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Abstract

Surface-enhanced Raman scattering (SERS) sensors typically employ nanophotonic structures
which support high field confinement and enhancement in hotspots to increase the Raman
scattering from target molecules by orders of magnitude. In general, high field and SERS
enhancement can be achieved by reducing the critical dimensions and mode volumes of the
hotspots to nanoscale. To this end, a multitude of SERS sensors employing photonic structures
with nanometric hotspots have been demonstrated. However, delivering analyte molecules into
nanometric hotspots is challenging, and the trade-off between field confinement/enhancement and
analyte delivery efficiency is a critical limiting factor for the performance of many nanophotonic
SERS sensors. Here, we demonstrate a new type of SERS sensor employing solid-metal (e.g.,
gold) nanoparticles and bulk liquid metal to form nanophotonic resonators with a nanoparticle-on-
liquid-mirror (NPoLM) architecture, which effectively resolves this trade-off. In particular, this
unconventional sensor architecture allows for convenient formation of nanometric hotspots by
introducing liquid metal after analyte molecules have been efficiently delivered to the surface of
gold nanoparticles. In addition, a cost-effective and reliable process is developed to produce gold
nanoparticles on a substrate suitable for forming NPoLM structures. These NPoLM structures

achieve two orders of magnitude higher SERS signals than the gold nanoparticles alone.



1. Introduction

Surface-enhanced Raman scattering (SERS) is a highly effective and sensitive technique to detect
molecules in trace concentrations, and finds applications in a wide range of industries such as
health care, pharmaceuticals, food safety and forensics [1-3]. SERS often employs nanostructures
made of metals (such as gold, silver, aluminum) to enhance the Raman signals of analytes. Such
metallic nanostructures support plasmonic resonances and host electric field hotspots, whereas the
intensity of the Raman signal generated by a molecule in a hotspot scales approximately to the 4th
power of the local electric field enhancement factor [4]. In general, smaller hotspots with tighter
electric field confinement result in stronger Raman signals, which facilitate more sensitive

detection and quantification of trace analytes.

A variety of metallic nanoparticles (NPs) such as nanospheres, nanorods, nanopillars and
nanostars, as well as fabricated nanostructures of different shapes, sizes and configurations have
been utilized for developing SERS sensors [5-17]. Furthermore, forming dimers, oligomers or
composite structures of metallic NPs can lead to nanometric gaps between the NPs, which function
as hotspots with exceedingly high field enhancement and hence much larger SERS enhancement
[3,18-20]. However, delivering the analyte into such nanometric hotspots can be a considerably
challenging task, as the trace amount of target analyte molecules dispersed in a liquid or gas
medium diffuse into the hotspots by chance, the probability of which drastically decreases as the
critical dimensions of the hotspots become comparable to the sizes of the analyte molecules.
Several techniques have been developed to concentrate analyte molecules and facilitate analyte
delivery, such as micro- and nano-fluidics [21,22], selective wetting (i.e., creating
superhydrophobic region around the sensing region) [23], and designing nanophotonic structures
with passive analyte trapping capability [24]. However, these techniques do not fundamentally
overcome the challenge of delivering molecules into nanometric hotspots. A strategy of forming
nanometric hotspots after the analyte delivery was recently demonstrated by exploiting liquid-
metal-based nanophotonic structures for surface-enhanced infrared absorption sensing [25]. Here,
we apply this unconventional strategy to SERS sensing and demonstrate that combining cost-
effective conventional SERS substrates consisting of solid-metal NPs with a bulk liquid metal in
a straightforward way can lead to a new type of SERS sensor with a NP-on-liquid-mirror (NPoLM)

architecture, which effectively resolves the trade-off between field confinement/enhancement and



analyte delivery efficiency, and achieve substantial improvement of SERS performance by two

orders of magnitude.

2. Results and Discussion

2.1. NPoLM SERS Sensor Design and Operation Principle

The schematic representations of a conventional SERS substrate and our NPoLM SERS sensors
are shown in Figure la-b. The conventional SERS substrate illustrated in Figure la consists of
hemispherical metallic NPs (e.g., Au-NPs) on a substrate. When the distances between neighboring
NPs are sufficiently large so that they do not form NP dimers or oligomers, the hotspots associated
with individual NPs are not highly confined to the nanometric scale, as shown by the simulated
near-field profiles in Figure lc. In this configuration, analyte molecules in a liquid or gas medium
can be delivered to the NP surface (including the hotspot regions) with relatively high efficiency,
as the molecules simply get adsorbed on the well-exposed NP surface which does not feature
nanometric gaps. However, owing to the relatively moderate field confinement/enhancement in
the hotspots of individual NPs, the SERS performance of such conventional SERS substrates

consisting of individual NPs without sharp tips or nanometric gaps is typically modest.
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Figure 1. Comparison between individual NPs and NPoLM structures. (a) Schematic of a conventional

SERS substrate with individual Au-NPs. (b) Schematic of the proposed NPoLM SERS sensor. The orange
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arc in the schematics in (a) and (b) represents analyte molecules adsorbed on the Au-NP surface. (c)
Simulated electric field enhancement (|E/Eo|) profiles of an individual Au-NP (50 nm NP diameter) at 785
nm and 850 nm wavelengths. (d) Simulated electric field enhancement (JE/Eo|) profiles of a NPoLM
structure (50 nm NP diameter) at 785 nm and 850 nm wavelengths. (¢) Simulated electric field intensity
enhancement factor (i.e., |E/Eo|*) as functions of wavelength for different individual Au-NPs (dashed lines)
and the corresponding NPoLM structures (solid lines) with the specified NP diameters. (f) Simulated dipole
source emission spectra for different individual Au-NPs (dashed lines) and the corresponding NPoLM
structures (solid lines) with the specified NP diameters. The position of the dipole source is marked by the

white dot in (a) and (b).

Taking advantage of the fluidic nature and hence high conformability of a liquid metal near room
temperature (e.g., liquid gallium), we can cover the analyte-coated NPs with liquid metal to form
the proposed NPoLM structure illustrated in Figure 1b. Such a NPoLM structure essentially
functions as a nanopatch antenna resonator with hotspots in the gap between the NP surface and
the liquid metal, as shown in the near-field profiles in Figure 1d. These hotspots are fully occupied
by the adsorbed analyte molecules and can reach much higher field confinement/enhancement than
the NP alone, especially when the adsorbed analyte molecules on the NP surface only form a thin
nanometric layer (e.g., a few molecular layers or less). In addition, the hotspots of the NPoLM
structure occupies a relatively large portion of the NP surface area, which is substantially larger
than that of the conventional NP-on-mirror structure consisting of a spherical NP on a flat solid
metal surface [26]. The optical response of the NPoLM structure is not sensitive to the dielectric

substrate as the highly confined field in the gap has insignificant overlap with the substrate.

Since the nanometric hotspots of such a NPoLM structure are formed after the efficient adsorption
of analyte molecules on the well-exposed NP surface, the proposed NPoLM SERS sensor leads to
both high analyte delivery efficiency and high field confinement, hence fundamentally resolves
the trade-off between these two crucial factors. Furthermore, the NPoLM structure provides
another two key advantages for SERS. First, compared to an individual NP whose plasmonic
resonance is not sensitive to the NP size, the resonance of the NPoLM structure is strongly
dependent on the NP size, as revealed by the simulated spectra in Figures le-f. Consequently,
employing the NPoLM structure for SERS allows for matching the nanophotonic resonance to the

Raman excitation laser by choosing the appropriate NP size, which in turn leads to higher SERS
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enhancement. For example, as shown in Figure 1e, the hemispherical Au-NPs with different sizes
all exhibit plasmonic resonances near 600 nm, and their near-field enhancement at 785 nm (a
popular wavelength for Raman spectroscopy) is relatively weak. On the other hand, the resonances
of the corresponding NPoLM structures span across more than 200 nm wavelength range (~700 to
900 nm) when the NP diameter varies from 30 to 60 nm (the analyte film thickness is assumed to
be 4 nm). The NPoLM structure based on NP with a 40 or 50 nm diameter has its resonance near
785 nm, leading to much higher field enhancement in the hotspots than the NP alone at this popular
Raman spectroscopy wavelength (see Figure 1e). Another key advantage is evident in Figure 1f,
which shows that the simulated emission spectra of individual NPs and the corresponding NPoLM
structures, assuming a point dipole source is placed inside their hotspots. The NPoLM structures
clearly produce much stronger emission at their resonances, which is a consequence of the higher
field enhancement in their hotspots. Therefore, the NPoLM structures can facilitate the emission
of Raman scattered photons much more significantly across a wide wavelength range than

individual NPs alone.

Gold Thin Film

/ Rapid Thermal Annealing
Substrate \ Gold Nanoparticles

Gold ‘\\ Substrate
Analyte  nanoparticle .. l

Objective Applying Analyte

lacing on Liquid Gallium

785nm § Substrate IOt Substrate
v Substrate -

\ o SO~ SO o

| UUULR U —» Sensor
Liquid Gallium \
NPoLM Structure Lr"-lql"d Gallium

l 3D Printed Holder

Figure 2. Schematics of the device fabrication and analyte sensing procedures for the NPoLM SERS
Sensor.




2.2. Device Fabrication

Figure 2 shows the schematics of the device fabrication and analyte sensing procedures for our
NPoLM SERS sensor. To achieve cost-effective fabrication of the SERS substrate consisting of
Au-NPs on a substrate, we developed a simple and reliable process based on rapid thermal
annealing (RTA) of ultra-thin Au film deposited on sapphire substrate (see Experimental Section)
[27]. After introducing the analyte to the SERS substrate which can be conducted using any
conventional approach, the SERS substrate is then gently placed on the surface of a small amount
of liquid metal to form the complete structure of the NPoLM SERS sensor. Subsequently, Raman
spectra can be measured from the substrate side to obtain the Raman signals associated with the
target analyte molecules. We employ liquid Ga to form the NPoLM structures because liquid Ga
remains in its liquid phase near room temperature and has various appealing material properties
for photonics applications [28]. Alternatively, several Ga-rich alloys that have similar mechanical
and optical properties as Ga, such as eutectic Ga-In (EGaln) and Ga-In-Sn (Galinstan), can also be
used as the room-temperature liquid metal to form NPoLM structures [28]. In our experiment, a
small volume (~ 50 pL) of liquid Ga is placed on a glass microscope slide which sits on a 3D-
printed sample holder. To guarantee that liquid Ga does not solidify during the experiment, a small
heater is installed in the sample holder just below the microscope slide to keep the liquid Ga
temperature slightly above 30 °C. A plastic swab is used to scrape the surface of the liquid Ga and
expose a shiny mirror-like surface, and then the SERS substrate is quickly but gently placed on the
liquid Ga surface. This contact process is simple and requires no special instrument, and therefore

is highly suitable for field-deployable and point-of-care applications.
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Figure 3. Characterization of RTA-produced Au-NPs. (a) SEM images of Au-NPs produced by RTA of Au
thin films with different thicknesses deposited on sapphire substrate. The scale bars are 100 nm long. (b)
Rendered perspective AFM images and cross-sectional line profiles of Au-NPs produced by RTA of Au thin
films with different thicknesses deposited on sapphire substrate.

The size distribution of Au-NPs formed by the RTA method sensitively dependents on the thickness
of the deposited Au thin film, which provides an effective way to tune the resonances of the
NPoLM structures to match specific Raman excitation laser wavelength. Figure 3 shows the
scanning electron microscopy (SEM) and atomic force microscopy (AFM) images of several
fabricated SERS substrates with Au-NPs produced from Au thin films of different thicknesses (i.e.,
5 to 8 nm). As can be clearly seen in Figure 3a, thicker Au film leads to larger RTA-produced Au-
NPs. The average size, density and surface coverage of the Au-NPs for different Au film
thicknesses are listed in the Supporting Information Table S1. The AFM images in Figure 3b
show the side and cross-sectional profiles of the Au-NPs. The typical shape of the Au-NPs
gradually evolves from hemisphere to flat-topped disk, as the Au thin film thickness and hence the
Au-NP sizes increase. Although the Au-NPs are randomly distributed on the sapphire substrate,
they do not aggregate to form dimers or oligomers. We choose sapphire as the substrate material
because of the relatively strong adhesion between the Au-NPs and sapphire. We do not observe
any displacement or aggregation of Au-NPs when such sapphire-based SERS substrates are

immersed in a liquid analyte sample for analyte adsorption and subsequently dried. This is in sharp



contrast to the cases with glass or fused silica substrate, which has weaker adhesion with Au-NPs

and may result in displacement and aggregation of Au-NPs after introducing a liquid analyte.

2.3. NPoLM SERS Sensor Performance

To benchmark the performance of the NPoLM SERS sensors, we chose 1-octadecanethiol (ODT)
as the target analyte molecule. ODT is an alkanethiol which has strong affinity to Au surface due
to the presence of the thiol (-SH) group. This strong affinity results in reliable formation of a self-
assembled monolayer (SAM) of ODT molecules on Au surface [29]. Nevertheless, the NPoLM
SERS sensors are not limited to sensing molecules with a thiol group, but can be used to sense any
type of analyte molecules that can adsorb or precipitate (after drop casting and solvent evaporation)
on Au surface. To form the SAM ODT layer on the surface of the Au-NPs on our SERS substrates,
the substrates were immersed in an ethanol-based ODT solution for 8 to 12 hours, after which the
SERS substrates were thoroughly rinsed in ethanol for more than a minute and blown dry. The
rinsing ensured the removal of any excess unbonded ODT molecule from the surface of the SERS

substrate (see Experimental Section).
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Figure 4. Comparison of the Raman spectra of SAM ODT obtained from the SERS substrates with bare
Au-NPs (i.e., before introducing liquid Ga, black lines) and the corresponding NPoLM SERS sensors (i.e.,
after introducing liquid Ga, red lines). The 4 panels correspond to the sensors produced from (a) 5 nm, (b)
6 nm, (c) 7 nm, and (d) 8 nm thick Au thin films on sapphire substrate. Baseline subtraction has been applied
to all the Raman spectra. The Raman spectra obtained from the bare Au-NPs are multiplied by a factor of 5
to enhance their visibility in the plots. The relative enhancement factors as a result of introducing liquid Ga

to form the NPoLM structures are labeled next to each ODT Raman peak.

We characterized the Raman spectra of the SAM-ODT-coated sensors both before and after
forming the NPoLLM structures (see Experimental Section). After gently placing the Au-NP side of
the sensor chip on liquid Ga to form the NPoLM structures, the chip surface usually exhibits a
clean and uniform texture (see Supporting Information Figure S1), indicating high-quality
contact between the liquid Ga and the SAM-ODT-coated Au-NPs. The excitation laser wavelength
was at 785 nm and only the Stokes Raman peaks were collected. For the SERS substrates with Au-
NPs alone (i.e., before introducing liquid Ga), the Raman spectra were measured from both the
Au-NP side and the sapphire substrate side, and we observed that the Raman signals measured
from the substrate side were significantly higher than those measured from the NP side. This is
consistent with the fact that a dipole source near a dielectric/air interface emits more light into the
dielectric than air. Therefore, we always compare the higher Raman signals measured from the
substrate side of a SERS substrate to the Raman signals from the corresponding NPoLM structrure
(i.e., after introducing liquid Ga). Figure 4 shows the comparison between the Raman spectra
measured before and after introducing liquid Ga to form the NPoLM structures for four different
SAM-ODT-coated sensors (corresponding to the specified four different thicknesses of the
annealed Au thin films). Each Raman spectrum plotted in Figure 4 is the average of the
measurements at multiple (10 or more) randomly selected locations on the sensor surface and
therefore represents the typical SERS performance of the sensor. Multiple Raman peaks of the
ODT molecules can be observed in these spectra, with the strongest peaks located at around 891
cm’l, 1061 cm™, 1106 cm™, 1130 cm™!, and 1295 cm™, respectively. Evidently, all the NPoLM
structures produced much higher ODT Raman signals than the Au-NPs alone. The relative
enhancement factor (i.e., the ratio of the Raman peak intensity obtained from the NPoLM

structures to that from the corresponding Au-NPs alone) for each dominant ODT Raman peak is



labeled next to the Raman peaks in Figure 4. The NPoLM SERS sensor based on Au-NPs produced
from 6 nm Au thin film exhibits the highest relative enhancement factors for the 5 dominant ODT
Raman peaks, which are approximately two orders of magnitude (ranging from 90 to 120, see
Figure 4b). The relative enhancement factors associated with the sensors produced from 5 nm
(Figure 4a) and 7 nm (Figure 4c) Au thin films range from 30 to 70, whereas they reduce to around
10 for the sensor produced from 8 nm Au thin film (Figure 4d). For SERS sensing of ODT with a
785 nm excitation laser, the wavelengths of the ODT Raman signals are around 850 nm, and
therefore the optimal nanophotonic resonance should be close to 820 nm for achieving high SERS
enhancement [30]. If we use the average Au-NP diameter of the best-performing NPoLM sensor
(i.e., 60 nm) in the simulation model, the effective gap size is found to be approximately 5 nm to
result in a NPoLM resonance near 8§20 nm (see Supporting Information Figure S2). This is in
good agreement with our expectation, because in addition to the SAM ODT (~2.5 nm thick), the
nanometric native oxide layer on the liquid Ga surface and the surface roughness of the Au-NPs
contribute to the effective gap size in the few nm range [25]. Larger or smaller NPs result in longer
or shorter NPoLM resonant wavelengths compared to the optimal value, and hence a reduction in
the SERS enhancement factor. We also characterized the absolute ensemble-level SERS
enhancement factors of our sensors (see Supporting Information), which fall in the range of 10*
to 4x10* for the Au-NPs alone, and in the range of 9x10° to 4x10° for the NPoLM structures based
on the Au-NPs produced from 6 nm Au thin film (in Figure 4b). Note that the contact between the
ODT molecules with -CH3 termination and the liquid Ga with a native oxide layer is not expected
to alter the state of the ODT molecules, as this contact interface is a van der Waals interface with
weak contact interactions [31]. Another appealing attribute of the demonstrated NPoLM SERS
sensor is that its intra-sample SERS signal variation is generally smaller than that of the Au-NPs
alone (see Supporting Information Table S2). In addition, after the Raman measurement, the
liquid Ga can be completely removed from the chip surface and no change to the ODT-coated Au-

NPs were observed (see Supporting Information Figure S3).

To gain further insights into the dependence of the NPoLM SERS sensor performance on the NP
size distribution, we fabricated uniform arrays of Au nanodisks (Au-NDs) with precisely defined
diameters using electron beam lithography and template stripping (see Experimental Section),
and employed these Au-ND arrays to conduct the same SERS sensing experiments as we did with

the RTA-produced Au-NPs. The template stripping method has been frequently used to fabricate
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metallic nanostructures with relatively small surface roughness [32,33]. The diameters of the Au-
NDs range from 60 to 90 nm (see Figure 5a), which are comparable to the typical values of the
RTA-produced Au-NPs. Figure 5b shows the reflection spectra of the different Au-ND arrays and
the corresponding ND-on-liquid-mirror (NDoLM) structures with a SAM ODT on the Au-ND
surface. Since each array contains Au-NDs of the same size, the reflection spectrum of the array
exhibits a single prominent resonance, which is also an indication of the successful formation of
the complete NDoLLM structures. As expected, the localized plasmonic resonance of each bare Au-
ND array shows weak dependence on the ND diameter and is far from 785 nm, whereas the
NDoLM resonance is widely tunable by changing the Au-ND diameter. In particular, the NDoLM
array based on 60 nm Au-ND has its resonance near 800 nm, which should be the optimal one
among the different arrays for SERS with 785 nm excitation wavelength. Indeed, as shown in
Figure 5S¢, the 60 nm NDoLM structure produced the strongest SERS signals for all five dominant
ODT Raman peaks. As the Au-ND diameter increasingly deviates from the optimal value, the
NDoLM resonance shifts further away from 800 nm, and consequently the SERS signals
significantly reduce. This is also a strong evidence that the observed SERS enhancement is a
resonant electromagnetic effect rather than a chemical effect [34]. Furthermore, these experimental
observations indicate that the liquid Ga surface itself does not produce any significant SERS
enhancement when an IR excitation laser (e.g., 785 nm) is used.
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Figure 5. Experimental results from the EBL-fabricated Au-NDs and corresponding NDoLM structures.
(a) SEM image of an EBL-fabricated Au-ND array with 60 nm ND diameter. The inset shows a zoomed-in
view of a single Au-ND. The scale bar is 200 nm long in the main image, and 60 nm long in the inset image.
(b) Reflection spectra of different Au-ND arrays (dashed lines) and the corresponding NDoLM arrays (solid
lines) for different ND diameters. (c) Comparison of the Raman spectra of SAM ODT obtained from the

NDoLM structures with different Au-ND diameters. Baseline subtraction was applied to all Raman spectra.
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3. Conclusion

In summary, we experimentally demonstrate that employing liquid metal and conventional SERS
substrates to form NPoLM structures using a simple process can lead to substantial improvement
in SERS performance by two orders of magnitude. A low-cost lithography-free process based on
RTA of Au thin film is developed to fabricate the conventional SERS substrates consisting of non-
clustered Au-NPs, with the size distribution of the Au-NPs sensitively dependent on the Au thin
film thickness. As the nanometric hotspots of the NPoLM structures are formed by introducing the
liquid metal after the efficient delivery of analyte molecules to the conventional SERS substrates
without preformed nanometric hotspots, the NPoLM device architecture represents an effective
strategy to overcome the trade-off between field confinement and analyte delivery efficiency.
Furthermore, the resonances of the NPoLM structures can be widely tuned to match the Raman
excitation laser wavelength by controlling the NP size, which is another key advantage over the
conventional SERS substrates consisting of individual NPs with plasmonic resonances of limited
tunability. This proof-of-concept demonstration may lead to further development of various forms
of liquid-metal-based nanophotonic SERS sensors for a wide range of molecular species and

chemical-/bio-sensing applications.

4. Experimental Section

Fabrication of Au-NP-based SERS substrates using RTA

Double-side polished 165 um thick sapphire substrates were first cleaned by ultrasonication in
acetone and isopropyl alcohol, followed by an oxygen plasma treatment at 300 mT pressure for
120 seconds. Thin Au films with thicknesses ranging from 5 nm to 8 nm were deposited on the
cleaned sapphire substrates using a Kurt J. Lesker AXXIS electron-beam evaporator. The samples
were then annealed in an Ulvac Technology MILA 3000 RTA tool at 800°C for 30 seconds to
transform the Au thin films on the sapphire substrates into Au-NPs with different size distributions.

A ramp duration of 40 seconds was used to reach 800°C.
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Fabrication of Au-ND-based SERS substrates using electron beam lithography and template
stripping

A 100 kV electron-beam lithography system (Elionix ELS-G100) was used to pattern arrays of
nano-holes with various diameters in a PMMA double-layer spin-coated on a silicon substrate. A
PMMA double-layer (a PMMA 495 layer followed by a PMMA 950 layer) was used to facilitate
the lift-off process after the Au thin film deposition. A 25 nm thick Au film was deposited on the
patterned sample using the electron-beam evaporator. The sample was then immersed in acetone
for lift-off, followed by rinsing in isopropyl alcohol and blown dry, which resulted in arrays of Au-
NDs on the silicon substrate. Subsequently, to transfer the Au-ND arrays to a sapphire substrate
with a template stripping process, the sample was first placed in a vacuum chamber next to 2 mL
of 1H,1H,2H,2H-perfluorooctyl trichlorosilane (FOTS) for about 10 minutes, so that FOTS
molecules could adsorb on the Si surface to weaken the adhesion between the epoxy used in the
next step and the Si surface. The Au-ND arrays on the silicon substrate were then bonded to a
sapphire substrate by a thin layer of epoxy (EPO-TEK 353ND). After the epoxy was fully cured,
the sapphire substrate was lifted up manually, which caused the separation of the epoxy layer and

the embedded Au-ND arrays from the silicon substrate surface.

Procedure to form SAM ODT on the surface of Au-NPs

An ODT solution at 1 mM concentration was prepared by dissolving 28.6 mg of solid ODT powder
in 100 mL ethanol. The SERS substrates were placed in small vials containing a few mL ODT
solution for 8 to 12 hours to form the SAM ODT on the surface of Au-NPs (or Au-NDs). The ODT-
coated SERS substrates were then rinsed thoroughly in ethanol and blown dry to remove any

excess unbonded ODT molecules.

Spectroscopy characterizations

The Raman spectra of the samples were measured using a Renishaw InVia Raman microscope
system. The wavelength of the excitation laser is 785 nm, and the laser power used was 4.3 mW.
A 1200 lines/mm grating in the spectrometer was selected. A 50X microscope objective with 0.75
numerical aperture (NA) was used to measure all the reported Raman spectra. The integration time

was 300 s for measuring the bare Au-NPs, and 50 s for measuring the NPoLM structures.
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The reflection spectra of the Au-ND array-based samples were measured with a home-build
microscope setup connected to an Ocean Optics USB 2000 spectrograph via a multi-mode optical
fiber. The broadband light from a stabilized tungsten-halogen light source (Thorlabs SLS201L)
was focused on the samples by a 40X 0.65 NA objective, and the reflected light was collected by

the same objective.
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High-performance SERS sensors can be straightforwardly realized by combining a liquid metal
and conventional SERS substrates consisting of solid metal nanoparticles to form nanophotonic
resonators with a nanoparticle-on-liquid-mirror (NPoLM) architecture. Such NPoLM SERS
sensors effectively resolve the trade-off between field confinement/enhancement and analyte

delivery efficiency, leading to orders of magnitude SERS performance improvement.
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