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Abstract:

Surface-enhanced Raman spectroscopy (SERS) is a widely used sensing technique
for ultra-sensitivity chemical sensing, biomedical detection and environmental analysis.
Because SERS signal is proportional to the fourth power of the local electric field,
several SERS applications have focused on the design of plasmonic nanogaps to take
advantage of the extremely strong near-field enhancement that results from plasmonic
coupling, but few designs have focused on how SERS detection is affected by
molecular orientation within these nanogaps. Here, we demonstrate a nanoparticle-
on-metal metasurface designed for near-perfect optical absorption as a platform for
Raman detection of highly-oriented molecular analytes, including two-dimensional
materials and aromatic molecules. This metasurface platform overcomes challenges
in nanoparticle aggregation, which commonly leads low or fluctuating Raman signals
in other colloidal nanoparticle platforms. Our metasurface-enhanced Raman
spectroscopy (MSERS) platform is based on a colloidal Langmuir-Blodgett film, with
up to 32% surface coverage density of nanogaps across an entire sensor chip. In this
work, we perform both simulations of the local electric field and experimental
characterization of the mSERS signal obtained for oriented molecular layers. We then
demonstrate this MSERS platform for the quantitative detection of drinking-water toxin,
polybrominated diphenylether (BDE-15) with a limit of detection of 0.25 uM under 530
MW excitation. This detection limit is comparable to other SERS-based sensors
operating at laser powers over three orders of magnitude higher, indicating the promise

of our mSERS platform for non-destructive and low-level analyte detection.
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Introduction

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.'"%"%17 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 hotpots with anomalously highest 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?(6),
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 AgNCs that are deposited onto a flat metal film.?5-2 The resulting metasurface-
based surface-enhanced Raman spectroscopy (MSERS) substrate possess a
“nanocube-on-metal” (NOM) type structure and 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.?°

Results and Discussion
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Figure 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). (¢) 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.

A schematic of the fabrication process for our NOM metasurface is shown in
Figure 1a, depicting how Langmuir-Blodgett 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 AQNC density range of 5-30% surface coverage,
which avoids the formation of AQNC clusters or close-packing within the monolayer.
The AgNC 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 AgQNC densities in the range of 11-65 AgNCs / ym? such that the AgNCs that
behave as well-separated optical meta-atoms (Fig. 1b). Figure 1c shows a finite-
difference time-domain (FDTD) model and electromagnetic heat map for a single meta-
atom consisting of AQNCs (edge length=90 nm, edge/corner radius of curvature=10
nm) and a 75 nm thick Au thin-film 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 AgNC synthesis and is retained on the AgNC surface. Strong
capacitive coupling between the AGQNC 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 wavelength of 847
nm (Supporting Information S1). This heat map includes both the in-plane polarized
electric field components (Ex, E,) 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) 332 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 2a shows averaged mSERS 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
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Figure 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. (¢) Calculated meta-atom density dependent
enhancement factor (EF) showing a falloff as AGNCs begin to aggregate at higher surface densities.

the Bccc(ar) vibrational mode, the peak at 1023 cm™ corresponds to Bcw(a+) vibrational
mode and the peak at 1575 cm™ corresponds to C=S ring stretch (a) mode.® 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(a1) vibrational
mode (1023 cm™) for each coverage density (Figure 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 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 10°, 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 at our laser

wavelength (785 nm).28
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Figure 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, z-polarized E-field, and they-polarized E-field. (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,*~3° we carried out a wavelength-dependent simulation of both in-plane (E,
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. 2c. Figure
3a shows a simulated far-field spectra of our NOM metasurface. 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 mMSERS. Figure
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 of near-field enhancement is 4.5, the Ey, 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 3c. At the gap mode
resonance (847 nm), the E, component is more than 2 orders of magnitude higher than
the Ex and E, 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 4a shows a schematic of these two analyte
orientations. Owing to -1 interactions between aromatic rings, BT molecules
preferentially orientate normal to the metal surface and self-organize in this manner .
On the other hand, because the transition dipoles of pyrene are in-plane polarized,
pyrene molecules preferentially orient parallel to the metal surface.*' Figure 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 line). The BT-NOM exhibits peaks
corresponding to the Bccc(aq) vibrational mode at 999 cm™, Bcn(as) vibrational mode at
1023 cm™ and Bccc(ar) 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
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Figure 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). (¢) Raman spectra of pyrene metasurface under 785 nm excitation (black is free pyrene
molecules in Ethanol, 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-
1)_

~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™.3542 |n 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 (Supporting Information S2).4? Figure 4c shows the Raman spectra of pyrene
dispersed in ethanol (black line) and pyrene adsorbed to the NOM metasurface (red
line). Because pyrene is an excimer with strong fluorescence, the pyrene solution has
a broad band background centered around 450 cm™.4344 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 the 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/Ej is the local electric field.*°. 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:22

ex Sy “Gem

o JE@oP (14" plo) _
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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,

fi corresponds to the oriented molecular dipole, and p corresponds to optical density.

Because both £ and f have x-, y-, and z-components, |E -,a|2 can be rewritten as
(Exi)?® + (Eypy)® + (Ezuz)* where (Eyu,)®+ (Eyuy)® is an in-plane term and

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

Figure 4d shows the calculated and experimental wavelength-dependent Raman
EFs for the BT-NOM and pyrene-NOM samples. Calculated EFs are obtained from the
FDTD-simulated near-field strengths for the out-of-plane (E;, black dashed line) and
in-plane (Ey, 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*®® 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 a number of factors: i)
partially on-resonance meta-atoms in our metasurface due to the size distribution of
AgNCs, ii) the areal distribution of NOM junctions, and iii) resonant transitions
attributed to mixed metal-molecular electronic states that are known to give rise to
additional two orders of magnitude in SERS enhancement. 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(a) 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 Bcn(aq)

and Bccc(a1).

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-field. Similar to the BT-NOM,

the pyrene-NOM also exhibits a discrepancy of ~10 between experimental data and



) 1. Surface modification

s>s>s>s>s>s>s>s> b) 2:57
Au ! .
¢ 2.0
2. BDE incubation
- s
DI © 15
SSSSSSSS \>_<(
b2
‘L S 1.0
o
3. Nanocube deposition ©
0.5
Ag
0.0 ; —eees " P .
400 600 800 1000 1200 1400
_—-W Raman Shift (cm™')
S>S>S S>S>S SSs
d) 1000+ o 250nM
o 500nM
800 - o 750nM
]
< 600 4
0
o
400 4
200
0 . . T . 0 : , r : : . T
0 5 10 15 20 0 10 20 30 40 50 60 70
[BDE-15] (uM) Time (min)

Figure 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™.

simulated EF values. To confirm weaker enhancement for in-plane orientated
molecules, 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 the experimental EF owing to both
heterogeneities in AGNC size and shape defects.*® The experimental EF of the pyrene-
NOM is slightly higher than the Graphene-NOM which we attribute to trace amounts of
misaligned pyrene molecules and molecular aggregation, leading to molecules that

possess an out-of-plane orientation and, thus, a larger u,.



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 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 AQNCs to the functionalized Au
thin-film via Langmuir-Blodgett deposition, trapping the physisorbed BDE-15
molecules inside a NOM junction. mSERS 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 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 (Supporting
Information S3), the peak at 781 cm™" has a higher relative intensity in our BDE mSERS
sensor owing to stronger 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 B(C-H) dipole moment. At concentrations from 0 uM to 0.25 yM, 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 yM. As BDE-15 concentration is increased
to above 2.5 uM, 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 (B C-H
mode) for quantitative BDE-15 analysis, aligned with previous studies.?® Figure 5c
shows the plot of MSERS intensity vs. BDE-15 concentration, it has a linear relation
below 5 uyM and decreases above 5 uM. 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 AgNC 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 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 yM 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?*®'52 and likely to
occur 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 ~107
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-films. 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 AgNC 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.

Method

Materials. Ethanethiol (97%), Thiophenol (97%) were purchased from Sigma-
Aldrich. Pyrene (in solution), SPEX CertiPrep (1.2 mL, 1000 pg / 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 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.

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 uyg / 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,
CuCly, 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 pm, then
0.22 pym pore sizes) to remove any larger, unwanted particles.

Metasurface Fabrication. To prepare the AgNCs for Langmuir-Blodgett
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 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, 0.9 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 AGQNC. 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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