can be used to

predict near-field enhancement in BT NOM, Pyrene NOM and BDE-15 NOM.
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C11: Enhancement Factor Calculation

Step 1: We measured wavelength dependent beam spot area and focal volume and shown in

Table C1
Table C1
Optical Setup
Wavelength (nm) 457.00 488.00 514.00 633.00 785.00
Height of focal 16.68 11.25 11.93 16.75 36.85
volume (um)
Effective beam 1.26 1.66 0.89 1.20 X:1.64
diameter (um) Y:16.95
Effective focal area 0.62 1.08 0.31 0.57 27.72
(Hm?)
Focal Volume (um3) 10.32 12.10 3.68 9.50 1021.61

Step 2: we measured Raman Intensity (I bulk) and # of molecules (N bulk) in the focal volume of

10% PhSH ethanol solution (Table C2) and 2.02mg/mL pyrene ethanol solution (Table C3)

Table C2
Bulk BT (10%
concentration)

Wavelength (nm) 457 488 514 633 785
density (g/mL) 0.1073 0.1073 0.1073 0.1073 0.1073
MW (g/mol) 110.18 110.18 110.18 110.18 110.18
Avogadro’s 6.02E+23 6.02E+23 6.02E+23 6.02E+23 6.02E+23
molecules/um3 5.86E+08 5.86E+08 5.86E+08 5.86E+08 5.86E+08

# of molecules in 6.05E+09 7.10E+09 2.16E+09 5.57TE+09 5.99E+11

focal volume
(N(bulk))

bulk Raman Counts 5.41E+04 1.76E+04 1.51E+04 5.23E+03 3.30E+03

(I(bulk)) @1002 cm""*

bulk Raman Counts 1.47E+04 4.94E+03 417E+03 1.60E+03 7.87E+02

(I(bulk)) @1026 cm""*

Exposure time 1 3 3 3 3
(second)
Power (%) 50 10 10 5 0.5
Accumulations (#) 150 50 50 50 50
Table C3
Bulk Pyrene (20.2mg/10mL ethanol
solution)
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Wavelength (nm) 633 785
density (g/mL) 2.02E-03 2.02E-03
MW (g/mol) 2.02E+02 2.02E+02
Avogadro’s 6.02E+23 6.02E+23
molecules/um?3 6.02E+06 6.02E+06
# of molecules in focal volume 5.72E+07 6.15E+09
(N(bulk))
bulk Raman Counts (I bulk) @590 cm"* 4.30E+03 8.27E+03
Exposure time (second) 3 3
Power (%) 100 100
Accumulations (#) 50 50

Step 3: we measured SERS intensity (| SERS) and # of molecules (N SERS) in focal area of BT
NOM (Table C4) and pyrene NOM (Table C5). Because BT on Au is prepared by incubating Au
film in BT ethanol solution, and BT binding on Au is very strong, we assume each Au atom bind
with one BT molecule and use Au lattice constant to calculate BT # on Au thin film. Because
Pyrene on Au film is prepared by LB transfer and hydrophobic pyrene molecule is unlikely to

dissolve in water subphase, we used pyrene density on air-water interface to estimate # of pyrene

molecules on Au thin film.

Table C4 BT SERS
Wavelength (nm) 457.00 488.00 514.00 633.00 785.00
# of surface atom/ unit 2.00 2.00 2.00 2.00 2.00
cell
unit cell length (nm) 0.41 0.41 0.41 0.41 0.41
#/nm?2 12.01 12.01 12.01 12.01 12.01
#/um? 1.20E+07 | 1.20E+07 | 1.20E+07 1.20E+07 1.20E+07
# of molecules in 7.44E+06 | 1.29E+07 | 3.71E+06 6.82E+06 3.33E+08
focal area (N(SERS))
SERS Counts 8.28E+02 | 9.25E+02 | 2.12E+03 1.41E+04 7.99E+04
(I(SERS)) @999cm"’
SERS Counts 2.23E+02 | 2.14E+02 | 6.92E+02 7.31E+03 4.91E+04
((SERS)) @1023cm""
Exposure time 1.00 3.00 3.00 3.00 3.00
(second)
Power (%) 50.00 10.00 10.00 5.00 0.50
Accumulations (#) 3.00 1.00 1.00 1.00 5.00
Table C5 Pyrene SERS
Wavelength (nm) 633 785

# of Pyrene on LB Trough

2.97725E+16

2.97725E+16
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Area of LB Trough (cm”2) 30 30
#/nmA"2 9.92E+00 9.92E+00
#/umA"2 9.92E+06 9.92E+06
# of molecules in focal area 5.63E+06 2.75E+08
(N(SERS))
SERS Counts (I(SERS) @ 590 cm™ 1.45E+02 2.27E+03

. __ I(SERS)/N(SERS) . )
Step 4: We used EF = 1Btk /N (o) to calculate the enhancement factor (parameters in this

equation are bold text in the tables).
In addition, we normalized the difference from excitation power (depends on both laser source

and power% in optical setting), # of accumulations and AgNCs surface coverage density on each

sample.
Table C6 BT EF
Wavelength (nm) 457.00 488.00 514.00 633.00 785.00
Relative excitation 1.07 1.22 1.09 1.29 1.46
power
(ExX(SERS)/Ex(bulk))
I(SERS)/I(bulk) @ 0.72 2.15 6.44 104.39 166.07
999 cm-1
I(SERS)/I(bulk) @ 0.71 1.77 7.62 176.40 427.98
1023 cm-’
N(SERS)/N(bulk) 1.23E-03 1.82E-03 1.72E-03 1.22E-03 5.56E-04
AgNC coverage 8.60E-02 | 8.60E-02 | 8.60E-02 8.60E-02 8.60E-02
density
EF @999cm-" 6.78E+03 | 1.38E+04 | 4.36E+04 9.92E+05 3.47E+06
EF @1023cm™’ 6.70E+03 | 1.13E+04 | 5.16E+04 1.68E+06 8.95E+06
Table C7 Pyrene EF
Wavelength (nm) 633.00 785.00
Relative excitation power 6.63E-02 1.96E-02
(EX(SERS)/Ex(bulk))
I(SERS)/I(bulk) @ 590 cm-1 25.48 140.01
N(SERS)/N(bulk) 0.10 0.04
AgNC coverage density 0.13 0.13
EF @ 590 cm™' 2.06E+03 2.49E+04

Raman Intensity is measured from spectra shown in Figure C6 (BT solution), Figure C7

(pyrene solution), and Figure C8 (BT NOM and pyrene NOM)
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D1: Table D1, BDE-15 Water Solution Preparation

BDE-15 Water Volume of PBDE PBDE stock solution Ethanol DI water
solution stock solution, in concentration (M) volume (uL) volume (mL)
concentration (M) Ethanol (uL)
2.50E-09 25 1.00E-06 75 9.9
5.00E-09 50 1.00E-06 50 9.9
1.00E-08 100 1.00E-06 0 9.9
2.50E-08 25 1.00E-05 75 9.9
5.00E-08 50 1.00E-05 50 9.9
1.00E-07 100 1.00E-05 0 9.9
2.50E-07 25 1.00E-04 75 9.9
5.00E-07 50 1.00E-04 50 9.9
7.50E-07 75 1.00E-04 25 9.9
1.00E-06 100 1.00E-04 0 9.9
2.50E-06 25 1.00E-03 75 9.9
5.00E-06 50 1.00E-03 50 9.9

BDE-15 stock solution is prepared by dissolving BDE-15 powder in ethanol solution. BDE-
15 water solution is prepared by diluting stock solution in DI water, all BDE-15 water solution

contains 1% ethanol.
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D2: UV-Vis Reflection Spectra and Absorption Spectra
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Figure D1. Reflection spectra of Au thin film (black), NOM metasurface (red) and PDMS

Scattering spectra is measured with Integrating Sphere Accessory and reflection spectra
is measured with Universal Reflectance Accessory. Because our metasurface does not have
transmission at visible and NIR wavelength, the absorption (%) is calculated by the following

equation: A(%) = 100 (%) — R(%) — S(%)
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D3: Time Dependent Study
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Figure D2. Time Dependent Study Curve Fitting
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D4: Concentration Dependent Study
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Figure D3. Concentration Dependent Study Curve fitting

203



D5: Gap Distance Effect on Near-field Enhancement

a) C1SH Functionalized PDMS NOM b) C4SH functionalized PDMS NOM
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Figure D4. (a) Schematic of nanogap in C1SH functionalized PDMS NOM. (b) Schematic of nanogap in C4SH
functionalized PDMS NOM. (c) Near-field enhancement in C1SH functionalized PDMS NOM. (d) Near-field
enhancement in C4SH functionalized PDMS NOM.

In C1SH functionalized PDMS NOM, we set gap distance as 5 nm and field monitor at 0.5
nm away from AgNC bottom because BDE-15 molecules bind on AGNCs and methanethiol SAM
thickness is about 0.5 nm. Because butanethiol SAM thickness is 0.4 nm larger than methanethiol
SAM, we set gap distance as 5.5 nm and field monitor at 1 nm away from AgNC bottom in C4SH
functionalized PDMS NOM. The maximum E/Eq is 122 and 106 and the average E/Eq is 66.2 and

65.3 in C1SH functionalized PDMS NOM and C4SH functionalized PDMS NOM, respectively.
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Therefore, average enhancement factor is nearly consistent and maximum enhancement factor

in C4SH functionalized PDMS NOM is 75% higher than C4SH functionalized PDMS NOM.

D6: Table D2, Chain Length Dependent Alkanethiol SAM Thickness

CH2(CH2)nSH Molecule Number of Carbon (n+1) Alkanethiol SAM thickness (nm)
0 Methanethiol 1 0.458
1 Ethanethiol 2 0.584
2 Propanethiol 3 0.71
3 1-Butanethiol 4 0.836

The distance calculation was followed the equation:

D=0.458 +0.126 x n

Where D is gap distance in nanometer, n is number of CH: groups in alkanethiols.!
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E1: TiN Thin-Film Synthesis and Characterization
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DC Magnetron Sputtering: Thin films of Au were grown in an AJA ATC Orion DC
sputtering system (vacuum pumped before growth to ~10® Torr) using a Ti adhesion layer from a
ultra-high purity Au and Ti targets purchased from the Kurt J. Lesker corporation. Au films were
grown with all parameters were held constant as follows: room temperature, 50 watts, 5 sccm
ultra-high purity Ar, 5+£0.24 mTorr growth pressure, 144 seconds, 15 minutes of pre-sputtering. Ti
films were grown with all parameters were held constant as follows: room temperature, 50 watts,
5 sccm ultra-high purity Ar, 5+0.24 mTorr growth pressure, 4.5 seconds, 15 minutes of pre-
sputtering. Before being introduced into the growth chamber, all samples were loaded into

sputtering system’s load lock and pumped down to 2.2x10® Torr or lower.

RF Magnetron Sputtering: Thin films of TiN were grown in an AJA ATC Orion 8 RF
sputtering system (vacuum pumped before growth to ~108 Torr) from ultra-high purity N2 gas and
an ultra-high purity Ti target purchased from the Kurt J. Lesker corporation. TiN films were grown
with the only varied parameter being time, all other parameters were held constant as follows:
350°C, 200 watts, 3 sccm Ar, 7 sccm N2, 10£0.24 mTorr growth pressure, 10 minutes of pre-
sputtering. Before being introduced into the growth chamber, all samples were loaded into the
load lock of the sputtering system and pumped down to 2.2x10® Torr or lower. A thick film sample
of TiN was grown for 5 hours on a c-sapphire substrate to be used as a reference of the film’s

stoichiometry.

XRD and XRR Measurements: Structural parameters of thin films were measured with
XRD and XRR in a Panalytical X’Pert X-ray Diffractometer using the in the point-source
configuration and Cu-Ka radiation with a Ni Cu-K@ filter. X-rays were generated at 45 kV and 40
mA. All X-ray measurements were carried out on a multipurpose stage where the Z-axis height of
samples was carefully set for each measurement with a mechanical depth stop for consistent
optimal positioning of a sample’s top surface with respect to the incident X-rays. Perpendicular

masks of 1- and 4-mm were used to shutter the source and to shape the X-ray beam. XRD: using
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a 1° incident beam slit, samples were scanned over 26 = 25-90° in the 26—w geometry. Machine
offsets were calculated by comparing substrate peak positions in the 26—-w and w-scan
geometries. XRR: again, using the point source configuration but this time with a 1/32° incident
beam slit, and a diffracted beam slit, samples were scanned in the 26—w geometry from 26 = 0-

4°, Resultant reflectograms were analyzed with GenX.!

RBS Measurements: The atomic composition of a reference bulk TiN thin film grown with
RF magnetron sputtering for 5 hours at 350°C, 200 watts, 3 sccm Ar, 7 sccm N, 10+£0.24 mTorr
was characterized using Rutherford backscattering spectrometry (RBS). RBS was selected
because of its simultaneous ability to measure heavy and light elements with high sensitivity on
a substrate comprised of light elements (like sapphire). 2 MeV “He** ions were incident on the
samples at an 8° angle a with a spot size of approximately 1 mm? in a General lonex 4117HC
1.7MV tandetron accelerator operating in the Cornell geometry. SIMNRA was used to analyze

the RBS measurement data.
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E2: Simulation Model of Graphene/h-BN NOM
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Figure E1 | Simulation model of Graphene/h-BN. (a) schematic of Au NOM (left), Surface conductivity model
(middle), and Quantum-corrected model. (b) far-field absorption spectra of Au NOM (black), Surface conductivity
model (red), and Quantum-corrected model (blue). (c) Wavelength dependent near-field enhancement of Au NOM,
Surface conductivity model, and Quantum-corrected model.

In Au NOM reference, the dielectric gap consists of PVP and the gap distance is 5 nm. In
Surface Conductivity Model, we added a volumeless 2D conductor layer (Material: Graphene,
conductivity scale = 1) to represent graphene and a volumeless 2D insulator layer (conductivity =
1 x 10" (Qm)™) to represent h-BN. In Quantum Corrected Model, we increase the effective gap
distance to represent the dielectric barrier effect because increased gap distance also results
weaker coupling strength and blue-shifted gap mode resonance. Here, we adjusted the effective
gap distance to make the blueshift in Quantum-corrected model matches with our experimental

data in Figure 2a.
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The simulated far-field spectra of Au NOM reference (black), surface conductive model
(red) and quantum corrected model (blue) is shown in Figure S1b). Au NOM has a moderate
absorption peak at 581 nm which originate from cube mode resonance and a strong absorption
peak at 908 nm from gap mode resonance. In the surface conductivity model, both cube mode
resonance (591 nm) and gap mode resonance (923 nm) have a slightly red-shift, indicates
screening effect does not play a significant role in the blue-shifted absorption peak in Figure 2a).
To mimic the dielectric barrier induced coupling strength decrease, we increase the effective gap
distance to 7 nm. Because cube mode resonance is independent on the dielectric gap, the
moderate absorption peak blue-shifted 5 nm to 576 nm. However, owing to decreased coupling
strength, the gap mode resonance blue-shifted 66 nm to 842 nm and matches the experimental
data in Figure 2a). Figure S1c) shows the wavelength dependent near-field enhancement (E/Eo).
At gap mode resonance wavelength, Au NOM, surface conductivity model and quantum corrected
model have 61-fold, 49-fold and 46-fold E/Eo, respectively. It means screening effect causes a 20%
decrease in E/Eo and dielectric barrier effect causes another 25% decrease in E/Eo. Finally, we

integrated two models together and got a hybrid model shown in Figure 2b.
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E3: Graphene/h-BN NOM Sample

Figure E2 | Image of Graphene/h-BN NOM

E4: Individual Spectra analysis

a) h-BN Spectra b) Graphene Spectra
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Figure E3 | Individual Raman Spectra

Figure E3a) and Figure E3b) shows Raman spectra of Graphene/h-BN NOM. Red triangle

represents h-BN ZO mode and red circle represents graphene 2D mode.
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ES5: False positive and false negative

a) Individual Pixel b) False Positive c) False Negative
500 pm
Graphene
Beam Spot
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Figure E4 | False positive and false negative analysis. (a) schematic of each individual pixel in our Raman
mapping. (b) false positive of graphene vacancy (c) false negative of graphene vacancy

Figure E4a) shows the schematic of an individual pixel in Raman mapping. The size of
each pixel is 500 um x 500 um and the diameter of beam spot is only few microns. Owing to large
difference (3 to 4 orders of magnitude) between Raman characterization area and pixel area,
false positive and false negative are possible cases in our Raman mapping. Figure E4b shows a
schematic of false positive in graphene vacancy analysis. Although most area in the pixel has
graphene, there is no graphene in the beam spot area and Raman characterization result is
graphene vacancy in this pixel. Figure S4c shows a schematic of false negative in graphene
vacancy analysis. Although most area in this pixel does not have graphene, there is graphene in

the beam spot area and Raman characterization result is no graphene vacancy in this pixel

The possibility of false positive and false negative depends on multiple factors, such as
pixel size, beam spot area and uniformity of 2-D materials. Generally, smaller pixel size, larger
beam spot area and higher quality (more uniform) 2-D materials has lower possibility of false

positive and false negative.
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Appendix E6: VASP Calculation
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Figure E5 | Relaxed atomic structures of 1, 2, 3, 4, 5, 7, and 9 atomic layer slabs given in 5a-g respectively. All
bonds are shown with a maximum length of 2.1175A corresponding to the equilibrium bonding length in a relaxed
bulk rock salt TiN crystal. Atomic layers are stacked along their respective crystal’s (111) direction. Au, N, and Ti
atoms are shown in yellow, gray, and cyan respectively.
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VASP Calculations: Molecular files for the initial guesses of atomic arrangements in
heterostructure slabs were created using Atomsk?. Rock salt structure Au crystal slabs with lattice
petameter ap;=4.0782A were oriented with their (111) direction parallel to the z-axis of the space;
Rock salt TiN crystal slabs with lattice petameter ao,= 4.235 A were oriented with their (111)
direction parallel to the z-axis of the space. TiN crystal slabs were merged onto the Au slabs to
form heterostructures. VASP calculations were carried out on an 11x11x1 k-points grid using the
VASP built-in PBE pseudopotentials and a mixture of the Davidson and RMM-DIIS algorithms for
energy minimization. Calculations were run on the National Energy Research Scientific

Computing Center (NERSC) Cori supercomputer and were visualized with the VESTA software.?

Appendix E7: Masked Multilayer Growth of TiN on Ti-Seeded, Au-Buffered c-Sapphire

Substrates:

Figure E6 | Schematic of mask-patterned multilayer growth

Fabrication of the TiN mask-patterned multilayers in the nanometer and sub-nanometer regimes
to demonstrate thickness characterization were carried out as shown schematically in figure S.4
a.
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Appendix E8: 5/9-layer TiN NOM

. X LRSS

Figure E7 | 5/9-layer TiN (a) Photo image of 5/9-layer TiN NOM. (b) mask-patterned growth of 5/9-layer TiN,
patterned area has 5 layers TiN and non-patterned area has 9 layers TiN

Appendix E9: High Resolution Mapping on boundary between 5 layers and 9 layers TiN
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Figure E8 | High resolution mapping (a) High-resolution mapping area is represented by red square in large-
scale mapping. (b) High-resolution mapping on the boundary between 5 layers TiN and 9 layers TiN
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Appendix E10: Heatmap of 3/4-layer TiN NOM (plotted with TO mode intensity)
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Figure E9 | Heatmap of 3/4-layer TiN NOM (plotted with TO mode intensity at 656 cm™*

Appendix E11: 3/4-layer TiN NOM

a)

Figure E10 | 3/4-layer TiN (a) Photo image of 3/4-layer TiN NOM. (b) mask-patterned growth of 3/4-layer TiN,
patterned area has 3 layers TiN and non-patterned area has 4 layers TiN
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Appendix E12: Cu Thin Film Supported NOM
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Figure E11 | Cu thin film supported NOM (a) Simulated absorption spectra of NOM supported by Au thin film
(black), Cu thin film (red), and silicon thin film (black) (b) Near-field enhancement in Au thin film supported NOM
(top) and Cu thin film supported NOM (bottom). (c) Proposed all-in-one characterization/transfer platform for
wafer scale 2D materials.

i
|
Step 5: Remove PDMS Step 4: Stamp on Silicon E
'
|
1
1

A

Figure E11a) shows simulated far-field spectra of NOM supported by different substrates,
including Au thin film (black), Cu thin film (red) and silicon thin film (blue). In Cu NOM, the
absorption cross-section is nearly consistent with Au NOM, and the resonance wavelength slightly
red shifts from 993 nm to 1023 nm. Figure E12b) shows near field enhancement in Au NOM and
Cu NOM, at resonance wavelength, maximum E/E, is 87 and 107 in Au NOM and Cu NOM

respectively, it means 2D materials on Cu thin film can be well-enhancement in our PDMS NOM
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platform. Because single crystal Copper has been widely used in wafer scale single crystal 2D
materials synthesis*®, we proposed an all-in-one characterization and transfer method in Figure

E11c.
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Appendix E13: Lifetime Study
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Figure E12 | Lifetime Study (a) Raman spectra of Graphene/h-BN NOM before cycling (high wavenumber regime).
(b) Raman spectra of plasmonic PDMS stamp after cycling (high wavenumber regime). (c) Raman spectra of
Graphene/h-BN NOM before cycling (low wavenumber regime). (d) Raman spectra of graphene 2D mode on
plasmonic PDMS stamp after cycling (low wavenumber regime). () Damage (%) on graphene after different cycles.
(f) Damage (%) on h-BN after different cycles.

There are two 2D materials damage mechanisms during the stripping process, i)
instability-induced damage and ii) tensile strain-induced damage.” Because instability-induced

damage is ubiquitous in most 2D materials and no pressure is loaded during our plasmonic PDMS
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stamp transfer, tensile strain-induced damage is negligible in our platform and our lifetime study
focuses on graphene and h-BN adhesion on stamp which direct relate to instability-induced
damage.

In the lifetime study, we stripped plasmonic PDMS stamp from Graphene/h-BN sample
and put it back repeatedly (called cycling). After cycling, we transfer the plasmonic PDMS stamp
to a pristine Au thin-film to measure how many graphene and h-BN adhere on the stamp. The
damage (%) is determined by the following equation: Damage (%) = (I (After cycling)) / (I
(Before cycling)). I (Before cycling) is measured from Figure E12a) and Figure E12c), and I
(After cycling) is measured from Figure E12b) and Figure E12d). In Figure E12e), the damage
(%) on graphene has not been observed after 50 cycles because Au thin film has larger surface
free energy than PDMS stamp, and h-BN layer prevent direct contact between graphene and h-
BN. In Figure 12f), the damage (%) on h-BN has not been observed till 10 cycles. However, after
50 cycles, h-BN damage increase to 24% owing to relative weak van der Waals interaction
between graphene and h-BN. Because most applications do not need to characterize the same
sample for more than 10 times, this lifetime is acceptable at the early stage. In the future, doping®
and surface passivation® of PDMS stamp, high Young’s modulus PDMS'?, and robot controlled
substrate conformal stamp can significantly decrease the interaction between PDMS stamp and

h-BN and increase the lifetime.
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Appendix E14: No AgNC contamination in Device Area
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Figure E13 | SEM images of h-BN/Graphene on Au thin film after 50 cycles (a) Large Area SEM image, distance
is measured from the sample edge. (b) SEM image at 15 ym away from the edge. (c) SEM image at 45 ym away
from the edge. (d) SEM image at 70 ym away from the edge. (f) SEM image at 500 pm away from the edge. (b) SEM
image at more than 1 mm away from the edge

To demonstrate no AgQNC contamination on 2D materials, we took SEM on h-BN/Graphene
sample after 50 cycles. Owing to mechanical force applied on the edge of plasmonic PDMS stamp
during stripping, we have observed large amount of contamination at 15 um away from the edge

and trace amount of contamination at 70 um away from the edge. At the locations more than 500
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MM away from the edge (we imaged more than 40 different areas), we did not observe any AgNC
on Graphene/h-BN sample. Because device area is at least few millimeters away from the edges

of wafer in the industrial production line, AGNC contamination near the edge is acceptable.
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