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ABSTRACT

The integration of Au nanorods in tip-enhanced Raman spectroscopy (TERS) presents a significant increase in the enhancement factor,
primarily due to the gap-mode effect. By aligning Au nanorods in parallel, we construct an Au nanorod lattice, referred to as the Au nano-
lattice, which further amplifies the advantages of TERS imaging due to the induced inter-nanorod surface plasmon resonance. A critical
aspect in this research involves investigating the distribution of hotspots within the nanolattice during TERS measurements. Additionally,
we demonstrate that the tip–lattice nanocavity is a predominant factor in determining both the intensity and spatial distribution of these
hotspots. Employing the experimental and simulation results, we illustrate the enhancement effect of the tip–lattice cavity and elucidate the
connection between the hotspot intensity and cavity size. This comprehensive approach contributes to our understanding of the nano-
lattice’s role in TERS and offers valuable insights for optimizing nanophotonic applications.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0199473

INTRODUCTION

Metallic nanorods, characterized by their surface plasmon res-
onance (SPR), have emerged as versatile platforms with extraordi-
nary optical properties.1–3 SPR plays a predominant role in various
applications, particularly in surface-enhanced Raman spectroscopy
(SERS)4,5 and single-molecule photocatalysis.6,7 The unique elec-
tronic properties of Au nanorods make them ideal candidates for
enhancing Raman signal sensitivity and facilitating photocatalysis
at the single-molecule level. In contrast to individual Au nanorod,
the nanorod lattice (i.e., self-assemblies of individual nanorods)
offers unique advantages, providing collective behavior that tran-
scends the characteristics of individual nanorod.8,9 This ordered
assemble enhances the overall optical and electronic properties,
facilitating advanced applications in sensing and photocatalysis.10

A key feature of the nanorod lattice is its collective plasmon
mode, resulting from interactions among adjacent nanorods.11 This

collective plasmon mode leads to tunable and enhanced plasmonic
responses; thus, imaging spatial plasmon modes provides informa-
tion regarding the SPR mode and its distribution, which is crucial
for developing cutting-edge nanophotonic devices and applications.
Up to now, the experimental measurement of nanorod plasmon
modes has been accomplished through a variety of advanced tech-
niques like dark-field microscopy12,13 and scattering-type scanning
near-field optical microscopy (s-SNOM),14 which provides spatially
resolved information on plasmonic excitations. Additionally, elec-
tron energy-loss spectroscopy (EELS) in transmission electron
microscopy (TEM) has enabled detailed investigations into the
energy and spatial distribution of plasmon resonances.15,16

However, investigating plasmon modes in the nanorod lattice
remains challenging, primarily owing to the ultrasmall dimensions
(down to a few nanometers) of nanocavities formed within these
lattices.17 Although TEM can image sub-nanometer structures,
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in situ detection of plasmon modes is still limited. Therefore, it is
highly desired to develop an imaging technique, which is capable
of in situ imaging plasmon modes of nanorod lattice at nanoscale.

Tip-enhanced Raman spectroscopy (TERS) stands as a power-
ful technique for mapping intricate plasmon modes within struc-
tures like the Au nanorod lattice.18 TERS employs a metallic tip
(such as Au tip) in close proximity to the sample, thereby amplify-
ing the Raman signal and achieving nanoscale spatial resolution.
Specifically, the tip forms a plasmon cavity with the nanolattice,
enhancing the SPR through the gap-mode effect.19 Therefore, both
the materials of the tip and nanolattice influence the enhancement
factor.20 With enhanced SPR, a detection limit down to single mol-
ecules and nanometer-sized spatial resolution can be achieved,
which is crucial for imaging the hotspots’ distribution in the Au
nanolattice.

In this work, we adopted a single mono-layer of p-nitrothiophenol
(pNTP) molecules on the nanolattice as transducer molecules.18 The
Raman band of nitro group (1330 cm−1) imaged by TERS indicates
the hotspot positions within the nanolattice. Notably, the uniform
single monolayer ensures unbiased hotspot measurements, allowing
us to pinpoint the regions of the heightened plasmonic activity and
gain insights into the spatial distribution of plasmon resonances.
Through precise characterization of plasmon hotspots, we can fabri-
cate nanolattices to achieve specific optical responses. Moreover,
experimentally mapping plasmon modes is essential for unlocking
the full potential of Au nanorod lattices in nanophotonic and nano-
catalytic applications. Finally, we utilize the synergy between experi-
mental and simulation validation to propel the optimization of
nanolattices for TERS.

RESULTS

The hotspots on the Au nanorod predominantly manifest at their
longitudinal ends based on the Localized surface plasmon resonances
(LSPR) mode of a single nanorod. In the case of an 80 nm-long
nanorod, higher-order plasmon modes are less conspicuous.18,21

Consequently, utilizing nanorods as a TERS substrate for applications
such as single-molecule sensing allows for the measurement of doped
molecules in a relatively confined region.22 Figure 1 provides a numeri-
cal simulation illustrating this phenomenon, where exciting the nano-
rods along the longitudinal direction generates a well-defined plasmon
mode, offering valuable insights for optimizing TERS applications and
nanorod behavior. The absorption spectrum of the Au nanorods is
presented in Fig. S2 in the supplementary material.

As shown in Fig. 1, placing an Au tip with a radius of 20 nm
and length of 80 nm above the nanorods creates a nano-cavity,
intensifying the electric field of the hotspot. This enhancement
results from the coupling of the plasmon modes of the nanorods
with that of the tip. Regions with higher plasmon density improve
field enhancements for the nano-cavity. Simultaneously, the tip can
alter the intrinsic plasmon mode of the nanorods. We utilize TERS
to image the doped pNTP monolayer that uniformly covers the
whole nanolattice, effectively mapping the hotspots within the tip–
lattice gap-mode plasmonic structure.

Through the parallel alignment of multiple nanorods,23 we have
successfully engineered a nanolattice, as depicted by AFM image
[Fig. 2(a)] and SEM image (Fig. S1 in the Supplementary Material).

The scale bar in Fig. 2(a) characterizes the nanorod diameter,
approximately 20 nm. Notably, the right part appears thicker due
to the overlap of two nanorods. When the lattice aligns perpendic-
ular to the light polarization, hotspots are anticipated to manifest at
the two ends of each nanorod. However, as illustrated in Fig. 2(b),
the observed plasmon modes between nanorods emerge due to the
lattice structure. In the specified area, the enhancement effect
covers the entire nanorods, particularly accentuating hotspots at the
midpoint. Figure 2(c) presents a typical TERS spectrum of pNTP
doped on the lattice, with the highlighted peak attributed to the
nitro band, situated approximately 0.5 nm above the nanorods.20

Note that the peak at 1391 cm−1 indicates a few −NO2 is trans-
formed to azo bonds, which suggests that photocatalysis occurs
during imaging. However, as shown in Fig. S3 in the
supplementary material, the sites generating azo are very sparse,
affirming that the majority of TERS images remain unaffected by
such chemical transformations.

As depicted in Fig. 3(a), when the dual-nanorod-lattice struc-
ture is selectively stimulated by polarized light aligned with its ori-
entation, the lattice mode is generated. This selective stimulation
emphasizes the lattice’s unique plasmonic behavior. Figure 3(b)
reveals the hotspots through imaging the enhancement of the nitro
peak. Notably, compared to their central regions, the longitudinal
ends of the nanorods exhibit subdued brightness.

To corroborate the experimental findings, simulations employ-
ing MNPBEM algorithms were conducted to illustrate the
near-field intensity.24 Figures 3(c)–3(f) show the simulated field
intensities corresponding to different positions of the tip, varying

FIG. 1. Schematics of TERS in conjunction with an Au nanorod lattice. The red
arrow represents the polarization direction of the incidence light. The nanorods
are uniformly covered with a monolayer of pNTP molecules. In this configuration,
the tip-nanorod-lattice cavity is shown to enhance the Raman signal of the nitro
group (−NO2), which maps the positions of the hotspots. Numerical simulations
reveal that the hotspots are located at the ends of each nanorod under the
given polarization condition.
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from being in contact with the nanolattice to retracting from it.
Specifically, the gaps between the tip and the nanolattice were set at
0.1, 0.3, 0.5, and 0.7 nm, respectively. Notably, these simulations
replicate the TERS measurement process rather than directly simu-
lating the near-field plasmon mode. Throughout the measurement
process, the tip traverses across the nanolattice. Therefore, we simu-
late the hotspot for each point of the scan. The assumption here is
that the detector is positioned in the far field. Initially, the far-field
electric intensity is computed using the nanolattice alone.
Subsequently, a nanoparticle-like tip with a diameter of 20 nm is
brought into contact with the nanolattice, and the resulting
enhanced intensity is calculated. Finally, the difference between
these two intensities yields the true near-field intensity. The
spacing between the nanorods is fixed at 1 nm in Fig. 3, and its
dependency is illustrated in Fig. S4 in the supplementary material.

At a tip position of 0.1 nm above the nanolattice, the simulation
shows nearly uniform hotspots across both nanorods in TERS, result-
ing in a near-field intensity lower than that observed for gaps of 0.3
and 0.5 nm. Figure 3(e) illustrates that as the gap distance increases to
0.5 nm, in concordance with Fig. 3(b), the simulation demonstrates
higher enhancement at the center of both nanorods, with compara-
tively weak hotspots at the longitudinal ends of the left nanorod.
With the tip positioned 0.7 nm above the nanolattice, as depicted in
Fig. 3(f), hotspots are primarily influenced by each nanorod, with the
inter-nanorod plasmon making a weaker contribution. Simultaneously,
the near-field enhancement is reduced. The simulations indicate that
the plasmon modes of the nanolattice dominate the near-field
enhancement when the tip-nanolattice gap is less than 0.7 nm.

The precise positioning of the tip above the nanolattice is of
significance, particularly considering the thickness of the molecular

FIG. 2. TERS image of a nanorod lattice composed of 7 nanorods. (a), AFM image of the lattice. The radius of the nanorod is 20 nm, and the length is 80 nm. The right
part of the selected structure is a dislocated stack of two nanorods, reaching a height of 25 nm. (b), TERS image of the same lattice. The color bar stands for the inte-
grated intensity of the Raman peak 1336 cm−1. The rectangular area shows the stacked nanorods. (c), the TERS spectrum of the pNTP layer on the nanolattice. The
shaded peak is corresponding to -NO2.
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layer. For instance, to achieve optimal results, the tip is often posi-
tioned approximately 0.5 nm above the nanolattice. This distance is
notably associated with the nitro band. It’s noteworthy that the
hotspots generated by the tip–lattice structure exhibit variability,
depending on the specific cross-sectional plane under investigation.
Therefore, careful consideration of these spatial parameters is
important for effectively probing and understanding the intricate
interactions within the nanolattice during experiments.

DISCUSSION

The hotspots generated by individual nanorods exhibit limited
strength due to their low plasmon density. In contrast, hotspots
induced by the lattice configuration manifest much larger intensity
than those arising from individual nanorods. Furthermore, the dis-
tribution of these hotspots is demonstrated to be more expansive
and uniform, offering significant advantages for two-dimensional
single-molecule imaging. This observation underscores the distinct
plasmonic properties of the dual-nanorod lattice, where the
enhanced area displays a more uniform distribution of hotspots
compared to individual nanorods. Smaller hotspots, typical of indi-
vidual nanorods, result in speckled images, rendering them more
aptly utilized in sensing applications without spatial resolution.

Traditionally, the investigation of hotspots in TERS has been
linked to the plasmon mode of substrate structures. However, it is
crucial to note that the near-field signal in TERS is not exclusively
determined by the nanolattice; rather, the contribution of the tip–
lattice nanocavity should be taken into account. As illustrated in
Figs. 3(c)–3(f ), the gap between the tip and the nanolattice plays a
significant role in influencing hotspot distribution. Notably, for the
pNTP molecule with its nitro band positioned approximately
0.5 nm above the nanolattice, Figs. 3(c) and 3(f ) fail to accurately
depict what is observed in Fig. 3(b). This underscores the impor-
tance of considering the specific interactions within the tip–lattice
nanocavity for a comprehensive understanding of hotspot dynam-
ics in TERS. As a reference, the simulation of a tip-rod cavity is
demonstrated in Fig. S5 in the supplementary material. The further
study of the dependence of the tip sizes is shown in Fig. S6 in the
supplementary material.

The complexity of hotspot formation within the nanolattice
surpasses that of a single nanorod due to its collective plasmonic
effect, resulting in generally stronger enhancements compared to
individual nanorods. However, the application of a nanolattice in
TERS experiments can yield counterintuitive outcomes, such as
uniform hotspots distributed over the nanorods instead of being
localized at the ends, considering the tiny scale of the entire struc-
ture. The size of the tip–lattice assumes an important role in these

FIG. 3. TERS image and simulation of a dual-nanorod lattice. (a) AFM image of the dual-nanorod structure located on the right side of the image. The two nanorods are
aligned parallel to each other. The polarization of the incident light is along the x-axis (indicated by the red arrow), making an angle of 90 degrees with the longitudinal
axis of the nanorods. (b) the TERS image of the plasmon mode of the dual-nanorod structure. The AFM and TERS images are collocated to highlight the hotspot positions
within the structure. (c)–(f ) numerical simulations corresponding to the TERS image (b) showing the electric field intensity at various heights above the nanorods: (c) 0.1,
(d) 0.3, (e) 0.5, ( f ) 0.7 nm. The axis unit is nm.
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measurements; for instance, the enhancement is more pronounced
when the gap size is 0.3 nm. Conversely, when the gap exceeds
0.7 nm, the lattice plasmon mode’s contribution diminishes sub-
stantially, reverting to the nanorod plasmon mode.

It is important to note that in the simulation, a 20 nm tip size
is employed, preventing it from reaching between the two nano-
rods, resulting in a dark area at the middle—similar to a scenario
that may occur in the actual experiment. However, it is essential to
recognize that a real tip is not a flawless, solid nanoparticle. The tip
surface exhibits roughness, and its shape is irregular. Even when
positioned at the midpoint of the nanorods, the tip can still make
contact with the nanorod surface and effectively generate TERS
signals.

CONCLUSION

This paper presents a demonstration of the distinctive electric
field hotspot distribution in an Au nanorod lattice compared to
that in a single nanorod. Through simulations, we reveal that the
hotspot is not solely governed by the surface plasmon mode of
either the individual nanorod or the lattice but is significantly
influenced by the tip–lattice nanocavity. The size of this cavity
becomes a crucial factor, impacting both the strength and distribu-
tion of the hotspots. These findings offer insights into the role of
the nanorod lattice in gap-mode TERS experiments and provide
guidance on optimizing the tip–lattice distance for effective sensing
of pNTP molecules. Armed with this knowledge, the Au nanorod
lattice can be more strategically employed in single-molecule
imaging and photocatalysis applications using TERS.

SUPPLEMENTARY MATERIAL

See the supplementary material for (1) the experimental
section including sample preparation and TERS measurement and
(2) the SEM image, absorption spectrum of Au nanorods, and
TERS simulations of the dual-nanorod lattice in various
configurations.
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