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All-dielectric concentration of electromagnetic
fields at the nanoscale: the role of photonic
nanojets

Jinlong Zhu®* and Lynford L. Goddard ©

The photonic nanojet (PNJ) is a narrow high-energy beam that was originally found on the back side of all-
dielectric spherical structures. It is a unique type of energy concentration mode. The field of PNJs has
experienced rapid growth in the past decade: nonspherical and even pixelized PNJ generators based on
new physics and principles along with extended photonic applications from linear optics to nonlinear
optics have driven the re-evaluation of the role of PNJs in optics and photonics. In this article, we give
a comprehensive review for the emerging sub-topics in the past decade with a focus on two specific
areas: (1) PNJ generators based on natural materials, artificial materials and nanostructures, and even
programmable systems instead of conventional dielectric geometries such as microspheres, cubes, and
trihedral prisms, and (2) the emerging novel applications in both linear and nonlinear optics that are built
upon the specific features of PNJs. The extraordinary features of PNJs including subwavelength
concentration of electromagnetic energy, high intensity focusing spot, and lower Joule heating as
compared to plasmonic resonance systems, have made PNJs attractive to diverse fields spanning from
optical imaging, nanofabrication, and integrated photonics to biosensing, optical tweezers, and disease

rsc.li/nanoscale-advances diagnosis.

1. Introduction

We start the review without a detailed discussion of well-known
underlying theories for photonic nanojets (PNJs) such as Mie
scattering and index limitation. Instead, we organize the article

Photonic Systems Laboratory, Department of Electrical and Computer Engineering,
University of Illinois at Urbana-Champaign, 208 N. Wright St., MNTL 2231, Urbana,
IL 61801, USA. E-mail: zhuwdwz1@illinois.edu

Dr. Jinlong Zhu obtained his
B.Sc. and PhD in Mechatronic
Engineering from Huazhong
University of Science and Tech-
nology, Wuhan, China. He is
presently  working at the
Department of Electrical and
Computer Engineering at the
University of Illinois at Urbana-
Champaign as a Post-Doctoral
researcher. His research inter-
ests involve optical metrology,
nanoscale  sensing,
chiral photonics,

semi-
integrated

conductor
photonics, inverse problem, and topology optimization. He is co-
author of over 50 publications and 10 patents.

defect inspection,

This journal is © The Royal Society of Chemistry 2019

with a viewpoint on the generation and application of PNJs with
the hope of stimulating new directions for future research.
The nanoscale concentration of light in the visible and near-
infrared (IR) spectral regions enables the re-examination of
conventional rules for light-matter interactions and thus, lies at
the heart of revolutionary photonic devices. The most well-
known demand for nanoscale concentration of light undoubt-
edly comes from the semiconductor industry. Because of their
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wider bandwidth, photonic devices can replace electronic
devices provided they can be densely integrated." However,
delivering electromagnetic energy through conventional
photonic devices (e.g., optical waveguides and photonic crys-
tals) in a volume comparable to that of electronic devices
manufactured at advanced technology nodes is non-trivial.
Specifically, electromagnetic waves with the vacuum wave-
length A cannot last long in a dielectric cavity of characteristic
size smaller than 2/2n, because the self-sustaining oscillations
(i.e., the balance in the potential energy transfer) between the
electric field energy and magnetic field energy of electromag-
netic waves cannot be supported in the cavity.” This phenom-
enon can be more briefly understood as the fundamental
diffraction limit of light.

However, if we introduce free carriers in the cavity, the
potential energy can also be stored in the form of kinetic energy
of free carriers, making it possible to restore the balance of
energy transfer. This is the physical fundament of why visible
and IR light can be concentrated into regions with nanoscale
characteristic sizes using metallic objects. Without any doubt,
the research on plasmon-assisted concentration of light into
nanoscale volumes will remain as one of the hot fields (along
with metamaterials) because of its revolutionary potentials in
many fields like microscopy,® sensing,*® and integrated
circuits.® By propagating a mid-IR surface wave along a tapered
two-wire transmission line, nanoscale IR spot with a diameter of
60 nm (1/150) was observed using a nearfield microscope.”
Nanoscale focusing with a 2 x 5 nm? footprint and an intensity
enhancement of 3.0 x 10" was achieved in an Au-SiO,-Au gap
plasmon waveguide using a carefully engineered three-
dimensional taper.® Im et al. described a high-throughput,
label-free plasmonic exosome assay for quantitative analysis
of exosomes.’ Liu et al. introduced a far-field optical superlens
capable of imaging beyond the diffraction limit via converting
the evanescent waves into propagating waves, which can be
measured in the far field.’* However, although surface plasmon
polaritons of metallic structures (especially Au and Ag, whose
scattering rate are 12.32 x 10" s and 3.6 x 10" s™*, respec-
tively) have been conceptually applied to create many novel
devices or to boost the performance of existing mechanisms,
the extremely high-loss in metallic materials typically makes
high-efficiency plasmonic-based photonic devices impractical.
The few exceptions have been in imaging and sensing, where
sensitivity is more critical than efficiency. A highly doped
semiconductor is a promising alternative to metals, but w, for
a semiconductor is an order of magnitude lower, thereby
limiting them to the mid-IR and longer wavelengths.>'* Gain
materials to compensate metal loss have been researched, but
theoretical computations show that extremely high power is
required. For those reasons, in recent years, interest has grown
in using non-metallic, all-dielectric materials to pull off some of
the same light-localization tricks enabled by plasmonics while
avoiding the tendency of plasmonic systems to dissipate optical
energy as heat.”

The trick in all-dielectric light concentration at the nano-
scale is that although light cannot be squeezed in a sub-
wavelength cavity, it can be tailored in all three dimensions
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outside of dielectric structures via the contribution from
evanescent waves or via purely the interference of propagating
waves.” More importantly, nanostructured dielectric materials
with a high value of the refractive index offer a novel way to
directly engineer a magnetic field response at optical frequen-
cies in addition to the electric field response in plasmonic
structures. These features of dielectric nanostructures have
recently risen to prominence in the nanophotonics toolkit for
diverse fields by creating electric or magnetic hot spots. Albella
et al investigated the possibility of utilizing the field-
enhancement in the nanogap of silicon dimers for the fluores-
cence of either electric or magnetic emitters.** Shcherbakov
et al. demonstrated ultrafast all-optical switching in sub-
wavelength nonlinear dielectric nanostructures exhibiting
localized magnetic Mie resonances.'® Regmi et al. demonstrated
the effectiveness of an approach using the field hot spots
created by silicon dimers to enhance the fluorescence detection
of single molecules.” The creation of nanoscale hot spots
through the engineering of dielectric nanostructures in the
near-field region arises from the interference and diffraction
nature of various components of light (especially the evanescent
ones); thus, an interesting way to create deep subwavelength
hot spots in the far-field via the propagating components only,
is based on superoscillation theory,””™ which has been
successfully applied into the area of super-resolution imaging.
Although the aforementioned metasurfaces are capable of
tailoring the light field for nanoscale localization or focusing
either in the near-field or far-field, the complicated processes
required in the fabrication of metasurfaces hinder the gener-
alization and industrialization for diverse applications. One
may ask, are there any nanostructures that behave similar to
metasurfaces in terms of squeezing the light but have much
simpler geometrical profiles? Actually, we do have, and the
answer is quite straightforward, i.e. the slot waveguides.” A slot
waveguide can guide strongly confined light in the nanoscale
low refractive index gap by total internal reflection. The
underlying physics, i.e., the discontinuity of the electric field (E-
field) at high-refractive-index-contrast interfaces,” can be
somehow related to the physical fundaments of the hot spots
created in the nanoscale dimers.”> However, the realization of
nanometer scale localization of electromagnetic fields pays the
price of rigid excitation conditions (i.e., fiber-coupled laser
coupling or grating-based coupling) and long transverse length.
For all those reasons, we do need a type of simple, non-metallic,
massively manufacturable, and small-in-dimension structures
that concentrates light to nanoscale volumes for various types of
excitation mechanisms including free-space beams and fiber or
waveguide-coupled modes.

Surprisingly, the natural world has provided us the answer:
spheres, which are the most universal and simple geometries in
nature and can be found from celestial bodies to atoms, can
meet all the rigid conditions as mentioned earlier when they
interact with light: microscale or even nanoscale dielectric
spheres with the refractive index smaller than two, can
concentrate free-space beams or waveguide modes impinging
from any spatial direction to deep subwavelength volumes.
Actually, it's been known since ancient times that a garden
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should not be watered in the afternoon, as the small droplets of
water deposited on the leaves could cause sunburns.”” Yet, the
thorough investigation of the narrow, non-resonant, and highly
spatially confined optical field emerging on the shadow side
surface of microspheres with diameters comparable to or
somewhat larger than the wavelength of the incident optical
radiation, was not implemented until 2004, when Chen et al.
coined the terminology “photonic nanojet” for the concentrated
field. Although microspheres do have similar geometrical
features with those of a macroscopic lens or a conventional
micro-lens, the rigorous analysis through Mie theory combined
with Debye series have demonstrated that the behavior of the
microsphere is significantly different from that of the conven-
tional solid immersion lens in terms of the beam width,
concentrated energy, and reaction to nanoscale perturba-
tions.>*** Such a difference can be somehow attributed to the
size effect: microspheres that could generate PNJs, typically
have the size in between Rayleigh particles and micro-lens;
thus, one can use neither electrostatic approximation nor
geometrical optics, but only the Mie scattering theory, to
analytically disclose the underlying physics, in which, the
unusual entanglement of propagating and evanescent compo-
nents may be responsible for the uniqueness of PNJ proper-
ties.”® Here, we use the term “may be” because the underlying
physics of some PNJ-based applications is still under debate,
e.g., the PNJ-assisted super-resolution imaging,*® though there
are already considerably numerical and experimental investi-
gations.””** However, the mystery in the physics did not hinder
the formation of a huge family of applications based on PNJs—
we can now find the footprints of the PNJ in nearly all the major
subjects related to nanophotonics, e.g., nanolithography,
nanoscopy, fluorescence enhancement, sensing, photo-
detection, resonators, Raman and Stokes microscopy, optical
data storage, transmission enhancement, waveguides, and all-
dielectric switching. Although the term “PNJ” was originally
coined for the concentrated beam regarding microspheres, it
has been generalized immensely to also represent the squeezed
field on the shadow surface of non-spherical objects, such as
cuboids, triangles, gratings, and nanofiber assemblies.**~** Such
a generalization facilitates the explanation and description of
the light-matter interaction for non-spherical objects in the PNJ
language. The emergence of novel light sources including
frequency combs,*® ultra-fast lasers,*” super-continuum sour-
ces,”® and quantum atom-fiber photonics,* provide a brand-
new dimension for the PNJ generators (microsphere and its
derivatives) to manipulate light-matter interaction in extreme
environments. For all these reasons, we do believe that the PN]J,
which is promising in many fields in terms of efficiency,
simplicity, manipulability, and manufacturability, will remain
as an interesting and hot research topic. Hence, we do feel,
a thorough review for disclosing new perspectives, unusual
physics, and exciting trends, is of great importance to both new
entrants in the field and people who are seeking to use it in
interdisciplinary work. We should mention that different from
previous review articles by Wang and Heifetz that primarily
discuss PNJs formed by dielectric particles such as micro-
spheres, microcylinders, and prisms,*>* this article is more
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focused on disclosing the diversity in PNJ generators for both
nature-inspired and metamaterials-based ones, as well as on
the emerging novel applications of PNJs in both linear and
nonlinear regimes in the past decade. The techniques
(including index engineering, geometry engineering, and
topology optimization) disclosed in Sec. 2 enables the custom-
ization of PNJ properties including FWHM, energy concentra-
tion, gradient field, and microlensing effects. The capability of
customizing these properties of PN]J is critical to diverse appli-
cations of PNJs because each application requires one or several
specific properties of PNJs.

2. Diversity in PNJ generators
2.1 Origin and theory of PNJs

The initial identification of the PN]J for a dielectric cylinder and
a dielectric sphere was reported by Chen and Li, respectively.*>*
Applying a high-resolution finite-difference time-domain
(FDTD) computational solution of Maxwell's equations or an
exact eigenfunction series solution of Maxwell's equations in
spherical coordinates (i.e., Mie theory), evidence was provided
that both dielectric cylinders and spheres with microscale
dimensions illuminated by a plane wave, can generate a narrow,
high-intensity, sub-diffraction-waist beam (i.e., the PN]J) that
propagates into the background medium from the shadow-side
surface. By analogy with macroscopic components like cylin-
drical lenses and spherical lenses that are characterized by the
geometrical optics, microscale cylinders and spheres theoreti-
cally concentrate plane waves with specific polarization states
into a line and a point, respectively. Consider now such
a cylindrical or spherical lens having a small but fixed f-number
and shrinking down its dimensions to the microscale such that
its focal length f becomes smaller than a fraction, a, of the
wavelength 2, ie.,

f<an. (1)

See the schematics in Fig. 1. When eqn (1) applies, the
evanescent components of the scattering field cannot be
neglected as can be done with macroscopic optics components.
At a distance of A/e, from the microlens, the power of the
evanescent waves attenuates to 36.8% of its peak value. More-
over, for the scattering of visible and near-IR light via micro-
scale objects, eqn (1) is usually much tighter than the inequality
that relates to the Fraunhofer distance

f<2D%2, (2)

where D is the greatest width of the scattering object. This
indicates that the characteristics of the diffraction pattern after
passing through the microscale objects include: (i) that the
fringes become more pronounced, (ii) that the diffraction
pattern changes in structure as the distance f'is increased, and
(iii) that the phase change in the region governed by eqn (2) is
not linear. Because of the existence of evanescent components
and the nature of diffraction at the scale comparable to the
wavelength, the actual focal length and the concentration
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Fig. 1 Schematics of the concentration for the plane-wave excitation
based on (a) macroscale and (b) microscale objects. The ideal focal
lengths shown in (a) and (b) are far larger and smaller than the wave-
length, respectively.

feature for impinging waves behave vastly different than that of
conventional optics components. Using Mie theory, we can
easily determine which specific modes contribute the most to
the formation of PNJs, but one should note, again, that the
unusual features (e.g., the sub-diffraction waist) of PNJs
intrinsically arise from the size-effect-induced light diffraction
and mixing of the evanescent and propagating components. An
interesting topic, therefore, is understanding the physics of how
the diffraction aperture and the combination of evanescent and
propagating components contribute to specific features of the
PN], e.g., the beam waist, the concentrated energy, and the
working distance. Although disclosing the underlying physics
analytically is only feasible for simple geometries, there have
been some attempts of using quasi-analytical models or
complicated theories to understand the PNJ.**** However, the
majority of PNJ engineering is still based on numerical and
optimization algorithms because of their simplicity and matu-
rity and the ubiquity of high-performance computing. We will
next give a review on designing PNJ generators from five
different perspectives: natural PNJ generators, index engi-
neering, geometry engineering, non-conventional designs, and
a generalized design framework.
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2.2 PNJ generators in the nature

Theoretically, any spherical or cylindrical micro-object with the
refractive index smaller than two can be a PNJ generator.”* Many
building blocks of living organisms such as proteins, water, and
carbohydrates have indices less than two in the visible regime
(this is also the reason why the Born or Rytov approximation can
be introduced to enable optical phase imaging for living cells
without suffering from significant multiple scattering).*® This
makes it possible to utilize natural materials to generate PNJs.*”
It has been demonstrated that spider silk with a spherical cross-
section can behave as a superlens for super-resolution imaging
in contact mode at A/6 scale, which is well beyond the classical
limit [see Fig. 2(a)].*® It has been suggested that the phototaxis
of Synechocystis cells may arise from the spherical microlens
effect of the cells.”” In a macroscale imaging system, a high-NA
objective lens enables optical trapping and sensing of nanoscale
objects.*>** Analogously, the microlens effect of cells make it
possible to use a single cell to trap, image, and sense nano-
particles as was successfully demonstrated very recently.>> A
significant difference to conventional optical imaging is that the
single cell can be operated in contact mode such that the
possible evanescence-propagation coupling can facilitate
super-resolution imaging. See Fig. 2(b) showing the focusing
effect of a single cell for red, green, blue (RGB) lasers and
nanopattern imaging in scanning mode. In the field of optical
tweezers, self-bonding is a phenomenon in which a cascade of
objects forms as the result of the generation of a trapping
potential through the trapped objects. A cell trapped at the tip of
fiber concentrates the electromagnetic energy and forms
a trapping potential to capture a second cell. “Chain reaction”
form such that more and more cells become trapped until the
trapping potential can no longer overcome the background
perturbation. Such a phenomenon has been reported in several
studies such as biophotonic waveguides, enhanced upconver-
sion fluorescence, and near-field optical probing.***** See
a bio-microlens trapped at the tip of a fiber that behaves as
a PN]J generator to form a E. coli chain in Fig. 2(c). An interesting
topic is how to achieve a tunable “biolens” such that its optical
features match diverse applications. It has been shown that the
red-blood-cell-based microlens can stretch the cell membrane
with an enhancement factor of 1.5 in a noncontact and
noninvasive manner.* This enlightens the possibility of using
a second PNJ to tune the geometric shape of a cell in order to
achieve an adjustable biolens. A more straightforward method
is to control the liquid buffer's chemistry such that the red
blood cell can swell up from a disk shape to a sphere, leading to
avarying focal length.>” As cells are typically operated in liquids,
the aforementioned tunable techniques are limited to immer-
sion environments.*® Moreover, the precise control over a biol-
ens is challenging because a living microlens has diverse
fundamental elements and thus its accurate optical response to
external excitation is nonlinear and unknown.* For these
reasons, we will focus on the artificial-materials-based PN]J
generators thereinafter. However, we should mention that the
biolens will still find its unique value in many applications

This journal is © The Royal Society of Chemistry 2019
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(a) Schematic diagram of silk biosuperlens imaging and super-resolution images of a Blu-ray disk in reflection mode. Reproduced with

permission from ref. 48. Copyright 2016, American Chemical Society. (b) Darkfield images showing the focusing effect of a single cell for RGB
lasers. Reproduced with permission from ref. 52. Copyright 2019, Nature Publishing Group. (c) Schematic showing the fluorescence
enhancement of an E. coli chain originating from a bio-microlens. Reproduced with permission from ref. 53. Copyright 2017, American Chemical

Society.

where man-made materials can hardly be applied, such as
intravital trapping and sensing.

2.3 Index engineering for PNJs

The refractive index determines the angle of refraction on an
interface via the generalized Snell's law;**** thus, the most
direct way to tune PNJs is via controlling the index of the PNJ
generators. It has been shown numerically, as early as the year
2009, that a radially index-graded microsphere can increase the
useful length of a PNJ by an order-of-magnitude to approxi-
mately 20 wavelengths, which is effectively a quasi-one-
dimensional light beam. This may be useful for optical detec-
tion of naturally or artificially introduced nanostructures deeply
embedded within biological cells.®® Actually, by analogy with
macroscopic spherical lenses, one can anticipate, qualitatively,
that reducing the index contrast between the microsphere and
its surrounding ambient could longitudinally elongate the hot
spot; however, rigorous numerical modelling is required to
quantitatively validate the prediction because of the evanescent
contribution and effects of diffraction.®® Two-dimensional and
three-dimensional spherical microstructures are the most
widely investigated objects for index engineering. Geints et al.
considered dielectric spherical composite particles consisting
of a core and several concentric shells having different refractive
indices. The dependence of the longitudinal and latitudinal
sizes of a PNJ and the PN]J's peak intensity on the optical
contrast variation of the shells was numerically investigated.
They showed that by properly changing the refractive indices of
neighboring shells, it is possible to manipulate the PNJ shape
and, particularly extend its longitudinal size or increase its peak
intensity.** Shen et al. showed that ultralong nanojets can be
generated using a simple two-layer microsphere structure. In
particular, they showed that for a glass-based two-layer

This journal is © The Royal Society of Chemistry 2019

microsphere, the PNJ has an extension of 22 wavelengths.®* A
similar investigation of a liquid-filled hollow microcylinder
under a liquid immersion condition was numerically investi-
gated by Gu et al., in which they demonstrated super-long PNJs
with decay lengths more than 100 times the illumination
wavelengths in the outer near-field region of the micro-
cylinder.®® Zhen et al. reported the realization of an ultranarrow
PNJ, which is formed by a two-layer microcylinder of high
refractive-index materials. They numerically showed that under
632.8 nm illumination, the full width at half maximum (FWHM)
of the beam waist can reach 87 nm (~2/7.3), which appears to be
the narrowest PN]J ever reported.®”

In fact, tuning the scattering by varying index contrast has
a long history (for instance, the Luneburg lens,* which is widely
employed at microwave frequencies). But, what really makes the
community excited is the capability of dynamically varying the
index contrast for tuning the properties of PNJs, so that a single
device can satisfy the needs of diverse applications. Possibly,
the easiest and also the most direct way to tune is through
liquid crystals (LCs). LCs have been extensively utilized in many
fields including organic electronics and energy conversion, the
creation of nanostructured materials or ordering nano- and
microparticles, actuators, polymer-dispersed LCs, and spatial
light modulators.®*””* Liu et al.,”* Matsui et al.,” Eti et al.,”® and
Du et al.,”” have investigated the properties of PNJs as functions
of the phase transitions of LCs, but the first experimental
imaging of tunable PNJs using LC control appears to have been
achieved by Matsui and Tsukuda.” In their experiments, a LC
microdroplet formed in a polydimethylsiloxane (PDMS) matrix
is sandwiched between indium-tin-oxide (ITO) electrodes.
Applying external voltage to the device alters the alignment of
the LC molecules [a nematic LC (E7, LCC)] in the droplet, which
changes the effective refractive index, and thus the electro-
tuning of the PNJ can be realized. See the schematic of the

Nanoscale Adv., 2019, 1, 4615-4643 | 4619
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PNJ generator device in Fig. 3(a) and (b), and the reconstructed
PN]J generated by a LC microdroplet under applied voltage
viewed along the optical z axis, as measured by a confocal
microscope. The three plots from top to bottom on the right-
hand side of Fig. 3(c) represent the beam width, beam length,
and intensity enhancement of the PNJ as a function of applied
voltage, respectively.

The phase transition of LCs is not the only way to tune the
properties of PNJs, but any other methods that modify the index
distribution would work as well. For instance, phase change
materials”® switch from their amorphous state to their crys-
talline state and vice versa. This provides a binary tuning of the
index contrast. Soh et al. implemented a numerical investiga-
tion of how temperature can tune the FWHM and working
distance (WD) of a PNJ generated by a glass microsphere whose
top half-surface is coated with vanadium oxide (VO,), a phase
change material.® See the schematic in Fig. 3(d). As VO,
changes from semiconducting to metallic phase, the refractive
index of the VO, layer changes at its transition temperature of
68 °C. They found that a coating of 75 nm on a 5.0 pm diameter
microsphere with a refractive index of 1.50 is optimal, as it
tunes the FWHM the greatest while remaining thin enough to
have a high transmission. When the temperature is raised from
20 °C to 90 °C, the FWHM varies from 0.43 um to 0.37 um,
corresponding to a 14.0% change. The WD varies from 0.29 pm

a b

PNJ

d Incident plane wave

1

Incident plane wave

p
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to 0.20 um, corresponding to a 31.0% change. To enable the
dynamic tuning of PNJs, one needs a reversible mechanism that
facilitates the variation of indices in a continuous space. It has
been demonstrated that the refractive index and optical band
gap of CR-39 polymers in UV-visible range reduce as the
annealing temperature increases,* making it possible to use
CR-39 polymer as the scaffold to design PNJ generators with
tunable features via heating. Different to heat tuning, Yu et al.
reported that the refractive index of transition metal dicha-
colgenide monolayers, such as MoS,, WS,, and WSe,, can be
substantially tuned (by >60% in the imaginary part and >20% in
the real part) around exciton resonances using complementary
metal-oxide-semiconductor (CMOS) compatible electrical
gating.*® However, the aforementioned mechanisms only work
for specific materials and cannot be generalized to arbitrary
ones because of different electro-optic and thermal-optic coef-
ficients. The nonlinear optical effect is an inherent attribute of
materials. Laser light with sufficiently strong power can result
in a nonlinear response of a material system, i.e.,

P(t) = eox(”E(t) + 80X<2)E2(t) + eox(3)E3(t) + ..., (3)

where P(t) and E(t) are the dielectric polarization density and
electrical field at time ¢, respectively. The coefficients x™ are the
n-th-order susceptibilities of the material. Here, we propose that
in theory, we could use the nonlinear optical response of
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Fig.3 Schematic of tunable PNJ generator device with (a) off and (b) on states based on a LC microdroplet and (c) measured PNJ under different
voltages viewed along the z axis. Reproduced with permission from ref. 78. Copyright 2017, Optical Society of America. (d) Schematic diagram
showing the VO,-coated microsphere for 800 nm illumination. Reproduced with permission from ref. 84. Copyright 2016, Optical Society of
America. (e) Our proposal for generating a tunable PNJ using nonlinear effects in a dielectric microsphere.
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dielectric materials to tune PNJs; see the schematic in Fig. 3(e).
But we should mention that, achieving the large range of input
power necessary for tuning will be challenging as is the case for
thermal or electrical tuning. LCs currently seem the most
practical approach for energy-efficient tunable PNJs but future
research into the reversible tuning of dielectric materials (e.g.,
SiO,, SizNy, and polymers) may yield new solutions.

2.4 Geometry engineering for PNJs

Compared to index engineering, the customization of shapes
for diverse PNJ applications is much easier to implement, owing
to, at least partially, the advances in nanoscale fabrication.*”-**
One typical advantage of geometry engineering is that the
limitation of low-index materials (refractive index less than two)
as required in conventional dielectric microspheres, can be
conquered;*> however, the majority of PNJ generators use
aspherically-shaped low-index materials (possibly, due to
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convention). The second reason for the bloom of geometry
engineering is related to circumventing the drawbacks of PNJs
generated by microspheres and microcylinders for specific
applications.” For example, to detect intrinsic nanostructures
and artificially introduced nanoparticles that are deeply
embedded within biological cells researchers requires a long
PNJ length, whereas a rapidly convergent PNJ generated by the
microsphere or microcylinder is followed by a fast divergence.””
We give, herein, a review on the major published results of the
past decade on the geometry engineering for PNJs, to remind
our readers of the diversity in PNJ customization.

Geints et al. investigated the longitudinal and transverse
dimensions of the PNJ as well as the dependence of its peak
intensity on the optical contrast of micrometer-sized composite
particles consisting of a nucleus and several shells with
different refractive indices. It was shown that, the length and
peak intensity of PNJs can be manipulated via varying the index
contrast.”* Grojo et al showed both numerically and
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(a) Schematic of measuring a PNJ by a conventional optical microscope. The lens located between the objective lens and the CCD is the

focusing lens. (b) Top and (c) side views of a microsphere decorated with 4 rings. Reproduced with permission from ref. 101. Copyright 2015,
Optical Society of America. (d) A fabricated polytetrafluoroethylene cube and the experimental visualization of the phase and amplitude profiles
of the PNJ. Reproduced with permission from ref. 109. Copyright 2017, American Institute of Physics. (e) Experimental images (right) and FDTD
simulation (left) of power flow distributions for the diffraction gratings at incident wavelengths of 671 nm, 532 nm, and 405 nm. Reproduced with
permission from ref. 113. Copyright 2018, Institute of Physics. (f) Side view and top view SEM images of the central part of the manufactured spiral
axicon, and intensity distribution in the cross-sections at different distances from the axicon surface. Reproduced with permission from ref. 114.
Copyright 2016, Optical Society of America.
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experimentally that Bessel-like PNJs can be obtained with
properly engineered sub-wavelength core-shell colloids.®® This
form of geometry engineering is strongly inspired by a far-field
approach for the generation of Bessel beams. Pacheco-Pefa
et al. demonstrated the ability of high-index dielectric hemi-
spherical particles immersed in air to generate PNJs with
extreme resolution (~0.064).°® Huang et al. employed a genetic
algorithm coupled with Mie theory to optimize the magnetic
field intensity distribution of PNJs generated by multilayer
microcylinders at visible wavelengths in free space.” Zhou
showed that a micro-gold tube illuminated by a TM-polarized
plane wave could generate a stronger PNJ than that generated
by dielectric cylinders with the same dimension.”® Hengyu et al.
reported that a PNJ with a small FWHM of 0.3984 (A = 0.4 pm)
can be achieved by illuminating the curved side of a hemi-
spheric shell possessing a high refractive index and properly
chosen diameters and thickness.”® McCloskey et al. experi-
mentally demonstrated that high intensity PNJs with nanoscale
footprint and low divergence can be generated in a system of
SizN, microdisks illuminated from the side with purple, green,
and red laser light.' Wu et al. reported that the features of
a PNJ can be changed by decorating the dielectric microsphere
surface with concentric rings.'® See the schematics of the
decorated microspheres, the brightfield microscope, and
fabricated samples shown in Fig. 4(a-c). They demonstrated
that a FWHM waist of 0.4851 (A = 0.4 um) is achievable by
engineering the microsphere with four rings etched to a depth
of 1.2 um and a width of 0.25 um. Wu et al. further generalized
the idea of decoration for microsphere surface by covering the
center of a microsphere with a flat mask, to engineer PNJs.'*
These works have demonstrated that both global and local
modification for microspheres or microcylinders can signifi-
cantly affect the properties of the generated PNJs.

In fact, PNJs are not an exclusive feature of spherical objects,
but many structures with aspherical edges have now been
involved because of their capability in generating PNJs with
distinct features. It has been shown experimentally that square-
profile microsteps on a silica substrate, can produce sub-
diffraction-limit PNJs with enhanced intensity near the surface
via the illumination by a linearly polarized laser beam of wave-
length A = 633 nm.'” This device is similar to the dielectric
cuboids being tested in various illumination modes.'***® The
dielectric cube can produce an asymmetric phase anomaly and
Gouy phase shift at the terahertz frequency, which cannot be
explained simply as an analogy to a lens focusing a Gaussian
beam.'®” See the cube and experimental results in Fig. 4(d). Zhang
et al. proposed a microtoroid structure with high index (n = 3.5)
to generate an ultralong PNJ."® Geints et al. reported on the
calculations of optical radiation scattering at micrometer-sized
axicon particles and showed that PNJs with up to ~254 length
are achievable without sacrificing high peak intensity and sub-
wavelength transverse width."* We can, undoubtedly, assemble
the aforementioned individual PNJ generators as a periodic
grating [see one of the representative images shown in Fig. 4(e)],
so that massive arrays of PNJs can be generated simultaneously
for diverse applications like sub-diffraction imaging, interfer-
ometry, and surface fabrication.*»"'>"** Degtyarev et al. proposed
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an interesting extension for PNJs (i.e., the generation of a PNJ
with a helix shape), which is called photonic nanohelix."** See the
image of the central part of the manufactured spiral axicon ob-
tained with a scanning electron microscope (SEM) in Fig. 4(f).
This potentially adds a new dimension to the optical manipula-
tion of nanoscale objects based on PNJs. By analogy with the
index engineering, one may expect a deformation-controllable
dielectric geometrical profile to dynamically tune the parame-
ters of PNJs. In fact, the controllable deformation of specific
polymers and silicon nanostructures have already been realized
via diverse approaches including light,** electricity,"*'"” gas,"®
and force."® These techniques, as an alternative to the engi-
neering of refractive index, potentially pave the way to the
controllable PNJs for diverse applications.

2.5 Non-conventional designs of PNJs

For the majority of PNJ generators, the excitations, e.g., plane
waves or Gaussian beams, are free-space propagating waves.
Although propagating waves can generate the sub-diffraction-
limit waist of some PNJs, excitation via non-conventional
sources can produce interesting features of the localized field.
Specifically, it has been reported that a PNJ can be excited by
surface plasmon polaritons (SPPs) at the shadow-side surfaces
of dielectric microdisks positioned on gold films."*® The SPP-
assisted PNJ can propagate over several optical wavelengths
without sacrificing a subwavelength FWHM. The strong
amplitude of the SPPs makes it possible to generate a PNJ with
ultra-high field concentration, which shows great promise for
enhanced Raman scattering and integrated plasmonic circuits.
Similar investigation on SPP-assisted PNJs can be found for 3D
dielectric cuboids™' and a cube with a prism.”” The SPP-
assisted PNJ generation, theoretically, can be regarded as
a phenomenon in two-dimensional systems because the SPPs
are confined to the interface of a metal-dielectric composite.
However, the short propagation length of SPPs in a planar
system notoriously hinders the diverse applications of the
proposal of a 2D PNJ. Recently, Kim et al. solved this problem
and explored, numerically and experimentally, the use of Bloch
surface waves sustained by a suitably structured dielectric
media to enable subwavelength focusing in a planar optical
system.'” See Fig. 5(a-c). A similar investigation was also
implemented by Kim for a two-dimensional fraxicon.'
Augenstein et al. utilized the same experimental configuration
as in Kim's work, to focus Bloch surface waves down to a sub-
wavelength scale through a pixelized PNJ generator rather
than triangles.”” So far, the generation of PNJs is primarily
achieved by focusing the central parts of excitation beams
(either in 2D or 3D forms), but we should mention that the
focusing properties are also governed by the edge diffraction,
making it possible to observe tilted PNJs on the edge of
a customized dielectric microstructure.”* See the results for
a customized microstructure shown in Fig. 5(d). Apparently, the
introduction of non-conventional excitation modes adds
another dimension to the tuning of PNJs, making it a promising
ingredient for a future generation of integrated photonic
devices or lab-on-chip devices for specific sensing applications.
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Fig.5 (a) Schematic of the experimental setup including the multilayer
structure, Kretschmann coupling configuration, and the scanning
nearfield optical microscope probe. (b) Simulated result for the x—z
intensity distribution. (c) Measured near-field intensity distribution of
the fabricated funnel device. Reproduced with permission from ref.
123. Copyright 2017, American Chemical Society. (d) Near field
focusing with a flower-shaped cavity. Reproduced with permission
from ref. 126. Copyright 2018, Optical Society of America.
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2.6 Generalized design framework for PNJs

The underlying physics of the generation of PNJs, essentially, is
the diffraction and interference of light in the volume with
dimensions comparable to or larger than the wavelength, which
could happen in either the far-field or the near-field. Such an
essence indicates that arbitrary-shaped microstructures, with
wavelength-scale dimensions, may offer similar functionality as
that of the aforementioned PNJ generators."*> The PNJ genera-
tors (for instance, microspheres and their derivatives, cuboids,
and axicons) as have been reviewed in Sections 2.2-2.4, can be
regarded as being obtained from the basic shapes of nature and
our physical intuition. However, those conventional shapes and
their derivatives only occupy a very limited space of possible PNJ
designs. For this reason, we review the generalized framework
that could guide the design of PNJ generators with non-
conventional shapes, and present preliminary results, to
extend current researches and guide future efforts in the field of
PN]J design.

The key to engineering PNJ generators for specific func-
tionality, without any doubt, is inverse design. It is limiting to
attempt to find optimal designs through physical intuition and
through secondary developments based on the traditional
templates of the standard photonic design library (e.g., spheres,
cuboids, and axicons). Hence, we need an inverse design
framework that can explore a maximum number of degrees of
freedom. For this reason, topology optimization (TO) may be
the best choice, because TO is more general than shape opti-
mization or sizing optimization in the sense that the design can
attain any shape within the design space, instead of dealing
with predefined configurations.’”*** In fact, TO has been
utilized extensively in the design of photonic devices, especially
in the fields of photonic crystals, waveguides, and bandpass
filters."***** For the design of PNJs based on TO, the funda-
mental physics is that each dielectric optimization element
(e.g., a mesh element), whose size is much smaller than the
excitation wavelength, behaves like an electric dipole with
unique orientation, strength, and phase lag.'***** The coupling
among all the optimization elements have a strong impact on
each individual dipole, which can be approximately described
via the semi-analytical theory of discrete dipole approxima-
tion.”****® It is the coupling among all the fundamental
elements that enables us to control the microscale or macro-
scale performance of photonic devices by playing with the
material layouts. Consider now a 2D box (64 x 52) with refrac-
tive index n = 2 surrounded by vacuum (n = 1); see Fig. 6(a). Our
goal is to concentrate the energy of a 633 nm plane wave that
illuminates the bottom side of box, to a region with footprint 11
x 1.54 at a fixed distance of 74 above the box. Without any
optimization, the field distribution is primarily dominated by
the edge scattering of the box, and no energy concentration is
observed [see Fig. 6(a)]. To optimize the box with TO, we can
formulate the optimization problem in the form as:

maximize F = J |E(/o)|2ds7 peQ
’ © (4)

subject to  Gy(p) = J pds — Sy =0.
0
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(a) Scattering by a 2D cuboid without optimization. (b) An elongated PNJ generated by a material layout with index spanning the entire

range 1-2. Tight PNJs with (c) short and (d) long focal lengths as generated by binary material layouts with different features.

where F is the objective function representing that the energy
stored in the region ®, with footprint 11 x 1.5 at a fixed
distance of 74, should be maximized. E represents the electric
field in region ® as a function of the density p in the optimized
box. p can be either 1 or 0, representing if the material (n = 2) is
present or not. S, is a pre-defined constant for the constraint G,
that ensures that the volume occupied by the material (n = 2)
cannot exceed S,.

In the density-based TO approach, the design region is
meshed and a discretized density variable p; is assigned on every
mesh element (or other fundamental unit). The refractive index
at element 7 in the box is typically calculated using:

n = /e + p;(e2 — &), (5)

where ¢; and ¢, are the permittivities of vacuum and the
material, respectively. The globally convergent method of
moving asymptotes, whose code was provided by Prof. Svan-
berg, is used for solving the optimization problem eqn (4).**° p;
must lie between 0 and 1 to facilitate the gradient-based method
of moving asymptotes. In every iteration, the value of p; is
filtered by smoothing the values using a standard density filter.
This filter modifies the element density to be a function of the
densities in a specified neighborhood of an element (charac-
terized by the radius R),**
2Py

file _ JeNi
M= (©)

JeNi

4624 | Nanoscale Adv., 2019, 1, 4615-4643

where v; is the volume of the ™ element. Because a fixed pixel is
used on which each density variable is assigned, v; is a constant
given by the product of the length and width of the pixel. w; is
the weight factor assigned based on the distance of the neigh-
bouring pixel from the i™ pixel, given by

wy = max(R — |F; — 73], 0), @

where 7; and 7 are the coordinates of the i and j™ pixels
respectively. We should mention that R is a variable specified by
users to control the smallest feature size in the optimization,
i.e., smaller R generally results in smaller feature sizes in the
final material layout. The standard density filter shown in eqn
(6) does not prevent grayscale (i.e., intermediate densities). Even
with penalization schemes, grayscale features are introduced in
a transition region between the different materials. The stan-
dard density filter acts as a base upon which other filters are
built (e.g., projection filters). Several filters based on Heaviside
projections have been proposed in the literature in order to
achieve discrete designs and minimum length scales on one or
all materials.'** Here, we use a modified form of the approxi-
mated Heaviside function projection to process the density
variable. The approximated Heaviside function is given as'**

tanh(Bn) + tanh [;3 (Piﬁh - 7])}
tanh(8n) + tanh[B(1 — n)]

b (p,-ﬁ“, 8, n) = (8)

Here, the value of 7 is chosen by a Golden Section Search

Algorithm. The value of @ is used to control how well the
Heaviside function is approximated. If the objective function's

This journal is © The Royal Society of Chemistry 2019
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change after an iteration is smaller than a threshold value, the
value of @ is increased by a factor of 2. Note that p; is the final
density variable used in the optimization eqn (4).

We now implement the optimization to design a PNJ
generator with tight FWHM and elongated length. The bottom
of Fig. 6(b) shows an intermediate material layout before the
final binary output. In the top of Fig. 6(b), we can clearly find an
elongated PNJ generated on the back side of the optimized box.
The material (refractive index) distribution in the box is not
binary but rather spans the entire range 1-2. As the optimiza-
tion begins to converge to the maximum of the objection
function F, § increases constantly so that the final output of the
optimization goes towards a binary layout.

Next, we optimize the design to focus at different distances
from the lens. Fig. 6(c) presents an optimized result that
behaves like a nearfield lens with a short focal length around 2.
The controlling variable R is preset as 0.154, indicating many
small features in the optimized box. See the binary material
layout at the bottom of Fig. 6(c). To make the design compatible
with state-of-the-art top-down fabrication techniques, we can
enlarge R so that small features can be avoided in the final
output. Fig. 6(d) presents another design of a lens with a rela-
tively large focal length around (54) that corresponds to R =
1.1A. By comparing with the one shown in Fig. 6(c), we can
clearly observe that the material layout in Fig. 6(d) has much
larger features and the material distribution is much more
uniform, making the real fabrication of the planar devices more
feasible. A large R results in a fabricable device, but it sacrifices
many degrees of freedom during optimization. Therefore, one
has to make a trade-off for the specific application.

To further improve the fabricability, a specific case of TO has
been developed by using fundamental geometries like cylinders
and cuboids,'® rather than the mesh elements, as the building
blocks to design photonic devices.*** Selecting the fundamental
unit to be a cuboidal voxel whose size is independent of the
mesh is preferable because the mesh can be refined as needed
for accurate simulation without affecting the size of the features
generated and thus the manufacturability. As one of the
demonstrations, Augenstein et al. utilize the cuboid-based
inverse photonic design strategy to attain functional elements
that focus Bloch surface waves efficiently into spatial domains
slightly smaller than half the wavelength.'” They validated the
devices by measuring the field distributions with a scanning
near-field optical microscope. See Fig. 7(a and b) for the sche-
matic and simulated PNJs. These specific cases of TO are
seamlessly compatible with top-down fabrication techniques
like dry-etching and FIB, and they enable the design of PN]Js
with specific performance features (including focal length,
working distance, NA, sub-diffraction FWHM, and field
enhancement) that cannot be achieved by conventional PNJ
generators as aforementioned; thus, we anticipate, TO will be
applied extensively in the area of PN]J in the near future.

We should emphasize at the end of this section that each of
the aforementioned PN] engineering techniques (including
index engineering, geometry engineering, non-conventional
designs of PNJs, and the generalized design framework for
PNJs) enable the customization of all the features of PNJs such

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (a) Schematic of the experimental scheme (left) and a repre-
sentative pattern of a relevant functional element (right). (b) Optimi-
zation of different structures that can focus Bloch surface waves
behind the functional element. The optimized structures are shown in
yellow. Reproduced with permission from ref. 125. Copyright 2018,
Nature Publishing Group.

as the FWHM, working distance, concentration of electromag-
netic energy, and gradient fields. Therefore, they are the basis to
the diverse applications of PNJs because a specific application
of PNJ is built upon one or several features of PNJs. For this
reason, we categorize the diverse applications in the following
section according to the application of specific features of PNJs.

3. Diversity in the applications of
PNJs

PNJs have many extraordinary properties such as deep-
subwavelength FWHM, hot spot with intensive electromagnetic
energy, gradient field distribution, backscattering enhancement,
and microlensing and resonance effects. The aforementioned PNJ
engineering techniques pave the way to customize these features
of PNJs and thus may catalyze diverse applications. In the past
decade, we have witnessed a bloom in the application of PNJs in
many fields spanning from super-resolution imaging and nano-
scale sensing to fluorescence enhancement and optical manipu-
lation. We therefore try our best to give a comprehensive review on
the emerging fields by categorizing them in terms of the afore-
mentioned properties of PNJs. Among all the applications, it is not
surprising that the ones utilizing the feature of high-energy
concentration of PNJs dominates, because the high energy-to-
volume ratio is the most straightforward advantage of dielectric
PNJ generators (especially microspheres). The highly concentrated
electromagnetic energy may even trigger the nonlinear effect in
materials and thus expands the territory of PNJs to the more
universal light-matter interactions for enhancing the existing
nonlinear photonic devices. The other properties of PNJs such as
gradient field distribution and microlensing effect may facilitate
the creation of novel photonic devices such as biophotonic
waveguides and spherical photonic crystals. We believe that PNJs
will demonstrate their value in more and more exciting fields.

Nanoscale Adv., 2019, 1, 4615-4643 | 4625
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3.1 Deep-subwavelength FWHM and nearfield effect of PNJs

It has been extensively reported that PNJs generated by dielec-
tric microspheres can be subdiffraction-limited. A very recent
study even showed that the FWHM through material engi-
neering methods can reach 1/7.3.** This opens new possibili-
ties in a variety of research areas. Moreover, if the narrow PNJ
generated by a PN]J generator (for instance, microspheres) is in
close contact with a sample surface, a local field enhancement
in the area between the bottom of the generator and the sample
surface may be established, making the light-matter-interaction
occur in an unconventional manner. Super-resolution imaging,
nanofabrication beyond diffraction limit, and high-density
optical data storage are representative examples that to some
extent benefit from the subdiffraction-limited waist of PNJs and
nearfield effect.'*®

Super-resolution imaging. Using microsphere-generated
PNJs for imaging is probably the most direct application
because the light focusing properties of the microsphere are
analogous to those of a macroscale optical lens. However, the
imaging resolution beyond the Rayleigh limit via the contacted
“microsphere lens,” makes the PNJ-assisted imaging signifi-
cantly different to any known conventional far-field-based
imaging modalities.*"'***® Specifically, it has been reported
that a solid immersed lens (nanolens) with n = 1.5 can resolve
features beyond the diffraction limit.'* These nanolenses, in
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contrast to geometrical optics lenses, exhibit curvilinear
trajectories of light, resulting in remarkably short near-field
focal lengths. Although the terminology PNJ was not empha-
sized in this work, the capability of focusing incoming waves in
the nearfield region of the nanolens was appreciated. Wang
et al. used dielectric microspheres (with n < 2) rather than solid
immersed lenses, to achieve optical imaging at 50 nm lateral
resolution using white-light illumination.*® More discussions
on the imaging modes, magnification, as well as the size and
index dependence can be found in the review article ref. 21. A
standard configuration of the microsphere-based super-
resolution imaging and several representative super-resolution
images (including those from both microspheres and solid
immersion lenses) are shown in Fig. 8(a-c). The field of
microsphere nanoscopy has grown and extended rapidly in
terms of applications, nearfield lens design, and theory devel-
opment,'”® since the works by Lee and Wang. Li et al. described
white-light optical imaging of 75 nm adenoviruses by
submerged microsphere optical nanoscopy without the use of
fluorescent labeling.'”* Krivitsky et al. presented a method of
positioning and controllable movement of a microsphere by
using a fine glass micropipette.””> Darafsheh et al. demon-
strated a series of advantages of microsphere-assisted imaging
over confocal and solid immersion lens microscopies including
intrinsic flexibility, better resolution, higher magnification, and
longer working distances.”'”* Yang et al. used high-refractive
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Fig. 8

(a) Schematic of the microsphere-based super-resolution imaging process. (b) Optical microscope images of the nanolenses on

patterned substrates. Reproduced with permission from ref. 31. Copyright 2016, American Chemical Society. (c) Super-resolution imaging for
microelectronics using hSILs with various lens curvatures. Reproduced with permission from ref. 176. Copyright 2016, American Chemical
Society. (d) In situ printing of glycerol superlenses for the super-resolution imaging of nanostructures on butterfly wings. Reproduced with

permission from ref. 179. Copyright 2019, Nature Publishing Group.
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index (n = 1.92) glass microspheres for facile and affordable
super-resolution fluorescent imaging of sub-cellular organelles
and biomolecules.”® Zhu et al. synthesized ZrO,/polymer hybrid
colloidal microspheres as high-index hybrid solid immersion
lens to achieve super-resolution imaging of 45 nm under
a standard white light or blue light optical microscope."”® Hao
et al. reported optical nanoscopes based on partially-immersed
microspheres and a microfiber (as an evanescent illuminator),
respectively.”””"”® To enable the microsphere-based super-
resolution imaging for many applications, an in situ printing
technology has been developed to print liquid superlenses on
top of nanostructures for dynamically colorful super-resolution
imaging.'”® See the schematic diagram and the magnified image
in Fig. 8(d). More systematic studies as well as the applications
of microsphere-based (or the derivatives of microspheres such
as liquid droplets and microfibers) imaging can be found
extensively in the mainstream optics and photonics
journals.48,1807188

Different than other super-resolution imaging techniques
like  hyperlens and superlens,' ™"  super-oscillation
lens,"”**>*** and fluorescence-based modalities,"**® the
underlying physics of imaging beyond the Rayleigh limit via
dielectric microspheres has not been completely revealed yet,
although there was a study that claimed that it is due to the
FWHM of PNJs.*' Maslov et al. investigated the theoretical limits
of resolution available in microsphere-based nanoscopy using
incoherent point emitters in the air."”” Zhou et al. investigated
the effects of immersion depth on super-resolution properties
of microsphere-assisted nanoimaging with different indices.**®
Li et al. investigated the unusual imaging properties of super-
resolution microspheres by comparing their results with the
output of many proposed theories.”® Yang et al. experimentally
validated that shrinking the waist of the PNJ of a dielectric
microsphere results in higher lateral resolution.** Duan et al.
theoretically modelled the imaging process through a microlens
with vectorial electromagnetic analysis, and then excluded the
previously plausible explanation of super-resolution based on
the super-focusing effect.>®® All the preliminary results show
that, the sub-100 nm imaging resolution achieved by a micro-
sphere with a perfect spherical shape need more physical
investigation. In fact, the contact imaging mode in
microsphere-assisted nanoscopy facilitates the interaction
between microspheres and the evanescent components of the
excited objects. The tunneling of evanescent waves into propa-
gating waves and the transmission enhancement in the
conversion,” akin to the scanning nearfield optical micro-
scopes,”* may be a potential direction for further investigations
on the underlying physics of microsphere nanoscopy.

Nanofabrication. The diffraction limit is a fundamental
barrier to the optics-based surface patterning technologies,
such as optical lithography and laser direct writing.?*>*%
Different from macroscale objective lenses in which the focused
spot is diffraction limited, the PNJs generated by microspheres
can be designed to have a beam waist that is much smaller than
the diffraction limit. This makes it possible to pattern deep
subwavelength structures in a form similar to direct laser
writing but with much smaller features that are comparable to
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that of plasmon-assisted lithography.****** In fact, when
a microsphere is in close contact with a sample surface, a local
field enhancement in the area between the bottom of the
microsphere and the sample surface is established, making it
easy to ablate the materials around the contact area.'”® Because
of the spherical shape, early studies on microsphere-based laser
direct writing were implemented “randomly,” i.e., microspheres
were randomly distributed on the wafer surface before being
illuminated by a laser.>*® After the exposure, the microspheres
were washed away by deionized water combined with ultrasonic
vibration.>”” Munzer et al. used isolated polystyrene spheres
with diameters on the order of the laser wavelength to pattern
holes on a silicon surface and on a glass surface.>*® For different
materials, the local field enhancement behaves differently in
terms of the concentrated energy and surface modes.*” For the
case of dielectric microspheres positioned on dielectric
surfaces, the localized magnetic field enhancement usually
accompanies the generation of electric field hot spots, making it
possible to pattern invisible structures inside magnetic mate-
rials. For the case of a dielectric microsphere positioned on
a metal surface, nearfield optical resonance effect may be
excited at the dielectric-metal interface,® thus providing
a stronger field enhancement.”* But we should mention that
the higher concentrated energy may not necessarily guarantee
a better patterning effect because material properties (e.g.,
melting point and rigidity) are also important.** The
phenomena buried inside the sphere-substrate gap can be
understood from the viewpoint of a nearfield lens and resonator
mirror of a spherical cavity.®® It is such a cavity effect that
produces the localized field enhancement. It is not difficult to
imagine that the cavity effect degrades significantly as the gap
between the bottom of microsphere and sample surface
increases. This explains why microsphere-based nano-
patterning is operated in contact mode in most instances.***

It is apparent that the random distribution of microspheres
prohibits the controllable fabrication of desired structures.
Diverse methods, including self-assembly,****"” off-axis irradi-
ation,?*® tweezing (either optical or mechanical),**® and micro-
lens arrays,*® have been developed, to manipulate individual
microspheres or microsphere arrays for fabricating customized
patterns. The 3D coherent nanolithography process that utilizes
the focal spots generated by a self-assembled periodic nano-
sphere array has been successfully developed in recent years.
The Talbot field then exposes a pattern onto the underlying
photoresist, recording the 3D intensity distribution. Nano-
structures with feature size down to one-fourth of the operating
wavelength were achieved.””* See the schematic of the principle
and experimental results in Fig. 9(a). A natural extension is that
arbitrary periodic nanostructures with optimized topography
can be utilized to create 3D patterns in photoresists.?**>*¢
Although the self-assembly method makes it possible to pattern
over a large area, it is primarily used to fabricate nanoholes. Off-
axis irradiation can be combined with the self-assembly method
to fabricate arbitrary structure patterns.””® The key for the off-
axis irradiation method is varying both the illumination inten-
sity and the illumination angle of the beam impinging on the
microspheres such that both the strength and the position of
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(a) Schematic of PNJ-assisted 3D nanofabrication using nanospheres. A hexagonal array of nanospheres is illuminated by a UV laser to

generate a 3D intensity distribution. The experimental results on the left side are the micrographs obtained for different layers. Reproduced with
permission from ref. 221. Copyright 2011, American Chemical Society. (b) Schematic illustration and SEM image of a cantilever with a bead placed
inside the circular rim. The right SEM images are the fabricated 2D nanostructures. Reproduced with permission from ref. 229. Copyright 2017,

American Chemical Society. (c) Fabricated hollow 3D nanostructures
from ref. 231. Copyright 2013, American Chemical Society.

the PNJs generated on the back side can be tuned. Li et al. used
a self-assembled particle lens array with near-field enhance-
ment effect to write millions of nano-sized user-defined features
through off-axis irradiation.”*® They demonstrated that about
a5 mm x 5 mm area can be written with a single shot of a laser
beam or a few scans for up to 100 million identical features of
nano or sub-micro scales. Compared to the off-axis irradiation
and self-assembly based nanopatterning, the utilization of
either optical tweezers or mechanical cantilevers to hold
microspheres can facilitate the fabrication of more uniform
nanostructures.”” This is especially the case when the micro-
sphere is embedded in an atomic force microscopy (AFM)
cantilever because the precise control of the AFM cantilever
translates into precise positioning and movement of the
generated PNJs.>**** See the cantilever-based nanolithography
in Fig. 9(b). To further improve the throughput without sacri-
ficing the positioning accuracy and pattern uniformity, one can
embed multiple microspheres into a controllable stage so that it
behaves like a microlens array. By properly choosing the illu-
mination wavelength and the size of microspheres, the prop-
erties of PNJs can be customized to rapidly pattern superficial
and 3D structure arrays.”*” A more easy-to-implement method to
achieve controllable nanofabrication is varying the properties of
illumination sources. This is because the properties of PNJs are
sensitive to the illumination conditions [e.g., polarization,

4628 | Nanoscale Adv., 2019, 1, 4615-4643

using TE- and TM-polarized illuminations. Reproduced with permission

phase (if multi-beam illumination is introduced), and angles].
See Fig. 9(c) showing the fabricated nanostructures as functions
of polarization states.”*“**> We recommend ref. 228 to our
readers for more information regarding microsphere-based
nanofabrication.

Optical data storage. Optical storage, which is a method that
uses a laser to store and retrieve data from optical media (such
as a compact disc or a digital versatile disc), has driven modern
society forward because of the ubiquitous need to save and
access data. In optical storage, data is usually recorded by
making marks in a pattern and read back using a focused laser
that scans over the surface of the pattern.>®*>** The storage
capacity, as can be imagined, depends significantly on the size
of the probe beam. PNJs generated by dielectric microspheres
have been demonstrated that can reach the size scale of /5 and
even beyond, which is well suited for PNJ-based optical storage.
Back in 2008, Kong et al. numerically investigated the possibility
of using microspheres as the probe in an optical data-storage
system.”®® They showed that PNJ-illuminated pits having
50 nm x 80 nm lateral dimensions yield a contrast ratio 27 dB
greater than previously reported using a lens system for pits of
a similar area. Similar works were also reported by investigating
the detection of pits with lateral dimensions of 100 x 150 nm?,
and a 40 dB contrast ratio was observed. However, we should
mention, the deep-subwavelength PN]J is achievable only at the
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region very close to the back side of microspheres because of the
requirement of the tailoring of evanescent-wave components.
This indicates that the high-density PNJ-based optical storage
scheme requires a working distance smaller than 200 nm for
visible light illumination. Thus, a feedback mechanism with
performance similar to that of the force-measurement in an
AFM cantilever may be necessary. As 3D optical data storage
arises, the PNJ-based high-density scheme faces challenges
because the data stored in the pattern needs to be read in an
entire volume rather than only on a surface. One solution is to
design an ultra-elongated PN]J via the customization of either
index or shape to facilitate depth scanning in the 3D disc, but
with the sacrifice of resolution and thus storage density. The
concept of the superoscillation lens, which can achieve deep
sub-wavelength foci in the far-field domain,"**”** offers
a potential way to perform 3D optical data storage by combing
the inverse design approaches and the concept of PNJs, but we
should always keep in mind the trade-off between sidelobes and
the strength of foci.*>*** This is an open question that needs
more investigations in the future.

3.2 Concentration of electromagnetic energy

From angular spectrum theory, the generation of PNJs indicates
that there is wavefront modulation and constructive interfer-
ence of different angular components. If the phase of most
components are properly tailored, constructive interference can
be maximized, leading to a hot spot with intense electromag-
netic energy density. Such a high-energy PNJ can significantly
enhance the performance of many existing devices and even
trigger nonlinear effect in materials. A dielectric microsphere,
which has a very high energy-collection-to-volume ratio, is
a nearly ideal PN]J generator that has been used extensively in
fields such as enhanced Raman scattering, enhanced second
harmonic generation from monolayer materials, and optical
surgery. Therefore, we will give a review for the emerging fields
that are primarily built upon the high-energy concentration
feature of PNJs.

Fluorescence enhancement. Strategies for controlling and
enhancing the fluorescence of molecules and nanocrystals have
been the subject of intense research in the past few decades.
This trend is motivated by the need to develop new highly
sensitive bio-sensors and by the possibility to improve opto-
electronic devices like light emitting diodes and solar cells. PNJs
generated by dielectric nanostructures can enhance the
absorption of materials and change the excitation rate of
molecules, without suffering the drawbacks of metallic nano-
structures such as high absorption loss and heat genera-
tion.”****' Relying on this, a near-field optical study of TiO,
nanodisks by fluorescence scanning near-field optical micros-
copy has been implemented recently. The localization of light
and the fluorescence enhancement near the dielectric struc-
tures were visualized with a lateral resolution of 4/5 using an Er/
Yb-codoped fluorescent nanocrystal glued at the end of a sharp
scanning tip. It was demonstrated that the intensity patterns
strongly depend on the disk size, forming lobes for a diameter
close to the wavelength and a single bright spot for smaller
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structures. Although the experiments were performed off reso-
nance, a maximum fluorescence enhancement of 2.3 was
observed near 700 nm-wide disks [see Fig. 10(a)].>**> Vasista et al.
studied the molecular fluorescence emission mediated via
whispering gallery modes (WGM) of microspheres [see
Fig. 10(b)].*** Their experiments of this study reveal intensity
dependence of split modes of the cavity as a function of in-plane
wavevector and emission polarization in the far field. Such
a mechanism, as has been demonstrated via photoemission
electron microscopy,”* facilitates enhanced fluorescence
correlation spectroscopy. In this method, an optical fiber
combined with a latex microsphere achieved single molecule
level sensitivity because of PNJ effects.>® Another exciting
application of microbeads is upconversion fluorescence
amplification. Conventionally, upconversion luminescence
intensification requires controls over several factors such as
composition and size of nanophosphors. The superlensing
effect generated by dielectric beads provides an unprecedented
and direct method to amplify the luminescence [see Fig. 10(c)
showing the schematic illustration of an experimental setup].2*®
Analogously, it has been demonstrated that a living yeast or
human cell can also behave as a bio-microlens to enhance the
upconversion fluorescence by 2 orders of magnitude. Because
the focusing effect of a microbead relies heavily on the wave-
front of excitation field, we anticipate that wavefront engi-
neering may further enhance the upconversion fluorescence.
Here, we should mention, the fluorescence enhancement is
dominated by the electric field effect, while the symbiotic
concentration of magnetic field in the PNJs, has rarely been
investigated. The simultaneous generation of magnetic and
electric spots is an extraordinary property of dielectric nano-
structures,”” making PNJ generators an ideal candidate for
investigating magnetics-related phenomena.

Enhanced Raman scattering. To overcome the limited
Raman signals due to the insufficient Raman scattering cross-
section in a low-concentration environment, various strategies
have been proposed. They can be mainly categorized into two
mechanisms, i.e., chemical enhancement and electromagnetic
enhancement.”*® Compared to chemical enhancement, elec-
tromagnetic enhancement typically offers a much higher
enhancement factor. This electromagnetic enhancement is
conventionally attributed to localized surface plasmon reso-
nances (LSPRs) generated by metallic nanostructures. However,
in LSPR-based surface-enhance Raman scattering (SERS)
schemes, severe loss due to interband transitions leads to Joule
heating of the structure and the surrounding environment,
which may cause damage to analyte molecules, and hence is not
desirable in practical applications.”*® Dielectric systems are
characterized by a much greater variety of parameters and
properties that can be tailored to achieve enhanced Raman
scattering or related effects. Light-trapping and subwavelength-
focusing capabilities, morphology-dependent resonances,
control of band gap and stoichiometry, and size-dependent
excitons are a few examples.**>*

Dielectric microspheres have enhanced the Raman scat-
tering signal by up to 10°° or more in perfectly smooth spherical
resonators using WGMs.”** 1t is known that evanescent waves
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(a) Schematic diagram showing the illumination configuration of the fluorescence scanning near-field optical microscopy, and

representative experimental results. Reproduced with permission from ref. 242. Copyright 2017, American Institute of Physics. (b) Schematic of
a system consisting of a metal film coupled to a SiO, micro-resonator, and the Fourier space image captured from a microsphere that is coupled
to a Nile blue coated glass substrate. Reproduced with permission from ref. 243. Copyright 2018, John Wiley & Sons, Inc. (c) Schematic illus-
tration of an experimental setup designed for luminescence amplification. Reproduced with permission from ref. 246. Copyright 2019, Nature
Publishing Group. (d) Schematic of the PNJ-based Raman scattering enhancement mechanism, and an optical image showing a microsphere
excited by a laser. Reproduced with permission from ref. 252. Copyright 2016, American Institute of Physics. (e) Schematic showing enhanced
Raman scattering using an Ag-coated dielectric microsphere scheme, and the measured Raman spectra for R6G on an Ag-coated glass
substrate. Reproduced with permission from ref. 259. Copyright 2019, John Wiley & Sons, Inc.

that propagate tangent to the sphere's surface and can extend
outward for several hundreds of nanometers.”®* Thus, any
molecule adsorbed onto the sphere's surface can be interro-
gated many times by the circulating photons;>*>** thus,
microspheres with sizes of r >> 4 are potentially powerful tools
for the label-free sensing of surface analytes.*®* However, the
resonance feature of microspheres is not the only mechanism
for Raman scattering enhancement. PNJs induced by micro-
spheres with sizes in the range of 2-404 can achieve similar
results because the light in the PNJ can be concentrated into
a volume that is one order of magnitude smaller than that for
conventional focusing lenses. Yi et al. used a narrow PNJ (i.e.,
a waist of 120 nm and a height of 100 nm) to enhance the
Raman peaks of silicon.?** Alessandri et al. utilized similar SiO,
microspheres as versatile, Raman scattering
enhancers. They demonstrated that the detection limits can be
improved by several orders of magnitude, for different
substrates consisting of diverse materials.”** The PNJ-based
Raman scattering enhancement, generally, can be illustrated
by a laser-excited microsphere positioned in an environment of
surface analytes.” See the schematic and a laser-excited
microsphere in Fig. 10(d).>*® This can be regarded as the foun-
dation of other PNJ-based Raman scattering enhancement
mechanisms. For instance, the Raman signal from metal-coated
dielectric microspheres interacting with 10 ® M Rhodamine 6G

universal
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molecules, as measured on the microsphere's top surface, is up
to seven times larger than that measured from a flat silver film.
An enhancement factor of up to 10® is estimated compared with
the case of a non-plasmonic microsphere surface. See the
schematic and the measured Raman signal for R6G in
Fig. 10(e).>** The combination of metal and dielectrics, as well
as doped semiconductors (so that Joule heating can be
controlled without sacrificing the dielectric properties), opens
up new possibilities for the PNJ-based Raman scattering
enhancement.

All-optical switching. An all-optical switch is a device that
allows one optical signal to control another optical signal, i.e.,
control of light by light. All-optical switching must be imple-
mented with consideration to demands for low switching
energies and ultrafast switching times.”®® A PN]J-based focal
geometry that can concentrate weak light energy into a deep-
subwavelength volume is an ideal candidate for low-energy
optical switching. Born et al. utilized a dielectric microsphere
to form a high-intensity PNJ in a semiconductor nanoparticle
material system. Femtojoule switching energies and femto-
second switching times have been observed in all-optical
switching experiments.”® The pump-probe experimental
setup, in which the GaAs and Si targets use pump and probe
pulses with respective wavelengths of 780 and 1550 nm, is
shown in Fig. 11(a). Experiments with microspheres coated by

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 (a) Schematic of the pump—probe experimental set-up. A 780 nm pump beam is used for the GaAs and Si targets and a 390 nm pump
beam is used for the SiC target. Reproduced with permission from ref. 261. Copyright 2015, Nature Publishing Group. (b) Normalized differential
transmission of the signal beam, AT/T, is shown versus time for CuO particles. The inset shows the focusing property of microspheres.
Reproduced with permission from ref. 262. Copyright 2016, American Chemical Society. (c) Schematic of a mid-wave infrared detector, the
simulated field distribution for a PNJ-assisted photodetector, and photocurrent enhancement factors. Reproduced with permission from ref.
265. Copyright 2016, American Institute of Physics. (d) Representative bird's eye corneal crater images and histology images for one-, three-, and
five-sphere probes at 0.1 mJ. Reproduced with permission from ref. 268. Copyright 2012, Society of Photographic Instrumentation Engineers. (e)
Schematic of the coherent Raman endoscope and SEM images of microsphere lens inserted into the hollow fiber core. Reproduced with
permission from ref. 269. Copyright 2018, Nature Publishing Group. (f) Schematic and spectral current curves of the WGMs-assisted solar cell
system. Reproduced with permission from ref. 277. Copyright 2011, John Wiley & Sons, Inc. (g) Schematic of leaf-inspired graphene/Si solar cell
with a bilayer configuration of silica/titania nanoparticles on graphene. Reproduced with permission from ref. 284. Copyright 2019, Elsevier.
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different materials, having diverse radii, revealed switching
energies as low as 300 f] and switching times as short as 350 fs,
respectively.”® See one of the representative experimental
results in Fig. 11(b). These works demonstrate the great
potential of non-resonance energy concentration induced by
dielectric microspheres in all-optical manipulation. As for the
goal of an integrable component, we believe the non-spherical
PN] generators designed from either simple geometries or
inverse optimization, can achieve similar performance as that
of microspheres in optical switching.

Enhanced photodetector. Typical photodiodes make a trade-
off between high speed and high responsivity by varying the
photodiode area. To achieve both high speed and high respon-
sivity, it becomes necessary to concentrate the incident light into
a subwavelength active volume region.”® A dielectric microsphere,
for instance, can be placed in front of a photodiode to concentrate
the light energy down to the size of 0.0045 um®. This scheme is
similar to the Shack-Hartmann wavefront sensor,>** in which
a microlens array is utilized to focus the incoming light to the
photodetector with calibrated quadrants, but a significant differ-
ence is that the PNJ generated by microspheres can be operated in
the nearfield domain. Allen et al. validated the feasibility of PNJ-
enhanced photodetector mechanism by observing up to 100
times enhancement of sensitivity in the 2-5 pm range using PNJs
produced by microspheres with different materials and with
diverse diameters.>” A typical mid-wave infrared detector grown on
a GaSb substrate with an InAs/InAsSb type-II strained-layer
superlattice (SLS) as the active materials is illustrated in
Fig. 11(c). No concentrating elements are mounted on top of the
detector, and thus the photocurrent is purely determined by the
effective size of the active area of the detector. By mounting
a dielectric microsphere with proper size and index on top of the
active area, more energy can be concentrated to the active area [see
the numerical simulation in the middle of Fig. 11(c)]. Thus,
a significant enhancement of the photocurrent was achieved; see
the current enhancement curves in Fig. 11(c). Because of the
increased contact area for light, an angle-of-view up to 20° is
achievable through this mechanism. As has been emphasized
above, microspheres are not compatible with traditional semi-
conductor manufacturing processes; thus, PNJ generators
designed with standard materials and non-spherical geometries
are preferred. These can be either chosen from the standard
photonics library or designed by inverse optimization approaches,
as mentioned in Sec. 2.

Optical surgery. The laser has a long history of usage in
ophthalmic surgery, i.e., to reshape the surface of the eye. This
is done to correct myopia (short-sightedness), hypermetropia
(long sightedness) and astigmatism (uneven curvature of the
eye's surface). The effectiveness and precision of the surgery are
dominated by several factors including the penetration depth of
laser, the spot diameter, and the laser power. Compared to
conventional methods, a microsphere or a microsphere chain
can provide more precise tissue removal by combining a small
spot diameter with a short optical penetration depth.****%” It has
been shown that one-, three-, and five-microsphere chain
structures can result in different FWHM diameters in air, and
that single Er:YAG pulses of 0.1 mJ and 75 ps duration can
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produce ablation craters with average diameters of 44, 30, and
17 um and depths of 26, 10, and 8 um, for one-, three-, and five-
sphere structures, respectively.”®® The spatial filtering capability
of dielectric microspheres is the key to providing spot diameters
not otherwise available with conventional fiber systems. From
the bird's eye corneal crater images and histology images for
one-, three-, and five-sphere probes at 0.1 m] as shown in the
right sub-figures of Fig. 11(d), one can clearly find the difference
in ablation caused by the different lengths of microsphere
chains. The benefit from the superlensing effect of micro-
spheres, nonlinear optics effect can be enhanced in biomate-
rials. This facilitates the development of novel in vivo diagnosis
instruments such as the coherent Raman endoscope.”® See the
schematic of the endoscope along with the SEM images of the
fiber core decorated with a microsphere lens in Fig. 11(e). Up to
now, PNJ-based laser surgery has mostly been applied to in vivo
treatment with the dominant figures of merit being PN]J
strength and FWHM, while many other useful PNJ properties
such as phase lag and scattering cross-section have rarely been
investigated. Moreover, it has been demonstrated that some
human tissues and diseases (such as breast ductal carcinoma
tissues,*”® cancer,””* and anisotropy of protein®?) are ultra-
sensitive to the polarization states of light.*”® This feature
potentially paves the way for future research into PNJ-based
polarimetry for the diagnosis and treatment of these and
many other human diseases.

Enhanced transmission and absorption. Transmission and
absorption enhancement are vital to many research and
commercial areas in terms of efficiency improvement. For thin-
film solar cells, light absorption is usually proportional to the
film thickness. However, if freely propagating sunlight can be
transformed into a guided mode,***”* the optical path length
significantly increases and this results in enhanced light
absorption within the cell.*”® It was shown that WGMs in
dielectric spheres can be coupled into particular modes of a-Si
thin-film solar cells and thereby significantly enhance the effi-
ciency of the cells. See the schematic and the spectral current
density shown in the top row of Fig. 11(f). The spectral position
of the absorption enhancement can be easily tuned by varying
the sphere diameter and lattice constant. Also, the number of
resonances can potentially be increased to make the response
more broadband by assembling arrays of spheres with different
diameters.”” In fact, one can consider mixing spheres with
various indices to change the spectral features. Similar work
was also conducted by Jin et al., but a significant difference is
that the non-resonance feature of the microspheres was
utilized. Specifically, they mounted a silica microsphere on top
of a solid-state film system. The generated PNJ enhanced the
peak transmittance of the graphene oxide film by 38%. The
tunable nonlinearity was investigated by varying the concen-
tration of silica microspheres.*”® So far, both the non-resonance
PNJs and WGMs generated by dielectric microspheres have
enhanced the absorption of light in solar cell systems, but we
should mention that they can be combined with resonance
features of metallic materials,?”® to further enhance the trans-
mittance and absorption for bulk and 2D materials in both
linear and nonlinear regimes.”®"**' An interesting work
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conducted by Patel et al. further demonstrated the feasibility of
PNJ-assisted transmittance enhancement. They attached
a dielectric microsphere to the tip of a cantilever-based hollow
probe used in a near-field scanning optical microscope and
observed an order of magnitude enhancement in the measured
images.”® We should mention that the application of micro-
scale or nanoscale structures to enhance transmission and
absorption is not exclusively engineered; Mother Nature has
provided several examples. For example, leaves have adapted
themselves to meet the essential prerequisite of funneling light
energy efficiently and channeling it to the reaction centers to
promote photosynthesis through hierarchical morphologies
with optimized structures of various shapes and sizes. More
examples can be found in the compound eyes of Robber flies
and the generation of CaCO; polycrystal nanoparticles on the
margins of leaves to enable Kerker effects.”®® These discoveries
pave the way for a bioinspired strategy of efficient light collec-
tion such as single-layer nanoparticles or bilayer nanoparticles
for designing a high-efficiency photovoltaic device; see the
schematic of the new type of solar cells in Fig. 11(g).28*2%
Nanoscale sensing. Sensing nanoscale objects such as
particles, viruses, and molecules, is not exclusive to LSPR-based
metallic structures, but dielectric structures also present great
potential,*®” especially those that can be excited in resonance
modes such as ring and sphere resonators.”®® For non-
resonance dielectric microspheres, the backscattering inten-
sity of nanoparticles can be enhanced up to eight orders of
magnitude when the particles are located within the PNJ.**
Moreover, the PNJ-enhanced backscattering is extremely sensi-
tive to the size of the nanoparticle.*® This enhancement exists
because the backscattering intensity of a well-positioned
nanoparticle is proportional to the third power of its size
parameter,”* whereas the Rayleigh scattering of the same
nanoparticle is proportional to the sixth power of its size
parameter. Such a preliminary work opens the door to using
a PNJ as a probe to sense nanoscale features without suffering
the drawbacks of LSPR-based methods. Heifetz et al., Zhao
et al., Kong et al., and Yang et al. experimentally validated the
enhanced backscattering at microwave and visible light
frequencies.*** It was found that increased backscattering is
strongly dependent upon the illumination wavelength and the
numerical aperture of the imaging system. The back-scattering-
based sensing of nanoparticles can be controlled via the
method of optical bonding, for instance, the microsphere being
bonded to the tip of a microfiber can be positioned and
controlled precisely to sense both nanoparticles and biomole-
cules.®® See the optical images showing the sensed nano-
particles and plasmid DNA molecules as well as the measured
reflection signals showing the dynamics of sensing in Fig. 12(a).
To enable simultaneous sensing of multiple objects, one can
create a PNJ array and measure (or image) the scattering
information in either reflection or transmission mode. Ghe-
nuche et al. utilized a microsphere array to sense fluorescence
molecules at the picomolar concentration.””” Using optical
microscopy, Yang et al. dynamically detected Au and fluorescent
nanoparticles in liquid medium using a microsphere array that
was patterned in a microwell array template.”*® Au nanoparticles
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Fig. 12 (a) The real-time trace of the reflected 808 nm signal in the
trapping process of an 85 nm fluorescent nanoparticle, and optical
images showing the dynamic trapping of nanoparticles and plasmid
DNA molecules. The insets in the bottom sub-figure of (a) show the
fluorescent images (al) before trapping, (a2) during trapping, and (a3)
in the release. Reproduced with permission from ref. 296. Copyright
2016, Nature Publishing Group. (b) Schematic illustration of the optical
detection of nanoparticles, and optical images showing the detected
nanoparticles by the PNJ array. Reproduced with permission from ref.
298. Copyright 2015, American Chemical Society.

down to 50 nm in size, as well as fluorescent nanoparticles
down to 20 nm in size, were observed using an optical micro-
scope in bright-field or fluorescence mode, respectively. See the
schematic of the sensing system as well as the detected nano-
particles in Fig. 12(b). To date, most PNJ-based sensors are
made by microspheres or their derivatives. However, we believe,
microscale or nanoscale structures with optimized non-
spherical shapes using the techniques in Sec. 2 can also
behave as non-resonance-based nanoscale sensors.

3.3 Gradient field in PNJs

What accompanies a narrow PN] is a fast divergence of angular
components, leading to an intense gradient field. Thus, a strong
trapping potential can form around the hot spot, making the
manipulation of nanoscale and microscale objects feasible in
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a sub-wavelength volume. Different from conventional optical
tweezers that are diffraction-limited, the ultra-narrow PNJs and
resonance feature of microspheres may lead to unique trapping
stiffnesses and efficiencies. Stable self-bonding and self-
ordering is thus feasible even for biomaterials such as cells
and viruses. The tunable parameters of PNJs (e.g., FWHM,
length, and working distance) even make in vivo manipulation
of objects possible. For all these reasons, a comprehensive
review on PNJ-based optical manipulation is vital.

Optical manipulation. Since the invention by Ashkin and co-
workers from the 1970s onwards, optical tweezers have been

research fields including
303

extensively used in various
biology,>**** materials engineering,****> and atomic physics.
The trapping force arises from the strong focus-induced inten-
sity gradient. This makes macroscale high-NA lenses popular
tools for optical trapping. PNJs also have remarkable intensity
gradients around their foci. This facilitates the manipulation of
individual objects with nanoscale positioning accuracy.***
Moreover, the nearfield and sub-diffraction-limit features of
PNJs enables the manipulation of objects smaller than 100 nm.
Li et al. used PNJs to perform the manipulation and detection of
single objects including a single 85 nm fluorescent polystyrene
nanoparticle and a plasmid DNA molecule.**® They detected the
backscattering and fluorescent signals and found that the
enhancement factors are up to ~10° and ~30, respectively. The
schematic and optical image shown in Fig. 13(a) illustrate the
manipulation and detection of a single nanoparticle by
a microsphere adhered to the tip of a fiber via optical bonding.
They used the same concept to fabricate a trapping array rather
than an individual microsphere on the tip of a thick fiber, to
trap and manipulate diverse objects including E. coli cells,
nanoparticles, and red blood cells.** See the optical images of
trapping dynamics shown in Fig. 13(b). These cases demon-
strate that PNJs are indeed a powerful tool for nanoparticle
assembly, biosensing, single-cell analysis, and optical sorting.
Relying on the concept of fiber-based optical tweezers, Li et al.
fabricated a microfiber with a graphene-coated tip.**® They
demonstrated  that  thermal-gradient-induced  natural

t

Microlens

Fibre probe

Fig. 13
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convection flow and thermophoresis can trap the erythrocytes
under low incident power, and the optical scattering force can
arrange them precisely under higher incident power. Fig. 13(c)
presents the sequences of optical microscope images recorded
for erythrocyte arrangement based on the PNJ's pushing ability.
Essentially speaking, the self-bonding among the trapped
spherical particles arises from the generated PNJs and the
propagating feature of beam in a sphere chain. The concept of
fiber-based optical manipulation can be extended to a case with
two fiber excitation, by which a single or multiple cells in
solutions can be trapped and rotated bidirectionally under the
action of optical forces.* A very recent study using a similar
principle shows that a single cell can be bonded to the tip of
a fiber via optical trapping for subdiffraction-limit imaging and
manipulation of nano-objects. Shakhov et al. reported the effect
of laser cavitation in water initiated by femtosecond pulses
confined into the subwavelength PNJs of spherical microparti-
cles. They combined this technique with optical trapping for
cyclic particle movements and estimated a peak velocity and an
acceleration acquired by microspheres propelled by PNJ cavi-
tation. This provides a strategy for nondestructive optical
micromanipulation, cavitation-assisted drug delivery, and laser
energy transduction in microdevices.*”® In addition to the
experimental validation, diverse theoretical and numerical
investigations have been conducted on the PNJ-assisted optical
manipulation, which may help to catalyze new directions for
optical manipulation.®*®-3*> Although currently there are quite
a lot of techniques to position microspheres for nanoscale
fabrication, spherical shapes are difficult to achieve and/or to
integrate together when using conventional top-down fabrica-
tion techniques, making the microsphere-based nano-
patterning inconvenient. For those reasons, one can consider
using the advanced inverse design tools mentioned in Sec. 2.5
to design microscale or nanoscale structures (as alternatives to
microspheres) that are compatible with standard fabrication
techniques like e-beam lithography. The properties (e.g., focal
length, strength, and working distance) of PNJs generated by
those structures can be predesigned by tuning the controlling

(a) Schematic and experimental optical images of the microlens-based optical manipulation system. Reproduced with permission from

ref. 296. Copyright 2016, Nature Publishing Group. (b) Selective trapping of polystyrene (PS) nanoparticles from a mixture of 700 nm and 2 um PS
particles. Reproduced with permission from ref. 305. Copyright 2016, American Chemical Society. (c) Erythrocyte trapping and arrangement
processes at different instances of time as the incident power increases to 12 mW and 20 mW, respectively. Reproduced with permission from

ref. 306. Copyright 2018, Optical Society of America.
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parameters in the inverse design tools, making it possible to
pattern both 2D and 3D devices inside the volume.

3.4 Microlensing, resonance, and self-bonding effects

A dielectric microsphere can be regarded as a microlens under

View Article Online
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microspheres and microcylinders because of the well-known
WGM coupling.**® This enables microsphere or microcylinder
chains to potentially serve as low loss waveguides. Deng et al.
demonstrated light propagation by WGMs through a chain of
coupled cylinder resonators, and observed a strong dependence of
the speed of such propagation on the inter-resonator gap size and

the excitation of a plane wave. A cascade of microspheres with
tailored indices, dimensions, and positions can behave as an
optical imaging system consisting of multiple 4F components.
Electromagnetic energy thus propagates through such
a cascaded system in a periodically “convergence-divergence”
manner. The resonance feature of microspheres can also enable
low-loss waveguiding effects and even sharp bending for
a cascade of contacted microspheres. Self-bonding that origi-
nates from trapping potential of PNJs enables the automatic
formation of waveguides in liquid environments. We now
review emerging applications of PNJ-based waveguides.
Waveguides. In ring resonators with multiple loops, we know
that optical energy can propagate from one loop to another via
nearfield coupling. Similar phenomenon can also happen in

the overlap of the evanescent WGMs of two neighboring resona-
tors.** Similar investigations have also been implemented by
a rigorous integral equation method.*”® In fact, the resonance
feature of microspheres or microcylinder indicates that the high-
efficiency coupling and propagation of optical energy in a chain
can be achieved at specific resonance wavelengths.*'® For this
reason, coherent photon coupling, order and disorder effects in
chains of coupled resonators were studied both theoretically and
experimentally.*”*'® Specifically, a 2D analysis of finite-sized
straight and curved coupled resonator optical waveguide
(CROW) sections based on a rigorous Muller boundary integral
equation method was implemented and showed that an ultra-low
loss waveguide bend is achievable by selecting specific bend
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Fig. 14 (a) Optical image of a chain consisting of 5.0 um microspheres, and representative numerical and experimental figures for a waveguide
chain. Reproduced with permission from ref. 319. Copyright 2008, American Institute of Physics. (b) Optical microscope image of microsphere
coupled-resonator optical waveguides with branched structures. Reproduced with permission from ref. 322. Copyright 2010, John Wiley & Sons,
Inc. (c) Cross-section intensity distribution obtained at the end of a chain of 20 spheres with n = 1.71 as a result of illumination with collimated
rays, and cross-section intensity distribution with the polarizer installed also showing positions of two detectors (dashed rectangles) used for
degree-of-freedom calculations. Reproduced with permission from ref. 324. Copyright 2013, Optical Society of America. (d) Illustrated diagram
showing the effect of the length L and hemispherical radius r on the focus property and (e) spatial intensity distribution maps showing the effect
of length L and number of cascaded elements on the optical transport, and comparisons of the PNJ hot-spot cross-sectional profiles corre-
sponding to the right-hand side sub-figures. Reproduced with permission from ref. 92. Copyright 2016, Optical Society of America. (f and g)
Schematic and real optical images of the cell waveguide generated by two fiber probes in a microfluidic capillary. Reproduced with permission
from ref. 326. Copyright 2019, John Wiley & Sons, Inc.
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angles depending on the azimuthal order of the WGM and tuning
the radius of the microdisk positioned at the CROW bends.*"
Although light propagation may not be as efficient when off
resonance as when on resonance, low-loss waveguide propagation
in the chain is still achievable for specific dimensions or struc-
tures in the form of PNJs. Yang et al. demonstrated that the
periodical focusing of light in straight chains of touching 5 pm
polystyrene microspheres can result in Fabry-Pérot fringes in the
transmission spectrum with propagation losses of only 0.08 dB
per sphere.*” See Fig. 14(a). This indicates that PNJ-induced
modes can also result in low-loss waveguide propagation,’*
provided that the dimension of microspheres is properly
chosen.®® The spectrum features capturing for a micro-
demultiplexer of a CROW composed of polystyrene micro-
spheres was also investigated.’”” The results show that micro-
spheres can be assembled in a complex manner that contains
multiple branches without suffering high loss. See the assembled
microspheres with complex bending and joints in Fig. 14(b). Such
a feature of small bending loss has also been investigated for
microsphere chains with rounded small-angle bend.**® An inter-
esting work by Darafsheh et al. shows that chains of dielectric
spheres and cylinders, rather than behaving as waveguide, can
also act as polarizers [see Fig. 14(c)].*** It is not surprising that the
properties of microsphere chains can also be found in micro-
cylinder chains via analogy, but the 2D feature of microcylinder
chains has been demonstrated to have unusual features charac-
terized in terms of supermodes.*” Although structures with
spherical shapes are more common for optical chain waveguides,
investigations have also demonstrated that low-loss propagation
with narrow beam waist is still possible using chains consisting of
non-spherical elements.*” See the schematic of beam propagation
in a cascaded structure with bullet-shaped elements in Fig. 14(d),
which is characterized by geometrical optics. Numerical investi-
gations for chains with different numbers of bullets are shown in
Fig. 14(e), in which low-loss and stable beam propagation is
clearly visible. This preliminary investigation makes us believe
that chain waveguides with even lower propagation loss and
fabrication-compatible features can be designed by the afore-
mentioned inverse design algorithms and be a promising future
research direction. In contrast to the conventional waveguides
consisting of inorganic materials, living biomaterials such as red
blood cells, viruses, and yeast cells can be natural building blocks
for biowaveguides through optical tweezing and self-bonding
effects; see a representative biowaveguides consisting of ellip-
soidal red blood cells in Fig. 14(f) and (g).*** Biowaveguides that
suffer from high propagation loss due to the irregular shapes and
unknown material constituents of building blocks are to be ex-
pected. However, the self-assembly nature in various liquid envi-
ronments make biowaveguides attractive in diverse fields such as
in vivo sensing and turbid photonics.

Conclusions and outlook

This article reviewed many recent developments in the design of
PN]J generators as well as the diverse applications based on
PNJs. The conventional approaches to engineer the properties
of PNJs, including the index- and geometry-based ones, have
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been thoroughly discussed and the dynamically controllable
PN]J generation mechanisms, although rarely investigated, have
been highlighted to remind readers of their importance.
Natural materials that behave as PNJ generators have been
discussed to enlighten future exploration in bio-inspired
nanotechnology. Novel principles and frameworks, including
the focusing for Bloch surface waves and plasmonic resonances
as well as the pixel-based and density-based general inverse
design mechanisms, have expanded the territory of PNJs
tremendously. For a dielectric material with an arbitrary
refractive index, researchers can now easily design ultra-narrow,
elongated, highly concentrated, multiple, or any other types of
PNJs. Therefore, we personally forecast two potentially impor-
tant topics relating to the design of PNJs. The first is the
dynamic tuning of PNJs for diverse applications via mecha-
nisms like controllable liquid crystal molecules. The dynamic
range of index or geometry control determines the tuning range
of the generated PNJs. Thus, we believe this dynamic range
should be treated as a significant benchmark when exploring
new physical mechanisms for generating PNJs. The second is
the generalized frameworks for inverse PNJ design. The vast
degrees of freedom in these design frameworks together with
3D fabrication techniques such as grayscale lithography facili-
tate the generation of diverse PNJs beyond the conventional
limitations such as n < 2 and beyond the standard geometries
such as spheres and cuboids.

The scientific and engineering applications of PNJs are even
more exciting. We have witnessed a bloom arising from the use
of PNJs across diverse disciplines. The highly concentrated
energy in PNJs may catalyze the re-examination of light-matter
interactions, but the unique resonant and mode features in
standard geometries like spheres and cylinders, are also
responsible for the prosperity. Optical nanoscopy, nanoscale
fabrication, optical data storage, enhanced Raman scattering,
waveguide chains, and enhanced sensing, are conventionally
understandable areas where PNJs contribute significantly, but
recent works by multiple research groups and the introduction
of non-spherical schemes have pushed those areas to an even
higher level. The imaging limit of microsphere-assisted nano-
scopy is still being pushed forward; the nanopatterning has
been expanded from 2D to 3D; up to 0.08 dB loss per sphere has
been experimentally demonstrated in a microsphere chain; and
several orders of magnitude enhancement in Raman scattering
and sensing have been observed in both resonance and non-
resonance modes. The extension to other areas like laser
surgery and optical manipulation, offers the possibility of
combing PNJs with conventional instruments like Mueller
matrix polarimeters and optical tweezers, to enable the
enhanced performance as well as the new working modalities.
The combination of multiple features of PNJs enables multi-
functional devices such as the one combining gradient field and
enhanced backscattering for achieving self-bonding of cells and
dynamic sensing of nanoparticles in the same microchamber.
We have noticed an important trend that PNJs are becoming
critical in several areas that are dominated by nonlinear optics,
such as all-optical switching and laser machining. We believe
the applications of PNJs in nonlinear optics will keep growing as
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it has in linear optics. At the end, we should emphasize that the
generalized inverse PNJ design mechanisms as well as bio-
inspired PNJs will undoubtedly contribute to the diverse
applications of PNJs in terms of manufacturability, compati-
bility, and generalizability, which are critical to many fields
such as semiconductors, photonics, and biomedicine.
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