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nanostructures with extremely
small features: new effects, fabrication and
applications

Huimin Shi, a Xupeng Zhu,b Shi Zhang,c Guilin Wen,*a Mengjie Zhengd

and Huigao Duan*c

Surface plasmons in metals promise many fascinating properties and applications in optics, sensing,

photonics and nonlinear fields. Plasmonic nanostructures with extremely small features especially

demonstrate amazing new effects as the feature sizes scale down to the sub-nanometer scale, such as

quantum size effects, quantum tunneling, spill-out of electrons and nonlocal states etc. The unusual

physical, optical and photo-electronic properties observed in metallic structures with extreme feature

sizes enable their unique applications in electromagnetic field focusing, spectra enhancing, imaging,

quantum photonics, etc. In this review, we focus on the new effects, fabrication and applications of

plasmonic metal nanostructures with extremely small features. For simplicity and consistency, we will

focus our topic on the plasmonic metal nanostructures with feature sizes of sub-nanometers.

Subsequently, we discussed four main and typical plasmonic metal nanostructures with extremely small

features, including: (1) ultra-sharp plasmonic metal nanotips; (2) ultra-thin plasmonic metal films; (3)

ultra-small plasmonic metal particles and (4) ultra-small plasmonic metal nanogaps. Additionally, the

corresponding fascinating new effects (quantum nonlinear, non-locality, quantum size effect and

quantum tunneling), applications (spectral enhancement, high-order harmonic wave generation, sensing

and terahertz wave detection) and reliable fabrication methods will also be discussed. We end the

discussion with a brief summary and outlook of the main challenges and possible breakthroughs in the
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field. We hope our discussion can inspire the broader design, fabrication and application of plasmonic metal

nanostructures with extremely small feature sizes in the future.
1. Introduction

The new fascinating effects caused by light–matter interaction
in metal nanostructures enable lots of amazing applications. As
one of the most typical and amazing effects, the coherent and
collective electron oscillations in a dielectric and conductor
interface (e.g., metal–dielectric interface), surface plasmons
(SPs), attract wide and global attention in the past few
decades.1–5 Generally, the electromagnetic eld induced valence
band electrons excitation in metals, named as the surface
plasmon polaritons. Such electromagnetic surface waves arise
through the coupling of the electromagnetic eld to oscillation
of the conductor's electron plasma. Taking advantage of strong
light–matter interactions and unique properties, SPs exhibit
extensive applications and potential in light focusing, optical
imaging, ultra-sensitive sensing, detection and medical
therapy.6–8
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Owing to the rapid development of SPs in the past three
decades, the SP related new structures, materials, effects and
applications experience explosive growth and ourishing.
Therefore, it is of great importance to make a timely summary
and outlook of these active issues. One of the most crucial
issues is the amazing effects, as well as the potential terric
applications, enabled by plasmonic metal nanostructures with
extremely small features. In this review, therefore, we focus on
discussing the new effects, fabrication and applications of
plasmonic metal nanostructures with extremely small features,
as shown in Fig. 1. For simplicity and novelty, we mainly
concentrate on plasmonic metal nanostructures with sub-
10 nm feature sizes. Considering the fact that some excellent
and outstanding reviews have demonstrated the pivotal role
played by SPs in many well-known elds, such as in two
dimensional materials, surface enhanced Raman spectroscopy,
photo-electrochemistry etc.,9–11 the general applications of SPs
in these aforementioned elds will not be involved. We will start
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the topic by giving a basic and brief introduction to the
fundamentals of light–metal interaction. Then the typical
plasmon effects, especially the effects induced by the sub-
nanometer feature structures, generated in the crucial repre-
sentational metal nanostructures with extremely small feature
sizes will be presented sequentially. Four of the main and
representative metal plasmonic nanostructures will be system-
atically discussed, which are (1) ultra-sharp plasmonic metal
nanotips; (2) ultra-thin plasmonic metal lms; (3) ultra-small
plasmonic metal particles and (4) ultra-small plasmonic metal
nanogap structures. The discussion will end up with a summary
and outlook of the challenges and potential of plasmonic metal
nanostructures with extremely small features in driving and
exploiting future new applications and amazing discoveries.

We hope our discussion here can give a new insight to
understand the distinctive applications induced by new plas-
monic effects inmetal nanostructures and inspire more exciting
areas in metal plasmonics far beyond the current elds.
2. Fundamentals of light–metal
interaction

As known, the unique response of metals to incident light is
dominated by the collective behavior of free electrons in
Fig. 1 The schematic illustration of the plasmonic metal nanostructures

© 2021 The Author(s). Published by the Royal Society of Chemistry
metals.12 In the early 20th century, Drude rst explained the
collective oscillation behavior of metal free electrons by using
an incident frequency dependent complex permittivity, i.e. the
Drude model.13 The core idea is that the response of metals to
the incident light is mainly dominated by the free electrons,
mainly derived from the valence electrons, in the metal. The
ions maintain the neutrality of the entire metal and do not
interact with free electrons, meaning that the situation is
equivalent to a large number of free electrons in a uniform
metal positive ion background eld. Under the rst-order
approximation of the Drude model, the interaction between
light and metal can be regarded as the forced oscillation of
a damped harmonic oscillator with a natural frequency of zero
under the incident electric eld E. Through the kinematics
solution of the damped harmonic oscillator and the introduc-
tion of the metal macroscopic polarization, the complex
permittivity and complex refractive index of the metal can be
obtained respectively.

The surface plasmon oscillation, the collective free electron
oscillation behavior occuring at the interface between the metal
and the dielectric, can propagate along the interface or be
localized in the metal nanostructure, which generally includes
the propagating surface plasmons (also called surface plasmon
polaritons, SPP) and localized surface plasmons (LSP).14 The
with extremely small features.

Nanoscale Adv., 2021, 3, 4349–4369 | 4351
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collectively oscillating electrons on the metal–dielectric inter-
face form alternately distributed positive and negative charges
along a certain direction of the interface, causing the collective
oscillating energy of the electrons propagating forward (SPP).
The oscillation frequency of SPP satises the dispersion rela-
tionship obtained by Maxwell's electromagnetic equations and
appropriate boundary conditions, which can be expressed as,

b ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3d3m

3d þ 3m

r
¼ u

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3d3m

3d þ 3m

r
(2-1)

where b is the propagation constant of SPP. 3d and 3m are the
permittivity of the dielectric and metal material, respectively.
For the low frequency region, 3m / �N,

b ¼ lim
3m/�N

�
u

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3d3m

3d þ 3m

r �
z

�u
c

ffiffiffiffi
3d

p �
(2-2)

SPP is a quasi-static surface bound wave; the coupling ability
of incident light and free electrons and the binding ability of
electric eld near the interface are close to zero. As u ¼ 0, there
is no incident light hitting the metal. As 3d / �3m,

b ¼ u

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3d3m

3d þ 3m

r
/N and u ¼ uSP ¼ uPffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 3d
p . uSP is the

limiting frequency of short wavelength, indicating that the
incident light cannot be transmitted inside or on the surface of
the metal and the metal exhibits extremely high reectivity.
Since the propagation constant b/N, the wavelength tends to
zero, and the wave vector component in the normal direction of
the interface tends to innity, and the oscillating eld decays
rapidly in the normal direction of the interface and is greatly
conned near the interface. In the small area near the interface,
the effective dielectric constant of the metal–dielectric system
3eff ¼ 3m + 3d ¼ 0. Therefore, the SPP is a quasi-static surface
wave near the frequency uSP. Fig. 2 shows the metal full-
frequency dispersion relationship.15 In fact, the electronic
damping frequency of real metal is not equal to zero (gs 0), so
b does not completely approach innity as u ¼ uSP, a nite
value allows a certain combination mode between uSP and uP.

LSP is a non-propagating surface wave formed by the
coupling of free electrons in metal nanostructures and incident
light. The curved surface of the metal structures can provide an
Fig. 2 The full frequency dispersion relation of metal materials.

4352 | Nanoscale Adv., 2021, 3, 4349–4369
effective restoring force for the collectively oscillating electrons
driven by the light eld. Therefore, the maximum value of eld
enhancement can be generated near the surface of the metal
nanostructures at a specic frequency, corresponding to the
localized surface plasmon resonance (LSPR).4 LSP can be
directly excited by the incident light because the scattering
effect of the curved surface in metal nanostructure on the
incident light eld makes it a wide wave vector value distribu-
tion. The optical properties of metal nanostructures are domi-
nated by LSPR, while the resonance peak position and full width
at half maximum (FWHM) of the spectra depend on the
geometric parameters of the structure, material composition
and the surrounding environment.

In 1908, Gustav Mie applied Maxwell's equations and
appropriate boundary conditions to calculate the optical
response of metal micro–nanospheres (Mie theory).16

Soon aer, Richard Gans broke the limitations of Mie theory
and extended it to Gans–Mie theory, being able to describe the
optical response of ellipsoidal metal particles.17,18 Until then,
the related theories are capable of describing most of the
plasmonic metal nanostructures and corresponding effects in
a reliable way.
3. Plasmonic metal nanotips (PMNTs)
with ultra-small tip sizes

The investigation of the electromagnetic properties of metal tip
structures can date back to the invention of the lightning rod in
the early 18th-century, in which, the excellent charge conduction
and localization abilities of the metal lightning rod perfectly
demonstrate the most important and remarkable properties of
metal tip structures. In contrast to the bulk metal lightning rod,
metal nanotips demonstrate fascinating and far-reaching elec-
tromagnetic properties in optics, photonics and photoelec-
tronics.19–24 The most remarkable plasmon effect of metal
nanotips is LSPR-enabled extremely great electromagnetic eld
energy focus and charge localization at the tip. Such a plasmon
induced high density of energy localization in an ultra-small
area or a point gives rise to lots of signicant applications in
single molecule detection, eld emission, nonlinear photonics,
beyond classic light diffraction limit, high-resolution imaging
energy/spectra enhancement etc.25–31

It is commonly known that the geometry and dielectric
environment have a great inuence on the SPR behavior of
metal nanostructures.32–34 In most of the PMNT involved elds,
the smoother surface, smaller diameter and shaper tip are
always the holy grail since the electromagnetic enhancement is
inversely proportional to the feature size of the structure.
Although metallic tips and tapers have been fabricated via the
metallization of bers, electrochemical etching, electron-beam
induced deposition, complex multistep processes, or standard
metal deposition, the controllable and efficient fabrication of
high-quality PMNTs is challenging.35–38 Electrochemical etching
of metal nanowires is generally the simplest strategy to obtain
high quality PMNTs with an apex of around 50–60 nm, even to
sub-10 nm based on the anisotropic etching rate of metal
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Scanning electron microscope (SEM) images of a typical Ag tip. (b and c) SEM images of a conical metallic tip with a grating coupler on
the shaft and principle of the nonlocal excitation of the tip apex. (d) Micro-to nanoscale optical mode transformation on a tip. (e) Single-
crystalline Au taper obtained from an electrochemical etching process. (f) Upon illumination of the grating coupler and SPPs propagate to the
apex. (g and h) Schematicmeasurement principle and spatially resolved photoluminescencemaps of Er upconversion emission. (i) SEM images of
the sharp metallic pyramids (reproduced with permission from ref. 39 and 45 Copyright 2007, ref. 46 Copyright 2011, ref. 47 Copyright 2016, ref.
48 Copyright 2010, ref. 49 Copyright 2007, the American Chemical Society).

Review Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ni
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

6/
10

/2
02

5 
18

:5
9:

56
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
materials. As shown in the inset in Fig. 3a, the tip apex is
sharper than 50 nm.39 Noble metal gold (Au) and silver (Ag)
nanotips can be obtained by electrochemical etching of gold
and Ag nanowires, which demonstrate high spectral enhance-
ment ability.40 Jens Steidtner and Bruno Pettinger demonstrated
an ultrahigh vacuum tip enhanced Raman technology,
achieving 15 nm resolution on single dye molecule imaging
with Au nanotips with radii of 15–20 nm.41 Coating noble metal
Au and Ag lms on electrochemically etched W nanotips is
another effective electrochemical etching process to obtain high
quality PMNTs. Because the charge and electromagnetic eld
are generally conned on the surface of the plasmonic metal
structures, theW core only imposes a weak inuence on the SPR
behavior of the noble metal coating layer.42 In such core–shell
metal nanotip structures, electromagnetic etching of the tung-
sten core guarantees high quality tip topology and the noble
metal coating shell makes sure efficient light coupling. Besides,
© 2021 The Author(s). Published by the Royal Society of Chemistry
followed by the subsequent focused ion beam (FIB) milling
process, a kind of asymmetrical Au nanotip with an end diam-
eter of 15 nm was fabricated, showing promising application in
two photon excitation near-eld uorescence imaging.43 In the
elds of tip enhanced spectroscopy, detection, eld emission
and imaging, the tips are integrated with an atomic force
microscope (AFM) and scanning tunneling microscope (STM),
becoming two powerful tools in scientic studies. Beneting
from the ultra-high SPR excitation, energy focusing and about
104 eld enhancement, tip-enhanced near-eld spectroscopy is
now able to reach ultra-high sensitivity and resolution at the
single molecule/single layer molecule level.26,44

The far-eld coupling related nanofocusing, waveguide and
nanolight source are another kind of vital elds for PMNTs. In
contrast to tip-enhanced near spectroscopy, in far-eld coupling
systems, due to intrinsically short dephasing times and small
absorption cross sections, high efficiency energy coupling,
Nanoscale Adv., 2021, 3, 4349–4369 | 4353
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transformation and emission in metal nanotips are desperately
required. Mark I. Stockman predicted theoretically that SPPs
propagating toward the tip of a tapered plasmonic waveguide
will slow down and asymptotically stopped when they tend to
the tip, causing accumulation of energy and giant local elds at
the tip.24 Such a rapid 3D adiabatic nanofocusing lays the
foundation of the high-efficiency coupling of the far-eld radi-
ation to the near-eld zone, where the 3D energy concentration
occurs at the tip of a smoothly tapered metal nanoplasmonic
waveguide.50 On the basis of this, for overcoming problems with
background illumination in apertureless microscopy and
higher coupling efficiency, grating coupling of surface plasmon
onto metal nanotips was proposed and being used as a nano-
conned light source (Fig. 3b and c).45 By writing one-
dimensional gratings onto the tip of 3D tapered conical nano-
tips through focused gallium ion beam sputtering, Ropers et al.
demonstrated an efficient nonlocal optical excitation of the
apex of a nanostructured metal taper based on SPP grating–
coupling.51 The SPPs propagate over more than 10 mm along the
tip sha toward the apex of the tip, where they are reradiated
into the far eld. Raschke et al., subsequently, found that the
breakdown of the adiabatic conditions occurred only within the
last 10 s of nanometers.46,52 Despite the symmetry breaking side-
on illumination and the resulting SPP excitation conned along
the azimuth, the tip effectively acts as a mode lter, giving rise
to a propagation-induced, nanoscopic SPP excitation with radial
symmetry at the apex, and suggesting the robustness of conical
SPP focusing with respect to asymmetries and imperfections in
the SPP generation. The resulting dipolar nanoemitter with
�20 nm spatial connement, that is, more than 1 order of
magnitude beyond the diffraction limit, represents a novel light
source. Soon aer, by nanoscale eld concentration via adia-
batic SPP nanofocusing into monolithic Au tips, the same group
demonstrated the independent nanometer spatial and femto-
second temporal optical waveform control, achieving a 10 nm
spatially and few-femtosecond temporally conned excitation,
as shown in Fig. 3d, showing great potential in scattering-type
scanning near-eld optical microscopy (s-SNOM).46 Becker and
co-workers observed a coherent light scattering from a nano-
meter-sized metal tip-thin lm gap region, nding a steep
increase in scattering intensity in a near-eld signal selected in
k-space.47 As shown in Fig. 3e and f, this gap plasmon is
different from conventional adiabatic nanofocusing deter-
mined apertureless scattering type SNOM, which allows
connement of light at the very apex of the taper to dimensions
that are not limited by its apex diameter. Besides, the gap type
localized plasmonic eld intensity can exceed that of a bare
apex mode by at least 2 orders of magnitude, revealing broader
applications.

Despite the above conventional PMNTs, for specic purpose
and scale-up fabricating requirements, some unconventional
alien PMNTs also were purposely fabricated with various nano-
fabricating techniques. Fig. 3g and h demonstrate laterally
tapered planar Ag waveguide concentrated infrared surface
SPPs.48 Taper/hole array microstructures are fabricated in a 140
� 5 nm thick Ag lm on the sample by electron beam lithog-
raphy (EBL) followed by li-off. By using erbium (Er)
4354 | Nanoscale Adv., 2021, 3, 4349–4369
upconversion luminescence technology, the excitation, propa-
gation, and concentration of SPPs in laterally tapered Ag wave-
guides are visualized. Thereaer, their study on tapered Au
waveguide on a planar dielectric conrmed that SPP focusing is
the dominant mechanism producing the spot of maximum
intensity at the taper tip, and the nanofocusing is attributed to
a guided SPP mode that has an asymmetric electric eld
distribution across the tapered waveguide. Park et al. fabricated
vertically aligned funnel-shaped 3D PMNT arrays by directional
photouidization lithography (DPL), with which, the sharpness,
shape, and orientation nanofunnel tips can be precisely
controlled in a scalable and deterministic manner. A 3D plas-
monic nanofocusing of light with patterned metallic pyramids
is demonstrated in Fig. 3i.49 Gratings on the faces of the pyra-
mids convert linearly polarized light into plasmons that prop-
agate toward and converge at a �10 nm apex. 3D Au and Ag
pyramids plasmonic light nanofocusing tip structures with
smooth surfaces were fabricated by a simple and impurity-
isolated template stripping process. Moreover, the plasmonic
properties in a combined structure with a metallic pyramid and
an integrated C-shaped aperture, metallic thin layer and
a dielectric pyramidal body structure composed of a tip and
one-side metal-coated pyramidal cantilever tips were also
investigated, exhibiting remarkable applications in non-linear
photonics.53–56

4. Plasmonic ultra-thin metal films

Ultra-thin metal lms (UTMFs) are another interesting plas-
monic structures with a long history. In ancient China, an
ultrathin gold lm was generally stuck to great Buddha to create
a powerful and solemn atmosphere. Aer thousand times of
repeated forging, a piece of thin Au plate turns into a hundred
nanometer ultrathin Au lm. The excellent mechanical ductility
and chemical stability make sure the uniformity and corrosion
resistance of the sticky Au lm, enabling thousand years'
shininess, holiness and resplendence of the Buddha. Currently,
with the thickness of UTMFs down to the nanometer or atomic
level, unique properties, such as new quantum optical effects,
peculiar dielectric properties and strong plasmon eld
enhancement abilities lead to more exciting applications in
optical sensing, imaging and exible displays.57–59 Magnetron
sputtering, thermal evaporation, electron beam evaporation,
atomic layer deposition (ALD) and molecular-beam epitaxy
(MBE) are traditional methods to fabricate UTMFs.57,60–62

However, large surface roughness and discontinuity of metal
lms are common disadvantages of sputtering and evaporation
processes. Although ALD and MBE are theoretically able to
control atomic level thickness and good continuity during the
metal lm growth, the low yield of ALD and rigorous substrate
matching of MBE are bottlenecks for these two strategies.

As schematically illustrated in Fig. 4, the growth of metal
lms is generally governed by three known models, that is,
Volmer–Weber (bulk island), Frank–van der Merwe (layer by
layer) and Stranski–Krastanov (layer-plus-bulk).63–65 During the
growth of metal lms, the presence of step and kink Ehrlich–
Schwoebel effects (SESE and KESE) leads to arbitrary
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The schematic illustration of general growth models of metal films.
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orientation of surface morphology. The diffusion of atoms
along the steps not only affects the morphological stability of
the steps, but also can induce up-step mass current leading to
mound formation. Consequently, reducing the Ehrlich–
Schwoebel carrier become an impactful way to improve the
metal lm quality.64 Introducing hybrid materials (Al, Cu, Ti Ni
etc.), acting as the adsorption center and seeds to promote the
nucleation of host metals, is an effective way to obtain UTMFs
with small roughness.66–68

The inset SEM images (without (le) and with a Cu seed
layer (right), the scale bars are 500 nm) and the plot in Fig. 5a
demonstrate that aer 1 nm of Cu seed layer deposition,
atomically smooth and stable Ag lms with 0.5 nm rough-
ness on a silica substrate were successfully fabricated.69 The
introduced Cu promotes nucleation, thus reducing the grain
size. The same strategy was demonstrated by Al-doped Ag
lms, in which, 15 nm of 4% Al atom doped Ag lms main-
tained smooth surface morphology even aer 300 �C
annealing in N2, exhibiting excellent thermal stability.68 The
Al atoms enhance the nuclei density of lms on an oxide
surface due to the much larger bond strength of Al–O bonds
than Ag–O bonds, and a capping layer spontaneously formed
over the Al-doped Ag lms restrains the surface diffusion and
mass transportation of Ag atoms, strengthening the thermal
stability of Ag lms. The semiconductor or metal buffer
layers are also crucial in fabricating sub-10 nm UTMFs.70 The
surface defects of buffer layer anchor the metal atoms,
decreasing the atom diffusion, and strong bonding between
metal atoms and semiconductor non-metal atoms inhibits
the grain growth, reducing the surface roughness. Recently,
Volkov et al., depending on the monolayer MoS2 buffer layer,
achieved 3–4 nm thickness ultra-thin Au lms with contin-
uous smooth morphology and Drude plasmonic response on
a SiO2 substrate.71 Besides, by introducing surfactants and
additives (metallic surfactants, molecular monolayer
surfactants, polymer surfactants, metal additives and gas
© 2021 The Author(s). Published by the Royal Society of Chemistry
additives), seed layer-free growth, self-assembled organo-
silane monolayer linkers polymers etc. were also used for
preparing sub-10 nm UTMFs. The substitution of metal
atoms with polymers in the buffer layer decreases the cost
and eliminates the subsequent deterioration of the optical
and electrical properties of the metal thin lms.

For a long time, one of the most important applications of
UTMFs is the transparent electrodes in exible devices.75 The
strong SPR, high electrical conductivity and low loss in
visible and near-infrared of Ag and Au make them perfect
substitutions for traditional indium tin oxide lm (ITO) lm
materials. The good malleability and exibility of Au and Ag
UTFMs bridge the gap between rigid ITO lms and exible
photoelectrical devices. More importantly, the general UTMF
fabrication methods are compatible with standard CMOS
(complementary metal-oxide-semiconductor transistor) and
MEMS (micro-electromechanical systems) nano-
manufacturing, promising better compatibility and inte-
grated performance.76 Yun's group demonstrated a nitrogen-
doped copper lm with an average transmittance of 84% over
a spectral range of 380–1000 nm and a sheet resistance lower
than 20 U sq�1. The corresponding exible organic solar cell
achieves a power conversion efficiency of 7.1%, exceeding
that (6.6%) of solar cells utilizing the conventional ITO lm
(Fig. 5b).72 In the exible photoelectrical device eld, Liu
et al. demonstrated giant Kerr response of ultrathin Au lms
from quantum size effects in metal quantum well (MQW)
structures (Fig. 5c–e).73 The measured nonlinear Kerr
susceptibility reaches 2.06 � 10�15 m�2 V�2, showing a four
orders of magnitude enhancement compared with the
intrinsic value of bulk Au. Compared with the LSPR based
nonlinear effects, the MQWs have the advantages of broad-
band operation and free of scattering, promising high
compatibility with existing nano-photonic waveguides for
integrated nonlinear optics. Moreover, although the SPR on
metal lms is generally localized on the surface of the lm,
Nanoscale Adv., 2021, 3, 4349–4369 | 4355
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Fig. 5 (a) Variation of RMS roughness for the 6 nm Ag film with seed layer thickness.69 (b) Comparison of total transmittance vs. sheet resistance
of different flexible TEs.72 (c) Cross-sectional TEM image of the sample and the statistics of the film thickness. (d) Wavelength dependence of the
Kerr coefficient and calculated quantized energy states and their corresponding wave functions (e).73 (f and g) Sketch of a Ag (111) film deposited
on Si and HRTEM images of the transversal cross-section of the sample. (h) ARPES intensity as a function of electron energy relative to the Fermi
energy and parallel wave vector74 (reproduced with permission from ref. 69 Copyright 2013, ref. 72 Copyright 2018, ref. 74 Copyright 2019, the
American Chemical Society, and ref. 73 Copyright 2016, the Authors).
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new SPR effects occur as the thickness scales down to several
atoms of UTMFs. Compared to the 5 nm thick Au lm, the
3 nm thick Au lm fabricated by a cryogenic temperature
deposition process not only displays improved trans-
mittance, but also degraded relative electric permittivity,
revealing decreased plasmonic adsorption. El-Fattah et al.
demonstrated wafer scale 8 atomic monolayer (�1.9 nm)
crystalline Ag lms with excellent plasmonic and electrical
properties, as shown in Fig. 5f–h.74 Despite the plasmonic
resonance shi, they also obtained sharp near-infrared
optical spectra with a quality factor of �4 and strong plas-
mon localization in such an atomic UTMF, suggesting great
potential for electro-optical modulation and optical sensing
applications. Recently, Pruneri and co-workers
4356 | Nanoscale Adv., 2021, 3, 4349–4369
demonstrated plasmons in few-nanometer-thick Au UTMFs,
with clear evidence of new dispersion regimes and large
electrical tunability.77,78 Resonance peaks at wavelengths of
1.5–5 mm are shied by hundreds of nanometres and
amplitude-modulated by tens of percent through gating
using relatively low voltages. Combined with a large-scale
fabrication approach, the fabricated lms can nd applica-
tions in transparent conductors, plasmon-enhanced spec-
troscopy, optical biosensing and electrochromic devices.

Beyond the new plasmonic effects and applications
mentioned above, UTMFs imply broader future applications in
the elds of optoelectronics, nonlinear optics, plasmon-
enhanced detection and sensing, thermal manipulation, two
photon emission and plasmonic color printing.79–81
© 2021 The Author(s). Published by the Royal Society of Chemistry
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5. Quantum plasmonics in ultra-small
metal particles

Ultra-small metal particles (USMPs) are one of the simplest but
extraordinarily vital plasmonic structures. With the decease of
particle size, the plasmonic behaviors of USMPs evolve from
classical electrodynamic theory to quantum theory. The
quantum size effect, nonlocal effect, electron density spill-out
and tunneling effect become prominent as the particle size
scales down to the sub-nanometer scale.82–88

The plasmonic spectrum of a single noble metal spherical
nanoparticle experiences a blue-shi with the gradual decrease
of the particle size, and such a dependence can be well-
described by classical electrodynamic theory. However for
USMPs with size smaller than �2 nm, things seem to go in
a confused way, both blue-shi and red-shi of plasmonic
spectra appeared.89,90 The underlying reason is that as the
Fig. 6 (a) Extinction cross-section for the dipole resonance in a metal sp
particles. (c) Plot of the SPR energy versus particle diameter, with the inse
“SPL” approach.94 (e) PL of Au nanodisks with different sizes95 (reproduce
Springer Nature, ref. 94 Copyright 2016 and ref. 95 Copyright 2012, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
particle size scales down to the sub-nanometer scale, the
quantum effects cannot be neglected. In certain circumstances,
the quantum effects even play a dominating role in determining
the spectral behaviors of the USMPs. In 1987, S. Das Sarma
investigated the surface-plasmon excitation in simple metals
using a hydrodynamical model based on an electron gas-based
nonlocal theory.82 The infrared divergence inherent in local
theories is suppressed by nonlocal corrections, and as the
velocity of the probe particle vanishes, the excitation probability
goes to zero. He also showed that for low energy external
protons interacting with the metal surface, nonlocal effects
reduce the excitation probability compared with the local
theory. For a long period, such nonlocal theories prevail in
many quantum plasmonic systems. In 2014, Mortensen et al.
put forward a comparatively simple semiclassical generalized
non-local optical response theory that unies quantum pres-
sure convection effects and induced charge diffusion kinetics
for plasmonic nanostructures.91 The theory described both the
here.91 (b) Collection of normalized, deconvoluted EELS data from Ag
t depicting bulk resonance energies.93 (d) Schematic illustration of the
d with permission from ref. 91 Copyright 2014, ref. 93 Copyright 2012
American Chemical Society).
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frequency shis and size-dependent damping in individual
metallic nanoparticles as well as the broadening of the cross-
over regime from bonding dipole plasmons to charge-transfer
plasmons in plasmonic nanoparticle dimers (Fig. 6a).
However, with hard-wall boundaries, the standard hydrody-
namic Drude model is capable of giving out accurate quanti-
tative predictions for the optical response of plasmonic metal
nanoparticles. For the nanosystem where the surface effect
caused by the electron density spill-out in free space cannot be
neglected, the standard hydrodynamic Drude model is less
accurate. Toscano et al. studied the resonance shis and spill-
out effects in self-consistent hydrodynamic nanoplasmonics.92

They constructed a self-consistent hydrodynamic model to
explain the size-dependent surface resonance shis of Na and
Ag nanowires and nanospheres. The theory provides a good
attempt to develop a versatile hydrodynamic theory and
numerical method that account for both retardation and elec-
tronic spill-out.

Yet with lots of challenges, the experimental investigation on
USMPs also demonstrates exciting advances. The theoretical
descriptions and experimental results of USMPs with size larger
than 10 nm are well matched under the classical electrody-
namic framework, and will not be the main points here. The
USMPs or clusters are generally synthesized by bottom-up wet
chemical processes, and in some occasions, ligands are indis-
pensable in precise control of the cluster size and atom
numbers. The addition of ligands may weaken the optical
response of metal USMPs and clusters due to metal–ligand
interaction. In 2012, Scholl et al. synthesized individual ligand-
free silver nanoparticles and investigated the plasmon reso-
nances by aberration-corrected TEM imaging and mono-
chromated scanning TEM electron energy-loss spectroscopy
(EELS).93 They found that as the diameter of nanoparticle
decreases from 20 nm to less than 2 nm, the plasmon resonance
blue-shis to higher energy by 0.5 eV, which is a substantial
deviation from classical predictions, indicating a transition to
the quantum-inuenced regime (Fig. 6b and c). Soon aer,
Haberland pointed out that the blueshi of LSPR with the
decrease of particle size in Scholl's work is awed, because they
neglected the inuence of the carbon substrate and possibly the
residual ligand. A convincing way is taking both the small and
large size limit into account in the study of size dependent
plasmon resonance in metal nanoparticles.90 Therefore, what is
the small-particle limit of the surface plasmon becomes an
unavoidable and fundamental question to be answered.

In 2016, Zhou et al. carefully studied the evolution from the
plasmon to exciton state in ligand-protected atomically precise
gold nanoparticles.96 They investigated the transition from the
metallic (or plasmonic) to molecular state in metal nano-
particles by performing ultrafast spectroscopic studies based on
atomically precise thiolate-protected Au25, Au38, Au144, Au333,
Au�520 and Au�940 nanoparticles. Three distinct states: metallic
(size larger than Au333, larger than 2.3 nm), transition regime
(between Au333 and Au144, 2.3–1.7 nm) and non-metallic or
excitonic state (smaller than Au144, smaller than 1.7 nm) are
clearly demonstrated. The results of CO oxidation and electro-
catalytic oxidation of alcohol proved that the transition state
4358 | Nanoscale Adv., 2021, 3, 4349–4369
apparently impacts the catalytic ability of the nanoparticles,
providing a solid guide to the synthesis of atomic metal cata-
lysts in the catalysis process. Furthermore, Higaki and co-
workers observed sharp transition from nonmetallic Au246 to
metallic Au279 with nascent SPR using thiolate-protected Au
nanoparticles.89 By femtosecond transient absorption spectro-
scopic analysis and steady-state absorption spectroscopy, they
found that the Au279 nanocluster shows the metallic state of the
particle while Au246 displays a nonmetallic electronic structure
of the nanocluster. The ndings are surprising that only 33 gold
atoms lesser of Au246 than that of Au279, but the optical prop-
erties and electron dynamics between Au246 and Au279 are
dramatically distinguished from each other. Recently, Wang's
group investigated the plasmonic evolution of atomically size-
selected Au clusters by electron energy loss spectroscopy
(EELS).97 They systematically investigated the plasmonic
response of Au clusters with atom number (N) from 100 to
70 000. The bulk plasmon remains unchanged above Au887 and
disappears as N decreases to 887. The SPR rstly redshis from
2.4 to 2.3 eV above Au887 and blueshis towards 2.6 eV down to
Au300 and nally splits into 3 ne features. Naturally, an
evolution picture of plasmon physics with atomically-precise
was revealed and divided to 3 regimes, i.e. classical plasmon
(Au887 to Au70 000), quantum connement corrected plasmon
(Au300 to Au887) and molecule related plasmon (particle size less
than Au300). The observations from solid-state plasmon clas-
sical electrodynamics, quantum connement corrected plas-
mon physics, and molecular plasmon theory pave the way for
novel applications of plasmonic USMPs. Note that the changes
in crystal structures during the size decrement are also the vital
phenomena that should be considered in investigating the
quantum size effects of USMPs.98,99

Compared with ultra-small clusters synthesized by bottom-
up wet chemistry, the articial metal atoms/molecules fabri-
cated by top-down techniques, such as EBL, FIB, chemical
etching RIE etc., possess much larger size. However, beneting
from the better size and morphology control ability of top-down
nanofabrication approaches, the investigation on the plas-
monic optical properties and applications of articial monomer
atoms is always of great importance and desirable.100

To overcome the low efficiency and high time-consumption of
transitional top-down approaches, recently, our group developed
a “Sketch and Peel” lithography (SPL) approach for large scale, high
efficiency, multiscale and high precision metal nanostructure
fabrication (Fig. 6d).94 By taking the method analogous to paper-
cutting, in the SPL approach, only the outside outlines of nano-
structures are needed to be exposed, which greatly improves the
fabrication efficiency of EBL. Moreover, the effective inhibition of
the proximity effect enables ultra-high precision and shape control
ability. We estimate that the fabrication efficiency is improved by
hundreds of times. By extending the idea to the FIB process, we
found that the SPL process is compatible to state-of-the-art helium
ion beam milling technology and both the fabrication efficiency
and precision are greatly improved.101 Furthermore, by introducing
a self-assembled monolayer to engineer the surface energy of the
substrate, the adhesiveness of the Al lm outside the outline
template is signicantly decreased to implement the selective
© 2021 The Author(s). Published by the Royal Society of Chemistry
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peeling process, and various plasmonics Al nanostructures with
sub-20 nm feature sizes were successfully achieved by the SPL
approach, suggesting the tremendous potential and fabricating
ability of the technology.102–104With regard to optical properties and
applications of articial plasmonic metal atoms, the hybridization
model for the plasmon response of complex nanostructures
provides a simple effective guideline.105 As shown in Fig. 6e, Hu
et al. performed a systematic study on the photoluminescence (PL)
and scattering spectra of EBL dened individual Au nanodisk
structures.95 They found that the PL spectra and scattering spectra
of individual Au nanodisks showed the same dependencies on
shape, size, and plasmon coupling as the particle plasmon reso-
nances, providing conclusive evidence that the PL in Au nano-
structures indeed occurs via radiative damping of plasmon
resonances driven by excited electrons in the metal itself and the
PL peak position can be adjusted by their plasmon resonances.
Subsequently, Chen et al. found that the Cr adhesion layer between
the SiO2 substrate and Au nanostructures not only weakens the
scattering intensity of the structures, but also leads to the red-shi
of the spectral position.106 Lawrence J. Tauzin et al. explored the
relationship between plasmon damping and PL in Au nanorods.
The damping resulting from poor crystallinity in nanostructures
and adhesion layers can be quantitatively linked to the decrease in
PL quantum yield, and the annealing process can improve the
emission intensity of lithographically prepared Au nanorods.107

6. Plasmon coupling in metal
nanogaps

Plasmon metal nanogaps, have a unique and vital position in
light–matter interactions. Sub-nanometer metal nanogaps are
able to focus the incident light into the region beyond the
classic diffraction limit, and have wide applications in
Fig. 7 The impact of quantummechanical effects on plasmonic resonan

© 2021 The Author(s). Published by the Royal Society of Chemistry
subwavelength waveguides, molecular detection, plasmonic
antennas, medical treatment, and nano-optics.108–112 As the
distance of nanogaps scales down to sub-nanometer, some
quantum effects, such as nonlocal electromagnetic effects,
optical rectication, inelastic electron tunneling, rings inter-
ference generally emerged (Fig. 7).113 In this small section, we
will briey give a comprehensive discussion on the typical
advances in theories, fabrication and applications of sub-
nanometer nanogaps.
Plasmonic metal split rings (PMSRs) with sub-nanometer split
gaps

The PMSR nanostructure with a sub-nanometer split gap is
a crucial and unique gap structure, in which, generally, the
distance of split gaps can be well-controlled by top-down
fabrication processes. For large metal split rings, the main
attention is focused on their excellent applications in THz
applications.110 For PMSRs with sub-nanometer split gaps, top-
down EBL and FIB are two of the most vital and popular tech-
niques. Besides, new strategies and methods are also demon-
strated. For example Gwinner et al. proposed a fast and cheap,
large-area, high-coverage shadow nanosphere lithography
technique to fabricate periodic metallic split-ring resonator
structures.114 In this fabrication process, the inner- and outer-
ring diameters, gap angles, as well as thickness and period-
icity of the metallic split-ring resonator structures can be well
controlled.

The unique geometry structures of PMSRs with sub-
nanometer split gaps enable them with many attractive
nonlinear effects, such as pronounced Fano resonance, high-
order harmonic wave generation and light twisting. For
example, Cao et al. designed gradient–rotation split-ring
ces113 (reproduced with permission from Copyright 2016, the Authors).
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antenna metasurfaces to simultaneously generate and separate
pure optical vortices in a broad wavelength range, which has the
potential in miniaturized on-chip orbital angular momentum-
multiplexers.115 As shown in Fig. 8a and b, by hybridizing with
nanodisks, the split-ring resonators/disk nanocavities with
strong Fano resonance are capable of generating high-order
magnetic modes, indicating great promise in refraction index
sensors.116 Besides, multiple-split rings with sub-nanometer
feature sizes can conne the LSPR and the associated eld
enhancements to specic areas, meaning higher exibility in
manipulating the parameters of eld hot spots, thus leading to
higher capability and availability for sensing.117 More interest-
ingly, by decreasing the inner radius of split rings to zero, split
nanodisks are obtained. Fang et al., introduced a single metallic
nanodisk with a missing wedge shaped slice to support a Fano
resonance, in which, the coupling between a hybridized plas-
mon resonance of the disk and a narrower quadrupolar mode
supported by the edge of the missing wedge slice supports the
Fano line.118 Very recently, we demonstrated the pronounced
Fano resonance in the near-infrared region using Au split
nanodisk structures fabricated by the SPL process. The ultra-
small split gaps of 15 nm enable strong plasmon coupling
and eld enhancement in the gap region.119 The Fano resonance
behavior can be easily controlled by changing the disk diameter
and split length. We found that the Fano resonances observed
in the split nanodisks are induced by mode interference
between the bright antibonding dipole mode of split disks and
the subradiant mode supported by the narrow split gap.
Enabled by the giant near-eld enhancement, strong
wavelength-dependent second harmonic generation was
Fig. 8 (a and b) Experimental (a) and calculated (b) transmission spect
emission and SH emission intensity versus the incident wavelength (c)
nanodisks119 (reproduced with permission from ref. 116 Copyright 2013

4360 | Nanoscale Adv., 2021, 3, 4349–4369
observed under near-infrared excitation in split nanodisks
(Fig. 8c and d). Recently, a tunable dual-split-disk resonator
composed of top and bottom Au split-disk resonators in the THz
wave was theoretically demonstrated, which exhibits electro-
magnetically induced transparency characteristics and a high
merit factor, showing potential in sensing, programing,
ltering, and attenuating devices.
Articial plasmonic metal nanoparticle pairs (APMNPs) with
sub-nanometer nanogaps

Two closely positioned APMNPs with sub-nanometer nanogaps
are the simplest and extremely signicant nanostructures in the
plasmonic coupling eld. The high controllability in fabricating
articial plasmonic molecules by top-down micro/nano-
manufacturing methods makes APMNPs an ideal candidate to
explore new effects in sub-nanometer gap size structures.
Generally, the gap regions, the so-called electromagnetic energy
“hot spots”, enable huge eld density and large intensity
enhancement, thus leading to great potential in sensing and
detection.120 The gap distance between two nanoparticles can be
precisely controlled. With the gap size of APMNPs down to sub-
nanometer, the associated optical properties also experienced
a transition from classic electrodynamics to quantum
dynamics, that is, the quantum nonlinear effects, such as size
effect, nonlocal effect, electron spill-out effect, Coulomb block
effect and quantum tunneling effect will gradually become
pronounced.121

In general, top-down and bottom-up nanofabrication tech-
niques are all capable of fabricating paired metal nanoparticles
with sub-nanometer gaps.122 Compared to highly controlled top-
ra of disk (1), SRR (2), and SRR/D (3) arrays.116 (c and d) Measured SH
and calculated scattering spectra (d) for the single split and perfect

and ref. 119 Copyright 2016, the American Chemical Society).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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down approaches, bottom-up wet chemical synthesis processes
are more superior in obtaining ultra-small nanogaps.123

However, both techniques have shortcomings in fabricating
APMNPs with sub-nanometer gaps, so optimizations on high-
efficiency, reliability and time/economy consuming fabrica-
tion approaches are always desirable and indispensable. In top-
downmethods, the proximity effect in lithography is the biggest
challenge. In 2002, Liu et al. developed an automated proximity
effect correction algorithm based on the self-consistent expo-
sure equalization technique to fabricate electrode pairs.124 Koh
et al. patterned triangle dimers with sub-1 nm gaps on electron-
transparent 30 nm thick silicon nitride transmission electron
microscope (TEM) windows based on the fact that the substrate
with lower density and atomic number could greatly reduce the
range and intensity of the proximity effect during the lithog-
raphy process.125 In 2010, Theiss et al. demonstrated an angle
evaporation technique that can fabricate arrays of plasmonic
nanoparticles with the gap size of 1 nm (Fig. 9a).126 As shown in
Fig. 9b, a two-step EBL process to decrease overlap was
proposed by Zhu and Crozier, and metallic dimers with
angstrom-scale gaps were achieved.127 Lately, Hoogenboom's
group developed an electron-beam induced deposition etch
mask method, achieving Au dimers with sub-10 nm spacing
distance.128 For the FIB process, Ga-ion beams generally only
can obtain structures with gap size larger than 10 nm due to the
low resolution. Carl Zeiss Company reported a 4 nm nanogap on
a suspended Au lm obtained using He-ion lithography.129

Recently, by combing EBL, reaction ion etching, HF etching and
Ga+ FIB milling processes, Cui et al. developed a method to
produce �2 nm Au gap electrodes.130 Our group also developed
a series of EBL-based approaches to reliably fabricate nano-
structures with sub-10 nm gaps (Fig. 9c).94,101–104,119,131–139

Besides, other methods such as capillary-force self-assembling
of patterned nanostructures, tip-based approaches, controlled
metal deposition and breaking or crack strategies are also able
to achieve sub-10 nm gap APMNPs, which recently have been
reviewed by Yang et al., and will not be discussed in this
paper.140

To better understand and illustrate the optical response
transition of APMNPs from classic to quantum effects, innova-
tive advances and developments are presented uninterruptedly
in the past few decades. Early studies on the quantum tunneling
exposed that when the “hot spot” between two Ag nanospheres
is small, its local eld is almost identical to a replaced plate.142

As the gap size is smaller than 0.6 nm, the quantum tunneling
will dramatically reduce the enhancing ability of the interstice
between nanoparticles.143 In 2011, Esteban et al. proposed
a quantum-corrected model that incorporates quantum-
mechanical effects within a classical electrodynamic frame-
work.144 Tserkezis et al. carefully studied the underlying reasons
for nonlocal damping induced plasmon-enhanced uorescence
reduction in ultra-narrow gaps.145 Recently, by incorporating
Feibelman d-parameters, as displayed in Fig. 9d, Gonçalves and
co-workers demonstrated that the neglect of quantum effects in
sub-nanometer gap structures can be well-remedied in a unied
theoretical treatment of mesoscopic electrodynamics, which
bridged the gap between the purely quantum and classical
© 2021 The Author(s). Published by the Royal Society of Chemistry
domains.141 Along with theoretical advancements, experimental
investigations on the quantum effects of APMNPs also showed
enormous progress. Baumberg's group revealed the quantum
regime of tunneling plasmonics by measuring the electrical and
optical properties of Au nanostructures with controllable sub-
nanometer separation at the same time.122 Combining with
the quantum models of plasmonic systems, the singularities
predicted by the classical theories were eliminated. Their
experimental results suggest that the quantum tunneling
constructs a quantum limit for plasmonic eld connement
(�10�8l3 for visible light). In 2013, by employing STEM and
EELS, Scholl et al. demonstrated the observation of quantum
tunneling between two coupled plasmonic Ag nanoparticles as
the gap size is reduced to atomic dimensions.123 Their obser-
vations demonstrate a gradual transition from classical calcu-
lations to quantum theories, accompanied by the transition of
optical spectra from the redshi of the dominant dipolar peak
to electron tunneling induced intensity reduction as the gap
size is gradually reduced from 7 nm to smaller than �0.5 nm
(Fig. 9e and f). Furthermore, the bonding dipolar mode is
substituted by a dipolar charge transfer mode in the overlapped
particle systems. Nijhuis et al. presented another interesting
quantum plasmonic gap system, a molecular tunnel junction,
composed of self-assembled monolayer bridged plasmonic
resonators at length scales in the range of 0.4 to 1.3 nm. The
tunnel barrier width and height can be controlled by the
properties of the molecules. Depending on EELS, they directly
observed the showing that the potential plasmonic induced
tunneling can be observed in reconciling molecular
electronics.146

It is worth noting that articial plasmonic metal dimers are
also crucial parts in revealing the quantum size effects of
APMNPs with sub-nanometer gaps. Articial metal dimer
molecules are the simplest inter-coupling structures that are
composed of two “atoms”. The inter-coupling of two “atoms”
makes metal dimers having more complex LSPRmodes.122,147–151

Zuloaga et al. proposed a fully quantummechanical description
of the plasmon resonances in a metal dimer by using time-
dependent density functional theory, showing that for gap
sizes below 1 nm quantummechanical effects will greatly shape
the optical response and drastically decrease the eld
enhancements relative to classical predictions.152 In 2012, we
fabricated nanoprisms with varying gap and bridge widths. By
systematic reduction of the gap to 0.5 nm size and narrowing
the bridge to 3 nm width (Fig. 9g), we observed, for the rst
time, the gradual appearance of the charge-transfer plasmon
mode and identify higher-order antenna modes, shedding light
on the evolution of plasmon modes in the transition regime
from a disappearing gap to a conductive bridge between two
metal nanoprisms (Fig. 9h and i).136 One year later, we devel-
oped a three-dimensional nonlocal hydrodynamic solution of
Maxwell's equations and investigated the electron-energy loss
probing of nonlocal effects in metal structures below the
nanoscale.132 For connected bowties, we showed that it is the
dipole–dipole mode that is most affected by nonlocality,
resulting in blueshis as large as 0.7 eV for a dimer made up of
prisms with a side length of 5 nm. The experimental EELS for Au
Nanoscale Adv., 2021, 3, 4349–4369 | 4361
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Fig. 9 (a) Schematic diagram of the angle evaporation technique and the SEM of obtained nanostructures.126 (b) Schematic depiction of the two-
step EBL process and TEM images of four representative dimers.127 (c) The 3D model and the electric-field distribution of heart-, rod-, triangle-,
and disk-shaped Au nanoparticle dimers.102 (d) Nonclassical mesoscopic electrodynamics via d-parameters.141 (e) STEM images correlated with
experimental plasmonic spectra and theoretical field profiles of a merging dimer. (f) Comparison of classical BEM EELS calculations with
experimental EELS resonances.123 (g–i) Representative HAADF STEM images of the experimental samples with different junction geometries (g),
experimental EELS spectra (h) and simulated spectra (i) of the dark modes of structures136 (reproduced with permission from ref. 102 Copyright
2020Wiley-VCH, ref. 123 Copyright 2013, ref. 126 Copyright 2010 and ref. 136 Copyright 2012 the American Chemical Society, ref. 127 Copyright
2014, Nature Publishing Group, ref. 141 Copyright 2020, the Authors).
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nanoprisms connected by bridges as narrow as 1.6 nm indi-
cated that nonlocal effects do not appear to be pronounced. In
such nanoprisms, quantum connement and granularity at the
nanometer scale need to be taken into consideration. In addi-
tion to classic boundary limit investigation, nonlinear effects
and corresponding application of plasmonic metal dimers are
4362 | Nanoscale Adv., 2021, 3, 4349–4369
also inspiring. Capasso et al. reported a bowtie plasmonic
quantum cascade laser antenna that can conne coherent mid-
infrared radiation well below the diffraction limit, showing
great potential in spatial-resolved high-resolution chemical and
biological imaging and spectroscopy.153 Soon aer, nanogap
detectors for fast DNA analysis,154 high-harmonic generation
© 2021 The Author(s). Published by the Royal Society of Chemistry
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devices,147,155 and single-molecule sensing systems based on
articial plasmonic metal dimers with sub-nanometer gaps are
also demonstrated.156–158 Moreover, the single-particle level
sensor composed of two different materials can be achieved by
Fig. 10 (a) Schematic illustration of elevated Au bowties on top of Si pos
and SERS spectra of bowtie substrates.161 (b and c) The fabrication proces
illustration of atomic layer lithography. (e) The top-view SEM of a 5 nm-
corresponding SEM images in each stage of the fabrication process used f
Conceptual schematics of the self-folding of nanocylinders with plasmo
from ref. 161 Copyright 2010, ref. 162 Copyright 2014, ref. 164 Copyright
163 Copyright 2013, Nature Publishing Group).

© 2021 The Author(s). Published by the Royal Society of Chemistry
a named hetero-plasmonic dimer.159 Wang's group systemati-
cally investigated the coupling behaviors of 2D homo- and
hetero-plasmonic dimers with universal sub-10 nm gaps. They
found that compared with homo-dimers of Au–Au and Ag–Ag,
ts, the calculated spatial distribution of the E field intensity, SEM image
s (b) and SEM image (c) of AgAu 3D nanostar dimer.162 (d) The schematic
wide annular gap in a 200 nm–thick Ag film.163 (f) Schematic flow and
or the coaxial nanocavity array using glancing-angle ion polishing.164 (g)
nic nanogaps for bimolecular sensing165 (reproduced with permission
2016, ref. 165 Copyright 2020, the American Chemical Society, and ref.
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the primitive Au and Ag plasmon modes differ in energy,
leading to much weaker hybridization.160
3D plasmonic metal nanostructures (3D-PMNs) with sub-
nanometer gaps

3D-PMNs are more effective than those supported by in-plane
coupling since the coupling between plasmonic structures
and the supported substrates weakens the inter-coupling of
plasmonic metal structures. With added dimensions, decou-
pled 3D-PMNs enable higher exibility in geometric structures,
coupling modes and possible applications. 3D-PMNs are
capable of many amazing properties and applications,
including geometric and coupling mode variabilities, decreased
substrate-induced loss and enhanced plasmon coupling effi-
ciency. Besides, high-aspect ratio nanostructures are potentially
of great importance in biological sensing and X-ray diffraction.

Hatab et al. described plasmonic interactions in suspended
Au bowtie nanoantenna with sub-10 nm gap distance by EBL
and following metal deposition processes, achieving up to 2
orders of magnitude additional enhancement compared with
that of bowtie structures directly attached on substrates
(Fig. 10a).161 The improved SERS enhancement is attributed to
a plasmonic nanocavity effect occurring when the plasmonic
interactions enter a strongly coupled regime. Wang's group's
described a 3D plasmonic Au mushroom array refractive index
sensing with a Wood's anomaly and the LSPR interference
induced gure of merits of �108, which is comparable to the
theoretically predicted upper limit for standard SPP resonance
sensors.166 In 2014, Chirumamilla and co-workers introduced
novel complex 3D star-shaped Au nanostructures with inter-
particle spacing below 10 nm by EBL and the subsequent
reaction-ion etching approach. Endowed with multiple tips that
are decoupled from the substrate, the 3D Au nanostar dimer
exhibits the ability for single-/few-molecule detection by
SERS.167 Soon aer, the same group fabricated bimetallic 3D
nanostar dimers in ring cavities, achieving the recyclable and
robust SERS substrates for signal detection from few molecules
(Fig. 10b and c).162 Very recently, Wu et al. fabricated high
aspect-ration collapsible nanonger-like plasmonic structures
with precisely controllable nanogaps of sub-10 nm by
combining nanoprinting lithography, reaction-ion etching,
metal deposition and ALD processes. Depending on this
approach, they simultaneously observed uorescence and the
Raman signal in the same spectra, providing an opportunity to
analyze plasmon enhanced uorescence with in situ local eld
enhancement monitoring.168

Another interesting 3D PMNs are vertically oriented gap
structures with the gap size less than 1 nm, which are mainly
demonstrated by Kim and Oh et al. in the University of Min-
nesota.163,164,169–175 In 2013, as shown in Fig. 10d and e, they
introduced an atomic layer lithography process and successfully
fabricated wafer-scale vertically oriented gaps in opaque metal
lms along the entire contour of a millimetre-sized pattern,
with gap widths as narrow as 9.9 Å.163 With such reliable ultra-
small nanogaps, they not only observed resonant transmission
of near-infrared waves through 1.1 nm-wide gaps (l/1295, an
4364 | Nanoscale Adv., 2021, 3, 4349–4369
effective refractive index of 17.8), but also a resonant trans-
mission of millimetre waves through 1.1 nm-wide gaps (l/
4 000 000, inferring a eld enhancement factor of 25 000). The
method is capable of producing sub-nanometer gaps over
millimetre-scale contours, enabling resonantly enhanced
transmission of THz waves. Soon aer, based on the same
approach, they experimentally demonstrate that even the
refractive index change produced by only a 1 nm thick dielectric
overlayer (Al2O3 lm) can be detected by the THz waves conned
in sub-10 nm metallic gaps.170 Besides, the method is also
extended to the high-throughput fabrication of resonant meta-
materials with ultra-small coaxial apertures by combining with
glancing angle ion polishing (Fig. 10f). The constructed ultra-
compact, high aspect-ratio coaxial nanocavities with 2 nm
gaps and 100 nm diameters exhibit higher order resonances at
optical and the zeroth-order F–P mode frequencies.164 Recently,
they further demonstrated the broader applications of these
vertically oriented gap structures with sub-10 nm gaps in low-
power optical trapping of nanoparticles and proteins, high-
contrast infrared absorption spectroscopy, and nanogap elec-
trodes, as well as mid-infrared nonlocality and quantum plas-
monics.169,171,175–178 The work on vertically oriented gap
structures with sub-1 nm structures greatly strengthens the
power and ability of extreme small gap structures, which also
promise more possibility and potential in metal plasmonic
nonlinear optics and plasmonic quantum photonics.

Beyond top-downmicro/nanofabricating processes, Dai et al.
demonstrated a self-assembled 3D nano-split ring originating
from a 2D nanobelt for plasmon-enhanced optouidic sensing
(Fig. 10g). The realized segmented nanocylinders were achieved
by electron irradiation triggered self-assembly. The optical
response of the 3D plasmonic nanostructures shows an inten-
sity enhancement over 22 times.165 Although, 3D PMNs gener-
ally enable higher coupling efficiency, the difficulties in
precisely and large scale fabricating of 3D-PMNs inhibit the
practical applications, the advances and breakthroughs in the
more efficient and economic approaches will have heavy impact
on the elds.

7. Summary and outlook

In summary, plasmonic metal nanostructures with extremely
small feature sizes play crucial roles in the elds of nano-
photonics, sensing, nonlinear optical effects, spectral ltering,
high-resolution imaging, light focusing and quantum optics,
especially in the areas that are beyond the ability of conven-
tional devices, such as quantum nonlocality, quantum
tunneling and high-order harmonic wave generation. Nowa-
days, motivated by the pursuit of scientic limit and techno-
logical innovation, plasmonic metal nanostructures with
extremely small features have demonstrated amazing and
exciting ability in light manipulation that is far beyond the
capability of conventional optical devices. Specically, plas-
monic metal metamaterials play important role in quantum
and nonlinear photonics, as well as related applications.
Combined with dielectric and ultrathin 2D layer nanomaterials,
plasmonic metal nanostructures with extremely small feature
© 2021 The Author(s). Published by the Royal Society of Chemistry
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sizes are capable of opening up a new era for planar nano-
focusing, ultra-high resolution sensing, ultra-high sensitive
detection and energy conversion devices and systems.179–187

Moreover, the advancement in tiny metal nanoholes also
promises valuable and promising applications.188 However, the
inherent high loss of metals, high cost and low manufacturing
efficiency of traditional nanofabrication techniques are the
main obstacles that restrict the wide and large-scale application
of plasmonic metal nanostructures with extremely small feature
sizes. Therefore, the advances in nanofabrication technologies,
more efficient structural design and material hybrids will speed
up the development of the eld. Specically, by hybridizing with
functional materials, the sensitivity, precision, range and exi-
bility of light manipulation will be further improved, thus
leading to more exciting and versatile functionalities for
broader applications, as well as continuous innovation of novel
concepts and effects.
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Nanoscale Res. Lett., 2014, 9, 153.

60 U. Diebold, J.-M. Pan and T. E. Madey, Surf. Sci., 1995, 331–
333, 845–854.

61 A. Kossoy, V. Merk, D. Simakov, K. Leosson, S. Kéna-Cohen
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