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Abstract: Light-matter interaction lies at the heart of photonics/optical material science. As the
research emphasis in recent years shifted from microscale towards nanoscale, light-matter
interaction within extreme dimensions raised new challenges as well as opportunities. However,
due to the diffraction limit of conventional optics, coupling and confinement of light into deepsubwavelength volume is usually very challenging, resulting in difficulties in exploring the lightmatter interaction within ultra-thin and ultra-small dimensions. Based on recent advances in
theoretical modeling, nanomanufacturing and experimental validation efforts, unique features have
been recognized. Here we summarize recent key progresses of light-matter interaction within
extreme dimensions and discuss future directions based on new combinations of materials,
structures, nanomanufacturing and applications, ranging from quantum plasmonics, nonlinear
optics to optical biosensing.

Introduction
Diffraction limit of classic optics is a major hurdle of many optical technologies, including the
resolution of optical imaging and lithography. Breaking the diffraction limit has realized profound
achievements in different areas (e.g., the 2014 Nobel Prize in Chemistry, super-resolution
nanoscopy). In the past decades, the unprecedented ability of light confinement and concentration
has attracted significant research interests [1, 2]. It has been reported that the optical field can be
concentrated into subwavelength volumes and realize significant field enhancement using a variety
of nanoantenna structures [2] and is promising to develop enhanced nonlinear optics [3], surface
photocatalysis [4, 5] and vibrational biosensing spectroscopies [6, 7]. Exploration of light-matter
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interaction within man-made one-dimensional (1D), two-dimensional (2D) and three-dimensional
(3D) volumes are of great interest and importance. In particular, as the dimension of interest scales
down to deep-subwavelength regimes, new opportunities have been identified in several
representative areas from 2D material photonics and optoelectronics [8, 9] to quantum plasmonics
[10, 11]. One major research direction is to create metallic nanostructures to support strongly
enhanced localized field for enhanced light-matter interaction [12]. It is generally believed that
light manipulation within smaller dimensions will result in stronger localized field enhancement
(i.e., hot spots) due to optically driven free electrons coupled across the gap. Intriguingly, when the
accessible dimension was scaled down to ~1-nm, quantum mechanical effects in metallic structures
will play dominate roles and enable scientific exploration beyond the existing research. However,
although unique optical properties were predicted by theorists (e.g., invisible clocking at visible
wavelengths [13-15] and transformation optics for new display technology [16-18], to name a few),
experimental realization of these exciting optical phenomena is still limited since most nanoscale
lithography methods were also limited by classic diffraction limit. Therefore, the investigation for
light-matter interaction is heavily dependent on the manufacturing methods to approach the
extreme dimensions.
In silicon electronics the ability to downscale key dimensions of the active device channel has
proven extremely successful over the past fifty years in increasing the density of transistors and
their operating frequency [19]. Unfortunately adopting silicon’s approach of improving the device
performance by downscaling to emerging semiconductor technologies, such as large-area printed
electronics, has proven extremely challenging both in terms of technological hurdles and cost. For
example, manufacturing of devices with critical dimensions <20 nm requires sophisticated and
highly expensive fabrication techniques that are incompatible with materials used in emerging
semiconductor technologies. Therefore, the development of reliable, scalable and cost-effective
techniques capable of delivering nm-resolution patterning has long been sought by the electronic
industry, as well as photonics and nanotechnology areas. This article will first review the latest
manufacturing methods to produce ultra-small features, and then overview the frontiers in recent
studies of light-matter interaction within these extreme dimensions. The extremely small optical
materials and structures will be discussed from lateral to vertical dimensions, then to 3D volumes.
We will conclude the review by providing an outlook on grand challenges and opportunities in
light-matter interactions within extreme dimensions.
Nanomanufacturing of extremely small features
The focus on sub-10-nm manufacturing: In the past decades, we witnessed an impressive
progress in improved nanomanufacturing technologies, like focus ion beam (FIB) milling
(including more advanced focused helium and neon ion beam milling and deposition [20-22]),
electron beam lithography (EBL), nanoimprint lithography, etc. These are still major approaches
to fabricate nanopatterns. One of the major research efforts is to realize sub-10-nm accuracy and
controllability by introducing new processes on top of these widely used methods. For instance, it
was reported that EBL followed by reactive ion etching (RIE) process was employed to fabricate
nanostars on silicon pillar dimers successfully with 6-nm interparticle spacing (Fig. 1a) [23].
Electromigration is another promising method to fabricate ultra-small gaps starting from a pointlike nanowire, as shown in Fig. 1b [24]. A large current flow across the metallic nanowire
introduces the electromigration of metal atoms and eventual breakage of the nanowire, resulting in
~1 nm gap. Different from the “breaking” process of electromigration, photochemical metal
deposition method shrinks the gap between two adjacent nano-antenna based on reduction reaction
of gold salt solution under laser illumination (Fig. 1c, upper panel). Using this method, the original
20 nm gap introduced by EBL was shrunk down to ~14 nm, as shown in the lower panel of Fig. 1c,
and can be further scaled down to ~4 nm [25]. However, the uniformity and reproducibility still
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remain challenging. In addition, a shadow evaporation and interference-lithography-based method
was proposed to fabricate sub-10-nm nanogaps [26]. Metal was deposited on top of pre-fabricated
nanogratings at an angle between 30° to 70°, resulting in sub-10-nm gaps (see Fig. 1d). It should
be noted that the fabrication error of this method is ±1.5 nm, which is relatively large compared
with the gap size. Recently, researchers employed DNA as a programmable linker to mediate the
assembly of plasmonic NPs with precisely controlled spacing and symmetry [27]. By employing
different DNA ligands, the edge-to-edge inter-particle spacing can be adjusted from 0.9 ± 0.2 nm
to 19.6 ± 1.7 nm [27] (see Fig. 1e). More recently, magnetite nanocubes were self-assembled into
densely packed arrays in a template-free manner over centimeter scales (Fig. 1f) with the gap
distance of ~2 nm [28]. However, the scalability is an intrinsic limitation for those aforementioned
top-down fabrication methods [23-26] due to the requirement for predefined EBL patterns.
Although self-assembly methods can produce micrometer-scale [27] or centimeter-scale patterns
[28], it is still challenging to scale it up further, which imposed a serious cost barrier for the
development of practical applications over ultra-large scales. In addition, the magnetic-assisted
self-assembly process requires magnetic-core nanomaterials and magnetic field [28], which is not
compatible with many non-magnetic materials.
Next, we will highlight several recently reported unique technologies that were not based
on widely reported lithography methods and can potentially overcome the technical challenges of
conventional methods.

Fig. 1 Overview of representative efforts to produce sub-10-nm features: (a) Scanning electron
microscope (SEM) images of nanostars on silicon pillar dimers with a 6-nm interparticle spacing (from ref.
[23]). (b) SEM image of a typical nanogap device fabricated by electromigration (from ref. [24]). (c)
Schematic illustration of photochemical metal deposition on the lithographically prepared dimers (upper
panel). The SEM image (lower panel) shows a photochemically treated dimer with a gap of approximately
14 nm (from ref. [25]). (d) Scheme of the shadow evaporation process. SEM image indicates cross sectional
view of a sub-10-nm cleaved gold nanogap (from ref. [26]). (e) TEM images of sheets formed using DNAT15 showing the regulation of the inter-particle spacing in fully attached sheet (left panel, gap size is ~7.7
nm) and partially attached sheet (right panel, gap size is ~1.3 nm) (from ref. [27]). (f) Low- and highmagnification SEM images of nanocubes with the gap space of ~2 nm (from ref. [28]). Figures reproduced
with permission: (a) copyright 2014, Wiley; (b) copyright 2010, NPG; (c) copyright 2012, ACS; (d) copyright
2011, AIP; (e) copyright 2009, NPG; (f) copyright 2014, AAAS.
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Laser-shock imprinting (LSI): Laser-shock patterning is a newly emerging laser
processing technology that was mainly used to manipulate metallic nanopatterns. Shock waves up
to 1 TPa [29] can be generated by plasma expansion occurred during high-power-density pulsed
laser (typically in nanoseconds) interacting with light absorbing materials (e.g., metals and
graphite). The intensity of such a shock wave can be increased by up to two orders of magnitude
by using a transparent overlay. Although it has been decades since the development of laser shock
processing of metals for surface engineering [29, 30] in 1970s, the recent integration of laser shock
generation with sheet metal shaping has generated a strong impetus for laser-shock based
nanomanufacturing of plasmonic metal nanostructures [31, 32], as well as shaped or strained 1D
nanowires [33, 34] and 2D materials [31, 35]. For instance, LSI of sheet metals against a predefined
silicon mold yields large-scale ordered nanogaps at dimensions around 10 nm [31]. And due to the
ultra-high strain rate and the high stress wave, both the local surface roughness and crystallinity
(Fig. 2a) are found to be significantly improved, compared to the state-of-the-art electron beam
deposition process. The gap can further be narrowed down (Fig. 2b) by combined use of EBL and
LSI [32] at laser fluence on the order of 1 KJ/m2. The geometries and crystallinity are dependent
on laser parameters and the mechanical properties of the shock wave transmission media. Fig. 2c
shows the performance of LSI on typical metallic nanoantennas at a variety of laser fluences. LSI
has high throughput and good scalability, enabling wafer-scale imprinting of metallic
nanostructures in minutes (with the energy consumption of ~ 4 W·hr). However, future research is
needed to address the overlapped areas during pulsed laser scanning. These researches also trigger
the fundamental understanding of mechanical behavior of nanomaterials under extreme dynamic
conditions [36-38].

Fig. 2 Laser shock imprinting: SEM images of (a) LSI aluminum pyramid [31], (b) gap distance shrinking
by LSI, and (c) LSI of different Au nanoantennas with increasing laser fluence from left to right: before laser
shock, laser shock with fluence of 7.5, 11, 14, and 17 kJ/m2 (from ref. [32]). The scale bars are 500 nm in (b)
and 1 μm in (c), respectively. Figures reproduced with permission: (a) copyright 2014, AAAS; (b) copyright
2016, Wiley.

Adhesion-lithography (a-Lith): a-Lith is a solution-based nano-pattering technique that
combines extreme downscaling with scalable and large-area compatible manufacturing [39]. As
illustrated in Fig. 3a, the a-Lith method entails the deposition of a metallic film (metal-1 or M1)
onto a substrate, which is subsequently patterned to define metalized areas with desired shape and
4

size (step 1). A suitable self-assembling monolayer is then functionalized onto the surface of M1
by immersing the substrate into the self-assembled-monolayer (SAM) solution (step 2). Due to the
metallophilic nature of the SAM’s anchoring group, the monolayer only assembles on the surface
of M1 and not on the substrate. Importantly, the choice of the SAM’s head group determines the
surface energy of M1, and hence the interaction of the metal pattern with the environment. This
simple approach can thus be exploited to increase the surface energy difference between M1 and
the substrate. Next, a second metal layer (M2) is deposited over the entire substrate (step 3), or
parts of it using additional patterning steps. Owing to the presence of the SAM, the strength of
adhesion between M1 and M2, in the overlapping regions, can be tuned to be significantly weaker
than between M2 and the substrate. In consequence, when M2 is mechanically removed (peeled
away) using an adhesive layer/material (steps 4, 5), it will detach from the overlapping regions
with M1 (weak adhesion due to the presence of the SAM) while it will remain in regions where it
is in contact with the substrate (strong adhesion). The SAM remaining on the surface of M1 can
then be burned off by subjecting the substrate surface to a plasma treatment for a few seconds (step
6). At the end of the patterning procedure M1 and M2 will sit side-by-side on the substrate,
separated by a small distance (i.e., a nanogap), the minimum size of which is determined by the
length of the SAM (step 6). In practice, however, other parameters such as thickness and
crystallinity of the metallic patterns are known to play a detrimental role (Fig. 3b-c) as they can
affect the intergranular fracture occurring during mechanical delamination, which ultimately
determines the physical shape of the nanogap.
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Fig. 3. A-Lith processes: (a) Schematic depiction of the basic a-Lith process steps used to form coplanar
nanogaps between two metal electrodes, namely metal-1 (M1) and metal-2 (M2). M1 and M2 can be made
of the same or different material(s) and exhibit similar or different surface chemistry and electronic properties.
(b) Atomic force microscope (AFM) topography image, and (c) SEM image showing a coplanar nanogap
formed between an Al and an Au electrode. Scale bars in (b) and (c) are 200 nm. (d) Optical micrographs of
several Al/Au interdigitated nanogap electrode with varying width in the range 1 to 10 cm. Images b-d were
adapted from [42]. Figures reproduced with permission: (a) copyright 2014, NPG; (b-d) copyright 2017, ACS.
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Major strengths of the a-Lith technique include the ability to create co-planar nanogaps between
dissimilar metal materials with extremely large aspect ratio (Fig. 3d) on a variety of substrates
including SiO2, glass, and plastic. The combination of these unique characteristics has led to the
development of Schottky nanogap junctions and their use as radio frequency diodes [40, 41] and
UV-photodetectors [42]. The possibility to selectively functionalize the surface of the individual
metal patterns with a large variety of SAMs, provides the prospects for additional control over the
electronic properties of the metal patterns that could potentially be exploited to enhance the
operating characteristics of the resulting photonic/electronic structures/devices.
Atomic-layer-deposition (ALD) lithography: Similar to the aforementioned a-Lith process,
ALD lithography is another emerging powerful technology to fabricate deep-subwavelength
uniform features [43-48]. This process began with an ordered metal grating patterned by regular
lithography, followed by the deposition of a 1-10 nm Al2O3 film using ALD (Fig. 4a). With
subsequent evaporation of the second metal layer, the original gaps will be filled by the second
metal patterns (Fig. 4b). Therefore, a tiny gap introduced by the ALD layer can be obtained
between the first and the second metal patterns. After that, the top metal patterns have to be peeled
off by standard adhesive tape, which is a critical step of this ALD lithography process (Figs. 4c, d).
Although the regular lithography defines the overall footprint of the structures, the gap size is
independently controlled by ALD, giving Angstrom-scale lateral resolution along the entire contour
of structures and indicating the potential to realize gaps from classic dimension into quantum
regime (as shown by the top and cross-sectional view of SEM images in Figs. 4e, f). However,
there are still challenges that limit achieving a large area and high yield fabrication of these deepsubwavelength patterns: (1) It is relatively challenging to control the thickness of the second metal
film to obtain the tiny discontinuity (see Fig. 4b). Therefore, the first generation ALD lithography
requires high quality lateral fabrication and accurate vertical thickness control of metal films, which
is technically challenging. (2) FIB/EBL methods are still too expensive to be applied for large area
patterning.

Fig. 4 ALD-lithography: (a)-(d) Fabrication schematic for the extremely narrow gap using ALD processes
[43]. (e) and (f) are top-view and cross-sectional SEM of a 10-nm-wide Al2O3 layer between Ag and Au,
respectively. (g) Improved ALD-lithography process with the whole structure stripped off the silicon
substrate [49]. (h) Schematic flow of fabrication process using glancing-angle ion polishing [50]. Figures
reproduced with permission: (a) – (f) copyright 2013, NPG; (g) copyright 2014, ACS; (h) copyright 2016,
ACS.

To overcome or avoid the first challenge, more recently, two strategies were reported [49, 50].
As shown in Fig. 4g, the first strategy is to peel off the entire metal-dielectric-metal film using
epoxy material to get a flat metallic surface with deep-subwavelength gaps (Fig. 4h) [44, 49]. The
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second one employs glancing-angle ion milling to polish the top metal pattern to expose Al2O3filled nanogaps [50, 51]. In this method, the bumps in the second metal layer are milled by Ar ion
combardment whereas flat regions are shadowed and protected. As the planarization process
continues, this shadowing effect gradually dissipates, and the entire film is polished uniformly.
Importantly, the discontinuity issue for the second metal film deposition was completely avoided,
resulting in significantly improved surface quality and yield of the manufactured patterns. In
addition, since the first layer metallic grating can be fabricated using optical interference patterning
[44], the scalability of the ALD-lithography method was also largely addressed.
However, when the light interacts with these deep-subwavelength gaps, an important question
is how much incident energy can be coupled and squeezed into these ultra-small volumes?
Although the localized field can be enhanced significantly with smaller gaps, the light coupling
efficiency from free-space into those ultra-small volumes is usually very weak due to the diffraction
limit of conventional optics. This is the major limitation for light-matter interaction in terms of the
overall energy efficiency. Next, we will summarize recent efforts to address this limitation or
challenge.

Confined light-matter interaction within extremely small structures
Squeeze light into extremely small areas/volumes: Due to the diffraction limit of
conventional optics, coupling and confinement of light into deep-subwavelength volume is usually
very challenging. In particular, although the major technical challenge in nanomanufacturing is to
control the lateral feature size, the light confinement and manipulation is actually within a finite
3D volume. It is even more challenging to couple the incident light into an extremely small 3D
volume. Various coupling mechanisms have been explored extensively over the past decade. There
have been several excellent review articles summarizing the progress of focusing, concentration
and manipulation of electromagnetic (EM) radiation (e.g. [2, 11, 24, 52-66]). For instance,
nanoantenna array (Fig. 5a) [11, 24, 52-54, 67-84] and tapered waveguide (Fig. 5b) [2, 55-60, 85112] are frequently used structures to couple the free space light into extremely small volumes and
produce significantly enhanced localized field. These structures are still widely used as powerful
tools to reveal new optical phenomena in on-chip nonlinear optics (Fig. 5c) [113] and slow light
[114]. However, periodically aligned antenna arrays fabricated by EBL (e.g., Fig. 5a) suffer from
the limited scalability. Next, we will highlight several emerging strategies to reveal the new
research efforts.
Vertical gap plasmonic structures (Metasurfaces): To overcome the scalability limitation,
researchers employed spin-coating method to disperse chemically synthesized metallic particles on
metal-dielectric cavity to form vertically aligned plasmonics structure (Fig. 5d [115]). By
controlling the geometric parameters of metal cubes and dielectric layer thickness, the reflection
spectrum of the metasurface can be manipulated. Due to the accurate controllability in thickness of
the polyelectrolyte spacer layer (Fig. 5d), monolayer 2D-materials (Fig. 5e), and self-assembled
monolayers (SAMs) of amine-terminated alkanethiols on gold films (Fig. 5f), the gap distance
between the ground metal plate and the top metal particles can be controlled from 5 nm [116] down
to 0.5 nm [117], enabling boosted light-matter interaction. For instance, by introducing fluorescent
ruthenium metal complex dye (Ru dye) as the spacer [118], the spontaneous emission rate from the
nanogap can be enhanced by >1,000 with high quantum efficiency and great emission directionality
(Fig. 5(e)). In particular, when chemically controlled uniform metallic spheres were introduced as
the top antenna layer (as illustrated in Fig. 5f), the light-matter interaction volume is minimized
(i.e., under the bottom tip of the sphere, see Fig. 5g), and therefore enabling a practical way to
approach the ultimate limit of plasmonic enhancement [116, 117]).
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Fig. 5 Overview of previously reported nanoantennas for enhanced light-matter interaction: (a) SEM
image of the nanostructure used for high-harmonic generation (from [84]); (b) SEM image of a typical
tapered metal waveguide [112]; (c) Schematic representation of tapered waveguide for light coupling. Insets
show the nanofocusing mechanism with EM mode distributions [113] ; (d) – (e) Geometry of (d)
polyelectrolyte [115] and (e) MoS2/HfO2 film coupled cubical nanoparticles [116]. Upper right panel of (e)
is the schematic cross-section of a film-coupled silver nanocube showing the simulated fundamental
plasmonic gap. Lower right panel of (e) is the radiation pattern from a single nanoscale patch antenna. (f)
Geometry of film-coupled nanoparticles. (g) Simulation of a single film-coupled nanoparticle (from [116]).
Figures reproduced with permission: (a), copyright 2008, NPG; (b) copyright 2010, NPG; (c) copyright 2017,
AAAS; (d) copyright 2012, NPG; (e) copyright 2014, NPG; (f) – (g) copyright 2012, AAAS.

Plasmonics at nano-scale probe tips: To reveal the physics of the fundamental question on
theoretical upper limit of plasmonic enhancement, ref. [52] developed a semiempirical model to
reveal a nonlocality effect for nanospheres on metal films with an ultra-small gap (Fig 6a), i.e., a
volume charge density spreads out from the metal surface a small distance (Angstrom level), which
will set an upper limit for localized field enhancement in sub-nanometer-length systems.
Experimental results down to 0.5-nm scale demonstrated the nonlocality effect [117], which cannot
be fitted accurately using conventional local model predictions [119]. A more sophisticated
theoretical and experimental work indicated a new regime smaller than 0.5-nm that even cannot be
explained by this hydrodynamic model accounting quantum effects through smearing of the
electronic localization only [52]. When the gap distance decreases further into sub-nanometer
region, it was recognized that coherent quantum tunneling becomes more profound and the system
enters a regime of extreme nonlocality. Researchers employed two AFM tips with metal particles
to manipulate the tip-tip distance accurately (Fig. 6b). By characterizing the optical scattering
spectrum and current simultaneously, a quantum scale limit of 0.3 nm was revealed at which
tunneling plasmonics start to dominate, representing the upper limit for localized plasmonic
enhancement.
On the other hand, since the metallic nano-probe is the key element in many scanning
microscopic technologies, the integration of plasmonic structures on the probe (e.g., an example
shown in Fig. 6c) is of importance to enable unique sensing capabilities (e.g. [59, 120]). In this
way, all energy is confined in the cone vertex (adiabatic compression) and consequently there is a
strong electrical field enhancement in a region comparable to the radius of curvature (Fig. 6d) [59].
The particular nature of surface plasmon polariton (SPP) as confined EM oscillation at a metaldielectric boundary presents both an EM field evanescently decaying into the dielectric and a
charge density fluctuation at the metal surface. The confinement of the EM wave quite below the
classical diffraction limit and a favorably long propagation length are the most important for
applications in engineered nanostructures. SPPs can be exploited to efficiently transfer energy at
8

nanoscale through different channels. In these cases, while moving along the cone, SPPs could
damp out in radiative mode due to surface roughness and physical boundaries, or eventually excite
short living highly energetic electrons (hot electrons, Fig. 6e) with growing efficiency approaching
the tip itself [56, 59, 85, 90, 96, 97, 102, 104]. There, these hot electrons, energized at level far
above the thermal equilibrium, can be fruitfully used to probe electric transport properties of
samples. Thanks to the relaxation of the momentum constraint occurring at nano-scale, when the
cone diameter approaches the electron mean free path in the metal, such generation process
produces appreciably efficiently and can be used to obtain detailed transport measurements and
surface conductive map (e.g. [90, 121]). In other words, a conical nanostructure fabricated on
atomic force microscope (AFM) cantilever can become a source of both photons and hot electrons,
whose spatial confinement is comparable to the radius of curvature of the cone apex, which, by
appropriate procedures, could be reduced to few nanometers, finally generating highly localized
optical and electrical excitations (Fig. 6f) [120].
In addition, due to strong interaction of hot electrons at the tip interface, the transduction
process is a generation of electrochemical response resulting from optical and electrical
stimulations induced by the SPPs conversion (Fig. 6e). With proper cantilever tip design, an AFM
becomes also a dual (photon and electro) nanoprobe where both spectroscopies can take place
simultaneously (Fig. 6f) [59, 120]. The exploitation of adiabatic compression of SPPs, and
subsequent conversion into light and hot electrons, is not limited to continuous wave light sources.
The approach can be transferred to pulsed laser sources, allowing time-resolved techniques and
nonlinear optics at nanoscales (e.g., [122], Fig. 6g). The nonlocal generation of femtosecond lowenergy electron pulses enables femtosecond point-projection microscopy with a high sensitivity to
EM fields near free-standing nano-objects, which resembles a noncontact local probe of
photocurrents [121]. With decreasing tip-sample distance in the sub-micrometer range, the
projection images transform into holograms, allowing for time-resolved low-energy inline
holography of single molecules [123], potentially with few-femtosecond temporal and 1 nm spatial
resolution. Also in this case the SPP can be converted into light and hot electron, which opens the
possibility in spectroscopy of studying non-linear phenomena both with light and with electrons.

Fig. 6 Plasmonics at nano-scale probe tips: (a) Conceptual illustration using AFM tips to reveal the
quantum regime of plasmonics. (b) Microscope and false-color SEM images of AFM tips used to control the
tip-to-tip distance accurately (from [52]). (c) SEM images of grating and cone fabricated on an octagonal
pyramid. (d) Coupling efficiency of the laser with grating was calculated using 3D simulation. 2D projection
of x-component of electric filed intensity along the grating and at tip are plotted. (e) Band diagram at the
metal/semiconductor interface showing the energy of the hot electrons with respect to the Fermi level of the
metal and the energy of the semiconductor gap. (f) Scheme of SPP generation at the tip junction Au/GaAs
interface. (g) Perspectives of nanofocused plasmon-driven ultrafast electron point sources for time-resolved
9

microscopy (from [122]). Figures reproduced with permission: (a) – (b) copyright 2012, NPG; (c) – (f)
copyright 2013, NPG; (g) copyright 2016, ACS.

However, this type of experiment relying on accurate adjustment and control of probe tip is
generally difficult to perform due to the sophisticated experiment setup. In addition, it is also
challenging to develop applications based on the significantly enhanced light at individual tips.
Scalability is the major barrier. Therefore, innovative methods to fabricate ultra-small features over
large areas will enable broader explorations on these new areas, as will be discussed next.
Combined lateral- and vertical-structures
Although aforementioned LSI, a-Lith and ALD-processes provided powerful approaches to
control the lateral dimension of optical nanostructures, the coupling efficiency from the incident
light into these extremely small lateral features is very weak due to the conventional diffraction
limit. For instance, in the early effort of metallic grating structures with 3-nm-wide features
fabricated by ALD-lithography, the peak light coupling efficiency is only 3% [49]. Most incident
energy was lost. Therefore, the coupling efficiency from the incident free-space light into the
extreme dimensions is a grand challenge. Innovative structures are required to overcome this
limitation and enable more energy efficient light-matter interactions within extreme dimensions, as
will be summarized below.
Metamaterials super absorber: It was recently recognized that patterned metamaterial super
absorber structures provide a new planar photonic platform to control the EM fields in ultrathin/small dimensions with flexibility and performance that was not possible before [124]. A
particularly exciting opportunity has emerged in thin-film metamaterial super absorbers capable of
near-perfect light absorption [125]. This resonant on-chip structure provides a promising platform
to couple and concentrate the incident light into subwavelength volumes efficiently and therefore
obtain the significantly enhanced light-matter interaction (e.g. [126-130]). Recently, patterned
metamaterial super absorber structures with combined nanogap and dielectric cavity architectures
were proposed [131] with sub-10-nm gaps (Figs. 7a and 7b) that are suitable for ALD-lithography
processes (see Fig. 7c for an SEM image). In particular, the trapped light is largely confined within
the tiny gap (see the modeling results in Figs. 7a and 7b), demonstrating the potential for boosted
light-matter interaction. By manipulating the geometric parameters, perfect optical absorption can
be realized in principle (see the dotted curve in Fig. 7d), indicating the boosted light trapping
efficiency within these extremely small volumes. As shown by the solid curve in Fig. 7d, the peak
optical absorption over 80% was realized in the experiment. Intriguingly, this metamaterial super
absorber with sub-10-nm gaps revealed a new freedom to control the resonant wavelength using
nanogap exclusively.
Gap distance - a new freedom to manipulate the resonant light-matter interaction:
According to the microscopic description of the mechanism proposed by ref. [131], when the
distance between each nanopattern is sufficiently large, the spectral position of the resonant mode
of an individual optical patch antenna with given geometric parameters is fixed, which is insensitive
to the period of a periodic array or distance between adjacent antennas. However, when the gap
distance is reduced down to the sub-10-nm regime, the absorption resonance will significantly shift
towards the long wavelength region due to the strong interaction between adjacent patterns, as
shown in Fig. 7e. This unique feature revealed a new method to manipulate the resonance of
metamaterial structures, which is completely different from most other resonant photonic
structures/materials. As demonstrated in Fig. 7f, ref. [131] reported three different resonant
absorption peaks using the same first-step patterns with 3-nm, 5-nm and 7-nm gaps. Combined
with large scale photo-lithography technologies, this unique freedom will enable inexpensive
manufacture of spectrally tunable optical structures with strongly enhanced field within the
10

nanogaps for practical applications. In particular, when the gap is shrunk down to the quantum
regime (close to 1~2 nm), nonlocal screening effect will become important within the gap and result
in more uniform distribution of EM field (see the modeling shown in Fig. 7a), which is particularly
useful for practical applications.

Fig. 7 Towards the tunable perfect light trapping within nanogaps: (a) Conceptual illustration of
metamaterial structure with 1D periodic distributed patterns on the top surface. Right panel: modeled field
enhancement distribution (i.e., |E/E0|2) within a 2-nm-wide gap. (b) Conceptual illustration of metamaterial
structure with 1D periodic distributed patterns with a nancavity under the metal pattern. Right panel: modeled
field enhancement distribution (i.e., |E/E0|2) within a 5-nm-wide gap. (c) Cross-sectional SEM image of a
fabricated structure designed in (b). (d) Measured absorption spectrum of the fabricated structure (blue solid
curve) and the modeled absorption curve (red dotted curve). (e) Modeling of the absorption spectra of
structure by controlling the gap size of the structure in (b). (f) Measured (solid curves) and modeled
absorption spectra (spheres) of three samples with different gap sizes of ~3 nm (blue curve), ~5 nm (black
curve) and ~7 nm (red curve), respectively. Insets: Schematic illustration of the nanocavity metamaterial
structures with different gaps. Figures reproduced with permission: copyright 2017, Wiley.

Applications
One of the most straightforward applications of enhanced EM field is the enhanced vibrational
spectroscopy sensing to identify “fingerprints” of signature functional groups of molecules. Due to
the significantly enhanced field, metallic nanopatterns with extremely small gaps can boost the
signals of surface enhanced Raman spectroscopy (SERS) [132-134] and surface enhance infrared
absorption spectroscopy (SEIRA) [135]. For instance, metallic nanostructures with sub-10-nm gaps
were fabricated using self-assembled nanospheres, as illustrated in Fig. 8(a) (so-called film over
nanosphere (FON) with nanometer-sized gap, an early effort based on ALD-lithography process
[135], see Fig. 8(b) for its top view SEM image). Compared with the regularly assembled
nanosphere substrate, the SERS signal from this nanogap structure was enhanced by approximately
two orders of magnitude (Fig. 8(c)) with the enhancement factor of ~108 for the sensing of
benzenethiol (BZT) molecules. Although slightly better enhancement factor up to 1011 ~ 1014 was
reported on different nanopatterns (e.g. [136-138]), the self-assembled sphere array represent a
more practical and inexpensive platform to develop sensitive sensing chip over large areas. Due to
the significantly enhanced field within these extremely small gaps (Fig. 8(d)), wafer-scaled
nanostructures with sub-10-nm features were fabricated using ALD-lithography processes and
applied for SEIRA (Fig. 8 (e)). More recently, researchers optimized the nanogap structures by
using coaxial nanoapertures to replace grating arrays (Fig. 8g). At the zeroth-order Fabry-Pérot
resonance condition, the coaxial apertures function as “zero-mode resonator”, efficiently funneling
the incident light into 10 nm annular gaps with the efficiency of ~34%. By filling the gaps with silk
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protein molecules (Fig. 8h), an absorption enhancement factor of 104 ~ 105 for SEIRA is
demonstrated [51]. The unique advantage of this structure is the high-contrast of SEIRA signal
change to the baseline (Fig. 8i), which provides a large signal to noise ratio for sensing.
It should be noted that SERS and SEIRA are complementary sensing techniques: i.e., Raman
scattering peaks of given molecules in SERS sensing correspond to absorption peaks observed in
SEIRA. Therefore, signals of the same molecule observed at different spectral regions using these
two techniques can be more sensitive to identify the target molecules. However, the enhancement
mechanism of these two techniques are different: i.e., the vibrational signal is proportional to |E/E0|2
for SEIRA and to |E/E0|4 for SERS, respectively. Consequently, the enhancement factor of SEIRA
sensing is usually orders of magnitude lower than SERS [7]. This weakness in enhancement factor
restricted the application of SEIRA. To overcome this grand challenge, the ALD-assisted super
absorber metasurface with 5-nm-gaps (Fig. 8j) was manipulated to boost the enhancement factor
of SEIRA sensing of 1,8-octanedithiol (ODT) molecules, as shown in Fig. 8k [131]. The difference
between the spectra with and without ODT molecules is shown in Fig. 8l. Since over 80% of the
incident energy was efficiently squeezed into the ~5-nm gaps (i.e., Fig. 7(d)), the enhancement
factor of SEIRA sensing was therefore improved to the order of 107, close to the values reported in
most SERS sensing (e.g. [136]). Furthermore, surface enhanced nonlinear optics (including
nonlinear optical harmonic generation and up-conversion energy transfer) share similar
requirements to SERS and SEIRA. Therefore, these significantly enhanced field within extremely
small gaps provided a practical building block to develop boosted nonlinear optical surfaces (e.g.
[139-142]). However, many key potentials of these nanogap features have yet been demonstrated,
as will be discussed in the final section of this review article.

Fig. 8 Nanogap assisted surface enhanced biosensing applications. (a) Schematic of FON nanogap
structure. Inset: cross-sectional view of Ag/air/Ag nanoring cavity. (b) SEM image of nanoring cavity on the
FON substrate. The scale bar is 200 nm. (c) SERS signal spectra of BZT molecules on different FON
substrates with 10-nm-gaps. (d) Modeled field distribution inside the nanogap showing significant
enhancement. (e) Photograph of wafer-scale nanostructures with sub-10-nm gaps. (f) Absorbance spectra of
BZT sensing with various strip widths using 3 nm gap structures. (g) The Al2O3 layer inside the nanogap is
etched and the resulting metallic nanogap becomes accessible to the outside. (h) The metallic nanogap is
filled with silk fibroin by spin-coating. (i) The comparison of zero-mode resonances measured from 7 nm
wide coaxial nanoapertures respectively, before Al 2O3 etching, after Al2O3 etching, and after silk spin-coating.
(j) Conceptual illustration of SEIRA sensing using nanogaps. (k) Experimental reflection spectra of nanogapassisted metamaterial super absorber with (red curve) and without (blue curve) ODT coating, and ODT film
directly spin coated on bare Ag film (orange curve). (l) Reflection differences of nanogap-assisted
12

metamaterial super absorber sample. Figures reproduced with permission: (a) – (c) copyright 2013, Wiley;
(d) – (f) copyright 2014, ACS; (g) – (i) copyright 2018, ACS; (j) – (l) copyright 2017, Wiley.

Future perspectives and conclusion remarks:
Light-confinement within extremely small volumes will result in many unique features.
Example applications include, photodetectors [143-145], radio frequency diodes [40, 41], nonvolatile memory devices [45], and self-aligned gate transistors based on 2D channel materials [146].
However, as we summarized in Fig. 6, the technical barriers for experimental investigation using
probe tips are very high, mainly due to the requirement of accurate control of the gap distances
down to sub-10-nm or even sub-1-nm scales (e.g. [147]). Therefore, metallic nanostructures with
ultra-small features over large areas will enable broader explorations on new areas like nonlinear
optics [80, 139, 141] and quantum plasmonics [52]. In particular, as we highlighted in Fig. 7, the
nonlocal effect in the quantum regime will result in a new potential of ultra-uniform response in
optical biosensing. In conventional nanostrcutres for SERS sensing, although superior sensitivity
down to single molecule sensitivity is achievable in principle, quantitative sensing is a major
challenge due to the random fluctuation introduced by field localization, inherent surface roughness
and fabrication error. If the nanogap can be scaled down to sub-1-nm regime (i.e., approaching the
quantum limit of ~0.4-nm [52]), the light will be confined within the nanogap uniformly with no
field localization. In this case, ultra-uniform quantitative sensing of molecules with the close-totheoretical-upper-limit sensitivity will be possible, which is one of the “killer” applications for
these sutrctured surfaces. Furthermore, by combining super absorber structure shown in Fig. 7, new
nanorectenna devices for energy harvesting can be developed with enhanced conversion
efficiencies (e.g. [148, 149]). In summary, large area metasurface will provide a brand new practical
platform to perform fundamental investigations on emerging quantum plasmonics convenitently
[10, 52, 117], and will also accelerate the investigation on enhanced light-matter interactions for
optoelectronic, energy harvesting and conversion, and biosensing applications. The cost-effective
manufacturing methods will pave the way towards new commerclization potentials associated with
sustainabilities and securities of our daily life.
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