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Creating nanoscale and sub-nanometer gaps between noble metal nanoparticles is critical for the

applications of plasmonics and nanophotonics. To realize simultaneous attainments of both the op-
tical spectrum and the gap size, the ability to tune these nanoscale gaps at the sub-nanometer scale
is particularly desirable. Many nanofabrication methodologies, including electron beam lithography,

self-assembly, and focused ion beams, have been tested for creating nanoscale gaps that can de-
liver significant field enhancement. Here, we survey recent progress in both the reliable creation of

nanoscale gaps in nanoparticle arrays using self-assemblies and in the in-situ tuning techniques at
the sub-nanometer scale. Precisely tunable gaps, as we expect, will be good candidates for future
investigations of surface-enhanced Raman scattering, non-linear optics, and quantum plasmonics.

Keywords surface plasmon, tunable, plasmonic gap, quantum plasmon, surface-enhanced Raman

scattering, self-assembly, nanoparticle array

PACS numbers 52.25.Tx, 64.75.Yz

Contents

Overview of plasmonics

Plasmonic gaps created by self-assembly
Tunable gaps at the sub-nanometer scale
Future perspectives

Acknowledgements

References

= W N =
S U N

1 Overview of plasmonics

Light-metal interactions were well exploited in a number
of ancient artworks that are now on display around the
world. One of the most common examples is the colorful
window glass found in many ancient European churches,
where the colors actually are a result of the scattering
of metallic nanoparticles (NPs) [1]. Another even more
famous example is the Lycurgus cup, which shows a
strikingly red color when viewed in transmitted light,
but turns green in reflected light, as shown in Fig. 1(a)
[2]. This remarkable, dichroic mystery was unveiled after
Mie theoretically solved Maxwell’s equations for a plane

wave-particle configuration [3]. The simulated cross
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section of scattering as illustrated in Fig. 1(b) shows the
coherent tendency of the absorption spectrum measured
experimentally. Essentially, this phenomenon, created
by surface plasmon polaritons (SPPs), is attributed to
the fact that metallic nanostructures (such as Au, Cu,
and Ag) support coherent oscillations of conduction elec-
trons in response to incident light, leading to significantly
enhanced electromagnetic fields at the surface and open-
ing up new opportunities in plasmonics and nanopho-
tonics [4]. The experimental evidence of SPP standing
waves in metallic films were obtained by Kretschman
and Otto [5]. Meanwhile, the planar metallic film sup-
porting the SPP is extremely sensitive to its surrounding
dielectrics; this property is widely utilized in biological
sensors [6]. With the rapid advances of nanofabrication
techniques and microscopic spectrophotometers over the
past decades [7-9], proposed uses have been extended to
include many new applications, particularly plasmonic
rulers [10], surface-enhanced spectroscopy [11, 12], op-
tical waveguides [13], nanolasers [14], and optical mod-
ulators [15]. Nowadays, the ability to manipulate and
characterize light at the nanometer scale permits the
fabrication of subwavelength optical devices. In these
devices, optical components potentially can be minia-
turized so they are comparable in size to their electronic
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Fig. 1 The Lycurgus cup concealing light-metal interactions. (a)
Lycurgus cup showing a striking green color when viewed in reflec-
tion, but looking red in transmitted light. (b) Absorption spectrum
of an aqueous solution of 30 nm Au colloids (black dots) showing
good agreement with the calculated spectrum according to Mie
theory (red dots). Data of a thin film are represented for compari-
son. Inset in Fig. 1(b) displaying the scanning electron microscopy
image of a typical NP embedded in the glass. Reproduced with
permission from Ref. [2].

counterparts [16, 17]. Therefore, plasmonics holds great
promise for penetration into chemical and biological sen-
sors at tiny volumes, even more so than optoelectronic
nanodevices were initially anticipated to accomplish [18,
19].

2 Plasmonic gaps created by self-assembly

Due to strong near-field coupling, the intense electromag-
netic field within the plasmonic gaps stimulates continu-
ous development in several disciplines. Surface-enhanced
Raman scattering (SERS) [20], nonlinear optics [21], hot
electron mediated chemistry [22], and quantum plasmon-
ics [23] have been studied in the past decade. For SERS
substrates, these gaps can serve as “hot spots,” where
the detection of very few molecules has been experimen-
tally realized. Nonlinear optics has been reported upon in
several coupling configurations, such as NP-film systems
[24], NP-nanowires [25], NP chains [26], nanorod dimers
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[27], NP dimers [28], and NP prisms [29]. In order to
consider quantum plasmonics, gaps less than 1 nm are
investigated to clarify the photon-induced electron tun-
neling between neighboring nanoparticles. However, the
classical electrodynamics model breaks down when the
gap enters the sub-nanometer (sub-nm) region, where
electron tunneling disturbs the interaction between the
surface plasmons [30]. Quantum mechanical calculations
indicate that plasmon bands exhibit gradual redshifts
with shrinking gap transitions and blueshifts when quan-
tum effects and charge transfers dominate the interac-
tions among the neighboring nanoparticles. An NP clus-
ter with sub-nm scale gaps, especially NP dimers, be-
comes an ideal plasmonic substrate for experimental and
theoretical studies. Even a dramatic color change can be
observed in NP arrays where the gaps can be controlled
by applying several methodologies [31-33].

The first method involves random aggregations
triggered by some extraneous chemicals, including
molecules, DNA, and ions, which can interrupt the
surface charging onto metal NPs. When the suitable
molecules or ions are added to the metallic colloids, a
color change is visible to the naked eye [34-37|. Partial
aggregations of gold colloids give rise to some plasmonic
gaps, inducing the output of the SERS with extraordi-
narily large enhancements [38, 39]. When plasmonic NPs
are assembled at the two immiscible phases and even ag-
gregated into volume colloids [40], the spatial distribu-
tion of the NPs can be tailored by changing their chem-
ical environments [41, 42]. A stepwise strategy to gen-
erate regular heterogeneous binary NP arrays has also
been reported in the literature [43]. Nowadays, based on
this principle of random aggregation, gold colloids have
become commercially available in products used as bi-
ological detectors, such as oviposit and pregnancy test
strips.

In the second method, similar to the formation of
a “coffee ring”, a two-dimensional NP array can be
achieved by self-assembly on a liquid/air interface [44].
The NP within the colloid will flow towards the contact
line in order to compensate for the volume lost during
the solvent’s evaporation [45]. Sequential convection will
induce spontaneous organization of NPs in the vicinity
of the contact line. As such, this process is referred to
as convective assembly; it is usually utilized to assem-
ble micron-scale spheres where the limited confinement
of colloidal volume is involved.

To make this assembling technique applicable for fabri-
cating well-defined NP arrays, local confinements of col-
loidal volume during the evaporation of solvents is nor-
mally necessary; several attempts were made to achieve
this. The self-assembly method by Kim et al., for in-
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stance, enabled the creation of two-dimensional and
three-dimensional colloidal crystal films by confining
very small amounts of colloidal suspension within two
parallel glass sheets as shown in Fig. 2(a) and Fig. 2(b).
This method can be used to assemble not only high-
quality colloidal crystals with a diameter on the sub-
micron scale, but also monolayered and multilayered col-
loidal crystals over a large substrate [46]. Hong et al. de-
scribed a robust method that capitalizes on imposed axi-
ally symmetrical geometries to control the solvent evapo-
rations as shown in Figs. 2(c)—(d). The capillary flow and
evaporative processing of microfluids are confined below
the indenters with various geometries. The indenters di-
rect the formation of a variety of complex, highly reg-
ular surface patterns in a precisely controllable manner
[47]. In our previous investigations, an assembly tech-
nique that resembles the writing action of a “pipette
pen” was developed by confining the colloid at the edge
of the pipette. Gold NP arrays can be obtained by con-
trolling the assembling parameters; each strip of these
gold NP arrays has a width on the micron scale; they
are closely packed in a hexagonal arrangement with in-
terparticle distances smaller than 3 nm in the horizontal
plane [48]. To further improve the well-defined organi-

zation of tiny NPs of less than 10 nm into monolayered
arrays, gold colloids are artificially confined in nanoscale
grooves below a pipette, which can help to assemble par-
allel strips. The stacking layer of each strip is correlated
with the groove’s diameter; thus an NP monolayer with
a tiny gap is fabricated within the tiny grooves [49]. Re-
cently, it was demonstrated that self-assembly of an NP
monolayer consisting of parallel strips can be switched
on and off by precisely tailoring the contact angle of gold
colloids on substrates across a critical value of 4.2° [50].
Whether and where the NP strips are created within a
confined space on the micron scale depends on the mag-
nitude of the contact angle, which can be quantitatively
characterized by light interference (See Fig. 3) [50, 51].
Besides self-assembly within a confined volume, assem-
bly of the colloidal NPs may be directed by templates
with comparable feature sizes [52, 53]. Slightly tapered
nanopillar arrays have been employed as the templates,
since colloidal nanospheres can be deposited in the va-
cancies between adjacent nanopillars [54, 55]. Cui et al.
delineated a practicable approach for the hierarchical
assembly of isotropic and anisotropic colloidal nanos-
tructures over large areas; this approach represents a
significant step toward the integration of metallic colloids
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Fig. 2 Colloidal crystal films assembled at a confined volume. (a) Schematic illustration of small amount of colloidal
suspension confined within two parallel glass sheets. (b) An SEM image of colloidal crystals. (c) Schematic illustration of
the route for assembling the concentric square stripes below the indenter. (d) Typical fluorescence images, corresponding
to the different locations defined in the lower left schematic, show the bent stripes and parallel straight stripes. The data
in (a), (b), and (c), (d) were reproduced with permission from Refs. [46] and [47], respectively.
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Fig. 3 Convective assembly at a confined contact angle. (a) Schematic illustration showing the tuning of the contact
angle of the water confined between the substrate and the blade. (b) The schematic illustration of the generation of wedge
interference when light is reflected at the air/water and water/glass interfaces. The interference pattern is collected in the
vicinity of the contact line. (¢) Alternate change of contact angle between 2° and 3.5°. (d) SEM images of the monolayered
strips with spherical NPs and urchin-shape NPs. Reproduced with permission from Refs. [50] and [51].
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Fig. 4 Template-assisted self-assembly. (a) Schematic illustration of the capillary force assembly mechanism. SEM images
of 50-nm-diameter Au NPs forming arrays on the templates. (b) Self-assembly of NPs with a diameter of 8 nm directed by
the template. (c¢) Diagram of template-assisted self-assembly of NP chains with tunable lengths. Data in (a), (b), and (c)
were reproduced with permission from Refs. [56], [57], and [26], respectively.

[See Fig. 4(a)] [56]. Asbahi et al. have pushed template-
assisted self-assembly towards the use of sub-10 nm par-
ticles in the presence of surface topography. This process
enables creating a thin liquid that confines NP dimers
and NP chains because a moving nanomeniscus can, with
precision, slot one single NP into the template [See Figs.
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4(b) and (c)] [26, 57]. The advantages of this technique
are its applicability to any type of NPs and quantum dots
in principle and its capacity to be scaled up further to
macroscopic areas through optimized coating processes
and the precise control of assembling conditions [57]. The
other driving force of self-assembly is an electric poten-
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tial, in which the charged NPs move to an oppositely
charged patterned electrode and are deposited selectively
into a nanoscale cavity to create a two-dimensional pat-
tern [58].

3 Tunable gaps at the sub-nm scale

As described above, the nanoscale gap can be reliably
generated by self-assembly in a confined space. However,
comparable and convincing optical properties should be
collected only when the plasmonic gaps can be tuned in-
situ with a spatial resolution in the sub-nm scale. This
tunable feature is extremely important for the creation
of “hot spots” for SERS applications and investigations
of quantum plasmonics [59]. Normally, the gap size of the
NP arrays situated on a flexible substrate can be tuned
reliably by mechanical actuation, including mechanical
bending, stretching, and compressing. This concept is
experimentally valid in a variety of plasmonic structures
supported by flexible substrates, including NP arrays
[60], microvoids [61], cylindrical heptamers [62], and par-
allel gratings [63].

Mechanically stretching the elastomeric films is the
simplest method to apply to tune the interparticle gaps
without causing the deformation of the NPs. Han et al.
observed the plasmonic shift of 1D Au NP chains by the
plastic deformation of the polymer matrix. The shift-
ing magnitude depends on the degree of mechanical de-
formation of the film. This novel NP film can be used
to capture and to record the pressure distribution and
magnitude by outputting color information that is quan-
tified in a spectrometer [64]. Huang et al. demonstrated

active plasmon tuning of individual Au NP dimers [See
Fig. 5(a)]. This elastomeric method provides one route
to tune interparticle separations at very short distances,
thus optimizing the field enhancements at the interstitial
spaces of two NPs for high SERS signals [28]. Alexan-
der et al. developed a practicable method for control-
ling the spacing of nanorod dimers on silicone rubber
[See Fig. 5(b)]. Subsequent measurements of the SERS
enhancement factor over a range of interparticle separa-
tions yielded a trend consistent with what was predicted
by theoretical simulations for primary mode resonances
[65]. As a matter of fact, not only is mechanical stretch-
ing restricted for gap tuning in NP dimers, but also the
ideal interstitial spacing can be controlled effectively in
heptamer arrays, with the subsequent reliable shifts in
Fano resonance [See Fig. 5(c)] [62].

In comparison with mechanical stretching, mechani-
cally bending the substrate can offer precise control of a
nanoscale gap within a relatively narrow range. Tian et
al. claimed that a minimum gap size of 0.4 nm can be
achieved; this is more sensitive than the tunable range in
conventional stretching techniques. In our previous inves-
tigations, the gap within the NP monolayer can be tuned
towards the sub-nm scale if the point of contact between
the NPs and the polymer substrate is assumed [50, 66].
The minimum gap sizes reported in several researches
are listed in Fig. 6 [27, 28, 34, 67]. In principle, uniform
and reversible stretching (or compressing) of the flexible
substrate will benefit the reliable tailoring of plasmonic
gaps at the sub-nm scale. However, local deformation of
the substrate relies significantly on its surface roughness,
Poisson ratio, and the exact way to supply the loading.
These restraining factors weaken the ability to tune the
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Fig. 5 Plasmonic gaps tuned by mechanical deformations. (a) Tunable dark-field scattering spectra of a single Au NP dimer.
(b) Tunable Raman scattering of molecules absorbed onto the head-to-head nanorod dimer. Red and blue lines simulate
results in transverse and perpendicular directions, respectively. Open diamond dots are experimental data. (¢) Schematic
illustration of gold heptamer arrays embedded in a polymer membrane, showing the tunable extinction spectra. Reproduced

with permission from Refs. [28], [65], and [62].
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Fig. 6 Minimum limit of several plasmonic gaps tuned by me-
chanical stretching or mechanical bending. Reproduced with per-
mission from Refs. [27], [28], [34], and [67].

gap at the sub-nm scale; so that the minimum gap
achievable in this method is usually several nanometers,
although the tuning range can reach tens of nanome-
ters. In comparison with mechanical stretching and com-
pressing, mechanical bending is a more efficient method
for tailoring the sub-nm scale gap with fine steps. In
this technique, the gap size depends on the strain level
on the substrate’s surface, which can be reversibly and
reliably tuned by controlling its curvature during me-
chanical bending. Therefore, the surface roughness will
not greatly affect the local curvature of the flexible sub-
strate. The challenge here is the precise calculation of
the local surface curvature, as our recent investigation
has revealed [68]. It must be noted that the tuning range
of plasmonic gaps is much smaller than the range during
mechanical stretching and compressing.

4 Future perspectives

In theory, the sub-nm scale gap is a useful element for
modeling and calculating quantum plasmons; experimen-
tal evidence for quantum effects in coupled NPs has also
been acquired [69]. Yet there are several challenges to
overcome in reliably tuning plasmonic gaps before a con-
vincing quantitative theory can be formulated.

The exact gap size at which electron tunneling begins
to appear has not been conclusively determined by the
existing experimental results. Duan et al. suggested that
the classic electrodynamics model only holds for gap sizes
down to 0.5 nm in nanoprism dimmers [70]. However,
both the electronic structures of the bridging molecules
and the shape and local geometries of the junctions can
affect the electrons’ behaviors. This is reflected in the
scattering spectrum and by electron energy loss spec-
troscopy [59, 71].

The second challenge emerges from the difficulty of
obtaining precise characterizations and spectral mea-
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surements of plasmonic gaps in the sub-nm scale. Cur-
rently, transmission electron microscopy is still the main
characterization method for observing gap size; its two-
dimensional projections can lead to some errors, espe-
cially for NPs with some local changes in surface mor-
phologies. The most reliable technique might lie in the
capability for collecting projected images from different
angles and then reconstructing a three-dimensional im-
age of plasmonic gaps. If a plasmonic gap is tailored
in-situ with a sub-nm step size, a series of spectra with
excellent comparability can be collected at the different
gaps. So far, although mechanical bending or stretch-
ing can in-situ change the gap size between the NPs,
precise determination of the initial size and real-time
evolution remain big experimental challenges. Recently,
gap size evolution with the phase transition of a sup-
porting substrate has been experimentally realized. This
development might provide an alternative technique for
tuning and characterizing the gaps in the transmission
electron microscope in the future, where the supporting
substrate is transparent to the electron beam [72]. In
general, more precise control over the interparticle dis-
tances in the dimers is highly desired for introducing the
optimal molecule linker, template, and solvent evapora-
tion [73]. Meanwhile, precision in the characterization
and tuning of gap size and real-time spectra collection
is crucial for accelerating research on quantum plasmons

and SERS in the near future [74].
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