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ABSTRACT

Plasmonic nanogaps enable strong confinement of electromagnetic fields and are central to
a wide range of applications, including molecular sensing, spectroscopy, and quantum
photonics. Achieving nanogaps with dimensions below 10 nm is particularly important for
maximizing field enhancement, yet their reproducible fabrication remains difficult due to

the sensitivity of conventional nanofabrication processes to small variations.

This thesis introduces a design strategy based on moir¢ superlattice geometry to generate
nanogap clusters in a robust manner. By stacking two periodic nanodisk arrays with a small
twist angle, a large-scale superlattice is formed, within which numerous ultranarrow gaps
naturally arise from geometric effects. Numerical analysis shows that these gaps can be
considerably smaller than the original structural features and can be formed consistently

even in the presence of fabrication imperfections.

The proposed concept is validated experimentally through the fabrication of stacked
nanodisk arrays using a sequential lithographic process. Voltage-contrast scanning electron
microscopy is employed to verify the presence of electrically isolated nanogaps at the sub-
10 nm level, providing clear evidence beyond conventional imaging methods. These results
indicate that ultranarrow nanogaps can be realized without requiring extreme control over

lithographic parameters.

Building upon this concept, elevated plasmonic moiré superlattices are further developed to
enhance accessibility to field-enhancing regions, thereby improving sensing performance.
The practical relevance of the proposed structures is demonstrated through surface-
enhanced Raman spectroscopy measurements, which show consistently high signal

enhancement across different fabrication conditions.

Taken together, this work presents a scalable and geometry-driven approach for the reliable

creation of nanogap-rich plasmonic systems. The framework provides a versatile platform



for exploring nanoscale light—matter interactions and enables future developments in

nanophotonic and sensing technologies.
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Chapter 1

INTRODUCTION

This chapter is based on:

C. Hwang and A. Scherer, “Plasmonic Moiré Superlattices for Robust Nanogap Cluster

Formation,” Small Methods 10, no. 6 (2026): €02269. DOI: 10.1002/smtd.202502269
1.1 Optical Nanostructure-Based Biosensing and Raman Spectroscopy

Nanostructure-based biosensors have attracted considerable attention due to their ability to
detect biological and chemical species with high sensitivity and precision [1-4]. Nanoscale
architectures enhance interactions between analytes and sensing interfaces, enabling the
detection of target molecules at low concentrations. Moreover, precise control of structural
parameters at the nanoscale offers opportunities to improve both sensing performance and
reproducibility. Among various sensing approaches, optical techniques are particularly
attractive due to their label-free operation and high chemical specificity. Raman
spectroscopy, in particular, has emerged as a powerful analytical tool, as it provides

molecular fingerprint information based on vibrational modes of target molecules [5].

Raman scattering arises from the interaction between incident electromagnetic radiation and
molecular vibrational and rotational states. By probing these vibrational and low-frequency
modes, Raman spectroscopy enables non-destructive molecular identification with high
specificity. Consequently, it has been widely applied across chemistry, materials science,
biology, and medicine, as well as in structural analysis and in situ characterization of

complex systems.



1.2 Mathematical Description of Raman Scattering

The classical Raman scattering process can be described by a simple analytical model by
treating molecules in an electric field as induced electric dipoles [5]. The induced dipole

moment u of a molecule in an incident electric field E can be written as follows:
u=ak,
E = E, cos(wt),

where a denotes the polarizability of the molecule. In general, « is expressed as a tensor to
account for anisotropic polarizabilities. The polarizability can be expanded as a Taylor series

with respect to the vibrational normal coordinate Q:

maos (o

where « is the static polarizability. The vibrational coordinate Q can be expressed as

Q = Qo cos(wmt),

where @, and w,, denote the amplitude and frequency of molecular vibration, respectively.

Substituting these expressions into the dipole moment yields

Jda

6Q> EyQ, cos(w,,t) cos(wt)

U = ayE, cos(wt) + (

= aoE, cos(wt) + (a_fI) (EOZQO

a0 ) [cos{(w — wy)t} + cos{(w + w,)t}].

This expression indicates that the induced dipole radiates components at multiple frequencies.
The first term corresponds to Rayleigh scattering, which is elastically scattered. The second

and third terms correspond to Stokes and anti-Stokes Raman scattering, respectively. These
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inelastically scattered components carry characteristic vibrational information about the

molecules, enabling molecular fingerprinting.

1.3 Surface-Enhanced Raman Spectroscopy (SERS)

Despite its analytical strengths, conventional Raman spectroscopy suffers from an inherently
small scattering cross-section. Only a small fraction of incident photons undergo inelastic
scattering, resulting in low signal intensity under typical experimental conditions. This
limitation significantly restricts the practical use of Raman spectroscopy, particularly for
low-concentration analytes or nanoscale detection volumes. Overcoming this limitation has

been a central challenge in the development of Raman-based sensing techniques.

Surface-enhanced Raman spectroscopy (SERS) addresses this limitation by exploiting strong
electromagnetic field enhancement near plasmonic nanostructures [6—10]. When metallic
nanostructures support localized surface plasmon resonances, collective oscillations of
conduction electrons concentrate optical fields into subwavelength regions near the metal
surface. Molecules located within these regions experience dramatically enhanced local
fields, leading to orders-of-magnitude increases in Raman signal intensity. This plasmonic
enhancement mechanism forms the physical foundation of SERS, enabling highly sensitive

molecular detection, in some cases down to the single-molecule level.

1.4 Electromagnetic Mechanism of SERS

In SERS, the dominant contribution arises from the strong electromagnetic interaction
between the incident optical field and the molecules, resulting in enhanced radiation from
induced molecular dipoles. In addition, further enhancement can arise from charge-transfer
interactions between the molecule and a nearby surface, which alter the electronic structure
of the molecule and enhance the Raman scattering probability. While both mechanisms can
contribute to signal enhancement, the electromagnetic mechanism [11, 12] is generally

regarded as the primary source of strong Raman signal amplification in plasmonic systems.
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When localized surface plasmons are excited, highly confined electromagnetic fields are
generated in nanoscale regions, often referred to as hotspots. The Raman enhancement can
be described as a two-fold process, in which both the incident and Raman-scattered fields
are amplified, resulting in an overall enhancement that scales approximately with the fourth
power of the local electric field amplitude [11, 12]. This strong dependence highlights the
importance of generating highly localized electromagnetic fields for achieving high SERS
sensitivity. Accordingly, extensive efforts have been devoted to designing plasmonic
structures for efficient SERS applications, including periodically arranged nanostructures,
structures with sharp geometric features, and architectures incorporating extremely small

nanogaps.

1.5 Technical Challenges in Realizing Sub-10 nm Plasmonic Nanogap Structures

Among various plasmonic nanostructures, nanogaps are particularly effective in generating
highly confined electromagnetic fields and broadband optical enhancement [13-20].
Nanometer-scale separations between closely spaced metallic nanostructures can host
extremely localized electromagnetic hotspots, where the local field intensity is maximized.
Despite these attractive properties, the reliable fabrication of plasmonic nanogaps with sub-
10 nm dimensions remains a significant challenge. Existing fabrication methods can
generally be categorized into bottom-up and top-down approaches. Bottom-up approaches,
such as nanoparticle self-assembly and colloidal lithography, can provide highly dense
nanogap distributions over large areas with relatively low fabrication cost [16-20]. However,
these approaches often suffer from limited controllability and reproducibility in gap
geometry, spatial arrangement, and hotspot distribution. In contrast, top-down approaches,
including electron-beam lithography (EBL), focused ion beam milling, interference
lithography, and edge lithography, offer superior structural controllability, alignment
accuracy, and design flexibility [16-20]. Although top-down methods generally involve
lower throughput and higher fabrication complexity, they are more suitable for reliably
realizing engineered plasmonic nanogap structures. Representative fabrication approaches

and their characteristics are summarized in Table 1.1 [16-20].



Table 1.1 Representative fabrication methods for sub-10 nm plasmonic nanogap

structures.

Fabrication method

Nanoparticle self-

assembly

Nanosphere /
colloidal lithography

Electron-beam

lithography

Focused ion beam

milling

Edge lithography /

shadow evaporation

Interference
lithography / EUV-
based methods

Approach

Bottom-

up

Bottom-

up

Top-down

Top-down

Top-down

Top-down

Typical

gap size

<5 nm

~10 nm

~10 nm

Few nm

Sub-10

nm

Sub-10

nm

Advantages

Extremely small gaps,
large-area hotspot

formation, low-cost

Scalable, inexpensive,
high-density periodic

structures

High-resolution, arbitrary
pattern design, reliable

alignment

Direct nanoscale
patterning, high spatial

precision

Reliable ultranarrow gaps,
relatively simple geometry

control

Large-area periodic

nanopatterning

Limitations

Limited control over
geometry and

reproducibility

Limited pattern
flexibility and alignment

control

Low throughput,
complex process

optimization

Ion-induced damage and

contamination

Limited pattern

geometries

High system complexity

and cost
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Extensive efforts have been devoted to developing various top-down fabrication methods for
plasmonic structures featuring dense and well-controlled nanogaps [21-30]. Nanogap
fabrication methods based on EBL are among the most widely used and reliable approaches
due to their exceptional resolution in patterning, despite their intrinsically low throughput
[23-30]. However, even with EBL, the reliable formation of nanogap clusters incorporating
sub-10 nm gaps remains challenging. Specifically, achieving such ultranarrow gaps requires
meticulous optimization of multiple lithographic parameters, including beam current,
exposure dose, resist type and thickness, development conditions, and proximity effect

correction [30-34].

Figure 1.1 shows an array of nanogaps illustrating the fabrication inconsistencies discussed
above. The nanogaps were designed to be identical, with a gap spacing of 10 nm between
the electrode tips. To pattern the nanogap structures, EBL was performed using a 50-nm-
thick polymethyl methacrylate (PMMA) electron-beam resist layer deposited on a silicon
nitride (SiN) substrate. After PMMA development, 3 nm titanium (T1) and 6 nm gold (Au)
were sequentially deposited, followed by metal lift-off. Scanning electron microscopy (SEM)
images show that some nanogaps are significantly larger than the designed spacing, while
others are smaller than intended, and some are not even open, resulting in electrically

connected electrodes.



Figure 1.1 Scanning electron microscopy (SEM) images of a nanogap array fabricated
by electron-beam lithography (EBL). A designed gap spacing between the electrode tips
was 10 nm. The images reveal fabrication inconsistencies in nanogap formation, where some
gaps are larger than the designed spacing, while others are smaller than intended, and some
are closed, leading to electrically connected electrodes. This variability highlights the

difficulty of reliably fabricating ultranarrow nanogaps even with state-of-the-art lithographic
approaches.

This example demonstrates that small variations in fabrication parameters can lead to
significant changes in the final gap size, particularly for ultranarrow gaps at the few-
nanometer scale. As a result, the formation of dense nanogap clusters with uniform sub-10
nm gaps remains challenging to reproduce over large areas. Furthermore, cumulative
alignment errors and patterning imperfections become increasingly critical as the target gap
size approaches the intrinsic resolution limit of the lithographic process. These challenges
highlight the need for alternative strategies that can generate ultranarrow nanogaps in a

manner that is less sensitive to fabrication variability and process imperfections.



1.6 Photonic Moiré Structures for Nanogap Applications

Alongside advances in plasmonic nanostructures, photonic moiré superlattices have emerged
as a powerful platform in photonics and nanophotonics [35—47]. Moir¢ structures are formed
by stacking periodic lattices with a small relative twist angle or lattice mismatch, giving rise
to long-range superlattice patterns with new symmetry and length scales. Such
configurations have enabled a wide range of exotic optical phenomena, including tunable
light modulation [36-38], wavefront shaping [39—41], hyperbolic metasurfaces [42],
chiroptical metamaterials [43], and lasing based on photonic flatbands [44—47]. The distinct

nature of moiré structures provides a unique route to engineering optical functionality.

Motivated by these developments, this thesis explores the application of moiré superlattice
concepts to nanogap-based plasmonic sensing. By leveraging the intrinsic geometric
properties of moiré structures, this thesis aims to generate dense clusters of plasmonic
nanogaps in a manner that is robust against typical fabrication imperfections. The central
hypothesis is that moiré-induced geometric amplification enables the reliable formation of
ultranarrow nanogaps and their large-area realization, thereby addressing key limitations of
conventional nanogap-based SERS substrates. Through numerical analysis, nanofabrication,
and experimental characterization, this work investigates the underlying principles,
fabrication strategies, and sensing performance of plasmonic moiré superlattices as a new

platform for surface-enhanced Raman spectroscopy.

1.7 Organization of the Thesis

The remainder of this thesis is organized as follows. Chapter 2 introduces the concept of
geometry-driven nanogap cluster formation in moiré superlattices and presents numerical
analyses based on the superposition of periodic nanodisk arrays. Chapter 3 describes the
experimental realization of plasmonic moiré superlattices through the stacking of two twisted
hexagonal nanodisk arrays and verifies the formation of sub-10 nm gaps using voltage-

contrast SEM [48-52]. Chapter 4 extends this approach to elevated plasmonic moiré



structures and evaluates their performance as surface-enhanced Raman spectroscopy
substrates. Finally, Chapter 5 summarizes the main findings of this thesis and discusses
further characterization and possible directions for improving and extending plasmonic

moiré superlattices.
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Chapter 2

PRINCIPLES OF GEOMETRY-DRIVEN NANOGAP FORMATION
IN MOIRE SUPERLATTICES

This chapter is based on:

C. Hwang and A. Scherer, “Plasmonic Moiré Superlattices for Robust Nanogap Cluster

Formation,” Small Methods 10, no. 6 (2026): €02269. DOI: 10.1002/smtd.202502269

In this chapter, the principle of geometry-driven nanogap formation in plasmonic moiré
superlattices is introduced and systematically investigated through numerical analysis. The
spatial distribution, alignment characteristics, and parameter dependence of nanogap clusters

are examined to provide a comprehensive understanding of their formation mechanisms.

2.1 Concept and Analytical Framework of Geometry-Driven Nanogap Formation in

Moiré Superlattices

Figure 2.1a illustrates a conceptual fabrication scheme for a plasmonic moiré superlattice
designed to validate the proposed approach, in which two periodic nanodisk arrays are
stacked on a dielectric-coated metal substrate. The fabrication process comprises two steps
[27-29], each involving lithography, metal deposition, and lift-off. The second lithography
step requires rotational alignment to control the size of the moiré superlattice primitive cells,

thereby determining the dimensions of the resulting nanogap clusters.

Geometric parameters and structural conditions are defined for the numerical analysis of
nanogap generation in the proposed structure. Figure 2.1b shows a schematic of the nanodisk
arrangement in the moiré structure. In this study, two identical hexagonal nanodisk arrays
serve as the constituent layers, referred to as Array 1 and Array 2. For each array, the
nanodisk diameter and the center-to-center spacing are denoted as D and S, respectively. The

relative twist angle is denoted by a, and the lateral offsets of Array 2 relative to Array 1 are
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denoted as L, and L,. The nanogap alignment angle ¢ is defined as the angle between the x-
axis and the line connecting the centers of a nanodisk pair forming a nanogap, ranging from
0° to 180°. For analytical convenience, Array 1 is assumed to be infinitely extended, ensuring

that all nanodisks in Array 2 are fully embedded in Array 1.

Figure 2.1c shows a schematic of the procedure used to identify nanogaps smaller than a
threshold g, where g denotes the maximum gap width considered. A coordinate
transformation is applied to determine the center positions of the nanodisks in Array 2 in the

x—y coordinate system using the following equation:

—si ! L
0)= (e oea) §)* (i)

Each nanodisk in Array 2 is then mapped into a rectangular unit cell centered at the origin
using the background periodicity of Array 1. Based on this mapping, nanogap widths
between the mapped nanodisk and the seven surrounding nanodisks in Array 1 are computed
to identify nanogaps satisfying the threshold condition. Note that this procedure requires the
geometric constraint D + g < S+/3/2 to be satisfied, ensuring that only these seven

nanodisks are involved in sub-g nanogap formation.
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Figure 2.1 Conceptual overview of the geometry-driven nanogap formation in
plasmonic moiré superlattices and the corresponding analytical framework. (a)
Schematic illustration of plasmonic moiré superlattices created through the stacking of two
twisted periodic nanodisk arrays. (b) Arrangement of stacked nanodisks and associated
parameters. (c) Schematic representation of the procedure for counting target nanogaps for a
nanodisk in Array 2, assuming the geometric condition that nanogaps are formed exclusively
with the seven nanodisks in Array 1 surrounding the unit cell (indicated by the dotted
rectangular box).
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2.2 Numerical Analysis of Nanogap Cluster Formation and Spatial Distribution

Based on the defined geometric configurations, the formation of nanogap clusters in the
moiré superlattice is numerically investigated. Figures 2.2a—c present moiré superlattice
patterns generated by stacking two twisted hexagonal nanodisk arrays with D = 250, 300,
and 350 nm, respectively, at fixed values of S = 600 nm and o = 2°. Although the simulation
is purely geometric and dimensionless, the results are expressed in length units for
consistency with experimental conditions. As observed in Figures 2.2a—c, the size of the
superlattice primitive cell is independent of D when S and « are fixed. The enlarged regions
reveal a large number of non-overlapping nanodisks in the intermediate areas between

adjacent primitive cells, leading to the formation of nanogap clusters.

To further analyze nanogap formation, nanodisks in Array 2 that form sub-10, sub-20, and
sub-30 nm gaps with adjacent nanodisks in Array 1 are identified, as shown in Figures 2.2d—
f for D = 250, 300, and 350 nm, respectively. The spatial distributions of these nanodisks
show that clusters of nanogaps, including those below 10 nm, can emerge simply by stacking
two periodic arrays, despite the much larger nanodisk size and spacing in each array.
Moreover, the nanogap-forming nanodisks are distributed in ring-shaped regions that closely
align with the boundaries of the moiré superlattice primitive cells when S = 2D. When S <
2D, the circular bands expand outward, whereas for S > 2D, they contract inward. The
angular orientation ¢ of each nanogap is represented by the color of each nanodisk in Figures
2.2d—f. The calculated angles indicate a clear tendency for nanogap alignment to be nearly

orthogonal to the radial direction from the center of the primitive cell.

These findings suggest that locally dense nanogap clusters can be realized using conventional
lithography techniques with patterning feature sizes much larger than the target gap width,
provided that rotational alignment is controlled with reasonable precision. In addition, the
directional regularity provides a practical advantage by enabling the estimation of nanogap
orientations through observation of the substantially larger primitive cells, without the need

to resolve individual nanodisks using high-resolution nanoscale microscopy.
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Figure 2.2 Numerical demonstration of geometry-driven nanogap cluster formation

and their spatial and angular distributions in plasmonic moiré superlattices. Calculated
moiré superlattice patterns for D = 250, 300, and 350 nm shown in (a), (b), and (c),
respectively, with fixed parameters of S = 600 nm and a = 2°. (d—f) Corresponding maps of
nanodisks in Array 2 that participate in forming sub-10 nm, sub-20 nm, and sub-30 nm gaps,
respectively. The angular orientation ¢ of each nanogap is encoded by the color of the
corresponding nanodisk. The average alignment angles are indicated for nanodisks that form
two nanogaps.

2.3 Geometric Conditions for Multiple Nanogap Formation

From the spatial distributions of nanodisks in the nanogap cluster region (see Figures 2.2a—
c), it is evident that multiple nanogaps can form around a single nanodisk. Figure 2.3

illustrates color-coded regions in Array 1 that correspond to the formation of one, two, and
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three sub-g gaps, depending on the position of a nanodisk center in Array 2, where g denotes
the maximum nanogap size considered. These regions are defined by the condition that the

center-to-center distance between adjacent nanodisks lies between 2D and 2D + g. Geometric
analysis shows that three sub-g gaps can form around a nanodisk when S/v/3 — g <D <

S/~/3. This condition is not satisfied under the parameters used in this study.

Figure 2.3 Schematic illustration of spatial regions associated with the formation of
multiple nanogaps around a single nanodisk. Color-coded regions in Array 1 indicate
where a nanodisk in Array 2 forms one, two, or three sub-g gaps, depending on its position,
where g denotes the maximum gap width considered.
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2.4 Definition of Average Nanogap Alignment Angle

To visualize the spatial distribution of nanogap-forming nanodisks, alignment angles ranging
from 0° to 180° are color-coded on the nanodisks in Array 2. When a nanodisk forms two
nanogaps, an average nanogap alignment angle is assigned to represent its angular

characteristics. This average angle is defined as illustrated in Figure 2.4.

For the three possible cases shown in Figure 2.4, the average alignment angle is determined
as follows. When the difference between the two angles is smaller than 90°, a simple

arithmetic average is used:

Pavg = (1 + 92)/2.

When the difference between the two angles and their arithmetic average are both larger than

90°, the average alignment angle is defined as
Pavg = (1 + @2)/2 —90°.

When the difference between the two angles is larger than 90° but the arithmetic average is

smaller than 90°, the average alignment angle is defined as

Pavg = (1 + @2)/2 +90°.
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Figure 2.4 Definition of the average nanogap alignment angle for nanodisks forming
two nanogaps. Three possible cases are considered depending on the angular difference
between the two nanogaps: (a) when the difference is smaller than 90°, the average angle is
given by @g,g = (1 + ¢3)/2; (b) when both the difference and the arithmetic average
exceed 90°, the average angle is defined as @4,y = (@1 + @2)/2 —90°; (c) when the
difference is larger than 90° but the arithmetic average is smaller than 90°, the average angle
is defined as @4,y = (@1 + @2)/2 + 90°.

2.5 Effect of Lateral Offsets on Nanogap Cluster Distribution

In the numerical calculations shown in Figure 2.2, the lateral offsets of Array 2 (Lx and L))
are set to zero, since they primarily affect the spatial positioning of nanogaps. The effect of
lateral offsets on the spatial distribution of nanogap-forming nanodisks is investigated in
Figure 2.5. Dashed boxes, indicating the enlarged nanogap-rich regions shown in Figures
2.2a—c, are displayed in all subfigures to aid comparison and to emphasize the changes
resulting from the applied offsets. The results show that nanogap clusters shift vertically with

changes in Ly, whereas they shift horizontally with changes in L,.
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Figure 2.5 Effect of lateral offsets on the spatial distribution of nanogap-forming
nanodisks in plasmonic moiré superlattices. Numerically calculated spatial distributions
of sub-30 nm nanogap-forming nanodisks in Array 2 and their corresponding nanogap
alignment angles (¢) for (a) Lx =—60, =30, 30, and 60 nm with fixed L, =0, and for (b) L, =
—60, —30, 30, and 60 nm with fixed L, = 0, demonstrating the effects of lateral offsets applied
to Array 2 along the x- and y-directions, respectively. The other parameters are kept constant
at § =600 nm, D =300 nm, and a = 2°. Dashed boxes, indicating the enlarged nanogap-rich
regions shown in Figures 2.2a—c, are displayed in all subfigures to aid comparison and to
emphasize the changes resulting from the applied offsets.

2.6 Geometric Interpretation and Parameter Dependence of Nanogap Cluster

Formation

The nanogap-forming behavior can be understood by examining the size of the superlattice
primitive cells and the arrangement of nanodisks near their interfaces. Figure 2.6a provides
a schematic (not to scale) illustrating two adjacent primitive cells and the corresponding
nanodisks from each array at the interface, specifically for the case of S = 2D under a small
twist angle. For clarity, thirteen nanodisks from Array 1 and five from Array 2 are explicitly

depicted. The actual nanodisk distribution within each primitive cell may slightly deviate
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from the illustration due to the aperiodic nature of the moiré¢ superstructure. The distance
between the centers of two adjacent primitive cells, denoted as A, is given by A =
S/{2 sin(a/2)}. For small twist angles, this can be approximated as A = S/a. Accordingly,
the angle 6, defined by two line segments extending from the center of a primitive cell to the
centers of two adjacent nanodisks in Array 1, can be approximated as 8 = 2a based on
geometric considerations. This implies that, near the midpoint of the line connecting the
centers of two adjacent primitive cells, the nanodisks adopt an interleaved configuration. On
either side of the interface, the nanodisk pairs show larger or smaller inter-disk gaps, resulting
in widened separations or partial overlaps. This explains why the ring-shaped nanogap
cluster region deviates from the zone defined by S = 2D, expanding when S < 2D and
contracting when S > 2D. It can be readily shown that the effective radius of the ring-shaped
nanogap cluster band is approximated as Ry = (D/S)A, based on the schematic shown in

Figure 2.6b.

The robustness of nanogap generation in the moiré-based configuration can be assessed
through a quantitative numerical analysis of how D and S influence the resulting nanogap
count. Figures 2.6¢ and 2.6d show the normalized nanogap count, defined as the average
number of nanogaps per nanodisk in Array 2, plotted as a function of D and S, respectively.
In Figures 2.6c and 2.6d, S and D are fixed at 600 and 300 nm, respectively. The five curves
in each plot correspond to different target nanogap widths. Here, Array 2 consists of a
sufficiently large number of nanodisks (5001 x 5001), ensuring statistical convergence
regardless of lateral offsets. As shown in Figure 2.6c, the normalized nanogap count
increases linearly with D at fixed S, with curves corresponding to smaller nanogaps
exhibiting more gradual slopes. Conversely, Figure 2.6d shows that the normalized nanogap
count is inversely proportional to S at fixed D. This behavior arises because nanogap clusters
approximately occupy ring-shaped regions, and the area of a circular band with a fixed width
increases linearly with its radius. The overall yield of sub-10 nm gaps does not show a strong
dependence on variations in D and S, and nanogaps of various widths can still be produced

over a wide parameter range.
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Figure 2.6 Geometric interpretation and parameter dependence of nanogap cluster
formation in plasmonic moiré superlattices. (a) Conceptual diagram of nanogap cluster
formation along the interface between adjacent superlattice primitive cells under the
condition S = 2D, illustrating the geometrically induced proximity between nanodisks.
Dashed hexagons represent the primitive cells. (b) Diagram showing nanodisks near the line
segment connecting two primitive cell centers, from which the effective radius of the ring-
shaped nanogap cluster is derived. (c) Normalized nanogap count as a function of D (200—
400 nm) at fixed S = 600 nm. (d) Normalized nanogap count as a function of S (500—700 nm)
at fixed D =300 nm. For (c) and (d), all other parameters are fixed at L, =L, =0 and o = 2°.
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Chapter 3

EXPERIMENTAL VALIDATION OF NANOGAP CLUSTER
FORMATION IN PLASMONIC MOIRE SUPERLATTICES

This chapter is based on:

C. Hwang and A. Scherer, “Plasmonic Moiré Superlattices for Robust Nanogap Cluster

Formation,” Small Methods 10, no. 6 (2026): €02269. DOI: 10.1002/smtd.202502269

In this chapter, the proposed concept of nanogap cluster formation, including sub-10 nm
nanogaps, is experimentally validated through the realization of plasmonic moiré
superlattices generated by stacking two periodic arrays of Au nanodisks on a planar substrate.
Electrical isolation of the fabricated nanogaps is verified using voltage-contrast SEM, and
the corresponding plasmonic field enhancement is evaluated through full-wave

electromagnetic simulations.
3.1 Fabrication of Plasmonic Moiré Superlattices

Figure 3.1 presents SEM images of three plasmonic moiré superlattice samples. All samples
share nominal fabrication parameters of § = 600 nm and a = 2°, but differ in D, which was
set to 250, 300, and 350 nm for Figures 3.1a—c, respectively. As illustrated in Figure 2.1a,
each sample was fabricated by sequentially stacking two hexagonal nanodisk arrays on a
200-nm-thick alumina (Al2Os) layer deposited on an Au substrate. The alumina-coated metal
substrate was fabricated by sequential deposition of a 10 nm Ti adhesion layer, 100 nm Au,
and 200 nm alumina on a single-side-polished silicon (Si) substrate using magnetron
sputtering (ATC Orion 8, AJA International). A moiré¢ superlattice was fabricated on the
alumina layer by stacking two periodic Au nanodisk arrays (401 x 401 elements for each

array). For each nanodisk array, a 3-nm-thick Ti adhesion layer and a 30-nm-thick Au layer
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were sequentially deposited. This process involved two cycles of EBL, metal deposition, and
lift-off.

Each cycle began with spin-coating a 200-nm-thick layer of 950K PMMA onto the sample,
followed by baking at 180 °C for 4 min. Electron-beam writing was performed using a Raith
EBPG 5000+ system operated at 100 keV, with a beam current of 1 nA and an exposure dose
of 800 puC-cm 2. Proximity effect correction was performed using the software tools
BEAMER and TRACER (GenlSys GmbH). The exposed PMMA was developed in a 1:3
mixture of methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA) for 60 s, followed
by rinsing with IPA for 10 s and drying under nitrogen. Subsequently, a 3-nm-thick Ti layer
and a 30-nm-thick Au layer were deposited by electron-beam evaporation (ATC Orion, AJA
International) at deposition rates of 0.5 and 1 A-s™" for Ti and Au, respectively. During
deposition, the chamber pressure was maintained at a level on the order of 10~® Torr. The
metal lift-off process was performed in acetone, followed by rinsing with IPA and drying
under nitrogen. During the second EBL, rotational alignment was performed to achieve the
target twist angle of 2°, while translational alignment was constrained less strictly, provided

that the two arrays were adequately superimposed.

In each panel of Figure 3.1, the left image shows the primitive cell structures, while the
middle image highlights the nanogap cluster region where the smallest gaps are observed.
The observed dimensions of the superlattice primitive cells confirm that the rotational
alignment during the second EBL was successfully achieved. The high-magnification images
on the right reveal sub-10 nm gaps within these clusters, demonstrating the formation of
extremely narrow nanogaps. Consistent with the numerical results shown in Figure 2.2, the
smallest nanogaps are located along the boundaries of the superlattice primitive cells for D
=300 nm. In contrast, for D = 250 and 350 nm, the regions containing the smallest gaps are
slightly shifted away from these boundaries. SEM images were acquired in secondary
electron mode using a Nova 600 NanoLab system (FEI). The electron-beam accelerating

voltage and probe current were set to 5 kV and 400 pA, respectively.
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S =600 nm, D=250 nm

Figure 3.1 Experimental realization of plasmonic moiré superlattices with varying
nanodisk diameters. SEM images of fabricated samples with three values of D: (a) 250, (b)
300, and (c) 350 nm, all fabricated with common parameters of S = 600 nm and a = 2°. In
each panel, the left image shows the superlattice primitive cells; the middle image shows a
representative nanogap cluster region corresponding to the dashed-box areas in Figures 2.2a—
c; and the right image shows one of the sub-10 nm gaps within the region.



24

3.2 Validation of the Two-Step Fabrication Approach

Considering the electron interaction volume in materials and the aspect ratio of developed
electron-beam resist patterns, thin resist layers combined with low electron-beam currents
are generally preferred for high-resolution patterning. However, thin resist layers inherently
limit the maximum thickness of metal films that can be deposited without compromising the
lift-off process. To alleviate this limitation, a previously reported two-step fabrication
scheme [28-30] was adopted here. In this approach, relatively thick resist layers can be used,
such as the 200-nm-thick resist employed in this work, thereby facilitating reliable lift-off

processing while still enabling the formation of sub-10 nm nanogaps.

To assess the effectiveness of this fabrication scheme, a control sample was fabricated using
a single-step approach, in which the entire moiré pattern was written in a single electron-
beam exposure. In the control sample, only a negligible number of sub-10 nm gaps were
observed. Figure 3.2 shows a plasmonic moiré superlattice sample in which the entire moiré
pattern was defined in a single electron-beam exposure, with parameters S = 600 nm, D =
300 nm, and o = 2°. All other fabrication conditions were identical to those used for the

corresponding two-step sample.

The SEM image of the nanogap cluster region in Figure 3.2b shows that many nanodisk pairs
designed to form sub-10 nm gaps do not exhibit discernible separations. The smallest
observed gap was approximately 10 nm, and such narrow gaps were less frequently observed
than in the samples fabricated using the two-step method. Furthermore, as shown in the
magnified image, the edges of nanodisks in the nanogap region are often accompanied by
small metallic debris. These limitations result from the poor transfer of sub-10 nm features
into the relatively thick (~200 nm) electron-beam resist layer. In contrast, the two-step
process overcomes this issue [28-30] by eliminating the need for pattern transfer at such

ultrasmall dimensions.
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Figure 3.2 SEM images of a plasmonic moiré superlattice fabricated by a single-step
process. (a) A representative primitive cell. (b) Nanogap cluster region in which sub-10 nm
gaps are infrequently observed. The magnified view shows a nanogap approximately 10 nm
wide, representing one of the smallest gaps observed in the sample.

3.3 Characterization of Nanogaps Using Voltage-Contrast SEM

While extremely narrow gaps may appear open in conventional SEM images, it is often
difficult to determine whether the adjacent nanostructures are truly electrically isolated, as
ultrathin metallic bridges or residues can lead to unintended electrical connections. Such
connections can degrade performance in applications including optical field enhancement
and quantum effects. For accurate characterization of the fabricated nanogaps, the voltage-
contrast method was employed, which is effective in visualizing electrical isolation between
small conducting features [48, 49]. In this method, distinct surface potentials between two
closely spaced Au nanostructures were generated by introducing a pronounced difference in

feature size and applying a 2 kV accelerating voltage to the primary electron beam.

As shown in Figure 3.3a, a substantial size difference between adjacent Au features was
introduced using Au gratings composed of 30 nm Au on a 3 nm Ti adhesion layer, overlaid
onto the moiré superlattice without controlled alignment. The grating was patterned to be
electrically connected to a floating structure that is significantly larger than the primitive cell

of the superlattice.
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Figures 3.3b and 3.3c present voltage-contrast SEM images, in which electrically isolated
Au nanodisks exhibit dark contrast due to suppressed secondary electron emission caused by
positive charging [50]. In contrast, nanodisks connected to the large structure via the grating
exhibit minimal charging owing to their substantially higher capacitance, resulting in bright
contrast. The higher-magnification image in Figure 3.3b reveals that the nanodisks forming
a sub-10 nm gap are electrically disconnected, as evidenced by the clear contrast. The gray-

scale intensity profile along the dotted line further quantifies this contrast.

In comparison with Figure 3.3b, the nanodisks forming a sub-5 nm gap, as shown in the
higher-magnification image in Figure 3.3c, exhibit slightly reduced contrast. The gray-scale
intensity profile along the dotted line indicates that the nanodisk forming the sub-5 nm gap
with the grating-connected nanodisk appears slightly brighter than the nanodisk on the right-
hand side, which is evidently not connected to the grating. This contrast difference can be
attributed either to electron transfer mediated by tunneling effects or to extremely narrow
conductive pathways formed by edge roughness of the nanodisks. Further insight into the
intermediate contrast may be obtained using higher-resolution and complementary imaging
techniques, such as transmission electron microscopy (TEM) and conductive atomic force
microscopy (C-AFM) [51], as well as by applying an external bias to enable controlled
voltage-contrast measurements [52]. Overall, the voltage-contrast method demonstrates that
the numerically predicted nanogaps can be experimentally realized, although gaps below
approximately 5 nm could not be conclusively verified under the present experimental

conditions.
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Figure 3.3 Experimental verification of electrical isolation in nanogaps using voltage-
contrast SEM. (a) SEM images of an Au grating structure superimposed on the moiré
superlattice (S = 600 nm, D = 300 nm, a = 2°), designed to enable voltage-contrast
measurements. The Au grating electrically connects randomly selected nanodisks to a
significantly larger feature (partially shown in the left image). (b, c) Voltage-contrast SEM
images showing contrast variations among nanodisks depending on their electrical
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connectivity to the grating. In the higher-magnification images, gray-scale intensity profiles
along the dotted lines quantitatively represent the relative voltages induced in the nanodisks.
The measured nanogap widths are <10 nm in (b) and <5 nm in (c). Electron-beam
accelerating voltages of 5 kV and 2 kV were used for (a) conventional SEM imaging and (b,
c) voltage-contrast SEM imaging, respectively.

3.4 Electromagnetic Simulation of Nanogap Field Enhancement

Full-wave electromagnetic simulations were performed using the finite-element method
implemented in COMSOL Multiphysics to evaluate the plasmonic field enhancement in the
nanogap cluster region. To simplify the analysis, a periodic nanodisk array was modeled to
examine the local optical response at the cluster center, as indicated by the dotted circle in
Figure 3.4a. In this region, the nanodisks exhibit a nearly periodic arrangement with minimal
overlap. The chosen superlattice parameters were S = 600 nm, D =290 nm, and o = 2°, which

yield nanogaps of approximately 10 nm at the center of the circular region.

Figure 3.4b illustrates the unit cell used in the simulation, with dimensions of 600 nm (5)
along the x-direction and (S V3 ) /2 along the y-direction. The Au nanodisks have a diameter
0f 290 nm (D) and a thickness of 30 nm, with a center-to-center spacing of 300 nm, resulting
in a nanogap width of 10 nm. The refractive indices of alumina (Al2Os) and Au at a
wavelength of 633 nm were obtained experimentally by spectroscopic ellipsometry.
Perfectly matched layers (PMLs) with a thickness of 800 nm were applied to the top and
bottom of the unit cell. The incident illumination is modeled as a monochromatic plane wave
at a wavelength of 633 nm, linearly polarized along the x-direction and propagating in the
negative z-direction. Periodic boundary conditions are applied along the x- and y-directions.
The computational domain was discretized using the “Extremely Fine” mesh setting, with
the maximum and minimum mesh element sizes adjusted to 40 nm and 0.1 nm, respectively.
To monitor the field magnitude, a point probe was positioned at the nanogap center, which
corresponds to the midpoint between the two nanodisk centers, to record the electric field

magnitude.
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Figure 3.4c¢ shows the normalized electric field magnitude at the nanogap center as a function
of the dielectric spacer thickness, ranging from 10 to 500 nm in steps of 5 nm. The plot
reveals distinct peaks of enhanced field magnitude, arising from different resonance coupling
mechanisms. Notably, the strongest enhancement is observed at a spacer thickness of ~200

nm, primarily due to the near-field coupling of localized surface plasmons in the nanodisks.

These results demonstrate that appreciable field enhancement is readily attainable through
tuning of the dielectric spacer thickness. Further enhancement can be realized by optimizing
the overall superlattice structures for SERS applications, which will be discussed in the next

chapter.

S=600nm, D=290nm, a=2°
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Figure 3.4 Numerical evaluation of plasmonic field enhancement in nanogap clusters
and its dependence on dielectric spacer thickness. (a) Spatial distribution of nanodisks in
the nanogap cluster region of the moiré superlattice with parameters S = 600 nm, D = 290
nm, and o = 2°. A nearly periodic arrangement of nanodisks is apparent in the region marked
by the dotted circle, which corresponds to the center of the nanogap cluster. (b) Schematic
illustration of the unit cell structure and materials for simulating the optical response of the
highlighted circular region shown in (a). (c) Plot of the normalized electric field magnitude
at the nanogap center as a function of dielectric spacer thickness (10-500 nm), calculated at
an excitation wavelength of 633 nm.
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Chapter 4

ELEVATED PLASMONIC MOIRE SUPERLATTICES FOR
SURFACE-ENHANCED RAMAN SPECTROSCOPY

This chapter is based on:

C. Hwang and A. Scherer, “Plasmonic Moiré Superlattices for Robust Nanogap Cluster

Formation,” Small Methods 10, no. 6 (2026): €02269. DOI: 10.1002/smtd.202502269

This chapter extends the proposed approach to elevated plasmonic moiré structures and

verifies their performance for SERS applications.
4.1 Fabrication of Elevated Plasmonic Moiré Superlattices

The presented moiré structures serve as a fundamental structural framework that can be
further refined and optimized for specific applications. To explore the practical relevance of
this approach, its applicability to SERS, a representative sensing technique that critically
relies on the field-enhancing capability of plasmonic structures, is demonstrated. Beyond
strong field enhancement, a large area of electromagnetic hotspots accessible to target analyte
molecules is another essential factor for achieving high sensitivity in SERS applications.
Elevated plasmonic nanogap array structures have therefore been explored to provide larger
accessible field-enhancing areas [53-55], thereby mitigating substrate effects [56]. Such
structures typically rely on controlled material deposition processes, enabling relatively
precise control over nanogap dimensions through the gradual narrowing of gaps in pre-
defined nanostructures. However, even with carefully controlled deposition, reliably
realizing clusters of ultranarrow gaps in the presence of typical fabrication errors remains
challenging. This challenge can be alleviated by leveraging the geometry-driven robust

formation of nanogaps enabled by moiré¢ configurations.
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Figure 4.1 illustrates the fabrication process for elevated plasmonic moiré superlattices
designed for SERS. First, SU-8 photoresist was spin-coated onto a Si substrate and hard-
baked to form a cross-linked SU-8 layer. A 200-nm-thick PMMA resist layer was then spin-
coated on the SU-8 layer, as shown in Figure 4.1a. Next, as illustrated in Figure 4.1b, two
twisted periodic array patterns were sequentially exposed by EBL in the PMMA resist layer,
followed by resist development. A 20-nm-thick Ti layer was then deposited by electron-beam
evaporation, followed by metal lift-off, as illustrated in Figure 4.1c. The resulting patterned
Ti layer served as an etch mask for the subsequent etching step. Figure 4.1d illustrates the
step for realizing elevated structures via isotropic oxygen (O2) plasma etching of the hard-
baked SU-8 layer, resulting in Ti nanodisks supported on tapered SU-8 nanopillars. Finally,
Ti and Au were deposited by sputter deposition to form elevated Au nanodisks with narrow
gaps in the nanogap cluster regions, as illustrated in Figure 4.1e. The detailed fabrication

process is as follows.

A hard-baked SU-8 polymer layer was fabricated on a single-side-polished Si substrate (12.5
x 12.5 cm?). The SU-8 photoresist (SU-8 2000.5, Kayaku Advanced Materials) was spin-
coated onto the substrate, followed by soft baking on a hot plate at 95 °C for 1 min. The
coated layer was then exposed to ultraviolet light (405-nm wavelength, 25 mW-cm ) for 10
s using a Karl Suss MA6/BA6 mask aligner (SUSS MicroTec SE) for sufficient cross-linking
of the SU-8 layer. After exposure, the sample temperature was gradually increased to 190 °C
and maintained for 5 min for hard baking. The SU-8 layer thickness was approximately 550
nm, as measured using a spectroscopic ellipsometer (M-2000, J.A. Woollam). A 200-nm-
thick 950K PMMA layer was spin-coated onto the SU-8 polymer layer and baked at 180 °C
for 4 min. The electron-beam writing of two twisted patterns of periodic hexagonal nanodisk
arrays was sequentially performed without intermediate processing using an EBPG 5000+
system (Raith GmbH), with a beam current of 5 nA and an exposure dose of 600 uC-cm2.
The exposed PMMA was developed in a MIBK:IPA (1:3) solution for 60 s, followed by
rinsing with IPA for 10 s and drying under a nitrogen flow. A 20-nm-thick Ti layer serving
as an etch mask was deposited on the developed sample by electron-beam evaporation (ATC

1

Orion, AJA International) at a deposition rate of 0.5 A-s™!. We note that the Ti layer used as
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the etch mask is not unique, and other materials compatible with oxygen plasma etching
could also be employed without altering the underlying fabrication strategy. Metal lift-off
was carried out in acetone, followed by rinsing with IPA and drying under nitrogen.
Subsequently, isotropic oxygen plasma etching (100 W, 6 sccm, ~110 mTorr) of the hard-
baked SU-8 layer was performed for 200 s with the patterned Ti etch mask using a plasma
cleaner (Tergeo Plus Plasma Cleaner, PIE Scientific). The resulting etch depth of the non-
patterned SU-8 layer was approximately 220 nm. As a final step, a Ti adhesion layer (10 nm,
3 mTorr, DC 150 W) and Au layers (3 mTorr, RF 100 W) with thicknesses of 80, 100, and
150 nm were deposited on three separate samples by magnetron sputtering (ATC Orion 8,

AJA International), yielding three samples with different Au thicknesses.

The use of SU-8 for nanopillars enables a simple and broadly accessible fabrication process
due to its straightforward deposition via spin coating. Moreover, isotropic O> plasma etching
of hard-baked SU-8 can be performed using standard plasma cleaning equipment, in contrast
to previously reported approaches that require more complex or specialized processing steps

[53-55].
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Figure 4.1 Schematic representation of the fabrication process for elevated plasmonic
moiré superlattices. (a) Formation of a cross-linked SU-8 layer on a Si substrate by spin
coating and hard baking, followed by spin coating of a 200-nm-thick PMMA resist layer. (b)
EBL patterning of twisted periodic nanodisk arrays in the PMMA resist layer. (¢) Formation
of a patterned Ti etch mask by evaporation and lift-off. (d) Isotropic O> plasma etching to
produce SU-8 nanopillars supporting Ti nanodisks. (e) Ti/Au sputter deposition to form
elevated Au nanodisks with narrow gaps.
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4.2 Design of Elevated Moiré Structures with Fabrication Considerations

In the moiré superlattice design for the elevated structures, the center-to-center spacing (S)
and the twist angle (o) were set to 900 nm and 1°, respectively. The nanodisk diameter of the
20-nm-thick Ti etch mask was set to 370 nm, such that the resulting Au nanodisks had a
diameter of approximately 450 nm (D) after sputter deposition of Ti and Au with thicknesses
of 10 and 100 nm, respectively.

Figure 4.2 presents the calculated spatial distributions of nanodisks in Array 2 that form sub-
10, sub-20, and sub-30 nm gaps with nanodisks in Array 1 for D = 430, 450, and 470 nm,
with fixed parameters of S = 900 nm and a = 1°. For each nanogap-forming nanodisk, the
average nanogap alignment angle (0—180°) is indicated by the color of the corresponding
nanodisk. The results show that the rings of sub-10 nm gap formation, which mainly
contribute to strong electromagnetic field enhancement, gradually expand and merge at D =
450 nm, and form crossings at D = 470 nm. These results indicate that strong field
enhancement is expected at the midpoint between adjacent primitive cells when D is

approximately 450 nm or slightly larger, due to the high density of sub-10 nm gaps.
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Figure 4.2 Numerical analysis of nanogap cluster formation and its dependence on

nanodisk diameter in plasmonic moiré superlattices. Spatial distributions of nanodisks in

Array 2 forming sub-10, sub-20, and sub-30 nm gaps with nanodisks in Array 1 for (a—) D

=430, 450, and 470 nm, respectively, with fixed parameters of S =900 nm and o = 1°. The

color of each nanodisk represents the average nanogap alignment angle (0-180°). As D

increases, the rings of sub-10 nm gap formation expand, merge, and eventually form

crossings, indicating an increased density of strongly field-enhancing nanogaps.
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4.3 SEM Characterization of Elevated Nanogap Structures

The fabricated structures were characterized by SEM (Figure 4.3). Figure 4.3a presents the
structure obtained after O2 plasma etching of the SU-8 layer, corresponding to the fabrication
step illustrated in Figure 4.1d. The top-view image (left) shows the region around the
interface between two adjacent primitive cells, revealing a quasi-periodic arrangement of 20-
nm-thick Ti nanodisks with comparatively large separations between adjacent nanodisks.
The tilted-view image (70° tilt, right) confirms that the Ti nanodisks are elevated and

supported by tapered SU-8 nanopillars.

Figure 4.3b shows the Au nanodisks formed after sputter deposition of Ti and Au,
corresponding to the fabrication step illustrated in Figure 4.1e. The top-view image (left)
reveals a distribution of narrowed and well-aligned nanogaps, and the magnified image
further highlights sub-10 nm gaps within the nanogap cluster regions. The side-view image
(89¢ tilt, right) shows pillar-supported Au nanodisks with rounded sidewalls, consistent with
the slightly conformal nature of the sputter deposition process. Such densely packed elevated

nanodisks provide large accessible sensing areas for Raman signal enhancement.

Additionally, two more samples were fabricated by varying the Au sputter deposition
thickness. Figure 4.4 shows the nanogap cluster regions of samples prepared with Au
thicknesses of 80 and 150 nm, resulting in Au nanodisk diameters of approximately 430 and
470 nm, respectively. The magnified images on the right confirm that, despite the significant

variation in fabrication conditions, extremely small nanogaps were consistently obtained.
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Figure 4.3 SEM characterization of elevated plasmonic moiré superlattices at different
stages of the fabrication process. Elevated plasmonic moiré superlattice structures before
(a) and after (b) sputter deposition of Ti (10 nm) and Au (100 nm). (a) Top-view (left) and
70° tilted view (right) images of quasi-periodically arranged Ti nanodisks supported by SU-
8 nanopillars (step shown in Figure 4.1d). (b) Top-view (left) and 89° tilted view (right)
images of pillar-supported Au nanodisks with well-aligned narrow nanogaps formed after
Ti/Au sputter deposition (step shown in Figure 4.1e).
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Figure 4.4 SEM characterization of nanogap clusters formed in elevated plasmonic
moiré superlattices with varying Au thickness. SEM images of nanodisks in elevated
plasmonic moiré superlattices with (a) 80- and (b) 150-nm Au sputter deposition. The
measured nanodisk diameters are approximately 430 nm for (a) and 470 nm for (b).

4.4 Electromagnetic Simulation of Elevated Nanogap Structures

Based on the experimentally observed structure, full-wave electromagnetic simulations were
performed using COMSOL Multiphysics to investigate the electric field magnitude
distribution in the nanogap cluster region, assuming a periodic arrangement of nanodisks
within the region. The simulations were carried out using the same superlattice design
parameters as those employed in the experiments (S = 900 nm, D = 450 nm, and o = 1°),
which yield quasi-periodic nanogap arrangements within the nanogap cluster regions (Figure

4.5a).
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The simulated structure was based on the SEM observations shown in Figure 4.3b, with
minor structural simplifications for numerical modeling. Figure 4.5b illustrates the unit-cell

geometry projected onto three orthogonal planes for the simulations. The dimensions along

the x- and y-directions are 450 nm (S/2) and 779 nm (Sv3/2), respectively. The edge-
rounded Au nanodisks were modeled with a diameter of 440 nm (D) and a thickness of 100
nm. Each Au nanodisk was positioned on a 20-nm-thick Ti nanodisk, which corresponds to
the etch mask used in the experimental implementation. The refractive indices of Au, Ti, SU-

8, and Si were obtained from the COMSOL Material Library.

PMLs with a thickness of 400 nm were applied to the top (air) and bottom (Si substrate)
boundaries of the unit cell. The incident illumination was modeled as a monochromatic plane
wave with a wavelength of 633 nm, linearly polarized along the x-direction and propagating
in the negative z-direction. Periodic boundary conditions were applied along the x- and y-
directions. A periodicity of 450 nm along the x-direction corresponds to a nanogap width of
approximately 10 nm. The computational domain was discretized using the “Extremely Fine”
mesh setting, with the maximum and minimum mesh element sizes set to 24 nm and 0.1 nm,

respectively.

Figure 4.5¢ shows the electric field magnitude profile in a cross-sectional plane through the
Au nanodisk. The field magnitude was normalized to the magnitude of the incident electric
field. The simulated field distribution indicates that strongly enhanced optical hotspots are
generated within the nanogap regions. Considering that the SERS enhancement factor is
approximately proportional to the fourth power of the local electric field enhancement, the
simulated results exhibit good agreement with the experimentally measured SERS

enhancement factors.
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Figure 4.5 Full-wave electromagnetic simulation of electric field enhancement in
elevated plasmonic nanogap clusters. (a) Numerically calculated distribution of nanodisks
in a moiré superlattice (S = 900 nm, D = 450 nm, and a = 1°), showing a quasi-periodic
arrangement within a nanogap cluster region. (b) Unit-cell geometry projected onto three
orthogonal planes used in the simulations. (c) Normalized electric field magnitude
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distribution in an x—z cross-sectional plane through the Au nanodisk, showing strongly
enhanced optical hotspots localized within the nanogap regions.

4.5 SERS Performance of Elevated Moiré Superlattices

The field-enhancement performance of the fabricated elevated plasmonic moiré superlattices
was evaluated by Raman measurements with 4-mercaptobenzoic acid (4-MBA), selected due
to its stable adsorption on Au surfaces and well-defined Raman response. A self-assembled
monolayer (SAM) of 4-MBA molecules was formed on the Au surface [57] by immersing
the samples in a 0.1 mM ethanolic solution of 4-MBA for approximately 24 h, followed by
thorough rinsing with ethanol to remove non-adsorbed molecules. Backscattered Raman
signals from the SAM-functionalized samples were collected using a Renishaw inVia
confocal Raman microscope (633 nm excitation, 50x objective, an 1800 lines-mm ! grating,
NA = 0.75). Instrument control and data post-processing were carried out using the
manufacturer-provided software (WiRE). The excitation laser power was set to 1%,
corresponding to an incident power of approximately 40 pW at the sample plane. The
acquisition time for each spectrum was 5 s. SERS mapping images were generated using the
“Dynamic Mapping” function in the WiRE software. Each acquired spectrum was smoothed
using Savitzky—Golay filtering (window size = 9, polynomial order = 3) and subsequently
baseline-subtracted using the intelligent fitting mode (polynomial order = 11, noise tolerance

=1.5).

Figure 4.6a shows Raman intensity maps of the nanogap cluster regions for three samples
with different Au deposition thicknesses of 80, 100, and 150 nm. The integrated intensity of
the Raman peak at 1588 cm™!, which is one of the two prominent Raman peaks of 4-MBA,
was mapped over an area of 41 x 41 pm? with a step size of 1 pm. The incident light
polarization was aligned along the x-direction, consistent with the predominant orientation
of the nanogaps near the center of the mapped region. The measured intensity maps show
that enhanced Raman signals are generated in the ring-shaped nanogap cluster regions.

Moreover, these hotspot rings exhibit slightly different sizes due to variations in the nanodisk
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sizes induced by the different Au deposition thicknesses. This trend is consistent with the

numerical investigations of nanogap distributions for different nanodisk sizes.

Figure 4.6b presents representative Raman spectra obtained from the three samples. For
comparison, the Raman spectrum of bulk 4-MBA is also included, with its intensity
multiplied by a factor of 5 to improve peak visibility. The bulk 4-MBA reference sample was
prepared by pressing a sufficient amount of 4-MBA powder onto a flat Au reflector substrate
(100-nm-thick Au deposited on a Si substrate). Strongly enhanced Raman signals were
observed from the nanogap cluster regions across all three samples, demonstrating the
reliable formation of the moiré-based nanogaps despite fabrication variations. The measured
enhancement factor increases with increasing Au thickness. This trend can be attributed to
the enlargement of the nanogap cluster regions, which causes neighboring clusters to overlap
as the nanodisk radius increases. Thicker Au deposition also results in an increased nanodisk
sidewall area, thereby providing a larger accessible surface for analyte adsorption and
contributing to the enhanced SERS response. Additionally, the slightly different SU-8
etching depths and Au deposition thicknesses among the three samples may have led to
variations in hotspot intensity. This can be attributed to the fact that the field intensity in the
nanogap is affected by changes in the Fabry—Pérot cavity resonance condition, which is

coupled with nanogap-based hotspot generation in the nanogap cluster regions.
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Figure 4.6 Experimental demonstration of SERS performance in elevated plasmonic
moiré superlattices through Raman mapping and spectroscopy. (a) Raman intensity
maps of the nanogap cluster regions for samples with Au deposition thicknesses of 80, 100,
and 150 nm, obtained by mapping the integrated intensity of the 1588 cm™! Raman peak. The
maps reveal ring-shaped nanogap cluster regions exhibiting strong signal enhancement, with
sizes that vary slightly with Au thickness. (b) Representative Raman spectra measured from
the nanogap cluster regions of the three samples. The Raman spectrum of bulk 4-MBA is
included for comparison and scaled by a factor of 5 for clarity. Raman spectra are vertically

offset to aid visualization.
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4.6 Polarization Dependence of SERS Enhancement

In general, the field enhancement in plasmonic structures depends on the polarization of the
incident light. Based on the calculated nanogap alignment angles shown in Figure 4.2,
nanogaps in the nanogap cluster region are expected to exhibit different levels of
enhancement depending on their alignment relative to the incident polarization. To examine
this effect, Raman intensity mapping was performed in the region where three primitive cells
meet, as shown in Figure 4.7. The map clearly shows a dependence on the incident
polarization due to variations in nanogap alignment along the nanogap cluster ring. In
particular, the region indicated by the arrow exhibits minimal enhancement because the
corresponding nanogaps are nearly orthogonal to the incident polarization aligned along the

x-direction.

Figure 4.7 Raman intensity map showing polarization-dependent field-enhancement
behavior of nanogaps in elevated plasmonic moiré superlattices. Intensity mapping (1588
cm ') over a 45 x 45 um? (45 x 45 points) area around the point where three primitive cells
meet was performed for the sample with 150-nm Au deposition. The Raman-scattered light
from the nanogaps indicated by the arrow exhibits minimal intensity due to their near-
orthogonal orientation with respect to the incident light polarization, which was linearly
polarized along the x-direction.
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4.7 Estimation of SERS Enhancement Based on Experimental Measurements

The enhancement factor (EF) for the 100-nm Au sample can be calculated using the
following equation [57],

IsgrsN,
EF — SERS bulk

IpwiNsgrs'
where Iggrs and I, are the integrated intensities of a characteristic Raman peak obtained
from the SERS and bulk samples, respectively, and Nsgrs and Ny, represent the

corresponding numbers of probe molecules contributing to the measured Raman signals.

Enhancement factors for the 4-MBA monolayer-coated elevated plasmonic moiré
superlattice samples were calculated using the integrated intensities of the 1588 cm™! peak
for the SERS samples and the 1596 cm™! peak for the bulk sample. For the sample with a
100 nm Au sputter-deposited layer, the measured intensity ratio was Isgrs/Ipyix = 28.12

(Figure 4.6b).

The laser spot area and focal depth were taken to be 2 um? and 20 pm, respectively, yielding
an estimated detection volume of 40 um?® for the bulk 4-MBA measurement. Using a bulk
density of 1.5 g-cm ™ and a molecular weight of 154.19 g-mol ™' for 4-MBA, the number of
molecules contributing to the Raman signal was estimated to be Np,,;;, = 2.34 x 101, For
the SERS measurement, a molecular footprint of 0.75 nm? per 4-MBA molecule was
assumed, and the effective Au surface area of the SERS substrate was approximated to be
identical to that of a flat Au surface. Based on these assumptions, the number of molecules
contributing to the SERS signal was estimated to be Ngggrs = 2.67 X 10°. Using these
values, the SERS enhancement factor was calculated to be approximately EF = 2.46 x 10°.
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Chapter 5

CONCLUSIONS

This chapter is based on:

C. Hwang and A. Scherer, “Plasmonic Moiré Superlattices for Robust Nanogap Cluster

Formation,” Small Methods 10, no. 6 (2026): €02269. DOI: 10.1002/smtd.202502269

This thesis demonstrates plasmonic moiré superlattices that enable the geometry-driven
formation of nanogap clusters. Unlike conventional approaches limited by lithographic
resolution, this strategy exploits the intrinsic geometry of moiré configurations. Numerical
and experimental investigations confirm that simple stacking of two twisted nanodisk arrays
on a planar substrate can generate dense nanogap clusters even in the presence of typical
patterning imperfections. The formation of ultranarrow gaps is verified using voltage-
contrast SEM, providing direct evidence of electrical isolation across the nanogaps beyond
conventional morphological imaging. Furthermore, elevated plasmonic moiré superlattices
are introduced, and their practical relevance is demonstrated through surface-enhanced
Raman spectroscopy, showing consistently high sensitivity across different fabrication

conditions.

Although EBL was employed for proof-of-concept demonstrations, the approach is
inherently scalable and compatible with standard large-area lithographic techniques,
including deep ultraviolet lithography and laser interference lithography. This advantage,
together with the robust formation of extremely small nanogaps, enables cost-effective

implementation for real-world applications.

Further investigations are warranted to better understand and validate nanogap formation and
characterization. In the present study, intermediate voltage contrast was observed in voltage-

contrast SEM measurements, which limited the reliable verification of sub-5 nm nanogaps.
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This issue may be mitigated by fabricating samples with smaller geometric parameters,
where reduced nanodisk radii could suppress unintended electrical contact arising from edge
roughness during fabrication. Additionally, a slight reduction of the Au thickness below 30

nm may further help minimize such effects.

Alternative experimental approaches may also be explored. The use of different plasmonic
metals and variation of SEM acceleration voltages could provide further insight into voltage
contrast behavior. For more precise characterization of nanogap widths, higher-resolution
imaging techniques such as transmission electron microscopy (TEM) can be employed. This
approach would require the fabrication of plasmonic moiré superlattices on electron-

transparent substrates, such as silicon nitride membranes with thicknesses below 100 nm.

Moreover, the voltage-contrast SEM methodology itself can be further developed. In this
thesis, randomly selected nanodisks were connected to relatively large Au floating structures
to enable voltage-contrast imaging. A more advanced approach would involve applying an
external bias to the Au structure and measuring the steady-state contrast while sweeping the
voltage could provide a more systematic approach. Such studies may offer deeper insight
into tunneling phenomena across nanogaps, as well as their characterization using voltage-

contrast SEM.

While the present study primarily focuses on nanogap-induced near-field enhancement,
which is directly relevant to applications such as SERS, dark-field measurements could offer
additional information on the far-field optical response of the system. In particular, dark-field
microscopy imaging and spectroscopy could be employed to probe spatial variations in far-
field plasmonic resonances across the structure, including differences between nanogap-rich
hotspot clusters and non-overlapping regions. Such complementary characterization may
help establish a more comprehensive understanding of the relationship between near-field

hotspot formation and far-field plasmonic behavior in moiré superlattices.
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Beyond these characterization approaches, the proposed structure can be further developed
to incorporate additional functionalities. For example, polydimethylsiloxane (PDMS), a
biocompatible and mechanically flexible material, has been widely utilized for precise
control of nanoscale gaps through adjustable deformation [58]. Such a material system can
be readily incorporated into the moiré superlattice architecture proposed in this thesis.
Specifically, elevated moiré superlattices could be fabricated on a PDMS substrate, where
thermal or mechanical modulation of the PDMS layer would enable controlled variation of
the overall lattice dimensions, thereby allowing fine tuning of the nanogap widths. This type
of dynamically tunable structure may enable the development of adaptable SERS substrates,
where the nanogap geometry can be optimized according to the properties of target analyte

molecules.

Another possible approach to further enhance the performance of the proposed structure is
the application of a reflow process to reduce plasmonic losses and thereby improve field
enhancement. In multi-grained Au nanodisks, a relatively large grain boundary area can lead
to increased plasmonic losses and reduced field enhancement. By applying a reflow process
[59], individual nanodisks may be effectively welded and transformed toward a single-
crystal-like structure, which can reduce such losses and enhance electromagnetic field
confinement within nanogaps. However, implementation of this approach requires careful
consideration of material stability, as Au reflow typically requires temperatures exceeding
500 °C. Therefore, the supporting structure must be composed of materials that can withstand

such thermal conditions without deformation.

Overall, this thesis establishes a scalable, geometry-driven framework for nanogap structures
that overcomes conventional lithographic limitations. This framework provides a broadly
accessible platform for future studies of nanogap-mediated phenomena in quantum optics

and advanced sensing applications [60—63].
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