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ABSTRACT: Surface-enhanced Raman spectroscopy (SERS) has
become a powerful technique for ultrasensitive biochemical
detection providing molecular fingerprint information. Due to
the strong dependence of surface plasmon resonance wavelength
on plasmonic nanostructures’ surrounding refractive index (RI),
SERS enhancement factors (EFs) at hotspots are sensitive to
changes in background RI, which is detrimental to quantitative
SERS biochemical analysis in real-world applications with spatially
and temporally varying RI matrices. This work reports on a
tapered-shape nanolaminate plasmonic nanoantenna (TNLNA)
platform that supports multiple, spatially overlapped, hybridized
magnetoelectric localized surface plasmon modes revealing high
SERS EFs (>107) and an insensitivity to background RI variations
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(between 1.30 and 1.60). Furthermore, we demonstrate that the uniform arrays of TNLNAs can be manufactured on flexible
transparent polymer films to achieve backside-excitable and reversible SERS measurements for in situ label-free glucose monitoring

on a skin phantom.
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1. INTRODUCTION

Surface-enhanced Raman spectroscopy (SERS) is an ultra-
sensitive, label-free, and noninvasive biochemical detection and
analysis technique based on vibrational molecular fingerprint
information."” Via excitation of localized surface plasmon
(LSP) modes, plasmonic nanostructures can significantly
enhance vibrational inelastic Raman scattering signals from
analyte molecules at hotspots by orders of magnitude.” The
LSP resonance wavelengths of plasmonic nanostructures
strongly depend on their background refractive index (RI),
allowing for Rl-based optical sensing of interfacial analyte
binding events.”* Nevertheless, such high Rl-sensitivity of
plasmonic modes can significantly and negatively affect local
SERS enhancement factors (EFs) to bias quantitative SERS
analysis of diverse biological, clinical, environmental, and food
samples with spatially or temporally varying RI matrices. For
example, various intracellular and extracellular organelles in
biological and clinical samples have different RI values between
1.30 and 1.60 with dynamically changing spatial distribu-
tions.”® Therefore, quantitative SERS biochemical analysis
faces a challenge because the Rl-sensitive SERS response of
even uniformly distributed hotspots can obscure a reliable
relation between SERS signal intensities and actual analyte
concentrations.” Moreover, a general approach for creating
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high-performance uniform SERS substrates is to densely pack
plasmonic nanostructures with a single LSP resonance
matching the excitation laser wavelength. Most studies
developing high-performance SERS substrates focus on
achieving high SERS EFs by increasing the hotspot density
and improving the uniformity of hotspot distribution without
considering the effects of RI background variations on the
SERS performance.””’~"" Since typical SERS substrates only
support a single LSP mode near the excitation laser
wavelength, their SERS EFs show maximum values at the
LSP resonance wavelength and are therefore sensitive to
background RI variations."”

Our recent study reports that nanolaminate plasmonic
crystals (NLPC) consisting of multilayered metal—insulator—
metal (MIM) nanohole and nanoparticle arrays can serve as
uniform high-performance SERS substrates with large SERS
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Scheme 1. Fabrication Procedure of TNLNAs”
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Figure 1. Optical properties and plasmon hybridization analysis of TNLNAs. (A) Cross-sectional (top) and top (bottom) view scanning electron
microscope (SEM) images of TNLNAs. FIB, focused-ion-beam; (B, C) photograph images of TNLNAs. (D) Measurements (solid) and finite-
difference time-domain (FDTD)-calculated (dashed) extinction spectra of TAuNPs (top) and TNLNAs (bottom) with absorption and scattering
contributions, insets: cross-sectional SEM images of each structure. Scale bars: 100 nm. (E—H) FDTD-calculated distribution maps of IEP, |HI?,
¢(Hy), and ¢(E,) at resonant wavelengths of TAuNPs (4, = 715 nm) and TNLNAs (4, = 695 nm, 4, = 805 nm, and 4; = 1075 nm). (I) Energy

diagram of plasmon hybridization processes in TNLNAs.

EFs (>107) insensitive to background RI variations between

1.30 and 1.60.”
By the hybridization between delocalized plasmonic modes

in MIM nanohole arrays and localized plasmonic modes in
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MIM nanoparticles, NLPC can support multiple hybrid
plasmonic modes over a broad spectral range to concentrate
the excitation laser optical fields in hotspots at different
background RI. However, due to the structural containment of
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interconnected MIM nanohole arrays, NLPC has low optical
transparency and a large footprint. The opaque nature of
NLPC SERS substrates prevents laser excitation and Raman
signal collection from the backside, detrimental for applications
such as wearable and implantable sensing, food safety, and
environmental n10nitoring.13’14 Furthermore, the large foot-
print of NLPC SERS substrates prevents their integration with
other nanoscale devices (e.ég., nanopillar electrodes) for
multifunctional operations.">"'

Sandwichlike metal—insulator—metal (MIM) nanostructures
support a high-energy antibonding electric dipole (ED) mode
and a low-energy bonding magnetic dipole (MD) mode, which
can serve as nanoscale plasmonic building blocks for
constructing negative-index metamaterials and multiresonant
composite nanoantennas.'’ " Despite significant progress on
the single-gap-based MIM plasmonic nanostructures,”’”>>
there are only a few studies on vertically stacked (ie.
nanolaminate) MIM building blocks due to complex plasmon
hybridization and difficulties in nanofabrication techni-
ques.”””* Recent studies show that the nanolaminate
plasmonic nanoantennas can support multiple hybrid LSP
modes with spatial mode overlaps and provide independent
spectral tuning capability for individual plasmon modes by
simply controlling the out-of-plane geometries.”>** In spite of
increasing research interest, what roles multiresonant nano-
laminate plasmonic nanoantennas can play in the SERS
applications have not been reported yet.

Here, we create tapered-shape nanolaminate plasmonic
nanoantennas (TNLNAs) consisting of multilayered out-of-
plane metal (Au) and insulator (SiO,) nanodisks (Scheme 1
and Figure 1A) and investigate the effects of background RI
changes on their multiresonant optical properties and SERS
performance. We demonstrate that TNLNAs exhibit unique
Rl-insensitive SERS performance by supporting multiple
hybridized magnetoelectric (ME) modes. Using soft nano-
lithography with a nanohole array deposition mask, "% we
fabricate dense periodic arrays of TNLNAs on a wafer-scale
flexible transparent polymer film and demonstrate their
capability to achieve in situ SERS detection of glucose
molecules on a skin phantom. Furthermore, since TNLNAs
exhibit broadband multiresonant optical properties with a
nanoscale footprint, they can potentially integrate with other
types of electrical and optical nanodevices to enable wave-
length-multiplexed multifunctional operation at the nanoscale.

2. EXPERIMENTAL SECTION

2.1. TNLNA Fabrication. For the fabrication of TNLNAs on
transparent flexible poly(ethylene terephthalate) (PET) films, we used
a free-standing film of AuNHA as a physical deposition mask to create
periodic arrays of multilayered MIM nanostructures (Scheme 1). To
fabricate AuNHA, we first used a poly(dimethylsiloxane) (PDMS)
photomask replicated from a silicon master patterned with nanopillar
arrays.”>”*® The PDMS mask was in contact with a spin-coated
positive-tone photoresist on a silicon wafer during the UV exposure
process. Photoresist pillar arrays were developed, and a thin Cr layer
(nominally 10 nm) was deposited using e-beam evaporation followed
by sonication with acetone to lift-off the pillar arrays and create Cr
nanohole arrays. Using reactive ion etching with O, and CF, mixtures
(1:5), the silicon wafer was etched through the Cr nanohole arrays to
create an undercut. Nominally 160 nm thick gold was deposited on
the Cr nanohole arrays using e-beam evaporation to create AuNHA
(Figure S1A,B). We then lifted-off AuNHA using Cr etchant and
transferred it onto the PET film. A series of depositions were
performed to stack alternating Au (nominally 30 nm) and SiO,
(nominally 10 nm) layers through the AuNHA mask. Besides,
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nominally 1 nm of Cr layer on the PET film and 1 nm of Ti layers
between the alternating Au and SiO, layers were deposited to
facilitate better adhesion. We exposed TNLNAs on the PET film by
peeling off AuNHA using adhesive tape. Finally, we used 10:1
buffered oxide etchant for 10 s to open and create vertical nanogaps
acting as plasmonic hotspots.”'”*’ Figure S2 shows the FIB-SEM
images of TNLNAs before and after BOE etching.

2.2. Finite-Difference Time-Domain (FDTD) Simulation. A
uniform mesh size of 2 nm (x, y, and z directions) was used. The
optical constants of gold were taken from Johnson and Christy. The
Bloch boundary condition was used in x- and y-directions with a
periodicity of 400 nm, and the perfectly matched layer boundary
condition was used in the z-direction.

2.3. Optical Measurement. The extinction spectra with different
RI oils were measured by a UV-—vis—near-infrared (NIR)
spectrophotometer. During measurements, the samples were
immersed in different RI oils and covered by a 0.17 mm thick
cover glass.

2.4. Raman Measurement. A confocal Raman microscope
equipped with a 785 nm diode laser was used for SERS
measurements. For benzenethiol (BZT) experiments, ethanol-based
1 mmol/L BZT solution was prepared, and samples were incubated
overnight, followed by ethanol rinsing. Signals were recorded via 20X
objective (NA = 0.4) with 1 mW laser and 1 s integration time. For
different background RI, samples were covered by different RI oils
with a cover glass. Typically, 100X oil immersion objective (NA =
1.25) was used with refractive index matching oil (n = 1.515) on the
cover glass. Before the measurement, the instrumental calibration was
verified by the silicon peak at 520 cm™'. All measurements were
conducted in the backscattering configuration at room temperature.
Elastically scattered radiation at the wavelength corresponding to the
laser line (Rayleigh scattering) was filtered out by a long-pass filter,
while the rest of the collected light was guided through a multimode
fiber (100 um core diameter), acting as the pinhole for a confocal
microscope, to a spectrometer. The backscatter photons were
dispersed with a 300 groove/mm (750 nm blaze grating) and
detected by a charge-coupled device (CCD) camera, which was
thermoelectrically cooled and maintained at —60 °C. In glucose
detection experiments, the sample was incubated with ethanol-based 1
mmol/L pentanethiol (PT) solution overnight, followed by ethanol
rinsing. Typically, 1 mmol/L glucose solution was prepared using the
phosphate-buffered saline (PBS) solution. The sample was alternately
incubated with the glucose solution and washed five times with the
PBS solution. Each incubation time was 10 min. Signals from a single
spot were recorded via 20X objective (NA = 0.4) with 1 mW laser
and 60 s integration time.

2.5. SERS EF Calculation. SERS EFs were calculated by
comparing the intensities from the SERS and Raman experiments
normalized by the total number of molecules contributing to the
signals.30 An equation EF = (Iggrs/Inaman) X (Nraman/Nsers) Was used,
where Isgrs, Iraman Nsgrgy and Npgma, are the measured SERS
intensity, the neat-BZT Raman intensity, and the number of BZT
molecules contributing to SERS and neat Raman intensities,
respectively. For Ip,.., we used the Raman peak at 1094 cm™
originated from in-plane C—C—C ring breathing mode with the C—S
stretching mode of BZT molecules. For Iggs, the associated Raman
peak of BZT molecules shifted to 1071 cm™" due to their adsorption
on the metallic surface. Nggrg was calculated using the equation Ngggg
= SA X pgprs, Where SA is a surface area of the SERS substrates under
the focused illumination and pgggs is the packing density of BZT on
the Au surface (6.8 X 10" molecules/cm?).>' Ng,..., was calculated
with the equation Ny . = A X deg X Pramany Where A is the area of
focused illumination, d.g is an effective focus depth of the laser beam
spot, and py, .., is the density of BZT molecules in the neat solution
(5.9 x 10* molecules/cm?). d.& was measured using a bare silicon
wafer by changing the distance between the wafer and the objective
lens with increments, and Raman intensity of a silicon peak (527
cm™!) was used.”®

2.6. Agar Gel Skin Phantom. To prepare an agar gel skin
phantom, we used 3% agar powder dissolved in the PBS solution. The
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Figure 2. Far-field optical properties of TAuNPs and TNLNAs at different background Rls. Measured and FDTD-calculated extinction spectra of
(A) TAuNPs and (C) TNLNAs with absorption and scattering contributions at background RI of 1 and from 1.30 to 1.60 with 0.05 increments.
The spectra are offset in the y-axis for clarity. The RI dependence of plasmonic modes’ resonant wavelengths and the measured peak line widths for

(B) TAuNPs and (D) TNLNAs.

solution was boiled in a microwave and was cooled down at room
temperature until complete solidification.

3. RESULTS AND DISCUSSION

3.1. Fabrication of TNLNAs. In Figure 1B,C, photograph
images show good optical transparency of TNLNA arrays on
polyester (PET) films. The vivid light diffraction patterns in
Figure 1C reflect a uniform distribution of periodic arrays of
TNLNAs. Fabrication steps are shown in Scheme 1 and the
Section 2. Briefly, TNLNAs arrays were fabricated on optically
transparent PET films using gold nanohole arrays (AuNHA)
(periodicity = 400 nm, diameter = 180 nm, thickness = 160
nm) as a deposition mask.”> We created TNLNAs by
depositing alternating layers of Au (30 nm) and SiO, (10
nm) on the PET film through the AuNHA mask. The
thicknesses of metal and dielectric layers were determined to
achieve multiple resonances from red to near-infrared range
based on our previous study that the resonant wavelengths of
nanolocalized modes are tunable by controlling the thickness
of dielectric layers.”” Finally, to open the embedded plasmonic
nanogap hotspots, we partially etched SiO, layers using
buffered oxide etchant (BOE) 10:1.”'%*” Using the same
fabrication processes, we fabricated periodic arrays of tapered-
shape Au nanoparticles (TAuNPs) to serve as a reference
(Figure S3). Generation of TNLNAs by electron-beam
deposition of materials through the AuNHA mask provides
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several advantages: (i) wafer-scale, high-throughput, and
reproducible fabrication; (ii) accurate nanoscale control of
out-of-plane geometries to engineer plasmonic resonance
properties; and (iii) facile integration of functional materials
in dielectric gap layers with high optical field intensity.

3.2. Far-/Near-Field Optical Characterization. Figure
1D shows the measured extinction spectra of TAuNPs (top)
and TNLNAs (bottom). As expected, TAuNPs exhibit a
single-resonant feature at ~715 nm (4,) originating from the
ED LSP mode (Figure 1D top). In contrast, TNLNAs show
two new broad resonant features at ~#850 nm (4,) and %1075
nm (4;) (Figure 1D bottom) in addition to a peak at ~700 nm
(41). Compared to the measurement results, finite-difference
time-domain (FDTD) calculations show similar extinction
spectra of TAuNPs and TNLNAs with matched resonant
wavelengths but much narrower line widths. Such discrepancy
in resonant line widths between measurements and calcu-
lations is because the actual samples suffer from (i) the
inhomogeneous broadening effect from geometrical variations
between unit cells and (ii) the homogeneous broadening effect
from additional optical losses due to metal—dielectric interface
roughness and nanocrystalline boundaries in the metal layers.
We further decomposed the total extinction loss into radiative
and nonradiative decay pathways to reveal the nature of
different modes by calculating scattering and absorption
spectra. Notably, despite similar extinction cross-section values
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between the 4, mode in TAuNPs and 4, mode in TNLNAs,
the A; mode exhibits a much higher absorption-to-scattering
ratio (1:1) than that of the 4, mode (1:2), reflecting their
fundamentally different microscopic origins. Besides, we can
find that the nonradiative decay processes dominate the losses
for the lower-energy 4, and A; modes in TNLNA:s.

To understand the microscopic physics behind the observed
far-field spectral features of TAuNPs and TNLNAs, we
calculated near-field optical properties of the electric and
magnetic field intensities, IE and IHP? and the phase of
electric and magnetic fields, ¢(E,) and ¢(H,), at peak
wavelengths for the different modes (Figure 1E—H). As
shown in Figure 1E, the near-field mode profiles of the 4, peak
for TAuNPs reveal an ED characteristic with a uniform ¢(E,)
within the Au nanoparticle. The highly concentrated optical
fields at the bottom interface between the Au nanoparticle and
the dielectric substrate manifest the tapered-shape as;rmmetric
effects on the near-field optical characteristics.””*" For
TNLNAs, the A; mode exhibits (i) ED characteristics with
an in-phase ¢»(E,) distribution in three Au nanodisks and (ii)
MD characteristics with high magnetic fields and in-phase
gb(Hy) in two MIM nanogaps (Figure 1F).>*** Then, the A,
mode reveals (i) MD characteristics with nearly in-phase
¢(Hy) in the two MIM nanogaps but with a much higher
magnetic field in the top MIM nanogap and (ii) electric
quadrupole (EQ) characteristics with out-of-phase ¢(E,)
distributions between the top and the bottom Au nanodisks
(Figure 1G). Finally, the A; mode displays (i) magnetic
quadrupole (MQ) characteristics with nearly out-of-phase
(f)(Hy) in the two MIM nanogaps but with a much higher
magnetic field in the bottom MIM nanogap and (ii) electric
high-order multipolar characteristics with out-of-phase ¢(E,)
distributions, respectively, among the top, the middle, and the
bottom Au nanodisks (Figure 1H).

3.3. Plasmon Hybridization Energy Diagram. From the
FDTD-calculated near-field characteristics (Figure 1F—H), we
can depict a plasmon hybridization energy diagram to provide
the microscopic origins of the 4, 4,, and 4; modes in TNLNAs
(Figure 1I). The red arrows and the blue loops represent the
microscopic resonant sources with ED and MD characteristics
and their relative phase relations. While symmetric MIM
building blocks support pure ED and MD modes,*"*"*>**
tapered-shape MIM nanostructures show bianisotropic re-
sponse and support ME modes due to their coupled electric
and magnetic polarizabilities.””** The two elementary ME
modes in the tapered-shape one-gap MIM building block,
namely, ME, (top-gap only, Figure S4) and ME, (bottom-gap
only, Figure SS) modes, can hybridize in the tapered-shape
two-gap MIMIM nanostructure by forming a higher-energy
antibonding MD electric mode (MDEy) with MD character-
istics and a lower-energy bonding MQ electric mode (MQE,)
(4;) with MQ_characteristics. Because of its ME response with
mutually coupled electric and magnetic polarizabilities, the
MDEy mode in TNLNAs is nonorthogonal to the ED mode
concentrated mainly in the bottom Au nanodisk. Therefore,
the MDEy and ED modes with spatial and spectral overlaps
can further hybridize by forming a higher-energy antibonding
MDE-ED mode (4;) with ED and MD characteristics and a
lower-energy bonding MDE,-EQ mode (4,) with EQ and MD
characteristics. Notably, the formation of hybridized MDEy-
ED and MDEy-EQ modes cannot occur in symmetric MIMIM
plasmonic nanostructures due to the orthogonality between
modes with pure ED and MD characteristics. Therefore, while
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TNLNAs have the same footprint/volume compared to
TAuNPs, TNLNAs can support multiple hybrid plasmonic
modes with spatial overlaps and concentrated optical fields in
nanogap hotspots over a wide wavelength range.

3.4. Optical Response at Different Background Rls.
To investigate the RI-dependent optical responses of TAuNPs
and TNLNAs, we measured and calculated extinction spectra
with different background RI (n) varying from 1.30 to 1.60
(Figure 2). As shown in Figure 2A, the measured extinction
spectrum of TAuNPs at n = 1.30 exhibits two resonant peaks at
580 and 741 nm (A§*). The peak at 580 nm originates from
the Rayleigh anomaly due to the (+1,0) grating diffraction
order. As the RI gradually increases from 1.30 to 1.60, the
measured ED mode (1§**) continuously red-shifts from 741 to
792 nm. The FDTD-calculated results reveal a similar trend
that the ED mode (4,) continuously red-shifts from 755 to 815
nm as the RI is increased from 1.30 to 1.60. Figure 2B shows
the calculated and measured resonant wavelength (4, and A5*)
and the measured resonance line widths (A1) for the ED
mode in TAuNPs as a function of background RI. The line
widths (AA**) of the measured ED peaks were extracted by
Lorentzian fitting (Figure S6) and shown as gray shaded
regions. For example, for n = 1.30 case, the line width is 114.05
+ 2.30 nm, where the uncertainty is the standard error of the
average. The uncertainties of the line widths at different
background RIs for both TAuNPs and TNLNAs are
summarized in Table S1. The measured peak (1*) reveals a
Rl-sensitivity of 183 nm per refractive index unit (RIU), in
good agreement with the FDTD-calculated RI-sensitivity as
200 nm/RIU for the ED mode ().

For TNLNAs at n = 1.30, the measured extinction spectrum
exhibits a broader resonant feature (A5*) at 756 nm with a line
width of 175.77 + 3.66 nm resulting from spectral overlaps of
the 4, and A, modes (Figure 2C). Unlike the measured
extinction spectrum of TNLNAs in the air (n = 1), the
extinction spectra of TNLNAs immersed in RI oils do not
reveal apparent shoulder features associated with the 4, and 4,
modes. This observation is likely because the spatially
nonuniform parallelism between the TNLNA plane and the
two cover glass surfaces can disrupt and blur the incident light
directionality by inducing additional inhomogeneous broad-
ening of spectral extinction features. As the RI increases from
1.30 to 1.60, the measured peak (4{y*) red-shifts gradually
from 756 to 819 nm with spectral line widths slightly varying
between 159.74 + 3.17 nm (minimum at n = 1.45) and 182.36
+ 4.00 nm (maximum at #n = 1.35). The FDTD calculations
show three distinct modes at 725 nm (4,), 825 nm (4,), and
1090 nm (A,). With the background RI increased from 1.30 to
1.60, the A;, 4,, and 1; modes red-shift from 725 to 795 nm,
from 825 to 930 nm, and from 1090 to 1205 nm, respectively.
The measured broad feature A7;" reflects the average optical
response of the spectrally overlapped A, and A4, modes in
response to the RI changes. Furthermore, the FDTD
calculations reveal that the three modes in TNLNAs can
maintain higher absorption cross-sections at different back-
ground Rls than that of the ED mode in TAuNPs.

Figure 2D highlights several critical observations in the RI-
dependent optical properties of TNLNAs. First, the 4, and 4;
modes possess higher calculated RI-sensitivities of 350 and 383
nm/RIU than that of 233 nm/RIU for the A, mode because
the 4, and A; modes exhibit higher optical energy
concentration in MIM nanogaps with a higher susceptibility
to the background RI changes (Figure 1G,H). Second, due to
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Figure 3. Backside-excitable TNLNAs show uniform hotspot arrays with high sensitivity and Rl-insensitivity. (A) Measured average SERS spectra
of BZT for TNLNAs with different etching times, inset: a 2D Raman image using a BZT Raman peak of 1071 cm™. The spectra are offset in the y-
axis for clarity. (B) SERS intensities measured from frontside and backside. The error bars show 1 standard deviation from 100 pixels. (C)
Histograms of SERS intensities and corresponding SERS EFs for frontside and backside configurations. The measured average SERS spectra of
BZT at different background RI for (D) TAuNPs and (E) TNLNAs. (F) Measured SERS EFs of TAuNPs and TNLNAs at different background
RI. The error bars show 1 standard deviation from 100 pixels. The bars in boxes from bottom to top are 25th quartile, median, and 75th quartile
values from 100 pixels. The square represents the mean value. (G) Calculated maximum electric field enhancement using the laser excitation (785
nm) and Stokes-shifted (860 nm) wavelengths for TAuNPs (dashed) and TNLNAs (solid).

its hybrid ED and MD nature (Figure 1F), the 4, mode in
TNLNAs exhibits a slightly larger RlI-sensitivity of 233 nm/
RIU than that of 200 nm/RIU for the A, mode with a pure ED
nature in TAuNPs. Finally, the average Rl-sensitivity for the 4,
and 4, modes is 291 nm/RIU, agreeing with 283 nm/RIU for
the measured A5" feature. Besides, the line width AAD?
matches with the overlapped spectral range for the 4, and 4,
modes. Therefore, compared to TAuNPs of the same
nanoscale footprint and volume, TNLNAs have a broader
multiresonant response with higher absorption upon large
background RI variations from 1.30 to 1.60.

3.5. SERS Characterization and Performance at
Different Background RIs. To evaluate the SERS perform-
ance, we measured SERS spectra of TNLNAs coated with a
self-assembled monolayer (SAM) of benzenethiol (BZT)
molecules. Notably, BZT is a nonresonant Raman probe
molecule under 785 nm laser excitation. We first assessed the
dependence of the TNLNAs” SERS performance on the wet-
etching process. After the BOE-based wet-etching, the
embedded plasmonic nanogap hotspots within SiO, layers in
TNLNAs can be exposed to analyte molecules in the
environment.”'”** We performed two-dimensional (2D)
Raman mapping over 10 gm X 10 pm area containing 100
pixels, and Figure 3A shows the averaged Raman spectra for
TNLNAs under different etching conditions. The TNLNAs
with 10 s etching reveal ~10 times stronger Raman intensity
than the nonetched case at 1071 cm™' since molecules can
access the previously embedded hotspots. More specifically,
the 10 s etched sample’s SERS intensities are 348.23 + 15.43
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CCD counts, and the SERS intensities of the nonetched
sample are 34.46 + 4.48 CCD counts. The uncertainties are 1
standard deviation obtained from 100 individual pixels. The
inset 2D Raman image supports the excellent uniformity of
TNLNAs with a relative standard deviation (RSD) value of
4.4%, where RSD is the ratio of the standard deviation to the
mean. As the etching time increases from 10 to 20 s, the signal
intensity decreases (143.79 + 26.32 CCD counts), which is
still ~4.2 times higher than the nonetched one. The
significantly increased RSD value from 4.4 to 18.3% indicates
the geometrical deformation of plasmonic nanogap hotspots in
TNLNAs due to the overetching of SiO, layers (Figure S7).
To examine the backside excitability of TNLNAs on the
transparent PET film, we performed SERS measurements by
probing BZT signals from both frontside and backside, as
shown in Figure 3B (full SERS spectra shown in Figure S8).
SERS measurements through backside excitation reveal an
outstanding uniformity (RSD = 3.6%) and a similar SERS
intensity (86%) compared to the frontside excitation.
Furthermore, TNLNAs-based SERS substrates exhibit im-
proved SERS performance than the reported backside-excitable
SERS substrates, which suffer from significantly dropped signal
intensities by 0.5 or 0.7 fold by switching from the frontside to
backside excitation condition.*>*

Figure 3C illustrates the histograms of 1071 cm™' Raman
signal intensities and corresponding SERS EFs from 100 pixels
on TNLNAs under frontside and backside excitation
conditions (see the Section 2 for the details in SERS EF
calculation).”® The histograms of SERS signals under frontside
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Figure 4. In situ SERS detection of glucose on a skin phantom by TNLNAs. (A) Schematic illustration of the experimental setup. CCD, charge-
coupled device; LP, long-pass filter; and BS, beam splitter; (B) measured SERS spectra for glucose sensing with five washing cycles. The spectra are
offset in the y-axis for clarity. (C) Averaged SERS spectra with and without glucose (top) and Raman spectrum of glucose powder under high laser
power (20 mW) (bottom). Note: v = stretching mode and & = bending mode. (D) SERS spectrum obtained by subtracting (ii) from (i) in (C). (E)
Normalized glucose SERS intensities with three different regions over five washing cycles.

and backside excitations fit the normal distribution function,
revealing an excellent uniformity. The average SERS EFs under
frontside and backside excitations are 3.7 X 107 and 1.4 X 107,
respectlvely, high enough for single-molecule level detec-
tion.** Then, we compared RI-dependent SERS performances
between TAuNPs and TNLNAs, as shown in Figure 3D,E.
TAuNPs reveal a Rl-sensitive SERS response with gradually
increased SERS intensities as the background RI increases
from 1.30 to 1.60. This trend agrees with the measurement and
calculation results for the RI-dependent extinction spectra of
TAuNPs (Figure 2A), showing that the RI increase can
gradually red-shift the ED mode from off-resonant to on-
resonant conditions in SERS measurements under 785 nm
laser excitation. On the contrary, TNLNAs show more stable
SERS signal intensities in response to background RI variations
between 1.30 and 1.60. In Figure 3F, we plotted the SERS EFs
from measurements as a function of RI. Notably, TNLNAs
show consistently high SERS EFs (>107) insensitive to RI
changes between 1.30 and 1.60, whereas the SERS EFs of
TAuNPs vary by 1 order of magnitude in the same RI range.
The microscopic origin of TNLNAs’ Rl-insensitive high SERS
EFs is due to their broadband plasmonic response by
supporting multiple hybridized LSP modes with highly
concentrated optical fields in nanogap hotspots over a wide
spectral range, covering the excitation laser wavelength under
different background Rls.

In Figure 3G, we conducted simulation studies to
corroborate the experimental observation. The estimated |EI*
values, as |E;, [* X |Eg,m../% were calculated using the excitation
(785 nm) and Stokes-shifted wavelengths (860 nm, i.e., 1071
cm™') as a function of background RI. For TNLNAs, the
calculated |E;, > X |Eg manl® values vary between 1.2 X 107 and
3.3 X 107 with the same order of magnitude compared to the
measured SERS EFs in the RI range between 1.30 and 1.60. In
contrast, for TAuNPs, the calculated |E; I* X |Eg, ../ values
monotonically increase from 2.4 X 10° to 5.4 X 10° as the
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background RI increases from 1.30 and 1.60 and show nearly 1
order of magnitude difference compared to the measured
SERS EFs. The measured SERS EFs result from the surface-
modified BZT molecule ensembles distributed over multiple
hotspots within a diffraction-limited excitation laser spot
(diameter of ~300 nm). FDTD-calculated values are from a
single hotspot. The relatively larger discrepancy between the
calculated values and measured SERS EFs for TAuNPs is likely
because FDTD calculations did not consider the local field
enhancements from the surface roughness effects. Therefore,
the unique properties of vertical multi-nanogap-based
TNLNAs, including (i) Rl-insensitivity with high SERS EF
(>107), (ii) excellent uniformity with high-throughput and
scalable fabrication, (iii) optical transparency allowing backside
excitation, and (iv) mechanical flexibility, can potentially
enable spatiotemporally resolved biochemical analysis with
TNLNAs as wearable SERS biochemical sensors for point-of-
care diagnostics and as patchlike chemical sensors to perform
in situ SERS analysis for samples in which extraction of
molecules is impossible or difficult.

3.6. In Situ SERS Detection of Glucose on a Skin
Phantom. To demonstrate TNLNAs’ capability for in situ
SERS measurements, we exploited transparent flexible
TNLNAs for label-free monitoring of glucose molecules on
the skin phantom. As shown in Figure 4A, during the SERS
measurements under the backside excitation, the TNLNASs’
SERS substrate was placed to interface with an agar gel layer
and glucose molecules (1 mmol/L). Here, the agar gel serves
as a transparent skin phantom to contain solution fluids with
analyte molecules,”””® and the phosphate-buffered-saline
(PBS)-based glucose solutions can mimic the sweat fluid in
correlation with blood glucose level.”” Before the measure-
ments, to mitigate the very weak binding of glucose to the
metal surface, TNLNAs were incubated in 1 mmol/L
pentanethiol (PT) to form a uniform SAM as a partition
layer to enrich glucose at plasmonic hotspots in SERS
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monitoring (Figure 4A). Hydrophobic interactions between
the glucose molecules and straight chains of alkanethiol SAM
can increase glucose dwell time at hotspot regions.**”* To
test the reversible and reusable detection capability, we
exposed the PT-functionalized TNLNAs in glucose solution,
performed SERS measurements, washed the SERS substrates,
and repeated these processes five times (Figure 4B). The agar
gel skin phantom, as the control sample, did not show any
distinct Raman peaks (gray). Without the PT partition layer
modification (green), no glucose Raman peaks can be
observed for TNLNAs in agreement with the previous
study.”” Over the five glucose incubation (red) and PBS
washing (blue) cycles, we observed repetitive changes of SERS
profiles in the regions related to glucose Raman features at
~1080 cm™! of v(C—OH), #1122 cm™! of v(C—C), ~1255
em™! of v(C—0), #1340 cm™ of §(C—C—H), and ~1460
em™ of 5(CH,),* where v denotes the stretching mode and &
denotes the bending mode. After each washing cycle, the
measured SERS spectra show reproducible Raman features
associated with the PT layer coated on TNLNAs. Nevertheless,
the Raman features related to glucose show inconsistent
spectral profiles between five different cycles with a significant
standard deviation, shown in Figure 4C (top). The significant
variations in glucose-related Raman profiles reflect the
stochastic trapping of glucose molecules in the PT partition
layer, which can cause varying position-orientation conﬁ§—
urations of glucose ensembles at plasmonic hotspots.'>***"**
Figure 4D shows the subtracted SERS spectrum between the
averaged SERS spectra of glucose incubation and PBS washing
cycles, which can be compared with the Raman spectrum of
glucose powder (Figure 4C, bottom). Interestingly, the
trapping of glucose molecules in the PT partition layer can
induce larger and much more consistent Raman intensity
changes in the spectral region of the §(CH,) mode at ~1460
cm™" than other glucose modes. This observation manifests
that the hydrophobic interactions between glucose and PT can
reduce the glucose rotational degree of freedom and
specifically increase the alignment of the §(CH,) mode
transition dipole moment with plasmonic optical fields at
hotspots. To better show the reversibility of glucose detection
on the skin phantom, we plotted the normalized intensities of
three glucose relevant ranges, including 1440—1480, 1320—
1360, and 1160—1190 cm™! between different washing and
incubation cycles in Figure 4E. Compared to the spectral
region of the §(CH,) mode (1440—1480 cm™"), the other two
regions of the (C—C—H) mode (1320—1360 cm™') and the
¥(C—C) mode (1160—1190 cm™") of glucose in the PT layer
show reduced consistency due to more considerable
orientation variations of transition dipole moments for these
two modes. The label-SERS approach based on Raman tags
(or reporters) such as mercaptophenyl boronic acid can
improve glucose SERS detection and analysis with reduced
spectral variations between different measurement cycles.

4. CONCLUSIONS

In summary, we have demonstrated that TNLNAs consisting
of vertically stacked MIM nanodisks can enable Rl-insensitive
high SERS EFs under both frontside and backside laser
excitation conditions. From the theoretical analysis and
numerical simulations, we reveal that TNLNAs can support
multiple hybridized LSP modes to achieve a broadband
multiresonant optical concentration at hotspots for good
spectral matching with the excitation laser wavelength under
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widely varying background Rls. By integrating uniform arrays
of TNLNAs with PT modifications on flexible transparent PET
substrates, we have conducted the backside-excitable SERS
measurements of glucose molecules on a skin phantom to
demonstrate the potential utility for rapid in situ biomedical
diagnostics. Notably, the nanoscale footprint and volume of
individual TNLNAs can allow their integration with other
types of nanodevices to achieve nanoscale multifunctionality.
Therefore, Rl-insensitive high-performance TNLNAs with
optical transparency can be a promising wearable SERS
platform for real-time biochemical sensing in a spatiotempor-
ally resolved manner.
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