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ABSTRACT: Raman sensing is a powerful technique for detecting
chemical signatures, especially when combined with optical % 1 Model
enhancement techniques such as using substrates containing
plasmonic nanostructures. In this work, we successfully demon-
strated surface-enhanced Raman spectroscopy (SERS) of two
analytes adsorbed onto gold nanosphere metasurfaces with tunable
subnanometer gap widths. These metasurfaces, which push the
bounds of previously studied SERS nanostructure feature sizes, were
fabricated with precise control of the intersphere gap width to within
1 nm for gaps close to and below 1 nm. Analyte Raman spectra were
measured for samples for a range of gap widths, and the surface-
affected signal enhancement was found to increase with decreasing
gap width, as expected and corroborated via electromagnetic field
modeling. Interestingly, an enhancement quenching effect was observed below gaps of around 1 nm. We believe this to be one of the
few studies of gap-width-dependent SERS for the subnanometer range, and the results suggest the potential of such methods as a
probe of subnanometer scale effects at the interface between plasmonic nanostructures. With further study, we believe that tunable
sub-nanometer gap metasurfaces could be a useful tool for the study of nonlocal and quantum enhancement-quenching effects. This
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could aid the development of optimized Raman-based sensors for a variety of applications.
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1. INTRODUCTION

1.1. Background. The proliferation of nanofabrication
methods over the past few decades has enabled the study and
development of advanced optical technologies such as
enhanced sensors. Modern lithographic and self-assembly
methods enable the design of nanoscale patterns with the
desired material properties."™* In this field, it is common to
make use of the tunable optical properties of plasmonic
nanostructures, typically metallic regions with nanoscale
dimensions.”® By controlling the shape and dimensions of
such nanostructures, the electron oscillations (plasmons) on
the surfaces of the patterns can be tuned to respond optimally
to incoming light” ' Scaling up the effect by creating
repeating patterns of plasmonic structures over a surface can
enable additional beneficial effects such as tailoring the
absorption, reflection, or transmission of light to levels which
can be sensed in the lab or implemented in useful
technologies."' "

Optical sensing methods such as Raman spectroscopy make
use of light-matter interactions which give a measurable
spectral “fingerprint” that can be used to identify the presence
and/or concentration of specific molecular species within a
sample.15 Incorporating plasmonic nanostructures into a
substrate can enable surface-enhanced Raman spectroscopy
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(SERS), whereby designers fabricate structures tuned to the
appropriate light wavelength to increase the Raman signal
upon scattering by the molecules of interest.'®">° This surface
enhancement improves the sensitivity of the Raman spectros-
copy process, enabling the detection of lower concentrations of
the desired analyte.”"** This can also improve the selectivity of
Raman spectroscopy by increasing the detectability of the
desired molecular species with respect to others in a
sample.”**

While highly repeating patterns of nanostructures aid in
increasing their functional area and result in effects associated
with the patterns themselves, another strategy can be leveraged
to increase signal enhancement by creating plasmonic
hotspots—that of introducing nanoscale gaps between
adjacent structures.”>>’ This gap enhancement effect is
drastically increased for gaps around and below 10 nm,**~**
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and it has been demonstrated for various fabrication strategies
and applications, including SERS, at the 1—10 nm scale.”* ™’
Some experimental demonstrations of tunable-gap SERS
substrates have even been demonstrated at the sub-20 nm
scale.”* ™" The electric field strength resultant within such
nanoscale gaps increases nearly exponentially over this range;
hence, for optimal enhancement, the user would desirably
produce the smallest possible separation between structures.

One finds, however, that quantum mechanical and other
effects begin to limit this local field amplification somewhere in
the angstrom-scale gap range.”””* Due to limitations in
fabrication processes, there have been few studies of optical
signal enhancement for spacings smaller than 1 nm, with most
such studies being purely theoretical. There remains a lack of
experimental studies on optical signal enhancement versus gap
width for small-scale spacings, especially as applied to SERS.
Probing the limits of gap width-induced optical enhancement
effects can help provide a better understanding of both the
physical mechanisms at work and of the optimal fabrication
and implementation methods for the development of SERS
sensing technology. This work therefore made use of tunable
sub-nanometer gap metasurfaces to measure the SERS
response versus gap width.

More specifically, in this work, we fabricated and modeled
Au nanosphere metasurfaces with tunable gap widths ranging
below 1 nm. We studied the local field enhancement within
these tunable gaps and experimentally measured surface-
enhanced Raman spectra of two analyte molecules adsorbed
onto these metasurfaces with a range of gap widths (g). SERS
signal intensity measurements were captured versus g for sub-
nanometer nanostructure spacings, and these results were
compared with theoretical models of optical enhancement
versus g. In addition to the standard Drude or “local” model, a
“nonlocal” spatially dispersive quantum treatment was
incorporated into finite element models for angstrom-scale
plasmonic metasurfaces to offer a potential explanation of the
experimental behavior.

1.2. Theoretical Considerations for Sub-nanometer
Gap Enhancement. Studying plasmonic gap field enhance-
ment at subnanometer length, one reaches gap widths (g) for
which quantum or other effects must be considered.
Theoretical results predict that the field enhancement does
not continue to increase indefinitely at angstrom-scale gap
widths.*’ 7% In fact, the enhancement is predicted to plateau
and eventually decrease as the gap shrinks below a few
angstroms.47 This is intuitive, as one at least expects quantum
effects to become significant at some angstrom-scale gaps at
which one can hardly consider the interatomic spacing to be a
plasmonically active gap.

The classical Drude model, often applied to plasmonic
(metallic) materials and nanostructures, considers electrons to
be localized at the surface of the metallic structure under
study.”' 7> In this way, the charge density is typically pictured
and mathematically treated as being compressed into an
infinitesimally thin layer at the surface. However, charge
density oscillations are not perfectly confined to the surface as
the classic model suggests, but they occur over a volume within
the surface of the material. As reported in theoretical
developments over the past century, the consideration of
electron interactions deeper into the material has the effect of
reducing the plasmonic field enhancement.**"®' The “non-
local” or “nonlocal hydrodynamic” model was developed as a
more accurate description, which takes into account electron—

electron repulsion. This repulsion manifests as a pressure in the
sea of electrons, which resists compression in the presence of
an incident electromagnetic field, leading to a spatially
dispersive permittivity model for metals.

The Lorentz oscillator appears in this model as an additional
term in the wave equation describing the induced current
density ] in a metal under the presence of an electric field E
oscillating at a frequency w. This additional consideration is
shown in eq 1:

V() + (0* + iyw)] = ia)wpzeoE (1)

Here, the material-dependent plasma frequency , and
damping coeflicient y, are as defined in the conventional
Drude formula for the complex frequency-dependent permit-
tivity. However, in this equation, # is an additional constant
parameter related to the electron pressure. The pressure term
is related to the Fermi velocity, vg, where the value of § is close
to the speed of sound in the Fermi-degenerate plasma of
conduction electrons in the metal. The result of including this
additional pressure term is that the electric permittivity
becomes dependent on the longitudinal depth into the
material, making it a function of the incident wave propagation
vector k, ie., spatially dispersive. The complex permittivity
then takes on separate transverse (¢r) and longitudinal ()
forms, where the transverse form is unchanged from the Drude
model and & appears as in eq 2:

gk, 0) ,

gy(w) w® + iwy, — Ikl 2)

This adjustment to the dielectric function serves to treat the
surface charge layer as a volume charge density with a
thickness into the metal determined by /@, o Arp. Here, the
Thon}as—Fermi screening length, A1y = vp/@,, is on the order
of 1 A. Thus, subnanometer length scale effects are considered
via this additional term within the permittivity. This serves as a
semiempirical model which allows for computation of results
without direct consideration of electron tunneling or other
quantum mechanical effects. In other semiempirical treat-
ments, quantum tunneling currents between adjacent nano-
structures are considered as well.** However, prior work has
demonstrated that experimental results match closely with the
hydrodynamic model reported here with no need for the
inclusion of tunneling contributions.****~*%* This suggests
that, at least for the length scales considered in the previous
work—gap widths of approximately 1 A to 10 nm—the
electronic pressure effect dominates the experimental results
over any tunneling effects. It is fair to note, however, that for
smaller dimensions or different geometries than those
considered in the listed works, tunneling may provide a
significant contribution that must therefore be considered.

The nonlocal treatment has been formulated and applied to
various nanogap geometries and situations, including the
modeling of Au metasurfaces as in this work.*>%°7%
Absorption measurements have been compared with the
model, demonstrating a reduced g-dependence of the red-
shift in absorption below a certain value of g.***> However,
experimental results have yet to demonstrate gap-dependent
SERS at sub-nanometer scales.

2. EXPERIMENTAL DETAILS

In this work, we used a self-assembly process to design a tunable
nanogap metasurface as outlined previously.(’z'éﬁt_67 The process relies
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on phase separation of nanoparticles from solution and on surface
tension gradients, which aid in depositing the metasurface onto a
substrate. Gold nanospheres with diameters of 13.3 + 0.7 nm
(average of TEM measurements) were used to fabricate the samples
studied in this work.”> See Figure 1 inset for TEM images of such
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silicon substrate
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Figure 1. Depiction of Au nanosphere self-assembled metasurface on
a Si substrate. (a) Cross-sectional view with Au nanospheres,
nanoscale gaps, ligand shells, and Si substrate labeled. (b) 3D
schematic of the resulting metasurface (not to scale and zoomed to
show Au particles approaching all substrate edges, which may not
necessarily occur during fabrication). Inset is a TEM image of a
metasurface with 0.55 nm gaps (100 nm scale bar).”

metasurface samples. The Au spheres were in an aqueous suspension
at an optical density (OD) ~ 1 X 1 cm (absorption peak) and
stabilized in a sodium citrate solution. In a 20 mL scintillation vial, we
mixed a solution of 1 mL of tetrahydrofuran (THF) with mono- and
dithiol alkane ligands in equal proportions (10 gL of each).®”

The same type of alkyl group for both the thiol and dithiol were
mixed for a given solution, and the volume was doubled to 20 uL for
the case of ethanethiols. The Au nanoparticle suspension was mixed
into the THF ligand solution. At this stage in the process, ligands bind
to the surfaces of the Au nanospheres, displacing the citrate
surfactants and causing the spheres to phase-transfer and become
hydrophobic. Because THF has a lower density than water, the THF
and ligand-coated nanospheres phase separate and the spheres rise to
the air—fluid interface, forming a layer atop the liquid surface.

While metasurfaces can be grown along the sides of the vial and
removed using a TEM grid (as was done in éprevious work to obtain
gap-width concentrations via TEM imaging)®* or other methods, the
convenience of metasurface growth directly onto a substrate was
utilized for this work. Once the nanoparticle and THF solutions were
mixed, ~1—4 cm? glass or Si/SiO, substrates (previously cleaned in
potassium hydroxide dissolved in methanol at a concentration of 5%
(w/v)) were placed inside each vial for a given synthesis process, and
the vial was shaken vigorously. With the substrates and vial walls
wetted by the shaking and/or by deliberate pipetting of solution onto
the substrates and the substrates repositioned to be nearly vertical, the
deposition of metasurfaces onto these surfaces occurs naturally as
follows. The different vapor pressures of THF and H,O cause the
THEF to evaporate faster than the water, resulting in a surface tension
gradient, which carries the nanoparticles to the vertically oriented
surfaces, depositing monolayer films on the substrates and vial walls.
The layers formed were macroscopic, substrate-scale metasurfaces of
ligand-linked Au nanospheres with the intersphere separation
distances controlled by the number of carbons in the alkanethiols.
The metasurfaces were left to dry overnight, after which the substrates
could be characterized optically. For self-assembly on glass, the
regions over which the metasurfaces formed were visibly blue via
white light transmission and orange-red via white light reflection. On
Si/SiO, substrates, film regions appeared a different color than
uncoated wafer areas.

The tunability of the metasurfaces comes from the control over the
gap size, which is dependent on the choice of alkanethiols used.
Previous work has shown that increasing the number of carbons in the
ligand molecules results in larger gaps between Au particles
throughout the metasurface with relatively high uniformity.***** In
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Figure 2. Field enhancement, (E£> , distributions for Au metasurfaces with three gap widths, g: (a) 0.6, (b) 1.0, and (c) 2.0 nm. The results are
0

computed using the standard Drude or “local” model.
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recent work by the Fontana group, the use of both thiols and dithiols
together in the self-assembly process was determined to improve the
uniformity and total area of the resulting metasurfaces, as well as
improving their mechanical strength, making it possible to transfer
them to TEM grids. Nanosphere diameters and gap widths were
thereby measured to obtain statistics over large metasurface regions.62

The six different gap widths (and associated thiol mixtures)
fabricated and studied in this work include 0.45 + 0.14 nm (I-
ethanethiol/1,2-ethanedithiol), 0.55 + 0.22 nm (1-propanethiol/1,3-
propanedithiol), 1.1 + 0.46 nm (1-hexanethiol/1,6-hexanedithiol),
1.4 + 0.37 nm (1-octanethiol/1,8-octanedithiol), 1.6 + 0.48 nm (1-
decanethiol/1,10-decanedithiol), and 2.8 + 0.69 nm (I1-tetradecane-
thiol/1 ,14-tetradecam3dithiol).62

Figure 1 displays renderings of the type of Au nanosphere self-
assembled metasurfaces prepared and studied in this work. Figure la
shows a cross-section in which can be seen Au nanospheres separated
by a nanoscale gap determined by the thickness of the surrounding
ligand shell, all on a silicon substrate. Figure 1b shows a three-
dimensional (3D) rendering of the same structure, displaying many
periods across a large substrate area to better demonstrate the entire
metasurface design (not drawn to scale), and the inset is a TEM
image of a representative metasurface. The sizes of both the Au
nanospheres and the gaps between them can be used to tune the
optical response of the metasurface.

2.1. Computational Study. To simulate the optical response of
the metasurfaces with different gap widths, we created a three-
dimensional finite element model by breaking down the closely
packed repeating structure to a reduced unit cell to decrease the
computational time. Because of the symmetry of the system,
electromagnetic mirror boundary conditions were established so
that an infinitely periodic metasurface was simulated by a unit cell
containing two quarter spheres with a variable gap width, g. The
material properties of the spheres were set to those of pure Au
(permittivity values obtained by Johnson and Christy’s data)”® with
the surrounding material set to an effective lossless refractive index (n
= 1.44) corresponding to that of the alkanethiol ligand shells
connecting each sphere. The sphere diameters were set to 13.3 nm to
reflect the experiments most accurately. The metasurface layer was
modeled as having air above and a lossless glass/SiO, substrate layer
(n = 1.53) below. A linearly polarized 785 nm plane wave was
simulated as normally incident upon the metasurface with electric
field strength E,. We obtained enhancement distributions in the plane
bisecting the metasurface by plotting two-dimensional color maps of
the field enhancement to the fourth power (E/Ey)* where E is the
local field strength. The results, shown in Figure 2, were then output
by taking a top-down cross-section of the calculated enhancement
field distributions for different gap widths. Figure 2 displays the
computed enhancement distributions for g = (a) 0.6, (b) 1.0, and (c)
2.0 nm; multiple metasurface periods are shown to aid visualization.

As can be seen in the enhancement distributions, the greatest field
strength was localized in the smallest gap regions of the model for all g
values. For small gaps, the maximum field region was highly localized
in the gap; the high-intensity regions broadened with widening g.
Simultaneously, the enhancement rapidly decreased, becoming
relatively weak for g = 2.0 nm on this fixed color scale.

In the interest of SERS signal enhancement across a larger area of
the metasurface, the average enhancement factor, (Egygce/Eo)?, was
determined over the entire surface of the Au spheres within the
modeled unit cell. This surface-averaged enhancement was obtained
for g ranging from 0.2 to 3 nm.

Equation 2 was implemented in the electromagnetic models to
study potential nonlocal contributions in the tunable Au metasurfaces
due to the extremely small nanogap. This means that the electron
interactions within a certain radial distance inside the surface of each
Au sphere was considered and found to affect the results, as opposed
to infinitesimally thin charge density layers on the spherical surfaces
used in the local model. A nonlocal parameter value of f = 1.0 X 10°
m/s is realistic, as demonstrated by prior experiments and theory.®®
Additional values of 3.0 10° and 5.0 X 10° m/s were used to show
the further decrease in enhancement with increasing nonlocal effect

strength. Enhancement results of the local and nonlocal models are
plotted later in this manuscript alongside experimental SERS data.
Note that the currently presented nonlocal simulation model has been
used before®” to verify similar gold nanosphere metasurface results.

2.2. Optical Experiments. 2.2.1. Sample Preparation. Using the
previously discussed self-assembly procedure, metasurfaces with a
range of reasonably controlled gap widths were fabricated.”> Two
organic analyte molecules were used mainly because of their well-
defined Raman spectra: trans-1,2-bis(4-pyridyl)-ethylene (BPE) and
benzenethiol (BZT). Solutions of BPE in ethanol were prepared by
weighing BPE in powder form and mixing with ~20 mL of ethanol to
obtain the desired molarity. Solution molarities from 0.1 to 100 mM
were prepared. The metasurface-containing wafers were soaked in the
BPE-ethanol solution for at least 45 min, removed, and dried with N,,
resulting in uniform coating across the surface. To coat samples with
benzenethiol (BZT), a gaseous phase process was used, due to BZT’s
high volatility. Each sample was suspended metasurface-side-down
above an open 20 mL vial containing BZT solution within a fume
hood overnight, allowing the BZT molecules to vaporize and adsorb
onto the gold metasurface.

2.2.2. SERS measurements. After the samples were prepared with
BPE or BZT, they were placed in the Raman spectroscopy system for
optical characterization. Because of the coating methods, it was
assumed that BPE and BZT were distributed over the entire silicon
chips containing the Au metasurfaces of different gap widths, if not
relatively uniformly distributed. The incident laser power at the
sample surface was measured to be 52.0 mW with a full width at half-
maximum Gaussian beam diameter of approximately 20 ym. For each
SERS spectrum obtained from a Au metasurface region on a sample
containing adsorbed analyte molecules, a Si background was also
measured on the same sample by measuring the spectrum on an area
of the substrate where no Au nanosphere layer was present. See
Figure 1a in ref 66 for an example of such a Au metasurface fabricated
on glass.

3. RESULTS AND DISCUSSION

Figure 3 shows examples of SERS and Si background spectra
for a sample containing BPE. As shown, BPE’s signature

10000

—— BPE on Metasurface
——BPE on Si

9000
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Raman Intensity (counts)
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550 750 950 1150 1350 1550
Raman Shift (cm™)
Figure 3. Raw Raman spectra measured at a bare Si region (black)

and a Au metasurface region (red) on a sample containing adsorbed
BPE.

Raman peaks were not detected for the region of the sample
over Si but were significantly enhanced at the metasurface
region.

The Si background was subtracted from the SERS signal
obtained at each Au monolayer over the range of gap widths
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for both BPE and BZT. The results were waterfall plotted for
each probe molecule. The SERS spectra for all g values are
plotted in Figure 4 for (a) BPE and (b) BZT signals. The

(a) BPE SERS 1581;
983 11851221

Raman Intensity (a.u.)

BZT SERS
1015 41062
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Figure 4. Waterfall-plotted SERS spectra for a range of metasurface
gap values from 0.45 to 2.8 nm. Enhanced Stokes shift peaks were
observed for samples containing (a) BPE and (b) BZT.

peaks occurring in the SERS spectra correspond to the well-
characterized Raman spectra of each analyte. Peaks are labeled
in the BPE spectra at 983, 1185, 1221, and 1581 nm; in the
BZT spectra, peaks are labeled at 989, 1015, and 1062 nm.

In Figure 4a, the BPE SERS spectra increase in measured
intensity for decreasing gap width all the way through g = 0.45
nm. The BZT SERS spectra in Figure 4b show the same trend
of increasing signal strength with decreasing metasurface gap
width up to g = 0.55 nm. However, a significant decrease in
peak enhancement was observed for the BZT spectra produced
by the g = 0.45 nm sample (plotted in red). Interestingly, the
explanation for this result may correspond to the nonlocal
effects that become relevant at length scales close to the ~0.5
nm gap width of the self-assembled metasurfaces.

The SERS intensities of one characteristic peak per analyte
were plotted versus gap width, with the resulting plots shown
in Figure 5. Here, the decrease in enhancement of the BZT
SERS signal from g = 0.55 nm to g = 0.45 nm is more
quantitatively illustrated. In both panels a and b in Figure 5,
corresponding to BPE and BZT, respectively, the gap width
error bars were determined via the standard deviations at each
carbon chain length as measured by TEM imaging.”> The
vertical error bars were based on the noise level in the Raman
measurements.

Finally, the experimental SERS results were compared to the
computational results for surface-averaged field enhancement
versus gap width. The plots shown in Figure 5 combine these
computational results with the experimental SERS data for
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Figure S. Plots of signal enhancement versus gap width: comparison
between experimental SERS on Au metasurfaces (left/red) and
theoretical surface enhancement in optical metasurface local and
nonlocal models (right/black). Experimental data are shown for (a)
BPE and (b) BZT. The results of the local model (8 = 0) and
nonlocal models with = 1.0, 3.0, and 5.0 X 10° m/s are plotted as
the solid line and increasingly lighter gray dotted lines, respectively.

BPE and BZT spectral peak intensities versus gap width. The
BPE and BZT data are shown in panels a and b, respectively,
and correspond to the left-hand y-axes that plot the Raman
signal intensity. The data plotted here correspond to peak
values occurring at Raman shifts of 1581 cm™' for BPE and
1062 cm™" for BPE. The field enhancement calculations based
on the classic Drude model, referred to as local, and those
based on the nonlocal hydrodynamic model are plotted on the
right-hand y-axis as (E,pc./Eo)*. Here, the nonlocal parameter
was varied (f = 1.0, 3.0, and 5.0 X 10° m/s) for comparison
with the experimental Raman intensity data.

An important consideration should be noted regarding the g-
dependent increase in SERS signal. In work by Doyle et al,, the
metasurface absorbance was measured versus gap width (on
transparent substrates).’” The absorbance peak was found to
redshift with decreasing g, an expected plasmon hybridization
effect. Interestingly, for the g = 0.45 and 0.55 nm metasurfaces,
the peak absorbance wavelength had been found to approach
785 nm, the laser wavelength used in the current SERS work.
Thus, not only were there likely to be gap-induced field
enhancement effects promoting increased SERS at these
smaller gap widths, but there was likely to have been a
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resonance Raman condition for the same metasurface samples.
This effect may have counteracted the nonlocal damping effect,
resulting in a less drastic lowering of the SERS signal. More
studies will be required to determine the exact nature of the
SERS results obtained in this work, including using a shorter
probe wavelength to see if stronger SERS occurs for larger gap
widths. This would suggest that the resonant wavelength was
shifted for larger $p widths, as corresponding to the prior
absorption study.’®

Although the BPE data do not demonstrate a decrease in
signal intensity from g = 0.55 to 0.45 nm, there is a notable
decrease in the rate of increase for this Ag. However, the
decrease in signal intensity exists for the BZT data and the
same ultrathin gap range. The difference between signal spectra
for the two analytes may be due to several factors. Notably, the
different molecule deposition methods, soaking in solution
versus gas-phase evaporation, may result in different
adsorption efficiencies or particle densities over the meta-
surfaces. Variations in g-distribution across samples or even
across sample locations may affect these results, though SERS
measurements taken across a given metasurface did not vary
significantly. Size and structural differences between BPE and
BZT molecules may explain how BZT molecules could adsorb
deeper within the hotspot regions, thus allowing them to more
readily probe nonlocal plasmonic effects. This could prove to
be an important consideration for future studies, especially if
BPE has a lower probability of adsorption within gaps below g
=5 A. It is also possible that BZT molecules may more directly
affect a decreased enhancement by enabling charge transfer or
other plasmon mode hybridization upon entering metasurface
gaps.

Regardless, the data suggest that nonlocal or other
quenching effects are at least partially responsible for the
significant decrease in Raman intensity of BZT and perhaps for
the plateauing of the BPE signal. The nonlocal parameter
appears to become an important theoretical inclusion at or
below g ~ 0.5 nm, and tunneling effects undoubtedly begin to
take over below smaller g values. Thus, a hybrid local—
nonlocal—tunneling model best explains the presented
plasmonic gap field enhancement behavior, where each portion
of the model best represents resonance and field enhancement
effects over a given range with some overlap. The ability to use
optical measurement techniques like SERS to probe these
effects, as demonstrated by this work, can serve as an extremely
useful tool to experimentally verify theoretical limits going
forward.

4. CONCLUSIONS

This work has successfully explored the optical enhancement
effects of sub-nanometer gaps down to 0.45 nm for producing
increases in signal strength in Raman spectroscopy. Impor-
tantly, this is one of the first experimental reports of SERS
displaying sub-1 nm gap-width dependence, to the best of our
knowledge. Electromagnetic simulations were used to corrob-
orate the experimental results, revealing strong agreement
between the two. The results advance the study of plasmonic
gap effects by measuring experimental changes in the SERS
signal with decreasing gap width for tunable subnanoscale gap
metasurfaces. In the case of BZT (the smaller of the two
analytes studied), the decrease in SERS signal corresponded
with the optical field enhancement limitation described by the
nonlocal electron distribution model. The BPE experimental
results did not display a field enhancement decrease over the

studied range of gap widths, though the signal increase had
begun to plateau for the smaller gap widths probed. Chemical
and structural differences between the molecules may be partly
responsible for this difference; further work will help to clarify
these results by studying additional analyte molecules and
using a different wavelength to probe Raman scattering modes.
Future work may also incorporate differential spectrum
analysis to help reduce the noise background in the signals,
improving the comparison between simulations and exper-
imental results.

Opverall, the computational trends were found to match the
SERS data over the gap widths studied. This demonstrates that
precisely tuning the gap width of a plasmonic metasurface is an
effective tool for studying Raman signal enhancement. Tunable
gap plasmonic metasurfaces were demonstrated as effective
and easily fabricated SERS substrates, generating field
enhancement on the order of 1 X 10* over measurements on
bare Si. This work also adds to the growing field of study of
optical enhancement behavior at the angstrom-scale, helping to
clarify and confirm existing predictive models. The work also
suggests the potentiality of extremely small-gap plasmonics
requiring a hybrid nonlocal/quantum model to most accurately
describe optical enhancement phenomena at this small scale.
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